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Abstract 

Several decades of research have led to the acceptance of hydroacoustics as a reliable measurement method to monitor 
fish population in lakes, but full standardisation and intercalibration are still lacking. The aim of this study was to 
investigate the effect of sound frequency on acoustic parameters, such as volume backscattering strength, target 
strength, and the estimation of fish abundance. Data were recorded in situ using 3 frequencies (70, 120, 200 kHz) si-
multaneously in 2 different lakes. The results among the frequencies were compared and statistically tested. Data from 
the 70 and 120 kHz frequencies yielded similar results, but the 200 kHz echosounder estimates in temperate lakes 
seemed different, especially in cases of high fish abundance, which is typical of eutrophic ecosystems. This work 
indicates that the abundance estimates of fish populations in temperate lakes based on 200 kHz frequency may differ 
from results obtained using lower frequencies, and that further study is needed. 
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Introduction

Lakes are impacted by many anthropogenic uses of water 
resources (Hermoso and Clavero 2013) that alter their 
ecological function. There is a need to monitor water 
volumes using bioindicators. Fish, due to the variety of 
trophic positions of fish communities and their longevity 
compared with other components of the aquatic 
biocoenosis, have been recognised as particularly 
appropriate bioindicators (Karr 1981, Argillier et al. 
2012). Hydroacoustics have been increasingly used in 
recent years and provide a wide range of information on 
aquatic ecosystems, from distribution and abundance of 
fish populations to bottom characteristics such as 
bathymetry and sediment classifications, but also on other 
biotic communities such as zooplankton and macrophytes 
(Trenkel et al. 2011). Several decades of research at sea 

and in freshwaters have led to the acceptance of hydroa-
coustics as a reliable measurement method, both in marine 
and lake ecosystems (Simmonds and MacLennan 2005, 
Rudstam et al. 2012). Instrumentation has matured to be 
used routinely in scientific studies and monitoring surveys 
in various freshwater ecosystems (Godlewska et al. 2004, 
Winfield et al. 2007, Djemali et al. 2009, Sotton et al. 
2011), but full standardisation and intercalibration are still 
lacking. The Study Group on Fisheries Acoustics in the 
Great Lakes has guided research toward measurement 
standardisation (Rudstam et al. 2009) and has developed a 
standard operating procedure (Parker-Stetter et al. 2009). 
In Europe, the Comité Européen de Normalisation (CEN) 
standard, Water Quality – Guidance on the Estimation of 
Fish Abundance with Mobile Hydroacoustic Methods 
(CEN 2009), has recently been accepted (Hateley et al. 
2013). The effect of collection parameters on results must 
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be examined, and, if necessary, parameters must be stand-
ardised. Sound frequency is considered a primary 
parameter because the acoustic backscatter strength from 
fish is frequency-dependent (Horne 2000).

The use of different frequencies is increasingly popular 
to differentiate among species, especially in marine envi-
ronments (Korneliussen and Ona 2002, 2003, Gauthier 
and Horne 2004). In freshwater ecosystems, multifre-
quency approaches were primarily used to separate back-
scattering of fish from that of mysids (Mysis relicta; 
Axenrot et al. 2009) or chaoborus (Chaoborus flavicans; 
Eckmann 1998, Knudsen et al. 2006), which are common 
in many lakes. Despite the increasing number of hydroa-
coustic surveys, however, systematic studies on the effects 
of frequency on total echo-energy, fish target strength 
(TS), or the subsequent evaluation of fish abundance 
performed in situ in freshwater are few. Recent work 
includes our previous reports on the use of 2 frequencies, 
70 kHz and 120 kHz (Guillard et al. 2004, Godlewska et 
al. 2009). 

The aim of this study was to broaden our previous 
knowledge on the effects of sound frequency on fish 
responses. We applied a 200 kHz frequency system to the 
previously tested 70 and 120 kHz frequencies; the 200 
kHz frequency is commonly used by scientific teams to 
monitor and study fish populations in freshwaters (Rowe 
1993, Comeau and Boisclair 1998, Krumme and 
Saint-Paul 2003, Jones et al. 2007, Winfield et al. 2009). 
We recorded in situ data by simultaneously using the 3 
frequencies in 2 lakes and then compared the results 
among the frequencies to determine the effect of 
frequency choice, its significance in monitoring fish 
populations in temperate lakes, and whether standardisa-
tion is required. 

Study site, materials, and methods

The experimental work was conducted in September 2009 
in Lake Annecy and Lake Aiguebelette, located in the 
French Alps. Lake Annecy (45°51ʹ24ʺN; 06°10ʹ20ʺE) is  
a deep, oligotrophic monomictic lake, with a maximum 
depth of 69 m, length of 14.6 km, width of 2 km, and  
total area of 27.4 km2 (Perga et al. 2010). Lake Aigue-
belette (45°33′28″N; 5°48′5″E) is a smaller, mesotrophic 
monomictic lake, with a maximum depth of 71 m, length 
of 4.2 km, width of 2.8 km, and total area of 5.45 km2. 
Similar to other lakes in temperate areas, fish populations 
in both lakes show vertical distribution in autumn strongly 
related to the thermocline (Guillard et al. 2006a, Yule et 
al. 2013; Fig. 1). Using the “TS versus Range” function of 
the applied post-processing software Sonar5-Pro (Lindem 
Data Acquisition, Norway), we chose 15 m as the depth 
separating fish populations above and below the 

thermocline. In the upper pelagic habitat, juveniles of 
roach and perch school during daylight (Guillard et al. 
2006b) and disperse at sunset to feed (Masson et al. 2001). 
The lower layers below the thermocline are inhabited by 
salmonids, particularly whitefish (Coregonus lavaretus), 
mostly >15 cm in length (Mehner et al. 2010, Yule et al. 
2013).

Hydroacoustic measurements, georeferenced by GPS 
connected to the echosounder, were performed at a sailing 
speed of ~8 km h−1 along regular transects in the pelagic 
areas of both lakes, covering the main part of the lakes. 
Surveys were conducted at night, starting ~1 hour after 
sunset, to sample fish when they dispersed. 

Three Simrad EK60 echosounders, one for each 
frequency, were used for the survey. A PC running Simrad 
ER60 software controlled the three EK60 and ensured si-
multaneous pinging and recording. The applied split beam 
transducers were ES70-7x7, ES120-7x7, and ES200-7x7 
(i.e., with the same 7x7° half-power opening angle). The 
transducers were mounted as close as possible to each 
other on a special frame aimed vertically downward with 
the transducer faces at a 0.5 m depth. For all 3 frequencies, 
the pulse durations were set to a medium pulse length 
(0.256 ms; Godlewska et al. 2011) using a 5 Hz ping 
repetition rate. Sonar5-Pro post-processing software was 
applied for data analysis using multifrequency tools. 

Elementary sampling distance units (ESDU) were set 
to ~1000 pings (i.e., ~500 m) to extract the total mean 
volume backscattering strength (Sv) in decibels (dB) and 
the mean TS in dB (MacLennan et al. 2002). In Lake 
Annecy, 2 layers were analysed from the surface (at a 
depth of ~3 m to avoid surface noises) to the thermocline 
(15 m) and from the thermocline to the bottom (1 m above 

Fig. 1. Temperature profiles in Lake Annecy (black squares) and 
Lake Aiguebelette (white circles), September 2009 (data from 
SOERE OLA).
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the bottom to avoid false echoes). In Lake Aiguebelette, 
the number of single echo detections (SED) by ESDU was 
low, generally <20; therefore, to increase the number of 
targets by ESDU, only one layer, from the surface to the 
bottom, was analysed.

 Because we were interested in comparing the output 
at 3 frequencies rather than quantitatively estimating fish 
abundance in both lakes, this conservative procedure 
seemed appropriate. For all 3 frequencies, the TS 
threshold was set to −55 dB, which for a frequency of 
70  kHz corresponds to targets >3.5 cm according to the 
Love (1971) equation (Emmrich et al. 2012). In autumn, 
most of the young-of-the-year (YOY) fish sizes in both 
lakes exceed this length (Decelière-Vergès et al. 2009, 
Guillard et al. 2011); therefore, using this threshold, all 
YOY were included in the analysis, even if there were 
differences among the frequencies for TS values. The Sv 
threshold was set 6 dB lower, to −61 dB, according to 
Parker-Stetter et al. (2009). The criteria used to differenti-
ate among individual targets (i.e., SED) were set to 0.8 
and 1.3, accordingly (the minimum and maximum 
returned pulse width relative to the transmitted pulse 
duration). The maximum gain compensation was 3 dB 
(one way) with a maximum phase deviation of 
0.3  degrees. A visual inspection of the echograms was 
performed to remove noises on all 3 echograms using So-
nar5-Pro’s manual inspection and erasing tools. The 
Sawada index (Sawada et al. 1993) was calculated to 
ensure that conditions were suitable for in situ TS 
estimation, which means the Sawada index was >0.1 for 
all ESDU (Godlewska et al. 2011). Acoustic data (i.e., 
mean Sv and mean TS) from each ESDU were computed 
and analysed. To estimate fish abundance, the Sv/TS 
scaling method (Balk and Lindem 2011) was applied 
according to the Forbes and Nakken (1972) equation. The 
transducers’ calibration was tested in a tank according to 
the procedure recommended by Foote et al. (1987). In situ 
calibration with a full survey setup was performed with 
Simrad’s Lobe software prior to the surveys in each lake. 

A major axis estimation procedure was used for a 
comparison in pairs (2 frequencies at a time). Linear 
regression (LR) and major axis (MA) estimation are both 
least squares methods in which the line is estimated by 
minimising the sum of squares of residuals from the line. 
The difference between the methods is how the errors that 
produce the line are estimated. For LR, the errors are 
found normal to the x-axis, whereas for MA, they are 
estimated normal to the output line. The choice of the best 
line-fitting method depends on the purpose. Regression is 
useful when a line is desired for predicting one variable 
(Y) from another variable (X). If the statistic of primary 
interest is the slope, then MA is more appropriate than LR 
(Warton et al. 2006). MA assumes that the error variance 

is equal for X and Y, often a reasonable assumption when 
checking if 2 methods of measurement agree, as in our 
case. When the methods of measurement are unbiased, the 
true values of the subjects are known to lie on the line 
Y = X, the (1:1) line. Statistical tests described in Warton 
et al. (2006) were performed to compare the slopes of the 
major axis against a slope on the (1:1) line. 

Nonparametric ANOVA Friedman tests were 
performed (using Statistica 9.0 software) to determine 
whether differences in the mean Sv, mean TS, and mean 
fish abundance (averaged over the ESDU) among the 3 
frequencies were statistically significant. Additionally, we 
calculated the Kendall’s coefficient of concordance, an 
extension of the Spearman Rho correlation procedure for 
more than 2 groups. Kendall’s coefficient of concordance 
is a nonparametric statistic; it makes no assumptions 
regarding the nature of the probability distribution and can 
handle any number of distinct outcomes, is a normalisa-
tion of the statistic of the Friedman test, and can be used 
for assessing agreement among raters. Kendall’s 
coefficient ranges from 0 (no agreement) to 1 (complete 
agreement).

The 3 frequencies of fish size distributions (TS in 3 dB 
classes) were computed by pooling data from all transects 
for the entire Lake Aiguebelette and for the 2 layers in 
Lake Annecy. Distributions were compared and tested 
using the nonparametric Friedman ANOVA test. 

Results

Sv and TS comparisons

Surveys conducted on Lake Annecy provided data on 
27 ESDUs in 2 layers (27 × 2 = 54 analysis cells) and on 
12 ESDUs in 1 layer (12 analysis cells) on Lake Aigue-
belette. Sv and TS comparisons were performed in pairs: 
between 70 and 120 kHz, 70 and 200 kHz, and 120 and 
200 kHz. Tests performed according to Warton et al. 
(2006) indicated that in both lakes, results for all 3 
frequencies showed relationships close to the (1:1) line 
(Fig. 2). For Sv and TS data, the slopes of the major axis 
estimation were not significantly different from 1 at the 
level p = 0.05, except in 3 pairs (Fig. 2) from the lower 
layer of Lake Annecy: TS between 120 and 200 kHz 
(p = 0.037), Sv between 70 and 200 kHz (p = 0.015), and 
Sv between 120 and 200 kHz (p = 0.006).

Statistical nonparametric ANOVA Friedman tests 
performed on the whole dataset (based on mean values) 
showed that differences between the basic acoustical 
parameters (Sv and TS) at the 3 frequencies were statisti-
cally significant (Table 1) in all cases. In the case of Sv, 
Kendall’s coefficient of concordance was ~1, signifying 
that values at all 3 frequencies were highly proportional. 

http://en.wikipedia.org/wiki/Non-parametric_statistic
http://en.wikipedia.org/wiki/Probability_distribution
http://en.wikipedia.org/wiki/Friedman_test
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Although the difference between Sv values at all 
frequencies was small, the probability to observe them 
was high; therefore, the test indicated a statistically 
significant difference. Kendall’s coefficient was more 
variable for TS than for Sv, indicating that the data were 
less correlated, which is not unexpected considering the 
high variability of TS, even for individual fish.

The statistical significance of differences computed 
from statistical tests does not mean that these differences 
were large. The differences between 70 and 120 kHz were 
low for both parameters (the difference between mean 
values was <0.55 dB for Sv and <0.71 dB for TS; Table 1). 
Using 200 kHz data introduces much larger differences in 
most cases (the difference between mean values reached 
2.53 dB for Sv and 1.71 dB for TS). In one case for the 
upper layer of Lake Annecy, the mean TS in the data from 
the 120 kHz system was nearly identical to the results 
from the 200 kHz system.

TS distributions

Although covering roughly the same sampling volume, the 
3 frequencies recorded a different number of single 
targets: the 70 kHz transducer detected 2253 single echoes, 
the 120 kHz transducer detected 2882 single echoes, and 
the 200 kHz transducer detected 3137 single echoes. The 
number of single echo detections differed among the 3 
frequencies in the lower layer of Lake Annecy and in the 
single layer of Lake Aiguebelette, where the difference in 
the results from the 70 kHz system were statistically 
significant from the other 2 frequencies (Table 2). Thus, to 
facilitate comparison, percentages rather than numbers are 
used on the y-axis of the frequency distributions (Fig. 3), 

where substantial differences seem to exist between size 
distributions from the 200 kHz system versus the distribu-
tions from the other systems. This difference, however, is 
not statistically significant according to an ANOVA 
Friedman test (Table 2).

Fish abundance

Fish abundances were calculated from Sv and TS data. 
For Lake Annecy (Fig. 4), the slopes differed significantly 
from the (1:1) line for all frequency pairs (p < 0.05) with 
one exception, the 70 and120 kHz pair in the lower layer 
of Lake Annecy (p = 0.61). In Lake Aiguebelette (Fig. 4), 
the relationships between frequency pairs were not signifi-
cantly different from the (1:1) line (p > 0.05).

The nonparametric ANOVA Friedman test showed that 
all fish abundances computed by echosounding, 
independent of the applied frequency, were significantly 
different (Table 3). 

Again, differences among the 3 frequencies, although 
statistically significant, were not large, especially when 
the fish abundance was low. The fish abundances 
estimated in Lake Annecy below the thermocline were 
similar, with mean values of 262, 249, and 280 fish per ha, 
respectively, for the 70, 120, and 200 kHz systems (Fig. 5; 
Table 3). For the abundance levels found in Lake Aigue-
belette, the difference between the 70 and 120 kHz 
systems was also low (570 and 588 fish per ha, respec-
tively), but definitively lower for 200 kHz (458 fish per 
ha). In areas of high fish abundance, such as in the upper 
layer of Lake Annecy, the results from all the frequencies 
largely differed (4764, 3944, and 2668 fish per ha for the 
70, 120, and 200 kHz systems, respectively). 

Annecy upper layer Annecy lower layer Aiguebelette
KCC = 0.794 KCC = 0.861 KCC = 1.000
p = 0.0000 p = 0.0000 p = 0.0000
mean std mean std mean std

Sv 70 −62.29 2.70 −67.89 2.00 −65.49 2.68
Sv 120 −62.37 2.66 −67.43 1.87 −64.94 2.65
Sv 200 −64.13 2.92 −68.86 2.48 −67.47 2.34

KCC = 0.413 KCC = 0.848 KCC = 0.583
p = 0.0000 p = 0.0000 p = 0.00009
mean std mean std mean std

TS 70 −47.14 1.35 −36.18 1.08 −36.87 0.89
TS 120 −46.43 1.34 −35.47 0.82 −36.48 0.98
TS 200 −46.44 1.30 −37.18 1.04 −37.92 0.74

Table 1. ANOVA Friedman test for the 3 frequencies (70, 120, and 200 kHz) tested for the Sv and TS values. In Lake Annecy, 2 layers were 
analysed, lower and upper; in Lake Aiguebelette, 1 layer is analysed (total). Kendall’s coefficient of concordance (KCC) is indicated in bold.
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Fig. 2. Relationships between (a) Sv and (b) TS data for the 3 frequency pairs from lakes Annecy and Aiguebelette. Dashed line = major axis; 
black line = (1:1) line. Star indicates a significant difference (p = 0.05) between the major axis and the (1:1) line.

(a)

(b)
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Discussion

In previous studies by Guillard et al. (2004) and Godlewska 
et al. (2009), comparisons of the most common frequencies 
(70 and 120 kHz) for fish studies in temperate lakes have 
shown a satisfactory correspondence among the results 
found for Sv, TS, and fish abundance when using the same 
pulse length of 0.256 ms (Godlewska et al. 2011). In this 
study, the results for these 2 frequencies were also in satis-
factory accordance with previous results, especially for 
instances of low fish abundance as observed in the lower 
layer of Lake Annecy and in Lake Aiguebelette. This work 
emphasises that 70 and 120 kHz transducers can be used 
for acoustic data and fish abundance comparisons in 
ecosystems where the fish abundance is not high, in our 
case <600 fish per ha. Small but statistically significant 
differences were found in this survey between these 
frequencies. The differences were not sufficiently large to 
concern fisheries management, however, and the 2 
frequencies can be regarded as being practically similar. 

We have extended our previous work by testing at 
200 kHz, a frequency often used in fish population surveys 
(Krumme and Saint-Paul 2003, Lilja et al. 2003, Winfield 
et al. 2007, 2009). The results from the 200 kHz study 
were less correlated with the 2 other frequencies, and, in 
general, the study resulted in lower fish abundance, which 
agrees with findings by Wanzenböck et al. (2003), who 
performed a comparison at 120 and 200 kHz, using 2 
different systems (Simrad and Biosonics). The systems 
differed in many parameters (e.g., pulse length, beam 
opening, software); furthermore, the transducers were 
mounted on 2 sides of the boat, so that the sampling 
volumes overlapped only partly, mainly in deep water, and 
therefore estimating to what extend the observed 
differences were due to frequency was not possible.

In our studies, fish abundance estimates from the 
200 kHz system differed from the results obtained by the 
70 and 120 kHz systems for fish abundances of ~600 fish 
per ha, similar to Wanzenböck et al. (2003) data for Irrsee. 
Differences were augmented in high abundance 

Table 2. ANOVA Friedman tests for the TS distributions (frequencies) as numbers (N) and %. Kendall’s coefficient of concordance (KCC) is 
indicated in bold. SED = single echo detections.

Annecy upper layer Annecy lower layer Annecy total Aiguebelette
KCC = 0.033 KCC = 0.433 KCC = 0.187 KCC = 0.300
p = 0.7165 p = 0.0131 p = 0.0131 p = 0.0498
mean std mean std mean std mean std

70 kHz SED number 567.80 993.49 241.50 258.80 809.30 944.91 132.30 81.74
120 kHz SED number 644.20 984.65 307.20 308.45 951.40 910.20 104.40 69.20
200 kHz SED number 565.70 722.06 340.80 317.99 906.50 663.52 102.90 63.34

KCC = 0.413 KCC = 0.012 KCC = 0.008 KCC = 0.030
p = 0.7165 p = 0.8948 p = 0.8948 p = 0.7408
mean std mean std mean std mean std

70 kHz TS dist % 10.00 17.49 11.11 10.74 10.00 11.68 10.00 6.18
120 kHz TS dist % 10.00 15.28 11.10 9.99 10.00 9.57 9.99 6.62
200 kHz TS dist % 10.00 12.76 11.11 9.17 10.00 7.32 10.00 6.16

Annecy upper layer Annecy lower layer Aiguebelette
KCC = 0.931 KCC = 0.150 KCC = 0.757
p = 0.0000 p = 0.0177 p = 0.0001
mean std mean std mean std

Fish abund. 70 kHz 4764 3669 262 95.25 570 208.11
Fish abund. 120 kHz 3944 2971 249 98.93 588 203.09
Fish abund. 200 kHz 2668 2001 280 129.24 458 186.44

Table 3. ANOVA Friedman test of differences among 3 frequencies (70, 120 and 200 kHz) on fish abundance. Kendall’s coefficient of 
concordance (KCC) is indicated in bold.
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Fig. 3. TS distributions in the 3 dB classes for the 70 kHz (black line), 120 kHz (grey dotted line), and 200 kHz (black dotted line).

Fig. 4. Relationships among fish abundance for the 3 frequencies pairs from lakes Annecy and Aiguebelette. Dashed line = major axis; black 
line = (1:1) line. Star indicates a significant difference between the major axis and the (1:1) line.

Fig. 5. Mean fish abundance computed for the 3 frequencies, 70, 120, and 200 kHz, from Lake Annecy’s upper and lower layers, and Lake 
Aiguebelette. Open squares = mean values; error bars = standard deviations; white box = range of 120 kHz estimates, based on the calculation 
of the confidence interval.
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with high fish abundance based on a 200 kHz echosounder 
seem different from the fish abundance estimates obtained 
with 70 and 120 kHz echosounders. Although 200 kHz is 
an attractive frequency because of the small size of the 
transducer, this work shows that fish population 
abundances in temperate lakes based on this frequency 
can be lower than results obtained with lower frequencies, 
a finding in accordance with acoustic theory (Simmonds 
and MacLennan 2005). More in situ and caged fish 
experiments with different frequencies, different fish 
species, and different densities are still needed to improve 
our understanding of frequency responses from fish 
populations in temperate lakes, our knowledge of the fish 
abundance effect, and reliability of the hydroacoustic 
method as a monitoring tool in such environments.
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262 and 280 fish per ha using the 2 most distant 
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is small from a fisheries perspective but was statistically 
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upper layer, where YOY were numerous (Guillard et al. 
2006a), fish abundances were estimated to be 4764 and 
2668 fish per ha for 70 and 200 kHz, respectively. At this 
high fish abundance, these 2 estimates proved to be signif-
icantly different according to an ANOVA Friedman test, 
and from a fisheries perspective the estimates would most 
likely also be considered to be different.

In the study of essential parameters, such as the 
frequency on the analysis of results, in situ work is 
important because the object of research, the lake with the 
fish, is directly included, which is not possible in other 
types of controlled experiments. The problem with in situ 
studies is, however, that they include additional variables 
that can be difficult to control, which may influence the 
results in unknown ways and thus reduce verifiability. The 
environment adds sources of variability such as weather 
and sea state changes, target behaviour, unwanted targets, 
and other noise sources. On small boats, as in the present 
experiment, the researchers themselves may cause 
variability through movements in the boat, influencing the 
transducer tilting, which also impacts the results. 

Abundance estimates are based on the mean fish TS, 
which can vary more than 10 dB, even for the same 
individual fish recorded with the same transducer due to 
changes in movements and inclines (Dawson and Karp 
1990, Gauthier and Rose 2002, Godlewska 2004, 
Henderson et al. 2008), and thus could obviously vary 
with different transducers. Fish behaviour, such as change 
in fish orientation and position relative to the sound beam, 
deeply increases this variability and, consequently, 
differences in results. The reflection lobes from fish are 
frequency dependent and become more rugged and narrow 
with increasing frequency. Variation in fish aspects and 
observation angle will therefore have a greater impact on 
the resulting TS observed with 200 kHz versus 70 kHz 
(Horne 2000). 

Echosounders using 70 and 120 kHz frequencies are 
the most common devices used to monitor and study fish 
populations in freshwater. We reemphasise that in situ 
results from these 2 frequencies produce similar results if 
the recommended parameters are used (CEN 2009, Parker-
Stetter et al. 2009), but that it is not the same when using a 
200 kHz echosounder instead of 70 or 120 kHz echo-
sounders.  Fish abundance estimates in temperate lakes 



DOI: 10.5268/IW-4.4.733

443Comparing hydroacoustic fish stock estimates

Inland Waters (2014) 4, pp. 435-444 

Eckmann R. 1998. Allocation of echo integrator output to small larval 
insect (Chaoborus sp.) and medium-sized (juvenile fish) targets. Fish 
Res. 35:107–113.

Emmrich M, Winfield IJ, Guillard J, Rustadbakken A, Vergès C, Volta 
P, Jeppesen E, Lauridsen T, Holmgren K, Argillier C, Mehner T. 
2012. Strong correspondence between gillnet catch per unit effort 
and hydroacoustically derived fish biomass in stratified lakes. 
Freshwater Biol. 57(12):2436–2448.

Foote KG, Knudsen H, Vestnes G. 1987. Calibration of acoustic 
instruments for fish density estimation: a practical guide. ICES 
Cooperative Research Report 144.

Forbes ST, Nakken O. 1972. Manual of methods for fisheries resource 
survey and appraisal. Part. 2. The use of acoustic instruments for fish 
detection and abundance estimation. FAO Manuals in Fisheries 
Science 5.

Gauthier S, Horne JK. 2004. Potential acoustic discrimination of boreal 
fish assemblages. ICES J Mar Sci. 61:836–845.

Gauthier S, Rose GA. 2002. In situ target-strength studies on Atlantic 
redfish (Sebastes spp.). ICES J Mar Sci. 59:805–815.

Gerdeaux D, Anneville O, Hefti D. 2006. Fishery changes during re-
oligotrophication in 11 peri-alpine Swiss and French lakes over the 
past 30 years. Acta Oecol. 30:161–177.

Godlewska M. 2004. Target strength of freshwater fishes at 420 kHz 
measured in cages. Hydroacoustics. 7:55–62.

Godlewska M, Colon M, Doroszczyk L, Długoszewski B, Vergès C, 
Guillard J. 2009. Hydroacoustical measurements at two frequencies: 
70 and 120 kHz - consequences on fish stock estimation. Fish Res. 
96:11–16.

Godlewska M, Colon M, Jóźwik A, Guillard J. 2011. How pulse 
lengths impact fish stock estimations during hydroacoustic measure-
ments at 70 kHz. Aquat Living Resour. 24:71–78. 

Godlewska M, Swierzowski A, Winfield IJ. 2004. Hydroacoustics as a 
tool for studies of fish and their habitat, Ecohydrol Hydrobiol. 
4:417–427.

Guillard J, Brehmer P, Colon M, Guennegan Y. 2006a. 3-D characteris-
tics of young-of-year pelagic fish schools in lake. Aquat Living 
Resour. 19:115–122.

Guillard J, Fernandes P, Laloë T, Brehmer P. 2011. Three-dimensional 
internal spatial structure of young-of-the-year pelagic freshwater fish 
provides evidence for the identification of fish school species. Limnol 
Oceanogr-Meth. 9:322–328.

Guillard J, Lebourges-Dhaussy A, Brehmer P. 2004. Simultaneous Sv 
and TS measurements on YOY fresh water fish using three 
frequencies. ICES J Mar Sci. 61:267–273.

Guillard J, Perga ME, Colon M, Angeli N. 2006b. Hydroacoustic 
assessment of young-of-year perch, Perca fluviatilis, population 
dynamics in an oligotrophic lake (Lake Annecy, France). Fish Manag 
Ecol. 13:319–327.

Hateley J, Clabburn P, Drastik V, Godlewska M, Guillard J, Kubecka J, 
Morrissey E, Thackeray SJ, Winfield IJ. 2013. Standardisation of hy-
droacoustic techniques for fish in freshwaters. In: Papadakis JS, 
Bjørnø L, editors. Proceedings of the 1st Underwater Acoustics 
Conference and Exhibition, Corfu (Greece). IAPCM. p. 1595–1600.

Henderson MJ, Horne JK, Towler RH. 2008. The influence of beam 
position and swimming direction on fish target strength. ICES J Mar 
Sci. 65:226–237.

Hermoso V, Clavero M. 2013. Revisiting ecological integrity 30 years 
later: non-native species and the misdiagnosis of freshwater 
ecosystem health. Fish Fish. 14:416–423.

Horne JK. 2000. Acoustic approaches to remote species identification: a 
review. Fish Oceanogr. 9:356–371.

Jones ID, Winfield IJ, Carse F. 2007. Assessment of long-term changes 
in habitat availability for Arctic charr (Salvelinus alpinus) in a 
temperate lake using oxygen profiles and hydroacoustic surveys. 
Freshwater Biol. 53(2):393–402.

Karr JR. 1981. Assessment of biotic integrity using fish communities. 
Fisheries. 6:21–27.

Knudsen FR, Larsson P, Jakobsen PJ. 2006. Acoustic scattering from a 
larval insect (Chaoborus flavicans) at six echosounder frequencies: 
implication for acoustic estimates of fish abundance. Fish Res. 
79:84–89.

Korneliussen RJ, Ona E. 2002. An operational system for processing 
and visualizing multi-frequency acoustic data. ICES J Mar Sci. 
59:293–313.

Korneliussen R J, Ona E. 2003. Synthetic echograms generated from 
the relative frequency response. ICES J Mar Sci. 60:636–640.

Krumme U, Saint-Paul U. 2003. Observations of fish migration in a 
macrotidal mangrove channel in Northern Brazil using a 200-kHz 
split-beam sonar. Aquat Living Resour. 16:175–184.

Lilja J, Keskinen T, Marjomäki T, Valkeajärvi P, Karjalainen J. 2003. 
Upstream migration activity of cyprinids and percids in a channel, 
monitored by a horizontal split-beam echosounder. Aquat Living 
Resour. 16:185–190. 

Love RH. 1971. Dorsal-aspect target strength of an individual fish. J 
Acous Soc Am. 49:816–823.

MacLennan DN, Fernandes PG, Dalen J. 2002. A consistent approach 
to definitions and symbols in fisheries acoustics. ICES J Mar Sci. 
59:365–369.

Masson S, Angeli N, Guillard J, Pinel-Alloul B. 2001. Diel vertical and 
horizontal distribution of crustacean zooplankton and YOY fish in a 
sub alpine lake: an approach based on high frequency sampling. J 
Plank Res. 23:1041–1060.

Mehner T, Busch S, Helland IP, Emmrich M, Freyhof J. 2010. 
Temperature related nocturnal vertical segregation of coexisting 
coregonids. Ecol Freshw Fish. 19:408–419.

Parker-Stetter SL, Rudstam LG, Sullivan PJ, Warner DM. 2009. Standard 
operating procedures for fisheries acoustic surveys in the Great Lakes. 
Great Lakes Fisheries Commission Special Publication. 09-01.

Perga ME, Desmet M, Enters D, Reyss JL. 2010. A century of 
bottom-up- and top-down-driven changes on a lake planktonic food 
web: a paleoecological and paleoisotopic study of Lake Annecy, 
France. Limnol Oceanogr. 55:803–816. 

Rowe DK. 1993. Identification of fish responsible for five layers of 
echoes recorded by high-frequency (200 kHz) echosounding in Lake 
Rotoiti, North Island, New Zealand. New Zeal J Mar Fresh. 
27(1):87–100.



444

DOI: 10.5268/IW-4.4.733

Jean Guillard et al.

© International Society of Limnology 2014

Rudstam LG, Jech JM, Parker-Stetter SL, Horne JK, Sullivan PJ, 
Mason DM. 2012. Fisheries Acoustics. In: Zale AV, Parrish DL, 
Sutton TM, editors. Fisheries Techniques, 3rd Ed. Bethesda (MD). 
American Fisheries Society. 40 p. 

Rudstam LG, Parker-Stetter SL, Sullivan PJ, Warner DM. 2009. 
Towards a standard operating procedure for fishery acoustic surveys 
in the Laurentian Great Lakes, North America. ICES J Mar Sci. 
66:1391–1397.

Sawada K, Furusawa M, Williamson NJ. 1993. Conditions for the 
precise measurement of fish target strength in situ. Fish Sci. 
20:15–21.

Simmonds E J, MacLennan DN. 2005. Fisheries acoustics: theory and 
practice. Oxford (UK): Blackwell Science. 437 p.

Sotton B, Anneville O, Cadel-Six S, Domaizon I, Krys S, Guillard J. 
2011. Spatial match between Planktothrix rubescens and whitefish in 
a mesotrophic peri-alpine lake: evidence of toxins accumulation. 
Harmful Algae. 10:749–758.

Trenkel VM, Ressler PH, Jech M, Giannoulaki M, Taylor C. 2011. 
Underwater acoustics for ecosystem-based management: state of the 
science and proposals for ecosystem indicators. Mar Ecol Prog Ser. 
442:285–301. 

Wanzenböck J, Mehner T, Schulz M, Gassner H, Winfield IJ. 2003. 
Quality assurance of hydroacoustic surveys: the repeatability of fish-
abundance and biomass estimates in lakes within and between hy-
droacoustic systems. ICES J Mar Sci. 60:486–492.

Warton DI, Wright IJ, Falster DS, Westoby M. 2006. Bivariate line-fit-
ting methods for allometry. Biol Rev. 81:259–291. 

Winfield IJ, Fletcher JM, James JB. 2007. The Arctic charr (Salvelinus 
alpinus) populations of Windermere, UK: population trends 
associated with eutrophication, climate change and increased 
abundance of roach (Rutilus rutilus). Environ Biol Fish. 83:25–35.

Winfield IJ, Fletcher JM, James JB, Bean CW. 2009. Assessment of fish 
populations in still waters using hydroacoustics and survey gill 
netting: experiences with Arctic charr (Salvelinus alpinus) in the UK. 
Fish Res. 96:30–38.

Yule D, Evrard LM, Cachera S, Colon M, Guillard J. 2013. Comparing 
two fish sampling standards over time: largely congruent results but 
with caveats. Freshwater Biol. 58:2074–2088.


