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Abstract :   
 
Stress in teleosts is an increasingly studied topic because of its interaction with growth, reproduction, 
immune system and ultimately fitness of the animal. Whether it is for evaluating welfare in aquaculture, 

adaptive capacities in fish ecology, or to investigate effects of human‐induced rapid environmental 
change, new experimental methods to describe stress physiology in captive or wild fish have flourished. 
Cortisol has proven to be a reliable indicator of stress and is considered the major stress hormone. 
Initially principally measured in blood, cortisol measurement methods are now evolving towards lower 
invasiveness and to allow repeated measurements over time. We present an overview of recent 
achievements in the field of cortisol measurement in fishes, discussing new alternatives to blood, whole 
body and eggs as matrices for cortisol measurement, notably mucus, faeces, water, scales and fins. In 
parallel, new analytical tools are being developed to increase specificity, sensitivity and automation of 
the measure. The review provides the founding principles of these techniques and introduces their 
potential as continuous monitoring tools. Finally, we consider promising avenues of research that could 
be prioritised in the field of stress physiology of fishes. 
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automation of the measure. The review provides the founding principles of these techniques 

and introduces their potential as continuous monitoring tools. Finally, we consider promising 

avenues of research that could be prioritised in the field of stress physiology of fishes. 
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1 | INTRODUCTION 

 

Responding efficiently to a stressor is adaptive and most animals have evolved a common 

process, involving activation of the hypothalamo–pituitary–adrenal–interrenal axis (HPA–I). 

In most mammals and fishes, cortisol is the major corticosteroid produced by the HPI axis 

whereas, in reptiles and birds, it is corticosterone. Cortisol secretion is stimulated by various 

stressful stimuli such as confinement, handling, heat shock or toxicants. The main metabolic 

process triggered by the release of corticosteroid is mobilisation of energy reserves (Sadoul & 

Vijayan, 2016) through glycolysis and gluconeogenesis, allowing the animal to meet the 

energetic requirements of the situation (Mommsen et al., 1999).  

In fishes, cortisol is produced by inter-renal cells sparsely distributed within the head 

kidney and released into the blood (Gamperl et al., 1994). Unbound cortisol in plasma is 

considered as the only physiologically active form.  Although no cortisol-binding globulin 

(CBG) per se has been detected in fishes, unlike in many other vertebrates (Breuner & 

Orchinik, 2002), some molecules similarly reducing the bioavailability of cortisol have been 

described (Idler & Freeman, 1968). In salmonids, it was estimated that 30 to 55% of cortisol 

is bound in plasma, being significantly higher in females (45%) compared to males (37%) 

(Idler & Freeman, 1968). The exact nature and role of these binding molecules are still not 
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clear. Clearance from the plasma is essentially due to catabolism and tissue uptake. 

Catabolism occurs in different organs (e.g., head kidney, liver) by 11β-oxidation of cortisol 

and results in the release of cortisone, the biologically inactive metabolite (Mommsen et al., 

1999). Cortisol uptake by cells probably occurs by passive diffusion, due to the hydrophobic 

and highly lipophilic nature of the molecule. Once in the cells of target tissues, cortisol binds 

to its receptors (Bury et al., 2003; Greenwood et al., 2003), glucocorticoid and 

mineralocorticoid receptors (GR and MR), to then modulate gene expression (Faught et al., 

2016a). Other non-genomic actions of cortisol were recently demonstrated and this action 

might be partially independent of common cortisol receptors (Das et al., 2018). Cortisol can 

finally be metabolised and inactivated, principally through the hepato-biliary–faecal route. In 

the liver and the bile, the cortisol is inactivated by means of reduction and conjugation to a 

glucuronide or sulphate. About 95% of the metabolised cortisol in the bile is sulphated, while 

the remaining part is glucuronidated (Scott et al, 2014). Both metabolites are then released in 

the environment through the urine and faeces, respectively, similarly to other steroids (Scott 

& Ellis, 2007). Cortisol can also diffuse out of the fish across the gills, by passive diffusion 

of the free form (Scott & Ellis, 2007).  Up to 98% of the total free cortisol released into the 

water has diffused across the gills comprises with only a small fraction of the free molecule 

released in mucous (Ellis et al., 2005).  

Measuring cortisol has long been an excellent approach to assess the effect of a given 

stressor on fishes. It is now a well-accepted acute stress indicator in the plasma but it does not 

necessarily reflect a state of chronic stress, because of HPI de-sensitisation as a consequence 

of allostatic overload (Aerts et al., 2015). Nonetheless, it has been successfully applied by a 

variety of scientists, from physiologists (Auperin et al., 1997) to behavioural ecologists 

(Colson et al., 2015b), in controlled environments and also in the wild (Geffroy et al., 2017; 

Love et al., 2013), to assess levels of stress in fishes. In addition, relation between the stress 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

4 
 

axis and neurogenesis (Sadoul et al., 2018; Sørensen et al., 2013), growth (Sadoul & Vijayan, 

2016) and sex determination or change (Geffroy & Bardonnet, 2016; Goikoetxea et al., 2017; 

Olivotto & Geffroy, 2017) are now well described, highlighting the central role of cortisol in 

fish physiology and behaviour. It is also an important tool in characterising coping abilities of 

fishes and investigating how the environment can disturb this. In a context of global change it 

is, for example, increasingly applied to gauge human-induced rapid environmental change in 

different contexts: polluted areas (Grassie et al., 2013), habitat degradation (Jeffrey et al., 

2015), exposure to tourism (Geffroy et al., 2018) or global warming (Beldade et al., 2017). In 

aquaculture, effects of changes in rearing conditions on cortisol titres have been intensively 

investigated, notably as related to the type of feed supplied (Sadoul et al., 2016), effects of 

water recirculation (Colson et al., 2015a), or stocking density (McKenzie et al., 2012; 

Vijayan & Leatherland, 1990). Recently, a desire to measure cortisol without stressing 

animals has led to the development of non-invasive methods to collect and measure the 

hormone (Huntingford et al., 2006; Mormède et al., 2007; Stevens et al., 2017). These 

methods also help to comply with fish welfare recommendations. 

The aim of this review is to provide updated methodologies to measure cortisol in 

fishes, considering all the innovations that have appeared in recent years and to highlight 

advantages and disadvantages of all these developments. Our aim is to describe all the 

matrices on which it is possible accurately and reliably to measure cortisol in fishes (Figure 1 

and Table 1). We also provide an overview of the principle methods used for quantification 

of cortisol in biological samples.  

 

2 | SAMPLING MATRICES TO EXTRACT CORTISOL  

 

It is essential to underscore that cortisol production varies over time and that many intrinsic 
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and external factors can modulate its synthesis and release. First, the time-window for 

sampling cortisol should be carefully chosen, as it exhibits both seasonal (Audet et al., 1986) 

and diel changes (Cousineau et al., 2014; Garcia & Meier, 1973; Haddy & Pankhurst, 1999). 

Thus, sampling should always be performed at the same time if results are to be comparable 

across treatments or over time. Second, the sex of fishes can affect basal cortisol levels, in a 

species-specific manner (Barcellos et al., 2001; Haddy & Pankhurst, 1999; Kubokawa et al., 

1999). Third, cortisol production can vary with life stage and reproductive state (Faught & 

Vijayan, 2018; Tsalafouta et al., 2014). In addition, food intake can affect cortisol synthesis, 

with fasted animals producing generally more cortisol than fed conspecifics (Barcellos et al., 

2010; Barton et al., 1988).  Diet composition can also influence the ability to respond to a 

stressor (Sadoul et al., 2016). Finally, the social status of the animal can be crucial, as 

subordinate and dominant individuals generally display both divergent basal cortisol levels 

and responsiveness to other superimposed stressors (Doyon et al., 2003; Earley et al., 2006; 

Jeffrey et al., 2014; Øverli et al., 1999). These considerations may not be exhaustive but 

should all be carefully taken into account in an experimental protocol before proceeding with 

sampling. 

 

2.1 | Non- to moderately invasive methods  

 

2.1.1 | Faeces 

 

Prompted by studies on mammals and birds, as reviewed by Wasser et al. (2000), fish 

endocrinologists and behavioural ecologists started to use faeces to assess the level of stress 

in fishes in controlled or natural conditions. Cortisol in faeces correlates strongly with plasma 

cortisol (Cao et al., 2017) and is non-invasive. However, measuring cortisol in the faeces of 
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fish is not straightforward. The method requires rapid collection of faeces to avoid cortisol 

degradation, dilution in the water or contamination with cortisol in the water. In addition, 

cortisol excretion in the faeces is probably affected by the gut microbiota, as previously 

observed for mammals (Eriksson & Gustafsson, 1970).  

The measurement of cortisol metabolites in faeces can be performed at the group (Turner 

et al., 2003) or the individual level (Cao et al., 2017). In the latter case, it involves 

conscientious tracking of the focal fish or holding the animal individually. A sufficient 

quantity of faeces is generally required to detect cortisol routinely, such that numerous fish 

are commonly used (Lupica & Turner Jr, 2010; Turner et al., 2003). For instance, using 6 

rainbow parrotfish Scarus guacamaia Cuvier 1829, Turner et al. (2003) detected an average 

of 3.4 ng cortisol g
–1

 faeces (wet weight) in aquaria and 2 ng g
–1

 in the field. Faeces can also 

be manually stripped from the fish (Cao et al., 2017) although this method can cause stress 

(Stone et al., 2008). Faeces should either be desiccated and suspended in dichloromethane 

(Lupica & Turner, 2009) or directly centrifuged  to collect the liquid fraction of wet faeces 

(Cao et al., 2017). The latter option requires use of polar solvents like methanol. The 

recommended extraction is then: 1 ml of 100% methanol for 100 ml of faecal liquid to be 

centrifuged (Cao et al., 2017). These authors also noted that measuring cortisol directly in the 

liquid fraction, without further processing, is also feasible.  

 

2.2.2 | Water 

 

Plasmatic cortisol is quickly released, sometimes a few minutes after the onset of stress 

(Barnett & Pankhurst, 1998; Flik et al., 2006), making the measure of basal cortisol difficult. 

In addition, the description of temporal patterns of plasma cortisol in groups of fishes is 

challenging because the sampling of the first fish influences the response of the others 
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(Barcellos et al., 2011). Measuring cortisol in the water is a very useful approach to 

overcome these issues because water can be collected without touching the fish or being seen 

by them. The first evidence of cortisol being released into the water was provided by 

Sørensen & Scott (1994) using goldfish Carassius auratus (L. 1758). Release of cortisol into 

water was thenceforward detailed in an elegant study (Ellis et al., 2004) using rainbow trout 

Oncorhynchus mykiss (Walbaum 1792). Since then, water-borne cortisol has been evaluated 

in a variety of fishes in different contexts (Table 2). Currently, and as detailed below, water-

borne cortisol extraction is more time-consuming and expensive when compared with 

measurement in the plasma.  It does, however, provide information on very small fishes that 

would not survive invasive blood sampling. Water-borne cortisol accurately reflects plasma 

concentrations (Fanouraki et al., 2008; Gabor & Contreras, 2012; Sebire et al., 2007; Wong 

et al., 2008) as well as whole body cortisol (Boulton et al., 2015; Pavlidis et al., 2013; Sadoul 

et al., 2015a; Zuberi et al., 2014). In addition, cortisol is a relatively robust molecule that, 

once released into the water, has a half-life of c. 16 h at 12°C (Ellis et al., 2004). The 

hormone accumulates readily in the water so that, even with significant water renewal, 

accurate measurements can be achieved. The release rate can be calculated using the method 

described by Ellis et al. (2004): Ht = (Vkt  (Ct – C0e–kt )(1 – e–kt ) – 1) M
 –1

, where V  is the 

water volume, C0  and Ct  represent the cortisol concentrations at the beginning and end of 

the sampling interval t , k is the instantaneous rate of decrease due to dilution from the inflow 

water. Values for k were derived as RV
–1

, where R is the water inflow rate. Finally, M is the 

mass of the fish. The mass of the fish may be an important variable to consider when 

normalising data, as the relative standard metabolic rate of small fishes is greater than large 

fishes (Killen et al., 2010). Therefore, we might expect that the former would release cortisol 

at a quicker rate than the latter, although this remains to be demonstrated. Cortisol release 

rate could also be normalised by standard length in lieu of mass (Contreras et al., 2014; 
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Gabor & Contreras, 2012; Geffroy et al., 2018). Other abiotic parameters such as temperature 

and salinity have not yet been taken into account, although they undoubtedly modify release 

rates of cortisol.  

To estimate the release rate of a single fish, the standard procedure consists in placing 

an individual in a water-filled beaker (previously cleaned with 100% ethanol and distilled 

water) for a given amount of time (generally 30 to 60 min) and then collecting the water. The 

problem of such a method is the stress of handling and transfer, such that basal cortisol will 

not be obtained. A way to counteract this is to habituate the fish by exposing it several times 

(e.g., 3–4 times) to the beaker, as done for Amatitlania nigrofasciata (Günther 1867) (Wong 

et al., 2008) and Poecilia latipinna (Lesueur 1821) (Gabor & Contreras, 2012). Another 

option would be to trap the fish carefully while in its usual environment (Boulton et al., 

2015) or to acclimate it overnight in the beaker and renew the water (Contreras et al., 2014). 

The mean release rate of studied fishes in Table 2 [excluding zebrafish Danio rerio 

(Hamilton 1822) from Felix et al. 2013, which is a clear outlier] is 0.31 ng g
–1

 h
–1

. It should 

be noted that fish presumably re-uptake their own cortisol (Scott & Ellis, 2007) and that, due 

to the hydrophobic nature of the steroid, the cortisol readily binds to external surfaces such as 

tanks or plastic tubes. Hence, release rate is very often underestimated. Based on water 

renewal (% h
–1

), fish density (g l
–1

 or kg m
–3

) and release rate, cortisol concentration in the 

tank can be estimated over time, as illustrated in Figure 2. These simulations are based on a 

dynamic model that we specifically developed for this review, assuming constant water 

inflow and cortisol release rate over time. We provide an R script (www.r-project.org) in 

supplementary material that allows the user to set the conditions for their own system 

(Supporting Information Videos V1, V2). This allows readers to calibrate their extraction 

protocol based on the amount of cortisol available per litre of water.  

In terms of sample treatment, water scan be collected in beakers or plastic bottles that 
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can be stored at –20°C for several months. A C18 solid phase extraction cartridge (Sep-pak 

Plus C18, Waters Ltd.; www.waters.com) is used to concentrate cortisol. Before use, the 

cartridge should be activated with 5 ml high-pressure liquid chromatography (HPLC)-grade 

methanol, followed by two consecutives washes with 5 ml of distilled water. Pre-filtered 

(using 0–45 nm pore-size filters) water is then pumped peristaltically through the C18 solid-

phase cartridge at a flow rate of 10 to 25 ml min
–1

 to ensure steroids bind to the cartridge. All 

steroids, including cortisol, are retained. At this stage, the cartridge can be stored at –20°C if 

both ends are sealed with parafilm. The cartridge should then be eluted with 5 ml of 

ethylacetate–cyclohexane (1:1 vol:vol; Geffroy et al., 2018; Sadoul et al., 2015a) or 

ethylacetate (Ellis et al., 2004) in glass vials before being evaporated. Water-borne cortisol is 

usually free and thus characterises the physiologically active form (Scott & Ellis, 2007).  

Altogether, measuring cortisol in water has several advantages but also has various 

limitations. Notably, experiments performed in recirculating systems will face the problem of 

potential accumulation of the steroid in the water.  In addition, calculation of the release rate 

necessitates at least two samplings over time. The extraction time and cost are also much 

greater than for other matrices. And finally, individual measures of water-borne cortisol 

require isolation of the animal, leading to other potential problems such as stress and 

multiplication of the number of holding tanks. 

 

2.2.3 | Mucus 

 

Collecting mucus has also been described as an effective way to depict pre and post-stress 

cortisol levels in various fishes (Bertotto et al., 2010; De Mercado et al., 2018; Simontacchi 

et al., 2008). The procedure consists of collecting the mucus produced from the head to the 

caudal fin, by manual scraping, taking care to avoid contaminations from urino-genital or 
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intestinal fluids. The mucus should then be weighed and homogenised with a phosphate 

buffered saline (PBS) solution, before being centrifuged. The supernatant is then collected 

and can be stored at –80°C until analysis. Although pre and post-stress concentrations of 

cortisol are substantially lower in mucus compared with plasma, e.g., up to 35 times in 

European sea bass Dicentrarchus labrax (L. 1756) (Simontacchi et al., 2008), there is a good 

correlation between plasmatic and mucous cortisol (Bertotto et al., 2010; Simontacchi et al., 

2008). If collection of mucus is demonstrated to be less invasive than collection of blood, 

mucus might become an advantageous alternative. Nevertheless, this still needs to be 

demonstrated and long-term effects of removing the mucus, related to the numerous functions 

of this matrix (Reverter et al., 2018; Shephard, 1994), should be investigated . 

 

2.2.4 | Scales 

 

Scales are calcified structures and, as such, they are considered good matrices to incorporate 

steroids over the lifetime of a fish. They are also easy to sample and regenerate relatively 

quickly. Owing to these advantages, they have recently been used to assess chronic stress in 

common carp Cyprinus carpio L. 1758 in two pioneer studies (Aerts et al., 2014; Aerts et al., 

2015). The authors demonstrated that systemic cortisol accumulates in scales over the life of 

the animal and that chronic stress could easily be detected in the matrix. The method consists 

of collecting 100 mg of elasmoid scales, sampled near the lateral line. Then, scales are 

washed with ultrapure water and dried before being chopped with scissors. This method has 

been criticised (Carbajal et al., 2018)  because water could enter scales and wash out cortisol 

(Bertotto et al., 2010; De Mercado et al., 2018). Carbajal et al., (2018) therefore 

recommended the use of isopropanol, as is used for mammal hair, to remove the thin layer of 

mucus containing cortisol; i.e., 3 washes with 3 ml of isopropanol for 2.5 minutes. 
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Additionnaly, these authors recommended the use of a ball mill rather than cutting with 

scissors, to obtain an homogeneous powder for extraction (Carbajal et al., 2018). Both studies 

(Aerts et al., 2014; Carbajal et al., 2018) used methanol as the solvent to extract cortisol. 

Then, the supernatant was collected and evaporated under nitrogen. A quantity of about 1.5 

ng cortisol g
–1

 scale) was detected in unstressed D. labrax, while around 3.5 ng g
–1

 was after 

3 weeks of stress (Aerts et al., 2014). The authors also suspected that cortisol might be 

detectable in placoid and ganoid scales from primitive actinopterygian and even 

chondrichtyan species. Measuring cortisol in the scales has the major advantage of providing 

a picture of stress levels over a long time frame, such as the whole lifetime of a scale. 

Nevertheless, this integration over time cannot reveal the rapid variations in cortisol in 

response to acute stressors. In addition, to date, the amount of scales that are required is so 

high (e.g., 75 mg in Carbajal et al., 2018) that the collection of this matrix is not completely 

non-invasive, especially for small fish. 

 

2.3 | Established invasive methods 

 

2.3.1 | Plasma 

 

The discovery of circulating cortisol in C. carpio was reported by Bondy et al. (1957). Since 

their work, a plethora of studies involving blood cortisol in fish has been published 

(Mommsen et al., 1999). The volume of blood that can be sampled depends on the fish size 

but it should be highlighted that fishes are very resilient to blood collection. Indeed, between 

30 to 50% of the total blood volume can safely be collected from healthy fishes, as 

demonstrated in cyprinids (Groff & Zinkl, 1999). 

Blood sampling is usually performed with a needle and a syringe that have been 
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previously prepared with an appropriated anticoagulant (Campbell, 2015); either heparin or 

ethylenediaminetetraacetic acid (EDTA) can be used. Heparin has the tendency to produce a 

clot in the blood sample, if leukocytes and thrombocytes clump when coagulation has already 

started (Campbell, 2015). EDTA can cause haemolysis if samples are not refrigerated. Blood 

can be collected from the bulbus arteriosus or from the caudal vertebral vein. The caudal 

venipuncture is preferred since cardiocentesis has more risk of fish injuries. Studies should 

always indicate what type of method was used. Samples should then be centrifuged (e.g., 

between 5000 and 15000 g for 5–15 min) and the resulting plasma should be stored at –20 °C 

or –80°C until cortisol measurement. 

The handling of fish should be performed cautiously and the choice of the anaesthetic is 

also crucial. Indeed, cortisol readily rises in handled fishes and could easily bias basal 

estimations. The hormone can continue to rise after death (Figure 3). For ethical reasons, 

anaesthesia should always be performed unless it affects the data (in which case, a proper 

justification should be provided). The anaesthetic 2-phenoxyethanol seems the least 

physiologically stressful for fishes (Pounder et al., 2018).  

 

2.3.2 | Eggs 

 

Cortisol has been detected in both fertilised and unfertilised eggs of numerous species, 

including white sturgeon Acipenser transmontanus Richardson 1837 (Simontacchi et al., 

2009), Mozambique tilapia Oreochromis mossambicus (Peters 1852) (Hwang & Wu, 1993), 

O. mykiss (Auperin & Geslin, 2008), D. labrax, Japanese flounder Paralichthys olivaceus 

(Temminck & Schlegel 1846) (de Jesus et al., 1991), chum salmon Oncorhynchus Keta 

(Walbaum 1792) (de Jesus & Hirano, 1992), yellow perch Perca flavescens (Mitchill 1814) 

(Jentoft et al., 2002) and three-spinned stickleback Gasterosteus aculeatus L. 1758 (Paitz et 
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al., 2016). Owing to inter-specific variation, the quantity of cortisol in eggs varies between 1 

and 600 ng g
–1

, as reviewed in Sopinka et al. (2016). However, eggs are often pooled to get 

sufficient sample for quantification, especially in species producing very small eggs such as 

D.labrax. Therefore, between individual variations can often not be assessed. The cortisol in 

eggs is largely from maternal origin (Sopinka et al., 2016), transferred into the growing 

oocyte adventitiously via vitellogenin (Mommsen et al., 1999) due to the lipophilic nature of 

the steroid. However, maternal plasma cortisol levels are usually higher than in eggs, 

indicative of a blood-egg buffering process. The regulation probably occurs in ovaries in 

direct link with the level of 11bHSD2 (Faught et al., 2016b), an enzyme that allows 

conversion of cortisol to cortisone, its physiologically inert metabolite. Once in the eggs, the 

cortisol is also actively excreted by the ATP-binding cassette (ABC) transporters that clears 

the steroid (Paitz et al., 2016). The cortisol transmitted from the mother to the offspring was 

shown to confer positive (i.e. adaptive) outcomes in terms of fitness in various taxa (Sheriff 

& Love, 2013). In fishes, it modifies anti-predatory cues (Colson et al., 2015b) and 

accelerates development until hatching (Kiilerich et al., 2018), possibly enhancing survival in 

dangerous contexts.  

In terms of methods, eggs need first to be homogenised, commonly with a sonicator. 

Cortisol is then often extracted with diethyl ether, or, more rarely, ethylacetate–cyclohexane 

(1:1). Recently, it has also been suggested that extraction was not mandatory for quantifying 

cortisol in embryos of D. rerio (Faught et al., 2016b).  

 

2.3.3 | Whole Body 

 

Whole body cortisol is a good proxy for the activity of the HPI axis in both basal and 

stressful conditions (O’Connor et al., 2011; Pavlidis et al., 2011; Sadoul et al., 2015a; Zuberi 
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et al., 2014). It can be measured on very small fishes where blood is difficult to sample 

(Aerts et al., 2018). Recently Aerts et al. (2018) demonstrated that cortisol measurements can 

be achieved for a single D. labrax larva (average mass 2 mg). Fish need first to be disrupted. 

This can be done with a rotor–stator homogeniser (e.g., Ultra-Turrax; www.ika.com; 

O’Connor et al., 2011) or using a ball mill. If samples are relatively small, they can be 

disrupted by ultrasonication either with probes (Barry et al., 1995) or within a water bath. 

Care should be taken as the process is known to heat samples: we recommend not to exceed 

45°C. Lastly, small samples can also be pulverised in liquid nitrogen (Bertotto et al., 2011; 

Simontacchi et al., 2009).  

Once disrupted, the sample can either be vortex-mixed (e.g., 30 s) or placed within an 

overhead shaker (e.g., 60 rpm for 1 h) at room temperature to homogenise the sample well in 

the chosen solvent (diethyl ether, ethyl acetate or methanol) before being centrifuged (e.g., 

for 5–10 min at 3500–12 000 g at 4–7 °C). The homogenate should be extracted at least twice 

(Hwang et al., 1992; Ramsay et al., 2006; Yeh et al., 2013). It should be noted that extraction 

efficiency is about 20% better for ethyl acetate (93.8%) when compared with diethyl ether 

(69%; Yeh et al., 2013). The homogenate is snap-frozen at −80 °C and the solvent phase is 

then collected in a glass test tube and evaporated to dryness. 

For both egg or whole body, cortisol quantification necessarily leads to euthanasia of the 

animal. This of course renders repeated measurements on the same fish impossible. 

Therefore, no study has ever been able to describe patterns of cortisol secretion from very 

early stages to larger life stages in the same individual. 

 

2.3.4 | Fin and muscle 
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Cortisol can also be measured in the fin or the muscle, as demonstrated by Bertotto et al., 

(2010). To our knowledge, this is the only study describing the potential use of both as 

matrices for measuring cortisol. They demonstrated that cortisol in both matrices has a 

significant positive correlation with plasmatic cortisol (Bertotto et al., 2010). Cortisol in the 

fin might become a good alternative to whole body or plasma cortisol measurement, as it 

represents a less invasive sampling method. Indeed, fin sampling, mostly used nowadays for 

parental assignment, is a common procedure without consequences for survival. The 

extraction process is similar to that of the whole body. New more sensitive measurement 

techniques, with very low detection limits (e.g., HPLC-MS–MS), permit accurate measures 

on these small samples.  

 

3 | RECOMMENDATIONS TO PROPERLY EXTRACT CORTISOL 

 

Avoiding cross-contamination is critical and we recommend the permanent use of gloves as 

well as the careful cleaning of the material, using for instance 100% ethanol and ultrapure 

water rinsing, between samplings. Concerning the solvent, the extraction can be performed 

using methanol or ethanol, resulting in the extraction not only the free form of cortisol, but 

also of the conjugated forms (with glucuronide or sulphate groups; Scott & Ellis, 2007). This 

extraction is thus generally performed for scales, whole body, eggs and fins (Figure 1). The 

use of the ethylacetate–cyclohexane (1:1 vol:vol) or ethylacetate rather capture solely the 

cortisol free-form, generally detected in the water (Scott & Ellis, 2007) or the plasma. The 

extraction is commonly performed in glass tubes, because steroids bind to plastic and because 

plastic is dissolved by some solvents such as cyclohexane or ethylacetate. For this purpose, 

we recommend the use of sodocalcic rather than borosilicate glass, since we recovered on 

average 20% less cortisol from borosilicate glass incubated with a cortisol solution (1ng ml
–1
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in PBS–BSA). This difference between borosilicate and sodocalcic was significant (F = 

5.8502, P < 0.05, n = 20) and is probably linked to the fact that sodocalcic glass is smoother 

due to a lower sand (SiO2) content. Finally, the extract is generally evaporated under nitrogen 

gas at 45 °C to avoid potential oxidation of the steroids.  

 

4 | ANALYTICAL METHODS FOR MEASUREMENT OF CORTISOL FROM FISH 

TISSUES 

 

Historically, the most common method to routinely measure cortisol from fish tissues was 

radioimmunoassay (RIA). This assay, using a radioactive label, is slowly being replaced by 

an enzyme-linked immunosorbent assay (ELISA), mainly because of legislation on 

laboratory wastes. The use of mass spectrometry is still very circumscribed, for precise and 

specific measurements or to validate other techniques. New promising tools are currently 

under development with the aim to increase specificity, sensitivity and automation of the 

measure. This section considers the pros and cons of the methods used for cortisol 

measurement in fishes. 

 

4.1 | Methods using cortisol antibodies 

 

The interaction between an antibody and its antigen is one of the most sensitive and specific 

in the animal realm; assays relying on this pairing are called immunoassays.  Antibodies 

recognise antigens by a site called an epitope. While several antibodies can fix to the same 

antigen, each can have its own epitope. Antibody–epitope pairs vary in their specificity and 

affinity. In immunoassays, the choice of the antibody must therefore be made carefully. For 

cortisol assays, this is particularly true because most cortisol antibodies can cross-react with 
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other steroids such as cortisone. This can be particularly problematic because of the 

substantial amounts of this steroid produced in fish. For instance, in salmonids, plasma 

concentration of cortisone was up to 2.5 times higher than cortisol (Patiño et al., 1987). 

Similarly, in the faeces Turner et al. (2003) found concentrations of corticosterone up to four 

times higher than cortisol. Therefore, even low percentages of cross-reactivity as specified by 

antibody producers can interfere with cortisol measurement, leading to major bias in the 

results. Many different antibodies are available to measure cortisol concentrations in fishes, 

some produced in-laboratory and shared among laboratories, while some are provided 

commercially; all have their cross-reactivity specificities (Table 3).  

Most of them were initially designed for cortisol measurement in human plasma. For 

any new antibody used to measure cortisol in fishes, we recommend authors or reviewers to 

provide or request the percentages of cross-reactivity with other related steroids. The major 

difficulty in immunoassays is to monitor the interaction between the antibody and the antigen 

in the sample. Some techniques rely on the use of labelled antigen, whereas others use 

labelled antibodies. All these techniques can be categorised as labelled immunoassays. 

 

4.1.1 | Labelled immunoassays 

 

Radioimmunoassay uses a radioactive element as label. Most RIA for measuring cortisol in 

fishes are based on the competition between a known amount of radiolabelled cortisol and the 

cortisol from the sample. They compete for the interaction with a fixed amount of cortisol 

antibody in a vial (Figure 4). After incubation, the vial is decanted and radioactivity is 

evaluated. This assay is commonly performed using tritiated (Sangalang et al., 1980), [
3
H]- 

or radio-iodinated (Peter et al., 1978), 
125

I-cortisol. Tritiated cortisol emits β particles of low 

energy and therefore requires long measuring times and a liquid scintillator for enhancing the 
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signal. The liquid scintillation technique has the disadvantages of using hazardous solvents 

and increasing the volume of radioactive waste. In contrast, radio-iodinated cortisol emits γ-

rays, more penetrating, facilitating direct solid scintillation counting (Law, 1996). However, 

125
I-cortisol has a short half-life (60 days), requiring regular relabelling of the antigen. 

RIA has very good sensitivity and reproducibility, but radiation safety licences and 

radioactive disposable programmes are necessary. The assay also requires specially trained 

personnel, dedicated laboratory equipment and spaces. For all these reasons, an increasing 

number of laboratories are replacing the assay with ELISA assays. 

 

ELISA In ELISA, the radioactive label is replaced by an enzyme, so avoiding radiation 

hazards. The competitive ELISA is the most commonly used method for detection of cortisol 

in fishes (Figure 4). It relies on the competition of the cortisol from the sample with cortisol 

conjugated to horse radish peroxidase (HRP). First, samples are distributed on a microtitre 

plate coated with a cortisol antibody. A known amount of HRP-conjugated cortisol is then 

added to each well.  After a period of incubation, the plate is washed and a detection solution 

is added. The solution contains a substrate (often 3,3',5,5'-tetramethylbenzidine; TMB) 

converted by HRP into a detectable form (3,3',5,5'-tetramethylbenzidine diamine for TMB). 

Reaction is then stopped using an acid (e.g., sulphuric acid) and the absorbance reading is 

performed by spectrophotometry (at 450 nm when TMB is used and reaction is stopped with 

sulphuric acid). When the amount of cortisol in the sample is high, less HRP-cortisol binds to 

the antibody, leading to reduced detectable form of the substrate. Commercial kits are 

available with the microtitre plate coated with the anti-cortisol antibody and a prepared 

detection solution. In-house ELISA assays are also developed within laboratories (Barry et 

al., 1993a), with microtitre plates manually coated and detection solutions prepared from 

scratch. Based on our estimations, costs might be divided by more than 10 times. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

19 
 

Although less common, Tintos et al. (2005) reported that a labelled-antibody assay (Figure 

4), instead of antigen, was successful for measuring cortisol in plasma of several fishes. First, 

a known amount of cortisol is immobilised in the wells of a 96-well plate. Sample is 

distributed in each well and antibody is added. A competition between cortisol in the sample 

and cortisol fixed on the plate will occur. After incubation and washing steps, the amount of 

antibody bound to the fixed cortisol is quantified using the same detection technique as for 

the competitive assay.  

Altogether, the ELISA needs little and inexpensive equipment, principally a 

spectrophotometer. The small investment required and the simplicity of the measure make the 

ELISA easily transferable to professionals of the fish industry, that may be eager to evaluate 

stress levels in response to rearing or fishing practices. However, measurement of enzyme 

activity in ELISA is more complex than measurement of radioactivity since it is sensitive to 

incubation time, temperature and, more importantly, it might be affected by other constituents 

in the samples. 

 

Assays based on non-enzymatic or radioactive labels avoid disadvantages related to enzyme 

activity in ELISA, or radioactivity in RIA. For example, time-resolved fluoro-immunoassay 

(TRFIA) uses lanthanide elements (i.e. europium, terbium or samarium) as labels.  So far, 

one study has demonstrated the assay to be effective for measurement of cortisol in plasma of 

channel catfish, Ictalurus punctatus (Rafinesque 1818) (Small & Davis, 2002). A Europium 

element was associated with cortisol. A competitive assay on binding sites was then 

performed between labelled-cortisol and cortisol in the sample. A detection solution is then 

added and leads to the dissociation of europium from the cortisol, becoming fluorescent. 

Fluorescence measured is used to estimate cortisol content of the sample. Finally, the 

fluorescence polarisation immunoassay (FPIA) has also been tested for measuring cortisol in 
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fish (Ortuño et al., 2003). This technique uses a fluorescent dye as label, excited by plane-

polarised light and leading to the emission of light. The polarisation of returning light 

depends on the rotation of the dye. If the labelled-cortisol is associated to its antibody, the 

degree of polarisation of the returning light is higher than the non-associated labelled cortisol. 

 

4.1.2 Label-free immunosensors 

 

Label-free, also called biophysical, detection technologies do not rely on labelled-cortisol or 

antibodies, but they detect changes in mass, electrochemical potential or light properties 

related to the association between cortisol and its antibody. These alternatives to labelled 

immunoassay are still prototypes in fish species, but a few studies provide proof of concept. 

They are attractive because they do not necessitate the often-complicated labelling step. 

Researchers have great expectations regarding their potential for continuous monitoring 

programmes.  

 

Electrochemical immunosensing  measures the change in the electrochemical properties of a 

conductive material in response to the association of the antigen to the antibody coated on the 

surface (Figure 5). Both, electrochemical impedance spectroscopy and cyclic voltammetry 

have been used to characterise electrochemical properties of the immunosensors during 

detection of cortisol in fishes (Pali et al., 2017; Wu et al., 2017, 2016). The conductive 

material is commonly a gold electrode transformed to fix the antibody (Figure 5a). After 

rinsing and drying the electrode, a self-assembled monolayer (SAM) composed of 

carboxylate termination is added to the surface of the electrode. In addition, the SAM is 

activated to ligate with the antibody. The electrode can then be used directly in the liquid 
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sample, for direct and multiple measurements. This technique was able to measure very low 

concentrations of cortisol, down to 6.6 pg ml
–1

 (Wu et al., 2016). 

 

Piezoelectric immunosensing can measure mechanical deformation related to mass changes 

associated with the interaction between an antigen and its antibody. Quartz crystal 

microbalance is commonly used for piezoelectric immunosensing (Figure 5b). It consists of 

two electrodes surrounding a thin layer of quartz that can be excited by the application of an 

alternating voltage, inducing an oscillation. When the antigen fixes to the antibody coated on 

the top electrode, the associated gravimetric change induces a quantifiable change in the 

oscillation frequency. To fix the antibody on the electrode the same protocol as for 

electrochemical immunosensing can be used. Despite the numerous successful measurements 

of cortisol using this technique in mammals it has, to our knowledge, only been used once for 

fishes, in a recent study on channel catfish I. punctatus plasma (Pali et al., 2017). Although 

the lowest quantification limit in this study was higher than other available technics, previous 

demonstration of a very good detection limit of the method (down to 0.011 ng ml
–1

) has been 

demonstrated (Ito et al., 2014).  

 

4.2 Use of mass spectrometry, independence towards antibodies 

 

All methods described so far rely on the binding of cortisol with its antibody. We previously 

mentioned the main downside of antibodies for immunoassays: their potential cross-reactivity 

with other steroids. In addition, antibodies have the disadvantages of requiring animals (often 

rabbits) for their production and so might vary from one animal to the next. Mass 

spectrometry (MS) associated to liquid chromatography (LC-MS) is the principal antibody-

free method used for detection of cortisol. Cortisol, extracted from the sample and 
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resuspended in an appropriate solvent, is isolated by liquid chromatography (LC). The 

stationary and adsorbent octadecylsilane-bonded phase (C18) is often used at high pressure 

(HPLC) to separate chemical species in the sample. MS then ionises isolated components, 

measures the separation of the molecules according to their mass-to-charge-ratio (M:z) and 

determines the relative abundance of each ion produced. A three-dimensional spectrum is 

obtained with M:z, relative abundance and retention time as axes. Each spike can be 

identified based on previous analyses of reference standards: pure isolated compound. The 

LC-MS method therefore has the capacity to separate all steroids, avoiding problems of 

mismatch among steroids in immunoassays. Moreover, it detects multiple steroids within one 

sample, adding much information regarding the stress axis, such as availability of substrates 

for cortisol production and amount of cortisol metabolites. The calibrators (or standards) for 

cortisol, cortisone, 11-deoxycortisol, 11-deoxycorticosterone and corticosterone are already 

commercially available (e.g., AbsoluteIDQ Stero17, Biocrates Life Sciences; 

www.biocrates.com or CHS
TM

 MSMS Steroids Kit, PerkinElmer; www.perkinelmer.com) to 

perform these analyses.  

Absolute quantification of the compounds is commonly performed by adding a known 

amount of an internal standard to each sample. Quantification is corrected by the amount of 

internal standard measured in the sample. This normalisation step corrects for effects of the 

preparation protocol and instrument-related variability. The internal standard for cortisol is 

often quadruple deuterium labelled cortisol (cortisol-d4), having comparable 

physicochemical characteristics to cortisol while increasing its mass to avoid spectral 

overlap.  

In conclusion, mass spectrometry has the significant advantages of being particularly 

selective and of adding supplemental information on the stress axes. However, this technique 

requires major initial investment to buy the instruments, which also require frequent 
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maintenance for effective and sustainable function. Additionally, internal standards are 

particularly expensive, with one required per steroid. 

 

4.3 Aptamers, new antibody replacers 

 

Aptamers consist of nucleic acid sequences able to recognise a specific molecule. They can 

be used as alternatives to antibodies in all the immunoassays described previously. In contrast 

to antibodies, they have the big advantage of being synthesised in situ, removing variability 

related to their production and lowering their costs. For two decades, numerous patents have 

hindered their development as potential targets for all types of molecules. However, recent 

expiration of key patents, mostly involved in their synthesis, are helping the development of 

these antibodies analogues.  So far, no aptamers have ever been used for detection of cortisol 

in fishes but their potential for measuring cortisol in other species is known (Zainol Abidin et 

al., 2017). To our knowledge, however, no clear cross-reactivity tests with other steroids 

have been performed.  

 

5 | TOWARD A GOLD STANDARD 

 

A gold standard for measuring cortisol, to qualify and quantify stress, involves low 

invasiveness, low cost, fast measurement, perfect specificity and repeatability and absence of 

waste production. So far, none of the available matrices (Table 1) or methods (Table 3) meet 

all these conditions. For now, the matrix and the measurement method should be carefully 

chosen depending on the scientific question and the characteristics reported in this review. 

However, we think that in a near future, combinations of current available methods will allow 

the development of a close to perfect technique.  
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A combination of label-free assays and aptamers represent, to us, the most promising 

tools, since they do not produce any waste, do not require any excessive investment, can be 

reusable and are completely synthesised in vitro. Label-free assays have already been 

described as potential tools to continuously monitor cortisol in fishes (Wu et al., 2017) and 

aptamers have demonstrated their high stability and reusability (Ravalli et al., 2016). In the 

future, therefore, we hope that the combination of these two techniques will lead to tools able 

to continuously measure cortisol in the water or, if sufficiently miniaturised, in the plasma. In 

aquaculture conditions, such a tool would be particularly useful to monitor welfare, estimate 

the effect of handling practices (Ellis et al., 2011) and characterise individuals based on their 

robustness (Sadoul et al., 2015b). Currently, the main question relates to the capacity of 

aptamers to be 100% specific to cortisol. More research in that direction must therefore be 

performed. For wild fishes, the possibility to carry a plasma cortisol monitoring tool opens a 

wide range of new research opportunities to continuously monitor, for instance, effects of 

human activities, climate change or pollution, that can all potentially affect cortisol 

production (Geffroy et al., 2018; Jaxion-Harm and Ladich, 2014; Thomas et al., 2018). 

However, this implies data transmission or data storage and recovery, which are both still 

very technically challenging. Therefore, in the meantime, we expect assays of cortisol in the 

scales to gain the most interest in the forthcoming years, especially, in the field of fish 

ecology. Yet, for studies to investigate temporal patterns of cortisol production (basal and 

acute stress), the use of water as a matrix seems, despite the numerous associated problems (§ 

2.1.1), to be the best option because it can be performed without any handling of the fish.  

To conclude, we think that the newly available matrices and measuring tools for quantifying 

cortisol will continue to increase interest towards this steroid for research on well-being and 

life histories. However, other proxies to describe stress in fish should not be ignored; e.g., 

behaviour (Sadoul et al., 2014), skin pigment colour (Khan et al., 2016), oxygen 
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consumption (Madaro et al., 2018) or cardiac rhythm (Laitinen & Valtonen, 1994) have all 

been proposed as fruitful monitoring tools for measuring stress in fishes. 

 

 

 

 

To be removed during edition, those are the references of tables 2 and 3 (Archard et al., 

2012; Boulton et al., 2015; Contreras et al., 2014; Ellis et al., 2004; Fanouraki et al., 2008; 

Félix et al., 2013; Friesen et al., 2012; Gabor and Contreras, 2012; Geffroy et al., 2018; 

Laitinen and Valtonen, 1994; Ligocki et al., 2015; Lorenzi et al., 2008; Pavlidis et al., 2013; 

Pounder et al., 2018; Ruane and Komen, 2003; Sadoul et al., 2015a, 2017; Sebire et al., 

2007; Solomon-Lane and Grober, 2012; Takahara et al., 2011; Wong et al., 2008; Zuberi et 

al., 2011, 2014) 

(Barry et al., 1993b; Munro and Lasley, 1988; Sangalang et al., 1980; Tintos et al., 2005; 

Yeh et al., 2013) 

 

REFERENCES 

Aerts, J., De, S.S., Gent, U., (Ilvo), I.V.L.-E.V., 2014. Quantification of glucocorticoids in 

fish scales as biomarkers for chronic stress. United States Patent Application 

20160313355. Available at www.freepatentsonline.com/y2016/0313355.html 

Aerts, J., Metz, J.R., Ampe, B., Decostere, A., Flik, G., Saeger, S.D., 2015. Scales Tell a 

Story on the Stress History of Fish. PLOS ONE 10, e0123411. 

doi.org/10.1371/journal.pone.0123411 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

26 
 

Aerts, J., Schaeck, M., De Swaef, E., Ampe, B., Decostere, A., 2018. Vibrio lentus as a 

probiotic candidate lowers glucocorticoid levels in gnotobiotic sea bass larvae. 

Aquaculture 492, 40–45. doi.org/10.1016/j.aquaculture.2018.03.059 

Archard, G.A., Earley, R.L., Hanninen, A.F., Braithwaite, V.A., 2012. Correlated behaviour 

and stress physiology in fish exposed to different levels of predation pressure. 

Functional Ecology 26, 637–645. doi.org/10.1111/j.1365-2435.2012.01968.x 

Audet, C., FitzGerald, G.J., Guderley, H., 1986. Photoperiod effects on plasma cortisol levels 

in Gasterosteus aculeatus. Gen. Comp. Endocrinol. 61, 76–81. 

doi.org/10.1016/0016-6480(86)90251-0 

Auperin, B., Baroiller, J.F., Ricordel, M.J., Fostier, A., Prunet, P., 1997. Effect of 

confinement stress on circulating levels of growth hormone and two prolactins in 

freshwater-adapted tilapia (Oreochromis niloticus). Gen. Comp. Endocrinol. 108, 

35–44. doi.org/10.1006/gcen.1997.6938 

Auperin, B., Geslin, M., 2008. Plasma cortisol response to stress in juvenile rainbow trout is 

influenced by their life history during early development and by egg cortisol content. 

Gen. Comp. Endocrinol. 158, 234–239. doi.org/10.1016/j.ygcen.2008.07.002 

Barcellos, L.J.G., Marqueze, A., Trapp, M., Quevedo, R.M., Ferreira, D., 2010. The effects 

of fasting on cortisol, blood glucose and liver and muscle glycogen in adult jundiá 

Rhamdia quelen. Aquaculture 300, 231–236. 

doi.org/10.1016/j.aquaculture.2010.01.013 

Barcellos, L.J.G., Volpato, G.L., Barreto, R.E., Coldebella, I., Ferreira, D., 2011. Chemical 

communication of handling stress in fish. Physiol. Behav. 103, 372–375. 

doi.org/10.1016/j.physbeh.2011.03.009 

Barcellos, L.J.G., Woehl, V.M., Wassermann, G.F., Quevedo, R.M., Ittzés, I., Krieger, M.H., 

2001. Plasma levels of cortisol and glucose in response to capture and tank 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

27 
 

transference in Rhamdia quelen (Quoy & Gaimard), a South American catfish. 

Aquac. Res. 32, 121–123. doi.org/10.1046/j.1365-2109.2001.00539.x 

Barnett, C.W., Pankhurst, N.W., 1998. The effects of common laboratory and husbandry 

practices on the stress response of greenback flounder Rhombosolea tapirina 

(Günther, 1862). Aquaculture 162, 313–329. doi.org/10.1016/S0044-

8486(98)00202-6 

Barry, T.P., Lapp, A.F., Kayes, T.B., Malison, J.A., 1993a. Validation of a microtitre plate 

ELISA for measuring cortisol in fish and comparison of stress responses of rainbow 

trout (Oncorhynchus mykiss) and lake trout (Salvelinus namaycush). Aquaculture 

117, 351–363. doi.org/10.1016/0044-8486(93)90331-R 

Barry, T.P., Lapp, A.F., Kayes, T.B., Malison, J.A., 1993b. Validation of a microtitre plate 

ELISA for measuring cortisol in fish and comparison of stress responses of rainbow 

trout (Oncorhynchus mykiss) and lake trout (Salvelinus namaycush). Aquaculture 

117, 351–363. doi.org/10.1016/0044-8486(93)90331-R 

Barry, T.P., Malison, J.A., Held, J.A., Parrish, J.J., 1995. Ontogeny of the Cortisol Stress 

Response in Larval Rainbow Trout. Gen. Comp. Endocrinol. 97, 57–65. 

doi.org/10.1006/gcen.1995.1006 

Barton, B.A., Schreck, C.B., Fowler, L.G., 1988. Fasting and Diet Content Affect Stress-

Induced Changes in Plasma Glucose and Cortisol in Juvenile Chinook Salmon. 

Progress. Fish-Cult. 50, 16–22. doi.org/10.1577/1548-

8640(1988)050<0016:FADCAS>2.3.CO;2 

Beldade, R., Blandin, A., O’Donnell, R., Mills, S.C., 2017. Cascading effects of thermally-

induced anemone bleaching on associated anemonefish hormonal stress response 

and reproduction. Nat. Commun. 8, 716. doi.org/10.1038/s41467-017-00565-w 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

28 
 

Bertotto, D., Poltronieri, C., Negrato, E., Majolini, D., Radaelli, G., Simontacchi, C., 2010. 

Alternative matrices for cortisol measurement in fish. Aquac. Res. 41, 1261–1267. 

doi.org/10.1111/j.1365-2109.2009.02417.x 

Bertotto, D., Poltronieri, C., Negrato, E., Richard, J., Pascoli, F., Simontacchi, C., Radaelli, 

G., 2011. Whole body cortisol and expression of HSP70, IGF-I and MSTN in early 

development of sea bass subjected to heat shock. Gen. Comp. Endocrinol. 174, 44–

50. doi.org/10.1016/j.ygcen.2011.08.003 

Bondy, P.K., Upton, G.V., Pickford, G.E., 1957. Demonstration of Cortisol in Fish Blood. 

Nature 179, 1354–1355. doi.org/10.1038/1791354a0 

Boulton, K., Couto, E., Grimmer, A.J., Earley, R.L., Canario, A.V.M., Wilson, A.J., Walling, 

C.A., 2015. How integrated are behavioral and endocrine stress response traits? A 

repeated measures approach to testing the stress-coping style model. Ecol. Evol. 5, 

618–633. doi.org/10.1002/ece3.1395 

Breuner, C.W., Orchinik, M., 2002. Plasma binding proteins as mediators of corticosteroid 

action in vertebrates. J. Endocrinol. 175, 99–112. 

Bury, N.R., Sturm, A., Le Rouzic, P., Lethimonier, C., Ducouret, B., Guiguen, Y., Robinson-

Rechavi, M., Laudet, V., Rafestin-Oblin, M.E., Prunet, P., 2003. Evidence for two 

distinct functional glucocorticoid receptors in teleost fish. J. Mol. Endocrinol. 31, 

141–156. 

Campbell, T.W., 2015. Blood Sample Collection and Preparation in Fish, in: Exotic Animal 

Hematology and Cytology. Wiley-Blackwell, pp. 183–186. 

doi.org/10.1002/9781118993705.ch12 

Cao, Y., Tveten, A.-K., Stene, A., 2017. Establishment of a non-invasive method for stress 

evaluation in farmed salmon based on direct fecal corticoid metabolites 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

29 
 

measurement. Fish Shellfish Immunol. 66, 317–324. 

doi.org/10.1016/j.fsi.2017.04.012 

Carbajal, A., Monclús, L., Tallo‐ Parra, O., Sabes‐ Alsina, M., Vinyoles, D., Lopez‐ Bejar, 

M., 2018. Cortisol detection in fish scales by enzyme immunoassay: Biochemical 

and methodological validation. J. Appl. Ichthyol. doi.org/10.1111/jai.13674 

Colson, V., Sadoul, B., Valotaire, C., Prunet, P., Gaumé, M., Labbé, L., 2015a. Welfare 

assessment of rainbow trout reared in a Recirculating Aquaculture System: 

Comparison with a Flow-Through System. Aquaculture 436, 151–159. 

doi.org/10.1016/j.aquaculture.2014.10.047 

Colson, V., Valotaire, C., Geffroy, B., Kiilerich, P., 2015b. Egg cortisol exposure enhances 

fearfulness in larvae and juvenile rainbow trout. Ethology 121, 1191–1201. 

Contreras, A.J., Boswell, M., Downs, K.P., Pasquali, A., Walter, R.B., 2014. Cortisol release 

in response to UVB exposure in Xiphophorus fish. Comp. Biochem. Physiol. 

Toxicol. Pharmacol. CBP 163, 95–101. doi.org/10.1016/j.cbpc.2014.02.004 

Cousineau, A., Midwood, J.D., Stamplecoskie, K., King, G., Suski, C.D., Cooke, S.J., 2014. 

Diel patterns of baseline glucocorticoids and stress responsiveness in a teleost fish 

(bluegill, Lepomis macrochirus). Can. J. Zool. 92, 417–421. doi.org/10.1139/cjz-

2014-0054 

Das, C., Thraya, M., Vijayan, M.M., 2018. Nongenomic cortisol signaling in fish. Gen. 

Comp. Endocrinol., Proceedings of the 18th International Congress of Comparative 

Endocrinology (ICCE18) held jointly with the 4th biennial conference of the North 

American Society for Comparative Endocrinology (NASCE) and 9th International 

Symposium on Amphibian and Reptili 265, 121–127. 

doi.org/10.1016/j.ygcen.2018.04.019 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

30 
 

de Jesus, E.G., Hirano, T., Inui, Y., 1991. Changes in cortisol and thyroid hormone 

concentrations during early development and metamorphosis in the Japanese 

flounder, Paralichthys olivaceus. Gen. Comp. Endocrinol. 82, 369–376. 

de Jesus, E.G.T., Hirano, T., 1992. Changes in whole body concentrations of cortisol, thyroid 

hormones and sex steroids during early development of the chum salmon, 

Oncorhynchus keta. Gen. Comp. Endocrinol. 85, 55–61. doi.org/10.1016/0016-

6480(92)90171-F 

De Mercado, E., Larrán, A.M., Pinedo, J., Tomás-Almenar, C., 2018. Skin mucus: A new 

approach to assess stress in rainbow trout. Aquaculture 484, 90–97. 

doi.org/10.1016/j.aquaculture.2017.10.031 

Doyon, C., Gilmour, K.M., Trudeau, V.L., Moon, T.W., 2003. Corticotropin-releasing factor 

and neuropeptide Y mRNA levels are elevated in the preoptic area of socially 

subordinate rainbow trout. Gen. Comp. Endocrinol. 133, 260–271. 

doi.org/10.1016/S0016-6480(03)00195-3 

Earley, R.L., Edwards, J.T., Aseem, O., Felton, K., Blumer, L.S., Karom, M., Grober, M.S., 

2006. Social interactions tune aggression and stress responsiveness in a territorial 

cichlid fish (Archocentrus nigrofasciatus). Physiol. Behav. 88, 353–363. 

doi.org/10.1016/j.physbeh.2006.04.002 

Ellis, T., James, J.D., Scott, A.P., 2005. Branchial release of free cortisol and melatonin by 

rainbow trout. J. Fish Biol. 67, 535–540. doi.org/10.1111/j.0022-1112.2005.00740.x 

Ellis, T., James, J.D., Stewart, C., Scott, A.P., 2004. A non-invasive stress assay based upon 

measurement of free cortisol released into the water by rainbow trout. J. Fish Biol. 

65, 1233–1252. doi.org/10.1111/j.0022-1112.2004.00499.x 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

31 
 

Ellis, T., Yildiz, H.Y., López-Olmeda, J., Spedicato, M.T., Tort, L., Øverli, Ø., Martins, 

C.I.M., 2011. Cortisol and finfish welfare. Fish Physiol. Biochem. 38, 163–188. 

doi.org/10.1007/s10695-011-9568-y 

Eriksson, H., Gustafsson, J.-Å., 1970. Steroids in Germfree and Conventional Rats. Eur. J. 

Biochem. 15, 132–139. doi.org/10.1111/j.1432-1033.1970.tb00987.x 

Fanouraki, E., Papandroulakis, N., Ellis, T., Mylonas, C.C., Scott, A.P., Pavlidis, M., 2008. 

Water cortisol is a reliable indicator of stress in European sea bass, Dicentrarchus 

labrax. Behaviour 145, 1267–1281. doi.org/10.1163/156853908785765818 

Faught, E., Aluru, N., Vijayan, M.M., 2016a. The molecular stress response, in: Fish 

Physiology. Elsevier, pp. 113–166. 

Faught, E., Best, C., Vijayan, M.M., 2016b. Maternal stress-associated cortisol stimulation 

may protect embryos from cortisol excess in zebrafish. Open Sci. 3, 160032. 

doi.org/10.1098/rsos.160032 

Faught, E., Vijayan, M.M., 2018. Maternal stress and fish reproduction: The role of cortisol 

revisited. Fish Fish. 0. doi.org/10.1111/faf.12309 

Félix, A.S., Faustino, A.I., Cabral, E.M., Oliveira, R.F., 2013. Noninvasive Measurement of 

Steroid Hormones in Zebrafish Holding-Water. Zebrafish 10, 110–115. 

doi.org/10.1089/zeb.2012.0792 

Flik, G., Klaren, P.H.M., Van den Burg, E.H., Metz, J.R., Huising, M.O., 2006. CRF and 

stress in fish. Novel Functions of the Corticotropin-Releasing Factor System. Gen. 

Comp. Endocrinol., 146, 36–44. doi.org/10.1016/j.ygcen.2005.11.005 

Friesen, C.N., Chapman, L.J., Aubin-Horth, N., 2012. Holding water steroid hormones in the 

African cichlid fish Pseudocrenilabrus multicolor victoriae. Gen. Comp. Endocrinol. 

179, 400–405. doi.org/10.1016/j.ygcen.2012.07.031 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

32 
 

Gabor, C.R., Contreras, A., 2012. Measuring water-borne cortisol in Poecilia latipinna: is the 

process stressful, can stress be minimized and is cortisol correlated with sex steroid 

release rates? J. Fish Biol. 81, 1327–1339. doi.org/10.1111/j.1095-

8649.2012.03411.x 

Gamperl, A.K., Vijayan, M.M., Boutilier, R.G., 1994. Experimental control of stress 

hormone levels in fishes: techniques and applications. Rev. Fish Biol. Fish. 4, 215–

255. doi.org/10.1007/BF00044129 

Garcia, L.E., Meier, A.H., 1973. Daily rhythms in concentration of plasma cortisol in male 

and female gulf killifish, Fundulus grandis. Biol. Bull. 144, 471–479. 

doi.org/10.2307/1540301 

Geffroy, B., Bardonnet, A., 2016. Sex differentiation and sex determination in eels: 

consequences for management. Fish Fish. 17, 375–398. doi.org/10.1111/faf.12113 

Geffroy, B., Sadoul, B., Bouchareb, A., Prigent, S., Bourdineaud, J.-P., Gonzalez-Rey, M., 

Morais, R.N., Mela, M., Nobre Carvalho, L., Bessa, E., 2018. Nature-Based Tourism 

Elicits a Phenotypic Shift in the Coping Abilities of Fish. Front. Physiol. 9. 

doi.org/10.3389/fphys.2018.00013 

Geffroy, B., Sadoul, B., Ellenberg, U., 2017. Physiological and Behavioral Consequences of 

Human Visitation, in: Blumstein, D.T., Geffroy, B., Samia, D.S.M., Bessa, E. (Eds.), 

Ecotourism’s Promise and Peril: A Biological Evaluation. Springer International 

Publishing, Cham, pp. 9–27. doi.org/10.1007/978-3-319-58331-0_2 

Goikoetxea, A., Todd, E.V., Gemmell, N.J., 2017. Stress and sex: does cortisol mediate sex 

change in fish? Reprod. Camb. Engl. 154, R149–R160. doi.org/10.1530/REP-17-

0408 

Grassie, C., Braithwaite, V.A., Nilsson, J., Nilsen, T.O., Teien, H.-C., Handeland, S.O., 

Stefansson, S.O., Tronci, V., Gorissen, M., Flik, G., Ebbesson, L.O.E., 2013. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

33 
 

Aluminum exposure impacts brain plasticity and behavior in Atlantic salmon (Salmo 

salar). J. Exp. Biol. 216, 3148–3155. doi.org/10.1242/jeb.083550 

Greenwood, A.K., Butler, P.C., White, R.B., DeMarco, U., Pearce, D., Fernald, R.D., 2003. 

Multiple corticosteroid receptors in a teleost fish: distinct sequences, expression 

patterns and transcriptional activities. Endocrinology 144, 4226–4236. 

doi.org/10.1210/en.2003-0566 

Groff, J.M., Zinkl, J.G., 1999. Hematology and clinical chemistry of cyprinid fish. Common 

carp and goldfish. Veterinary Clin. North Am. Exot. Anim. Pract. 2, 741–776. 

Haddy, J.A., Pankhurst, N.W., 1999. Stress-induced changes in concentrations of plasma sex 

steroids in black bream. J. Fish Biol. 55, 1304–1316. doi.org/10.1111/j.1095-

8649.1999.tb02077.x 

Huntingford, F.A., Adams, C., Braithwaite, V.A., Kadri, S., Pottinger, T.G., Sandøe, P., 

Turnbull, J.F., 2006. Current issues in fish welfare. J. Fish Biol. 68, 332–372. 

doi.org/10.1111/j.0022-1112.2006.001046.x 

Hwang, P.-P., Wu, S.-M., 1993. Role of Cortisol in Hypoosmoregulation in Larvae of the 

Tilapia (Oreochromis mossambicus). Gen. Comp. Endocrinol. 92, 318–324. 

doi.org/10.1006/gcen.1993.1168 

Hwang, P.-P., Wu, S.-M., Lin, J.-H., Wu, L.-S., 1992. Cortisol content of eggs and larvae of 

teleosts. Gen. Comp. Endocrinol. 86, 189–196. doi.org/10.1016/0016-

6480(92)90101-O 

Idler, D.R., Freeman, H.C., 1968. Binding of testosterone, 1α-hydroxycorticosterone and 

cortisol by plasma proteins of fish. Gen. Comp. Endocrinol. 11, 366–372. 

doi.org/10.1016/0016-6480(68)90093-2 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

34 
 

Ito, T., Aoki, N., Kaneko, S., Suzuki, K., 2014. Highly sensitive and rapid sequential cortisol 

detection using twin sensor QCM. Anal. Methods 6, 7469–7474. 

doi.org/10.1039/C4AY01387E 

Jaxion-Harm, J., Ladich, F., 2014. Effects of temperature change on cortisol release by 

common carp Cyprinus carpio. J. Fish Biol. 84, 1221–1227. 

doi.org/10.1111/jfb.12331 

Jeffrey, J.D., Gollock, M.J., Gilmour, K.M., 2014. Social stress modulates the cortisol 

response to an acute stressor in rainbow trout (Oncorhynchus mykiss). Gen. Comp. 

Endocrinol. 196, 8–16. doi.org/10.1016/j.ygcen.2013.11.010 

Jeffrey, J.D., Hasler, C.T., Chapman, J.M., Cooke, S.J., Suski, C.D., 2015. Linking 

Landscape-Scale Disturbances to Stress and Condition of Fish: Implications for 

Restoration and Conservation. Integr. Comp. Biol. 55, 618–630. 

doi.org/10.1093/icb/icv022 

Jentoft, S., Held, J.A., Malison, J.A., Barry, T.P., 2002. Ontogeny of the cortisol stress 

response in yellow perch (Perca flavescens). Fish Physiol. Biochem. 26, 371–378. 

doi.org/10.1023/B:FISH.0000009276.05161.8d 

Khan, U.W., Øverli, Ø., Hinkle, P.M., Pasha, F.A., Johansen, I.B., Berget, I., Silva, P.I.M., 

Kittilsen, S., Höglund, E., Omholt, S.W., Våge, D.I., 2016. A novel role for pigment 

genes in the stress response in rainbow trout (Oncorhynchus mykiss). Sci. Rep. 6. 

doi.org/10.1038/srep28969 

Kiilerich, P., Geffroy, B., Valotaire, C., Prunet, P., 2018. Endogenous regulation of 11-

deoxycorticosterone (DOC) and corticosteroid receptors (CRs) during rainbow trout 

early development and the effects of corticosteroids on hatching. Gen. Comp. 

Endocrinol. 265, 22–30. doi.org/10.1016/j.ygcen.2018.05.031 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

35 
 

Killen, S.S., Atkinson, D., Glazier, D.S., 2010. The intraspecific scaling of metabolic rate 

with body mass in fishes depends on lifestyle and temperature. Ecol. Lett. 13, 184–

193. doi.org/10.1111/j.1461-0248.2009.01415.x 

Kubokawa, K., Watanabe, T., Yoshioka, M., Iwata, M., 1999. Effects of acute stress on 

plasma cortisol, sex steroid hormone and glucose levels in male and female sockeye 

salmon during the breeding season. Aquaculture 172, 335–349. 

doi.org/10.1016/S0044-8486(98)00504-3 

Laitinen, M., Valtonen, T., 1994. Cardiovascular, ventilatory and total activity responses of 

brown trout to handling stress. J. Fish Biol. 45, 933–942. doi.org/10.1111/j.1095-

8649.1994.tb01063.x 

Law, B., 1996. Immunoassay: A Practical Guide. CRC Press. 

Ligocki, I.Y., Earley, R.L., Hellmann, J.K., Hamilton, I.M., 2015. Variation in glucocorticoid 

levels in relation to direct and third-party interactions in a social cichlid fish. 

Physiol. Behav. 151, 386–394. doi.org/10.1016/j.physbeh.2015.08.004 

Lorenzi, V., Earley, R.L., Rodgers, E.W., Pepper, D.R., Grober, M.S., 2008. Diurnal patterns 

and sex differences in cortisol, 11-ketotestosterone, testosterone and 17β-estradiol in 

the bluebanded goby (Lythrypnus dalli). Gen. Comp. Endocrinol. 155, 438–446. 

doi.org/10.1016/j.ygcen.2007.07.010 

Love, O.P., McGowan, P.O., Sheriff, M.J., 2013. Maternal adversity and ecological stressors 

in natural populations: the role of stress axis programming in individuals, with 

implications for populations and communities. Funct. Ecol. 27, 81–92. 

doi.org/10.1111/j.1365-2435.2012.02040.x 

Lupica, S.J., Turner Jr, J.W., 2010. Noninvasive assessment of nitrate-induced stress in koi 

Cyprinus carpio L. by faecal cortisol measurement. Aquac. Res. 41, 1622–1629. 

doi.org/10.1111/j.1365-2109.2010.02496.x 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

36 
 

Lupica, S.J., Turner, J.W., 2009. Validation of enzyme-linked immunosorbent assay for 

measurement of faecal cortisol in fish. Aquac. Res. 40, 437–441. 

doi.org/10.1111/j.1365-2109.2008.02112.x 

Madaro, A., Folkedal, O., Maiolo, S., Alvanopoulou, M., Olsen, R.E., 2018. Effects of 

acclimation temperature on cortisol and oxygen consumption in Atlantic salmon 

(Salmo salar) post-smolt exposed to acute stress. Aquaculture 497, 331–335. 

doi.org/10.1016/j.aquaculture.2018.07.056 

McKenzie, D.J., Höglund, E., Dupont-Prinet, A., Larsen, B.K., Skov, P.V., Pedersen, P.B., 

Jokumsen, A., 2012. Effects of stocking density and sustained aerobic exercise on 

growth, energetics and welfare of rainbow trout. Aquaculture 338–341, 216–222. 

doi.org/10.1016/j.aquaculture.2012.01.020 

Mommsen, T.P., Vijayan, M.M., Moon, T.W., 1999. Cortisol in teleosts: dynamics, 

mechanisms of action and metabolic regulation. Rev. Fish Biol. Fish. 9, 211–268. 

doi.org/10.1023/A:1008924418720 

Mormède, P., Andanson, S., Aupérin, B., Beerda, B., Guémené, D., Malmkvist, J., Manteca, 

X., Manteuffel, G., Prunet, P., van Reenen, C.G., Richard, S., Veissier, I., 2007. 

Exploration of the hypothalamic-pituitary-adrenal function as a tool to evaluate 

animal welfare. Physiol. Behav. 92, 317–339. 

doi.org/10.1016/j.physbeh.2006.12.003 

Munro, C.J., Lasley, B.L., 1988. Non-radiometric methods for immunoassay of steroid 

hormones. Prog. Clin. Biol. Res. 285, 289–329. 

O’Connor, E.A., Pottinger, T.G., Sneddon, L.U., 2011. The effects of acute and chronic 

hypoxia on cortisol, glucose and lactate concentrations in different populations of 

three-spined stickleback. Fish Physiol. Biochem. 37, 461–469. 

doi.org/10.1007/s10695-010-9447-y 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

37 
 

Olivotto, I., Geffroy, B., 2017. Clownfish, in: Marine Ornamental Species Aquaculture. 

Wiley-Blackwell, pp. 177–199. doi.org/10.1002/9781119169147.ch12 

Ortuño, J., Esteban, M.A., Meseguer, J., 2003. The effect of dietary intake of vitamins C and 

E on the stress response of gilthead seabream (Sparus aurata L.). Fish Shellfish 

Immunol. 14, 145–156. doi.org/10.1006/fsim.2002.0428 

Øverli, Ø., Harris, C.A., Winberg, S., 1999. Short-Term Effects of Fights for Social 

Dominance and the Establishment of Dominant-Subordinate Relationships on Brain 

Monoamines and Cortisol in Rainbow Trout. Brain. Behav. Evol. 54, 263–275. 

doi.org/10.1159/000006627 

Paitz, R.T., Bukhari, S.A., Bell, A.M., 2016. Stickleback embryos use ATP-binding cassette 

transporters as a buffer against exposure to maternally derived cortisol. Proc R Soc 

B 283, 20152838. doi.org/10.1098/rspb.2015.2838 

Pali, M., Garvey, J.E., Small, B., Suni, I.I., 2017. Detection of Fish Hormones by 

Electrochemical Impedance Spectroscopy and Quartz Crystal Microbalance. Sens. 

Bio-Sens. Res. 13, 1–8. doi.org/10.1016/j.sbsr.2017.01.001 

Patiño, R., Redding, J.M., Schreck, C.B., 1987. Interrenal secretion of corticosteroids and 

plasma cortisol and cortisone concentrations after acute stress and during seawater 

acclimation in juvenile coho salmon (Oncorhynchus kisutch). Gen. Comp. 

Endocrinol. 68, 431–439. doi.org/10.1016/0016-6480(87)90082-7 

Pavlidis, M., Digka, N., Theodoridi, A., Campo, A., Barsakis, K., Skouradakis, G., Samaras, 

A., Tsalafouta, A., 2013. Husbandry of zebrafish, Danio rerio and the cortisol stress 

response. Zebrafish 10, 524–531. doi.org/10.1089/zeb.2012.0819 

Pavlidis, M., Karantzali, E., Fanouraki, E., Barsakis, C., Kollias, S., Papandroulakis, N., 

2011. Onset of the primary stress in European sea bass Dicentrarhus labrax, as 

indicated by whole body cortisol in relation to glucocorticoid receptor during early 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

38 
 

development. Aquaculture, Larvi 2009Proceedings of the 5th Fish and Shellfish 

Larviculture Symposium, Gent, Belgium, September 2009 315, 125–130. 

doi.org/10.1016/j.aquaculture.2010.09.013 

Peter, R.E., Hontela, A., Cook, A.F., Paulencu, C.R., 1978. Daily cycles in serum cortisol 

levels in the goldfish: effects of photoperiod, temperature and sexual condition. Can. 

J. Zool. 56, 2443–2448. doi.org/10.1139/z78-329 

Pounder, K.C., Mitchell, J.L., Thomson, J.S., Pottinger, T.G., Sneddon, L.U., 2018. 

Physiological and behavioural evaluation of common anaesthesia practices in the 

rainbow trout. Appl. Anim. Behav. Sci. 199, 94–102.  

Pounder, K C.; Mitchell, J L.; Thomson, J S.; Pottinger, T G.; Sneddon, L U..  2018  

Physiological and behavioural evaluation of common anaesthesia practices in the 

rainbow trout.   Applied Animal Behaviour Science, 199. 94-102.  

doi.org/10.1016/j.applanim.2017.10.014 

Ramsay, J.M., Feist, G.W., Varga, Z.M., Westerfield, M., Kent, M.L., Schreck, C.B., 2006. 

Whole-body cortisol is an indicator of crowding stress in adult zebrafish, Danio 

rerio. Aquaculture 258, 565–574. doi.org/10.1016/j.aquaculture.2006.04.020 

Ravalli, A., Voccia, D., Palchetti, I., Marrazza, G., 2016. Electrochemical, 

Electrochemiluminescence and Photoelectrochemical Aptamer-Based 

Nanostructured Sensors for Biomarker Analysis. Biosensors 6. 

doi.org/10.3390/bios6030039 

Reverter, M., Tapissier-Bontemps, N., Lecchini, D., Banaigs, B., Sasal, P., Reverter, M., 

Tapissier-Bontemps, N., Lecchini, D., Banaigs, B., Sasal, P., 2018. Biological and 

Ecological Roles of External Fish Mucus: A Review. Fishes 3, 41. 

doi.org/10.3390/fishes3040041 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

39 
 

Ruane, N.M., Komen, H., 2003. Measuring cortisol in the water as an indicator of stress 

caused by increased loading density in common carp (Cyprinus carpio). Aquaculture 

218, 685–693. doi.org/10.1016/S0044-8486(02)00422-2 

Sadoul, B., Alfonso, S., Bessa, E., Bouchareb, A., Blondeau-Bidet, E., Clair, P., Chatain, B., 

Bégout, M.L., Geffroy, B., 2018. Enhanced brain expression of genes related to cell 

proliferation and neural differentiation is associated with cortisol receptor expression 

in fishes. Gen. Comp. Endocrinol. 267, 76–81. doi.org/10.1016/j.ygcen.2018.06.001 

Sadoul, B., Evouna Mengues, P., Friggens, N.C., Prunet, P., Colson, V., 2014. A new method 

for measuring group behaviours of fish shoals from recorded videos taken in near 

aquaculture conditions. Aquaculture 430, 179–187. 

doi.org/10.1016/j.aquaculture.2014.04.008 

Sadoul, B., Foucard, A., Valotaire, C., Labbé, L., Goardon, L., LeCalvez, J.M., Médale, F., 

Quillet, E., Dupont-Nivet, M., Geurden, I., Prunet, P., Colson, V., 2016. Adaptive 

capacities from survival to stress responses of two isogenic lines of rainbow trout 

fed a plant-based diet. Sci. Rep. 6, 35957. doi.org/10.1038/srep35957 

Sadoul, B., Friggens, N.C., Valotaire, C., Labbé, L., Colson, V., Prunet, P., Leguen, I., 2017. 

Physiological and behavioral flexibility to an acute CO2 challenge, within and 

between genotypes in rainbow trout. Comp. Biochem. Physiol. A. Mol. Integr. 

Physiol. 209, 25–33. doi.org/10.1016/j.cbpa.2017.04.002 

Sadoul, B., Leguen, I., Colson, V., Friggens, N.C., Prunet, P., 2015a. A multivariate analysis 

using physiology and behavior to characterize robustness in two isogenic lines of 

rainbow trout exposed to a confinement stress. Physiol. Behav. 140, 139–147. 

doi.org/10.1016/j.physbeh.2014.12.006 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

40 
 

Sadoul, B., Martin, O., Prunet, P., Friggens, N.C., 2015b. On the use of a simple physical 

system analogy to study robustness features in animal sciences. PLoS ONE 10, 

e0137333. doi.org/10.1371/journal.pone.0137333 

Sadoul, B., Vijayan, M.M., 2016. 5 - Stress and Growth, in: Schreck, L.T., Anthony P. Farrell 

and Colin J. Brauner Carl B. (Ed.), Fish Physiology, Biology of Stress in Fish. 

Academic Press, pp. 167–205. 

Sangalang, G.B., Freeman, H.C., Flemming, R.B., McMenemy, M., 1980. The determination 

of cortisol in fish plasma by radioimmunoassay. Gen. Comp. Endocrinol. 40, 459–

462. doi.org/10.1016/0016-6480(80)90009-X 

Scott, A.P., Ellis, T., 2007. Measurement of fish steroids in water--a review. Gen. Comp. 

Endocrinol. 153, 392–400. doi.org/10.1016/j.ygcen.2006.11.006 

Sebire, M., Katsiadaki, I., Scott, A.P., 2007. Non-invasive measurement of 11-

ketotestosterone, cortisol and androstenedione in male three-spined stickleback 

(Gasterosteus aculeatus). Gen. Comp. Endocrinol. 152, 30–38. 

doi.org/10.1016/j.ygcen.2007.02.009 

Shephard, K.L., 1994. Functions for fish mucus. Rev. Fish Biol. Fish. 4, 401–429. 

Sheriff, M.J., Love, O.P., 2013. Determining the adaptive potential of maternal stress. Ecol. 

Lett. 16, 271–280. doi.org/10.1111/ele.12042 

Simontacchi, C., Negrato, E., Pazzaglia, M., Bertotto, D., Poltronieri, C., Radaelli, G., 2009. 

Whole-body concentrations of cortisol and sex steroids in white sturgeon (Acipenser 

transmontanus, Richardson 1836) during early development and stress response. 

Aquac. Int. 17, 7–14. doi.org/10.1007/s10499-008-9174-x 

Simontacchi, C., Poltronieri, C., Carraro, C., Bertotto, D., Xiccato, G., Trocino, A., Radaelli, 

G., 2008. Alternative stress indicators in sea bass Dicentrarchus labrax, L. J. Fish 

Biol. 72, 747–752. doi.org/10.1111/j.1095-8649.2007.01717.x 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

41 
 

Small, B.C., Davis, K.B., 2002. Validation of a time‐ resolved fluoroimmunoassay for 

measuring plasma cortisol in channel catfish Ictalurus punctatus. J. World Aquac. 

Soc. 33, 184–187. 

Solomon-Lane, T.K., Grober, M.S., 2012. Behavioral and physiological responses to central 

administration of corticotropin-releasing factor in the bluebanded goby (Lythrypnus 

dalli). Physiol. Behav., Special Section: The Mismatch Hypothesis of Psychiatric 

Disease 106, 619–625. doi.org/10.1016/j.physbeh.2012.04.017 

Sopinka, N.M., Capelle, P.M., Semeniuk, C. a. D., Love, O.P., 2016. Glucocorticoids in Fish 

Eggs: Variation, Interactions with the Environment and the Potential to Shape 

Offspring Fitness. Physiol. Biochem. Zool. 90, 15–33. doi.org/10.1086/689994 

Sørensen, C., Johansen, I.B., Øverli, Ø., 2013. Neural plasticity and stress coping in teleost 

fishes. Gen. Comp. Endocrinol. dx.doi.org/10.1016/j.ygcen.2012.12.003 

Sørensen, P.W., Scott, A.P., 1994. The evolution of hormonal sex pheromones in teleost fish: 

poor correlation between the pattern of steroid release by goldfish and olfactory 

sensitivity suggests that these cues evolved as a result of chemical spying rather than 

signal specialization. Acta Physiol. Scand. 152, 191–205. doi.org/10.1111/j.1748-

1716.1994.tb09799.x 

Stevens, C.H., Croft, D.P., Paull, G.C., Tyler, C.R., 2017. Stress and welfare in ornamental 

fishes: what can be learned from aquaculture? J. Fish Biol. 91, 409–428. 

doi.org/10.1111/jfb.13377 

Stone, D.A.J., Gaylord, T.G., Johansen, K.A., Overturf, K., Sealey, W.M., Hardy, R.W., 

2008. Evaluation of the effects of repeated fecal collection by manual stripping on 

the plasma cortisol levels, TNF-α gene expression and digestibility and availability 

of nutrients from hydrolyzed poultry and egg meal by rainbow trout, Oncorhynchus 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

42 
 

mykiss (Walbaum). Aquaculture 275, 250–259. 

doi.org/10.1016/j.aquaculture.2008.01.003 

Takahara, T., Yamanaka, H., Suzuki, A.A., Honjo, M.N., Minamoto, T., Yonekura, R., 

Itayama, T., Kohmatsu, Y., Ito, T., Kawabata, Z., 2011. Stress response to daily 

temperature fluctuations in common carp, Cyprinus carpio L. Hydrobiologia 675, 

65. doi.org/10.1007/s10750-011-0796-z 

Thomas, J., Birceanu, O., Sadoul, B., Vijayan, M.M., 2018. Bisphenol A in eggs impairs the 

long-term stress performance of rainbow trout in two generations. Environ. Sci. 

Technol. doi.org/10.1021/acs.est.8b01244 

Tintos, A., Míguez, J.M., Mancera, J.M., Soengas, J.L., 2005. Development of a microtitre 

plate indirect ELISA for measuring cortisol in teleosts and evaluation of stress 

responses in rainbow trout and gilthead sea bream. J. Fish Biol. 68, 251–263. 

doi.org/10.1111/j.0022-1112.2006.00898.x 

Tsalafouta, A., Papandroulakis, N., Gorissen, M., Katharios, P., Flik, G., Pavlidis, M., 2014. 

Ontogenesis of the HPI axis and molecular regulation of the cortisol stress response 

during early development in Dicentrarchus labrax. Sci. Rep. 4. 

doi.org/10.1038/srep05525 

Turner, J.W., Nemeth, R., Rogers, C., 2003. Measurement of fecal glucocorticoids in 

parrotfishes to assess stress. Gen. Comp. Endocrinol. 133, 341–352. 

doi.org/10.1016/S0016-6480(03)00196-5 

Vijayan, M.M., Leatherland, J.F., 1990. High stocking density affects cortisol secretion and 

tissue distribution in brook charr, Salvelinus fontinalis. J. Endocrinol. 124, 311–318. 

Wasser, S.K., Hunt, K.E., Brown, J.L., Cooper, K., Crockett, C.M., Bechert, U., Millspaugh, 

J.J., Larson, S., Monfort, S.L., 2000. A generalized fecal glucocorticoid assay for 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

43 
 

use in a diverse array of nondomestic mammalian and avian species. Gen. Comp. 

Endocrinol. 120, 260–275. doi.org/10.1006/gcen.2000.7557 

Wong, S.C., Dykstra, M., Campbell, J.M., Earley, R.L., 2008. Measuring Water-Borne 

Cortisol in Convict Cichlids (Amatitlania nigrofasciata): Is the Procedure a 

Stressor? Behaviour 145, 1283–1305. 

Wu, H., Ohnuki, H., Hibi, K., Ren, H., Endo, H., 2016. Development of a label-free 

immunosensor system for detecting plasma cortisol levels in fish. Fish Physiol. 

Biochem. 42, 19–27. doi.org/10.1007/s10695-015-0113-2 

Wu, H., Ohnuki, H., Murata, M., Endo, H., 2017. Flow immunosensor system with an 

electrode replacement unit for continuous cortisol monitoring for fish. Sens. Bio-

Sens. Res. 13, 122–127. doi.org/10.1016/j.sbsr.2017.01.002 

Yeh, C.-M., Glöck, M., Ryu, S., 2013. An Optimized Whole-Body Cortisol Quantification 

Method for Assessing Stress Levels in Larval Zebrafish. PLOS ONE 8, e79406. 

doi.org/10.1371/journal.pone.0079406 

Zainol Abidin, A.S., Rahim, R.A., Md Arshad, M.K., Fatin Nabilah, M.F., Voon, C.H., Tang, 

T.-H., Citartan, M., 2017. Current and Potential Developments of Cortisol 

Aptasensing towards Point-of-Care Diagnostics (POTC). Sensors 17. 

doi.org/10.3390/s17051180 

Zuberi, A., Ali, S., Brown, C., 2011. A non-invasive assay for monitoring stress responses: A 

comparison between wild and captive-reared rainbowfish (Melanoteania duboulayi). 

Aquaculture 321, 267–272. doi.org/10.1016/j.aquaculture.2011.09.006 

Zuberi, A., Brown, C., Ali, S., 2014. Effect of Confinement on Water-borne and Whole Body 

Cortisol in Wild and Captive-eared Rainbowfish (Melanoteania duboulayi). 

Physiology. 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

44 
 

 

FIGURE 1 Matrices used for cortisol measurement in fishes. C (Cortisol), C
glu

 (cortisol 

glucuronidated) and C
s
 (cortisol sulphated) represent the different forms of cortisol detected 

so far in each type of sample.?, The form of the cortisol is still unknown. The level of 

invasiveness of each method is indicated by a colour below each sampling matrices. 

 

FIGURE 2 Estimated cortisol concentration in tank water over time depending on the (a) 

water turnover (fish stocking density of 10 g l
–1

) and (b) the fish density (flow rate 10% h
–1

). 

The same dynamic model, assuming a release rate of 0.31 ng g
–1

 h
–1

 and a tank volume of 

100 l, was used in both figures. 

 

FIGURE 3 Plasma cortisol values as a function of sampling order from two resting 

Dicentrarchus labrax in individual cages (a) and (b). At time 0, all fish from cage 1 (in blue) 

and cage 2 (in orange) were anesthetised in benzocaine (1500 mg l
–1

) and blood was collected 

one fish after the other. Note that cortisol irremediably increased even though the fish were 

dead.  

 

 

FIGURE 4 Major labelled immunoassay methods for measuring cortisol in fish tissues. RIA, 

Radioimmunoassay. 

 

FIGURE 5 Major label-free assays for measuring cortisol in fish tissues  

 
  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e

45 
 

TABLE 1 Advantages and disadvantages of the matrices used for cortisol measure in fishes 

 

Methods Invasiveness Advantages Disadvantages 

Mucus + Well associated with 

timing of stress; 

correlates to plasma 

level 

Need to touch the fish to collect 

mucus; very high variability 

between samples 

Water - Provide the release rate; 

correlates to plasma 

level; moderate 

variability betweeen 

samples 

Difficulty to assess at the individual 

level; a part could be lost: re-

uptake by the fish, degradation 

and adsorption by the surface; 

excreted and quantifiable several 

minutes or hours after the stress 

Faeces (+) Individual level (but the 

focal fish need to be 

screened); low 

variability betweeen 

samples; correlates to 

plasma level 

High quantity of faeces nessessary 

(at least 100 mg); excreted a long 

time after the stress: difficult to 

match with the momment of stress 

Scales + Relatively non-invasive; 

indicator of chronic 

stress; individual level 

Correlated with chronic stress: 

difficult to match with the 

moment of stress 

Plasma ++ Very accurate; 

individual level; could 

measure either basal 

or stressed level 

Low variability between samples; 

could affect surrounding fishes 

Whole-Body +++ Very accurate; 

individual level; 

correlates to plasma 

level; could measure 

either basal or stressed 

level 

Lethal 

Eggs +++ Very accurate; 

individual level; low 

variability between 

individuals: all 

collected at once 

Lethal 

Fin + Very accurate; 

individual level; could 

measure either basal 

or stressed level 

Need to touch the fish to collect the 

fin 
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eTable 2 Fish cortisol release rate in the water 

 

Common name Scientific name n Tank size 
(l) 

Mean mass 
per fish (g) 

Stocking 
density  
(g l–1) 

Release rate 
(ng g–1 h–1) 

Comment Reference      

Common carp Cyprinus carpio 25 120 102 21.3 0.235# Basal cortisol Ruane et al, 2003 

    Common carp Cyprinus carpio 100 120 102 85.0 0.353# Basal cortisol Ruane et al, 2003 

    Rainbow trout Oncorhynchus mykiss 67 274 164 40.1 0.030 Basal cortisol Ellis et al, 2004 

    Rainbow trout Oncorhynchus mykiss 25 146 176 30.1 0.027# Basal cortisol Ellis et al, 2004 

    

Bluebanded goby Lythrypnus dalli 1 0.1 0,15* 1.6 0.161 
Basal cortisol; closed for 120 minutes to 
measure basal cortsiol Lorenzi et al., 2008 

 
European sea bass Dicentrarchus labrax 5 200 216 5.4 0.400 

Lowest amount of cortisol measured 0.5 h 
after a stress Fanouraki et al, 2008 

 

European sea bass Dicentrarchus labrax 8 12 30 20.0 0.050 

Basal cortisol; closed for 60 min to 
measure basal cortsiol; Release rate after 
16h Fanouraki et al, 2008 

European sea bass Dicentrarchus labrax 20 12 30 50.0 0.020 
Basal cortisol; closed for 60 min to 
measure basal cortsiol Fanouraki et al, 2008 

 
Convict cichlid Amatitlania nigrofasciata 1 0.3 3.3 11.0 0.700 

Female; basal cortisol; closed for 30 min to 
measure basal cortsiol Wong et al, 2008 

Convict cichlid Amatitlania nigrofasciata 1 0.3 19.6 65.3 0.100 
Male; basal cortisol; closed for 30 min to 
measure basal cortsiol Wong et al, 2008 

Three-spined stickleback Gasterosteus aculeatus 1 0.1 1.0 20.0 0.180 
Basal cortisol; closed for 30 min to 
measure basal cortsiol Sebire et al, 2009 

 Common carp Cyprinus carpio 1 1.4 11.7 8.4 0.100 Basal cortisol Takahara, 2011 

    Crimsonspotted rainbowfish Melanoteania duboulayi 8 25 6.8 9,83 (a) 0.100 Basal cortisol captive Zuberi et al, 2011 

    Crimsonspotted rainbowfish Melanoteania duboulayi 12 25 3.1 9,83 (a) 0.100 Basal cortisol wild fish Zuberi et al, 2011 

    

Biskop-tandkarpe Brachyrhaphis episcopi 1 0.8 0.8 1.0 0.020 
Lowest amount of cortisol for fish placed in 
a beaker for 30 min Archard et al, 2012 

Dwarf Victorian mouthbrooder Pseudocrenilabrus multicolor victoriae 1 0.2 2.4 12.0 0.150 
Average excretion rate of cortisol 
measured in a beaker for 30 min Friesen et al, 2012 

Sailfin molly Poecilia latipinna 1 0.1 2.8 28.2 0.493 
Lowest amount of cortisol for fish placed in 
a beaker for 30 min Gabor & Contreras, 2012 

Bluebanded goby Lythrypnus dalli 1 0.1 0.2 1.9 0.248 
Lowest amount of cortisol for fish placed in 
a beaker for 60 min Salomon-Lane & Grober, 2012 
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Basal cortisol; closed for 60 min to 
measure basal cortisol Félix et al., 2013 

 
Zebrafish Danio rerio 3 1.1 0.3 0.8 0.100 

Lowest amount of cortisol for fish placed in 
a beaker after 3 h Pavlidis et al., 2013 

 
Southern platyfish Xiphophorus maculatus 1 0.1 0.2 1.8 1.108 

Lowest amount of cortisol for fish placed in 
a beaker after 12h in the dark for males Contreras et al, 2014 

Monterrey platyfish Xiphophorus couchianus 1 0.1 0.1 0.9 2.988 
Lowest amount of cortisol for fish placed in 
a beaker after 12 h in the dark for females Contreras et al, 2014 

Crimsonspotted rainbowfish Melanoteania duboulayi / 25 125 5.0 0.080 

Lowest amount of cortisol for fish placed in 
the aquaria (500 ml sample); before a 
confinement stressing wild fishes Zuberi et al, 2014 

Crimsonspotted rainbowfish Melanoteania duboulayi / 25 125 5.0 0.062 

Lowest amount of cortisol for fish placed in 
the aquaria (500 ml sample); before a 
confinement stressing captive-reared 
fishes Zuberi et al, 2014 

Daffodil cichlid Neolamprologus pulcher 1 0.3 0.8 2.7 0.150 
Minimum cortisol measured in a beaker for 
60 min for subordinates Ligocki et al, 2015 

Sheepshead swordtail Xiphophorus birchmanni 1 0.5 1.2 2.3 0.569 
Basal cortisol; open system Closed for 60 
min to measure basal cortisol Boulton et al, 2015 

Rainbow trout Oncorhynchus mykiss 16 1.7 2.1 19.8 0.200 Basal cortisol; open system (450 ml) Sadoul et al., 2015 

   

Nile tilapia Oreochromis niloticus 14 72 344 66.9 0.020 
Lowest amount of cortisol for fish placed in 
the aquaria (500 ml sample)  Mota et al., 2017 

Rainbow trout Oncorhynchus mykiss 16 1.7 2.1 19.8 0.100 Basal cortisol; open system; (450 ml) Sadoul et al., 2017 

   

Rainbow trout Oncorhynchus mykiss 1 10 138 13.8 0.000 
Lowest amount of cortisol for fish placed in 
the bucket after 1 h (2 l sample)  Pounder et al., 2018 

Pequira Odontostilbe pequira 17 35 0,23* 0.1 0.373 
Basal Cortisol; Open system Closed for 30 
min to measure basal cortisol Geffroy et al, 2018 

#, estimated from the model available in the supplementary materia; *, mass estimated from the FishBase database (www.fishbase.org); a, as indicated in main text;  
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TABLE 3 Summary of cross reactivities of the most widely used anti-cortisol antibodies in fishes (n.b., this is not an exhaustive list of available antibodies) 

 

 

Source Cortisone 11-Deoxycortisol Corticosterone Reference 

R4866 5% <1% 0.7% Munro and Lasley (1988) 

Munro and Stabenfeldt 5% 6.2% 0.7% (Barry et al., 1993) 

Neogen Lexington, HI, USA 15.7% 15% 4.8% www.lifesciences.neogen.com/en/cortisol 

EastCoast Bio 0.4% 7.7% 21.9% Yeh et al., 2013 

Coat and Count, Siemens < 1% 11.4% < 1% www.meditecno.pt/Upload/Product/Archive/Cortisol,_Coat-A-Count_-_RIA_-_Rev_9_.pdf 

Sigma, C-8409 1.5% 0.15% 0.1% Tintos et al., 2005 
New England Nuclear, 

Boston <2% 3.4% 72% Sangalang et al., 1980 
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