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Pattern of target strength (TS) during 360° rotation in the horizontal plane was studied for six com-
mon European fish species: brown trout (Salmo trutta), perch (Perca fluviatilis) bream (Abramis brama),
roach (Rutilus rutilus), carp (Cyprinus carpio), and bleak (Alburnus alburnus). Trout and perch have one-
chambered swimbladders, and the other species have two-chambered swimbladders. In general, the
lowest TS was recorded when the head or tail faced the sonar beam and the highest values when the

Keywords: side was perpendicular to the sonar beam. The TS distribution differed between fish with one- and two-
E?Srfﬁ strength chambered swimbladders. For two-chambered fish, the TS transition between minima and maxima was
Swimbladder linear, and the median of the TS value was similar to the mean. For one-chambered fish, TS distribution
Horizontal was skewed and the median TS was considerably smaller than the mean. The relationship between TS and
Acoustics fish aspect relative to the sonar beam, can be described by a linear model for fish with two-chambered

swimbladders and by a quadratic model for fish with one-chambered swimbladders. This study provides
new general equations for modeling the dependence of TS on any body aspect in the horizontal plane as
well as equations for common European fish species.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Acoustical observation of the fish stocks in both freshwater
(Kubecka and Wittingerova, 1998; Knudsen and Seagrov, 2002) and
saltwater (Pedersen et al., 2009) often depends on a horizontally
directed sonar. When observed horizontally, the orientation of the
body axis of the fish in relation to sound beam axis is not known,
i.e., the fish may be observed at any position along a 360° circle
(Tuser et al., 2009). The aspect of the fish relative to the sound beam
greatly influences the target strength (TS) (Frouzova et al., 2005).
Target strength is highest when the side of the fish is perpendicular
to the sonar beam (side aspect), and lowest when the fish is in head
or tail aspect.

The difference between maximum and minimum TS as a con-
sequence of fish aspect is usually more than 20 dB (Kubecka, 1994;
Frouzova et al., 2005) and it can lead to under- or overestimation
of fish size and consequently to under- or overestimation of the
biomass of the fish population.

Kubecka (1994) and Lilja et al. (2000) reported that when a fish
turns on a horizontal plane relative to the sonar sound beam, a plot
of TS values produces a sinusoidal curve. Lilja et al. (2000) adjusted
this equation by including the effects of body length and another
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constant, which varied with fish species (salmon, pike and white-
fish). In a “carousel experiment”, in which fish are turned on a
horizontal plane relative to a sonar beam, Frouzova et al. (2005)
suggested that the TS pattern might differ between fish species
with one- and two-chambered swimbladders. The current study is
a continuation of the carousel experiment (Frouzova et al., 2005).
The first aim of this study was to determine whether the TS pattern
generated when fish turn 360° relative to a sonar beam differed
between fish with one- and two-chambered swimbladders and
whether these differences vary with fish size. The second aim was
to develop general equations for modeling the dependence of TS
on any body aspect in the horizontal plane as well as to develop
equations for common European fish.

2. Materials and methods
2.1. Materials

All data were collected in a concrete pond of 12x5x2m
(length x width x depth) using a “fish rotating carousel” (Frouzova
et al., 2005). The fish used in the experiment belonged to the fam-
ilies Salmonidae - brown trout (Salmo trutta); Percidae — perch
(Perca fluviatilis); and Cyprinidae - bream (Abramis brama), roach
(Rutilus rutilus), carp (Cyprinus carpio), and bleak (Alburnus albur-
nus). All of these fish have a plain, cylindrical swim bladder but trout
and perch have one-chambered swim bladders whereas the other
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species have two-chambered swimbladders. The fish ranged from
72 to 710 mm in total length and from 4 to 6913 g in body mass.
The species and size ranges are representative of the fish commonly
found in fresh water reservoirs in Central Europe.

2.2. Experimental setup

The experimental setup was described in detail in Frouzova
et al. (2005). All fish were stored for up to 2 days in an aerated
10001 tank before the experiment. Each fish was anesthetized with
MS 222 (Sandoz) immediately before the experiment, and its total
length was measured. The fish was then mounted in the carousel.
The frame, with the still anesthetized fish, was then mounted on
the rotator with the side of the fish facing the sonar transducer
(see next section); this aspect of the fish relative to the transducer
was defined as 90°. The distance between the fish and the trans-
ducer was about 6 m. The transducer’s pan and tilt were trimmed
so that the fish were exactly aligned with the acoustic axis of the
beam. With the carousel always rotating counterclockwise, all fish
thus produced the same sequence of side, head, side, and tail. Sev-
eral turns were recorded. The pinging of the echosounder and the
rotation of the carousel were started simultaneously. One complete
rotation took about 4 min. With a ping rate of 10 pings per second,
2400 measurements were obtained from each cycle.

2.3. Acoustic equipment and measurement

A Simrad EY 500 split beam echosounder recorded the acous-
tic data. The echosounder was equipped with an ES120-4 elliptical
transducer (120 kHz sound frequency with a nominal beam angle
of 9.1 x4.3°). The transducer was mounted on a remotely con-
trolled Subatlantic pan and tilt rotator with the ‘along ship’ axis
facing vertical in the water. The echosounder was set to store
echo trace, sample angle, and sample power telegrams at a ping-
rate of 10 pings per second. The duration of the transmitted pulse
was 0.1ms, and the bandwidth was set to 12kHz (wide). The
telegrams for storage of echograms were set to record 250 echo
samples with a range of 15m and with the TVG 40logR indi-
cating a point-spread model. The attenuation coefficient was set
to 6dBkm~! (Francois and Garrison, 1982). The echosounder’s
single-echo-detector parameters were set to accept echoes with
a minimum value of —72dB (threshold), minimum echo length
of 0.8, and maximum echo length of 1.5 times the transmitted
pulse length. Maximum gain compensation was 5dB, and maxi-
mum phase deviation was 10. Further explanation of these criteria
is in the SIMRAD manual (1994). We used this wide setting to
ensure capture of as many detections from fish as possible. The
echosounder system was calibrated every day with a 23-mm cop-
per calibration sphere located 6 m from the transducer in the same
distance like the experimental targets, and background noise level
peaked at around —75 dB.

2.4. Data processing

The raw echo data were first processed with Sonar5-Pro (Balk
and Lindem, 2006) and then with MS Excel software as described
in Frouzova et al. (2005). The echoes from two or more complete
turns were processed. Single echo detections of fish were separated
from noise detections. Only detections within +3° on the ‘athwart’
axis and +2° on the ‘along ship’ axis were accepted for processing.

Some statistical post-processing (descriptive statistics, correla-
tions, regressions, and t-tests) was also carried out in Excel 6. The
basic characteristics of a normal distribution, such as the skewness
of the TS distribution of all records of fish rotating 360° in a hori-
zontal plane (Fig. 1), were calculated using Statistica. The general
linear model in Statistica was also used to compare the effect of

Table 1

Quadratic model M describes the TS pattern of fish. TS is target strength in dB. A
(angle) indicates fish orientation or aspect toward the beam axis in degrees. The
unknown parameters are a, by, by, ¢q, and c,. Linear model is submodel of the
quadratic model with b, and ¢, =0.

M= a+b1A+b2A2
a+b190+b,902% +c1(A—90)+cy(A—90)?

0<A<90
90<A<180

fish species, fish size, and number of swimbladder chambers on
skewness.

2.5. Modeling

All regression fits were non-linear and were produced by min-
imizing the sum of square with the least-squares method. The
minimized functions were programmed in the software Mathe-
matica. Searching for the most suitable model that described the
TS pattern of fish in a horizontal beam began with the simplest
case of one particular fish. A bream with a total body length of
203 mm was randomly chosen to be modeled first. The initial mod-
els for describing the TS pattern were the piecewise linear function
or piecewise quadratic function, where the turning points are 0,
90, 180° (see Table 1). All models assumed that the data produced
by fish aspects between 90 and 180° were identical to those pro-
duced between 270 and 360°. Similarly, all models assumed that
data from O to 90° were identical to data from 180 to 270°.

The sine function was chosen for describing the peaks and val-
leys observed in the individual scattering response surface; such
peaks and valleys are induced by constructive and destructive wave
interference (Simmonds and MacLennan, 2005), which are some-
times called lobes (Love, 1977; Johannesson and Mitson, 1983)
(Fig. 1). The amplitude and frequency of the sine function were
varied to obtain the best fit between the observed and modeled
data.

After the general model was developed, it was fitted for specific
species or groups of fish. The general model was:

TS=mlogL+M+nlog LM

where TS is the target strength at any aspect, L is total fish length,
and M is the equation for linear or quadratic model for one of the fish
defined above. Thus, the unknown parameters of the model are a,
by, by, c1, 2, m, and n. The parameter m corresponds to the increase
in TS with increase in fish length. The parameter n corresponds to
the increase in the range of TS with increase in fish length (Frouzova
et al., 2005).

The decision to use a linear or quadratic model for a particular
species or group of fish was determined as follows. First, a quadratic
model was constructed for one-quarter of the data (for example,
with aspect angle 0-90°), and the usual methods for reducing the
model were used (t-test).

This classical method did not reduce any parameter from any
model (except one case), where it was used. This was caused by the
enormous amount of the data, which resulted in every parameter,
even those that had only minor effects in the model, being statisti-
cally significant. In such situations, one can add a weight for each
new parameter, so that the weight added increases as more param-
eters are included in the model. Such weighting is usually used in
the degree of polynomial estimation and is known as the Akaike cri-
terion (Akaike, 1974). However, this criterion selected the simplest
model in all our cases, even when the simplest model is clearly not
the best choice. The lobes probably caused this.

Because of this statistical problem associated with the use of
a linear model, a more complex model (a quadratic model) was
selected if it increased the amount of explained variability by more
than 0.5%. We assumed that a 0.5% increase was the smallest
increase with practical significance. When both estimates of the
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Fig. 1. Amplitude of TS pattern as fish is rotated 360° on a horizontal plane. Left graphs describe the TS pattern of a 190-mm-long carp (A) and a 200-mm-long trout (B).
Right figures show the general patterns. Right graphs show the frequency distribution of the TS. In the middle graphs, horizontal arrows indicate half of the amplitude in TS
variation, and values next to vertical arrows indicate the percentage of values that are greater than or less than the value for half of the amplitude.

response (linear and quadratic models) were drawn together, only
those that fulfill above mentioned criteria were distinguishable in
practical chart resolution.

3. Results

3.1. Distribution of TS values during one turn of the fish body
along its vertical axis

When the fish was turned horizontally, TS values were strongest
when the side of the fish was perpendicular to the sonar beam (90
and 270°) and weakest when the tail or head were oriented toward
the beam (180 and 360°). The TS pattern produced by one turn of
a carp (two-chambered swimbladder) and a trout (one-chambered
swimbladder) is shown in Fig. 1.

A

TS patterns differed for fish with one- and two-chambered
swimbladders (Figs. 1 and 2). The TS distribution of TS values above
and below half of the TS amplitude clearly differed for these species
in that the trout had more values in the lower half of the ampli-
tude (Fig. 1B) while the carp had about the same number of values
above and below the middle of the amplitude. We refer to these as
the U-pattern distribution (Fig. 1B) and the V-pattern distribution
(Fig. 1A).

The difference in TS pattern for fish with one- and two-
chambered swimbladders is also evident in skewness, which was
much higher for the trout than for the carp. If skewness of the
TS distribution is plotted on TS for all investigated fish (rotated
360° in the horizontal plane), the plot indicates that skewness
was not affected by TL but was significantly affected by the
nature of the swimbladder, i.e., skewness was greater for fish

B

-30
.40

TS -50
-60

Fig. 2. Models of TS of fish with (A) one-chambered swimbladders and (B) two-chambered swimbladders.
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Table 2
Coefficients of determination (R?) for different species and different models. The preferred models are bolded.
Fish type Number of Linear model Quadratic Linear model Quadratic
fish studied (n=0) model (n=0) (n#0) model (n # 0)
Bream 11 0.6744 0.6752 0.6745 0.6754
Carp 17 0.7323 0.7326 0.7324 0.7328
Bleak 5 0.5720 0.5771 0.5747 0.5792
Roach 8 0.6359 0.6435 0.6406 0.6478
Perch 6 0.5977 0.6056 0.5995 0.6071
Trout 9 0.5304 0.5642 0.5324 0.5663
Fish with two-chambered swimbladders 141 0.6946 0.6949 0.6946 0.6949
Fish with one-chambered swimbladders 15 0.5212 0.5407 0.5229 0.5423
All fish 56 0.6911 0.6931 0.6915 0.6934
with one- rather than two-chambered swimbladders (GLM test, ¢roach  Ocarp O bleak
Fig. 3). The same was true when the effect of TL and fish species R
on skewness was examined, i.e., skewness was not affected by TL th
(p=0.829) but was affected by fish species (p=0.0007, GLM test). ‘ .
One chambered swimbladder species (trout and perch) had higher il a0 Ap A, o
skewness (0.54+0.06 and 0.44 +0.07, respectively) than two- ’ A ® O‘ &
chambered swimbladder species, with roach > bleak > carp > bream @ A A = hd
(0.32+.15,0.27 £0.10,0.13 £0.07, and —0.01 + 0.10, respectively). § 0 —rts -’E. i Aﬂ 0 —— u] ,
In addition, no accentuation of lobes was observed for fish with B 0 100~ A 200 a0 500 600 700 800
two-chambered swimbladders (Fig. 1A) but was observed for fish & m] o &
with one-chambered swimbladders (Fig. 1B). The occurrence of -0.5 <&
lobes varied significantly among individual fish, and the number
of lobes was not related to fish body length or number of chambers
of the swimbladder (data not shown). s TL (mm)
Source of variance N df F P
3.2. Modeling L 55 1 027 | 0.6025
Number of swimblader chambers 55 1 14.72 | 0.0003

The parameters of the general models (linear and quadratic)
(Table 1) were estimated by the classical least-squares method.
The linear and quadratic models were then created to describe the
TS pattern for a particular species or groups of fish. The preferred
models are shaded in Table 2, and the parameters for the preferred
models were determined (Table 3).

Both of these models fit the trends of the TS patterns but did
not describe the lobes. In an attempt to account for the lobes, a
sine function was included, and the amplitude and frequency of
the sine function was modified to obtain the best fit with the TS
data. Any sine function, however, improved the fit for only some
fish and always for only part of the data. It was not possible to
improve the fit for all the data from one fish or from more than one
fish. For these reasons, the lobes were not described by the model
equations.

4. Discussion

The current study confirms that the shape of the fish swimblad-
der greatly affects TS (Horne and Clay, 1998). Our results indicate
that the difference in TS pattern during rotation along the horizon-

Fig. 3. Skewness of the TS (target strength) distribution of fish rotating 360° in
the horizontal plane as a function of fish species and length (TL). The table shows
results of a general linear models analysis that compared effect of TL and number
of swimbladder chambers on skewness.

tal plane is associated with the number of swimbladder chambers,
i.e., the TS pattern differs substantially between species with one-
vs. two-chambered swimbladders. The reason for this difference is
not known but perhaps the two-chambered swimbladder creates
more opportunities for sudden overlapping of individual chamber
echoes in near-side aspects during rotation, and such overlapping of
echoes may resultin higher TS values. Many studies have evaluated
the effect of swimbladder shape and rotation on TS (McClatchie
et al, 1996; Yasuma et al., 2003, 2006; Pena and Foote, 2008; Jaffe,
2006). Unfortunately, these studies were done in a vertical plane
and for angles that are expected to occur in natural swimming only.
Expanding these approaches to full rotation in horizontal plane will
help elucidate observed differences between species with one- and
two-chambered swimbladders.

We were unable to model the lobes in the TS response pat-
tern. These lobes are produced by wave interference effects along

Table 3

Parameters of the preferred models for each species or group.
Fish type Parameter

a by by C C m n

Bream —-87.6357 0.211695 0 -0.215638 0 14.2483 0
Carp -116.6180 0.172401 0 —-0.169603 0 27.3840 0
Bleak -95.9264 0.003779 1.63928 x 107 —0.005028 1.66214 x 10> 2263.5700 23.4116
Roach -113.332 0.000828 1.19468 x10—° —-0.002863 8.64451x 106 4981.3800 43,7143
Perch —104.8510 0.006380 1.20771 x 104 —-0.026485 1.08995 x 104 458.0280 4.1479
Trout —78.3903 0.007256 3.6326 x 104 —0.088649 5.54446 x 10~4 132.9390 1.5685
Fish with two-chambered swimbladder -109.2770 0.188982 0 —0.191582 0 24.1900 0
Fish with one-chambered swimbladder —86.9923 0.010546 3.41879 x 1074 —-0.080702 451678 x 104 143.0690 1.4805
All fish —108.8300 0.142688 476817 x 104 —0.248634 7.30835 x 104 24.1980 0
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the surface of the swimbladder. Lobe accentuation increases with
sound frequency (Love, 1977), and lobe number may be affected
by the ratio of swimbladder length to acoustic wavelength L/A
(Johannesson and Mitson, 1983). In our experience, the lobes
appeared to be symmetrical for any single fish (the lobes produced
during the 0-180° rotation are mirrored by those produced during
the 180-360° rotation) but no general pattern of lobes was found
for other fish of the same size or species. It seems that the num-
ber, size, and location of lobes are unique for each individual fish,
which is contrary to the expectations of Johannesson and Mitson
(1983). The difficulty in determining the number of lobes was in
defining the parameters that would clearly distinguish which peak
or valley is a lobe and which is not. We tried different ways to find
a pattern for identifying lobes and for relating lobe number to fish
characteristics. For example, we attempted to identify lobes as all
deviations larger or smaller then 3 dB from the regression model
developed in this study (Tables 1 and 3) or as all TS fluctuations on
the TS curve larger than 3 dB or 5 dB. Regardless of how lobes were
defined, however, we found no relationship between lobe number
and fish size.

In contrast to fish with two-chambered swimbladders, those
with one-chambered swimbladders had no accentuation of lobes,
which is consistent with the expectations of Horne et al. (2000).
Relative to the TS pattern of two-chambered fish, however, the
TS pattern of one-chambered fish had a stronger and narrower
maximum peak in maximum aspect, TS minimum aspects near
head or tail are less pronounced. Overall, the TS patterns of two-
chambered fish were more regular than those of one-chambered
fish (Figs. 1 and 2).

The observed U-pattern for TS for fish with one-chambered
swimbladders and V-pattern for fish with two-chambered swim-
bladders correspond well with the independently chosen quadratic
and linear models in Table 2. In addition, the R? values were greater
for the quadratic model than for a previously studied sine model
(Kubecka, 1994), although the quadratic model has the disadvan-
tage of a more complex equation. One can, of course, find a slightly
better fit with higher order polynomials for one certain fish but
selection of a higher order polynomial will not generate equations
with general application, i.e., with application for many species of
fish. Furthermore, higher polynomials are less robust than simpler
equations and may lead to the modeling of random artifacts in the
data for one fish.

The difference in TS pattern between fish with one- and two-
chambered swimbladders indicates that rather than describing a
particular TS pattern for each fish species, researchers should iden-
tify general models that describe the TS pattern for the common
one- and two-chambered European freshwater fish in any horizon-
tal aspect. These general models would be useful for estimating fish
size from horizontal acoustical records. When split-beam or multi-
beam 3D sonars are used with accurate tracking in post-processing
software (Balk and Lindem, 2000) to provide TS and fish aspect, the
regressions in Table 3 could be used to estimate fish size.
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