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Abstract – Performing ﬁsh survey protocols with different electroﬁshing equipment and settings can
lead to difﬁculties in comparing the data obtained. In this study, we captured two ﬁsh taxa (i.e. the
European eel and salmonids: Atlantic salmon and brown trout) in the ﬁeld using four models of
electroﬁshers that provided different waveforms: direct current (DC), pulsed direct current (PDC) and
pulsed exponential current (PEC). This study aimed to assess effects of using different waveforms and
frequencies, while considering environmental variables, on i) attraction, represented by occurrence and
catch-per-unit-effort (CPUE) of ﬁshes, and ii) spinal damage, based on ultrasound of the spinal column.
For all species, DC and PDC yielded equivalent occurrences and CPUEs, regardless of the frequency. In
contrast, PEC induced a signiﬁcant decrease in occurrences and CPUEs of both eels and salmonids. The
percentage of injured ﬁshes increased as the frequency or length of the salmonids increased while
waveform had no effect. Ultrasound was determined to be a good non-invasive method to detect
injuries in ﬁshes.
Keywords: Electroﬁshing / waveform / current frequency / catch-per-unit-effort / spinal damage
Résumé – Pêche électrique d’anguilles, de saumons et de truites : impact de la forme du courant et
de la fréquence sur la capture-par-unité-d’effort et les dommages vertébraux. La réalisation de

protocoles de suivi de poissons avec différents équipements de pêche électrique et différents réglages peut
entrainer des difﬁcultés pour comparer les données obtenues. Dans cette étude, nous avons capturé deux
taxons de poissons (c.-à-d. l’anguille européenne et les salmonidés : le saumon Atlantique et la truite fario)
sur le terrain à l’aide de quatre modèles d’engins de pêche électrique qui fournissaient différentes formes de
courant : le courant continu (DC), le courant continu pulsé (PDC) et le courant pulsé exponentiel (PEC).
Cette étude visait à évaluer les effets de l’utilisation de différentes formes de courant et fréquences, tout en
tenant compte des variables environnementales, sur i) l’attraction, représentée par l’occurrence et la capturepar-unité-d’effort (CPUE) des poissons, et ii) les dommages vertébraux, sur la base de l’échographie de la
colonne vertébrale. Pour toutes les espèces, le DC et le PDC ont donné des occurrences et des CPUEs
équivalentes, quelle que soit la fréquence. En revanche, le PEC a induit une diminution signiﬁcative des
occurrences et des CPUEs des anguilles et des salmonidés. Le pourcentage de poissons blessés augmentait à
mesure que la fréquence ou la longueur des salmonidés augmentait, tandis que la forme du courant n’avait
aucun effet. L’échographie s’est avérée être une bonne méthode non invasive pour détecter les blessures
chez les poissons.
Mots clés : Pêche électrique / forme de courant / fréquence du courant / capture-par-unité-d’effort /
dommage vertébral
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1 Introduction
Electroﬁshing is the method most widely used to assess ﬁsh
assemblages in streams throughout the world (Bozzetti and
Schulz, 2004; Tomanova et al., 2013; Jha et al., 2018;
Wellemeyer et al., 2018). In wadeable streams, this method of
capture is particularly valuable due to its speed of operation,
the small number of operators needed and its ability to obtain
higher species richness and abundance than those of set nets
(Growns et al., 1996; Penczak et al., 1998) or seines (Penczak
et al., 1998). Fishes caught by electroﬁshing may have a low
risk of injury (Snyder, 2003).
Electroﬁshers can provide different waveforms such as
direct current (DC), pulsed direct current (PDC) or pulsed
exponential current (PEC, a condenser discharge), at different
voltages. The existence of many models of electroﬁshers can
raise the issue of the accuracy of monitoring and comparisons
over time when equipment is changed. This difference in
electroﬁshers can generate difﬁculties in comparing the data
obtained with different devices. Moreover, not all environmental factors can be controlled when electroﬁshing. For
instance, capture efﬁciency can decrease as depth increases
(Bohlin et al., 1989), and some species’ habitat preferences can
inﬂuence the number of ﬁshes caught. The range of possible
settings of the electroﬁsher can inﬂuence on the radius of
attraction (RADAC) and ﬁsh injury. Consequently, an
electroﬁsher must be conﬁgured accurately to ensure robust
surveys, but few guidelines are available for researchers and
managers.
To our knowledge, only two studies tested the inﬂuence of
the waveform on capture efﬁciency. Beaumont et al. (2000)
demonstrated under experimental conditions that PDC
captured rainbow trout more efﬁciently than PEC but that
the shape of PDC at a given power had no inﬂuence. Moreover,
Chiaramonte et al. (2020) found a difference in the probability
of capturing trout between two PDC frequencies (30 Hz and
60 Hz). Some points still need to be explored, such as the effect
of DC on the ability to catch ﬁshes and the relation between
higher frequency and injury to ﬁshes.
Although electroﬁshing is an efﬁcient method for catching
ﬁshes, it can injure them (Gatz et al., 1986; Sharber and
Carothers, 1988; Mesa and Schreck, 1989; Hollender and
Carline, 1994; Snyder, 2003). These injuries are caused when
ﬁshes are located in the tetanus zone, which is the zone closest
to the anode, where the voltage gradients are highest (Snyder,
2003). Increasing the voltage gradient of an electric ﬁeld
induces an increase in mortality (Lamarque, 1990). Waveform
also inﬂuence ﬁshes: for instance, PDC and PEC are less
harmful than real alternating current and its derived shapes
(Sharber and Carothers, 1988). Increasing the frequency of
PDC incrementally increases the percentage of injured ﬁshes
(McMichael, 1993; Sharber et al., 1994; Dalbey et al., 1996;
Dolan et al., 2002).
Electroﬁshers should therefore be conﬁgured based on a
compromise between capture efﬁciency and the ﬁsh welfare. In
this way, the ideal electric setting in water aims to catch ﬁshes
efﬁciently while decreasing impacts on their survival.
However, no comprehensive guidelines are currently available
on the speciﬁc effects of different waveforms and frequencies
on the catchability of and impact on ﬁshes. Although previous

Fig. 1. General sampling design for catching eels and salmonids.
Each symbol represents one sampling point. Each waveform was
produced by a different electroﬁsher.

studies were conducted under experimental conditions, few
results are available from studies conducted in the wild, where
environmental factors can inﬂuence ﬁsh behaviour (e.g.
presence of shelter) and thus capture efﬁciency. Catchability
can also vary among ﬁsh species (Vehanen et al., 2013). To ﬁll
this gap, the objective of our study was to investigate effects of
waveforms (DC, PDC and PEC) and frequencies (range: 0 
400Hz) on i) attraction of and ii) spinal damage to ﬁshes iii) by
species and iv) modulated by the environment. We considered
two taxa that are bioindicators of stream quality: the European
eel Anguilla anguilla (Linnaeus, 1758) and salmonids
(Atlantic salmon Salmo salar (Linnaeus, 1758) and brown
trout Salmo trutta fario (Linnaeus, 1758)). To meet these goals,
two survey protocols were performed: the eel abundance index
(EAI) and salmonid abundance index (SAI).

2 Materials and methods
2.1 Experimental protocol

In both protocols, the operator waded upstream to sampling
points. The sampling protocol consisted of sampling points
along a predeﬁned zigzag trajectory from one bank to the other
(Fig. 1). This design ensured an even sampling effort,
regardless of stream width. The sampling points were
separated by at least 4 m to ensure that the attraction ﬁelds
did not overlap each other. The target species hid near the
electric ﬁeld and could be caught easily. Forty-eight sampling
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3
3
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5
2
3
3

37
42
39
40
4
6
10
4
16
13
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11
6
9
8
44
42
38
44
32
35
34
32

41.3
42.2
41.7
45.5
22.4
23.6
22.5
20.1
16.5
14.3
16.1
16.0

(1.5)
(1.3)
(1.7)
(1.8)
(1.1)
(1.3)
(1.8)
(1.4)
(1.2)
(1.3)
(1.1)
(1.2)

Mean depth (cm)
1

Riparian vegetation (0/1)

0
1

Blocks (0/1)

0
1

Roots (0/1)

0
1

Woody debris (0/1)

0
1

Helophytes (0/1)

0
2
1

Macrophytes (0: 0%; 1: <50%; 2: >50%)

Four backpack electroﬁshers were used to produce the
waveforms (Fig. 2) and frequencies. The DC was produced by
a Hans Grassl ELT60II, PEC (induced by discharging a
capacitor with a capacity of 4 mF, with the pulse width
depending on the conductivity) was produced by an IMEO
Volta and PDC was produced by a Smith-Root LR-24 and a
Dream Electronique Martin-Pêcheur (Tab. 2). The pulse width
(i.e. how long the signal exceeds 0 V) was measured with an
oscilloscope (Industrial Scopemeter Fluke®).
For the EAI, pulsed currents were set at the optimal
frequency (20 Hz) to catch eels, based on the protocol
developed by Halsband (1968). However, 400 Hz is also an
optimal frequency according to Gosset et al. (1971). As the
Martin-Pêcheur can be adjusted only through battery power, it
was set to 50% of the battery power and a frequency of 400 Hz,
which are usual typical settings for the EAI protocol (Germis,
2016).

Facies

2.3 Selection and adjustment of waveforms

Rifﬂes Flats 0

Each protocol was performed on a different day in one
wadeable section of a river (depth <60 cm). Habitat was
described (visual estimation and depth measurement) at each
sampling point after passage of the anode to include it as a
potential factor that inﬂuenced the results. Environmental
variables of the habitats varied among combinations of
protocol and waveform (Tab. 1). The EAI protocol was
performed in the Odet River in north-western France
(47° 59044.700N 4°05020.100W) in June 2016. The ambient
conductivity of the water was 145 mS cm−1. Mean stream width
was 15.3 m. Two SAIs were performed in 2015 (SAI-2015) and
2017 (SAI-2017), respectively. Both SAIs were performed in the
Oir River in north-western France (48°38017.000N 1°11006.600W)
in September. The ambient conductivity of the water was 184 and
207 mS cm−1 for SAI-2015 and SAI-2017, respectively. Mean
stream width was 3.4 m.

Waveforms

2.2 Study sites

Protocol

points were used per waveform. The waveforms were emitted
in the stream, each at four consecutive sampling points, in a
random order by a given electroﬁshers: waveform 1 was
emitted at four points by operator A, then waveform 2 was
emitted at four points by operator B, etc. (Fig.1). Because each
operator had his/her own ﬁshing behaviour, which could have
biased the results, the four operators exchanged electroﬁshers
every 12 sampling points per waveform. In the ﬁrst rotation,
waveform 1 was emitted at four points by operator B, then
waveform 2 was emitted at four points by operator C, etc. In
each EAI and SAI, the two net carriers remained unchanged for
all sampling points to maintain a constant ﬁshing effort.
At each sampling point, all ﬁshes seen were caught. For the
EAI, the survey was performed out by emitting electricity into
the water at each sampling point for 30 seconds (measured
with a stopwatch). For the SAI, the sampling points consisted
of transects 2 m long with electricity emitted into the water for
8 seconds. This design yielded in comparable sampling points
(i.e. a similar effort for each protocol). Each ﬁsh was identiﬁed
to the species level and measured (fork length for salmonids
and total length for eels).

Table 1. Description of the habitats for the 48 sampling points of each combination of protocol and waveform. For macrophytes, the percentage indicates the percentage of cover-abundance.
(0/1): absence/presence. Values in brackets: standard error.

G. Pottier et al.: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 42

G. Pottier et al.: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 42

Voltage was adjusted to match the RADAC of the MartinPêcheur (Tab. 2) throughout the survey. The power density
associated with the RADAC was then calculated according to
Kolz (1989). All electroﬁshers had the same anode diameter
(35 cm) to remove bias caused by operation.
2.4 Catch-per-unit-effort

The catch-per-unit-effort (CPUE) indicated attraction to
the anode, ﬁsh abundance and capture efﬁciency and whether
they were inﬂuenced by environmental variables, the waveforms or frequency. For the EAI and SAI protocols, CPUE was
expressed as the number of individuals per 30 or 8 seconds,
respectively, of emitting of electricity into the water.
2.5 Damage quantiﬁcation

Fig. 2. Waveforms (diagram and ﬁeld picture) used in this study
(dotted lines). DC: direct current. PDC: pulsed direct current. PEC:
pulsed exponential current. U: voltage. t: time.

During the SAIs, multiple frequencies were used to assess
effects of a complete range of frequencies on the attraction of
and the impact on ﬁsh. For SAI-2015, the pulsed currents were
set at a recommended frequency (40 Hz) to catch salmonids
(10−60 Hz; Beaumont, 2011). Again the Martin-Pêcheur was
adjusted to 50% of the battery power, which is the usual setting
for the abundance salmons index protocol (Prévost and
Baglinière, 1995). Its frequency was set at 100 Hz (which
attracted trout the most, according to Lamarque, 1968). For
SAI-2017, the frequency of LR-24 was set at 50 Hz, which is
an intermediate frequency for catching salmonids. The
frequencies of two Martin-Pêcheurs were set at 100 Hz and
400 Hz to assess whether results differed at high frequencies.
When electroﬁshing, the easiest way to determine the
attraction of the electric ﬁeld is to assess the theoretical
RADAC around the anode with the following voltage gradient:
0.1 V cm−1. This value is the theoretical detection threshold of
attraction for DC and PDC for conductivity in the range of
100−10,000 mS cm−1 (Cuinat, 1968; Kolz and Reynolds, 1989;
Lamarque, 1968; Snyder, 2003). For all of the protocols, the
voltage was adjusted to create an equal RADAC (i.e. the same
voltage gradient of 0.1V cm1 from the edge of the anode)
(Tab. 2). The RADAC was adjusted as a function of the usual
settings of the Martin-Pêcheur. The voltage gradient was
measured using a “penny” probe (term deﬁned by Beaumont
(2011)) connected to an oscilloscope (Industrial Scopemeter
Fluke®). Because of the uncontrollable environment and the
difﬁculty in maintaining a constant voltage gradient in a
natural environment, and because propagation of the voltage
gradient depends on the duty cycle (Pottier et al., 2020),
RADAC was measured four times for each waveform (Tab. 2).

To analyse internal damage, sub-samples of ﬁshes from
each waveform tested were haphazardly selected (to attempt to
avoid bias) for examination. Fifty-ﬁve (18.5%) of the 297 eels
caught and 585 (89.6%) of the 653 salmonids caught were
examined. Spinal injuries were visualized using an ultrasound
system (Sonosite M-Turbo) with a 10-5 Mhz transducer. This
equipment was portable, which allowed ﬁshes to be scanned
within minutes of capture. Spinal injuries consisted of
compressed, misaligned or fractured vertebrae (Fig. 3). Injured
ﬁshes were noted. Only spinal injuries were recorded because
the ultrasound system is non-invasive, which allowed the
operators to release ﬁshes alive.
2.6 Statistical analysis

Generalised linear models (GLMs) were built to test effects
of the waveform, frequency, environmental variables and
length of ﬁshes on the CPUE and the occurrence of injured
ﬁshes. For data analysis, DC was considered as PDC with a
frequency of 0 Hz.
For the CPUE data, the delta method (Maunder and Punt,
2004) was applied to address the large number of zero catches.
First, we modelled the probability of obtaining a non-zero
catch. The occurrence of ﬁshes (presence/absence) was
modelled using a GLM with a binomial distribution of error
(link: logit). The predictors were the environmental variables,
waveform, frequency and operator. For the SAIs, because the
data consisted of two species and two years of sampling, the
proportion of salmon and the year (nested effect with power
density) were added as predictors.
Second, we modelled the catch rate within non-null CPUE
sampling points. The variation in CPUE was analysed as a
function of a set of predictors using a GLM that included a
Poisson distribution error (link: log). The predictors were the
environmental variables, waveform, frequency, mean ﬁsh
length per sampling point and operator. For the SAIs only, the
proportion of salmon and the year were also added as
predictors.
For the SAIs, the occurrence of injured ﬁshes was analysed
using a GLM with a binomial distribution of error (link: logit).
Because of the small number of injured ﬁshes, degrees of
spinal damage were not differentiated. The predictors were the
environmental variables, frequency, power density, ﬁsh length,
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PEC-40Hz

PDC-0Hz

PDC-400Hz

PDC-20Hz

PEC-20Hz

PDC-0Hz
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PDC-400Hz

SAI-2017 PDC-100Hz

PDC-50Hz

PDC-0Hz

PDC-100Hz

Cathode dimensions

Hans Grassl® ELT60II GI Length: 150 cm, width:
Honda GXV50 (1300 W) 2.5 cm, thickness:
0.3 cm
Imeo® Volta (80 W)
Length: 120 cm,
diameter: 0.5 cm
Length: 110 cm,
Smith Root® LR-24
(400 W)
diameter: 0.5 cm
Dream Electronique®
Length: 110 cm,
Martin-Pêcheur (240 W)
diameter: 0.5 cm
Hans Grassl® ELT60II GI Length: 150 cm,
Honda GXV50 (1300 W) width: 2.5 cm,
thickness: 0.3 cm
Imeo® Volta (80 W)
Length: 120 cm,
diameter: 0.5 cm
Length: 110 cm,
Smith Root® LR-24
(400 W)
diameter: 0.5 cm
Dream Electronique®
4 braids (length: 85 cm,
Martin-Pêcheur (240 W)
width: 1 cm,
tickness: 0,3 cm)
Hans Grassl® ELT60II GI Length: 150 cm,
Honda GXV50 (1300 W) width: 2.5 cm,
thickness: 0.3 cm
Smith Root® LR-24
Length: 110 cm,
(400 W)
diameter: 0.5 cm
4 braids (length: 85 cm,
Dream Electronique®
Martin-Pêcheur (240 W)
width: 1 cm, tickness:
0,3 cm)
4 braids (length: 85 cm,
Dream Electronique®
Martin-Pêcheur (240 W)
width: 1 cm, tickness:
0,3 cm)

Waveforms code Engine

SAI-2015 PDC-40Hz

EAI

Protocol

DC

35 cm ; gauge :

diameter: 35 cm ; gauge :
1.6 cm

diameter: 35 cm ; gauge :
0.6 cm
diameter: 35 cm ; gauge :
1.6 cm

diameter: 35 cm ; gauge :
0.6 cm

400

100

PDC

PDC

50

PDC

n/a

100

PDC

DC

40

40

n/a

400

20

20

n/a

PDC

PEC

PDC

PDC

PEC

DC

178

190

160

153

139

215

194

153

139

228

12.70 213

10.70 213

25

n/a

0.40

6.25

2.25

n/a

0.48

12.5

2.25

n/a

192 (6)

204 (6)

188 (7)

174 (5)

160 (5)

148 (2)

154 (5)

150 (0)

184 (8)

172 (2)

187 (1)

174 (1)

2.07

2.07

2.07

2.07

1.84

1.84

1.84

1.84

1.45

1.45

1.45

1.45

RADAC Power
Waveforms Frequency Pulse Peak
(cm)
density
(Hz)
width voltage
(mW.cm3)
(ms) at the
anode (V)

35 cm ; gauge :

35 cm ; gauge :

35 cm ; gauge :

diameter: 35 cm ; gauge :
1.6 cm
diameter: 35 cm ; gauge :
0.6 cm
diameter: 35 cm ; gauge :
1.6 cm

diameter:
1.6 cm
diameter:
0.6 cm
diameter:
1.6 cm
diameter:
0.6 cm

diameter: 35 cm ; gauge :
0.6 cm

Anode dimensions

Table 2. Settings of the electroﬁshers (associated with waveform codes) during application of the Eel Abundance Index (EAI) and Salmonid Abundance Index (SAI-2015 and SAI-2017)
protocols, with the radius of attraction (RADAC) its associated power density. For the RADAC, four measurements were taken. Values in brackets: standard error.

G. Pottier et al.: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 42

G. Pottier et al.: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 42

Fig. 3. Ultrasound image of a spinal column of a brown trout. The
arrow indicates misalignment of the spinal column. The ﬁsh is placed
on its left ﬂank, with the head on its left side of the image.
Table 3. Modelling the (A) occurrence and (B) non-null CPUE of
European eels using the Eel Abundance Index protocol, as a function
of environmental variables and waveforms. N: 192. With Cohen’s
effect: 0.2; statistical power: 1.
(A)

Estimate

Standard
Error

Z value

P value

Intercept
Depth
PEC waveform

4.29
−0.068
−3.92

0.909
0.019
0.59

4.71
−3.60
−6.70

<0.001
<0.001
<0.001

(B)

Estimate

Z value

P value

Intercept
Riparian vegetation
Depth
PEC waveform

1.84
−0.34
−0.020
−1.07

Standard
Error
0.21
0.16
0.0053
0.50

8.67
−2.08
−3.88
−2.13

<0.001
0.04
<0.001
0.03

species, operator and year. We did not perform this analysis for
the EAI survey because of the low percentage of eels examined
with ultrasound and the low occurrence of injuries detected
within this subsample. The EAI data are presented only for
information.
For each model, we used stepwise backward elimination to
identify the signiﬁcant predictors: analysis of variance of these
models was performed, starting with the most complex model,
and predictors were removed until only signiﬁcant (p value
<0.05) ones were left. Residuals were veriﬁed using Q–Q plots
and binned residual plots (Gelman and Yu-Sung, 2018). Data
were analysed using R software v.3.3.2 (R Development Core
Team, 2011).

3 Results
3.1 Catch-per-unit-effort

During the EAI, 297 eels were caught. Eel occurrence
decreased signiﬁcantly as water depth increased (Tab. 3A).
Waveform inﬂuence CPUE signiﬁcantly (Tab. 3). PEC
detected signiﬁcantly fewer ﬁshes (by a factor of 8–10) than
other waveforms (Fig. 4A). Moreover, non-null CPUE
decreased as depth increased, when the vegetation was present
and when using PEC (Tab. 3B). The CPUE was higher in
shallow habitats, but PEC was less efﬁcient at capturing ﬁshes
regardless of the habitat (Fig. 4B).

Fig. 4. Estimates of the (A) occurrence and (B) non-null catch-perunit-effort of eels by waveform and frequency. Results are means ± 1
SD. N: 192. With Cohen’s effect: 0.2; statistical power: 1.

Table 4. Modelling the (A) occurrence of salmonids and (B) the nonnull CPUE of salmonids, using the Salmonids Abundance Index
protocol, as a function of environmental variables and waveforms.
N: 384. With Cohen’s effect: 0.2; statistical power: 1.
(A)

Estimate

Standard
Error

Z value

P value

Intercept
Roots
Depth
PEC waveform
(B)

0.011
0.96
0.035
−1.73
Estimate

0.05
3.36
2.72
−4.91
Z value

0.96
<0.001
<0.01
<0.001
P value

Intercept
Roots
Depth
PEC waveform
Year 2017

0.42
0.20
0.015
−0.51
0.29

0.25
0.29
0.013
0.35
Standard
Error
0.13
0.085
0.0042
0.23
0.097

3.38
2.35
3.47
−2.20
2.99

<0.001
0.02
<0.001
0.03
<0.01

During SAI-2015, 192 brown trout and 172 Atlantic
salmon were caught using the two waveforms and four
frequencies. During SAI-2017, 130 brown trout and 298
Atlantic salmon were caught using one waveform and four
frequencies. Waveform inﬂuenced CPUE signiﬁcantly
(Tab. 4). The occurrence of salmonids decreased when using
PEC, when roots were absent and as depth decreased (Tab. 4A,
Fig. 5A). With PEC, 50% fewer ﬁsh occurrences were detected
than with the other waveforms. Moreover, non-null CPUE
decreased in 2015 when using PEC, when roots were absent,
and as depth decreased (Tab. 4B, Fig. 5B). With PEC, CPUE
was 50% lower than those with the other waveforms. The
effect of year was nested with that of power density. There was
a year and/or density effect on the non-null CPUE but not on

Page 6 of 10

G. Pottier et al.: Knowl. Manag. Aquat. Ecosyst. 2020, 421, 42

Fig. 5. Estimates of the (A) occurrence and (B) non-null catch-perunit-effort of salmonids by waveform and frequency. Results are
means ± 1 SD. N: 384. With Cohen’s effect: 0.2; statistical power: 1.

Table 5. Modelling the occurrence of spinal damage in salmonids as
a function of biological and environmental variables and frequency.
N: 585. With Cohen’s effect: 0.2; statistical power: 1.

Intercept
Roots
Frequency
Fork length

Estimate

Standard Error

Z value

P value

–4.13
0.84
0.0030
0.011

0.41
0.30
0.00091
0.0028

–10.15
2.80
3.31
3.98

<0.001
<0.01
<0.001
<0.001

the occurrence of salmonids (Tab. 4B). Indeed, more ﬁshes
were caught in 2017, when the power density was higher than
in 2015.
3.2 Physical damages

No direct mortality was observed in any of the protocols.
Concerning the EAI, 1 eel of 23 (4.3%), 1 eel of 9 (11.1%),
2 eels of 22 (9.1%) and 0 of 1 (0%) eels showed evidence of
spinal damage when caught with DC, PDC-20Hz, PDC-400Hz
and PEC-20Hz, respectively.
For both SAI-2015 and SAI-2017, 57 of 585 (9.7%)
salmonids showed evidence of spinal damage. The percentage
of spinal injuries increased signiﬁcantly when roots were
present and as frequency and fork length increased (Tab. 5;
Fig. 6).

4 Discussion
This study compared in the ﬁeld the attraction and impact
of different waveforms and frequencies on ﬁshes when
electroﬁshing. To compare effects of different waveforms on
the attraction or impact of an electric ﬁeld on ﬁshes, Lamarque
(1990) recommended using DC as a standard. Because
producing DC with a battery in the ﬁeld is challenging

Fig. 6. Estimated percentage of spinal damage in salmonids by
frequency. Fork length was ﬁxed at 89 mm (the mean) and the
occurrence of roots was ﬁxed at 0.44 (the mean). Grey bands: ± 95%
conﬁdence interval of the frequency effect. A frequency of 0 Hz
corresponded to DC. N: 585. With Cohen’s effect: 0.2; statistical
power: 1.

because it requires a large amount of power, several studies did
not consider DC. In the present study, the backpack electroﬁshers that produce pulsed currents were powered by a battery,
while the one that produced DC was powered by a petrolpowered generator. We were thus able to compare a wide range
of frequencies (0−400 Hz) using DC as a standard.
In the present study, although the output voltage at the
anode remained constant while ﬁshing, the RADAC may have
varied slightly (Tab. 2). The type of substrate can inﬂuence
propagation of the electric ﬁeld from the anode (Scholten,
2003; Pottier, 2017). Side effects (e.g. surface tension,
variability in the topography of the riverbed and bank) can
also alter the pattern of equipotential lines (Novotny and
Priegel, 1974; Beaumont et al., 2005). The power transferred
into ﬁshes (Kolz, 1989) was not estimated because the debate
between using DC or a pulsed current still contains contradictions (Henry and Grizzle, 2006). Likewise, the conductivity
of most freshwater ﬁsh species is not known well enough to
resolve this debate completely. Furthermore, in situ, dispersion
of the electric ﬁeld in the water depends on the duty cycle
(Pottier et al., 2020), which makes the power-transfer theory
complicated to calculate when using PDC. However, in the
ambient conductivity range of 145–207 mS cm−1, the present
study had the advantage of providing an equal RADAC
regardless of the frequency of PDC (considering that 0 Hz is
DC) or the anode and cathode on the electroﬁsher (Pottier
et al., 2020). Because equal RADACs yielded the same
sampling effort, they allowed for replicability and comparison
of different waveforms and frequencies among sampling
points.
The type of waveform signiﬁcantly inﬂuenced ﬁsh
occurrence and non-null CPUE at the sampling points for
the European eel and salmonids (Atlantic salmon and brown
trout). When performing the EAI and the SAI protocols,
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DC and the different frequencies of PDC obtained the same
occurrences of ﬁshes and non-null CPUEs, which were higher
than those obtained by PEC. These results agree with those
obtained under experimental conditions by Beaumont et al.
(2000), who found that PEC captured rainbow trout less
efﬁciently than other forms of pulsed currents. Using DC as a
reference, the present study conﬁrmed this trend in the ﬁeld
and for species with different morphologies. Lamarque et al.
(1975) theorized that there is a “useful time” for applying
current to induce a reaction in ﬁshes. Using a low duty cycle
(i.e. the percentage of a period during which the signal exceeds
0 V) means that the power emitted into the water and then
transferred into ﬁshes may be too low to trigger an anodic
curve, which forces ﬁshes to swim towards the anode. The
mathematical integral of the PEC pattern may be insufﬁcient to
excite spinal nerves, which may explain why the PEC, with a
rapid discharge, did not attract ﬁshes. For instance, for SAI2015, the discharge time of the PEC-40Hz was 2 ms, which
would correspond to a duty cycle of 8% for a PDC pattern.
In comparison, that of PDC-100Hz was estimated at 6.2% and
that of PDC-40Hz at 25%. Voltage decreases during a PEC
discharge, however, so the voltage gradient in the water is
probably not sufﬁcient (less than 0.1V cm1) to induce a
neuromuscular reaction in ﬁshes. During depletion captures,
Chiaramonte et al. (2020) found greater capture efﬁciency
when they electroﬁshed salmonids with a PDC-60Hz than a
PDC-30Hz. This suggests that frequency can inﬂuence results
(estimation of abundance and capture efﬁciency with the
continual application of electricity) when using depletion
sampling, but not, according the present study, when using
sampling points (CPUE with a discrete application of
electricity).
For both the EAI and SAIs, environmental variables
inﬂuenced the CPUE. For the EAI, the occurrence and non-null
CPUE decreased as depth increased. Depth is usually
mentioned as a limiting factor when electroﬁshing (Bohlin
et al., 1989; Beaumont, 2011). When depth increases, ﬁshes
can escape from the sight of operators or the attraction ﬁeld
more easily, which decreases capture efﬁciency. For the EAI,
the presence of riparian vegetation decreased CPUE, which is
consistent with results of Laffaille et al. (2003), who found that
small eels (<450 mm long) generally avoided riparian cover.
For the SAIs, greater depth and the presence of roots increased
CPUE. Both can shelter salmonids (Armstrong et al., 2003),
which explain the greater number of ﬁshes observed in this
microhabitat.
In this study, ﬁshes were released into their natural
environment instead of being necropsied. If a haemorrhage
occurred, the visual contrast between blood and coelomic
liquid could not have been perceived by ultrasound, especially
because many ﬁshes have small coeloms (due to their small
size). As a result, although ultrasound could properly identify
only spinal injuries, it was determined to be an effective tool
for doing so. It should not be forgotten, however, that capture
and manipulation can also cause spinal damage. Beaumont
et al. (2000) demonstrated that brown trout exposed to PEC or
PDC showed no difference in their plasma concentration of
cortisol (a stress hormone). In contrast to their study,
ultrasound in the present study revealed an effect of the type
of waveform on spinal injuries in ﬁshes. The present study
suggests that ultrasound is a less invasive method to detect

injuries in ﬁshes than necropsy or assessing plasma cortisol
concentrations.
Sharber and Carothers (1988) found 44%, 44% and 67% of
rainbow trout with spinal injuries (detected with X-rays) when
caught with PEC, PDC or quarter sinusoidal current,
respectively (all of which peaked at 260 V). In comparison,
the percentage of injured individuals in the present study was
approximately half that observed by Sharber and Carothers
(1988). The risk of injury increases if ﬁshes remain in the
electric ﬁeld too long (Snyder, 2003). The unknown time of
exposure and longer total ﬁsh length (mean of 320 mm) in the
study of Sharber and Carothers (1988) may explain that study’s
larger percentage of spinal injuries. In the present study, all
sampling points had the same duration for each protocol (30
and 8 seconds for EAI and SAIs respectively).
Several studies agree that increasing the frequency
increases the percentage of injured ﬁshes (McMichael,
1993; Sharber et al., 1994; Dalbey et al., 1996; Dolan
et al., 2002). The present study demonstrated that the
percentage of spinal injuries to salmonids was not inﬂuenced
by the waveform, but did increase as frequency increased.
A similar trend was observed for the eels, although it was not
statistically signiﬁcant. This study highlights the inﬂuence of
frequency while considering biological and environmental
variables. Larger salmonids had a higher probability of being
injured, which agrees with results of Dalbey et al. (1996), who
found that the incidence and severity of injury were positively
correlated with the length of rainbow trout. Indeed, when a ﬁsh
is pointed towards the anode, the longer its fork length, the
more it is subject to a strong voltage gradient. Furthermore, the
power densities used in this study did not inﬂuence the
percentage of injured ﬁshes, which suggests that the voltage
gradient through ﬁshes is the main variable that inﬂuences
injury. Thus, when electroﬁshing, it is imperative to quickly
catch large ﬁshes with nets. Our results revealed that the
presence of roots also increased the percentage of injured
salmonids. Indeed, ﬁshes were larger in microhabitats with
roots and thus, likely to have a higher probability of suffering
spinal damage. Consequently, special care must be taken when
catching ﬁshes around roots. Because different environments
(e.g. macrophytes, helophytes, woody debris and boulders) can
shelter some ﬁshes, we hypothesized that they might inﬂuence
CPUE and the percentage of injured ﬁshes, but they did not.
They were less present than roots or riparian vegetation, which
may explain why their potential effects were not signiﬁcant.
Although attraction remained the same for eels and
salmonids regardless of the frequency, increasing the
frequency increased the percentage of injured ﬁshes. By
assessing the attraction and ﬁsh injury of survey protocols, this
study provides compelling evidence that setting an electroﬁshing device requires a trade-off should between DC and
PDC. This trade-off concerns the weight of a backpack
electroﬁsher: those that produce DC are usually heavier
(ca.15 kg) but less harmful than those that produce PDC
(ca. 10 kg).
Halsband (1968) suggested 20 Hz and 80 Hz as optimal
frequencies at which to ﬁsh for eel and trout, respectively,
when using pulsed current (i.e. using the smallest amount of
energy to tetanize ﬁsh). The present study showed that
frequency did not inﬂuence CPUE. We thus recommend using
DC (0 Hz) to obtain good capture efﬁciency while minimizing
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the impact on ﬁsh. When using DC is not possible, PDC should
be used, but at a low frequency. As increasing the frequency
was more harmful to ﬁshes (signiﬁcantly so for salmonids),
frequencies should not reach or exceed 100 Hz. Regardless of
intercalibration among electroﬁshers, PEC is not recommended because of its low attraction for ﬁsh. For longitudinal
surveys, the results show that electroﬁshers that produce DC or
PDC (with of 0–400 Hz) can be used interchangeably because
their inﬂuence on the CPUE of eels and salmonids should not
differ.
Finally, this study involved separate sampling efforts for
eels and salmonids, each optimized for the target species, after
which injuries were assessed. This sampling method impacts
not only the target species, but also ﬁsh communities. Because
species react differently when electriﬁed (e.g. immobilizing
smaller species requires higher power densities to be
immobilized; Lutnesky et al., 2019), additional taxa need to
be evaluated to assess the overall impact of electroﬁshing on
ﬁsh communities.
By comparing the efﬁciency and impact of different
waveforms using sampling points in the ﬁeld, this study
provides recommendations for ﬁne tuning electroﬁshing
protocols while considering biological and environmental
variables. With the emergence of new waveforms such as the
burst PDC (with two adjustable frequencies) and the long-term
use of electroﬁshing, it is important to continue to examine the
use of electricity by combining aspects of attraction and of
impacts on ﬁshes.
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