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INTRODUCTION

Many species of cetaceans are accidentally caught
in fishing operations. Available data suggest that by-
catch of the harbour porpoise Phocoena phoco ena in
Danish waters exceeds a sustainable level by far
(Vinther 1999, Vinther & Larsen 2004). There have
been several scientific and legislative attempts both
in Europe and North America to reduce the by-catch
of this species (Larsen et al. 2002, 2007, Mooney et al.
2004). Despite these efforts, the reason why por-
poises are by-caught remains unknown.

The harbour porpoise uses echolocation both for
orientation and to find prey (Verfuss et al. 2005,
2009). Villadsgaard et al. (2007) showed that the
source level of wild harbour porpoise echolocation
clicks can be high enough for the animal to detect a

gillnet at a distance of 13 to 26 m. The detection
 distance may, however, be significantly reduced by
factors such as variation in click intensity, increased
background noise levels and the fact that the por-
poise may not approach the net at a perpendicular
angle (Kastelein et al. 2000, Mooney et al. 2004,
2007). Despite the fact that porpoises echolocate
almost continuously, short periods of silence do
occur (Akamatsu et al. 2007), during which por-
poises may be caught in the net before becoming
aware of it.

Only a few studies have investigated harbour por-
poises’ reactions to fishing nets or parts of nets such
as ropes and float lines. One study showed that once
captive harbour porpoises had been entangled a few
times in nets placed in their pool, they learned to
avoid them until the location of the nets was changed
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(Kastelein et al. 1995a). In an additional study, the
swimming patterns of the animals were restricted
when ropes were placed diagonally from surface to
bottom in the pool (Kastelein et al. 1995b). These
studies were both conducted in an extremely small
tank and it is therefore difficult to extrapolate their
findings to free-swimming animals. A field study
(Koschinski et al. 2006) using acoustic data loggers to
monitor porpoise be haviour compared the response
to a regular fishing net with a net to which barium
sulphate had been added to increase its acoustic
reflectivity. Although the harbour porpoises seemed
to respond to the  barium sulphate net at slightly
greater distances than the regular net, they also
seemed to emit fewer echolocation clicks towards the
treated net compared with the regular one (Koschin-
ski et al. 2006). The interpretations of the results are,
however, limited by various assumptions that must
be made when de ducing animal behaviour from
acoustic logger data. These previous studies clearly
show that more observations on harbour porpoise
gillnet interactions in natural circumstances are
needed to better understand the by-catch problem
and how it should be  mitigated.

Several hypotheses have been put forward to
explain why harbour porpoises get caught in fishing
nets. One states that the animals do not detect the
net, or detect it too late to avoid it (Larsen et al. 2007,
Mooney et al. 2007), another is that harbour por-
poises do detect the net but do not consider it a
 hazard (Au & Jones 1991, Mooney et al. 2007). In the
present study we tested these hypotheses by ob -
serving visually how wild harbour porpoises res -
ponded to a modified gillnet deployed in their natural
habitat.

MATERIALS AND METHODS

Study area

The study was conducted off the west coast of
the peninsula Fyns Hoved, Denmark (55° 37.2’ N,
10° 35.3’ E). The study area was approximately
400 m (north−south) along the coastline by 200 m
(east− west). The area was marked with 3 anchored
buoys. The maximum water depth was 5 m at mid
tide. For the first few meters from the coastline the
bottom was covered with small to medium-sized
stones (diameter 3 to 30 cm), and the following few
metres were  covered with seaweed of no more than
1 m in height. From a depth of 2 to 3 m the bottom
was sandy with the occasional large seaweed-

 covered stone. The observation post was placed on
a cliff 21 m above sea level halfway along the shore
side of the study area.

Observation protocol

Due to varying weather conditions and varying
numbers of porpoise encounters, we were able to
conduct 60 h of observations with nets but only 23 h
of control observations without nets between 18 July
and 2 August 2008. An additional 20 h of net and 41 h
of control observations were collected between 3 and
20 August 2009.

Observations were alternated between net and
control observations following a random schedule.
Both net and control observations could sometimes
be conducted within the same day. Each net ob -
servation commenced with the net (standard hake
net, 50 m long, 4 m high, mesh size 140 mm) being
deployed from a 12 ft boat with an outboard engine.
To decrease the risk of a harbour porpoise becoming
caught in the net, all non-vertical filaments were
cut. This modification meant that the net lost some
of its structure, which resulted in occasional holes
and some tangled sections. The net was placed in
front of the observation post, with the closest end
between 35 and 50 m off the coast, which meant
that the exact position of the net within the study
area varied due to wind and  current. To allow quick
access to the net, in case of a harbour porpoise
becoming entangled, a 7 ft dinghy was tied up close
to the shore less than 40 m from the end of the net,
with an 8 mm diameter line connecting the dinghy
to the net. Controls were conducted in the same
way as the net observations, excluding the use of a
net. Whenever possible, the dinghy was deployed
during control trials  to make experimental and con-
trol conditions as similar as possible. This amoun ted
to half and two-thirds of the total hours of observa-
tion in 2008 and 2009, respectively. Due to the small
sample size, controls with and without the dinghy
could not be tested separately. As the dinghy was
used for more than half of the controls, any signifi-
cant effect should be due to the presence of the nets
and not the presence of the boat.

Harbour porpoise behaviour was visually observed
by 3 observers using a theodolite (Geodimeter 468).
One observer managed incoming data on the com-
puter while the other 2 each observed one half of the
study area. To avoid any bias due to observer effects,
the observers alternated position and function every
30 min. Eight observers participated in 2008 and 14
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observers in 2009. Only 1 observer participated in
both years.

Whenever a harbour porpoise entered the area,
each surfacing was mapped with the theodolite. If a
pod entered the study area, it was treated as 1 unit,
and only 1 animal’s surfacings were recorded. Posi-
tive identification of individual harbour porpoises
was not possible, so tracking and following a  single
harbour porpoise in a pod was dependent on the
skills of the observers. Each harbour porpoise unit
(single harbour porpoise or pod, hereafter referred
collectively to as a pod) was followed until it left the
study area or was lost. During observations, pod size
and the presence of calves was noted. To ensure suf-
ficient data quality, observations were made be -
tween sunrise and sunset. As the probability of de-
tecting harbour porpoises decreases with rising sea
state (Teilmann 2003), observations were suspended
whenever glare covered approximately one-third of
the study area or whenever the sea state increased to
more than 2. Data were collected during all tidal
phases, both for control and experimental sessions.

Data analysis

Data analysis was conducted in Cyclops 3.1 real-
time animal tracking software (http://cyclops-tracker.
com) and ArcGis 9.2. Only surfacings inside the
study area were used.

Analysis focused on 2 different aspects of the data.
The first analysis compared the closest surfacing
each pod made to the net and whether the pod size
had any effect on this. In the controls (without a net)
the location of a net, selected randomly from the
actual net positions, was used as a reference point.

The second analysis investigated the distribution of
harbour porpoises in different zones within the study
area. Three different types of zones were defined,
one originating at each of the individual nets (net
zones), one based on the coastline (coastal zones)
and one based on the observation post (observation
post zones). The zones were all constructed following
the same rules; they were 20 m wide and only the
areas within the study area were included. As the
coastal zone closest to the coast was mostly avoided
by harbour porpoises and did not contribute with an
even percentage to each of the zones based on the
nets and on the observation post, it would have
biased the data and was therefore excluded from the
analysis of net and observation post zones. Harbour
porpoise densities were calculated as the number of
harbour porpoises per square meter per hour within

each zone. Controls were obtained by applying each
individual set of net zones, obtained during the net
trials, to the total number of observations obtained
during control trials.

Statistical analysis

All statistical analyses were performed in Graph-
pad InStat 3 and Matlab 6.5 using parametric or non-
parametric tests depending on whether data met the
requirements for parametric testing.

RESULTS

Data on the closest distances of harbour porpoise
pods to the nets are given in Table 1, and surfacing
locations are shown in Fig. 1. There was no signifi-
cant difference between control and net conditions in
2008, whereas the 2009 data indicated, albeit not sig-
nificantly so, an avoidance of the nets (Table 2). In
2008 no effect was found on the closest distance of
approach as a function of pod size of 1, 2 or 3 animals
(Table 2). In 2009 it was only possible to test the dif-
ference between pods with 1 and 2 animals, and no
difference was found (Table 2).

The distribution of porpoises as a function of the
distance to the nets was statistically tested between
years and treatments using a Kolmogorov-Smirnov
(K-S) 2-sample test. The distribution of porpoises dif-
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                   Year                     Closest                No. of 
                                            distance (m)      observations

All pods
Net                2008                66.1 ± 5.8             48 (473)
                      2009                86.4 ± 15              17 (120)

Control          2008                56.8 ± 8.5             35 (532)
                      2009                58.0 ± 16              57 (430)
Pod size
1 animal        2008                68.8 ± 7.7                 32
                      2009                86.0 ± 16                   7

2 animals      2008                57.5 ± 9.0                 10
                      2009                59.7 ± 27                   7

3 animals      2008                76.0 ± 17                   5
                      2009                    nd                         nd

Table 1. Analysis of harbour porpoise Phocoena phocoena
surfacings within the study area for 2008 and 2009. Mean ±
SE closest surfacing distance to the net is shown for all pods
for net and control (i.e. no net) trials and for pods of 1, 2 and
3 animals. The number of observations of pods and total
number of detected surfacings (values in parentheses) are 

also shown. nd: none detected
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fered significantly between control and net experi-
mental conditions in both years of data collection
(Table 2). The distribution during controls in 2008
was not significantly different from 2009 (Table 2).
The normalized distributions of porpoises during the
observations with nets in 2008 were not significantly
different from those in 2009 (Table 2).

For the control observations, significantly more
surfacings were detected near a randomly chosen net

position from the net trials than further away
(Table 2, Fig. 2), whereas no correlation
between distance to the net and the number
of surfacings was found for net ob servations
(Table 2, Fig. 2). Visual in spec tion of Fig. 2
does, however, suggest that the number of
surfacings and distance to the net is posi-
tively correlated at close distan ces. In 2008 a
positive correlation was found in the range
of 0 to 80 m (Table 2), while a positive corre-
lation (albeit not sig ni ficant) seems to be
detectable to a distance of 100 m in 2009
(Table 2).

Analysis of the surfacings in different
zones re vealed a significant negative corre-
lation between the number of surfacings
observed during controls and the distances
to the observer (Table 2, Fig. 3).

The data showed that harbour porpoises
kept a greater distance from the coast when
the net was in the water (Fig. 4). The distrib-
ution of porpoise surfacings varied signifi-
cantly with the distance to the coast during
net trials in 2008 and during controls in 2009
but not during controls in 2008 or net trials in
2009 (Table 2). Dunn’s test revealed that in
the net trials of 2008 the number of porpoises
observed at ranges of 120, 140 and 160 m
was significantly different from the number
of observations at 20 m, where as in the con-
trol trials of 2009 there was a statistically sig-
nificant difference between the following
sets of distances: 20 m is significantly differ-
ent from 60 and 80 m; 60 m is different from
40, 160, 180 and 200 m.

DISCUSSION

The difference in the density of harbour
porpoise observations between net and con-
trol trials, shown as a positive correlation
between distance and density with the net
and a corresponding negative correlation in

the controls (Fig. 2), shows a clear avoidance effect
of fishing nets in the study area. The same effect
is strongly indicated by visual inspection of the spe-
cies’ swimming patterns around the net areas
(Fig. 5). Using the same protocol in the 2 field sea-
sons, the effect of the fishing net on the porpoise
distribution proved to be very similar. The positive
correlation between the density of harbour porpoise
surfacings and the distance to the net indicated that
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Fig. 1. Harbour porpoise Phocoena phocoena surfacings within the
study area. Grey dots show locations of surfacings while the net was in
the water in (A) 2008 and (C) 2009 and during controls in (B) 2008 and
(D) 2009 shown relative to the coastline (bold grey line), the combined
positions of all of the nets (light grey polygon) and the observation 

post (m)
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the range over which the avoidance effect is de -
tectable was at least 80 m in 2008 and even larger
in 2009 (Fig. 2).

Harbour porpoises are thus able to
detect gillnets at far greater distances
than had previously been assumed
based on what is known about their
echolocation signals and hearing
abilities (Mooney et al. 2004, Villads-
gaard et al. 2007). Noise produced by
fishing gear as a result of friction
between ropes or splashing of buoys
close to the surface may explain the
large detection distance. In the water
such noise may be audible at a dis-
tance of several tens of meters or
more (Wahlberg et al. 2000). Also, the
net used in the present study had all
of the non-vertical filaments cut to
avoid catching porpoises. This means
that with time the net became tangled
and formed larger lumps, which may
have had a higher reflective capacity
than a functional, normal gillnet.
Finally, even a standard gillnet may
be detectable at further distances
than assumed, as the acoustic trans-
mission loss in shallow waters from
gillnets may be much smaller than the
spherical spreading and point-target
conditions assumed in previous stud-
ies (Mooney et al. 2004, Villadsgaard
et al. 2007).

The negative correlation between
porpoise density and distance to the net for control
data in Fig. 2 is ex plained by the significant negative
correlation be tween the density of harbour porpoises
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Test Statistic p

Closest distance to net, all pods
Net vs. control 2008           t-test                                  t1,81 = 0.93             0.36
Net vs. control 2009           Mann-Whitney test         U1,73 = 340              0.06

Distance as a function of pod size
2008                                     1-way ANOVA                F2,44 = 0.43             0.65
2009                                     t-test                                  t2,12 = 0.83             0.43

Porpoise distribution
Net vs. control 2008           K-S 2-sample test           Dnn7 = 0.86           0.004
Net vs. control 2009           K-S 2-sample test           Dnn7 = 1              0.0004
Controls 2008 vs. 2009       K-S 2-sample test           Dnn7 = 0.57             0.13
Net 2008 vs. 2009               K-S 2-sample test           Dnn7 = 0.57             0.13

Distance to net or net position
Control 2008                       Linear regression            F1,68 = 230       <0.0001
Control 2009                       Linear regression            F1,19 = 190       <0.0001
Net 2008                              Linear regression            F1,54 = 0.44             0.51
Net 2009                              Linear regression            F1,19 = 0.83             0.37
Net 2008 0−80 m                Linear regression            F1,30 = 4.6               0.04
Net 2009 0−100 m              Linear regression            F1,13 = 2.9               0.11

Distance to observer
2008                                     Linear regression            F1,89 = 4.1             0.045
2009                                     Linear regression            F1,70 = 9.3             0.003

Distance to coast
Net 2008                              Kruskal-Wallis test       Kw9,71 = 27            0.0012
Net 2009                              Kruskal-Wallis test       Kw2,28 = 12                0.20
Control 2008                       Kruskal-Wallis test       Kw9,61 = 10                0.33
Control 2009                       Kruskal-Wallis test       Kw5,55 = 37         <0.0001

Table 2. Statistical analysis of harbour porpoise Phocoena phocoena behav-
iour, shown as test used in each analysis, test statistic value with  degrees of
freedom and p-value. Significant values in bold. ANOVA: analysis of 

variance; K-S: Kolmogorov-Smirnov

Fig. 2. The number of detected harbour porpoise surfacings per m2 per hour of observation as a function of the range to a gillnet
(s) compared to control trials (d) during (A) 2008 and (B) 2009. Each dot represents the average number of surfacings in a day. In
the 2008 data, the linear regression has a correlation coefficient of −0.88 for the controls and 0.36 for the net data between 0 and 

80 m, and in 2009 the correlation coefficients were −0.95 for the controls and 0.43 for the net data between 0 and 100 m
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spotted and the distance to the observer (Fig. 3). Only
control data was used to establish this relationship to
avoid any bias from observers paying extra attention
to the region around the net. Similar effects of de -
crea sing amounts of cetacean detections, as a func-
tion of the distance to the observer, have been shown
in both airplane and ship surveys (Borchers et al.
1998, Hiby & Lovell 1998).

The fact that the harbour porpoises keep a con-
siderable distance from nets is further supported
when looking at the relationship between harbour
porpoise density and distance to the shore. Even
though it was not  statistically significant in all
cases, the data indicated that when the net is in
place, porpoises prefer to stay further away from
the coast (Fig. 4). The fact that the presence of the
nets shifted the harbour porpoises’ swimming pat-
terns and area preferences, even without the use

of acoustic deterrent devices (pingers),
might lead to animals being excluded
from areas where fishing nets are fre-
quently in use.

Despite their apparent ability to detect
them, porpoises are still caught in gillnets
in all areas where porpoises and fisheries
share habitats (Read & Gaskin 1988,
Vinther & Larsen 2004). It was previously
thought that a major reason for porpoises
becoming entangled is that they do not
detect the nets before it is too late (Larsen
et al. 2007, Mooney et al. 2007). In the
present study, however, all harbour por-
poises seemed to be well aware of the
nets. The closest surfacing was observed
at 7 m from the net and there was no sign
of any physical contact between the har-
bour porpoises and the net. All these
observations were gathered during good
weather conditions. Increased back-
ground noise caused by waves or rain
may reduce the harbour porpoises’
chances of detecting a net, as compared
to the observations made here. Apart
from keeping their distance, the harbour
porpoises did not show any interest in the
net. Koschinski & Culik (1997) reported
that 16% of all harbour porpoises ap -
proaching a float line floated motionless
at the surface while seemingly investigat-
ing it. In the present study, no such be -
haviour was observed.

Other hypotheses as to why porpoises
become caught in fishing nets suggest
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Fig. 4. The number of detected surfacings of harbour porpoises (per m2

per hour of observation) plotted against distance to the coast in 20 m in-
tervals.  Harbour porpoise density is shown as the upper and lower quar-
tile and the median for data collected in 2008 (h) and 2009 (Jh). (A) Ob-
servations when the net was in place (N = 8 d in 2008 and 3 d in 2009). (B)
Obser vations during controls (N = 7 d in 2008 and 6 d in 2009). In the con-
trols the median was identical to the lower quartile in 2008 at 160 and 

200 m and in 2009 at 200 m

Fig. 3. The average number of harbour porpoise surfacings
during controls (no net), measured as the number of surfac-
ings per m2 per hour of observation, as a function of the dis-
tance to the observer. The correlation  coefficient of the line 

is −0.21 in 2008 (---S) and −0.34 in 2009 (––d)



that harbour porpoises do detect the nets but do
not pay attention to them. The animals may come
into contact with the nets either because they are
distracted by other harbour porpoises or prey, or
simply because they do not regard the nets as a
threat. In the present study, there were no signs of
the harbour porpoises being careless around the
net. A few pods crossed through the area where
the nets were placed, but it was not possible to
determine whether the harbour porpoises swam
through holes in the net or if they found their way
around it (Fig. 5). There was no sign of distraction
on account of the other harbour porpoises either,

as no significant difference in approaching
distance was found between pods of differ-
ent sizes.

Fish in or around the net may either
 distract the harbour porpoises or echoes
from the fish may mask the echoes of the
net. As the net used here was modified not
to catch harbour porpoises it did not catch
any fish either. Pods of harbour porpoises
were spotted fishing in the area, but this did
not seem to make them more careless
around the net or come closer to the net
than any other pod. Apparently any foraging
did not occur close enough to the net to
allow for any interaction between net and
porpoises.

The main conclusion of this study is that
the harbour porpoises were clearly able to
detect and avoid the gillnet. The slightly
more tangled structure of the net used in
the present study may have appeared as
more of a barrier to the harbour porpoises
than a  regular gillnet; this barrier effect
resulted in a remarkable re loca tion of the
animals. However even with such an effi-
cient barrier effect, some individuals still
came with in 10 m of the net. This means
that some accidental by-catch may still
occur as a consequence of attention shifts in
individual animals or ambient noise masking
of the echoes returning from the nets. To
avoid accidental entanglements, active
deterrent devices like pingers may be
needed. Such devices have already proven
very effective in preventing by-catch (Kraus
et al. 1997, Carlström et al. 2002, Larsen et
al. 2002).
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Fig. 5. The swimming patterns of the porpoise pods around the con-
vex polygon (grey shading) defined by the combined positions of the
nets. Tracks were generated by drawing lines between porpoise sur-
facings and included if pods surfaced within 20 m of the net polygon
or if the track crossed the net polygon. Tracks of net trials in (A) 2008
and (C) 2009 and control trials in (B) 2008 and (D) 2009 are shown
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