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Abstract: Increased turbulent flow and sediment transport during flood or hydropeaking events
often induces rapid changes in underwater sound pressure levels, which is here referred to as
soundpeaking. This study is the first to investigate such a change in the underwater soundscape in
relation to fish behavior using an experimental approach. Trials were conducted in an experimental
channel stocked with either adult chub (Squalius cephalus) or brown trout (Salmo trutta). To mimic
soundpeaking, the underwater soundscape of a small alpine river was recorded during a flood event
and later played back through an underwater speaker during treatment trials. Furthermore, trials
were recorded with a video camera, and based on the fish position, movement variables (swimming
distance, number of movement direction changes, variance of the acceleration), the aggregation
of individuals, the longitudinal and the lateral position in the experimental area were compared
between control (no sound played) and treatment trials. During treatment trials, brown trout changed
their movement direction significantly more often, chub showed a significantly higher variation of
the acceleration, and individuals from both species were significantly more aggregated. Furthermore,
the soundpeaking treatment had a significant effect on the longitudinal position of brown trout in
the experimental area. However, the overall results did not provide any indication for a stronger
soundpeaking effect in chub despite being equipped with much more refined hearing abilities in
comparison to brown trout. Based on these results and findings from other studies, soundpeaking is
discussed as a behavioral trigger as well as a source of acoustic stress.

Keywords: behavior; experiment; fish; hydroacoustic; hydropeaking

Key Contribution: This study demonstrates an effect of soundpeaking on the movement and spatial
use of fish in an experimental setup. In addition, our results show a similar response in both hearing
specialists and generalists.

1. Introduction

Rivers are highly dynamic ecosystems on both spatial and temporal scales. Therefore,
in order to be biologically successful, fish and other organisms must be able to orientate and
adapt to changes within their surroundings. Both abilities require an accurate perception
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of the environment, which is achieved by processing different types of stimuli through the
utilization of different senses such as hearing. Due to the high density of water, sound
travels approximately five times faster compared to the atmosphere, and it has therefore
been suggested to be the best channel for long-range communication in aquatic systems [1].
Moreover, sound is reflected very efficiently from the surface and to some extent from the
bottom of a waterbody, while the incompressibility of water further causes a steep pressure
gradient close to the source of an acoustic signal [2]. Hence, water represents a highly
suitable medium to propagate acoustic information. In rivers, sounds mainly originate from
air bubble formation due to turbulent flow dynamics [3,4] and particle collisions as a result
of sediment transport [5,6]. Thus, since both processes are often increasing with discharge,
this is generally also valid regarding the overall underwater sound pressure level. In case
of a fast approaching flow wave during hydropeaking events, this increase can be very
rapid and is referred to as soundpeaking [7]. Here, we use a slightly adapted version of
this definition, including also less rapid changes caused by common high discharge events
such as floods. Furthermore, we expand the focus from the initial peaking phase and
integrate the whole period of the event. According to this broader definition, soundpeaking
may represent highly valuable information for fish and other aquatic organisms since the
associated hydraulic changes have a major impact on the underwater environment.

1.1. Hearing Capabilities in Teleost Fish

The octavolateralis system, which is comprised of the inner ear and the lateral line [8],
is highly complex and even today, it is far from being fully understood. However, it is
believed that at least some fish possess directional hearing through the reception of particle
motion [9] and that in some taxa, the capability to additionally perceive sound pressure
could allow the determination of acoustic intensity [10]. Popper et al. [11] even suggested
that the way in which fish perceive acoustic information may result in “an image of lo-
cal objects and events that may exceed in complexity that of most terrestrial animals”.
Furthermore, there are several studies which have suggested that the goldfish (Carassius
auratus) is able to not only perceive but also analyze acoustic information. For instance,
this includes acquiring independent information about the frequencies of different sinu-
soidal components (166 Hz and 724 Hz pure tones) making up a complex sound [12], the
existence of not only pitch-like (frequency) but also timbre-like (sound quality) perceptual
dimensions, as well as the ability to determine the source of a specific acoustic signal
from a complex acoustic scene with multiple sources, which is referred to as auditory
stream segregation [13]. While there are still many unanswered questions regarding the
hearing abilities of fish [14], this leads to the overall conclusion that goldfish and other taxa
are potentially able to analyze a continuously changing auditory scene such as a natural
underwater soundscape.

The family of cyprinids, a taxa including many European freshwater fish species,
belongs to the group of othophysi which is characterized by a physical connection between
the inner ear and the swim bladder [15], the so-called Weberian ossicles. This vertebral
adaptation allows a stimulation of the inner ear by sound pressure additionally to particle
motion, which is likely to improve hearing abilities due to an increased sensitivity as well
as an extended high-frequency hearing range. According to Rogers and Cox [16], the
latter would especially benefit fish living in shallow habitats, such as otophysans. Data
from eight species have shown that cyprinids are in fact adapted to hear a wide range of
frequencies with an optimum located between 200 Hz (and potentially lower) and 1000 Hz
at sensitivities (frequency specific hearing thresholds) of 60–95 dB re: 1 µPa [17,18]. The
chub (Squalius cephalus), which also belongs to this group and is further investigated in this
study, shows the same overall hearing optimum where it is most sensitive to frequencies of
approximately 400 Hz at sound pressure levels as low as 66 dB re: 1 µPa [18].

In contrast to cyprinids, there are no reports of comparable sound pressure sensitivity
in the family of salmonids, as its members are not equipped with Weberian ossicles or
similar structures. Likely as a result, the overall sensitivity to acoustic signals as well as the



Fishes 2023, 8, 581 3 of 18

perceived range of frequencies is reduced. This could potentially be seen as an adaptation to
faster flowing and therefore noisier habitats, which are inhabited by most salmonids at least
during some life stages. Hence, acoustic sensitivity to a wider range of frequencies may
lead to overstimulation, and rather than providing a benefit through increased information
gain, this may instead result in the masking of relevant acoustic signals. Based on data
from three different salmonid species, an optimum between 80 Hz (and potentially lower)
and 350 Hz at sensitivities of approximately 90 dB re: 1 µPa [18–20] was identified. The
brown trout (Salmo trutta), a member of this family which is further investigated in this
study, is most sensitive to frequencies of approximately 200 Hz at sound pressure levels of
approximately 87 dB re: 1 µPa [18].

1.2. Relevance of the Underwater Soundscape for Fish

Underwater soundscapes are of high relevance for aquatic fauna [21] and differ sub-
stantially between river habitat types, which naturally influence species composition and
distribution [22]. Tonolla et al. [23] showed that pools, riffles and also runs (when sediment
transport is initiated) exhibit distinct acoustic signatures within a frequency range of 31.5 to
16,000 Hz (octave bands) at sound pressure levels of approximately 80 to 160 dB re: 1 µPa,
overlapping the audible range of both salmonids and cyprinids. Another study revealed
the possibility to also differentiate between river segments based on the acoustic signature
within the same frequency range and that higher flow levels (e.g., during a flood) result in
higher sound pressure levels over most frequency bands [6]. These findings demonstrate
the role of hydrological and morphological parameters, which are also used to classify
river habitats, in determining the underwater soundscape [24]. Furthermore, hydrological
events such as floods often cover time periods as short as several hours and potentially
minutes depending on different catchment and precipitation characteristics [25]. Therefore,
soundscapes should also be subject to strong temporal fluctuations that can serve as envi-
ronmental cues triggering changes in behavior. However, research on this topic has focused
heavily on the marine environment, where fish are known to use acoustic information,
but unlike in rivers, sounds are primarily biological in their origin [26,27]. Only in recent
years has this focus expanded to include freshwater ecosystems [28,29], with recent studies
indicating that freshwater fish are also affected by the underwater soundscape [23,30,31],
which in rivers is largely defined by morphological and hydrological characteristics [6,23].
A prominent example in this regard is hydropeaking, which leads to a homogenization
of the underwater soundscape as well as “rapid, multiple-fold spikes in low frequency
amplitude levels within the typical hearing range of common teleost fish species” [7]. Be-
cause discharge is usually positively linked to the overall underwater sound pressure level,
behavioral responses of fish in hydropeaking scenarios may be attributed to hydraulic
changes [32–35] as well as the associated increase in the sound pressure component, or
in short, soundpeaking. Furthermore, fish have been found to respond to several other
types of anthropogenic and natural acoustic cues with abiotic as well as biotic origins in
both freshwater and marine environments [36,37]. While several studies have investigated
the impact of anthropogenic noise on fish [38,39], research addressing changes of riverine
underwater soundscapes and their effect on fish is sparse, and while bearing great potential,
it still represents a major challenge in the future.

The main purpose of this study is to investigate whether soundpeaking generated by
flood events induces a detectable behavioral response of adult chub, a fish species known
to be sensitive to acoustic stimuli, and adult brown trout, a fish species regarded as less
sensitive to acoustic stimuli. Furthermore, the aim was to characterize potential behavioral
responses and to derive new implications on how fish interact with the environment
based on their auditory sense. According to these objectives, the following hypotheses were
formulated: for both species, we hypothesize that soundpeaking affects the movement (H1a)
and the position (H2a) in the experimental area. We expected a stronger soundpeaking
effect on chub compared to brown trout (movement: H1b; position: H2b) due to the more
refined hearing of the former. We further hypothesized that soundpeaking affects the
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aggregation (H3) of individuals for chub but not in the case of brown trout, as this species
is known to be territorial in its adult life stage.

2. Material and Methods
2.1. Experimental Setup and Design

Trials were conducted during August 2021 at the HyTEC facility (Hydro-morphological
and Temperature Experimental Channels; https://hydropeaking.boku.ac.at, accessed on
21 November 2023) in Lunz am See, which is located at an altitude of approximately 600 m
in Lower Austria (47.85620, 15.03661). Here, an experimental area confined by a fine wire
mesh fence with dimensions of 3.9 m × 2.1 m (Figure 1) was installed inside an artificial river
channel and sourced with the surface water of lake Lunz via an underground pipe. Water
depths ranged laterally from 0–0.9 m and remained constant in the longitudinal direction
(Figure 2). Furthermore, six bricks were placed inside the experimental area on top of the
sediment (akal), representing qualitatively equal structural elements (Figures 1 and 2). In
addition, a small weir equipped with a ramp was installed approximately two meters
downstream of the experimental area. While the discharge was adjusted to approximately
155 l s−1, this structure led to an increase in water depth and homogenized flow veloci-
ties throughout the water column, creating a mesohabitat commonly described as a run.
Flow velocities were measured across a transect at the upstream and the downstream end
of the experimental area using a Marsh-McBirney Flo-Mate 2000 portable flow meter ©
(March-McBirney Inc., 4539 Metropolitan Court, Frederick, MD, USA) and ranged from 0
to 7 cm s−1. Furthermore, light conditions were adjusted by installing a roof equipped with
four large (8800 lm) and two small (2300 lm) halogen floodlights above the experimental
area. This measure was crucial in order to visually observe the fish during trials. For this
purpose, a camera (GoPro® HERO3 Black Edition; GoPro Inc., 3025 Clearview Way, San
Mateo, CA, USA) was positioned above the experimental area, which supplied a live video
stream at 60 fps in HD quality (1920 × 1080 pixels). Within the recorded video footage,
the experimental area which covered 1.098.880 pixels was further divided into three lat-
eral and three longitudinal transects. The lateral transects denoted deep (latd), shallow
(lats) and areas of moderate (latm) water depth (Figures 1 and 2) and covered an area
of 341,380 pixels (31%), 416,120 pixels (38%), and 341,380 pixels (31%), respectively. The
longitudinal transects denoted areas where the presence of a fish could potentially indicate
upstream (lonu), downstream (lond) or no displacement (lonn) amounting to 232,560 pixels
(21%), 625,600 pixels (57%), and 240,720 (22%) pixels, respectively. Furthermore, the light
intensity L and the water temperature T were continuously measured every 10 min by three
(S1–S3) HOBO UA-002-08 pendant waterproof temperature and light intensity loggers
(Onset Headquarters, 470 MacArthur Boulevard, Bourne, MA, USA) inside the experimen-
tal area (Figure 2). As a reference, another logger (S4) was positioned six meters further
upstream at a water depth of approximately 0.5 m where the artificial river channel was
not covered by the roof.

Before each trial, the experimental area was stocked with either three chub or brown
trout, which had been collected previously in a nearby stream originating from lake Lunz,
the Seebach (metarhithral). Fish were caught at least 24 h prior to the trial via electrofishing
and were kept afterwards in a basin equipped with a wooden cover. The cage was installed
inside the second artificial channel at the HyTEC facility, which was also fed by the surface
water of Lake Lunz. Because the length of fish (total length) ranged from 16–30 cm in case
of chub and from 16–29 cm in case of brown trout, each trial was conducted with three
fish of approximately three different sizes (small, medium, large). At least five control
and five treatment trials were conducted independently for each species where every
individual was used only once. In addition, individuals were allowed to adapt to the
new environment for one hour before each trial. This time period was chosen based on
Ladich and Fay [40], who demonstrated that the hearing thresholds of goldfish had largely
recovered from the effect of a white noise treatment after one hour. In order to assess the
impact of soundpeaking on the two species, the underwater soundscape of the Seebach
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(MQ = 1.54 m3s−1; [41]) was previously recorded during a high discharge event (9.24 m3s−1

peak discharge; [41]). Furthermore, a control treatment approach was applied where the
treatment consisted of the previously recorded soundscape (Figure 3) being played back
for the duration of the trial, while no sound was played during control trials. For this
purpose, an underwater speaker (Clark Synthesis AQ339 Diluvio; Clark Synthesis, 12905
Division Street Unit C, Littleton, CO, USA) with a frequency range of 0.02 to 17 kHz was
installed approximately two meters upstream of the experimental area at a water depth of
0.5 m. During the first two minutes of the trial, the sound pressure level (measured as the
energetic mean over all frequencies from 0.002 to 20 kHz) was increased from 90.3 dB re:
1 µPa (natural background noise in the artificial river channel) up to 113.7 dB re: 1 µPa. At
this level, the sound was played for approximately ten minutes before the sound pressure
level was again decreased down to the level of the background noise over a time period of
two minutes. The amplification of the recorded soundscape during treatment trials was
adjusted to match the sound pressure level that was measured during the recording in the
Seebach. Furthermore, the frequency response of the underwater speaker was adapted for
frequencies ≤ 500 Hz to match the actual amplitudes measured in the Seebach. The exact
duration of each trial was 14.06 min (846 s).
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indicated by the red line and the flow direction indicated by blue arrows. Large (H) and small (h)
halogen floodlights were installed upstream and downstream of the experimental area underneath
the roof. The underwater speaker (Sp) was positioned approximately two meters upstream of the
experimental area at a water depth of 0.5 m. The non-physical boundaries of the lateral transects
(latd, latm, lats) are indicated by black dashed lines, while those of the longitudinal transects (lonu,
lonn, lond) are indicated by white dashed lines. The six brown rectangular shapes represent bricks
positioned at the bottom of the channel.

2.2. Video Post-Processing and Tracking

In order to interpret coordinates referring to the positions of fish in the recorded
images (frames) as their position in the experimental area, the videos were post-processed
before tracking. This was necessary due to the wide-angle lens of the utilized camera which
caused a severe radial distortion effect. However, because the distortion coefficients of the
camera model could not be obtained, coefficients from similar models were adapted based
on a visual assessment of the undistorted frames. The relevant parameters of the intrinsic
camera matrix could not be obtained either, but they were available for a similar model
(GoPro HERO3 White Edition; GoPro Inc., 3025 Clearview Way, San Mateo, CA, USA) from
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the Argus open-source software [42]. The effects of those parameters in combination with
the previously adapted distortion coefficients were visually assessed and found to produce
an image with no visible distortion effects. The algorithm used to undistort individual
images from the recorded videos was implemented in Python 3.9.10, mainly using the
OpenCV 4.5.2 library [43]. Furthermore, the video footage was aligned according to four
fixpoints indicating the corners of the experimental area. While continually assessing the
displacement between corners and fixpoints visually, images were shifted along the x- and
y-axis, rotated around the image center and if necessary, also rotated along the x- and
y-axis. Next, fish were tracked manually in two frames per second. To achieve this, a
customized program was built in Python 3.9.10 using mainly the OpenCV 4.5.2 library.
After extracting the coordinates of each fish in each relevant frame, the generated data were
checked for plausibility. For this purpose, the missing coordinates in untracked frames
were interpolated based on the Euclidean distance between the position of a fish in the
previous and the following frame included in the tracking. In a next step, the coordinates
for each of the three fish used per trial were indicated in the video by three small circles,
each with a distinct color. The video was then played back at four times the normal speed
while errors such as inaccuracies were identified by comparing the movement of the fish
and the movement of the associated colored circle. The error generated during tracking was
estimated by repeatedly (ten times) tracking a single individual over a randomly chosen
period of 10 frames in a randomly chosen video. The x- and y-coordinates generated
showed deviations of up to 9 pixels, and therefore, the error generated during tracking was
taken to be ≤9 pixels. Moreover, the light refraction at the air–water interface led to an
additional error. However, the refraction magnitude depends on the entry angle, which
meant that the error increased with the distance from the center of the experimental area
from 0 to approximately ≤120 pixels. Furthermore, according to the refraction angle at
a specific point, the light deflection increased with the distance from the water surface.
Therefore, because the water depth at which individuals were located was not recorded,
the refraction error could not be accounted for. Hence, distances traveled by fish were
measured in pixels and not converted into metric units.
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Figure 3. Visualization of the flood soundscape played during treatment trials. The frequency range
has been limited according to the capacity of the utilized underwater speakers. Sound pressure levels
(SPLs) have been amplified to match a mean value of 113.7 dB re: 1 µPa, the overall sound pressure
level measured during the recording of the flood soundscape.

2.3. Data Analysis
2.3.1. Variable Calculations

To quantify different behavioral aspects, several variables were calculated based on the
coordinates referencing the xi and yi position of the fish in the experimental area at the time
i (seconds). Regarding the movement of fish, the variables used for the statistical analysis
included the distance traveled during trials D (pixels), the variance of the acceleration avar
(pixels) and the number of movement direction changes o∆. In order to determine D, first,
the velocity vi (pixels s−1) at which an individual had moved between i and i + 0.5 s after
the beginning of the trial was calculated according to Equation (1). Next, D was calculated
using Equation (2) with n = 2 × 846 according to the number of observations per individual
and the duration of the trial.

vi+0.5 = 2×
√
(xi − xi+0.5)

2 + (yi − yi+0.5)
2 ; i = {0, 0.5, 1.0, . . . , 845.5} (1)

D = ∑n
i

vi
2

; i = {0.5, 1.0, 1.5, . . . , 846} (2)

Regarding avar, first, the acceleration ai based on vi was determined as described by
Equation (3), which was followed by the calculation of avar according to the formula for the
variance of an independent subsample (Equation (4)).

ai = vi − vi−0.5 ; i = {1.0, 1.5, 2.0, . . . , 845.5} (3)

avar =
1

n− 1∑n
i=1(ai − a)2 ; i = {1.0, 1.5, 2.0, . . . , 846} (4)

The number of movement direction changes o∆ (Equation (7)) was based on orad
with π ≥ orad ≥ −π, which was calculated using the R-function “atan2” from the “base”
package [44] according to Equation (5). The function determined the movement direction
on a radiant scale where a value of 0 corresponded to movement in the upstream direction
and a value of π in the downstream direction (Figure 1). Accordingly, a value of 0.5 π
indicated movement toward the shallow area and a value of −0.5π indicated movement
toward the deep area (Figure 2). Here, it should be noted that calculations are based on the
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assumption that individuals did not conduct movement direction changes >180◦ in time
periods ≤0.5 s. In order to exclude movement direction changes at the time i (Equation (6)),
that may have only been caused by tracking inaccuracies, such were only counted if the
condition vi > 9 was fulfilled. Hence, individuals had to cover a distance larger than the
tracking error (9 pixels) in the previous 0.5 s. Furthermore, movement direction changes
were only counted as such if they exceeded a magnitude of 5◦ (Equation (7)).

orad,i = atan2(xi − xi−0.5 ; yi − yi−0.5) ; i = {0.5, 1.0, 1.5, . . . , 846} (5)

o∆,i =

{ ∣∣orad, i − orad,i−0.5
∣∣; ∣∣orad, i − orad,i−0.5

∣∣ ≤ π
2π −

∣∣orad, i − orad,i−0.5
∣∣; ∣∣orad, i − orad,i−0.5

∣∣ > π
; i = {1.0, 1.5, 2.0, . . . , 846} (6)

o∆ = ∑n
i 1
{

o∆,i ≥
2π 5
360
∧ vi > 9

}
; i = {1.0, 1.5, 2.0, . . . , 846} (7)

Regarding the aggregation of the fish, first, the distances d between the three individu-
als (a, b, c) were determined at each time i according to Equation (8). Next, an aggregation
index Ai with 1 ≥ Ai ≥ 0 was calculated, as illustrated by Equation (9), where amax was
the largest possible distance between the individuals in the experimental area. A value
of Ai corresponding to 1 therefore indicated that all individuals were located at the exact
same position, while a value of 0 indicated that the distance between them was as large as
possible considering the physical extent of the experimental area.

dab,i =
√
(xa,i − xb,i)

2 + (ya,i − yb,i)
2 ; i = {0, 0.5, 1.0, . . . , 846} (8)

Ai = 1−
(

amax

dab,i + dac,i + dbc,i

)
; i = {0, 0.5, 1.0, . . . , 846} (9)

In order to test the hypotheses relating to the position of fish in the experimental area,
each individual was assigned during each timestep i to one of the lateral transects (latd, latm,
lats) and one of the longitudinal transects (lonu, lonn, lond) defined in Figure 1 according
to its current position. For this purpose, the R-function “pip2D” from the “ptinpoly”
package [45] was used, which determined whether or not a location based on x- and y-
coordinates was located within a specified area. Every assignment to a specific transect
at a specific timestep was further interpreted as a period of 0.5 s spent within the area by
the individual.

Finally, for the purpose of identifying potential effects of abiotic variables on the
results of this study, the arithmetic mean of the water temperature Ti and the illumination
Li measured by the three sensors located inside the experimental area (S1–S3) was calculated
at each timestep i as well as the respective change T∆, i and L∆, i from i to i + 0.5 s. These
variables were then summarized over the trial time period (arithmetic mean) and compared
with variables describing the behavior of individuals.

2.3.2. Statistical Analysis

Variables were compared between control and treatment trials within species using the
data from the full time period of the trials. Additionally, the same analysis was conducted
using only the data from the first minute of each trial in order to investigate whether
individuals exhibited a response to the treatment that could only be observed initially.
Because the number of trials differed between groups defined by species and trial type
(control and treatment), a random subsample with the largest possible n was used during
the analysis in order to generate equal sample sizes across groups. In case of variables
that were summarized over the period of a trial per individual, subsamples consisted of
an even number of individuals per group. Regarding the aggregation of individuals (Ai),
subsamples consisted of an even number of observations at randomly chosen times during
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the trial. In total, seven control trials and six treatment trials were conducted with chub
as well as eight control trials and five treatment trials with brown trout. However, in
case of the latter species, eight individuals from five different control trials exhibited an
extremely low activity and remained at a single position for most or the full duration of
the trial. Because all other individuals were continuously moving throughout the trials,
the data gathered from those fish were excluded from the analysis. Furthermore, the
video footage of all individuals associated with outliers was visually examined, but since
no behavioral anomalies were detected that could justify an exclusion from the dataset,
no further individuals were excluded. Furthermore, the video footage from one of the
chub trials only included the first 12 min, which naturally decreased the observed covered
distance D. Therefore, this trial was fully excluded from the analysis. Finally, the sample
size regarding the movement (D, avar, o∆) and position variables (latd, latm, lats, lonu, lonn,
lond) amounted to 15 individuals per group. Regarding the aggregation of fish, the final
sample size equaled 5079 random observations during the trial per group.

Since all variables indicated either a non-normal distribution, heterogenous variances
or because the sample size was too small to test these assumptions, a non-parametric
approach was applied in order to test the hypotheses. Hence, Brown–Mood median tests
were conducted via the R-function “median_test” from the “coin” package [46]. Here,
the probability of a type one error was adjusted by applying the Bonferroni correction
according to the number of pairwise comparisons (α) made in order to test the hypothesis.
In case of statistically significant differences, the effect sizes were estimated according to
Cramér’s V [47]. All p-values were rounded to two decimal places, while significance
was assumed at the adjusted 5% (p < 0.05) significance level of 1.6% (p < 0.016; α = 3)
in case of positional variables and 2.5% (p < 0.025; α = 2) in case of proximity as well as
movement variables. Furthermore, confidence intervals were calculated. For this purpose,
an ordinary non-parametric bootstrapping method with 10,000 replicates was applied
using the R-function “boot” from the “boot” package [48]. Subsequently, basic confidence
intervals were calculated according to Davison and Hinkley [49] based on the bootstrapped
data by utilizing the R-function “boot.ci” from the same package. Finally, correlations
matrices with behavioral and abiotic variables were calculated according to Spearman’s ρ,
including approximated p-values indicating the probability of ρ = 0, using the R-function
“rcorr” from the “Hmisc” package [50].

3. Results
3.1. Abiotic Variables

While the water temperatures T only showed neglectable spatial variations (Table 1),
the light intensities L measured outside the roof construction (S4) were naturally much
higher and showed stronger fluctuations during trials (52,355.9–66.9 lm). Inside the ex-
perimental area (S1–S3), L fluctuated between 649.4–480.8 lm. Spearman’s ρ indicated a
negative correlation of the swimming distance D (−0.40) and of the variance of the accel-
eration avar (−0.52) with L as well as a positive correlation of lond (0.52) with L∆, which
were significantly different from zero. Therefore, the following results are to be interpreted
under the assumption that these correlations did not cause a problematic bias.

3.2. Movement

The results showed a trend indicating that both species covered larger distances during
treatment trials relative to controls. This trend was more pronounced for brown trout, which
also covered larger distances in general. However, differences of D (swimming distance)
were not significant between control and treatment trials in either species (Figure 4a). The
number of movement direction changes o∆ (Figure 4b) was significantly higher during
treatment trials in case of brown trout (Z = −2.51, p < 0.05) with an effect size estimated to
be moderate (V = 0.47). Regarding chub, no statistically significant difference was observed
in this regard. The variance of the acceleration avar (Figure 5a) showed no significant
difference between trial types in case of brown trout. Contrastingly, avar was significantly
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higher during treatment trials in case of chub (Z = −2.51, p < 0.05). The magnitude of this
effect was estimated to be moderate (V = 0.47). The analysis of movement variables during
the first minute of trials showed no substantial differences compared to the results of the
analysis over the entire trial period.

Table 1. Arithmetic mean and standard deviation of the water temperature T (◦C) and light intensity
L (lm) measured by four temperature and light intensity loggers. Only the data included in the
analysis was used. Additionally, the first row shows the arithmetic mean and standard deviation
calculated from Ti and Li.

Tmean Tsd Lmean Lsd

Ti; Li 16.4 1.0 543.6 35.0
S1 16.4 1.0 468.4 33.0
S2 16.4 1.0 628.3 90.7
S3 16.3 1.0 534.2 89.8
S4 16.7 0.9 12,078.8 10,615.5

3.3. Aggregation

Regarding the aggregation of fish Ai (Figure 5b), a weak (V = 0.28) but statistically
significant effect (Z = 40.49, p < 0.01) was observed, indicating that that the overall distances
between chub (median of Ai = 0.89, SD = 0.14) were smaller compared to brown trout
(median of Ai = 0.76, SD = 0.17). Furthermore, a significantly higher aggregation during
treatment trials was observed in case of both chub (Z = −11.76, p < 0.01) and brown trout
(Z = −11.09, p < 0.01) with weak effect sizes of V = 0.12 and V = 0.11, respectively. The
analysis of Ai during the first minute of trials showed no substantial differences compared
to the results from the full period.

3.4. Position

Both species were mostly residing close to the upper or lower end of the setup
(Figure 6). Regarding the percentage of time spent in different lateral transects (Figure 7),
no significant difference between trial types was observed in either species. However,
brown trout spent significantly (moderate to strong effect size; V = 0.60) more time in lonn
(Z =−3.23, p < 0.01) and less time in lonu (not significant) during treatment trials (Figure 8).
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Figure 5. (a) Variance avar of acceleration (pixels) from individuals of the species chub (Squalius
cephalus; left) and brown trout (Salmo trutta; right) during control and treatment trials. Data points
outside 1.5 times the interquartile range (thin whiskers) are indicated by triangular shapes. Points
of the same color within groups defined by species and trial type represent individuals from the
same trial. (b) Aggregation Ai of individuals from the species chub (Squalius cephalus) and brown
trout (Salmo trutta). Data points outside 1.5 times the interquartile range (thin whiskers) are depicted
in red; other values are depicted as black points. Ordinary bootstrapped confidence intervals (see
Section 2.3.2) are indicated in both plots by red whiskers. Statistical significance is indicated by an
asterisk. Images reproduced with permission from Wolfgang Gessl, www.pisces.at (accessed on 20
February 2022); 2023.
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Figure 6. Positions of individuals from the species chub (Squalius cephalus; left) and brown trout
(Salmo trutta; right) during control and treatment trials. Points in the background represent observed
locations (coordinates measured in pixels) of fish at different times during trials. A random subsample
of the data is plotted to generate equal sample sizes across groups where n = 25,395 (observations from
15 individuals per group). Images reproduced with permission from Wolfgang Gessl, www.pisces.at
(accessed on 20 February 2022); 2023.
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Figure 7. Time (%) spent within different lateral transects (latd, latm, lats) by individuals of the
species chub (Squalius cephalus; left) and brown trout (Salmo trutta; right) during control and treatment
trials. Data points outside 1.5 times the interquartile range (thin whiskers) are indicated by triangular
shapes. Points of the same color within groups defined by species and trial type represent individuals
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red whiskers. Images reproduced with permission from Wolfgang Gessl, www.pisces.at (accessed on
20 February 2022); 2023.
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Figure 8. Time (%) spent within different longitudinal transects (lonu, lonn, lond) by individuals
of the species chub (Squalius cephalus; left) and brown trout (Salmo trutta; right) during control and
treatment trials. Data points outside 1.5 times the interquartile range (thin whiskers) are indicated by
triangular shapes. Points of the same color within groups defined by species and trial type represent
individuals from the same trial. Ordinary bootstrapped confidence intervals (see Section 2.3.2) are
indicated by red whiskers. Statistical significance is indicated by an asterisk. Images reproduced with
permission from Wolfgang Gessl, www.pisces.at (accessed on 20 February 2022); 2023.

Contrastingly, chub shifted their position slightly from lond and lonn toward lonu.
However, this trend was not significant. The analysis of the longitudinal and lateral position
of individuals during the first minute of the trials did not produce any results that differed
substantially from those previously described.

4. Discussion

Firstly, it should be noted that the covered distance D is naturally correlated with
the number of movement direction changes o∆ (Spearman’s ρ = 0.97) and the variance of
the acceleration avar (Spearman’s ρ = 0.87). Nevertheless, such parameters based on the
movement of fish are commonly used to assess activity [51] and identify stress [52]. Overall,
the results of this study often showed an increase in these variables during treatment
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trials in form of a statistically significant effect or a trend. Thus, the results indicate that
soundpeaking affects the movement of fish and hence support H1a in case of both species.
However, the driver behind this behavioral response is not clear, and H1a is based on the
assumption that fish perceived the acoustic signal used to mimic a natural soundpeaking
event as such. In this case, an increased activity could, for example, be interpreted as a
repositioning in the surrounding environment due to an expected change in hydraulic
conditions. This would indicate that fish utilize acoustic information in order to react to a
changing environment and due to the fast speed of sound underwater, soundpeaking could
potentially function as an early warning system. On the other hand, if the acoustic signal
was perceived simply as noise rather than the soundscape associated with high discharge
conditions, an increased activity could also be interpreted as the attempt to find shelter or
other ways to escape a potential threat. Ultimately, this would mean that the study had
failed to investigate the formulated research questions, but since several measures were
undertaken to faithfully reproduce the recorded flood soundscape, it is assumed that this
was not the case. Nevertheless, it should be considered that despite prudent handling and
an adaptation time of one hour [40] prior to each trial, fish generally exhibited an unnatural
behavior manifesting in regular attempts to escape the experimental area.

Considering the increased activity during treatment trials, the question arises as to
whether soundpeaking not only acts as a behavioral trigger but also represents a source
of stress for fish due to an intense acoustic stimulation [38,53]. Smith et al. [54] showed
that goldfish (Carassius auratus) did not exhibit long-term physiological stress responses
when exposed to a white noise treatment. Yet, a significant increase in hearing thresholds
within ten minutes of noise exposure was observed and increased further until reaching a
maximum after 24 h. While it took goldfish 14 days to reach control hearing levels after
being exposed to white noise over a period of 21 days, the authors concluded: “hearing-
specialist fishes may be susceptible to noise-induced stress and hearing loss”. However, the
sound pressure level of the white noise treatment was substantially higher at 160–170 dB
re: 1 µPa compared to the present study (113.7 dB re: 1 µPa). Nevertheless, especially
chronic soundpeaking could potentially cause hearing thresholds to increase. Some Aus-
trian rivers, for example, are impacted by up to five daily hydropeaking events [55], which
as previously described, directly affect the sound pressure level. There are several poten-
tial consequences such as an increased predation mortality as demonstrated by Simpson
et al. [56] in a marine fish species (Pomacentrus amboinensis) or reduced foraging success [57].
However, the actual consequences of such a chronic exposure to soundpeaking are un-
known and on the population level likely masked by other effects of hydropeaking such as
stranding [58]. Furthermore, hearing specialists like the chub might be more susceptible to
acoustic stress compared to generalists like the brown trout, which as described earlier is
better adapted to noisier environments and possesses less sensitive hearing. This assump-
tion has been supported by Wysocki et al. [59] and Davidson et al. [60], which found no
long-term effects of different noise treatments on rainbow trout (Oncorhynchus mykiss) in an
aquaculture environment.

Another indication for stress induced by soundpeaking could lie in the slightly higher
aggregation (Ai) observed for both species during treatment trials in the present study.
Consequently, the hypothesis H3 stating that soundpeaking affects the aggregation of
individuals in case of chub but not in case of brown trout could only be partly supported.
According to the results from Magurran and Pitcher [61], minnows (Phoxinus phoxinus)
exhibited increased shoaling behavior as a response to a predatory threat. Hence, assuming
the degree of aggregation can be interpreted as the degree to which schoaling behavior
was exhibited, the observed increase during treatment trials could potentially represent
a reaction to stress. However, schoaling behavior is typical for chub but generally not
observed in adult brown trout, which are territorial. This raises the question as to whether
the observed effect could also be based on another motive.

Regarding the position in the experimental area, the absence of a soundpeaking effect
on the time spent in the different lateral transects could be due to several reasons. The
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assumption that fish generally do not tend to change their lateral position during floods
seems highly unlikely, since the often increased hydraulic forces require fish to move from
the central area of the riverbed to laterally located flow refugia [62]. In case of the present
study, a plausible reaction of fish could therefore have been a shift toward the shallower
area. However, zones of comparably low flow velocities were mostly located in the deep
lateral transect, which in combination with the limited spatial extent of the experimental
area might have led to the outcome that no effect was observed. Of course, another
possibility could also be that fish did not perceive the signal used to mimic soundpeaking
as such or did not react to it accordingly because other triggers such as an increase in flow
velocities were not experienced. Regarding the longitudinal position, firstly, it should be
mentioned that the overall preference of both species for the upper and lower transect
which indicate up- or downstream displacement, respectively, was most likely due to
fish attempting to escape the experimental area. Nevertheless, brown trout indicated a
significantly decreased upstream displacement during treatment trials, while no effect was
observed for chub in this regard. A reason for this observation could be that brown trout
are highly rheophilic, which is why soundpeaking may have been associated with a more
familiar habitat, reducing the undoubtably present stress caused by a novel environment.
However, the variability between trials and individuals regarding the time spent in different
lateral and longitudinal transects was high, and therefore, the discussed results should be
interpreted with caution. Nevertheless, the hypothesis that soundpeaking is affecting the
position of individuals in the experimental area (H2a) could only be supported in case of
brown trout but not in case of chub.

The hypotheses H1b and H2b stating that soundpeaking would, respectively, affect the
movement and the position of chub in the experimental area more strongly than brown trout
due to the more refined hearing of the former could not be supported. Such a pattern merely
existed in the variance of the acceleration (avar) but not in the other movement or positional
variables. Accordingly, the results of this study imply that the perceived magnitude of the
soundpeaking signal may not have been proportional to the magnitude of the behavioral
response. However, this statement is based on the assumption that the overall hearing
ability of a species is simply a function of sensitivities toward specific acoustic frequencies,
defining so-called hearing “specialists” and “generalists”. Yet, this does not take into
account the effect of different mechanisms by which acoustic signals and their properties
are perceived and processed. Popper et al. [63] stressed the necessity of considering
potentially even more important aspects of hearing including sound source localization,
discrimination between sounds and detection of sounds in the presence of masking signals.
Here, it should also be mentioned that certain behavioral responses might be triggered
by sound pressure thresholds of specific frequencies, combinations, or frequency patterns
instead of thresholds corresponding to the overall sound pressure level. Furthermore, as
the propagation of underwater sound strongly depends on the environment, the bricks
(Figures 1 and 2), the overall structure of the experimental setup, or missing properties
like sediment transport and turbulences may have affected the replication as well as the
propagation of the artificial soundscape. Hence, the responses of fish to the treatment may
have also been affected. Low frequencies (<1 kHz), for example, tend to rapidly decay in
shallow areas (cut-off phenomenon), and sediment transport causes a sound pressure peak
within the high frequency range (2–16 kHz), while air bubbles produced by turbulences
have the ability to scatter and absorb sounds [4,23]. Moreover, the sound pressure level of
the flood soundpeaking in this study was much lower than, e.g., soundpeaking recorded
during hydropeaking events (up to 135 dB re: 1 µPa in Lumsdon et al. [7]) and bankfull
flood events (up to 154 dB re: 1 µPa in Tonolla et al. [23]).

Finally, we would like to point out some implications that might help other researchers
avoid challenges and shortcomings in future studies: the problem of fish exhibiting un-
natural behavior could potentially be solved by allowing for longer adaptation periods,
utilizing a larger experimental area or by providing a more natural setting. However,
it should be noted that a larger experimental area would also require a more powerful
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acoustic setup. Regarding the present study, the utilized underwater speaker was merely
able to generate the original sound level observed during the recording of the soundscape.
Therefore, larger setups are likely to require an additional or several underwater speak-
ers. Furthermore, studies investigating acoustic stress in fish used substantially higher
sound pressure levels compared to the present study, which might be also relevant to
future research questions regarding soundpeaking. Another future challenge will be to
investigate other potential behavioral cues such as discharge, turbidity, temperature, or
olfactory stimuli in combination with soundpeaking as well as specific frequency ranges
and soundscapes. Furthermore, the manual tracking of individuals based on the video
footage required a major effort. Hence, the development of efficient automated tracking
algorithms such as machine learning approaches that can deal with a low contrast between
fish and the background may represent an additional but necessary challenge. Furthermore,
the utilization of a 3D rather than a 2D tracking system should be considered. This would
both generate additional positional information that may lead to more robust results or
further insights regarding the effect of soundpeaking on the behavior of fish and improve
tracking accuracy, since the positional information regarding the water depth would allow
accounting for the light refraction at the air–water interface. Finally, the investigation of fish
behavior based on movement variables, aggregation and position may be supplemented
by measurements of stress hormones such as cortisol [64].

5. Conclusions

The results of this study indicate that flood-generated soundpeaking is likely to affect
the movement of both chub and brown trout and may lead to a higher aggregation of
individuals. Furthermore, the results showed an effect on the longitudinal position of
individuals in case of brown trout but no effect regarding the lateral position in case of
either species. However, it should be mentioned that the results generally included a
substantial amount of variance between trials and individuals. Furthermore, it is not
clear whether the observed response was caused by the expectation of changing hydraulic
conditions associated with a flood, acoustic stress, or a combination of both. A stronger
soundpeaking effect on chub compared to brown trout due to the more refined hearing of
the former could not be identified. Nevertheless, soundpeaking may be utilized by fish in
order to adapt to changes in the environment and could potentially act as an early warning
system. Moreover, soundpeaking may represent an additional stressor that fish must face
in rivers impacted by hydropeaking, which outlines its relevance regarding future research
and conservation efforts.
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