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Abstract: A procedure is proposed to assess the impact of various relationships found in the literature
and is used to convert acoustic target strengths (TS) to fishes’ total length (TL) with respect to the
compatibility of fish length data obtained from vertical hydroacoustics and gillnets. The study
used one set of data collected with a 120 kHz echosounder across the mesotrophic, dimictic Lake
Dejguny. Four general multi-species TS–TL relationships were tested for the maximum dorsoventral
characteristic: (1) a relationship developed using mainly West Atlantic marine and brackish water fish
for various frequencies, (2) a relationship developed using fish from the Salmonidae, Percidae, and
Cyprinidae families at 120 kHz, as well as the relationship shown by two generalized equations for
representatives of (3) the Cyprinidae family (200 kHz) and (4) the Percidae family (200 kHz). In addi-
tion, two other equations were developed for (5) perch (Perca fluviatilis) and (6) roach (Rutilus rutilus).
The procedure for selecting the most appropriate TS–TL ratio began by determining the TS threshold
that would eliminate small fish that were ineffectively caught with gillnets. Depending on the TS–TL
relation, the threshold ranged from −48.5 dB to −45.5 dB, and the corresponding TL was in the range
of 62.3–93.0 mm. Then, using linear regression, the relationship between the percentage of caught
fish organized in length classes (TL), whose boundaries were determined using the tested TS–TL
relationships, and the share of fish recorded acoustically in the corresponding TS classes (with a
1.5 dB interval) was examined. The fit of the regression model to the data (percentage) was assessed
using the coefficient of determination r2, the mean absolute error (MAE), the Nash–Sutcliffe model
efficiency coefficient (NSE), and root mean square error (RMSE). For the data from Lake Dejguny, the
most similar distribution of fish echo proportions and the corresponding distribution of total length
(TL) for fish larger than 62 mm were obtained using the TS–TL relation developed using fish from the
Salmonidae, Percidae, and Cyprinidae families (2), and for fish larger than 74 mm, the relation was
developed for the family Pericidae (4). No evidence was found to unambiguously verify the mean-
ings of different sound frequencies (120 and 200 kHz) for which the TS–TL relationships used in the
analysis were derived. The proposed procedure can be used to select the optimal regression equation.

Keywords: fish length; size spectra; hydroacoustics; CEN standard gillnet

1. Introduction

Reliable estimates of fish abundance in freshwaters are important prerequisites for
quantitative ecological investigations and ecosystem quality [1]. However, unbiased con-
version from acoustic parameters, such as target strength (TS), to parameters such as fish
total length (TL) or fish wet weight is still not a routine procedure. The relationship be-
tween TS and the real size of particular fish species, especially commercially important
ones, has been the subject of many studies [2]. As a result, different TS–TL equations
to estimate TL have been proposed for each fish species [2–6] and generalized for fish
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communities [2,7,8]. Studies by Mehner and Schulz [9] and Mehner et al. [10] showed that
one general formula does not fully reliably predict the target strength for different age
groups of a given species (Coregonus albula L.). Moreover, the target strength of a given
fish depends on many morphological parameters of its body (length, weight, fat content,
development and presence of gonads, size, and type of swim bladder) [11,12]. At least as
important as these morphological parameters is the orientation of the fish’s body axis in
relation to the sound beam [2].

The correspondence between catches in benthic multi-mesh gillnets and fish biomass
estimates obtained by vertical hydroacoustics in 18 European lakes with strongly varying
morphometry nutrition has already been the subject of studies by Emmrich et al. [13]. This
study showed a significant correlation between catches and hydroacoustic estimates of fish
biomass, with the strength of the correlation independent of the fish length thresholds used,
but varying across lake depth layers, with the strongest correlations found in the shallow
strata. Achleitner et al. [14] compared the standardized gillnet, electric, and hydroacoustic
fishing methods to estimate species composition, abundance, biomass, and size distribution
in 14 alpine lakes and found that biomass data generated by standardized gillnetting and
hydroacoustic surveys were not fully comparable, but they were positively correlated.
However, size distributions obtained from gillnet and hydroacoustic surveys differed
statistically for large fish (>40 cm).

A literature review by Tušer et al. [15] found that most studies agree with the view that
each method provides a different representation of the fish population. The application of
a novel method (in which the fish length data were analyzed by the maximum-likelihood
estimate method)—i.e., a comparison of fish size spectra obtained by the simultaneous
application of gillnet fishing and hydroacoustics in seven lakes—showed good overall
agreement but also remarkably strong differences in single lakes (relatively weak correla-
tion). The authors therefore suggested the need to research “some specific methodological
details” [15].

Among the previously mentioned studies for the estimation of fish body parameters
such as length and weight from acoustic data, some selected (without special justification)
the use of a regression equation (e.g., [15–19]). In a few studies, the selection of a regression
model was preceded by analyses related to the assessment of the compliance of catch
data with the selected regression model. For example, DuFour et al. [17] evaluated the
correspondence between the catch-per-unit-effort (CPUE) of gillnets and hydroacoustic
abundance estimates and pointed out that previous studies (DuFour et al. [20]) showed
“that back calculated TL histograms from in situ TS measurements, using Love [7], matched
well with length frequency histograms from paired gillnet sampling”.

Meanwhile, a comparison of even a few dorsal-aspect multi-species TS–TL equations
commonly used to estimate the TL of acoustically observed fish indicates that the estimated
values may differ significantly. For example, for TS = −30.5 dB, the value of the estimated
total length (TLE) according to the equation developed for perch (120 kHz) [2] is 264 mm,
according to the equation (200 kHz) for the Percidae family [21] it is 318 mm, and according
to the commonly used TS–TL conversion formula from Love [7], TLE = 559 mm (Figure 1).
Additionally, for lower target strength values, these differences can be relatively large,
e.g., for TS = −50 dB, TLE values can range from 35 to 68 mm (according to various
equations developed by Frouzová et al. [2] for perch and carp). On the other hand, the
differences in the target strengths for the same total length of fish according to different
regression models can reach up to 3 dB [22]. It can therefore be assumed that the use of only
one regression equation, without first checking its adequacy, may be one of the “specific
methodological details” mentioned by Tušer et al. [15].

Therefore, the purpose of this article was to indicate the methods and tools that can
be used to select the most optimal TS–TL relationship, which would allow a realistic
correspondence between acoustic data and direct catch to be obtained.
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Figure 1. Comparison of some TS–TL relationships (dorsal aspect) from the literature [2,7,21]. 
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Figure 1. Comparison of some TS–TL relationships (dorsal aspect) from the literature [2,7,21].

2. Materials and Methods

The study was carried out in mesotrophic, dimictic Lake Dejguny, a medium-sized
(765.3 ha), deep (Zmean = 12.0 m, Zmax = 45.0 m), coregonid lake (length max. = 6.5 km,
width max. = 2.4 km) located in northeastern Poland (54.0383◦ N, 21.6067◦ E). The contours
of the lake and the survey design are shown in Figure 2.
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Figure 2. Location map of hydroacoustic survey transects (solid light blue line) in Lake Dejguny
(Poland) during September/October 2021. The solid orange line marks the initial fragments of
1000 pings, from which the catch and hydroacoustics data were used in the cross-compliance analysis;
detailed explanations can be found in the text (Section 2.2.1).

The fish community was investigated over the course of three nights—27–30 Septem-
ber 2021 and 7/8 October 2021—with similar stratification conditions during sampling
nights (Supplementary Materials: Figure S1). A thermocline occurred between 11 and 14 m
at the end of September and between 15 and 16 m at the beginning of October. Oxygen



Water 2023, 15, 1117 4 of 19

values were in the range of 12 to 7 mg L−1 between 0 and 10 m in September and 0 and
15 m in October, decreasing to <2 mg L−1 at a depth of 26/27 m.

2.1. Gillnet Sampling

Data on the number and size of fish in Lake Dejguny were obtained from State
Environmental Monitoring. The fish were caught on 27–30 September 2021 using Nordic
multimesh gillnets (benthic gillnets: mesh size 5–55 mm and net length 30.0 m; pelagic
gillnets: 6.25–55 mm and 27.5 m, respectively) according to the European Standard protocol
EN 14757 [23]. In accordance with the requirements of the Polish LFI-EN method for the
classification of the state/ecological potential of lakes based on ichthyofauna, a total of
43 benthic and 4 pelagic gillnets were used. The network exposure time was 12 h (between
6:00 p.m. and 6:00 a.m.). Ten benthic nets were placed at each of the depths of 0–3 m, 3–6 m,
and 6–12 m, and eight and five gillnets were placed, respectively, at the depths of 12–20 m
and 20–35 m. Pelagic nets were suspended at a depth of 0–6 m, 6–12 m, 12–18 m, and
18–24 m from the water table.

According to the LFI-CEN method (i.e., the system for assessing the state/ecological
potential of lakes based on catches with the use of Nordic multimesh gillnets developed
in Poland [24]), the caught fish were identified by species, divided into size assortments,
counted and weighed in these groups, with an accuracy of 1 g. In addition, 8% of the caught
individuals were measured for total length (TL) and fresh mass (FM) with accuracies of
1.0 mm and 0.1 g, respectively. The total length of unmeasured fish was estimated based
on a curve showing the relationship between these parameters (TL and FM).

2.2. Hydroacoustic
2.2.1. Data Collection

Hydroacoustic surveys were carried out on 7/8 October 2021 between 20 and 24 h
at night, using Simrad EY500 120 kHz split-bean sonar equipped with a 4 × 10◦ elliptical
transducer oriented vertically downwards. A transducer was mounted onto a custom-made
frame to stabilize its position. Pulse duration was set to 0.3 ms, and pulse interval was set to
be as fast as possible within the options of the system’s controlling software. Hydroacoustic
studies were carried out along closely separated zigzag transects covering the entire area
of the lake, at a constant speed of 2 km h−1 (Figure 2). The cutoff value for TS was set to
−56 dB to avoid very small fish and other small, unwanted echoes from sources such as
noise, air bubbles, and invertebrates [25,26].

2.2.2. Data Post-Processing

All datagram files were converted into a format compatible with Simrad EP 500 software
(version 5.3) [27]. The standard data analysis procedure enables the estimation of the
number of fish in the TS range of −50 dB to −17 dB, with a resolution of 3 dB TS class [27],
which allowed for the hydroacoustic data from Lake Dejguny to create only up to 8 non-
empty classes. In addition, as previous studies have shown that small fish are not effectively
caught with multi-mesh gillnets [28,29], it was necessary to take into account the need to
use TS thresholds that would eliminate fish smaller than approx. 5 cm. Therefore, the
analysis used the possibility of reading the so-called “interval results” (reading the log
interval results calculated by EY 500) (Menu “Echogram”/Command “Interval results to
ASCII”; see: Simrad EP 500 Instruction Manual [27] p. 27). ASCII files created in this way
contain target strength distributions (TS) in 1.5 dB classes for the 36 dB range. This allowed
us to determine up to 18 classes of target strength (TS) for hydroacoustic data from Lake
Dejguny. The limitation of the Simrad EP 500 software is that it is only able to read interval
results from the initial segment of the echogram with a maximum of 1000 pings. For this
reason, data-consistency analysis was performed based on a subset of transects (marked
in orange in Figure 1). However, this created a risk that a significant part of the included
transects covered only the zones unavailable for echo sounding, i.e., the surface blind zone,
bottom dead zone, and shallows. This may have significantly influenced the estimation
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of the fish population [30,31]. Therefore, the depth structure along the transects included
in the subset was determined by analyzing the average depth in 10 ping sections of the
transects (Figure 2). Only 4.8% of such sections of the examined transects were up to 3 m
deep. Almost half of the length of these transects (49.7%) covered the depth of 6–12 m,
and more than 35% from 12 to 35 m. It was assumed that to compare the fish structure
(from gillnet catch and hydroacoustically derived size spectra) the data must be sufficiently
representative (Figure 3).
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Figure 3. Water depth along selected fragments of transects (marked in orange in Figure 2) from the
subset of acoustic data adopted for the analysis (Dejguny Lake, 7/8 October 2021).

The analysis covered the entire volume of water. To include the structure of the depth
from which the acoustic data were obtained (presented in Figure 3), a system of weights
was adopted. It was modeled on the principles of determining the so-called “basket of
goods and services” in microeconomics [32]. The share of acoustically scanned water (%)
with a depth according to the gillnet standard [23] (i.e., 6–12 m, 12–20 m, and 20–35 m
referring to the depth of 0–6 m) determined the % of the number of fish from the gillnets
from the depth data included in the subset of catch data (“catch basket”). For example,
in the acoustic dataset, the share of scanned water from a depth of 6–12 m was 85.5% in
relation to the scanned waters at a depth of 0–6 m (100%).

To convert the maximum TS (in dB) to the fishes’ total length (TLE in cm), two general
multi-species regressions were used, i.e., one (adjusted to the different sound frequencies
of 70, 120, and 200 kHz) from Love [7]:

TLL = 10(
TS+0.9×log (120)+62

19.1 ) (1)

and, adjusted based on sound frequencies of 120 kHz, one from Frouzová et al. [2]:

TLF = 10(
TS+84.95

21.15 ) (2)

In addition, two equations, based on sound frequencies of 200 kHz and multi-species
regression, were used for the family Cyprinidae:

TLC = 10(
TS+67.5

23.0 ) (3)

and for the family Percidae from Borisenko et al. [21]:

TLP = 10(
TS+66.1

23.7 ) (4)

Finally, two equations, based on sound frequencies of 120 kHz, regressions of individ-
ual species, were used for roaches:

TLF−R = 10(
TS+67.5

23.0 ) (5)
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and for perch from Frouzová et al. [2]:

TLF−P = 10(
TS+66.1

23.7 ) (6)

where TS is the maximum target strength in dB.
In accordance with the above TS–TL equations, the boundaries of the total length

classes (estimated total length, TLE) in the range of target strength (TS) from the ASCII
files were determined in classes of 1.5 dB width created from −56 to −30.5 dB. For each
equation, 6 distribution series were created, which contained data from gillnet catches
arranged based on the designated TLE classes, i.e., the number of fish (NE) in the estimated
length classes and the corresponding number of fish recorded acoustically (NH), giving a
target-strength (TS) class.

In connection with the literature reports of lower efficiency in catching small fish by
gillnets [13,28], a range of total TL lengths of fish was assessed, in which the number of
fish caught and recorded with hydroacoustic methods was similar. Kendall’s Tau rank
correlation coefficient (τ) was used, which is based on the difference between the number of
matching (in the same order) and discordant pairs within the observed data, and it allows
the expression of the interdependence between two variables in the data strings [33]. The
coefficient τn (where n = 4, 5, . . . , 16) was calculated for n-pairs for NH and NE in the TS
range of −30.5 to −51.5 dB of hydroacoustic and catch data, starting from the number of
fish assigned to four classes, for TS −30.5 to −35 dB. It was assumed that a statistically
significant change in the value of τn against τn-1 determines the values for the discontinuity
and indicates the limits of the range (TL1, TL2) in which the number of fish caught and
recorded with hydroacoustic methods changed similarly. Further calculations were carried
out only in these six ranges, separately for each equation. For each distribution series, the
percentage share of acoustically identified fish (SFH) (identical in each distribution series)
and the percentage share of fish caught (SF) were calculated (and vary depending on the
equation being evaluated).

2.2.3. Statistics

To determine the impact of TLE estimation methods on the consistency between the
structure of caught fish and acoustically identified fish, the relative numbers of fish in
the total length classes were compared using the same set of data. The class boundaries
of the total length of the caught fish were determined using various TS–TL conversion
equations in steps of 1.5 dB. It was assumed, following Białokoz and Chybowski [34], that
the ichthyofauna structure expressed as a percentage provides a better picture of the lake’s
ichthyofauna than the number or biomass of caught fish. A similar method of comparing
hydroacoustic and catch data was used by Mehner et al. [10].

To compare the size structure of the fish caught and obtained from hydroacoustic
surveys, simple least squares regression was used. It was assumed that the distribution of
the relative number of fish (%) in the TS classes (and the corresponding TLE) would be the
explanatory variable (O). The response variable (projected—P) was the distribution of the
relative number of fish (%) caught and ordered within the limits of TLE classes determined
according to the tested TS–TL regressions. The consistency of these distributions was
tested by comparing the slope (coefficient a) of the equation y = ax + b and the coefficient
of determination (r2). The coefficient of determination r2 is a measure of the goodness
of fit of the linear model, and it allowed us to assess the accuracy of the reconstruction
of the relative number of fish caught based on the results obtained with hydroacoustic
methods. R2 ranges from 0 to 1, with larger values indicating a lower error variance. Values
greater than 0.5 are considered acceptable [35]. This statistic is insensitive to additive and
proportional differences between the model predictions and the measurement data [36], so
when all predictions are wrong, r2 may also obtain values close to 1.0 [37].
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The Nash–Sutcliffe coefficient of efficiency (NSE) was also used to evaluate the accu-
racy and efficiency of the regression. According to Julien et al. [38], it is defined as

NSE = 1 −

n
∑

j=1
(Oj − Pj)

2

n
∑

j=1
(Oj − Oj)

2
(7)

the mean absolute error (MAE) is defined as

MAE = n−1
n

∑
j=1

∣∣Pj − Oj
∣∣ (8)

and the root-mean-square error (RMSE) is defined as

RMSE =

√√√√n−1
n

∑
j=1

(Pj − Oj)
2 (9)

where Oj (j = 1, 2, . . . , n) is the share of the number of fish identified hydroacoustically and
Pj (j = 1, 2, . . . , n) is the share of the number of fish caught in the jth class determined by
TLE limits.

The NSE is a normalized statistic that measures the relative magnitude of the residual
variance compared to the variance of the measured data [39] and indicates how well the
plot of the observed and simulated data fits the 1:1 line. A Nash–Sutcliffe coefficient of
efficiency of 1 indicates a perfect fit of the model to the observed data, and NSE = 0 indicates
that the model’s predictions are as accurate as the average of the observed data. An NSE < 0
indicates that the observed mean is a better predictor than the model. In this study, for
NSE > 0.75, the agreement of both types of data (hydroacoustic and fishing) was found to
be good, while for NSE values between 0.75 and 0.36 the agreement was satisfactory [40,41].

The MAE is the mean of absolute errors; i.e., it measures the average size of errors in a
set of forecasts without taking into account their direction. The RMSE is a measure of the
difference between the values predicted by the model and the values actually observed.
The MAE and RMSE express the model’s average prediction error in units of a variable.
From the definition of both errors, it follows that large errors have a greater impact on the
RMSE than smaller errors because each error contributes to the sum in proportion to its
square, not its magnitude. When n is constant, the spread between the MAE and the RMSE
is only due to the different error size variances associated with these sets of errors, and the
RMSE is always larger than the MAE [42,43].

Finally, the agreement of the approximation of the fish TL distribution to the TLE based
on hydroacoustic data can be considered higher when the values of NSE and r2 are close to
1 and the lowest values of MAE and RMSE are close to 0 [44].

2.2.4. Meta-Analysis

It was verified whether the procedure described in Section 2.2.2 made it possible
to identify data subsets that guarantee a perfect fit of the model to the observed data.
Therefore, it was checked whether the elimination of subsequent pairs of data would
improve the predictive capabilities of regression equations, estimated on the basis of new
subsets of data. For this purpose, the NSE value was calculated step by step for n data
pairs, when n decreased from the maximum in the optimized subset of data until NSE < 0.
It was assumed that the TS threshold (to which a given data subset should be limited) is
indicated by the maximum, and simultaneously greater than 0.75, the NSE value. The MAE
and RMSE values were also calculated.
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3. Results
3.1. Gillnet Catches

In Lake Dejguny, 5912 fish belonging to fourteen species were caught. The most
numerous species (between 18% and 36%) were perch (Perca fluviatilus L.), European
smelt (Osmerus eperlanus L.), and roach (Rutilus rutilus L.). Less frequent (from 1% to
10%) were white bream (Blicca bjoerkna L.), freshwater bream (Abramis brama L.), ruffe
(Gymnocephalus cernuus L.), vendance (Coregonus albula L.), and bleak (Alburnus alburnus L.)
(Table 1). There were no fish found below 24 m depth, where the water was deprived
of oxygen.

Table 1. List of species and abundance of fish in benthic gillnet fisheries on 27–30 September 2021, in
Lake Dejguny.

Species Abundance (%)

perch (Perca fluviatilus L.) 36.0
European smelt (Osmerus eperlanus L.) 21.1
roach (Rutilus rutilus L.) 17.7
bream (Blicca bjoerkna L.) 10.4
freshwater bream (Abramis brama L.) 4.6
ruffe (Gymnocephalus cernuus L.) 4.5
vendance (Coregonus albula L.) 4.1
bleak (Alburnus alburnus L.) 1.1
rudd (Scardinius erythrophthalmus L.) 0.2
pike (Esox lucius L.) 0.2
tench (Tinca tinca L.) <0.1
bitterling (Rhodeus amarus L.) <0.1
spined loach (Cobitis taenia L.) <0.1
burbot (Lota lota L.) <0.1

The total length (TL) varied in the range of 25–390 cm (Figure 4). Fish with body
lengths of 70 to 80 mm (25%) and 90 to 100 mm (22%) were very numerous. Less numerous
were fish with TL between 100 and 110 mm and between 110 and 120 mm, which accounted
for 12% and 9% of the total number, respectively, while fish with other body lengths
accounted for less than 5% in each class.
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Figure 4. Fish body length (TL) distribution in Lake Dejguny (<0.1% in the range of 330–390 mm),
based on catches made with Nordic multimesh gillnets on 27–30 September 2021.

3.2. Hydroacoustics

Hydroacoustic studies on 26 profiles with a length of 1000 pings showed the presence
of a total of 10,982 fish. The number of fish (NH) recorded in the 18 TS classes is presented
in Table 2.
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Table 2. Size structure of registered echoes (number of fish—NH), by target strength (TS in dB)
on 7/8 October 2021, and the number of fish caught with gillnets on 27–30 September 2021, in TS
classes (with a spread of 1.5 dB) based on various TS–TL relationships (Equations (1)–(6)). Subsets of
data after removal of fish smaller than the TS for the small fish threshold (defined for each TS–TL
relationship) are marked in plain font, and deleted data are in italics (explanations in the text).

TS
[dB] −56.0 −54.5 −53.0 −51.5 −50.0 −48.5 −47.0 −45.5 −44.0 −42.5 −41.0 −39.5 −38.0 −36.5 −35.0 −33.5 −32.0 −30.5

NH 1718 1723 1623 1385 1146 796 612 479 424 364 263 196 126 60 22 30 12 3
NL 5 84 18 18 63 1362 352 1125 631 298 228 239 82 26 12 1 0 0
NF 1 39 57 10 17 55 739 919 832 715 430 228 225 170 68 23 14 2
NC 89 16 7 32 137 1436 133 481 1076 442 152 250 156 87 25 17 8 0
NP 5 42 58 7 25 51 771 872 730 715 394 250 168 247 129 42 21 17

NF-R 0 0 1 46 58 17 49 1158 574 1127 640 302 293 193 57 20 9 0
NF-P 112 25 26 191 1012 408 149 896 457 247 293 133 127 183 115 90 37 43

3.3. Analysis

Variation in the number of fish caught (NE) in the TLE classes determined from the TS,
according to various TS–TL relationships, is presented in Table 2. Different class boundaries
of TLE classes at a given target strength (TS) caused the number of fish caught in individual
classes to differ. The smallest relative differences (expressed as multiples of the arithmetic
mean NE in a given class) were recorded in the class from −39.5 to >−38 dB (1.2), and the
largest in the classes −50 to −51.5 dB (4.5) and −30.5 to −32 dB (4.2).

The analysis of pairwise correspondence within the observed NH and NE data (in the
same order) showed that changes in both variables (NH and NE) were similar in the range
for n = 7(8) to n = 12 (τn values ranged from 0.857 to 0.964, with p < 0.05) when TLE class
boundaries were determined from Equation (2) and Equation (4) (Figure 5b,d). Therefore,
the range (TL1, TL2) within which further calculations were carried out included fish with
total body length ≥ 62.3 mm and ≥ 64.0 mm, respectively. According to the respective
TS–TL relations, they correspond to a threshold of −47 dB. Therefore, the number of fish
from catches in the subsets of data for further analysis for each relationship is 4365 and
4356, respectively, while the number recorded acoustically was 2591.

A very similar lower limit value of this range (TL1, TL2) was obtained for the multi-
species TS–TL relation (Equation (1)), i.e., ≥63.8 mm, although the similarity of NH and
NE pairs was observed in the range for n = 7 to n = 13, for which the values of τn were
from 0.837 to 0.917, with p < 0.05 (Figure 5a), and the relation for roach from Equation (5)
was ≥62.0 mm, although pairwise similarity was observed in a narrower range n = 7–11
(Figure 5e). However, in this case, the values of τn were also within a similar range of
0.867–0.944. According to the relevant TS–TL relationships, the lower limits of the range
(TL1, TL2) corresponded to the thresholds of −48.5 dB and −45.5 dB, respectively. However,
the number of fish from catches and acoustic recordings included in these subsets varied
widely. For Equation (1), they were (NL=) 4356 and (NH=) 3387, and for Equation (5) they
were (NF-R=) 3387 and (NH=) 1979.

The estimation of class boundaries for NE using the other two equations, Equation (6)
(for perch; Figure 5f) and Equation (3) (for the family Cyprinidae; Figure 5c) resulted in a
narrowing of the range (TL1, TL2); the lower limits in the estimation of these equations were
≥93.0 mm and ≥90.5 mm, respectively. In these two cases, the values of τn were slightly
smaller at 0.697–0.818 and 0.786–0.905. Since, for these equations, the lower limits of the
range (TL1, TL2) according to the TS–TL reports also corresponded to the TS threshold of
−45.5 dB, the number of fish recorded acoustically NH included in the subsets was 1979, but
the number of fish caught was lower than in the case of other equations, i.e., NF-C = 2621
and NC = 2691.

The comparison of the linear relationship between the share of acoustically identi-
fied (SFH) and caught (SF) fish in body length classes showed that a slope close to 1:1
(a = 1.0073) was obtained by ordering fish caught according to TL using Equation (5).
The coefficient a close to unity allowed us to obtain the ordering of fish caught using
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Equation (2) (a = 0.9315) and Equation (6) (a = 0.9078). The coefficient a in the remaining
equations differed from unity by at least 0.117 (Figure 6).
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Figure 5. Changes in the value of the Kendall coefficient (τ) for the series of n data pairs (n = 4 to 
16) of the number of fish caught using Nordic multimesh gillnets (NE) in TLE classes determined 
based on various TS–TL relationships and the corresponding number of fish determined hydroa-
coustically (NH). The change in the value of the Kendall coefficient (Δτ) is marked in red, indicat-
ing the incompatibility of pairs within the observed data. (a) Equation (1), (b) Equation (2), (c) 
Equation (3), (d) Equation (4), (e) Equation (5), and (f) Equation (6); *—p < 0.1; **—p < 0.05; ***—p < 
0.01. 
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Figure 5. Changes in the value of the Kendall coefficient (τ) for the series of n data pairs (n = 4 to 16)
of the number of fish caught using Nordic multimesh gillnets (NE) in TLE classes determined based
on various TS–TL relationships and the corresponding number of fish determined hydroacoustically
(NH). The change in the value of the Kendall coefficient (∆τ) is marked in red, indicating the
incompatibility of pairs within the observed data. (a) Equation (1), (b) Equation (2), (c) Equation (3),
(d) Equation (4), (e) Equation (5), and (f) Equation (6); *—p < 0.1; **—p < 0.05; ***—p < 0.01.

The best fit was obtained for the linear model built on the basis of Equation (4)
(r2 = 0.91). Among the TS–TL relations, the use of which allowed a slope close to unity to
be obtained, the highest accuracy of the estimation of the percentage of fish caught based
on acoustic data was provided by Equations (2) (r2 = 0.90) and (5) (r2 = 0.85).
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Figure 6. Regression between the relative proportion of fish caught with Nordic multimesh gill-
nets (SF) assigned to total length (TL) classes (marked with an orange line) according to various 
TS–TL regressions from the literature, and the relative proportion of hydroacoustically identified 
fish (SFH). (a–f) as in Figure 4. 

Figure 6. Regression between the relative proportion of fish caught with Nordic multimesh gillnets
(SF) assigned to total length (TL) classes (marked with an orange line) according to various TS–TL
regressions from the literature, and the relative proportion of hydroacoustically identified fish (SFH).
(a–f) as in Figure 4.
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The MAE and RMSE, which express the error value in variable units (in %), indicated
that Equations (2) and (4) allowed for such an ordering of fish caught in TLE classes that
the regression, describing the relationship between the percentage share of caught and
acoustically recorded fish, had the smallest error (Figure 6). The mean absolute error (MAE)
based on these relationships was almost identical and amounted to 1.7% (share of fish
abundance). The MAE in the case of using Equation (5) was greater than 2.2%, and for
other equations it was less than 3%. The RMSE, which allows us to assess the importance
of large errors, for Equations (2) and (4) (2.5 and 2.3, respectively) was at least twice as low
as it was for Equations (1) and (6) (4.9 to 6.4).

The NSE varied from 0.444 to 0.893 (Figure 6). The minimum NSE value was found
for the TLE classes determined using Equation (3). This value indicated that this equation
should not be used to predict the TL structure of fish based on acoustic data. The NSE
in the case of Equations (1) and (6) was <0.75, which indicated that the prediction based
on them can only bring satisfactory results. The NSE in the case of Equations (2) and (4)
reached a value close to 0.9, which indicated a good agreement between hydroacoustic and
fishing data.

3.4. Meta-Analysis

Since none of the measures used indicated a perfect fit of the model to the observed
data, it was verified whether data reduction (by eliminating data pairs for fish with a lower
TL) would improve the predictive capabilities of the new regression equations. To indicate
the optimal range of data, a stepwise analysis was used to find subsets of variables that
would allow for the best fit of the models. Since the NSE turned out to be the best measure
for evaluating the fit of the regression equations, the NSE value was calculated for n data
pairs, when n tended from the maximum, i.e., from 13, 12, or 11 for various equations,
until NSE < 0. The maximum NSE value indicated the TS boundary to which the data
subset had to be constrained (Table 3). In the case of three equations, (1), (3), and (5), it
was possible to indicate a subset for which the slope coefficient a did not differ from 1 by
more than 0.04 (Figure 7). The two TS–TL relationships enabled the identification of several
more optimal regressions. Estimation according to Equation (2) made it possible to indicate
three boundaries of the data subset, i.e., ≥73.2 mm, ≥86.3 mm, and ≥101.6 mm, for which
the slope coefficient a differed from 1 by 0.13–0.05, and the coefficient of determination r2

ranged from 0.97 to 0.94. The same was true for the estimation according to Equation (4);
there were two subset boundaries ≥ 74.0 mm and ≥85.6 mm, for which a was 1.0135 and
0.9805 and r2 was 0.948 and 0.925, respectively.

Table 3. Nash–Sutcliffe efficiency coefficient (NSE) for n-pairs of the relative share of fish caught with
multi-mesh Nordic gillnets and hydroacoustic data in TS classes (with a range of 1.5 dB) determined
on the basis of the TS–TL relationship according to Equations (1)–(6). Values in bold with an underline
indicate the TS (and TLE) threshold for which a best-fit linear regression can be created.

Equation (1) Equation (2)
Equation (3)
for Family
Cyprinidae

Equation (4)
for Family
Percidae

Equation (5)
for Roach

Equation (6)
for Perch

TS (dB) TLE
(mm) NSE TLE

(mm) NSE TLE
(mm) NSE TLE

(mm) NSE TLE
(mm) NSE TLE

(mm) NSE

−48.5 63.8 0.527
−47.0 76.4 0.367 62.3 0.899 64.0 0.911 62.0 0.822 93.0 0.677
−45.5 91.6 0.387 73.3 0.939 74.0 0.443 74.0 0.937 75.0 0.751 103.3 0.711
−44.0 109.7 0.833 86.3 0.932 85.6 0.262 85.6 0.916 90.8 0.797 114.6 0.576
−42.5 131.5 0.762 101.6 0.926 99.0 0.810 99.0 0.863 109.9 0.915 127.2 0.622
−41.0 157.6 0.784 119.7 0.907 114.6 0.639 114.6 0.780 133.0 0.842 141.2 0.252
−39.5 188.8 0.780 140.9 0.803 132.5 0.978 132.5 0.558 160.9 0.873 159.7 −0.332
−38.0 226.2 0.359 165.9 0.773 153.3 0.951 153.3 −0.092 194.7 0.334
−36.5 271.1 −0.440 195.3 −0.201 177.4 0.800 235.6 −0.266
−35.0 205.2 0.116
−33.5 237.4 0.065
−32.0 274.7 −0.151
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Figure 7. Opportunities to optimize the regression (marked with a green line) between the relative
proportion of fish caught with Nordic multimesh gillnets (SF) that have been assigned to overall length
(TL) classes according to various TS–TL relationships and the relative proportion of hydroacoustically
identified fish (SFH). The optimization consisted in narrowing down the data subsets by removing
classes based on the stepwise NSE analysis (search for the maximum NSE; cf. Table 3). (a–e) as
in Figure 4.
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4. Discussion

This study investigated the accuracy of estimating the total lengths (TLs) of fish based
on target strength (TS). Six relationships developed for different species combinations were
tested. It was assumed that the assessment is possible by comparing the percentage of fish
examined acoustically in the target strength classes (TS) and the percentage of fish caught
in total length classes (TL), the limits of which were determined based on TS using various
TS–TL relationships. Therefore, the reference frame was a straight line with a slope of 1:1.

One dataset was used in the study. However, various reservations can be made
about the quality of the data that came from the monitoring studies, and consequently,
the relatively small numbers of fish that were accurately measured, and much of the TL
value was the result of estimations from the weight and number of fish in the sub-samples.
However, it must be emphasized that this method was used only for groups of small fish
of similar size. The limitation of the data set used for the analyses was also the location
in the shallow (coastal) zones of the lake, due to the availability of only the initial (up to
1000 pings) fragments of the transects.

Another limitation was the use of catch data mainly from gillnets. It was therefore
to be expected that the catches would be representative of the fish communities in these
layers [13], whereas previous studies have shown that vertical hydroacoustics directed
downwards underestimate the abundance of fish in shallow waters [45,46]. Therefore, the
benthic nets may not have captured the same fish community that was studied by hydroa-
coustics, which was a logical requirement of this study. It can also be expected that the
acoustically assessed number of fish in the shallow layers might have been underestimated.
Earlier research by Emmrich et al. [13], however, showed that for larger fish abundances,
vertical hydroacoustics can generate fish biomass estimates that strongly correspond to
benthic gillnet fishing, even in layers with a shallow lake depth. In 18 lakes studied at that
time, 152 to 3534 fish (average number of fish: 1170; SD: 1093) were caught, whose biomass
was calculated by converting the target’s strength into the total length of the fish and then
converting the length of the fish into the biomass of the fish from the length–biomass
relationship [13]. It can therefore be assumed that the number of fish identified acoustically
did not differ significantly from the number of fish caught. This study caught more fish
than the upper limit given by Emmrich et al. [13]. The catch data subset included 4544 fish
(Table 2). Therefore, the data from Lake Dejguny allowed us to determine relationships
that were at least not worse than those obtained by Emerlich et al. [13].

The consequence of underestimating the number of fish by the vertical hydroacoustics
method in shallow water layers is that the free point of regression of fish biomass estimates
for these layers is significantly different from zero [13]. In this study, after removing fish
<76 mm from the data set, the regression free point for the TS–TL relationship was close
to zero (coefficient b = 1.1%, when on both axes the sum of the share of individual fish in
individual size classes was 100%). In addition, when creating a subset of data for analysis, a
weighting system was used to ensure a comparable share of acoustic and fishing data from
individual depth zones. Therefore, the necessary requirement for these studies that they
included the same fish communities (similar in many details at worst) can be considered
as met, while, due to the purpose of this study, the representativeness of the data for the
entire lake did not have to be met.

The procedure for the acoustic data and catch data compliance assessment was pre-
ceded by setting a threshold (TS level) that was used to filter out small targets, in this
case, fish that are not very effectively caught with gillnets [13,28]. It was shown that
Scandinavian multi-mesh gillnets (regardless of the equations used) were much less likely
to catch fish with a TL less than 62.3–64.0 mm. A similar total length of fish, less than
5 cm, was indicated by Tušer et al. [15]. Prchalová et al. [28], based on a direct com-
parison of the size distribution of gillnet fish (Nordic type, mesh size range 5–135 mm,
knot-to-knot; ratio between adjacent mesh sizes, 1.25) using beach seines, found that the
gillnets were unable to catch roach (Rutilus rutilus (L.)), perch (Perca fluviatilis L.) or rudd
(Scardinius erythrophthalmus (L.)) smaller than approximately 40 mm, i.e., standard length.
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The choice of the equation had a significant impact on the indication of the threshold
(TS level) that should be used to filter out small targets, considering that fish larger than
62.3–64.0 mm in the calculations required a threshold of −47 dB for Equation (2) [2] and
Equation (4) [21], a threshold of −48.5 dB for Equations (5) [2], (3) [21], and (6) [2], and
−45.5 dB for fish with a TL of 62.0 mm, 74 mm, and 93.0 mm (Table 4). This is due to the
different course of the curves depicting the TS–TL relationship, presented in Figure 1, and
thus the analytical form of these equations. This was undoubtedly the reason for the large
variation in the total number of fish making up the data subsets used for the calculations:
2621 to 4356 fish from catches and 1979 to 3387 fish recorded acoustically (Table 2). This
was due to the different assignments of caught fish with a specific TL to different TLE total
length classes, estimated on the basis of the analyzed TS–TL relationships (Figure S2). For
example, for fish with a TL > 120 mm, the limit according to various equations for TS was
from −42.5 dB (Equation (1)) to −39.5 dB (Equations (3), (4), and (5)). The limit values
determined according to these equations (the lower limit of the range) were in the range of
127.2–140.9 mm. The range of designated classes changed more than twice—from 14 mm
for Equation (6) to 27.9 mm for Equation (5). Finally, the share of fish caught in such classes
ranged from 5.2% (Equation (2)) to 11.2% (Equation (6)) against the corresponding share of
fish recorded acoustically, 7.6% and 13.3%, respectively (Figure S2).

Table 4. Ranges of total length (TL), number of fish, number of investigated species, and their
environment in the study of the relationship between target strength (TS) and total length (TL) of fish.

Citation Equation in
This Study

Number
of Fish Length Range (mm) Number

of Species Environment

[7] 1 36 48–224 8
Marine-brackish—44%

Marine-brackish-Freshwater—25%
Freshwater—31%

[2] 2 40 72–710 6 Freshwater
(from the Rimov reservoir and local fish farms)

[20] 3 39 60–360 4 Freshwater (from Irtysh River)
[20] 4 19 120–390 2 Freshwater (from Irtysh River)
[2] 5 8 117–305 1 (Roach) Freshwater
[2] 6 5 101–290 1 (Perch) Freshwater

All differences in the slope of the regression line and the distribution of deviations
from the regression line resulted only from the properties of the TS–TL equations, which
were used to estimate the boundaries of the TLE classes, according to which the caught fish
were ordered. Thus, the differences resulted from the limited number and size of fish that
were used to create these equations. This aspect is usually overlooked in acoustic and catch
data match considerations (e.g., [13,15]).

Meanwhile, in the case of extrapolating the relationship beyond the area determined
by the training data, there is a risk that changes in the value of the variable under study
will not have the same regularity, or that the data range taken as a basis is not repre-
sentative of fish species or families. Of the six compared relationships that represent
multi-species, family, or species trends, only Equations (2) and (3) were based on a similar
data range as this study (25–390 mm) (Table 4). The narrowest range of fishes’ total length
was the basis of Equation (6) for perch from Frouzová et al. [2] and Equation (1) from
Love [7]. In addition, Love [7] conducted analyses mainly on marine and saltwater fish
(69%), and Frouzová et al. [2] analyzed a very small number of fish. It can be assumed
that this was the reason that Equation (6) only satisfactorily estimated the total length
classes of fish (NSE < 0.75) and that these estimations had a relatively large average error
(RSME > 4.8%, MAE > 3.8%). In turn, the estimation of size class boundaries based on
Equation (1) (Love [7]) also had a similar error (RSME > 4.8%, MAE > 3.8%) and only
satisfactorily determined classes of the total length of fish (NSE < 0.75). This relation from
−42.5 dB overestimated the TL, which consequently caused the slope of the regression line
for the data from this subset to be 0.71, although with a large coefficient of determination
r2 = 0.94 (Figure S2). Therefore, it was not possible to show the fish caught in the two
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classes with the highest TL, corresponding to TS > −33.4 dB, although such individuals
were present in the hydroacoustic data (Table 2). On the other hand, only one fish was
assigned to three classes, limited by TS in the range of −34.9 to −30.5 dB, while in the
case of total length estimation using Equations (2), (3), and (5), it was 25 to 39 fish (Table 3).
Similar observations (“the contribution of large individuals (usually predators) to the size
structure was greatly underestimated”), were also made by Tušer et al. [15], who used the
TS regression based on Love [7]. Similar results were obtained for fish with a TL > 120 mm
using Equations (2) and (4)–(6) (Figure S2). The coefficient a of the regression was be-
tween 0.52 and 0.79. Only the TS–TL relationship according to Borysenko et al. [21] for
the Cyprinidae family allowed us to obtain a coefficient a close to unity (0.96) with the
coefficient of determination r2 = 0.99.

The analyses of the compliance of acoustic and catch data confirmed the effectiveness
of the proposed method of evaluating the equations; they allowed us to rank them in terms
of the consistency of the reconstruction of the relative number of fish caught based on
the results obtained with hydroacoustic methods. Thus, it turned out to be possible to
indicate the optimal TS–TL relation, i.e., the relation that allowed us to assign the data in
such a way that the slope of the regression was close to 1:1 (coefficient a was close to one,
and coefficient b was close to zero). The coefficient of determination r2, as well as NSE,
MAE, and RSME, made it possible to assess the dispersion of the compared values of the
percentage share of fish from catches and those identified acoustically.

The analysis shows that in relation to the analyzed data set, the most appropriate
TS–TL relationship for fish with a TL greater than 62 mm is the relationship according to
Frozuzová et al. [2], due to the slight deviation of the regression from the 1:1 line and, at
the same time, the best fit of the model to the data (r2 = 0.9, NSE = 0.9). The estimation
of size class boundaries also generated the smallest errors (RSME > 2.5%, MAE > 1.7%).
However, by restricting the test to fish larger than 74 mm, greater accuracy can be obtained
by using the relationship of Borysenko et al. [21].

However, no results were obtained that would unequivocally verify the meaning of the
various sound frequencies that were used for data collection (120 kHz) and for which the
relationships between the actual total length and TS were derived in Equations (3) and (4)
(200 kHz). The comparison of several relationships between the total length and TS from
the literature, presented in Figure 1, did not clearly indicate a different course of the curves;
i.e., it did not illustrate a definitely different analytical form of these equations. The curves
developed for 200 kHz did not go beyond the area limited by the graphs of functions
derived for 120 kHz. In addition, both relationships developed for 200 kHz were indicated
in these studies as the best describing the TS–TL relationships for fish larger than 74 mm
or 132.5 mm.

Of course, when using TS–TL relationships to reconstruct the actual total length of
fish in lakes, it should be remembered that these are only estimations with errors, and the
proposed procedure is only aimed at minimizing them. Therefore, in future studies, an
effort should be made to estimate the uncertainty resulting from the use of such a method
of assessing the structure of fish communities. However, due to the undoubted benefits of
using acoustic methods in ichthyofauna research (non-invasiveness, speed of research, and
low labor required), it seems that, when indicating this uncertainty, they can be used as a
supplementary method in monitoring studies.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/w15061117/s1, Figure S1: Vertical profiles of dissolved
oxygen and temperature measured during each sampling period. Dashed black lines indicate 27–30
September 2021, and solid dark grey lines indicate 7/8 October 2021. Figure S2: Regression between
the share of the number (SF) of medium and long fish (for TS values > −42.5 dB) caught using Nordic
multimesh gillnets in total length (TL) classes whose boundaries are determined (a) using the equation
from Love (1971) [7] and (b) according to the multi-species regression from Frouzová et al. (2005) [2]
(c) equations for representatives of the Cyprinidae family and (d) the Percidae family from

https://www.mdpi.com/article/10.3390/w15061117/s1
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Borisenko et al. (2006) [21], (e) for perch (Perca fluviatilis) and (f) roach (Rutilus rutilus) from Frouzová
et al. (2005) [2]. Explanations: SFH—relative share of hydroacoustic identified fish.
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