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ABSTRACT
Single pass electrofishing method for assessment and monitoring of larval lamprey populations

Our work aims at calibrating and standardizing the single pass protocol of electrofishing to assess and monitor larval lamprey
populations, mainly for European populations of sea lamprey (Petromyzon marinus). The method is considered cost-effective
and appropriate for use both on the scale of management decisions (from river or watershed to a regional or national scale)
and as a routine assessment tool as required by the European Union Habitats Directive. Additionally, the larval surveys may
be reconciled with routine electrofishing surveys for fish species, to further reduce costs. In our case, the escapement of larvae
from the sampling area when using electrofishing corresponded to 18 % of larvae and 17 % of larval biomass. The general
effectiveness of the protocol to determine the density and biomass of age-1 and older larvae in the prospected area was 68 %
and 70 %, respectively. Finally, reference categories for density and biomass of larval populations of P. marinus in NW of the
Iberian Peninsula are provided.
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RESUMEN

Meétodo de muestreo por electropesca de una sola pasada para la evaluacion y monitorizacion de las poblaciones de larvas
de lamprea

El presente articulo tiene como objetivo la calibracion y estandarizacion del método de pesca eléctrica de una sola pasada
para la evaluacion y monitorizacion de poblaciones larvarias de lamprea, en especial para las poblaciones europeas de
lamprea marina (Petromyzon marinus). Se trata de un método de bajo coste econdomico y adecuado tanto para su uso
a escala relevante para la gestion de poblaciones (desde rio o cuenca hasta escala regional o nacional) como para las
evaluaciones periodicas que exige la Directiva Hdbitats de la Union Europea. Los muestreos de larvas pueden ser integrados
en los muestreos rutinarios con pesca eléctrica comiinmente utilizados para diferentes especies de peces, con la consiguiente
reduccion de los costes. Nuestros resultados muestran una fuga media de larvas desde el drea de muestreo de un 18 % de los
individuos y un 17 % de la biomasa. La efectividad general del protocolo para determinar la densidad y biomasa de larvas
de mds de un aiio de edad fue del 68 % y el 70 % respectivamente. Finalmente, se proporcionan categorias de referencia para
la densidad y biomasa larvarias de las poblaciones de P. marinus en el NO de la Peninsula Ibérica.

Palabras clave: Efectividad de muestreo, fuga, ammocete, densidad, biomasa.
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INTRODUCTION

Lampreys are widely distributed throughout
temperate zones of both the Northern and South-
ern hemispheres (Hardisty, 2006). There are
42 current species of lampreys (Renaud, 2011;
Mateus et al., 2013), most of which are threat-
ened (Renaud, 1997). In Europe, three of these
species, the sea lamprey Petromyzon marinus
Linnaeus, 1758, European river lamprey Lam-
petra fluviatilis (Linnaeus, 1758) and European
brook lamprey Lampetra planeri (Bloch, 1784)
are included in the Annex II of the European
Union Habitats Directive (92/43/EEC), which
stipulates that member states have to protect
and restore the populations of listed species and
associated habitats.

As a consequence, studies on the population
status of lamprey species are increasingly com-
mon in Europe. Most of these studies focus on the
larval stage (Moser et al., 2007), during which in-
dividuals spend from 3 to 8 years burrowed in the
river sediment (Beamish & Potter, 1975; Quin-
tella et al., 2003). The optimal habitat for lam-
prey larvae corresponds to depositional zones of
silt or sand with low water velocity and detritus
present (Almeida & Quintella, 2002; Slade et al.,
2003), which can normally be found along the
margins of the river course.

The methodologies described and used for
this purpose are diverse and have been reviewed
by Moser et al. (2007). They might be grouped
into several common categories: 1) a single
pass of non-delimited electrofishing (Slade et
al., 2003; Hansen & Jones, 2008; this paper);
2) a depletion method by electrofishing in a
delimiting framework “box” (Harvey & Cowx,
2003; Nunn et al., 2008; Harvey et al., 2010);
and 3) dredging in “box” (Lasne et al., 2010).
Moreover, electrofishing with a pump (Bergstedt
& Genovese, 1994) or a water suction dredge
(Taverny et al., 2012) can be used in deep areas.

Most larval lamprey surveys typically use a
single pass of electrofishing in wadeable areas
(Moser et al., 2007) because it is rapid and inex-
pensive. This methodology provides the observed
biomass and density that are subsequently ad-
justed based on the effectiveness of the method

to finally obtain an estimation of the absolute val-
ues (Harvey & Cowx, 2003; Slade et al., 2003;
Steeves et al., 2003). The effectiveness of the
electrofishing sampling to determine the abso-
lute number of larvae in the prospected area (ad-
justed larval density) for both invasive and native
larval populations of different lamprey species
(P. marinus, L. fluviatilis, L. planeri), has been
estimated in different studies at close to 50 %
(Harvey & Cowsx, 2003; Steeves et al., 2003;
Lasne et al., 2010).

Continuing steps towards the refinement of
electrofishing protocols for lamprey larvae are
the testing for larval escapement and effective-
ness, as well as to reduce the sampling effort to
achieve the desired objectives (Steeves et al.,
2003; Togersen & Close, 2004; Moser et al.,
2007; Hansen & Jones, 2008). For example,
Steeves et al. (2003) suggested the existence of
larvae escaping from a non-delimited study area
but could not obtain reliable quantitative data on
this key aspect.

Thus, the objective of this paper is to further
contribute to the calibration and standardization
of the single pass protocol of electrofishing
to assess and monitor larval lamprey popu-
lations at large scale, mainly for European
populations of P. marinus. For this purpose, a
mark-recapture study was conducted to analyze
the escapement of individuals from the study
area during the electrofishing sampling, as well
as the effectiveness of electrofishing to determine
the larval density and biomass in the prospected
area. Finally, we provide reference categories for
density and biomass of larval populations of P,
marinus in the NW of the Iberian Peninsula, as
the result of extensive sampling campaigns run
annually from 2007 to 2012.

MATERIALS AND METHODS

The present study has been conducted in 11
rivers and 34 sampling stations (Fig. 1) situated
in Galicia (NW Spain) and with current presence
of larval lamprey populations (Cobo et al., 2010).
Petromyzon marinus is the only species of lam-
prey currently cited in the studied rivers (Cobo et
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al., 2010). The following describes in detail the
single pass of electrofishing method proposed
and used for this study, as well as the analysis of
the method effectiveness and the presentation
of reference data of larval density and biomass
for NW Iberian Rivers.

The single pass electrofishing method

Sampling was performed in the optimal habitat
for lamprey larvae and in summer to ensure
the capture of both larvae and transformers
(metamorphosing larvae) (Cowx et al., 2009).
For fishing, a ring-anode is placed over the sed-
iment surface, and energised for approximately
8-10 second bursts of continuous direct current
(pulsed direct current can also be used [Harvey
& Cowx, 2003; Slade et al., 2003]). A brief 3-5
second pause in between bursts allows lampreys
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to emerge as the power current stops, and once
they are in the water column, further bursts im-
mobilise the individuals in order to capture them
(Harvey & Cowx, 2003). The voltage output
must be adjusted (100-500 V, reaching 1 ampere)
depending upon water conductivity to ensure that
ammocoetes are attracted to the anode (Harvey
& Cowx, 2003). Sampling was performed in
one or more sediment banks of larval habitat at
each site. Selected patches should be completely
prospected to know the extent of the surveyed
area and to minimize the error produced by
larvae entering or leaving the patch.

Following O’Connor (2006), a minimum of
20 minutes of continuous fishing was conducted
at each sampling site when no ammocoetes
were captured, reaching up to 40 minutes when
ammocoetes were captured. Slade et al. (2003)
and Hansen & Jones (2008) used a single pass
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Figure 1.

Map of the sampling sites located in 11 rivers in NW Spain. Grey circles: sites only used for obtaining demographic data;

black circles: sites used for both obtaining demographic data as well as for studying the effectiveness of the method. Mapa de los
puntos de muestreo localizados en 11 rios del NO de Esparia. Circulos grises: puntos de muestreo utilizados solo para la obtencion
de datos demogrdficos. Circulos negros: puntos de muestreo utilizados tanto para la obtencion de datos demogrdficos como para el

estudio de la efectividad del método.
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electrofishing method for a fixed surface (30 m?)
at a constant speed (0.7 and 1.0 m?> min~!, respec-
tively). However, in this type of standardization,
density can significantly affect the sampling
effectiveness because higher larval densities
require longer sampling time per square meter
to obtain a similar effectiveness (Steeves et al.,
2003). Thus, in order to standardize and avoid
this problem, each bank or habitat patch was
progressively surveyed, keeping the anode in the
same point until no ammocoetes were captured
after 4 cycles of burst-stop (~1 minute), then
progressing through the sampling area.

Captured ammocoetes were anaesthetised us-
ing a solution of benzocaine (0.3 ml1™!) to re-
duce handling stress and subsequently measured
(= 1 mm) and weighed (0.1 g). For each sam-
pling site the observed larval density (ind - m~2)
and biomass (g-m~2) were calculated by divid-
ing the total catch (individuals and grams, re-
spectively) by the total area sampled. As elec-
trofishing presents a lower catchability of young
of the year (YOY) larvae, the larval density and
biomass of age-1 and older larvae are also pro-
vided (Slade et al., 2003).

Analysis of the single pass electrofishing
method by a mark-recapture study

The mark-recapture methodology (Pine et al.,
2003) was used to determine the extent of
escapement of larvae from the study area dur-
ing the electrofishing sampling, as well as the
effectiveness of the single pass electrofishing
method (SPEM) to determine the larval density
and biomass in the prospected area.

For this analysis five sites (U2, U5, U6,
Um4 and D1) were sampled between July and
September 2012. At each sampling site, we made
a first pass for capturing and marking larvae and
a second pass for recapturing them. Individuals
captured in the first pass were anaesthetized,
weighed, measured and tagged with Visible
Implant Elastomer (VIE) tags manufactured by
Northwest Marine Technology, which can be
effectively used to tag larval lampreys (Silver et
al., 2009). Elastomer tags were implanted under
the skin using a syringe. After handling, individ-

uals were allowed to recover and then returned to
their point of capture, verifying that they buried
normally. Elastomer tags were easily implanted
in lamprey larvae, and only YOY ammocoetes,
i.e., under 40 mm total length (Nunn et al., 2008;
unpublished data) were not marked due to their
small size. These small larvae were not included
in the analysis and were released outside the
sampling area.

Once individuals were released back to the
sampling area, we waited three hours to allow
for their complete recovery (they had already re-
covered before release) and their redistribution in
the sediment before the second pass. The wait-
ing time between the two passes was enough for
conducting the two sampling passes on the same
day, and for preventing the escapement of indi-
viduals by natural movements, which are more
common at night (Quintella et al., 2005). At each
site, the second pass was performed in the same
area, sampling the same surface during the sa-
me time. In this second pass, besides measuring
and weighing the larvae, we also tracked the pres-
ence or absence of a tag in each individual.

Biomass values used for the analysis in this
section match with the total biomass (B;) in
grams. To compare the values of number of
larvae (V) and total biomass obtained in the first
(1) and the second pass (2) the nonparametric
Wilcoxon matched-pairs signed ranks test was
performed (Barnard et al., 2007) because the
data did not conform to normality. Following
Steeves et al. (2003) the escapement of larvae
(Ey) and total biomass (Ep,) when using the
SPEM were calculated as follows:

Ey =100 x (Nl —Nz)/Nl
and EBt =100 x (Btl - B,2)/B[1.
Adjusted number of larvae (N,;) and adjusted

total biomass on the second pass (B,,;) were cal-
culated as:

N, = [N (total tagged larvae)]x
X [N,/N, (only recaptures)]
and

B.» = [By (total biomass tagged)]x
X [Bp/Byp (only recaptures)]



Single pass electrofishing for sampling lamprey larvae

(modified from Margalef, 1974). Then, to calcu-
late the adjusted number of larvae (N,;) and ad-
justed total biomass on the first pass (B, ) the ef-
fect of the escapement must be taken into account
as follows:

N, =100 X N, /(100 — Ey)
and
B, = 100 X B,» /(100 — Eg,).

Finally the effectiveness of the method to es-
timate the absolute number of larvae (Efy) and
biomass (Efp,) were calculated as:

EfN =100 XN]/Nal
and
Eth =100 X By /B .

The Pearson correlation test has been used to
establish the relationship between effectiveness
and the biotic parameters of larval density and
biomass at each sampling point.

Reference categories for larval density and
biomass in NW Iberian Peninsula

From 2007 to 2012 annual surveys were car-
ried out in 34 different sampling sites (25 sites
in 2007; 29 in 2008; 30 in 2009; 18 in 2010; 22

Table 1.
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in 2011; 51in 2012) located in 11 rivers of Galicia
(NW Spain) with larval populations of P. mari-
nus, including the sampling sites also prospected
to study the effectiveness of the electrofishing
method (Fig. 1). The spectrum of demographic
data obtained by electrofishing allowed the estab-
lishment of reference categories for larval density
and biomass of P. marinus in this region. To es-
tablish the reference categories, values of larval
density and biomass were collated and separated
by percentiles following Pedicillo et al. (2010)
and Sanchez-Herndndez et al. (2012). Thus, five
categories were established:

1. Very poor —when the value of the variable is
below the 10th percentile.

2. Poor —when the value of the variable is be-
tween the 10th and the 30th percentile.

3. Moderate — when the value of the variable is
between the 30th and the 70th percentile.

4. High —when the value of the variable is be-
tween the 70th and the 90th percentile.

5. Very high —when the value of the variable
exceeds the 90th percentile.

In addition to reference categories for all lar-
vae captured, the reference categories for age-1

Results obtained by mark-recapture of lamprey larvae in five sampling sites. N: number of individuals; B,: total biomass

(observed biomass); 1: first pass; 2: second pass; N, and B,,: adjusted density and total biomass (estimate of the absolute value); E:
escapement. Resultados obtenidos mediante el marcado-recaptura de larvas en cinco puntos de muestreo. N: niimero de individuos;
B: biomasa total (biomasa observada); 1: primera pasada; 2: segunda pasada; N, y By: densidad y biomasa total ajustada

(estimacion del valor absoluto); E: escape.

Locality U2 U5 U6 Um4 D1

N, 159 102 285 132 95

N, 147 90 238 87 77

B (2) 390.1 111.2 954.6 2194 197.3
B, (2) 345.2 94.5 7554 166.0 170.1
E, (%) 7.5 11.8 16.5 34.1 18.9
Eg, (%) 11.5 15.0 20.9 24.3 13.8
% recaptures, (N) 89.1 85.6 739 65.7 922
% recaptures; (B;) 89.9 86.9 76.5 67.8 96.0
B (g) 433.8 128.0 1247.0 323.7 205.5
B (g) 490.3 150.6 1575.7 427.7 238.4
N (2) 178.4 119.2 385.4 201.0 103.0
N, (g) 193.0 135.1 461.5 305.0 127.1
Effectivenessg, (%) 79.6 73.8 60.6 51.3 82.8
Effectivenessy (%) 82.4 75.5 61.8 433 74.7
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and older larvae are also provided, as it is advis-
able to provide data on this part of the popula-
tion due to the lower catchability of YOY larvae
by the electrofishing method (Slade et al., 2003).
Statistical analyses were performed using IBM
SPSS Statistics 20.0 software.

RESULTS

Analysis of the single pass electrofishing
method by a mark-recapture study

The main results obtained are shown in Table 1.
A total of 1412 larvae were captured in this
study, the sampling time and the sampled
area (mean +95% confidence interval) being
51+5.2 min (range: 43-60) and 16+3.5 m’
(range: 11-22) for each site (N =5) and pass.
The average escapement produced during elec-
trofishing (mean +95% confidence interval)
was 17.8+12.57% (range: 7.5-34.1) for the
number of larvae, and 17.1+6.60% (range:
11.5-24.3) for total biomass. Consequently, a
significant difference between values obtained in
the first and second pass, both for larval density
and larval biomass, was recorded (Wilcoxon
matched-pairs signed ranks test, p < 0.05). For
larval density and total biomass, an average ef-
fectiveness of 67.5+19.21 % (range: 43.3-82.4)
and 69.6 £ 16.51 % (range: 51.3-82.8) were ob-
tained, respectively. No correlations were found
between effectiveness and larval density or bio-
mass recorded at each sampling point (Pearson
correlation test: 0.516; p = 0.373 for density;
—0.292; p = 0.633 for biomass).

Silva et al.

Reference categories for larval density and
biomass in NW Iberian Peninsula

Reference categories for density and biomass of
larval populations of P. marinus in NW of the
Iberian Peninsula are shown in Table 2. To obtain
these reference categories, 10269 larvae were
captured in 34 different sampling sites situated
in 11 rivers of Galicia (NW Spain). Due to the
standardization selected to minimize the varia-
tion of effectiveness between locations (fishing
the same square meter until no ammocoetes
were captured after one minute; see section
“The single pass electrofishing method”), the
sampling rate was higher in areas with higher
larval densities, progressing faster in sampling
points with low densities. The average time of
fishing (mean +95% confidence interval) at
each site was 38+ 1.1 min (range: 19-60), and
the average sampled surface was 18 +2.0 m?
(range: 4-75), prospecting at a rate of 2.9
+0.25 min m? (range: 0.5-10.0). The mean
value (mean +95 % confidence interval) of the
observed larval density at each site was 6.1
+0.98 ind-m™ (range: 0.03-39.0). Similarly,
the mean observed biomass was 11.9+2.17 g
.m~2 (range: 0.1-90.5). For age-1 and older
larvae, the mean observed density and biomass
were 5.9+0.97 ind-m~? (range: 0.03-39.0) and
11.9+2.17 g-m~2 (range: 0.1-90.5).

DISCUSSION

Usefulness and effectiveness of the single pass
protocol of calibrated electrofishing has been

Table 2. Reference categories for observed density and biomass of larval populations of P. marinus in NW of the Iberian Peninsula,
for both all larvae (all) and age-1 and older larvae (> 1+). D: larval density (ind - m2); B: larval biomass (g-m™2). Categorias de
referencia para la densidad y biomasa observadas de poblaciones larvarias de P. marinus en el NO de la Peninsula Ibérica, tanto
para todas las larvas (all) como para las larvas de un aiio de edad o mds (> 1+). D: densidad larvaria (ind-m™); B: biomasa

larvaria (g -m™).

Observed D (all)

Observed D (> 1+)

Observed B (all) Observed B (= 1+)

Very high >13.6 >12.8
High 8.1-13.6 7.5-12.8
Moderate 2.6-8.0 2.6-74
Poor 0.7-2.5 0.7-2.5
Very poor <0.7 <0.7

>26.9 >26.9
13.5-26.9 13.3-26.9
4.6-13.4 4.6-13.2

1.6-4.5 1.6-4.5

<1.6 <1.6
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tested in order to survey lamprey larvae of P. mar-
inus in wadeable rivers. This is a cost-effective
method considered appropriate for both its use on
the scale relevant to management decisions (from
river or watershed to a regional or national scale)
and its use as a routine assessment tool. As a
consequence, it might be a suitable methodology
for the large scale assessment and monitoring of
larval lamprey populations required by the Euro-
pean Union Habitats Directive (rivers should be
sampled at least each six years). It is also com-
patible with traditional electrofishing sampling
routines, as electrofishing is most likely the most
commonly used tool to carry out assessments on
fish population parameters (Cowx et al., 2009).
The staff, material required, timing of surveys
and even the sampling localities, might be the
same for both cases, allowing for a further reduc-
tion of costs (Harvey & Cowx, 2003).

Larval density can affect the sampling effec-
tiveness because higher larval densities require
longer sampling time per square meter to obtain
a similar effectiveness (Steeves et al., 2003). Due
to that, it is important to standardize the sampling
effort (see section “The single pass electrofishing
method”) in order to limit the differences of ef-
fectiveness between locations. Effectiveness can
be used to adjust the observed results to obtain
an approximate overview of the situation at the
river basin scale (Harvey & Cowx, 2003; Slade
et al., 2003; Steeves et al., 2003). For compar-
isons of larval biomass or density between pop-
ulations, the average values of the watershed or
river should be used because the error caused us-
ing a fixed effectiveness to adjust the results is
mitigated by the inclusion of values from dif-
ferent localities (Steeves et al., 2003). Even so,
when adjusting observed data, it is advisable to
use the average effectiveness + the 95 % confi-
dence interval to obtain an average estimate to-
gether with a more reliable (probability of 95 %)
interval of adjusted values.

As expected, the effectiveness of the method
for age-1 and older larvae densities (68 %) are
slightly higher than the ~50 % effectiveness de-
scribed for larval density using all larvae (Har-
vey & Cowx, 2003; Lasne et al., 2010). Due
to reduced influence of the YOY larvae on the

biomass (Cobo er al., 2010), the effectiveness
provided here for age-1 and older larvae biomass
(70 %) is considered suitable for adjusting ob-
served biomass of all larvae. For the same reason,
it is advisable to provide biomass values in demo-
graphic studies, as this variable is still rarely used
in lamprey larvae assessments.

The lower catchability of YOY individuals by
the electrofishing method (Lasne et al., 2010)
prevents its use in robust recruitment studies.
However, the presence of these individuals is
highly variable between years and in space de-
pending on different factors, and this limits the
information provided by this variable (Hansen et
al., 2003). They concentrate within the vicinity
of spawning areas, resulting in high densities in
these locations but not in the rest of the watershed
(Derosier et al., 2007). Thus, the precise study
of recruitment require specific protocols such as
dredging carried out every year and detailed sam-
plings near spawning areas (Lasne ef al., 2010).
The labour, time and cost required by some meth-
ods, such as dredging, suction, or the depletion
method in “box”, limit their potential as a routine
assessment tool (Torgersen & Close 2004; Lasne
et al., 2010; Taverny et al., 2012). As a conse-
quence, those studies are usually limited to one
river or basin. In fact, in most of their distribution
range, available information on lamprey species
is limited to presence-absence data, usually ob-
tained from surveys targeting other fish species
but inadequate for lamprey populations (Cowx et
al., 2009). On the contrary, the methodology we
propose aims at obtaining data at a much larger
scale and to provide medium term trends. The ef-
fort and costs needed for obtaining this lower but
acceptable accuracy is a clear advantage for rou-
tine assessment (Hansen & Jones, 2008; Fenichel
& Hansen, 2010).

There is no sampling method that can be used or
is optimal for all cases. Each method has different
limitations that prevent or hinder its use across the
range of larval habitats. A surface area of habitat
that is too small, narrow marginal areas, areas near
overhanging trees, the presence of roots, vegetal
debris or stones and deep or fast-flowing areas all
prevent the use of a delimiting framework (box)
or nets (Nunn et al., 2008; Harvey et al., 2010;
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Lasne et al., 2010). Where the use of the “box”
is not possible, Harvey et al. (2010) use a non-
delimited single pass of electrofishing.

As the amount of available information in-
creases, the methodology and the sampling de-
sign may be either improved or adjusted as nec-
essary, or complemented by other methods to
best meet management and conservation goals
(Hansen & Jones, 2008). The use of this protocol
might be particularly important in areas where
the distribution or presence of the species is not
known, or where larval densities are low, be-
cause in such cases the use of more accurate but
also more costly and time consuming methodolo-
gies is totally devoid of meaning. It would be
very convenient to analyze the effectiveness of
the method in other regions and habitats to know
whether the results obtained are similar to ours.

Reference categories for larval density and
biomass in NW Iberian Peninsula

Cowx et al. (2009) suggest a larval density clas-
sification for establishing the favourable or un-
favourable conservation status of P. marinus, L.
Sfluviatilis and L. planeri populations in the UK.
For P. marinus, the minimum larval density value
proposed for favourable conservation status was
0.2 ind-m~ at optimal habitat and 0.1 ind - m~>
at basin scale. As recommended by these authors,
this classification should be adapted to other re-
gions and species as more data become available
(Cowx et al., 2009; Harvey et al., 2010). In the
NW of the Iberian Peninsula even observed val-
ues (non-adjusted) of rivers with populations at
the worst conservation state exceed the thresh-
old described by these authors for sea lamprey
(Cobo et al., 2010), suggesting that populations
of P. marinus in NW Spain are larger than those
found in UK.

All larvae collected in this study were identi-
fied as P. marinus. Therefore, all the results and
assumptions in this paper relate primarily to this
species. However, except the reference categories
for population parameters, both the methodology
and the results and assumptions described may
be valid for other lamprey species, as their larval
stage is very similar (Hardisty, 2006).
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