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A field experiment with Dukane NetMark® 1000 pingers was conducted in the
bottom-set gillnet fishery for cod in the Swedish Skagerrak Sea between March and
April 1997. The aim of the experiment was to evaluate (i) the effectiveness of pingers
to reduce by-catch rate of harbour porpoises, and (ii) the effects of pingers on the
catches of the target species in the fishery. The design of the study was based on a
statistical power analysis and the results from observer programmes conducted
1995-1996 in the same area, fishery and time of year.

The catches of cod, pollack and other fish species were not affected by the sound of
the pingers in the active strings. No harbour porpoise was caught in any control or
active string, which was a significantly lower by-catch rate than in the two previous
years. This could not be explained by a reduction in fishing effort per se, a difference
in the total catch of fish for consumption or a shift in the spatial distribution of the sets
between the observer programmes and the pinger experiment. However, the spatial
analyses demonstrated that the experimental strings were set parallel to the coast and
along the 50 m isobath, and that the audible range of the active pingers on average
covered 16% of the longitudinal length and 5% of the surface area of the experimental
fishing area. A compilation of herring landings by Swedish fishermen operating in the
Skagerrak Sea 1995-1997 suggests that herring were more abundant in 1997 than in
1995. Good access to food in other parts of the porpoises’ distribution range and an
aversive reaction to the ensonification could have caused their displacement in the
fishing area.

A displacement effect by pingers is likely to be more prominent in coastal waters
where access to bodies of water is limited and the consequence may be serious if the
area is critical to the survival of the porpoise population.
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Introduction

Harbour porpoises (Phocoena phocoena L.) are caught
incidentally in gillnets and other fishing gear throughout
their distribution range in the northern hemisphere
(Perrin et al, 1994). In Swedish waters by-catch of
porpoises occurs year-round in the Baltic, Kattegat and
Skagerrak Seas in various gillnet and trawl fisheries
(Berggren, 1994). More than 90% of the reported
porpoise by-catch in Sweden comes from the Kattegat
and Skagerrak Seas and 80% are taken in bottom-
set gillnets (Berggren, 1994). Observer programmes
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operating in the bottom-set gillnet fishery for cod (Gadus
morhua) and pollack (Pollachius pollachius) in 1995
and 1996 have shown that porpoise by-catches in the
Swedish Skagerrak Seas exceed 2% of the estimated
number of animals in the area (Carlstrom and Berggren,
1996, 1998; Harwood et al., 1999). This is the level above
which by-catch of porpoises is considered biologically
unsustainable (IWC, 1996). Even minimum levels of
by-catches of harbour porpoises in the Baltic region
have been found to exceed potential limits to anthropo-
genic mortality (Berggren et al., 2002). These mortality
limits were calculated following the conservation
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objective set by the Agreement on the Conservation of
Small Cetaceans in the Baltic and North Seas
(ASCOBANS, 1997).

Trials with acoustic alarms or “pingers’” have shown
that these can reduce the occurrence of by-catches at
least in the short-term (Kraus ef al., 1997; Larsen, 1997,
Gearin et al., 2000). It is currently not fully understood
how pingers work, ie. whether they alert or deter
porpoises or deter the porpoises’ prey. It has been
suggested that pingers deter clupeoid fish such as herring
(Clupea harengus) (Kraus et al., 1997). Clupeoid fish are
acoustically sensitive at the fundamental frequency of
the Dukane NetMark® 1000 pinger (Dukane Corp.,
Seacom Division, 2900 Dukane Drive, IL 60174, USA;
Enger, 1967; Mann et al., 1997) and the family com-
prises the main prey species of harbour porpoises in
Scandinavian and temperate Atlantic waters (Recchia
and Read, 1989; Aarefjord et al, 1995). However,
recently more support has been given to the hypothesis
that pingers deter porpoises directly (Kastelein et al.,
1995; Cox et al., 2001; Gearin et al., 2000; Culik et al.,
2001).

In order to test (i) if pingers could be an efficient way
to reduce by-catch of harbour porpoises in the Swedish
bottom-set gillnet fishery and (ii) if they affect the
catches of cod and pollack, a field experiment was
conducted in the bottom-set gillnet fishery in March and
April 1997 in the Skagerrak Sea.

Materials and methods

The pinger experiment was conducted during March
and April 1997 in the southern Skagerrak Sea off the
Swedish west coast (Figure 1). The design of the experi-
ment was based on the results of observer programmes
monitoring the bottom-set gillnets for cod and pollack in
the same area and during the same time of the year in
1995 and 1996 (Carlstrom and Berggren, 1996, 1998).
Bottom-set gillnets for cod and pollack are similar in
configuration and employment and were therefore
treated together in the observer programmes. All fisher-
men participating in the pinger experiment had also
taken part in the observer programmes.

Fishing effort and by-catches in previous years

Between the 1995 and 1996 observer programmes no
significant difference could be found in string length,
soak time or effort per set (Mann—Whitney U-test;
length: Us,,.195=27 725, p=0.07; time: Uj 4.,95=30 359,
p=0.87; effort: Uj,.,95=29 545.5, p=0.51). Average
string length for the whole data set was 467 m (s.d.=264,
n=509) and average soak time 23h 3 min (s.d.=13h
26 min, n=509).

The harbour porpoise by-catch events in 1995 and
1996 consisted of a single animal on all but one
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occasion. To compare the by-catch frequency between
years the possible outcome of a haul was considered to
be either by-catch or no by-catch, i.e. a by-catch event
was independent of the number of animals caught. The
by-catch frequencies in both 1995 and 1996 followed
Poisson distributions (G-test; 1995: G=0.32, d.f.=1,
p=0.62; 1996: G=0.33, d.f.=1, p=0.61). No difference
was found between the distributions of the two years
(replicated G-test; G=0.35, d.f.=2, p=0.85) and hence
the data were pooled. The combined by-catch rate was
one by-catch event per 28 hauls. The coefficient of
dispersion of the pooled by-catch distribution was 0.97,
indicating a good fit to the Poisson distribution.

Design of the pinger experiment

Prior to initiating the pinger experiment the statistical
power to detect a significant reduction in the number of
by-catch events was analysed. In these analyses different
values of by-catch rate, string length and the number of
sets and hauls were simulated, while the statistically
significant level (o) was set at 5%. Several outlines to
detect a 75% reduction in by-catch with statistical power
of 80% or more were identified and the final design
was decided in collaboration with the participating
fishermen.

All strings used in the experiment were identical
bottom-set gillnets for cod. They were 500 m long, 5m
high and made of 4-twine mesh with a stretched size of
130 mm. The number of meshes was 2000 per 100 m, the
buoyancy of the float line 3.3 kg per 100 m and the
weight of the lead line 15 kg per 100 m. Every 100 m a
Dukane NetMark® 1000 pinger was attached to the
float line, resulting in 6 pingers per string. When a string
was set it was either “active” or ‘“‘control”, with all
pingers on any one string either emitting sound or silent.
The sequence of when a string would carry active or
control pingers was randomized prior to the start of the
experiment. The fishermen did not know in advance
which type of pingers a string would carry and they did
not change their decision on where to set when they were
informed of the pinger status. The pingers were specified
to emit a broadband signal with a fundamental fre-
quency of 10 kHz and a source level of 130 dB (re 1 pPa
at 1 m). The emitted signal was repeated every 4 s and
lasted for about 300 ms. When a string served as control,
the battery packs in the pingers were reversed.

Based on the theoretical dispersal and attenuation of
sound the strength of a pinger signal decreases with the
distance according to the function

S(D)=SL — 20*log (D)+A*D
where S(D) is the signal strength at distance D, SL is

the sound source level and A is the attenuation rate. At
the distances considered here the attenuation rate is
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Figure 1. The location of the 1997 pinger experiment. The fishing area is indicated by the shaded zones and the 50 m isobath is

marked by the dashed line.

negligible: 0.0007 dB/m of a 10 kHz signal in seawater at
4.7°C (s.d.=0.9, n=150; average water temperature at
20-80 m depth in ICES rectangle 4456 March—April
1994-1997. The temperature data was provided by the
Swedish Meteorological and Hydrological Institute
while the calculation follows the equation given by
Fisher and Simmons, 1977). To perceive a signal the
signal strength has to be above the animal’s hearing
threshold and for a harbour porpoise this is approxi-
mately 50dB re 1 pPa at 1m at 10 kHz (Andersen,
1970). Furthermore, based on data from human studies
(Hirsch, 1952) Trippel et al. (1999b) suggested that the
signal also has to be about 20 dB above ambient noise
level in order to be discernible. The ambient noise level

in water varies with sea state (Knudsen et al, 1948),
which in turn strongly influences the range of the pinger
signal. In very calm conditions a Dukane pinger can
theoretically be detected by a porpoise at a distance of
approximately 500-600 m, while the distance is
decreased to 40-50 m in wind speeds around 10 m s~ .
As 10 m s~ ! represents the upper limit for fishing opera-
tions with bottom-set gillnets for cod, 300 m was con-
sidered as a representative audible range of pingers for
porpoises in the present experiment. This range was
used both as the minimum distance experimental strings
were allowed to be set in relation to one another, and
to define the experimental fishing area (see Results,
Distribution of strings and by-catches).
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Table 1. The average catch of fish for consumption per string in the 1997 pinger experiment presented

with standard deviations (ngg,01= 181, Nyeiive=188).

Weight (kg) Number
Species Control Active p Control Active P
Cod 27.6£25.0 31.8+29.6 0.33 14.0+12.7 16.5+14.0 0.10
Pollack 8.3+28.3 7.1+21.1 0.92 3.8+13.5 28+74 0.93
Other species 9.4+38.0 8.7+69 0.78 8.1+6.8 8.0£7.0 0.79
All species 453 +42.1 47.5+44.5 0.58 2594220 27.3+19.7 0.25

Five fishermen were contracted to fish with a total of
25 strings (2-8 per fisherman). Each fisherman was
accompanied by an independent observer and the
expected number of days-at-sea during the two-month
period was 26. This would result in a total of 650 sets
and, with an average soak time of 23 h, the total fishing
effort would have been 7475km net*h of fishing
(3737 km net*h of fishing with control and active strings
respectively). On this assumption, the power to detect a
75% reduction in the active strings was 0.86 (0.71 for
6 by-catch events and 0.97 for 21).

Statistical and spatial analyses

Prior to all comparisons except those of fish catch,
Cochran’s test was used to test for homogeneity of
variance. A parametric test was chosen for testing for
differences between samples with homogenous vari-
ances, and non-parametric tests between samples with
heterogeneous variances. Non-parametric tests were also
used for analyses of fish catches, since cod, pollack and
herring are schooling fish and therefore are likely to
have clumped distributions. In repeated comparisons the
critical alpha was adjusted by the equation o'=1-—
(1 — )%, where ¢=0.05 and k is the number of repeated
tests. Statistical analyses followed Sokal and Rohlf
(1995) and were performed in STATISTICA 5.5
(StatSoft Inc., 1999). Spatial analyses were performed in
Maplnfo 3.0 (Maplnfo Corp., 1994).

Results
Fishing effort

The fishing effort obtained during the experiment was
184 sets or 2053 km net*h of fishing with control strings,
and 189 sets or 2122 km net*h of fishing with active
strings. The obtained effort was 57% of the anticipated
effort due to unfavourable weather conditions in combi-
nation with the implementation of new fishing regula-
tions. It covers all effort with bottom-set gillnets for cod
reported to the Swedish National Board of Fisheries
from the area (ICES rectangle 4456) during the time of
the experiment.

No significant difference was found in soak time, and
hence not in effort, between sets of control and active
strings (ANOVA, F=0.034, d.f.=(1; 371), p=0.85).
Neither did the soak time differ significantly between
1995, 1996 and 1997 (Kruskal-Wallis rank ANOVA,
H,.45,=2.82, p=0.24). Slightly longer strings in 1997
(average length 33 m longer than in the two previous
years) resulted in higher effort per set (Kruskal-Wallis
rank ANOVA, H,44,=43.73, p<0.01).

Catch of porpoises

No porpoises were caught in either the control or the
active strings. With an unchanged by-catch rate from the
observer programmes the expected number of by-catch
events in the obtained control sets would have been 7
(95% CI=3-14) and the power to detect a 75% reduction
in the obtained active sets 0.73 (0.53 for 3 events and
0.92 for 14 events).

Catch of fish

In total 31 species of fish were caught but only cod and
pollack each contributed more than 5% of the total
number of fish caught. There was no significant differ-
ence in catch of fish for consumption between the
control and active strings in 1997 (see Table 1) or
between 1995, 1996 and 1997; the latter calculated as
“total catch of fish for consumption” per effort and trip;
Kruskal-Wallis rank ANOVA, H,gs,=3.92, p=0.14.
The fishery was selective with an average number of
3.9 (s.d.=5.8, n=181) and 4.0 (s.d.=6.0, n=188) dis-
carded fish per string in the control and active strings,
respectively.

Herring were rarely caught both in the pinger experi-
ment and in the observer programmes. In 1997 one
herring was caught in a control string and nine in four
active strings. In 1995 eight herring were taken in a total
of 314 strings and in 1996 nine herring in 213 strings.

To investigate the availability of herring during the
time of the experiment, herring landings from fishing
gear targeting this species were considered. In the
Skagerrak Sea herring was targeted by Swedish fisher-
men using bottom trawls, mid-water trawls, pair trawls
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Table 2. The landings of herring per fishing effort by Swedish fishermen using herring gears in the
Skagerrak Sea in March and April 1995-1997. “n” is the number of fishing operations and the average
landings/effort are presented with standard deviations. The last column shows the periods when the
landings per effort are significantly different (p<adjusted o).

Landings/effort Significantly
Herring gear Year n (kg/h) different from
Bottom trawl 1995 39 1008 + 1003 1997
1996 35 732+1142 1997
1997 30 2945 +2 343 1995, 1996
Mid-water trawl 1995 8 1569 + 456 1996, 1997
1996 17 3741 +1934 1995
1997 5 4398 +£3295 1995
Pair trawl 1995 0 No effort —
1996 13 11725+ 13 805 n.s.
1997 9 5363 £2 641 n.s.
Bottom-set gillnet 1995 11 29 + 38 n.s.
1996 25 13+ 14 n.s.
1997 21 105 + 147 n.s.

and bottom-set gillnets in March and April 1995-1997
with the exception that pair trawls were not used in 1995
(data from the Swedish National Board of Fisheries).
Each of the trawl types contributed 11-72% of the total
weight of the herring landings during these months,
while 1-3% came from the bottom-set gillnets. The
landings-per-effort (kg per fishing hour) were compared
between years for each gear type separately. A general
comparison including all gear types was not applicable
as the gears differ in configuration and employment.
Significant differences were found for two of the four
gear types. For herring bottom trawls landings-per-
effort were higher in 1997 than in 1995 and 1996 while
for herring mid-water trawls landings-per-effort was
higher in 1996 and 1997 than in 1995 (p-values<adjusted
a; Table 2). This indicates that the availability of herring
was higher in 1997 than in 1995.

Distribution of strings and by-catches

In the fishing area, the strings were generally set parallel
to the coast and along the 50 m isobath (Figure 1).
Based on the calculated maximum ensonification cover-
age of the pingers, the 1997 experimental fishing area
was conservatively defined as the combined area of
300 m buffer zones plotted around all sets, control as
well as active. The total longitudinal distance of this area
was 27.2km and the surface area was 63.3 km? In
average per fishing day, 16% (s.d.=10, n=33) of the
longitudinal distance and 5% (s.d.=3, n=33) of the
surface area were covered by 300 m buffer zones around
active strings. An example of the coverage on a fishing
day is given in Figure 3. The day is 12 March 1997 and
the ensonified zones covered 20% of the longitudinal
distance and 4% of the surface area.

A spatial comparison between the pinger experiment
and the previous observer programmes show that 62%
of all sets and 67% of all by-catches in 1995 and 1996
had occurred within the 1997 experimental fishing area
(Figure 2).

Discussion

The by-catch rate in the pinger experiment was signifi-
cantly reduced in comparison to the pooled by-catch
rate in the observer programmes conducted in the two
previous years. This reduction could not be explained by
a reduction in fishing effort per se, a change in catch of
cod or pollack, or a spatial shift in fishing area in
comparison to the two previous years.

The only modification of the experimental strings was
that they carried pingers, which theoretically could work
as passive reflectors allowing porpoises to detect more
easily both control and active strings and thereby avoid
entanglement. Initial findings on passive reflectors have
indicated that they might reduce the by-catch rate of
small cetaceans, but to date no field study has demon-
strated an unequivocal reduction (e.g. Hembree and
Harwood, 1987; Hatakeyama et al., 1994; Silber et al.,
1994; Koschinski and Culik, 1997; Trippel et al., 1999a;
see also review by Dawson, 1994). Considering these
results and that the distance between the pingers in the
present experiment was 20-33 times longer than that
typically used for passive devices, it is not likely that
the reduction in by-catch rate was caused by pingers
functioning as passive reflectors.

Nonetheless, the drastic reduction in by-catch rate
in 1997 may have resulted from a combination of
factors. Landing statistics suggest that herring were
more abundant in the Swedish Skagerrak Sea in 1997
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Figure 2. The central positions of the strings set in the 1995 and 1996 observer programmes ( X ), the positions of monitored
harbour porpoise by-catches in 1995 and 1996 (®), and the position of the reported by-catch in 1997 (@®). The 1997 fishing area
is indicated by the shaded zones and the 50 m isobath is marked by the dashed line.

than in 1995 and the spatial analysis shows that the
strings in the pinger experiment were set parallel to the
coastline along the 50 m depth contour. Good access to
food in other parts of the porpoises’ distribution range
and the ensonification in the experimental fishing area
could have provoked a displacement of porpoises from
this part of the coast. Furthermore, the audible range of
the pingers was calculated at the upper limit of the wind
speed for fishing operations with bottom-set gillnets for
cod. Theoretically this means that the pingers were
discernible to porpoises at longer distances during all
times when the wind was less than this upper limit and
the sea was calmer. A larger audible range of the pingers
would have a twofold effect on the displacement of
porpoises:

(i) the coverage of the longitudinal length and surface
of the fishing area would have been larger, resulting
in a lower accessibility of this part of the coast, and

(ii) sections of the control strings would have been
within the ensonified zones, resulting in a lower
expected by-catch rate in the control strings.

Apart from the effort by the onboard observers only
opportunistic data were collected on live sightings,

strandings and by-catches of porpoises in Swedish
waters during the time of the experiment. No reports of
sightings or strandings were obtained from other areas,
although two animals were taken as by-catch in a
bottom-set gillnet for pollack that was set approximately
14 km west of the experimental fishing area by one of the
fishermen who participated in the experiment (Figure 2).
The reported effort with this fishing gear in ICES area
4456 during March and April 1997 was 9% of the effort
with bottom-set gillnets for cod covered in the pinger
experiment (data from the Swedish National Board of
Fisheries). The by-catch event in the pollack net shows
that there were harbour porpoises present in the Swedish
Skagerrak Sea during the time of the experiment,
although no observations were made in the fishing area.

Yet another possible explanation of the zero by-catch
in the control strings could be variations in other
environmental factors than those investigated here.
However, a compilation of data on by-catches of
harbour porpoises from the observer programmes
(Carlstrom and Berggren, 1996, 1998; Harwood et al.,
1999), an earlier scheme attempting to collect all
stranded animals and those occurring as by-catch
(Berggren, 1994) and other opportunistic submissions
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Figure 3. The longitudinal and surface coverage of the ensonified zones on 12 March 1997. Both the control and the active strings
set then are marked with black bars, the ensonified zones around the active strings are shaded with dark grey, the total 1997 fishing
area is shaded with lighter grey and the 50 m isobath is indicated by the dashed line.

and reports of animals figuring in by-catch (data from
Swedish Museums of Natural History; G. Gunnesson,
Klddesholmen, Sweden, pers. comm.), show that
by-catches of porpoises have occurred not only in the
experimental fishing area every year since 1979 during
the same season but also in the same fishing gear as in
the present study. This suggests that environmental
changes resulting in an absence of porpoises in this part
of the Skagerrak Sea during this time of the year are not
a frequently recurring phenomenon.

The non-significant differences in the catch rates of
cod and pollack between control and active strings are
consistent with findings on herring, cod and saithe
(Pollachius virens) in other field experiments using the
Dukane NetMark® 1000 pingers (Trippel et al., 1999b;
Culik et al., 2001). It has been concluded, as a result,
that the observed reductions in by-catch rates have not
been mediated by a redistribution of the porpoises’ prey.
Neither has behavioural field studies given support
to the hypothesis that pingers function by alerting
porpoises and trigger them, as it were, to increase their
own echolocation. In the presence of active alarms
recorded echolocation rates and echolocation occur-
rence have been shown to decrease (Cox et al, 2001;

Culik et al., 2001). Instead it has been proposed that the
sound of porpoises affects porpoises directly. Aversive
reactions and an increased ‘‘distance of closest
approach” to an active pinger have been observed
(Kastelein et al., 1995; Laake et al., 1998; Cox et al,
2001; Culik et al., 2001). The displacement area has been
found to be similar to the audible range of the pinger
(Gearin et al., 2000; Cox et al., 2001; Culik et al., 2001),
irrespective of the type of alarm used in the study.
Gearin et al. (2000) noted that many porpoises were
sighted within the general area but outside the ensonifi-
cation zone, indicating that the animals were not dis-
placed far away from the alarms. This is contrary to the
hypothesis of a more general displacement in the present
study. If porpoises had been displaced only a short
distance in this case, an increased by-catch rate would
have been expected in the control strings set in non-
ensonified water next to the active strings. The observa-
tions by Gearin et al. (2000) may reflect that that site
represented a more critical habitat to the porpoises at
the time of the study, or that the porpoises reacted
differently to that type of acoustic alarm.

The effectiveness of pingers as a means of safeguard-
ing harbour porpoises is contradictive per se. If pingers
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displace porpoises, the displacement zone caused by the
combination of their audible range, their spatial distri-
bution on the net and the time interval between the
“pings”, must be large enough to prevent porpoises
from approaching the net within the distance that they
risk entanglement. However, if pingers are too efficient
porpoises will be deterred from larger areas than neces-
sary to avoid by-catch. This effect will be even more
pronounced in coastal areas where access to bodies of
water, such as in archipelagos and sounds, is limited.
For a porpoise or a porpoise population decreased
access to the areas where fishing nets are set is expected
to have a relatively larger impact than the size of the
displacement area divided by the total distribution
range. The fishing areas are likely to have high concen-
trations of Clupeoids, which are important prey species
both for cod (Curry-Lindahl, 1985) and porpoises
(Recchia and Read, 1989; Aarefjord et al, 1995). To
assess the relative importance of fishing areas for
porpoise populations more information is needed on
their distribution and habitat use. Little is known to date
but information on e.g. relative distribution, migration
routes and detailed diving behaviour can be obtained by
new and improved technology. Porpoise-click detectors
and animal-carried data loggers and transmitters have
been used to study echolocation behaviour (Cox et al.,
2001), diving patterns and movements (e.g. Westgate
et al., 1995; Read and Westgate, 1997; Otani et al., 1998;
Teilmann, 2000).

In conclusion, a combination of relatively high prey
availability and an aversive response to pingers may
have caused the displacement of porpoises from the
fishing area in the present experiment. A potential
problem with displacement could be that the ensonified
areas may represent habitats critical to the survival of
porpoises. A displacement effect is likely to be more
prominent in coastal waters where access to sections
of the coastline or an archipelago may become more
limited. In order to evaluate the effects of an extensive
use of pingers on a porpoises more information is
needed on distribution, migration and habitat use of
porpoise populations.
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