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 Highlights  

 Trout of different personality/competitive ability were exposed to aquaculture stressors (hypoxia and 
high ammonia).  

 The behavioral response to stressors was evaluated by both video-monitoring and telemetry (wireless 
accelerometer sensors).  

 Hypoxia resulted overall in reduced swimming activity, but induced no physiological stress.  

 High levels of ammonia were stressful, and induced an increase of avoidance behavior.  

 Personality-related behavioral differences were evident upon stress (high ammonia).  

 The data support the use of wireless accelerometer sensors as a promising tool for welfare monitoring 

in aquaculture.  

Abstract 

Jo
ur

na
l P

re
-p

ro
of



2 
 

As other vertebrates, fish differ on an individual basis in their responses to disturbance (i.e. stress) and in their 

capacity for adaptation to environmental change. This individual stress-coping style (SCS) might have an impact 

on the individual welfare in aquaculture facilities. However, most of the studies about the behavioral and 

physiological stress responses of fish with different SCS were performed under conditions very unlike usual 

rearing conditions. Therefore, we aimed in the current study at investigating the behavioral and physiological 

responses of rainbow trout (Oncorhynchus mykiss) of different SCS to common aquaculture stressors (exposure 

to hypoxia or high ammonia) under realistic conditions. We first screened the fish according to their competitive 

ability, as a proxy of SCS, separating the best and worst competitors (winners, W, and losers, L, respectively). 

Then, we evaluated the behavioral (using both telemetric and video-monitoring approaches ) and physiological 

response of both groups upon exposure to increasing levels of hypoxia and ammonia. Overall, increasing hypoxia 

induced a slight but progressive decrease in fish activity, independently of the fish SCS. High concentrations of 

total ammonia induced an increase of certain behavioral displays, such as swimming bursts or approaches to the 

surface, the latter being overall more frequent in W than in L fish. At the specific stress levels tested (hypoxia: 50 

% oxygen saturation; total ammonia: 2.91 mM), the physiological stress markers showed that the behavioral 

response to ammonia was probably driven by stress, while the behavioral response of the fish to hypoxia was 

just a behavioral adjustment to accommodate the decrease in oxygen availability. In conclusion, our data show 

that fish of different competitive ability showed similar activity patterns in routine conditions or when adapting 

to non-stressful conditions (50 % oxygen saturation) in an aquaculture-like setup, but differed in their behavioral 

response when exposed to stress (high water ammonia). In addition, our data support the use of acoustic 

accelerometer transmitters as a promising tool for real-time monitoring of fish welfare in commercial fish farms.  

KEYWORDS: fish, stress coping style, behavior, wireless sensors, aquaculture, stress. 

1.  Introduction 
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Fish, as other vertebrates, differ on an individual basis in their behavior and in their capacity for adaptation to 

environmental change (Koolhaas et al., 1999). This individuality might have an impact on the individual growth 

and welfare in aquaculture facilities, since the discomfort of the fish when facing a stressor, and therefore, its 

consequences, could be different depending on the individual (Richter and Hintze, 2019). Vertebrate individuals 

are usually classified as being of more proactive or reactive stress-coping style (SCS) depending on whether they 

display active or passive responses, respectively, when facing stressors (Castanheira et al., 2017; Koolhaas et al., 

2010, 1999). Other behavioral traits have been shown to appear often associated to this active-passive duality, 

in such a way that proactive individuals tend to be bolder, more aggressive and more dominant than reactive 

individuals, which in turn have been frequently shown to display a more flexible behavior than reactive ones 

(Castanheira et al., 2017; Höglund et al., 2017; Ruiz-Gomez et al., 2008). Whether the SCS of the fish generate 

individual welfare differences is still under study. Currently, there is controversial data in the literature about the 

association between the behavioral and physiological responses to stress in fish. Some studies suggested that 

the proactive coping style might be associated to a lower activation of the hypothalamus-pituitary-interrenal 

(HPI) neuroendocrine axis upon acute stress than reactive fish (Castanheira et al., 2017; Winberg et al., 2016), 

which raises the question of whether proactive fish might be more resilient to stress. On the other hand, several 

recent studies have not found such associations between SCS and the HPI/cortisol response to acute stress 

(Boulton et al., 2015; Gesto, 2019; Vaz-Serrano et al., 2011). Nevertheless, most of the studies about the stress 

responses of fish with different SCS are usually performed under conditions that differ to a large extent to their 

normal rearing conditions. This includes, for example, exposing the fish individually to isolation/confinement 

(Backström et al., 2014; Gesto, 2019; Kittilsen et al., 2009; Øverli et al., 2004; Alfonso et al., 2019), situation that 

a fish will rarely experience in an aquaculture setup. 

While the physiological response to stress of fish of different coping style has been thoroughly studied, no much 

data is available about the behavioral stress responses of fish of different personality. As mentioned above, data 
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about the fish behavioral stress responses under aquaculture-like conditions is even scarcer (Colson et al., 2019, 

2015; Sadoul et al., 2017, 2014). This is probably due to the inherent difficulties of studying/monitoring fish 

behavior (traditionally done by video-analysis), particularly when there is a high number of individuals in the fish 

rearing unit. Besides video monitoring technology, it is nowadays possible to monitor fish behavior by means of 

different kinds of electronic tags able to measure and store or transmit different behavioral and/or metabolic 

variables, such as positioning, speed, acceleration, heart rate, respiratory rate, muscle activity, etc. (Carbonara 

et al., 2015; Cooke et al., 2016; Lennox et al., 2017). Traditionally used in wild fish as a key source of information 

for conservation and management practices in aquatic ecology (Fuchs and Caudill, 2019; Lennox et al., 2017; 

McKenzie et al., 2016), these electronic tags are also a promising tool for refining farming procedures for a better 

monitoring and control of fish welfare in aquaculture facilities (Brijs et al., 2018; Carbonara et al., 2020, 2019a; 

Kolarevic et al., 2016; Martos-Sitcha et al., 2019). 

We recently showed that juvenile trout groups differing in their competitive ability (assumed to be of different 

SCS) had no apparent differences in their physiological response to stress or in their ability to grow when reared 

at high stocking density and with plenty of food available (i.e. aquaculture-like conditions) (Gesto, 2019). In that 

study, the behavioral and physiological stress responses of the SCS groups were tested in isolation, a situation 

fish are not expected to face in an aquaculture setup. In the current study, we aimed at investigating the 

behavioral and physiological response of fish of different competitive ability to common aquaculture stressors 

in a more realistic scenario. We hypothesized that individuals of different coping style could be differentially 

affected by aquaculture stressors. If that is the case, a behavioral selection of farmed fish could be a tool to 

improve animal welfare in fish farms. We exposed the fish groups to common aquaculture stressors, such as 

hypoxia and high ammonia levels, always keeping the fish in their rearing units in normal aquaculture-like 

conditions. In order to screen fish behavior, some individuals of each group were implanted with acoustic 

accelerometer transmitters. The behavior of the fish was then monitored by both telemetric and video-
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monitoring approaches upon increasing levels of hypoxia and ammonia. Finally, physiological stress markers (i.e. 

cortisol, glucose and lactate concentrations in plasma; telencephalic serotonergic activity) were also evaluated 

at a specific level of each stressor in order to investigate the potential link between the behavioral and 

physiological responses of the fish competitive groups. 

 

2. Materials and methods 

2.1. Animals 

Rainbow trout (Oncorhynchus mykiss) juveniles of approx. 100 g of mass were purchased at a local farm 

(Funderholme dambrug, Silkeborg, Denmark) and transported to DTU Aqua’s facilities in Hirtshals (Denmark). 

Fish (n = 700) were kept in six 600 L tanks in a recirculated water system at 15 °C. Water quality in terms of pH 

(7.7 – 8.2), NH4
+ (< 0.5 mg L-1), NO2

- (< 0.15 mg L-1), NO3
- (< 100 mg L-1), O2 saturation (> 80 %) was daily monitored. 

Fish were daily fed a commercial trout feed (EFICO E 920, Biomar, Brande, Denmark; 1% body mass day−1) by 

means of belt feeders. After five weeks of acclimation, the selection process began as explained below. The use 

of fish in this study complied with Danish and EU legislation (Directive 2010/63/EU) on the use of animals for 

scientific purposes. 

2.2. Screening of loser and winner fish according to their competitive ability 

Fish were selected according to their ability to compete for food under conditions of low stocking density and 

reduced feed ratio, as described elsewhere (Gesto, 2019). Briefly, groups of 20 size-matched individuals (mass % 

C.V. was always < 15 %, for any given tank) were allocated in 600 L tanks and were reared for 12 days in conditions 

promoting competition for food: low stocking density and a limited food ration of 0.5 % fish mass day-1, provided 

by means of 12 h belt feeders. After the 12 day-period, the three-four individuals showing the best and worst 
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ability to compete, based on the individual specific growth ratio (SGR) were selected as winner (W) and loser (L) 

fish, respectively. Several rounds of selection were completed in an eight-week period (see Figure 1 for a 

schedule of the study), and n = 89 W and n = 89 L fish were selected (from among a total of n = 500 screened 

fish; the competition trial was repeated 25 times in total). The W and L fish were then kept in separate tanks 

(two tanks per group, four tanks in total). The mean (SD) size of the fish at the time of selection was 178.2 g (53.6 

g) and 162.5 g (46.2 g) for W and L fish respectively, and the stocking density (SD) by the end of the selection 

process was 14.3 kg m-3 (1.7 kg m-3). After screening, all fish were daily fed at a ration of 1.5 % body mass day−1 

(EFICO E 920, Biomar, Brande, Denmark). 

2.3. Tag implants and swimming activity monitoring 

Four weeks after the end of the selection process, five L and five W fish were implanted with VEMCO V9A 

accelerometer transmitters (AMIRIX Systems Inc., Nova Scotia, Canada). Transmitters were surgically implanted 

under anesthesia (clove oil, 30 mg L-1) in the intraperitoneal cavity of the fish through a 1.5 cm incision as 

described elsewhere (Carbonara et al., 2019a, 2015; Cruz-Font et al., 2016). After implantation, the fish were 

allowed to recover together in a separate tank for five days. Transmitters were operated in “tailbeat” mode, i.e. 

acceleration was measured on two spatial axes (X, Z), ignoring the backward/forward acceleration (Y axis), in 

order to account for the undulation movements during fish swimming associated to the movements of the tail, 

which are known to be directly associated to fish’ swimming speed (Cruz-Font et al., 2016; Wilson et al., 2013). 

The activity score (i.e. acceleration) values were calculated by the transmitters as RMS (root mean square) of the 

acceleration components for both axes, averaged over time. The transmitters were programmed to measure 

acceleration for 12 s windows (at a rate of 10 acceleration measurements per second, in each axis), every minute, 

and to then acoustically (69 kHz) transmit the signal to submergible acoustic receivers (Vemco VR2W) allocated 

inside the fish rearing tanks. Readers may refer to www.vemco.com for more details on transmitter operation. 
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After recovery, the five implanted fish of each group were allocated together with 20 size-matched individuals 

of the corresponding competitive group. Then, the swimming activity was continuously monitored during the 

battery life of the transmitters. The monitored period included the hypoxia and ammonia exposure tests, as well 

as the intervals between them, as described below. The average mass (SD) of the fish at the time of implantation 

was 345.3 g (52.8 g) and 340.5 g (58.1 g) in W and L fish, respectively. 

2.4. Behavioral responses to acute hypoxia and ammonia  

2.4.1 Experimental design 

A total of four repetitions of the acute hypoxia tests and three repetitions of the acute ammonia tests were 

performed with the 25-fish groups, starting with acute hypoxia seven weeks after the end of the screening rounds 

(Figure 1). Hypoxia acute tests were carried out during a period of two weeks and intervals of at least three days 

were kept between tests for complete recovery of the fish. After the hypoxia tests, the ammonia exposure tests 

were carried out along a period of two weeks, keeping intervals of at least five resting days in between tests to 

allow the fish to recover.  

The protocol used for the acute hypoxia test was as follows. The test started by keeping the fish in normal 

conditions, with the O2 saturation level at all times above 85 %, for at least 30 minutes. Afterwards the aeration 

probe was removed from the tank, and the saturation level started to decay steadily due to O2 consumption by 

the fish. The test was terminated when the saturation level reached 30 %, which took place between 170 min 

and 200 min after the start of the test. During the test, the O2 saturation level was continuously monitored with 

portable meters (Handy Polaris, OxyGuard®, Farum, Denmark); the decay in saturation was linear and is 

illustrated in Supplementary Figure 1. The behavior of the animals was continuously registered by means of the 

V9A transmitters. Furthermore, a zenithal video of the whole test was obtained using an HP® HD-3100 webcam 

(HP, USA). 
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The protocol used for the acute ammonia test was as follows. The test started by keeping the animals for 20 min 

in normal conditions, with undetectable levels of total ammonia (TA: NH4
+ + NH3; < 0.01 mM; MQuant® 

Ammonium test, Merck, Darmstadt, Germany). The amount of TA in the tank was then increased by adding 

ammonium chloride (NH4Cl; BASF SE, Ludwigshafen, Germany) in steps, as indicated in Table 3. The TA levels in 

the water were increased every 20 min for a total of four NH4Cl additions, resulting in an NH4Cl concentration of 

3.89 mM by the end of the trial. Table 3 also shows the corresponding levels of unionized ammonia (in the form 

of NH3) during the test, which were calculated based on the TA values and water pH (Bower and Bidwell, 1978). 

The increase in NH3-N was not linear due to the drift of the pH after NH4Cl addition to the tanks. Table 3 shows 

nominal concentration for TA and NH3 in different units to facilitate comparisons with other studies. Water 

samples were taken at each step in each test for the estimation of the actual levels of unionized ammonia in the 

water, which were consistent with the nominal concentrations. Unionized ammonia levels were within the range 

reported for 96h LC50 in rainbow trout and other fish species (Person-Le Ruyet et al., 1995; Shingles et al., 2001; 

Thurston and Russo, 1983). The same as in the hypoxia tests, the behavior of the fish was continuously monitored 

by video recording and by the V9A transmitters. 

2.4.2. Analysis of video-recorded behavior 

Measurements of fish activity were estimated from zenithal videos recorded during the hypoxia and high 

ammonia behavioral tests described above. For hypoxia, the activity of the fish was quantified from 1 min long 

video clips at specific moments of the test. Specifically, 1 min clips were obtained at the middle of the initial 

“basal activity period” (i.e. > 85 % of O2 saturation), and then at the moments when the oxygen saturation level 

was at 80 %, 65 %, 50 % and 35 %. In those clips, the trajectory of four, randomly-chosen individual fish was 

obtained using Solomon Coder ©, v. 17.03.22 (www.solomoncoder.com) and then the path length measured 
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using the “measure path” utility in Inkscape v. 0.92 (www.inkscape.org). Distance covered is therefore expressed 

in arbitrary units. 

Similarly, distance covered during the ammonia test was evaluated in each of the steps as ammonia levels 

increased. Again, 1 min clips were extracted from the general video, always 5 min before a new addition of NH4Cl 

to the tank. Therefore, clips were obtained at 15 min (basal), 35 min, 55 min, 75 min and 95 min, accounting for 

the different exposure levels as shown in Table 3. As described for the hypoxia tests, four random individuals 

were followed and the distance they covered was quantified. In the case of these high ammonia tests, the 

number of activity bursts and the number of fish’ approaches to the surface were also quantified on a tank basis 

in each of the TAN incremental steps. Those behaviors were monitored in the 4-min period preceding the 

addition of NH4Cl to the tank (minutes 16 to 20, 36 to 40, 56 to 60, 76 to 80 and 96 to 100). 

2.4.3. Telemetry data 

Signals about the fish swimming activity from the accelerometer transmitters were logged in the receivers 

allocated in the tanks. Data log consisted in a set of activity scores associated to transmission times. After 

synchronizing the receivers, the videos and the water quality data (oxygen saturation, TA), the activity of the fish 

could be directly associated to the level of the stressor of interest. During the hypoxia and ammonia exposure 

tests, the factor time was categorized and used as a discrete variable. 

2.5. Physiological response to acute hypoxia and ammonia exposure 

After the behavioral study, L and W fish were distributed in groups (three replicates per competitive group) of 

25 to 27 fish, at a mean (SD) stocking density of 20.5 kg m-3 (1.7 kg m-3). The individual mass (SD) of the fish was 

492.9 g (55.5 g) and 494.3 g (32.0 g) for L and W fish respectively. After two weeks of acclimation, an experiment 

was performed to account for the level of stress physiological markers of W and L fish in response to acute 
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hypoxia and ammonia exposure. The levels of hypoxia and high ammonia conditions for these experiments were 

chosen based on the minimum levels at which the fish showed a behavioral response in the previous 

experiments. All fish groups were first exposed to hypoxia and, five days later, they were all exposed to ammonia. 

The exposure protocols were similar to those applied in the behavior trials, with some differences: The hypoxia 

test was stopped when the O2 saturation levels reached 50 % (i.e., first behavioral changes observed). At this 

point, n = 12 fish of each competition group (four fish per replicate) were sampled to assess several physiological 

stress variables (i.e. plasma cortisol, glucose, lactate and telencephalic serotonergic activity). The ammonia 

exposure test was stopped 10 min after the water TAN levels were at 2.91 mM, after the third NH4Cl-addition 

step. This time was chosen as it was equivalent to the midpoint in the 20-min step in the previous experiment. 

At this point, n = 12 fish per group (four fish per replicate) were sampled for physiological stress assessment. 

Control fish (three per tank; i.e. n = 9 per competition group) were sampled in the interval, 2 days after the 

hypoxia exposure trial, to assess the basal, unstressed levels of the stress markers. For sampling, fish were in 

every case gently netted from the tanks and deeply anesthetized (360 mg L-1 isoeugenol – Aqui-S®, New Zealand). 

A sample of blood was collected from the tail blood vessels and then the brain of the fish was dissected out after 

decapitation. The telencephalon was collected and stored at -80 C until analysis. Blood was centrifuged for 10 

min (5000 x g, 4 C) to collect the plasma, then stored at -80 °C until further analysis as described below. 

Plasma levels of cortisol were analyzed with a commercial ELISA kit from Neogen Europe (Ayrshire, UK; Ref: 

402710). Plasma glucose and lactate were analyzed using commercial colorimetric kits (Sigma, St. Louis, MO, 

USA; REFS: MAK013, MAK064). Serotonin (5-hydroxytyptamine, 5-HT) and 5-hydroxyindoleacetic acid (5-HIAA; 

main metabolite of 5-HT) were quantified in telencephalon by means of high-performance liquid 

chromatography (HPLC) with electrochemical detection, as previously described (Gesto et al., 2017). The 

turnover ratio between 5-HIAA and 5-HT was used to quantify the serotonergic system activity (Shannon et al., 

1986). 
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2.6. Statistical analysis 

All statistical analyses were carried out at the 95% level of significance. The activity score (from the accelerometer 

tags) and the distance covered (obtained from the videos) were analyzed using a generalized linear mixed model 

(GLMM). GLMMs were carried out using the R 3.1.0 software (R Core team, 2013) and the lme4 package (Bates 

et al., 2015). Since the activity score and distance covered are both strictly positive and continuous, we used a 

GLMM with Gamma distribution family and identity link. For the stress acute tests (i.e. hypoxia and ammonia 

exposure), the two variables competitive group (L, W) and stressor level (O2 saturation levels for hypoxia tests, 

or TA levels for ammonia tests) were used as fixed factor, and fish ID and test repetition were both used as 

random factors when appropriated. Model selection was performed according to lowest AIC value, by discarding 

progressively the variable competitive group (L, W) and then stressor level if they were not significant (Burnham 

and Anderson, 2002). When the GLMM was significant, it was followed by Tukey HSD post-hoc test. A visual 

inspection of the residuals was done for each model and revealed no particular violation of the statistical 

assumptions of the models. Only the best model for each variable (lowest AIC value) was further presented in 

the results section. Regarding the counts of activity bursts and approaches to the surface and the physiological 

markers, 2-way ANOVA was performed using treatment (control, hypoxia and high ammonia) and competitive 

group (L, W) as fixed factors. The Holm-Sidak test was used in every case for the post hoc comparisons. A non-

parametric Kruskal –Wallis test, followed by a Dunn’s post-hoc test was used to compare SGRs of the fish groups 

in the selection process. The 2-way ANOVAs and the Kruskal-Wallis test were all carried out with SigmaPlot v. 

14.0 (Systat Software Inc., San Jose, CA, USA). 

 

3. Results 
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Fish selected as W clearly outcompeted the L fish during the 12-day competition trials (p < 0.001, Dunn’s test). 

The average (SD) SGR for W and L fish during the competition was 1.66 (0.64) % day-1 and -0.35 (0.29) % day-1, 

respectively.  

3.1. Acute behavioral response to hypoxia 

Both video and V9A accelerometer data showed an effect of oxygen saturation level on fish activity, which 

generally decreased at low O2 concentrations (Table 2, Figure 4). Video-analysis showed a decrease in the 

distance covered by the selected fish at 50 % and 35 % saturation with respect to activity levels at 80 % saturation 

and above (Figure 4A). Telemetry data showed lower swimming activity for the implanted fish at 30 to 50 % 

saturation, when compared to activity levels found at above 60 % saturation (Figure 4B). No competitive group-

related differences were found in the telemetry data during exposure to hypoxia. However, the distance covered 

by W fish in the videos was overall higher than that of L fish during the whole experiment (Table 2, Figure 4A). 

3.2. Acute behavioral response to ammonia exposure 

Video-analysis data showed an initial decreasing trend in the distance covered as the levels of ammonia 

increased, reaching a minimum at 2.91 mM NH4Cl (Figure 5A). However, the distance covered by the fish showed 

a surge during the last part of the test, with the maximum levels of ammonia. The distance covered by the fish 

at 2.91 mM of NH4Cl was significantly lower than at 0 and 3.89 mM. The competition group did not have any 

effect on the distance covered by the fish. Regarding the transmitter data, there was an interactive effect 

between both factors considered, the competition group and the ammonia concentration (Table 2). In L fish, the 

swimming activity was constant during the whole experimental duration, while for W fish, the swimming activity 

was stable from 0 to 1.94 mM of NH4Cl, and became higher at high ammonia concentrations (Figure 5B); i.e. at 

2.91 and 3.89 mM of NH4Cl. Furthermore, at the highest ammonia levels (2.91 mM and 3.89 mM), the W fish 

showed higher swimming activity levels than L fish. 
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The ammonia concentration affected the number of swimming bursts (F4,16 = 25.89, p < 0.001) and the number 

of approaches to the surface (F4,16 = 22.89, p < 0.001). The number of swimming bursts was higher at the highest 

ammonia dose, when compared to the rest of the doses, with no effect of competition group (Table 1, Figure 

6A). The number of approaches to the surface was also higher at 3.89 mM NH4Cl than at all the lower ammonia 

concentrations (Figure 6B). In this case, there also was a main effect of the competition group (F1,16 = 27.96, p = 

0.006), with W fish showing in general more approaches than L fish (Table 1, Figure 6B), but no differences 

between W and L fish were detected at any of the specific ammonia levels.  

3.3. Physiological response to hypoxia and ammonia exposure 

The treatment (control, hypoxia ammonia) affected the plasma levels of cortisol (F2,12 = 17.37, p < 0.001) and 

lactate (F2,12 = 4.95, p < 0.027). Plasma stress markers were not altered after exposing the fish to a steady 

decrease of oxygen saturation until 50 % (Table 1, Figure 7). However, the exposure to increasing levels of 

ammonia up to 2.91 mM NH4Cl induced clear cortisol and lactate increases in the fish plasma, while glucose 

levels remained unchanged. The competitive group of the fish did not affect the response of the plasma stress 

markers to either hypoxia or ammonia (Table 1, Figure 7).  

The treatment affected also the levels of serotonin (F2,12 = 4.20, p = 0.042), 5-HIAA (F2,12 = 9.84, p = 0.003) and 

the  serotonergic turnover ratio (F2,12 = 10.74, p = 0.002) in the telencephalon.  The latter was increased by 

ammonia exposure, while hypoxia induced no effects (Table 1, Figure 8). The levels of 5-HT were lower after 

exposure to ammonia when compared to controls. The levels of 5-HIAA were higher in fish exposed to ammonia 

than in in fish exposed to hypoxia, but neither was found to differ from control fish. There was also a significant 

main effect of the competitive group on the serotonin levels (F1,12 = 8.67, p = 0.012), which were higher in the W 

than in the L group. 

4. Discussion 
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The competitive ability of fish can be considered as a proxy of the individual dominant/subordinate personality, 

which is related to the fish coping style (Castanheira et al., 2017; Gesto, 2019). Under captivity, the advantages 

or disadvantages of having a better or worse competitive ability depend on the context. During the competition 

trials, better competitors have a clear advantage, since they are able to get most of the food delivered to the 

tank. However, in usual conditions (higher stocking densities, large feed rations), competitive ability does not 

seem to affect trout growth rates, at least in undisturbed conditions (Gesto, 2019). We aimed here to explore 

whether the physiological and behavioral responses to hypoxia and ammonia (typical aquaculture stressors) 

under common aquaculture conditions differs between fish of different competitive ability. In order to discard 

the effects of a poor energy status of L fish after the competition trials, the selected L and W fish were kept for 

some weeks in undisturbed conditions, so L fish could recover and regain normal growth rates, equivalent to 

those of W fish. Our data show that trout behavior was altered under acute sub-lethal exposure to hypoxia and 

ammonia. However, the only difference found in relation to the competitive ability of the individuals was related 

to a more active behavioral response of W fish than L fish when exposed to high levels of water ammonia. 

Besides, our data provide interesting insight about the combined use of video-monitoring and telemetry when 

assessing fish behavior in aquaculture tanks. 

Hypoxia has been shown to induce differential, species-specific effects on fish spontaneous activity, depending 

on different factors such as “(1) aerobic capacity, (2) the nature of hypoxic stress (severity, duration of exposure), 

(3) the basal energy-demands of the fish or (4) benefits conferred by a change in swimming behavior (survival, 

escape/avoidance)” (Domenici et al., 2013). Further, for a given species, fish individuals have been shown to 

differ strongly in their behavioral responses to acute hypoxia (Chapman and Mckenzie, 2009; Killen et al., 2012; 

Van Raaij et al., 1996) and actually, the individual responses to hypoxia have been used as a tool to select fish of 

different coping behavior (Ferrari et al., 2016; Killen et al., 2012; Laursen et al., 2011). In our hypoxia challenge 

tests, both the distance covered and the swimming activity progressively decreased along with oxygen 
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saturation, independently of the competition group of the fish. Likewise, other studies in salmonids and other 

teleost groups had found a decrease in activity under acute hypoxia (Alfonso et al., 2020; Chapman and 

Mckenzie, 2009; Israeli and Kimmel, 1996; Kolarevic et al., 2016; Via et al., 1998), which was attributed to a 

behavioral strategy to reduce the use of energy when oxygen availability was low (Chapman and Mckenzie, 

2009). In contrast to our results, Poulsen et al. (2011) found an increase in swimming speed in rainbow trout 

under hypoxic conditions. However, in that study trout were given the choice between normoxic and hypoxic 

conditions, and it has been shown that the responses to hypoxia are also dependent on the possibilities to 

avoid/escape the hypoxic conditions (Cook and Herbert, 2012; Domenici et al., 2013). Fish of different coping 

style, within a given species, have been shown to differ in their behavioral response to hypoxia, as commented 

above. Proactive fish generally tend to escape faster from an environment becoming hypoxic (Ferrari et al., 2016; 

Herrera et al., 2014; Killen et al., 2012), but this is not always the case in salmonids (Laursen et al., 2011). In the 

current study, we did not observe differences in the swimming activity between the competitive groups using 

the telemetric data, while the distance covered evaluated from the videos was overall higher in W fish than L 

ones. This could be seen as a typical behavioral response of W (proactive-like) to actively cope with the stressor. 

Interestingly, different coping strategies upon hypoxia were observed between proactive and reactive sea bass 

(Alfonso, 2018); proactive fish tended to maximize the inter-individual distance within the shoal. This can be 

viewed as a strategy for enhancing oxygen uptake by going away from congeners (Domenici et al., 2017), possibly 

due to the higher metabolism of W fish (Castanheira et al., 2017). Moreover, the distance covered among the 

fish is also linked to the different shoaling behavior of each species (Carbonara et al., 2019b; Krause et al., 2000). 

In freshwater aquaculture facilities, TA levels increase in the water due to decomposition of organic matter by 

microorganisms and to the production of NH3 as a product of protein and purine metabolism of fish (McKenzie 

et al., 2009; Randall and Tsui, 2002). Ammonia is toxic to all vertebrates and, depending on the dose, ammonia 

intoxication can lead to hyperventilation, behavior alterations, convulsions and death (Eddy, 2005; McKenzie et 
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al., 2009; Randall and Tsui, 2002; Wicks et al., 2002). Its toxicity is mainly related to the perturbation of the 

nervous system due to NH4
+-induced neuron depolarization (Randall and Tsui, 2002). Among its toxic effects, 

exposure to ammonia has been demonstrated to affect the swimming performance in fish, an effect that is 

related to alterations on the function of the Mauthner cells and on the recruitment of white muscle (McKenzie 

et al., 2009; Wicks et al., 2002). To our knowledge, our study is one of the first reports on the effects of acute 

ammonia exposure on fish swimming activity. We obtained some contrasting data on fish swimming activity from 

video-analyses and telemetry data. The data on distance covered by the fish, obtained from the videos, showed 

a progressive decrease in the distance covered with increasing ammonia concentration from 0 to 2.91 mM and 

a final surge at the highest ammonia concentration (3.89 mM). Telemetry data on the other hand, pointed to a 

clear increase of the activity of W fish at high ammonia concentrations, while the activity score of L fish remained 

unaffected. This inconsistency is probably related to the limitations of each monitoring system. High levels of 

water ammonia induced an increase in vertical movements and swimming bursts of the fish, mostly in the form 

of approaches to the surface. These behaviors can be easily counted from video-recordings of the tests (Figure 

6), but the distance covered during these vertical movements is underestimated during the analysis of the videos, 

since zenithal videos do not provide an adequate perspective for movements in the vertical axis. This is probably 

the reason why the video data do not show an increase of activity at high ammonia in terms of distance covered 

with respect to the telemetry data and the counts of activity bursts and approaches to the surface. Both those 

counts and the telemetry data suggest that W fish respond more actively when exposed to highest ammonia 

doses than L fish. From a behavioral point of view, this is consistent with the assumption of W and L fish as of 

proactive and reactive coping styles, and supports the use of competition ability as a tool to identify SCS in this 

species, as suggested before (Gesto, 2019). 

Regarding the physiological stress responses of W and L fish, the tissue samples were collected at the stressor 

levels that generated the first behavioral response, based on the hypoxia and ammonia-exposure behavioral 

Jo
ur

na
l P

re
-p

ro
of



17 
 

tests. Our data showed that acute exposure to ammonia was more stressful than the acute hypoxia in this 

experimental setup. Indeed, at a 50 % oxygen saturation, both plasma (i.e. cortisol, glucose, lactate) and brain 

stress markers were at similar levels than control fish, suggesting that the fish were still not physiologically 

stressed at this level and that the reduction on activity was merely an adaptive response to better accommodate 

the decrease in oxygen availability. However, after increasing the water ammonia levels to 2.91 mM, the fish 

showed increases in plasma cortisol and lactate and in the serotonergic turnover in the telencephalon, indicating 

that they were under stressful conditions. Similar stress responses after both acute and/or prolonged ammonia 

exposure had been observed before in teleosts (Person-Le Ruyet et al., 1998; Spotte and Anderson, 1989; Taheri 

Mirghaed et al., 2019; Weber et al., 2012). The disturbance generated by the ammonia and the subsequent 

development of an integrated stress response are most probably generating the escaping/avoidance behavior 

of the fish, reflected in the observed increase of swimming bursts and approaches to the surface. It is important 

to highlight that no differences were found between L and W fish in the basal levels or in the responses of the 

different physiological stress indicators to hypoxia and ammonia. Diverse studies pointed to a correlation 

between the SCS of an individual and the magnitude of the post-stress activation of the main neuroendocrine 

stress axes: the hypothalamus-pituitary-interrenal (HPI), responsible for the release of cortisol, and the 

hypothalamus-sympathetic nervous system-chromaffin cells axis (BSC), responsible for the release of 

catecholamines (Wendelaar Bonga, 1997). It was suggested that proactive animals show a higher activation of 

the BSC axis and a lower activation of the HPI axis upon stress exposure than reactive fish (Castanheira et al., 

2017; Winberg et al., 2016; Wong et al., 2019). This view is currently controversial and has been recently 

questioned by several studies showing a decoupling between the behavioral coping style and the magnitude of 

the response of stress hormones in fish (Boulton et al., 2015; Gesto, 2019; Qu et al., 2018; Vaz-Serrano et al., 

2011). This study seems to support such a decoupling, but our data should be considered with caution since the 

competitive ability is used here as a proxy of SCS, but the SCS of the fish has not been explicitly stablished. In the 
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present study, we observed that W fish (proactive-like) overall displayed higher level of 5-HT regardless of stress 

condition, while the serotonergic turnover ratio remained equal for both groups. The reason behind that 

difference is not known, but it was not observed in a previous study in which L and W fish were selected in the 

same way as in the current study (Gesto, 2019). Nevertheless, altogether, the data collected in this study mainly 

supports a lack of correlation between the competitive ability and the magnitude of the physiological stress 

response, even when some divergences in behavioral response were observed. In summary, we saw that the 

behavioral differences between of L and W fish only become noticeable when the fish were under stressful 

conditions (ammonia exposure), but no competition-related differences were observed in the physiological 

stress indicators, or in the fish activity under unchallenged conditions. It is important to notice that these 

experiments were carried out at relatively low stocking densities, when compared to those reached in intensive 

farms. Whether higher stocking densities might have an effect on the differential responses of W and L fish 

remains to be investigated.  

Under stress conditions, the response of the organism comprises a complex array of changes, from the cellular 

to whole organism level, helping fish to cope with the disturbance. The combined use of physiological markers 

and the monitoring of functional indicators, such as swimming activity measured by accelerometer transmitter 

(Brownscombe et al., 2018; Cooke et al., 2004; Zupa et al., 2015), provides a more comprehensive picture of fish 

condition and behavior (Carbonara et al., 2019b, 2015; Lembo et al., 2007). Therefore, the simultaneous 

collection of both behavioral and physiological data is critical to increase the current understanding about the 

use of fish behavior as a potential stress and welfare indicator (Sadoul et al., 2015). In this regard, there is a need 

to increase the amount of data available and telemetry technology could be an optimal tool to carry out this kind 

of research in the years to come. Using both telemetry and video analysis together in this study has provided 

good insight about the strengths and weaknesses of each method. Video monitoring allows for a precise 

evaluation of fish swimming behavior but at the cost of requiring very specific conditions for video recording 
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(Kolarevic et al., 2016). For example, current commercially available software for automatic coding of behavior 

into numerical measurements has specific visual requirements in terms of characteristics of the behavioral 

“arena” (size, depth, illumination, contrast, etc.) and fish numbers, in order to be able to quantify the behavior 

of several fish simultaneously. Several of those requirements are incompatible with aquaculture-like conditions, 

which usually consist of relatively deep tanks containing high fish numbers, in many cases dimly illuminated. 

Acoustic telemetry is not limited by visual factors (e.g. illumination or water turbidity) and allows continuous 

monitoring in rearing tanks at any stocking density and even in the dark. Further, data from the accelerometer 

transmitters are not affected by the direction of movement of the animal, while the estimation of activity from 

videos can be affected by the orientation of the movements with respect to the camera, as discussed above. 

Data analysis is time-consuming in the case of video monitoring, while telemetry data are acquired in real time. 

However, current telemetry technology and the potential use of implanted sentinel fish in aquaculture facilities 

is not free of limitations (Kolarevic et al., 2016). Those include the elevated price of the transmitters and their 

limited life, the relatively complex and invasive nature of implantation, and the limitation in the size of the fish 

that can bear the transmitters. Current level of miniaturization of the accelerometer transmitters makes only 

possible to use them in relatively large fish (Kolarevic et al., 2016). Nevertheless, the potential of wireless 

physiological sensors as a fish welfare-monitoring tool is huge, and future technical improvements will probably 

buffer most of those disadvantages in the near future. 

In conclusion, our data show that fish of different competitive ability/coping style showed similar activity 

patterns in routine conditions or when adapting to non-stressful conditions (50 % oxygen saturation) in an 

aquaculture-like setup, but differed in their behavioral response when exposed to stress (high water ammonia). 

In stressful conditions (high water TAN), better competitors (W) showed a more active behavioral response than 

fish of lower competitive ability (L). However, the difference in the behavioral response of L (reactive-like) and 

W (proactive-like) fish to stress was not reflected in the magnitude of the response of the physiological stress 
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markers tested, pointing to a decoupling between behavioral and endocrine stress responses. Altogether, the 

obtained data suggest that fish of different competitive ability might have had a differential behavioral coping 

style, but their sensitivity to the tested stressors was similar. Furthermore, our data support the use of acoustic 

accelerometer transmitters as a promising potential tool for real-time monitoring of fish activity in commercial 

fish farms, but further technical advancements in accelerometer transmitter miniaturization would help to 

extend their use in the aquaculture industry. 
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Figure 1. Experimental outline for the selection of L and W fish, the implantation of transmitters, and the hypoxia 

and ammonia exposure tests. 
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Figure 2. Activity levels of L and W fish during increasing hypoxia challenge tests (see the main text for details). 

A) Distance covered by L and W groups for each interval during the hypoxia tests (mean and SD; n = 5 fish per 

competition group in n = 4 trial repetitions). B) Activity scores of L and W groups for each interval during the 

hypoxia tests (mean and SD; n = 5 fish per competition group in n = 4 repetitions). Different letters indicate 

significant differences between the different levels of oxygen saturation (GLMM followed by Tukey HSD post hoc 

test). 
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Figure 3. Activity levels of L and W fish and counts of swimming bursts and approaches to surface during 

increasing ammonia challenge tests (see the main text for details). A) Distance covered by L and W groups for 

each interval during the ammonia tests (mean and SD; n = 5 fish per competition group in n = 3 repetitions). B) 

Activity scores of L and W groups for each interval during the ammonia tests (n = 5 fish per competition group in 
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n = 2 repetitions). C) Swimming bursts count. D) Approaches to surface count. For C and D: Total number of 

displays were counted in the experimental tanks during a 4-min period at each ammonia concentration (n = 5 

per competition group). Different letters indicate significant differences between the different ammonia 

concentration; * indicate a significant difference between the competition groups within a given ammonia 

concentration (A and B: GLMM followed by Tukey HSD post hoc test; C and D: Two-way repeated-measures 

ANOVA, Holm-Sidak post hoc test). 
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Figure 4. Plasma concentration of cortisol, glucose and lactate of L and W fish just before (control) or after 

exposure to hypoxia and ammonia. In the hypoxia group, oxygen saturation was progressively decreased until it 

reached 50 % saturation. In the ammonia group, ammonia concentration was sequentially increased by adding 

NH4Cl until it reached 2.91 mM (see the main text for more details about the exposure protocol). Data represent 

the mean and SD of n = 9 fish per competition group for controls and n = 12 fish for hypoxia and ammonia. 

Different letters indicate significant difference between the conditions (control, hypoxia and ammonia; two-way 

ANOVA, Holm-Sidak post hoc test). 

Supplementary Figure 1. Oxygen saturation levels measured during increasing hypoxia challenge tests for W 

(winners) and L (losers) fish. 

Supplementary Figure 2. Serotonin (5-HT), 5-hydroxyindoleacetic acid (5-HIAA) and the serotonergic mass ratio 

(5-HIAA/5-HT) in the telencephalon of L (losers) and W (winners) fish just before (control) or after exposure to 

hypoxia and ammonia. In the hypoxia group, oxygen saturation was progressively decreased until it reached 50 

% saturation. In the ammonia group, ammonia concentration was sequentially increased by adding NH4Cl until 

it reached 2.91 mM (see the main text for more details about the exposure protocol). Data represent the mean 

and SD of n = 9 fish per competition group for controls and n = 12 fish for hypoxia and ammonia. Different letters 

indicate significant difference between the conditions (control, hypoxia and ammonia; two-way ANOVA, Holm-

Sidak post hoc test). 
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