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The effect of in-flume habituation time and fish behaviour on estimated 
swimming performance

Muhammad Usama Ashraf , Daniel Nyqvist , Claudio Comoglio and Costantino Manes 

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Torino, Italy 

ABSTRACT 
Swimming performance is important for fish migration, habitat selection, and predator-prey 
interaction, as well as for fish passage design. Procedural choices made when experimentally 
estimating it may influence the results. Systematic experiments were conducted to study the 
effect of different in-flume habituation times, habituation behaviour, and the use of external 
encouragement on burst swimming performance of Rutilus aula, a small-sized cyprinid, in a 
fixed velocity testing protocol. Increasing habituation times from 30 s to 5 or 20 min substan
tially increased the success proportion of swimming trials and estimated fish swimming per
formance, with no difference between the latter two habituation times. Fish resting on the 
downstream grid before the start of testing velocity outperformed those who swam during 
habituation and transition periods. Fish swimming volitionally in response to flow at testing 
velocity showed a significantly improved performance compared to fish motivated by exter
nal poking. The results of this study highlight that in-flume habituation time is important, 
and fish behaviour before actual testing may influence the outcomes of swimming perform
ance results.
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Introduction

Swimming performance is important for fish migra
tion, habitat selection, and predator-prey interaction, 
as well as for fish passage design (Castro-Santos 
2002; Domenici and Blake 1997; Katopodis and 
Gervais 2012; Peake et al. 1997b; Tudorache et al. 
2008; Watson et al. 2019). Typically, fish swimming 
is categorized into three modes: sustained, pro
longed, and burst (Beamish 1978; Hammer 1995). 
Although several techniques and devices provide 
fish swimming performance metrics (Katopodis 
et al. 2019), commonly, laboratory studies are car
ried out using one of the two testing methodologies: 
increasing velocity or fixed velocity method (Brett 
1964; Hammer 1995). In the former, a fish is forced 
to swim at a regularly increasing flow velocity with 
fixed incremental time until fatigued. In the latter, a 
fish is forced to swim at a fixed velocity until 
fatigued. Both methods have been widely used in 
the literature and provide information about fish 
performance to inform both ecological theory and 
fisheries management, with particular focus on the 
design of fish passage structures (Brett 1964; 
Deslauriers and Kieffer 2012; Farrell et al. 2003; 
Hammer 1995; Mu et al. 2019; Schiavon et al. 
2023).

Despite the wide application of fish swimming 
tests, significant variations in testing protocols and 
nomenclature are found in the scientific literature. 
One such example is the use of different and rather 
arbitrary habituation periods. In the swimming per
formance literature this is the time fish are allowed 
to adjust to experimental conditions before testing 
begins, and more often is referred to as “acclimation 
period (or time)”, “conditioning period”, “settling 
period” or “recovery period (or time)” (Jones et al. 
1974; Myrick and Cech 2000; Nikora et al. 2003; 
Penghan et al. 2016; Silva et al. 2012; Tudorache 
et al. 2007). Time allotted to habituation varies 
enormously among studies, typically without empir
ical support: 5 mins (Louison et al. 2019; Schiavon 
et al. 2023), 10 mins (Nikora et al. 2003; Plew et al. 
2007), 15 mins (Lupandin 2005), 30 mins 
(Deslauriers and Kieffer 2011), 1 h (Myrick and 
Cech 2000; Palstra et al. 2020; Silva et al. 2021), 11 h 
(Tritico and Cotel 2010), 12 h (Silva et al. 2011), 
and overnight habituation (Hvas and Oppedal 2019; 
Tudorache et al. 2008). While such a wide variation 
of the habituation time may stem from the different 
study objectives, the choices made appear to be 
rather arbitrarily taken and rarely supported by 
either robust arguments or empirical evidence. Jones 
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et al. (1974) studied the effect of 1, 2, 12, and 16 h 
habituation times at a water velocity of 10 cm/s on 
Arctic grayling Thymallus arcticus and Longnose 
suckers Catostomus catostomus and found no sig
nificant difference in critical swimming speed 
among different habituation times. Similarly, Peake 
et al. (1997a) conducted a study on juvenile 
Rainbow trout Oncorhynchus mykiss and found no 
significant difference in the average critical swim
ming speed when tested at 6 �C and 18 �C after dif
ferent habituation times of 0, 0.5, 1, 2, 4, 8, and 
16 h at a flow velocity of 26.5 cm/s. Long habitu
ation times can significantly increase the overall 
duration of the experimental study, and this could 
create potential confounding effects related to fish 
physiology and ontogeny changing over time. 
Furthermore, a longer study duration requires 
increased costs, leading towards a trade-off with 
sample size. These elements cause many researchers 
optioning for short habituation times (Hvas and 
Oppedal 2019; Louison et al. 2019; Lupandin 2005; 
Plew et al. 2007). Despite their widespread use, 
however, studies on the effects of short habituation 
times are apparently lacking in the literature.

Fish behaviour during the habituation time may 
affect swimming performance, and is sometimes 
used as a criterion for inclusion in performance 
studies (Heuer et al. 2021). During the habituation 
period, fish may, for example, rest on the down
stream grid or actively explore the flume. Although 
often not reported, in some experiments, non- 
cooperative fish are subject to exclusion or physical 
encouragement using subjective criteria. While 
Quintella et al. (2010) excluded the fish that showed 
signs of stress and poor swimming behavior, i.e. 
moving back and forth in the swim chamber, other 
research studies have also reported exclusion criteria 
where a fish was unable to orient to the flow 
(Myrick and Cech 2000; Nikora et al. 2003), refused 
to swim at all (Santos et al. 2007), or declined to 
leave the net (which was being used to handle the 
fish) (Shiau et al. 2020). Sometimes, encouragements 
such as electric shocks are also used to prevent the 
fish from resting on the rear of the swim chamber 
during habituation period before their exclusion 
(Stevens 1979).

The transition period between habituation vel
ocity and testing velocity is another integral part of 
increasing and fixed velocity tests. Energy spent 
under the transition between habituation and 
increasing velocity test, is likely to affect swimming 
performance (Videler 1993) but is often not 
described or glossed over in the fish swimming lit
erature. Some studies have reported very short tran
sition times of less than 2 and up to 5 s (Deslauriers 
and Kieffer 2011, 2012; Nikora et al. 2003; Plew 
et al. 2007). Although theoretically it may seem 

straightforward to minimize the swimming time and 
conserve energy spent during transition, fast transi
tions are not always possible (e.g. due to behavioural 
or logistic constraints). However, although typically 
ignored or deemed insignificant, it is unclear to 
what extent the behaviour of fish during the transi
tion time affect the measured performance.

Physical tapping is often used to encourage the 
fish to swim during the swimming trials (Aedo et al. 
2021; Karlsson-Drangsholt et al. 2018; Nikora et al. 
2003; Plew et al. 2007; Schiavon et al. 2023). 
Alternatively the use of electric shocks is also a fre
quently found method in the literature to prevent 
fish from resting on the downstream grid (Brett 
1967; Farrell et al. 1990; Rom~ao et al. 2012; Silva 
et al. 2021; Van Den Thillart et al. 2004; Webb et al. 
1984). Motivation, however, is important for fish 
swimming performance (Goerig and Castro-Santos 
2017; Videler 1993), and fish actively choosing to 
enter a swimming trial, in volitional swimming tests, 
sometimes outperform forced swimmers (Castro- 
Santos et al. 2013; Peake 2008b). Surprisingly, in 
forced performance tests, the difference in swim
ming performance between fish swimming voluntar
ily and fish that are encouraged (forced) to swim is 
still unexplored in the published literature.

In this study, we investigate potential effects of 
the fish swimming testing protocol on the estimated 
swimming performance. The goal of this study is to 
elucidate the effects on time to fatigue of: (1) three 
different, relatively short, in-flume habituation 
times; (2) fish behaviour during habituation; and (3) 
external stimuli to provoke swimming (poking). We 
hypothesize that time to fatigue increases with: 
increasing habituation time, active swimming during 
habituation period, and the use of external stimuli 
to provoke swimming. Systematic experiments were 
conducted using a fixed velocity testing protocol on 
Rutilus aula, a small-sized riverine Cyprinid (Fortini 
2016).

Materials and methods

Fish

Juvenile R. aula with an average fork length of 
5.19 cm (S.D. ± 0.37 cm) and average mass of 1.79 g 
(S.D. ± 0.44 g) were captured from the Orba stream 
in the Province of Alessandria, Italy (44�45046.700N 
8�40015.600E) using electrofishing on January 30, 
2023. The fish were brought to the hatchery facility 
in Predosa, Alessandria, Italy and were left to 
habituate to hatchery conditions in a spring-fed 
flow-through tank. After three days from their cap
ture date, a random subset of fish was tested in a 
separate experimental campaign in the hatchery, 
and then returned to the holding tank. All fish 
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rested at least 4 days before testing. The water tem
perature in the tank was measured by a HOBO 
MX-2202 logger at regular intervals of 10 mins, 
with a mean temperature of 11.82 �C (S.D. ± 
0.3 �C). The fish were fed commercial aquaria fish 
pellets (Tetra TabiMin) but were starved 24 h before 
the experiments to ensure a post-absorptive state. 
The fish remained healthy looking throughout and 
after the 3 days experimental campaign, displaying 
active swimming behaviour, and no fish mortality 
was observed. The study was conducted in accord
ance with the Ufficio Tecnico Faunistico e 
Ittiofauna of the Provincia di Alessandria (permit 
number 1570, issued on 19th January 2023), under 
the provisions of art.2 of the national Decree n.26/ 
2014 (implementation of Dir. 2010/63/EU).

Flume description

Experiments were carried out using a hydraulic 
flume whose channel is 280 cm long and has a 
30 cm by 30 cm rectangular cross section. A pump 
allows for water recirculation from a small upstream 
tank, through the channel to a 600 L downstream 
tank, which is connected back to the upstream tank 
via a 8.5 cm diameter stainless steel pipe (see Figure 
1). Flow rate was monitored using a AquaTransTM 

AT600 flow meter sensor and controlled by means 
of an inverter (DGFIT MT 12) and a flow opening 
valve located at the pump outlet. A flow straightener 
located 75 cm from the channel inlet was employed 
to damp the intensity of turbulence generated by 

the pump. The swimming arena utilized for the tests 
was 80 cm long and was bounded upstream by the 
flow straightener and downstream by a net grid. For 
all the experiments the flow depth was kept at 
7.5 cm. Hydrodynamic conditions were carefully 
assessed using advanced laser diagnostics (i.e. Laser 
Doppler Anemometry), which revealed that flow 
conditions were nicely uniform along the spanwise 
direction and that the flow straightener generated 
turbulence whose intensity (estimated as the stand
ard deviation of the longitudinal velocity component 
normalized with its local mean) decayed along the 
longitudinal direction and never exceeded 10.72%.

Throughout testing, water in the system was 
maintained at an average temperature of 10.64 �C 
(S.D. ± 0.23 �C) and cooled intermittently with a 
chiller unit (TECO TK-2000). The temperature dif
ference between the holding tanks and the testing 
flume was never larger than 1 �C to avoid any 
potential adverse effects of a sudden temperature 
change on swimming performance (Tudorache et al. 
2010b; Vezza et al. 2020). Sony AX43 Handycams 
were used to video record the swimming tests at a 
resolution of 1920� 1080 with a frame rate of 50 
frames/s.

Habituation times

Fish were tested using a fixed velocity testing proto
col. Three different in-flume habituation times, prior 
to the onset of testing velocity, were used: 30 sec 
(Treatment 0.5), 5 mins (Treatment 5), and 20 mins 

Figure 1. The experimental flume used for the swimming performance tests with all components connected. The flume con
sisted of an upstream tank connected with the main open channel flume which discharges water in the downstream water 
collection tank. The water is recirculated using a water pump via a combination of a stainless steel and plastic pipes connect
ing the whole flume system.
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(Treatment 20). Thirty-five fish were tested per 
treatment, resulting in a total sample size of 105 
fish. Each fish was tested only once. The flow vel
ocity during habituation time was set to 5 cm/s 
(around 1 BL/s). At the end of the habituation time, 
the flow rate was progressively increased within 
20 sec transition time to achieve the mean testing 
flow velocity of 50 cm/s (around 10 BL/s). The flow 
velocity value of 50 cm/s was selected because, 
according to preliminary testing, it is within the 
burst swimming range of juvenile R. aula, resulting 
in fatigue times of, at most, a few seconds to tens of 
seconds (Beamish 1978; Nikora et al. 2003; Videler 
1993). The 20 sec transition time was chosen to 
allow a gentle increase in flow rate to prevent fish 
from startling or loosing equilibrium. Each trial 
concluded when the fish was fatigued. Fatigue was 
defined as fish resting/impinged on the downstream 
grid despite gentle tapping from the downstream 
end of the downstream grid. The fish was tapped no 
more than three times to motivate it to swim. Fish 
were anesthetized in clove oil (Aroma Labs, 
Kalamazoo, MI, USA; approximately 0.2 ml clove 
oil/l water) and measured at the end of each trial 
for fork length in centimetres (cm) and mass in 
grams (g).

Fish behaviour definitions

Differences between the three habituation treat
ments were tested with respect to proportion of suc
cessful swimming tests (i.e. a test trial where fish 
actively swims against the flow until fatigued) and 
time to fatigue. Data was then pooled and effects of 
behaviour during habituation and the start of the 
swimming trial on swimming performance was eval
uated. During habituation, fish were observed to 
either (1) swim or stay without motion, away from 
the downstream grid (“in the flume”) or (2) rest on 
the downstream grid (“on grid”). Typically, fish in 
the flume at the end of the habituation period were 
also swimming during transition, while fish resting 
at the end of the habituation period were also rest
ing during transition, making position correlate 
strongly with swimming through transition. In add
ition, fish resting on the grid were observed to dis
play two different behaviours: laterally impinged or 
resting on the grid with head facing the flow. 
Difference in success proportion and time to fatigue 
was tested between fish in the flume or on the grid 
at the end of habituation using the whole pool of 
fish, as well between fish laterally impinged and fish 
facing on the flow among the on the grid fish.

From the successful swimming trials, we tested 
difference in time-to-fatigue between fish displaying 
two behaviours: swimming volitionally in response 

to flow (“no poke”) or swimming first after having 
been externally motived by poking (“poked”).

Chi-square test of independence was performed 
to compare the proportion of successful swimming 
trials between treatments and behavioural groups. 
Swimming performance data were non-normally 
distributed so Kruskal-Wallis and Mann-Whitney 
tests were used to compare performance and behav
iour outcomes among treatments and behavioural 
groups. One-way ANOVA was used to test any sig
nificant differences among treatments based on fish 
length and weight. All statistical tests were run using 
R version 4.1.2 (R Foundation for Statistical 
Computing, Vienna, Austria. URL https://www. 
R-project.org). Package dplyr was used for data 
management (https://CRAN.R-project.org/package= 
dplyr), package ggplot2 was used for plotting (https: 
//CRAN.R-project.org/package=ggplot2), and pack
age car was used to run ANOVA tests (https:// 
CRAN.R-project.org/package=car).

Results

There were no differences in length or weight 
between fish in the different habituation treatments 
(ANOVA, p> 0.38). In total 65 out of 105 swim
ming trials resulted in successful fish swimming 
tests (i.e. a fish with time to fatigue data). Fish with 
30 sec habituation time had a substantially lower 
success proportion (20%) compared to fish habitu
ated to flume for 5 min (77.14%; chi-square, 
p¼ 5.53 e-06) and 20 min (88.57%; chi-square, 
p-value ¼ 3.42 e-08). There was no difference in pro
portion of successful trials between the 5 min and 
20 min habituation treatments (chi-square, p¼ 0.34).

Time to fatigue (median ¼ 8 sec, IQR ¼ 7 sec; 
Figure 2) differed significantly among the three 
habituation treatments (Kruskal-Wallis, p¼ 0.03). As 
shown in Figure 2, fish habituated for 30 s fatigued 
significantly faster than fish habituated for 20 min 
(Wilcoxon, p¼ 0.03). The same tendency was seen 
between fish habituated for 30 s and fish habituated 
for 5 min (Wilcoxon, p¼ 0.06). Habituation for 
5 min or 20 min did not affect time-to-fatigue 
(Wilcoxon, p¼ 0.36).

Due to very low proportion of success and poor 
swimming performance among the fish habituated 
for only 30 s, these thirty-five fish were excluded 
from the further behavioural analysis. Therefore, the 
following results only include data from Treatment 
5 and 20, i.e. a total of 70 test fish with 58 success
ful trials.

At the end of the habituation time, fish were 
either resting on the downstream grid (n¼ 37) or 
present upstream in the flume arena (swimming or 
resting; n¼ 21). The position of the fish at the end 
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of the habituation time did not affect the proportion 
of successful trials (64.2% for fish resting on the 
grid, and 35.7% for fish in flume arena; chi-square, 
p¼ 0.052). Fish in flume (either swimming or 
motionless) at the end of habituation and start of 
transition, however, performed significantly worse 
than fish resting on the grid (Wilcoxon, p¼ 0.02; 
Figure 3).

All but one fish who swam during habituation 
also swam during the transition period. Among the 
fish resting on the grid, no difference in time-to- 
fatigue was seen between fish facing the flow or fish 
being laterally impinged (Wilcoxon, p¼ 0.35).

Fish were either swimming volitionally in 
response to flow (“no poke”, n¼ 29) or first after 
being physically encouraged to swim (“poked”, 
n¼ 29). Fish swimming volitionally in response to 
flow (“no poke”) displayed a significantly longer 
time-to-fatigue compared to fish that had to be 
poked to swim (Wilcoxon, p¼ 0.01; Figure 4).

Discussion

Increasing habituation time from 30 s to 5 or 20 min 
substantially increased the proportion of swimming 
trials resulting in successful swimming tests, and 
also resulted in increased time-to-fatigue. No differ
ence, however, in either success proportion and 
time-to-fatigue was found between fish habituating 
to the flume for 5 and 20 min. Fish resting on the 

grid performed better than fish located in the 
upstream area of the flume during habituation time, 
and fish swimming volitionally in response to the 
testing velocity outperformed fish poked to swim.

Figure 2. Box plot of time-to-fatigue for 0.5 [min] (n¼ 7), 5 
[min] (n¼ 27), and 20 [min] (n¼ 31) habituation time treat
ments. The red dot is the mean, whereas the solid black 
horizontal line inside the bounding box is the median 
fatigue time. The black dots represent the outliers, whereas 
the bounding box defines the Interquartile Range (IQR) of 
the time-to-fatigue data for each treatment. The vertical 
solid black lines mark Q1 – 1.5�IQR (bottom end) and 
Q3þ 1.5�IQR (top end), where Q1 and Q3 are the 25th and 
75th percentiles, respectively.

Figure 3. Box plot of time-to-fatigue for the fish swimming 
or resting in the flume (n¼ 21) or resting on the grid 
(n¼ 37) at the end of habituation/beginning of transition. 
The red dot is the mean, whereas the solid black line is the 
median fatigue time. The black dots represent the outliers, 
whereas the bounding box defines the Interquartile Range 
(IQR) of the time-to-fatigue data for each treatment. The ver
tical solid black lines mark Q1 – 1.5�IQR (bottom end) and 
Q3þ 1.5�IQR (top end), where Q1 and Q3 are the 25th and 
75th percentiles, respectively.

Figure 4. Box plot of time-to-fatigue for fish swimming vol
itionally in response to flow (“no poke”, n¼ 29) or swim
ming first after having been externally motived by poking 
(“poked”, n¼ 29). The red dot is the mean, whereas the 
solid black line is the median fatigue time. The black dots 
represent the outliers, whereas the bounding box defines 
the Interquartile Range (IQR) of the time-to-fatigue data for 
each treatment. The vertical solid black lines mark Q1 – 
1.5�IQR (bottom end) and Q3þ 1.5�IQR (top end), where 
Q1 and Q3 are the 25th and 75th percentiles, respectively.
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The large difference in the proportion of success
ful trials between the 30 s habituation treatment and 
the 5 and 20 min habituation treatments highlights 
the importance of in-flume habituation time. Fish 
handling before its release in the flume causes fish 
stress and energy expenditure, important factors 
known to reduce fish performance (Arnekleiv et al. 
2004; Barton and Schreck 1987; Pickering et al. 
1982; Schreck and Tort 2016). Barton and Schreck 
(1987) showed the adverse effect of acute physical 
stress in juvenile Steelhead O. mykiss limiting the 
energy available by about one-quarter for activities 
such as swimming. Moreover, capture and handling 
are known to elevate plasma lactate concentration 
levels, that also limits burst swimming performance 
(Videler 1993). Black (1957) reported increase in 
mean lactate levels after handling in Rainbow trout 
O. mykiss from 15.7 mg% to 31.9 mg% when forced 
to swim slowly (9.7 − 12.4 cm/s) for 15 min. Olla 
et al. (1992) found that juvenile Coho Salmon O. 
kisutch regained their previous ability to avoid pre
dation in less than 90 min after significant handling 
(held out of water for 1 min). In our experiments, 
only 20% of the fish subjected to 30 s of habituation 
resulted in successful swimming trials compared to 
80–90% among the fish given more time to habitu
ate to the flume and recuperate after handling. 
Karlsson-Drangsholt et al. (2018) highlighted in his 
study on Haddock Melanogrammus aeglefinus that it 
may take more than 6 h to recover the blood lactate 
levels. Likely, 30 s (Treatment 0.5) were insufficient 
to recuperate the white muscle energy reserves 
allowing the fish to swim at testing velocity 
(McFarlane and McDonald 2002; Videler 1993). On 
the other hand, the minimal differences in the pro
portion of successful trials and in the time-to-fatigue 
between habituation times of 5 or 20 min may indi
cate a logarithmic relationship between habituation 
time and time-to-fatigue (i.e. above a certain thresh
old the effects of habituation time upon fish burst 
swimming performance become negligible or milder 
compared to those related to the flow velocity at 
which fish are exposed). This potential relationship 
should be further investigated including other 
habituation times. Comparing burst swimming 
speeds after 20 min habituation time with even lon
ger habituation times may clarify if also the longest 
habituation time tested in our study (i.e. 20 min) 
carry a potential cost due to insufficient habituation.

Sometimes, during habituation or transition peri
ods, fish not showing rheotactic behaviour, orienting 
and swimming against the flow, are excluded from 
fish swimming performance experiments (Heuer 
et al. 2021; Myrick and Cech 2000; Nikora et al. 
2003; Quintella et al. 2010; Santos et al. 2007). The 
underpinning idea is that these fish are likely to 

under-perform also in the swimming trial (Van Den 
Thillart et al. 2004). In our experiment, contrary to 
expectations, fish actively swimming at the end of 
habituation displayed lower swimming performance 
compared to fish resting on the grid. Importantly, 
20 out of 21 (95.24%) of these fish were also swim
ming during the transition time, therefore spending 
energy reserves already before the initiation of the 
swimming test (McKenzie 2011; Vezza et al. 2020). 
Since such a transition time is unavoidable in forced 
swimming tests, our results suggest that this might 
cause an underestimate of time-to-fatigue. This is 
especially relevant when experiments are performed 
using velocities within the burst range, where the 
transition to test period ratio is relatively large. 
Volitional swimming tests, where the fish chooses 
its own velocity would be a way around this prob
lem (Castro-Santos 2005; Castro-Santos et al. 2013; 
Colavecchia et al. 1998; Haro et al. 2004).

Other times, orientation but not swimming is 
used as an inclusion criterion in swimming trials, 
allowing fish to rest on the grid during habituation 
as long as it faces the flow (Myrick and Cech 2000). 
Among the fish resting on the grid, however, no dif
ference in proportion of successful test or swimming 
performance was found between fish laterally 
impinged or fish resting on the grid facing the flow. 
This is somewhat surprising, given that being lat
erally impinged seems a highly unnatural behaviour, 
indicating a stressed condition (Tudorache et al. 
2010a), that however, may still have allowed fish to 
conserve energy to be used during the test period 
(Liao 2007).

Giving external physical stimulation to encourage 
fish to swim is commonly used in forced swimming 
tests in flumes and swim chambers. In our study, 
fish resting on the downstream grid were poked 
from the downstream side of the grid to motivate 
them to start swimming. Comparing fish swimming 
volitionally in response to the flow (no poke) with 
fish that swam after having been poked at the start 
of the testing velocity showed that the former out
performed the latter. Motivation to swim could 
potentially influence swimming performance (T. 
Castro-Santos 2005; Goerig and Castro-Santos 
2017). For example, fish tested in protocols where 
they voluntarily enter the swimming arena and are 
allowed to choose their own swimming velocity 
have been observed to perform better than conspe
cific in forced swimming trials (Peake and Farrell 
2004; Tudorache et al. 2010a; Videler 1993). Our 
results highlight the role of motivation in fish swim
ming, and also, again, suggest that volitional swim
ming tests may increase the precision of our 
estimates of swimming capability (Castro-Santos 
et al. 2013; Colavecchia et al. 1998; Peake 2008a).
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Fish swimming performance varies not only due 
to the different testing methodologies adopted but 
also due to the intrinsic variation in fish ability, 
behaviour, and motivation (Goerig and Castro- 
Santos 2017; Jones et al. 2020). In our experiments, 
only one fish species belonging to a specific age and 
size group was tested at a specific swimming vel
ocity and temperature. This poses a limitation to the 
generalization of our results towards other species 
and sizes swimming at different speeds and temper
atures. For example, would fish swimming perform
ance at lower velocity, in the prolonged or sustained 
swimming modes, encompassing also aerobic proc
esses, react in the same way in relation to habitu
ation time? Also, as this experiment also alludes to, 
swimming performance is the product of capability 
and behaviour. Volitional swimming test protocol, 
where fish choose to swim or not, could avoid the 
potential pitfalls of forced performance tests and 
may improve our assessments of fish actual swim
ming capability (Colavecchia et al. 1998; Haro et al. 
2004; Peake 2008b). In addition, while 5 min habitu
ation time may be enough for a small-sized fish, the 
results of this study may not hold true for larger 
fish as they may require longer times to recuperate 
from fish handling stress prior to the testing since 
fish body size is known to scale with its total anaer
obic capacity (Casselberry et al. 2023; Goolish 1989; 
Karlsson-Drangsholt et al. 2018; Somero and 
Childress 1980). Given that the results of fish per
formance studies are used for the fishway design 
and management of fisheries (Enders et al. 2017; 
Knapp et al. 2019), it is imperative to investigate the 
effect of habituation time on fish swimming abilities 
and behaviour for different species, sizes, and swim
ming modes, prompts for similar experiments.

The present paper highlights the importance of 
in-flume habituation time in forced performance 
tests. While extremely short habituation times need 
to be avoided, findings suggest that, in burst swim
ming performance tests, a 5-min habituation time 
may be sufficient, or at least as effective as 20 min 
habituation time, at least for small sized fish. 
Furthermore, the study also highlights potential 
impacts of fish behaviour – and researcher choices – 
on performance estimates, underlining that fish 
swimming performance is context dependent. This 
underlines the subjectivity of fish swimming per
formance estimates, and calls for a unifying 
methodology.
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