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Abstract

Zebrafish, Danio rerio, are frequently handled during husbandry and experimental procedures in 

the laboratory, yet little is known about the physiological responses to such stressors. We 

measured the whole-body cortisol levels of adult zebrafish subjected to net stress and air exposure 

at intervals over a 24 h period; cortisol recovered to near control levels by about 1 h post-net-stress 

(PNS). We then measured cortisol at frequent intervals over a 1 h period. Cortisol levels were 

more than 2-fold higher in net stressed fish at 3 min PNS and continued to increase peaking at 15 

min PNS, when cortisol levels were 6-fold greater than the control cortisol. Mean cortisol declined 

from 15 to 60 min PNS, and at 60 min, net-stressed cortisol was similar to control cortisol. 

Because the age of fish differed between studies, we examined resting cortisol levels of fish of 

different ages (3, 7, 13, and 19 months). The resting cortisol values among tanks with the same 

age fish differed significantly but there was no clear effect of age. Our study is the first to report 

the response and recovery of cortisol after net handling for laboratory-reared zebrafish.
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1. Introduction

Cultured fishes are confined, crowded, captured, handled and transported during routine 

husbandry (Piper et al., 1992; Klontz, 1995). These procedures are stressful and elicit 

physiological changes in response to perceived threats (Schreck, 1981; Davis, 2006). 
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Changes may be rapid or delayed, long-term or short-term depending upon numerous factors 

including the species and life stage of the fish, the nature of the stressor, and other 

environmental factors (Schreck, 2000; Barton, 2000, 2002).

Stress has been described as a cascade of physiological events that occurs after perception of 

a threat, during which an organism attempts to restore homeostatic norms (Schreck et al., 

2001). The hormone cortisol is a primary stress indicator in fishes, which typically increases 

during exposure to acute or chronic stressors (Schreck, 1981; Wendelaar Bonga, 1997; 

Barton, 2002; Ramsay et al., 2006). Plasma cortisol levels are typically used as an indicator 

in larger fish species (Barton and Iwama, 1991; Wendelaar Bonga, 1997), whereas whole-

body cortisol is often used for smaller fishes, due to inadequate blood volume to accurately 

measure plasma cortisol (Feist and Schreck, 2002; Pottinger et al., 2002; Ramsay et al., 

2006). Short-term increases in cortisol are believed to be adaptive, whereas repeated or 

chronic increases in cortisol are maladaptive resulting in decreased growth, impaired 

reproduction, and increased susceptibility to infectious diseases (Maule et al., 1989; Schreck 

et al., 2001; Saeij et al., 2003; Jentoft et al., 2005).

Handling of fishes typically elicits a cortisol response, but the nature of this response is quite 

variable. The cortisol response to common husbandry stressors such as crowding and 

handling has been described for numerous species, particularly salmonids (Schreck, 1981, 

1982; Barton, 2000). After a 30 s acute handling stress, salmonids can elevate cortisol levels 

20 to 100 fold within 1 h (Schreck, 1981; Barton, 2000); however, the magnitude of this 

response and recovery time to control levels varies greatly with species (Barton, 2002). 

Juvenile white suckers, Catostomus commersoni, elevate plasma cortisol levels after 5 min 

of chasing with a net and recover to control levels 6 h later (Bandeen and Leatherland, 

1997). In contrast, juvenile pallid sturgeon, Scaphirhynchus albus, exhibit a low cortisol 

response to acute handling stress (Barton et al., 2000) even though this is the predominant 

steroid produced by this species in response to stress (Webb et al., 2007).

Although the cortisol response to husbandry stressors has been described for many aquatic 

species, less is known about the response of fishes commonly used for biomedical research. 

Zebrafish, Danio rerio, are widely used as vertebrate research organisms, primarily for 

developmental genetics, and increasingly for toxicological, cancer, behavioral, and disease 

studies (Trede et al., 2004; Parng, 2005; Dahm and Geisler, 2006; Wright et al., 2006; 

Beckman, 2007). Few studies have examined the effects of husbandry stress on zebrafish 

(Ramsay et al., 2006; Lawrence, 2007). Stress is often implicated when breeding is poor and 

during outbreaks of disease (Westerfield, 2007) suggesting a further need to measure and 

elucidate how husbandry stressors affect zebrafish. Additionally, zebrafish may be 

developed as a model for stress in other aquaculture species which may be particularly 

relevant to species reared for the aquarium trade (Dahm and Geisler, 2006).

Pottinger and Calder (1995) described recovery times of zebrafish whole-body 

corticosteroids after transport; whole-body corticosteroids were highest upon arrival in the 

laboratory but recovered significantly 1 h following transfer to aquaria. Increases in the 

whole-body cortisol of zebrafish, in response to direct and visual contact with a predator, 

have also been reported (Barcellos et al., 2007). We have recently described the whole-body 
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cortisol response of zebrafish to crowding; zebrafish increase whole-body cortisol after 

crowding (Ramsay et al., 2006). However, the cortisol response to net handling and air 

exposure has not been examined.

The aim of this study was to describe the whole-body cortisol response of adult zebrafish to 

an acute handling stressor. Determining how zebrafish respond to acute stressors will allow 

researchers to understand the nature of the cortisol response in this species and allow 

improvements to fish handling, health and fitness while minimizing husbandry-associated 

sources of variation in experiments (Kent et al., 2009).

2. Methods

Zebrafish (adult, AB wild types) were provided by the Zebrafish International Resource 

Center (ZIRC) at the University of Oregon in Eugene, Oregon, USA. Acrylic tanks (4 L, 

Thoren Aquatics®, 91007) were each stocked with 10 fish, maintained in a recirculation 

system at the ZIRC (Ramsay et al., 2006; Westerfield, 2007). Husbandry conditions were 

identical to those used by Ramsay et al. (2006) including temperature (28.5 °C) and 

photoperiod (14 h light:10 h dark). A total of 260 fish (age: 7 months) were used for the 24 h 

Study; 200 fish (age: 13 months) were used for the 1 h Study; 120 fish (ages: 3, 7, 13, and 

19 months) were used for the Age Study. An acclimation period of 7 to 10d was used prior 

to initiating experiments. Fish were fed twice daily (ZIRC Mastermix and brine shrimp 

nauplii, Artemia sp.) during the acclimation and experimental periods according the ZIRC 

feeding protocols (Westerfield, 2007). Feed was withheld on the afternoon the day before 

sampling. Fish were not fed for the duration of either the 24 h or 1 h Studies.

2.1. Net stress protocol and sampling

All sampling commenced at approximately the same time of day (10 00–11 00 h) in order to 

minimize the possibility of fluctuations in cortisol due to natural circadian rhythms 

(Schreck, 1981).

2.1.1. 24 hour Study—Net stress was administered to each stress treatment tank. Both the 

fish and the water contained in the tank were poured into a net leaving the fish suspended in 

the net. All fish were netted simultaneously, suspended in the air for 3 min, returned to their 

original tanks for 3 min, and suspended in the air for an additional 3 min. When the stressed 

fish were returned to their original tanks they were allowed to swim freely in the tank until 

sampled. Duplicate tanks of fish were sampled at 9 min, 39 min, 69 min, 3 h, 8 h, 12 h, and 

24 h post-net-stress (PNS; Fig. 1A). Duplicate control tanks, to which no net stress had been 

administered, were sampled at 9 min, 39 min, 69 min, 3 h, 12 h, and 24 h PNS.

2.1.2. One hour Study—The dynamics of the cortisol response following net stress was 

examined over more frequent intervals during a 1 h period. The same net stress protocol was 

administered as for the 24 h Study. Duplicate treatment tanks of 10 fish were sampled at 3, 

6, 9, 15, 22, 30, and 60 min PNS (Fig. 1B).Duplicate control tanks were sampled at 0, 15, 

and 60 min PNS.
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2.1.3. Age Study—We used 7 month old fish for the 24 h Study and 13 month old fish for 

1 h Study. Differences in control cortisol levels between the Studies suggested that age may 

affect resting cortisol levels. To investigate this further, triplicate tanks of fish aged 3, 7, 13, 

or 19 months were held under similar control conditions (10 fish in a 4 L acrylic tank) for a 

period of 2 weeks after which they were sampled for whole-body cortisol.

2.1.4. Sampling procedures—Sampling of fish, including euthanasia and freezing, was 

performed as described by Ramsay et al. (2006). Upon sampling, fish were euthanized with 

buffered tricaine methane sulfonate (500 mg/L MS-222), blotted on paper towels to remove 

excess water, immediately frozen in liquid nitrogen, and stored at −80 °C until analyzed. All 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Oregon (Protocol # 03-01R).

2.2. Whole-body cortisol extraction and measurement

Whole-body cortisol was extracted using the method of Ramsay et al. (2006). Whole 

zebrafish were thawed, weighed, homogenized, and extracted twice with 8 mL of diethyl 

ether. Extraction efficiency was determined for each extraction by adding tritiated cortisol to 

homogenized samples (n = 4) and extracting the samples as described above. Average 

extraction efficiency was 73 ± 0.7%, similar to previous studies that examined whole body 

cortisol levels in zebrafish (Ramsay et al., 2006), Chinook salmon, Oncorhynchus 

tshawytscha (Feist and Schreck, 2002), and chum salmon, O. keta (de Jesus and Hirano, 

1992).

Cortisol in the whole-body extracts of individual fish was measured using a 

radioimmunoassay (RIA) from the method of Redding et al. (1984), modified and validated 

by Ramsay et al. (2006). Consistency between assays was verified by measuring cortisol in 

whole-body extracts spiked with known concentrations of cortisol. Intra-assay and inter-

assay variation was accepted at no more than 10%. The detection limit of the cortisol RIA 

was 3.125 pg/tube. All whole-body cortisol values were above the detection limit. Cortisol 

values (pg/tube) were corrected for dilution factors, weight of fish, and extraction efficiency.

2.2.1. Statistical analyses—Statistical analyses were performed using the statistical 

software program S-PLUS 7 (Insightful Corp., 2005, Seattle, WA, USA). For each study, 

the weights of fish in each treatment were examined and compared using an analysis of 

variance (ANOVA).

For the 24 and 1 h Studies, replicates of each treatment time PNS were compared using a 

Welch's modified t-test. The cortisol data from treatment replicates were pooled if there was 

no significant difference. For the 24 h Study, an ANOVA was used to compare control 

cortisol values over time to determine any diurnal patterns. Additionally, for the 24 h Study, 

at each time PNS control and net stressed cortisol values were compared using t-tests. 

Control cortisol and net stressed cortisol were each compared over time using an ANOVA.

For the 1 h Study, the net stressed cortisol values were compared over time using an 

ANOVA. Additionally, control cortisol values were compared to net stressed cortisol at 15 

and 60 min PNS using t-tests. Control cortisol levels were also compared over time using an 
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ANOVA. Subsequently, relationships between cortisol and time PNS were evaluated using a 

linear regression model (y = mx + b; where y = cortisol, x = time PNS) to describe the 

increase in cortisol and another linear regression model to describe the decrease in cortisol.

For the Age Study, an ANOVA was used to compare mean cortisol values between triplicate 

tanks within an age group. Treatment tanks were pooled if there was no significant 

difference. If the data can be pooled, we will compare different age groups using an 

ANOVA.

Significance differences were reported at α = 0.05.

3. Results

There was no observed morbidity or mortality of the fish during the experiments. 

Comparisons of the cortisol values of replicate tanks subjected to the same treatment 

indicated no significant differences in either the 24 h or 1 h Study. For the Age Study, 

significant differences between triplicate tanks of the same age group did not allow us to 

pool data from replicate tanks.

3.1. 24 h Study

At 9 min PNS, mean cortisol increased almost 3-fold in net-stressed fish compared to the 

control fish (Fig. 2). By 39 min cortisol of the net-stressed fish had declined but was still 

significantly greater than the control group. Mean net-stressed cortisol was significantly 

lower compared to controls at 69 min PNS. The mean cortisol 12 h after net stress was 

significantly higher in controls. Cortisol did not differ between the net-stressed and control 

groups at 3 h or 24 h PNS. Among net-stressed groups over time, net-stressed cortisol was 

significantly higher at 9 min PNS than all other times PNS (Fig. 2). At 69 min PNS net-

stressed cortisol was significantly lower than all other net-stressed time intervals. There was 

no difference between net-stressed cortisol at 39 min, 3 h and 12 h PNS. At 69 min PNS, 

control cortisol was significantly higher than all other groups but otherwise control cortisol 

did not differ significantly over time. There were no significant differences in the weights of 

any of the fish in the treatment groups (mean of control groups = 202 ± 4 mg; mean of net-

stressed groups = 195 ± 4 mg).

3.2. One hour Study

The mean cortisol values among net stressed fish were significantly greater than the control 

groups at all intervals except 60 min PNS when there was no significant difference between 

net stressed and control groups (Fig. 3A). Among the net-stressed groups over time, cortisol 

values at 3, 6, and 9 min PNS were significantly different from each other. There was no 

significant difference in mean cortisol at 9, 15 and 22 min PNS and cortisol values were 

similar at 6 and 30 min PNS. At 60 min PNS net-stressed cortisol was significantly lower 

than all other net-stressed time intervals. There was no significant difference among the 

control groups over time.

We found that 3 to 15 min after netting stress, cortisol levels increased linearly from 2.5 to 6 

fold higher than control levels. Then, cortisol decreased linearly to control levels. The 
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positive (1) and negative (2) linear relationships between cortisol and time PNS were 

explained by the models:

1. cortisol = 7.26 + 1.76×time (R2 = 0.622; p = 5.5×10−22; Fig. 3B).

2. cortisol = 39.5−0.56×time (R2 = 0.516;p = 1.33×10−13; Fig.3B).

The control group (239 ± 6 mg) weighed significantly less than the net-stressed group (259 

± 5 mg; p = 0.03).

3.3. Age Study

We did not pool cortisol values of replicate tanks of the same treatment because of 

significant differences between replicate tanks of 3 month old fish and 13 month old fish, 

although there were no significant differences between replicate tanks of the 7 month and 19 

month old fish (Fig. 4). Three month old fish weighed significantly less (212 ± 14 mg) than 

fish at the other ages. There were no significant differences between the weights of the 7, 13, 

and 19 month old fish (367 ± 13 mg).

4. Discussion

Our study describes the cortisol response of adult zebrafish to acute handling stress; this 

complements our previous study that examined the cortisol response of zebrafish to chronic 

crowding stress (Ramsay et al., 2006). Despite the wide use of zebrafish as a research 

organism, there are few data regarding the stress response as it relates to husbandry 

(Lawrence, 2007). Better understanding how zebrafish respond to handling will allow 

researchers to create a rearing environment for optimal health and reproduction while 

minimizing husbandry-associated sources of variation (Kent et al., 2009). Additionally, 

zebrafish may be developed as a model of stress for aquaculture species (Dahm and Geisler, 

2006; Alsop and Vijayan, 2008).

There was no mortality during or after netting. Similar stressors often result in mortality in 

other fishes, notably salmonids (Schreck, 1982; Schreck et al., 1995) and marine fishes 

(Davis et al., 2001; Suski et al., 2007). In addition, the whole-body cortisol levels of 

zebrafish increased rapidly following acute stress and recovered relatively rapidly, within 

about an hour. An extensive history of domestication and physiological adaptations 

favorable to laboratory culture may explain the ability of zebrafish to endure husbandry 

stressors without significant mortality (Crease, 1934; Eaton and Farley, 1974; Laale, 1977; 

Dahm and Geisler, 2006). Domesticated zebrafish have a reduced startle response compared 

to zebrafish obtained from wild populations (Robison and Rowland, 2005). Behavioral 

differences between wild and domesticated zebrafish reflect differences in genetic profiles 

(Wright et al., 2006). In addition, the cortisol response is highly heritable in fishes (Øverli et 

al., 1999; Pottinger and Carrick, 2001; Fevolden, et al., 2002). Continuous spawning and 

short generation time of zebrafish likely facilitated rapid selection of traits favorable to 

survival in a laboratory environment, including a rapid cortisol response and recovery from 

husbandry stressors such as net handling.
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4.1. Linear increase in whole-body cortisol after net handling

Zebrafish increased whole-body cortisol levels upon exposure to net stress with peaks 

occurring 9 min after netting. When examined at more frequent intervals over a 1 h period, 

cortisol peaked at an even higher level at 15 min, confirming that zebrafish rapidly produce 

cortisol in response to net stress and air exposure. In a similar study examining transport 

stress in zebrafish, whole-body corticosteroids peaked 30 min after transfer from holding 

tanks to transport containers (Pottinger and Calder, 1995). This was the first measurement 

following transfer. Therefore, it is not possible to know whether or not this value would 

have been higher 15 min after transfer. Peak whole-body cortisol values in our study ranged 

from 28 to 30 ng/g. This is much greater than the peak values found by Pottinger and Calder 

(1995) which ranged from4 to 9 ng/g. The nature of the stressor (brief handling and transfer 

rather than severe net handling and air exposure) may have resulted in a greater cortisol 

response in our study. Additionally, we conducted our study at 28.5 °C whereas the previous 

study used 23 °C which may explain differences in the magnitude and timing of peak 

cortisol response (Schreck, 2000). Among fishes, lower temperatures tend to delay the 

cortisol response to and recovery from net stressors whereas higher temperatures tend to 

cause more rapid increases in cortisol (Das et al., 2002; Van Ham et al., 2003; Davis, 2004).

Zebrafish demonstrated a linear increase in whole-body cortisol over time. Davis and Small 

(2006) showed a similar linear increase in plasma cortisol values among sunshine bass, 

Morone chrysops × M. saxatilis, exposed to a 15 min low water stressor with plasma cortisol 

levels peaking at 20 to 30 min post-stressor. Differences in the nature and duration of the 

stressor as well as species and temperature differences may have resulted in differences in 

the timing and magnitude of the cortisol response. Nevertheless, the similar linear increase 

in cortisol suggests that a better understanding of the dynamics of the cortisol response 

following exposure to handling stressors could be examined to create husbandry protocols 

that minimize stress in aquaculture.

4.2. Recovery from net handling: clearance of cortisol

Whole-body cortisol levels recovered to that of the controls by 1 h after net stress during the 

1 h Study. Similarly, whole-body corticosteroids of adult zebrafish had recovered to baseline 

values 1 h following transport (Pottinger and Calder, 1995). Pottinger and Calder (1995) 

also noted that zebrafish are less sensitive to changes in environment and recover relatively 

rapidly following transport stress compared to salmonids. Zebrafish are frequently handled 

during routine laboratory procedures (breeding, tank cleaning, etc.). Stress conditioning has 

been shown to attenuate the cortisol response of Chinook salmon, O. tshawytscha, to 

subsequent stressors (Schreck et al., 1995). Previous experience with similar handling 

stressors may have facilitated the rapid recovery of elevated cortisol to control levels.

Interestingly, during the 24 Study, at 69 min after net stress cortisol levels among the net 

stressed fish were significantly lower than controls suggesting an increased rate of cortisol 

clearance in the first 69 min after net stress. The clearance rate of cortisol was increased in 

coho salmon, Oncorhynchus kisutch, after netting and crowding stress or chronic 

administration of exogenous cortisol (Redding et al., 1984). Bradford et al. (1992) 

demonstrated evidence for ultra-short-loop negative feedback of cortisol secretion by the 
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interrenal of coho salmon in the presence of elevated levels of exogenous cortisol. Elevated 

whole-body cortisol as a result of severe net stress may have increased the clearance rate of 

cortisol as well as suppressed cortisol secretion, resulting in significantly lower cortisol 

levels at 69 min after net stress. Alternatively, the control cortisol value at 69 min was 

higher than other control cortisol levels measured during this study. This may also have 

contributed to significant differences between control and net-stressed groups at 69 min 

PNS.

The cortisol of the net stressed group at 12 h PNS was significantly higher than the control 

cortisol range. The 12 h group was sampled at approximately 22 00 h, during which time the 

facility is typically void of activity and people. Barcellos et al. (2007) have demonstrated 

increased cortisol in zebrafish upon visual contact with a predator. It is possible that 

unanticipated visual contact with the sampler just prior to sampling elicited a slight but 

significant elevation in the cortisol of previously stressed zebrafish, perhaps in anticipation 

of another net stressor.

The relationship between cortisol and time from 15 to 60 min was linear. Davis and Small 

(2006) also demonstrated a decrease in plasma cortisol among channel catfish, Ictalurus 

punctatus, and sunshine bass of a similar linear nature. After a 30 s handling stressor, coho 

salmon showed a linear decrease in plasma cortisol from 1 to 3 h post-stress; however, 

subsequent measurements at 6, 12, and 24 h post-stress did not reflect a linear decrease 

(Patiño et al., 1987). The nature of stressor, species of fish and environmental conditions of 

the experiment all influence the recovery of cortisol levels to baseline.

4.3. Resting cortisol: effects of age

Cortisol values varied widely between tanks of fish of the same age, indicating a possible 

tank effect. We were not able to discern any effect of tank position as demonstrated in other 

studies (e.g. Speare et al., 1995) but could not pool the data from replicate tanks for 

comparison. Further investigation of the effects of age on resting cortisol is needed to 

unequivocally determine this relationship in zebrafish. As animals age, basal cortisol 

secretion typically increases and is associated with decreased health and increased disease 

problems (Sapolsky et al., 1986; Butcher and Lord, 2004). Furthermore, agonistic behavior 

among many fishes occurs at low as opposed to high densities and often increases with age 

(Fleming and Johansen, 1984).

Differences in the cortisol levels of the control groups between the 24 h and 1 h studies may 

also be the result of slight differences in sampling procedures during each experiment. 

During the 24 h study, sampling activities were performed in closer proximity to the tanks 

than during the 1 h study. The transparent acrylic tanks allowed the fish to see activity 

outside of the tank, which may have been perceived as a threat. Zebrafish rely on visual cues 

to avoid threats such as predators (Fleisch and Neuhauss, 2006; Barcellos et al., 2007; 

Spence et al., 2008). The close proximity of treatment tanks to control tanks allowed control 

fish to see distressed treatment fish which may have elicited a slight but significant increase 

in whole-body cortisol among the control fish. Although there were slight differences in 

control cortisol levels between the 24 h and 1 h Studies, the cortisol levels of the net stressed 

fish were much greater than the control groups.
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5. Conclusions

Zebrafish responded and recovered rapidly to the net stress protocol used in our study. 

Extensive domestication suggests selection of traits favorable for survival in a laboratory 

environment, including the ability to endure net handling and air exposure. Despite the 

ability of zebrafish to recover rapidly from handling stressors, increasing the frequency and 

duration of handling may alter the dynamics of the cortisol response and necessitate longer 

recovery periods. Differences in handling procedures among laboratories may increase the 

husbandry-associated sources of variation in experiments. Additionally, reproduction and 

disease resistance may be affected long after cortisol levels have recovered. We were unable 

to discern any statistically significant differences in resting cortisol levels among fish of 

different ages. However, we believe that age may be an important factor in the dynamics of 

the cortisol response of this species and should be further investigated. Better understanding 

how handling stressors and age affect whole-body cortisol, reproduction, and diseases of 

zebrafish may allow improvements in the husbandry, health, and consistency of studies that 

use this important model.
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Fig. 1. 
Timeline of net stress protocol. Fish were netted from their tanks, suspended in the air for 3 

min, returned to their tanks to rest for 3 min and subjected to a second 3 min net stressor. 

For the 24 h Study, replicate tanks (n = 10) were sampled at 9 min, 39 min, 69 min, 3 h, 8 h, 

12 h, and 24 h after the netting. For the 1 h Study, replicate tanks (n = 10) were sampled 3, 

6, 9, 15, 22, 30, and 60 min after netting.
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Fig. 2. 
Mean whole-body cortisol (ng/g fish weight; ± SEM; n = 20) over time post-net stress (24 h 

Study). Net-stress groups (gray bars) were held suspended in a net for 3 min, allowed to 

recover for 3 min and suspended in a net for 3 min (9 min total net stress). Control groups 

(white bars) received no net stress prior to sampling. T-tests were used to compare the 

cortisol of control and net-stressed groups at each time post-net stress. Significant 

differences between control and net-stressed groups at each time are indicated by an asterisk 

over the net-stressed group. The control group was compared over time post-net stress using 

an analysis of variance (ANOVA). Significant differences between control groups are 

indicated by different letters (a,b,c). The net-stressed group was compared over time post-

net stress using an ANOVA. Significant differences between net-stressed groups are 

indicated by different letters (z,y,x,w). Significance was reported at p < 0.05.
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Fig. 3. 
Whole-body cortisol values (ng/g fish weight; ± SEM; n = 20) over time (60 min) after acute 

net-stress (1 h Study). Net-stress groups (gray bars) were held suspended in a net for 3 min, 

allowed to recover for 3 min and suspended in a net for 3 min (9 min total net stress). 

Control groups (white bars) received no net stress prior to sampling. A) Mean cortisol over 

time among control and net stressed groups. T-tests were used to compare the cortisol of 

control and net-stressed groups at 15 min and 60 min post-net stress; a significant difference 

between control and net-stressed groups is indicated by an asterisk over the net-stressed 
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group. The control group was compared over time post-net stress using an analysis of 

variance (ANOVA); there were no significant differences between control groups over time. 

The net-stressed group was compared over time post-net stress using an ANOVA. 

Significant differences between net-stressed cortisol are indicated by different letters 

(a,b,c,d). Significance was reported at p < 0.05. B) Individual cortisol (●) among net-

stressed fish over time. Fish at time 0 min received no net stress prior to sampling (control). 

There was a positive linear relationship between cortisol and time from 0 to 15 min PNS 

(cortisol = 7.26 + 1.76 × time; R2 = 0.622; P = 5.5×10−22) and a negative linear relationship 

between cortisol and time from 15 to 60 min PNS (cortisol = 39.5−0.56×time; R2 = 0.516; p 

= 1.33×10−13).
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Fig. 4. 
Mean whole-body cortisol (ng/g fish weight; ± SEM) of triplicate tanks (a,b,c) of different 

aged fish (3, 7, 13, 19 months) held at the same density (2.5 fish/L). Cortisol values were not 

pooled because of significant differences between triplicate tanks of the same age group. 

Different letter above the standard error bars indicate a significant difference (p < 0.05) 

between cortisol values within each age group (3 months: q,r; 7 months: t; 13 months: x,y; 

19 months: z).
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