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Abstract: Fish body orientation significantly influences the size obtained with hydroacoustic signals,
and thus the estimate of fish size and biomass. For this reason, each characteristic of a target’s
echo can be advantageous for developing algorithms to refine acoustic fish estimates. We measured
pulse-compressed broadband acoustic signals from tethered fish (common bream Abramis brama) in
different dorsal positions. Based on generalized additive mixed models (GAMM), we initially tested
the influence of the fish dorsal aspect on the amplitude echo envelope and amplitude echo descriptors
(amplitude maximum and amplitude echo length at seven different levels below the maximum) by
altering the fish dorsal orientation. Our study confirmed that the dorsal aspect influenced the shapes
of the amplitude echo envelopes in both fast- and slow-tapered pulses. Furthermore, we found that
echo lengths approximately 15 dB below the amplitude maximum, especially for fast-tapered signals,
could provide good characteristics of the echo-envelope shape for determining the fish dorsal aspect
and facilitating thus the conversion between acoustic target strength and true fish length.

Keywords: dorsal aspect; tilt angle; bream; matched-filter processing; ramping

1. Introduction

Use of underwater acoustics is a common technique for remotely and noninvasively
estimating the size and density of marine and freshwater fishes [1]. Unfortunately, acoustic
signals from targets are influenced by numerous factors such as the inherent properties of
the target, the orientation of the target’s body relative to the sound beam, the environment
and the acoustic observational system. In addition, acoustic signals lack unique characteris-
tics for species identification. Therefore, determining the actual size and species of targets
without assumptions or biological sampling is of great interest to users of noninvasive
monitoring techniques.

The current interest in broadband acoustics as a potential monitoring tool may shed
light on the problems of size determination and species identification [2]. Broadband
echosounders emit acoustic pulses that contain a continuous, wide range of frequencies,
usually extending linearly over an octave (the highest band frequency is twice the lowest
band frequency) or more. This frequency range can enable better characterization of ob-
served targets and potentially provide more information about fish characteristics, behavior
and species. However, broadband echosounders use long pulses (0.512 ms or longer) to
provide sufficient energy for the realization of individual frequencies.

These long pulses reduce the temporal or range resolution between observed targets,
which is determined as half the duration of the transmission pulse (0.4 m or longer at a
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sound speed of 1500 m/s). For this reason, broadband acoustics offers significant advan-
tages when combined with matched-filter processing, also known as pulse-compression
processing [3]. This technique was developed to improve the detection of a known signal in
the presence of random noise. The received acoustic signal is cross-correlated with a known,
noise-free “replica” signal (usually a transmission or calibration signal). After processing
a broadband pulse with the matched-filter technique, the resulting acoustic signal has a
higher amplitude and shorter duration, which greatly increases the range resolution. Thus,
the range resolution is independent of the duration of the transmitted pulse, as it is in
narrowband acoustics, and is determined based on the inverse signal bandwidth [4,5].
However, the drawback of this matched-filter technique is that it introduces artificial filter
sidelobes into the resulting acoustic signal that are related to the duration of the transmit
pulse and the frequency content of the signal. These filter sidelobes can complicate target
detection and characterization.

Most studies dealing with broadband signals have been devoted to target characteri-
zation in terms of species identification based on the frequency responses of broadband
signals (e.g., [6–9]). However, fish size does not appear to be a major factor in determining
frequency responses [10,11]. There are only a few studies that focus on examining broad-
band signals to obtain fish size and fish body orientation [5,12–14]. The most important
element in estimating the actual fish size is the strong dependence of the acoustic fish size
on the orientation of the body to the emitted sound (e.g., [15]).

Direct determination of the body orientation from an acoustic recording of free-
swimming fish requires considerable effort, but is an essential factor in increasing the
accuracy of target size determination and thus acoustic density estimation. Determination
of the fish orientation in stationary acoustic observations using acoustic tracking is straight-
forward when the direction of target motion on the acoustic record actually represents
the angle of body orientation of the moving target toward a transducer [16–19]. However,
for mobile acoustic surveying, this method is not entirely applicable, as observed fish can
consist of only a single or few echoes as a survey vessel passes relatively rapidly over the
targets. Additionally, most acoustic surveys are conducted at night, when fish scattered in
the open water may be sleeping or resting with their bodies oriented at angles differing
from their short fish tracks. Therefore, it would be ideal and advantageous to infer fish
orientation from the least data with the fewest assumptions [5].

In narrowband acoustics, the fish body orientation has a pronounced effect on the
duration and shape of the echo envelopes of large fish observed in side/lateral view [20].
At (near-)side angles, the echo envelopes are unimodal and symmetric, resembling the echo
envelopes of calibration spheres. As the oblique angle increases, the echo shapes become
less symmetrical as the number and spacing of peaks increase and the echo duration and
amplitude become more variable [20]. To decipher fish orientation from pulse-compressed
broadband acoustic signals, the study of Stanton et al. [5] demonstrated that body ori-
entation could be inferred if the fish length is known. Jaffe and Roberts [12] showed
that multiview acoustic systems are promising devices for inferring fish orientation, but
receiving backscatter at multiple angles can be challenging in practice. The studies by
Kubilius et al. [13,14] on artificial fish-like targets and tethered fish showed that broadband
acoustic pulses had a realistic potential for determining the true horizontal size of targets
using amplitude peaks representing individual target boundaries, but the determination of
body orientation was not considered. Kubilius et al. [13] anticipated that if the peaks of
the target’s boundaries were not identified, the length of the target’s echo could be used to
estimate the target’s size.

The goal of the work presented here was to investigate the potential for determining
dorsal fish orientation using the time-dependent amplitude of pulse-compressed broad-
band acoustic signals from a downward-facing transducer. We present experimentally
collected broadband data from a frequency range of 90 to 170 kHz, in which acoustic
backscattering was measured as a function of dorsal orientation (tilt angle) for a number of
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fish with different known sizes using either fast- or slow-tapered pulses. This study had
two objectives.

First, we examined the interaction between fish tilt angle from the dorsal aspect
and echo amplitude, expressed as acoustic target strength (TS in decibels, dB), in pulse-
compressed broadband acoustic signals. We anticipated that an increase in the fish tilt
angle would have an effect on the echo amplitude at both fast- and slow-tapered signals.

Second, we examined the effect of the fish tilt angle on amplitude echo descriptors,
particularly the amplitude maximum and echo pulse duration, here referred to as echo
length, at seven different levels below the amplitude maximum.

2. Materials and Methods
2.1. Experiment with Fish Observed in Dorsal Aspects
2.1.1. Experimental Site

Hydroacoustic experiments with fish at specific dorsal positions were conducted in
the open water of the Římov reservoir (16 km south of České Budějovice, Czech Republic).
The entire system was mounted in a floating boat garage, which was a suitable working
platform and provided weather protection for the equipment and experiments. The water
column under the garage was approximately 5 m deep, and its temperature profile was
constant during the experimental period in June 2020.

2.1.2. Hydroacoustic Description and Settings

The experimental hydroacoustic data were collected using a compact version of a
Simrad EK80 Wide Band Transceiver (WBT Mini) and a Simrad ES120-7C split-beam
transducer with a nominal center frequency fnom at 120 kHz. The entire echosounder was
operated with Simrad EK80 software (Simrad, Kongsberg Maritime AS, Horten, Norway)
and calibrated with a 38.1-mm sphere of tungsten carbide (WC) containing 6% cobalt
binder [21]. The system was set to transmit frequency-modulated upsweep pulses over a
frequency band from 90 to 170 kHz with a pulse duration of 0.512 ms. The transmitted
signals were either fast-tapered (fast ramping: the first two and last two wavelengths
were smoothly tapered with a half cosine wave) or slow-tapered (slow ramping: half the
pulse duration to reach maximum amplitude and the remaining half to decay [22]). The
transducer was placed on the bottom below the working platform and supported by a float
to balance the transducer sound beam to aim perpendicular to the water surface (Figure 1).

2.1.3. Experimental Procedure

In this study, seven individuals of the common bream Abramis brama (L.) ranging
in size from 20.5 to 40 cm were examined (Table 1). Bream is a slender and deep-bodied
species with a two-chambered swim bladder and is one of the most common cyprinid
species in Central Europe. All subjects were electrofished in a tributary of the reservoir as
part of an ongoing biomanipulation (removal of planktivorous fish from the reservoir) and
confined in a special enclosure prior to the experiments.

Prior to the experiment, each fish was anesthetized with tricaine mesylate (MS-222)
and their standard length, total length, and weight were measured. The anesthetized
fish were then carefully tethered upside-down in a frame with 0.3 mm fishing lines (see
also [15,23]). Briefly, three fishing lines were sewn into the jaw, tail and abdomen of the fish.
The head and tail lines were tightened to the lower ends of the vertical metal bars of the
frame, while the abdomen line was attached to the center of the frame’s horizontal rig. The
head, tail and abdomen lines were slightly stretched to keep the fish in a straight, upright
position in the water. The frame with the tethered fish was then placed over the location
where the transducer rested on the bottom and lowered into the water so that the fish was
approximately 1 m below the water surface and directly above the transducer (Figure 1).
At this depth, acoustic signals from fish have been empirically verified to be unaffected by
the water surface. Each tethered fish was recorded at nine discrete dorsal angular positions
with a step size of 10 degrees in a span of 80 degrees, with the central angle represented as
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zero degrees, where the fish was positioned in the true dorsal aspect. We started at an angle
of −40 degrees with the fish head tilted toward the transducer (head-up dorsal orientation
in the natural position) and with the echosounder emitting fast-tapered acoustic pulses. At
each angle, the fish remained stable for two minutes to ensure that the natural variability
of the fish’s acoustic signal was captured. The fish was then moved to the subsequent
tilt angle position until the tilt angle was +40 degrees, with the fish tail tilted toward the
transducer (head-down dorsal orientation in the natural position). Recording was then
stopped, the echosounder was reset to slow-tapered pulses, and the entire process was
repeated in the reverse order (i.e., from a tilt angle of +40 to −40 degrees).
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Figure 1. Illustration of experimental design for collecting hydroacoustic data of anesthetized fish of
known size with controllably adjustable dorsal body orientation. (A) Fish positioned in true dorsal
body orientation. (B) Fish positioned at tilt angle with head closer to the transducer, i.e., in head-up
dorsal orientation.

Table 1. Body measurements of the common bream Abramis brama (L.) observed in dorsal aspect
using pulse-compressed broadband acoustic pulses. The data is sorted in ascending order of fish size.

ID Standard Length
[mm] Total Length [mm] Weight [g]

bream5 165 205 94
bream1 170 225 120
bream3 205 255 186
bream6 240 295 304
bream2 290 355 518
bream4 310 375 628
bream7 325 400 622

Due to the ongoing biomanipulation in the reservoir, no captured planktivorous fish
were allowed to be returned to the reservoir. Therefore, each fish was placed back into the
anesthetic bath after the recording and humanely euthanized.
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2.2. Data Processing and Analysis
2.2.1. Extraction of Amplitude Echo Envelopes

All post-processing of hydroacoustic data was performed using Sonar5-Pro software
(CageEye AS, Oslo, Norway). The split-beam transducer received returning signals from
observed targets in four quadrants to allow beam directivity compensation [1]. Each of
the four quadrants (Q) of the transducer provided a column of complex numbers in a
matrix, with an increasing row number indicating an increasing range from the transducer.
Thus, each row represented one range bin (approximately 0.4 cm each at a sound speed of
1481 m s−1). The matched-filter algorithm was run in Sonar5-Pro on the recorded matrix to
generate a new similar matrix of complex numbers. The amplitude (A) for each range bin
was obtained by averaging all the values in each range bin as shown below:

−
Ar,c =

1
4

4

∑
q=1

Qr,q (1)

where c represents a complex number, r represents the range bin, and q represents the
column (1–4). For each r, a final amplitude value was then calculated as follows:

−
Ar =

√
−
A

2

r,Re +
−
A

2

r,Im (2)

where Re is the real part and Im is the imaginary part. This amplitude value was modified
by the echosounder receiver impedance and the appropriate sonar equations to obtain the
actual acoustic size, presented as acoustic target strength (TS) in decibels (dB).

For each fish, fish tilt angle, and signal ramping, we extracted more than 50 random
samples (104 ± 18 samples on average ± SD) to capture the variability of signal data. The
sample was normalized to 100 percent of the given pulse duration, represented by 203 range
bins. Since the target was stable in the acoustic beam, the target produced a horizontal
line of echoes in the amplitude echogram. Sampling with Sonar5-Pro was then performed
by tracing a line longitudinally across the horizontal recording of the fish; the software
automatically took random samples from the recording and centered them according to
their highest peak of amplitude backscatter at the sampled locations. Each sample was
saved as an individual .txt file.

2.2.2. Extraction of Amplitude Echo Descriptors

To characterize the shape of the amplitude echo envelope, the study focused on the
maximum of the amplitude and the echo pulse duration, here referred to as echo length.
From each sample, we extracted the maximum value (AMAX) and echo length (EL) at
seven specified levels. To set length levels relative to all fish sizes and tilt angles, the
length level was determined as a difference from AMAX. AMAX was considered the least
influenced value, since the lowest amplitude values might be influenced by ambient noise.
We empirically chose length levels at 3, 6, 9, 12, 15, 18 and 24 dB below AMAX, where EL3dB
represents the highest level and EL24dB represents the lowest level. To calculate EL at a
specified level, the maximum and minimum row values for all amplitude values higher
than the specified level were subtracted (i.e., EL equals the number of amplitude range bins
at the given level).

2.2.3. Modeling of Amplitude Echo Envelopes and Descriptors

The data were statistically modeled using the generalized additive mixed model
(GAMM) approach based on the general formulation of the generalized additive model
(GAM, [24,25]) with a full-rank penalty allowing for random effects. The smoothing effects
were implemented as complexity-penalized splines [25,26].

In particular, we used two model types: M1 for the raw measurements (the observed
amplitude profile measured along time within a pulse) and M2 for derived characteristics
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from the time profile (AMAX and ELs derived for the profile at each combination of the
individual body angle × fish × replication separately). Each model was fitted separately
for fast and slow ramping data; specifically, we effectively stratified the ramping type,
allowing all effects to potentially interact with ramping type.

The models were formulated after preliminary exploratory data analysis (EDA, [27])
as follows:

Model M1:

Yita = µ + bi + ssize(sizei) + sangle pro f ile(a, t) + εiatr (3)

where:

• Yita is the response (such as the measured amplitude) for fish i, angle a, time t (within
a pulse) and replicate r;

• µ is the (unknown) intercept parameter;
• bi ∼ N

(
0, σ2

b
)

is the individual-specific random effect (distribution of which depends
on unknown variance parameter σ2

b );
• ssize is an (unknown) smooth component (function of one variable), implemented as a

thin-plate spline [28];
• sangle pro f ile is an (unknown) smooth component (function of two variables), imple-

mented as a factor smooth interactive term (called “factor smooth interactions”, [25]).
This term formalizes the interaction between (within-pulse) time and angle. Specifi-
cally, it allows for time profile deformation in relation to the body angle. This is a key
term with respect to the main purpose of the study;

• εit ∼ N
(
0, σ2) is a (theoretical) residual with unknown variance parameter σ2.

Model M2:
Yia = µ + bi + β.sizei + sangle(a) + εiar (4)

where:

• Yia is the response (AMAX or EL) for fish i, angle a and replicate r;
• µ is the (unknown) intercept parameter;
• bi ∼ N

(
0, σ2

b
)

is the individual-specific random effect (whose distribution depends
on unknown variance parameter σ2

b );
• β is an (unknown) parameter (slope);
• sangle is an (unknown) smooth component (function of one variable), implemented

as a thin-plate spline [28]. This is a key term with respect to the main purpose of the
study (when focusing on characteristics derived from the profile).

The models were identified as follows: parameters (such as µ, σ2
b , σ2, β) and smooth

components used as “functional parameters” (such as ssize, sangle pro f ile, sangle) were esti-
mated via maximum penalized likelihood [25], and unknown penalty coefficients were
estimated via the restricted maximum likelihood (REML) procedure [29] for M1 and via a
generalized cross-validation [30] for M2.

2.2.4. Software

All data extracted from the hydroacoustic recordings were manipulated, analyzed
and visualized in R software (version 4.2.0; [31]) using the integrated packages, the dplyr
package [32], and the ggplot2 package for visualization [33]. Specifically, GAMM modeling
was performed with the mgcv package [25]. For model M1, we used the big-data imple-
mentation of GAM [34] due to a rather large amount of raw data (more than 1 million rows
for each ramping set).
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3. Results
3.1. Interaction between Fish Tilt Angle and Amplitude Echo Envelope

Amplitude echo envelopes of seven differently sized bream were observed in differ-
ent dorsal orientations using pulse-compressed fast- or slow-tapered broadband pulses
(Figure 2).
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and slow-tapered acoustic pulses. 

The collected amplitude echo envelopes were modeled using the GAMM approach, 
based on more than one million observations for each fast and slow ramping. The shapes 
of the modeled amplitude echo envelopes gradually changed from the true dorsal angle 
to oblique tilt angles (Figure 3), which were represented by decreasing and less 
pointed/tailed curves (i.e., the kurtosis of the curves decreased to the oblique tilt angles). 

Figure 2. An example of raw amplitude data for a 295-mm-long bream observed in given dorsal
orientations (0◦ correlates to the true dorsal aspect; negative angles correlate to the head tilted toward
the transducer; positive angles correlate to the tail tilted toward the transducer) using fast- and
slow-tapered acoustic pulses.

The collected amplitude echo envelopes were modeled using the GAMM approach,
based on more than one million observations for each fast and slow ramping. The shapes
of the modeled amplitude echo envelopes gradually changed from the true dorsal angle to
oblique tilt angles (Figure 3), which were represented by decreasing and less pointed/tailed
curves (i.e., the kurtosis of the curves decreased to the oblique tilt angles). This change was
more pronounced for slow-tapered than fast-tapered acoustic pulses (Figure 3).
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Figure 3. Amplitude echo envelopes modeled using the generalized additive mixed model M1 for
given individual tilt angles (0◦ correlates to the true dorsal aspect; negative angles correlate to the
head tilted toward the transducer; positive angles correlate to the tail tilted toward the transducer) in
fast- or slow-tapered acoustic pulses. Individual curves correspond to the plot of sangle profile (a, t) for
given angle a.
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The GAMM model (M1) for the interaction between fish tilt angle and amplitude echo
envelope was able to explain 82.3% and 76.7% of the overall deviance, respectively, and
identified all individual observed tilt angles as the most significant explanatory variables
for both fast- and slow-tapered signals (Table 2). The effect of the size of the observed fish
(20–40 cm) was statistically significant, but explained the least variation in the data within
the amplitude profile (Table 2).

Table 2. Results of the generalized additive mixed model M1 assessing variation in individual
model components for fast ramping (n = 1,202,670; deviance explained = 82.3%; restricted maximum
likelihood score (REML) = 3.9 × 106; Akaike information criterion (AIC) = 7,887,672) and for slow
ramping (n = 1,058,036; deviance explained = 76.7%; REML = 3.9 × 106; AIC = 7,769,839). The effective
degrees of freedom (edf), F statistic (F) and the probability value of the statistic (p) are represented.

Ramping Model M1 Component edf F p

fast bi 5 2441 <2 × 10−16

ssize 1 87 <2 × 10−16

s50 14 33,001 <2 × 10−16

s60 14 40,008 <2 × 10−16

s70 14 49,688 <2 × 10−16

s80 14 44,410 <2 × 10−16

s90 14 40,766 <2 × 10−16

s100 14 47,679 <2 × 10−16

s110 14 41,846 <2 × 10−16

s120 14 40,478 <2 × 10−16

s130 14 44,044 <2 × 10−16

slow bi 4 4662 <2 × 10−16

ssize 1 18 <2 × 10−16

s50 14 25,782 <2 × 10−16

s60 14 26,706 <2 × 10−16

s70 14 24,904 <2 × 10−16

s80 14 28,241 <2 × 10−16

s90 14 29,702 <2 × 10−16

s100 14 25,088 <2 × 10−16

s110 14 27,635 <2 × 10−16

s120 14 29,312 <2 × 10−16

s130 14 24,902 <2 × 10−16

3.2. Interaction between Fish Tilt Angle and Amplitude Echo Descriptors

The results of the GAMM models (M2) for the interaction between the fish tilt angle
and individual amplitude echo descriptors at the pulse-compressed broadband acoustic
signals are shown in Table 3. Interestingly, the random effect bi was similar between both
fast- and slow-tapered acoustic pulses, allowing possible comparison of sangle between
two ramping sets. Most importantly, the effect of fish tilt angle sangle showed that the
greatest influence was found on AMAX for fast-tapered pulses, while it was not pronounced
in slow-tapered pulses. In the general view of EL, there was an increase in the effect of
the fish tilt angle on EL from the highest level (EL3dB) to EL18dB and EL15dB for fast- and
slow-tapered acoustic signals, respectively. Thereafter, the effect of the fish tilt angle on
EL decreased.
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Table 3. Results of the generalized additive mixed model M2 for the amplitude maximum (AMAX) and
echo lengths (EL) at several levels assessing their explained deviance, generalized cross-validation cri-
terion (GCV), and variation (F = F statistic) in their components of bi (effective degrees of freedom = 5,
p-value = <2 × 10−16) and sangle (effective degrees of freedom = 7, p-value = <2 × 10−16) for fast
(n = 5928) and slow ramping (n = 5212).

Deviance Explained [%]
F

Ramping Explanatory GCV bi sangle

fast AMAX 61 6 91 7580
EL3dB 17 28 51 128
EL6dB 20 71 39 170
EL9dB 35 93 108 311
EL12dB 52 87 124 556
EL15dB 71 61 164 1308
EL18dB 81 40 127 2342
EL24dB 61 104 127 875

slow AMAX 46 9 92 193
EL3dB 24 39 76 66
EL6dB 31 46 44 178
EL9dB 62 38 103 738
EL12dB 68 52 186 1003
EL15dB 71 63 175 1031
EL18dB 69 77 124 852
EL24dB 51 187 57 464

Generally, the effect of the fish tilt angle on the given amplitude echo descriptors was
not straightforward, and it differed between fast- and slow-tapered acoustic signals and
between head-up and head-down dorsal orientations (Figure 4).

The effect of the fish tilt angle on AMAX was relatively low. The maximum of AMAX
was shifted to the head-down positions, 5 and 10 degrees off the true dorsal aspect at
fast- and slow-tapered signals, respectively. This indicates that the strongest reflection
(largest incident area of swim bladder) did not come from the true dorsal position but
from the position in which the fish was slightly tilted with its tail closer to the transducer
(head-down dorsal orientation). Moreover, the effect of the fish tilt angle on AMAX generally
decreased faster for the head-down than for the head-up dorsal orientations.

The effect measures of the fish tilt angles on EL, in general, increased with a decreasing
level below AMAX for both fast- and slow-tapered acoustic signals, suggesting that the
highest levels would not be appropriate for determining fish tilt angles. In most cases,
the effect minimum was slightly shifted to the head-down dorsal orientation and was
most noticeable at slow-tapered acoustic signals. The effect measure was dissimilar and
changed at different rates toward the oblique tilt angles between the head-up and head-
down dorsal orientations. The head-down dorsal orientation showed higher rates for the
effect measure. The most stable and symmetrical shapes of the effect of the fish tilt angle on
EL between the head-up and head-down dorsal orientations were observed at EL15dB and
EL18dB, especially for fast-tapered acoustic signals, indicating that these two levels could be
the most appropriate candidates for determining fish tilt angle.
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Figure 4. Effect of the fish tilt angle (0◦ correlates to the true dorsal aspect; negative angles correlate to
the head tilted toward the transducer; positive angles correlate to the tail tilted toward the transducer)
on the amplitude echo descriptors in the fitted generalized additive mixed models (GAMM) for fast-
and slow-tapered broadband acoustic pulses. A black line represents a smooth component (function
of one variable) implemented as a thin-plate spline, with a gray area representing a 95% confidence
interval. AMAX stands for the amplitude maximum. EL stands for the echo length at several levels,
expressed as the number of decibels below AMAX (dB; labeled as a subscript). Note the different
y-axis scales.

4. Discussion

Fish orientation in both the dorsal and more prominent lateral directions is crucial
in obtaining true fish size from acoustic records. To determine the fish dorsal orientation
with broadband pulses, we performed an experiment with the fish tethered in the dorsal
aspects. We initially anticipated obtaining a relationship of frequency response with
other accompanying parameters (amplitude, phase, alongship and athwartship angles).
However, in our case, this was not feasible. There were no apparent patterns in the
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frequency responses that could be linked to the fish orientation. Moreover, the efficacy
of the commonly used random decision forest [35] we applied was less than 60% for all
parameters included (unpublished data). The only pattern we noticed was distinguishable
changes in amplitude echo envelopes with the fish dorsal orientation (Figure 2) in both the
fast- and slow-tapered pulses.

The relationships of our primary interest, i.e., how the amplitude echo envelope
changes with the fish tilt angle, or how a particular summary of the amplitude echo en-
velope (indeed, a function we commonly refer to as a “descriptor”) changes with the tilt
angle, are complex and inherently nonlinear. On the other hand, the exact mathematical
form of these relationships (described by functions) was not known a priori. Therefore,
the powerful technique of fitting concrete nonlinear parametric models could not be used.
Instead, we fitted a semiparametric model where part of the model was specified non-
parametrically. In particular, we used the GAMM approach with complexity-penalized
splines (where the penalization coefficient is not specified a priori, but is estimated from
the data using generalized cross-validation). In this way, we could use highly flexible
but not overly complex (due to the complexity penalty) functional forms derived from
real data properties. This is a significant advantage over the a priori choice of a (possibly
poor) parametric model. In particular, the semiparametric approach overcomes serious
biases introduced by the easy/convenient choice of general parametric models. Each model
answers a different question. The drawback of the M1 model is that each measured angle
is treated separately, with no continuity between them (we also used an alternative model
that allows interpolation between observed angles via a tensor-product spline approach,
but we do not present its results here because of the more difficult interpretation). In the
case of the M2 model, however, the effect of the tilt angle is estimated for the entire range
of the tilt angle, at the cost of working with a summary of the amplitude echo envelope
(which we call a “descriptor”) instead of the full time-profile of the amplitude (as in the
case of M1).

The changes we observed in the shape of echo amplitude are generally supported by
earlier studies for both narrowband [20] and broadband acoustics [5,36]. All the studies,
including ours, found that echo length increased with increasing fish angle (Figure 1) and
that echo complexity increased with fish angle (as seen in Figure 2). In terms of ramping,
slow-tapered signals could have better potential for determining the tilt angle, since more
distinct and clearer changes in echo lengths between the measured tilt angles were observed
(Figure 3). Similarly, Kubilius et al. [13,14] showed that the target’s peaks were more
prominent and clearer in slow-tapered signals. Additionally, Lavery et al. [37] showed that
slow-tapered signals had better performance in distinguishing close targets. The reason
for this was that slow ramping suppressed the filter sidelobes that were artificially created
by the matched-filter processing. Although wider, the slow-tapered signal was clearer
and more defined in its shape. In contrast, fast ramping provided a narrow target peak
surrounded by the filter sidelobes. We believe that changes in echo length could then be
more pronounced and not masked by the filter sidelobes in slow-tapered pulses.

According to model M2 for AMAX, the results confirm that the maximum TS of backscat-
ter from the dorsal aspect is at a slight head-down tilt for most fish (e.g., [36,38]). This
corresponds to the position of the swim bladder, which predominantly contributes to
the backscatter [39,40]. In common bream, the swim bladder contains two chambers; the
second chamber is larger and typically cone-shaped, with a downward-curved end in
older fish (e.g., [41]). The deviation of the maximum value from the true dorsal aspect was
five and almost ten degrees off the true dorsal aspect for fast- and slow-tapered signals,
respectively. This needs to be considered for the future development of algorithms to avoid
underestimation of fish size.

With respect to echo length, the study showed that the most promising candidates
were EL at levels approximately 15 dB below the maximum, where the effects were most
significant and least variable. The situation is especially applicable to fast ramping, where
the curve of the given effect was symmetrical, meaning that whether the fish was positioned
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in either the head-up or head-down angles, the determination of the fish body’s inclination
would be the same for both sides. The potential of echo length for determining the fish
orientation and size agreed with the anticipation of Kubilius et al. [13]; if the peaks of
the boundaries could not be used, as proposed by their study, then the echo length could
be useful for determining the true fish size. If fast ramping is preferred due to its higher
signal-to-noise ratio or spectral information, the echo length at these levels could be one of
the characteristics of the amplitude echo envelope that could help to resolve the orientation,
and thus the size, of the fish. However, our dataset was retrieved in conditions with
high signal-to-noise ratio; therefore, we realize that the convenient lengths (approximately
15 dB below the main peak) could be masked by the surrounding noise, and consequently
problematic for their utilization in a natural environment.

5. Conclusions

The recent spread of broadband systems among fish biologists necessitates studies
considering all possible aspects and limitations of this equipment. To date, published
studies regarding fish sizing with broadband sonars have been experimental, with objects
observed in fixed, straight positions, reducing the natural variability of acoustic signals.
The reality of quickly moving fish, or even fish sleeping in various positions and with
bodies not in straight lines, increases the variability in the data, making estimation of their
true sizes very challenging. Our study showed the potential of echo length at certain levels
below the maximum to be a good candidate for the future development of algorithms for
determining fish orientation, and thus facilitating the conversion between TS and length.
Our experiments should be enhanced by the observation of free-swimming fish to verify
the applicability of these echo length descriptors for inferring fish orientation.
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