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INTRODUCTION

Harbour porpoises Phocoena phocoena and com-
mercial fisheries interact in various ways. Some are
direct, in which marine mammals come into physical
contact with fishing gear and are bycaught inciden-
tally. Others are indirect, e.g. through resource com-
petition (DeMaster et al. 2001). Bycatch in gillnets
has been documented in many gillnet fisheries and is
usually regarded as the main anthropogenic impact
on porpoises (Vinther 1999, Read et al. 2006).

In order to minimize fisheries impacts on the
 species, porpoises in European Union (EU) waters
are protected under both the Habitats Directive
(EC 1992) and Council Regulation 812/2004 (EC
2004). In the Habitats Directive, the harbour por-
poise is listed in Annexes II and IV, which means
that special areas should be established for the con-
servation of the  species, and that the deliberate
actions of killing, disturbance and habitat deteriora-
tion are prohibited throughout its range (EC 1992).
EU Council Regulation 812/2004 (EC 2004) lays
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down measures on the use of acoustic deterrent
devices on static nets used at certain times and in
certain areas, phasing out driftnets and monitoring
bycatch in certain fisheries.

Bycatch monitoring can be conducted using a
 number of different methods, although on-board
observers are recommended as providing the most
accurate data (IWC 1994). More recently, remote
electronic monitoring (REM) systems have shown
great potential in documenting porpoise bycatch
(Kindt-Larsen et al. 2012). Both types of observer
programmes are, however, expensive and can be
challenging to implement. Limited financial resour -
ces often lead to common questions from environ-
mental and fisheries managers as to where bycatch
monitoring should be focused, and in which areas
and seasons porpoises are particularly exposed to
high risk of entanglement in fishing gears. A tool to
identify such areas and seasons would therefore be
valuable.

This study aimed to examine whether data on har-
bour porpoise density and gillnet fishing could be
used to identify high risk areas for porpoise by -
catches in the Danish Skagerrak Sea over the course
of 4 seasons. Porpoise density data were obtained
from satellite-tracked harbour porpoises, while fish-
ing effort data and records of porpoise bycatch events
were obtained from vessels monitored by REM
 systems.

MATERIALS AND METHODS

Study area

The study was conducted in the Danish part of the
Skagerrak Sea (see Fig. 1). Both trawling and gillnet
fishing are carried out in the area (Sørensen &
Kindt-Larsen 2016), which also contains high densi-
ties of harbour porpoises (Sveegaard et al. 2011a).
Three areas in the Skagerrak have been designated
as Danish Natura 2000 sites under the Habitats
Directive for the protection of porpoises: ‘Skagens
Gren og Skagerrak’ (2691 km2), ‘Store Rev’ (109 km2)
and ‘Gule Rev’ (471 km2) (see Fig. 3). ‘Skagens
Gren og Skagerrak’ was designated due to its high
porpoise densities (Sveegaard et al. 2011a) while
the other 2 areas were initially designated because
of the presence of reef structures. Harbour porpoises
were added subsequent to the initial designation of
these 2 sites due to the generally high occurrence of
the species in the Ska gerrak (M. Krawack pers.
comm.). 

Fishing effort data

Data on fishing effort were collected from 4 gillnet
vessels from 1 May 2010 to 30 April 2011 using REM
systems from Archipelago Marine Research. The
REM systems recorded time, position and closed-
 circuit television (CCTV) footage of all trips (port to
port), and thus represent a full census of fishing effort
by these 4 vessels. Video footage of all net string
hauls was analysed using EMI software v.1.1.3.11189
(Archipelago Marine Research). Since all net strings
were set in almost straight lines, their lengths were
calculated as the distances between the GPS position
of the start and end buoy of a net string. Soak time
was determined as the mean time the net string had
been in the water by subtracting the mean time of
setting from the mean time of hauling. Fishing effort
was determined as the product of net string length
and soak time. Data from May 2010 were lost from
one vessel; data from the same vessel in May 2011
were therefore used to fill this information gap on the
assumption of predictable seasonal fishing patterns.

REM fishing effort data were divided into seasons
and fisheries categories. The seasons were winter
(December, January, February), spring (March, April,
May), summer (June, July, August) and au tumn
(September, October, November) (Fig. 1). The fishery
categories were plaice Pleuronectes platessa, cod
Gadus morhua and hake Merluccius merluccius. Par-
ticipating fishermen filled in a daily log with informa-
tion on the gear used, including mesh sizes. These
data were added to the REM data on a haul basis dur-
ing analysis.

The cod fishery by the 4 vessels was conducted in all
4 seasons, with the greatest number of hauls conducted
in autumn and winter (68%) and the least in summer
(6%). The plaice fishery had most hauls in spring and
summer, while the hake fishery took place only during
the summer (Table 1). The 3 fisheries differed with re-
spect to mesh size, soak time and net string length.
The cod fishery used the largest mean mesh size
(154 mm) and the hake fishery the smallest (130 mm).
Mean soak time was shortest for the hake fishery (6 h)
and longest for plaice (12 h). The shortest mean net
string length (671 m) was found in the cod fishery and
the longest in the plaice fishery (1974 m). However,
both fisheries exhibited large variability in soak time
and net string lengths (Table 2).

Based on fishing effort data and seabed topo graphy,
3 areas with homogeneous bottom types were identi-
fied for analysis: Area A, containing a sandbank and
sandy/small stone sea bed; Area B, interspersed
boulder reefs and reef structures created by leaking
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gas and Area C, mixed stone bottom
(Fig. 1). Areas B and C were used by all
3 fisheries while area A was used only
for cod and plaice. A total of 528, 381
and 1136 hauls were observed in Areas
A, B and C, respectively (Table 1). The
4 vessels landed 23% of the total gillnet
landings in the area (AgriFish 2010)
and were responsible for 22% of the
total catch value.
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Fig. 1. The 3 areas in the
Danish Skagerrak Sea in
which harbour porpoise
bycatch was examined
over 4 seasons, and the
respective gillnet effort of
the 4 remote electronic
monitoring (REM) ves-
sels. A total of 524 hauls
were observed in Area A,
381 hauls in Area B and
1136 hauls in Area C;
each symbol represents a 

single gill net haul

Fishery All seasons Winter Spring Summer Autumn
and area Hauls Bycatch Hauls Bycatch Hauls Bycatch Hauls Bycatch Hauls       Bycatch

Cod All 2178 18 796 12 559 0 122 2 701               4
A 524 5 87 2 199 0 72 2 166               1
B 296 5 145 3 55 0 4 0 92                2
C 844 8 365 7 51 0 4 0 424               1

Plaice All 401 14 − − 179 14 191 0 31                0
A − − − − − − − − −                 −
B 38 0 − − − − 7 0 31                0
C 276 1 − − 99 1 177 0 −                 −

Hake All 65 1 − − − − 65 1 −                 −
A − − − − − − − − −                 −
B 47 1 − − − − 47 1 −                 −
C 16 0 − − − − 16 0 −                 −

Total 2644 33 796 12 738 14 378 3 732               4

Table 1. Recorded harbour porpoise bycatch events and hauls for the 3 types of fisheries (cod, plaice and hake) in the Danish
Skagerrak Sea (‘All’, Fig. 1), including the 3 areas (A, B and C; see Fig. 1) during 4 seasons (all seasons, winter [Dec−Feb], 

spring [Mar−May], summer [Jun−Aug] and autumn [Sep−Nov]). (−) no data

Fishery Mesh size Soak time Net string length 
(mm) (h) (m)

Mean CV Mean Min. Max. CV Mean Min. Max. CV

Cod 154 10 8 2 29 70 671 19 7705 130
Plaice 136 3 12 3.5 45 61 1974 242 6157 61
Hake 130 0 6 3 9 26 1059 108 1244 17

Table 2. Mean mesh size, soak time and net string length for the different 
fisheries
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Harbour porpoise density data

From 1997 to 2012, 88 harbour porpoises were tag -
ged with satellite transmitters in Danish inshore
waters near Skagen. Of these, 66 swam into the study
area during the period of tag transmission, where
they transmitted a total of 4590 locations (1 location
d−1 porpoise−1, average individual−1: 85, range: 1 to
395). For information on tagging sites, sex, age,
length, weight and transmission period see Supple-
ment 1 at www.int-res.com/ articles/suppl/ m555 p261
_supp.pdf, and for tagging procedure and types of
transmitters used, see Sveegaard et al. (2011a).

The transmitters were positioned by System Argos,
and the data provided detailed information on in -
dividual porpoise movements. Locations obtained
through System Argos are less precise than those of
GPS and may deviate from the actual location of the
animal by several km. During processing by System
Argos, individual positions were classified into 1 of 6
location classes according to precise latitude and lon-
gitude estimates. Locations were filtered using the
Douglas Argos filter (Douglas 2006), which removes
the most unlikely positions, i.e. those that either
require unrealistically high swimming speeds or
sharp turning angles by the porpoises. Even so, in -
accuracies remained, and these were dealt with by
the method described in Tougaard et al. (2008). In
short, the study area was divided into a regular, rec-
tangular grid consisting of 1 × 1 km
cells. Assuming errors of longitude
and latitude are distributed normally
with a mean of zero and a standard
deviation specific for each location
class (Vincent et al. 2002), the most
likely number of true positions within
each grid cell can be computed from
the positions inside it and the adjacent
cells. The values assigned to the grid
cells therefore reflect the likelihood
that they were visited by porpoises
equipped with satellite transmitters.
By assuming that the behaviours of
the tagged animals are representa-
tive of the porpoises in the area in
general, these grid values can be used
as a proxy for density. This method
differs from kernel density estimators
often used on the same type of data
(e.g. by Sveegaard et al. 2011a) in
that results are local (i.e. do not
change by extension or reduction of
the total study area) and do not rely

on arbitrarily selected smoothing factors. The satel-
lite tracking data converted into the density grid are
shown in Fig. 2.

Porpoise densities were calculated for each season.
In all seasons, several of the 1 × 1 km grid cells had a
value of zero. The zero values do not necessarily re -
present areas with no individuals, but may be caused
by a low number of tagged porpoises in those sea-
sons. Thus, in order not to over-interpret porpoise
density data, the densities were aggregated from the
1 × 1 km grid into 3 larger areas (A, B and C), and by
season.

The porpoise distribution data were collected over
a relatively long time frame compared to the fishing
effort. We therefore conducted a variogram analysis
to determine whether or not the observed spatial pat-
terns were stable over time (see  Supplement 2 at
www.int-res.com/ articles/suppl/ m555 p261_supp.pdf).

Bycatch data

Data on harbour porpoise bycatch were obtained
from the CCTV video footage of the 4 REM gillnet
vessels. All videos of net hauls were examined by
trained staff recording the number of bycatch events.
For each event, the time and position were logged
using EMI software. In total, 33 by-caught porpoises
were observed in the video footage (Fig. 3). Of these,

264

Fig. 2. Harbour porpoise density data estimated from satellite-derived
 positions from the 66 porpoises tagged during the period 1997 to 2012, and
 locations of Areas A, B and C; Areas A and C were further subdivided into
 Areas A1, A2 and C1, C2 based on large differences in porpoise density 

within the larger zones
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18 were caught in the cod, 14 in the plaice and 1 in
the hake fishery, and 26 (79%) of these bycatches
occurred in the winter and spring (Table 1).

Bycatch model

Fishing effort, porpoise bycatch and density data
were separated into seasons. Areas A and C were
each divided into 2 sub-areas (A1, A2, C1, C2; Fig. 2)
since large differences in densities were observed
within them.

In our model, we assume the following general
relationship between the response (which is the ex -
pected number of porpoise bycatches, E(Ni), caught
in the i th haul) and porpoise density (Pi) (within the
area where the i th haul occurred, along with the
effort pertaining to the i th haul described by soak
time (STi), net string length (NLi), and target species,
si (which is used as a proxy for additional differences
in gear characteristics, such as mesh size and net
height):

(1)

where α(si) is a coefficient of proportionality, while
the exponents β(si), φ(si) and γ (si) allow for a non-lin-
ear relationship. This is equivalent to the formula for
a chemical reaction, where the risk of reaction
(bycatch) is proportional to the product of the con-
centration of each reactant (porpoises and fishing).

Exponents equal to 1 correspond to first-order reac-
tions (Chang 2005). In our general relationship, we
do not assume that the exponents β, γ and φ are equal
to 1, which would imply a linear relationship, al -
though removal of the exponents was tested as a pos-
sible model reduction.

A Poisson generalized linear model (GLM) with a
log link was used:

(2)

A Poisson distribution is a natural choice as we
are dealing with count data in the dataset {0,1,2}
where the maximum number of bycaught porpoises
per haul was 2. Note that the log link implies the
predictors should also be log transformed when a
multiplicative structure in the natural domain can
be assumed. This simply means that we take log on
both sides of the equation. The main purpose of the
model was to test whether γ was significantly greater
than 0, i.e. whether there was a positive correlation
between porpoise density and the number of indi-
viduals caught in the gillnet fishery. The model
selection strategy was initially the full model, in
which in significant terms were removed succes-
sively and tests performed to determine if any of
the regression coefficients could be replaced by an
offset, i.e. as suming direct proportionality in fishing
effort and/or porpoise density (β = 1, φ = 1). The
model selection was based on Akaike’s information

criterion (AIC; Akaike 1974) and
was run using the function ‘glm’ in
R (R Core Team 2012).

An alternative model (Hypothesis 3
below) with porpoise density, P, re -
pla ced with a free parameter for each
combination of area and season (de -
noted AS), was also tested. In other
words, the following 3 hypotheses
were tested: 
(1) Porpoise bycatch is best ex plained
by fishing effort alone and hence the
species’ true underlying density can
be considered equal in all areas and
all seasons; 
(2) porpoise bycatch is best explained
by a combination of fishing effort and
ob served densities (P) from indepen -
dent satellite tracking data; and 
(3) porpoise bycatch is best ex plained
by a combination of fishing effort and
 estimates of the species’ true underly-
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i i i i

i i i

( )( ) ( )( ) ( ) ( )
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s

i
s

i
si i iST NL( ) ( )= α ( ) ( ) ( )β φ γ
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Fig. 3. Harbour porpoise bycatch events (triangles) from the 4 monitored
 fishing vessels. The polygons represent Natura 2000 sites ‘Skagens Gren og 

Skagerrak’, ‘Store Rev’ and ‘Gule Rev’

A
ut

ho
r c

op
y



Mar Ecol Prog Ser 555: 261–271, 2016

ing densities, where the latter are estimated as free
parameters for each AS, rather than using the satel-
lite data. 

Hypo thesis 1 versus 2 was tested by comparing the
AIC of models with and without inclusion of P as an
ex planatory va riable. Hypothesis 3 was tested by re -
placing γ log(Pi) (or simply log(Pi) if γ was not signifi-
cantly different from 1) with δ(ASi) in Eq. (2), where δ
maps the i th haul to the corresponding AS.

The final model was validat ed using residual de -
viance as a measure of goodness of fit (Mad sen &
Thyregod 2010). In addition, the assumption of lin-
earity be tween the predictors and log-intensity was
tested by replacing the linear terms with splines
(replacing GLM with generalized additive model,
GAM), both with and without log transformation of
the predictors.

RESULTS

Bycatch model

The model results are listed in Table 3. Model III
had a lower AIC score than Models I and II, indica-
ting that the inclusion of target fish species (si) did
not improve the model fit; the same was true for net
string length (NLi) (Models IV versus III). When com-
paring Models IV and V, β was not significantly dif-
ferent from 1. This implies that the number of por-
poises caught was directly proportional to the soak
time (STi). When reducing from Model V to VI, γ was
not significantly different from 1. This means that the
number of bycaught porpoises was proportional to

their densities. Models VII and VIII contained either
soak time or porpoise densities, but both resulted in
higher AIC values compared to Model VI. The alter-
native, where porpoise density was replaced with a
free parameter for each combination of area and sea-
son (Model VI A), also provided a higher AIC score
compared to Model VI. The best model in terms of
AIC was thus Model VI. The GAM equivalents of the
models revealed no evidence against the assumption
of linearity (Model VI had a lower AIC value than all
the GAMs). Model VI can therefore be written as:

E(Ni) = α STiPi.

The estimate of log(á) was −3.67 with a standard
deviation of 0.22. The goodness of fit test had a p-
value close to 1, which means that the Poisson distri-
bution assumptions in the final model could not be
rejected. The AIC differences revealed evidence
against Hypotheses 1 (a constant true underlying
porpoise abundance) and 3 (the true underlying den-
sities could be estimated by free parameters). We can
therefore conclude that the observed porpoise den-
sity was indeed useful for predicting bycatches.
Hypothesis 2, i.e. ‘Porpoise bycatch is best explained
by a combination of fishing effort and observed por-
poise densities (P) from independent satellite track-
ing data’, was therefore accepted (Table 3).

In Fig. 4, the predicted number of bycatches (from
Model VI) was plotted against the total number of
observed bycatches within each area and season.
Fig. 5 maps the spatial bycatch risk per 1000 hauls in
the different areas and seasons predicted by Model
VI, while Fig. 6 plots the predicted bycatch in re -
lation to season and area including uncertainties.

The 2 plots reveal great dif-
ferences in porpoise bycatch
rate, depending on area and
season (Fig. 5 & 6). In winter,
Area A1 had the highest by -
catch rate followed by Areas
A2, C2, B and C1. In spring,
Area A1 had the highest
bycatch rate, followed by
Areas B, A2, C2 and C1. The
bycatch rate was generally
lower in summer compared
to the other seasons and the
largest value was again in
Area A1 followed by B, C1,
C2 and A2. The bycatch rate
in autumn was high in Area
A1, followed by C2, B, A2
and C1.
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Model Formula AIC No. of
para-

meters

I log(E(Ni)) = log(α(si)) + β (si)log(STi) + φ(si)log(NLi) + γ log (Pi) 230.7 10
II log(E(Ni)) = log(α(si)) + β log(STi) + φlog(NLi) + γ log (Pi) 225.2 6
III log(E(Ni)) = log(α) + β log(STi) + φlog(NLi) + γ log (Pi) 222.2 4
IV log(E(Ni)) = log(α) + β log(STi) + γ log (Pi) 221.2 3
V log(E(Ni)) = log(α) + log(STi) + γ log (Pi) 219.2 2
VI log(E(Ni)) = log(α) + log(STi) + log (Pi) 218.7 1
VI A log(E(Ni)) = log(α) + log(STi) + δ(ASi) 235.7 19
VII log(E(Ni)) = log(α) + log(STi) 225.1 1
VIII log(E(Ni)) = log(α) + log(Pi) 228.7 1

Table 3. Formulas, Akaike’s information criterion (AIC) score and number of para meters
of the 8 different models; the model with the lowest AIC value is shown in bold. Formula
parameters are as follows: E(Ni) = number of porpoise bycatches caught in the i th haul, Pi

= porpoise density, STi = soak time, NLi = net string length, ASi = area and season. α(si) is
a coefficient of proportionality, while the exponents β(si), π(si) and γ(si) allow for a 

non-linear relationship
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DISCUSSION

In this study, we had a unique data-
set to investigate fishing effort and
porpoise densities as factors predict-
ing porpoise by catch risk in relation
to area and season. Our best- fitting
model showed that a simple 2-stage
procedure using porpoise densities
and fishing effort in terms of soak
time could predict bycatch risk, since
a clear correlation be tween this and
the products of porpoise densities and
soak time was identified. In addition,
the results of the model revealed
large differences in bycatch risk pre -
dictions in terms of area and season.
Our results, nevertheless, indicate in
which area and season porpoise by -
catch risks are highest for the 4 re -
presentative vessels. Our final model
can be used as a tool to identify the
areas of high and low porpoise by -
catch risk if representative porpoise
density and fishing effort data are
available for a particular area. Fur-
thermore, the model may be used as a
tool to discover changes in by catch
risk by area and season, and monitor
if changes over time are due to either
shifts in fishing grounds and effort or
changes in porpoise distribution. The
modelled risk maps can thus support
development of sampling plans for
bycatch monitoring and assist man-
agers in the development of spatially
explicit mitigation strategies. The
direct dependence of by catch on both
porpoise density and fishing effort
highlights the importance of obtain-
ing good density data in areas of high
fishing effort and the documentation
of this information (and preferably
direct by catch statistics) for areas
known to have high densities of
 porpoises.

Our model rests on a number of
assumptions. The first is that satellite-
tagged porpoises are representative
of the general distribution of individ-
uals in the area. Ideally, tracking data
from animals tagged in 2010 only
should have been used, but only 4
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Fig. 4. Harbour porpoise bycatches, predicted from Model VI and observed in
the 5 different areas (A1, A2, B, C1, C2; see Fig. 2) over 4 seasons (1: winter; 

2: spring; 3: summer; 4: autumn)

Fig. 5. Predicted harbour porpoise bycatch in 5 areas (A1, A2, B, C1, C2; see
Fig. 2) and 4 seasons. Polygons represent Natura 2000 sites (see Fig. 3). The
unit of the bycatch legend is number of bycaught porpoises per 1000 hauls
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porpoises were tagged in 2010. Using data from only
4 animals as a proxy for all the animals in the area
could lead to severe biases of the results. Conse-
quently, we used porpoise tracking data over a
longer time period. Whether the porpoise density
data collected over this longer period of time are re -
presentative of the density distribution in 2010 can,
however, be questioned. Especially since porpoise
densities in other areas have shown changes over
time (Hammond et al. 2002, 2013). This depends on
whether there are large differences in movements
and preferred areas between individual porpoises
and whether a sufficient number of porpoises have
been tagged. This is difficult to examine, but a vari-
ogram analysis of the satellite data suggested that
the spatial patterns were stable over time (Fig. S3
in Supplement 2 at www.int-res. com/  articles/ suppl/
m555p261_supp.pdf). The porpoise density map was
also validated by using free parameters i.e. esti -
mating the true underlying densities (Model VI A;
Table 3). If the porpoise density map was not repre-
sentative of the general population in 2010, Model VI
A would have shown a lower AIC score. This would
indicate that the bycatch could be better predicted by
using the free parameters instead of the porpoise
density map. This, however, was not the case, since

Model VI had the lowest AIC. Por-
poise densities in areas neighbouring
the Skagerrak Sea, i.e. the south-
eastern Skagerrak Sea and Kattegat,
have also been shown to be constant
over time. The use of satellite track-
ing data from 64 porpoises to identify
areas of high density was confirmed
by comparison with densities ob tained
from acoustic surveys (Sveegaard et
al. 2011b). The porpoise density map
furthermore shows that porpoise den-
sities are very high along the Norwe-
gian Trench, a conspicuous topo-
graphic feature of the Skagerrak that
follows the coast of southern Norway.
Here, steep bottom topography re -
sults in high biological productivity
compared to the rest of the Skagerrak
Sea. This area of high productivity is
stable and could be the reason for the
observed stability of porpoise densi-
ties (Sveegaard et al. 2012). There-
fore, we believe that the porpoise
density distribution has not changed
over time in ways that would invali-
date our results.

Despite stability over time, porpoise densities could
be biased if tagged individuals were different from
the overall population. Earlier studies have shown no
differences in home range size between males and
females, but immature harbour porpoises have larger
home ranges than mature individuals (Sveegaard et
al. 2011a). Since the dataset used in this study con-
tained a mixture of both juvenile and adult males and
females, we do not believe that any important bias is
present due to demographic differences between the
tagged and overall populations.

Although we used satellite tagging data, porpoise
densities could be assessed by other methods, e.g.
repeated acoustic or visual surveys with high spatial
coverages (Hammond et al. 2013, SAMBAH 2016). In
some cases, these types of density data might even
be preferred since they depict total density and are
not influenced by tagging position or the small num-
ber of individuals tagged. Sighting surveys, however,
only represent porpoise density at the time of the sur-
vey, while passive acoustic monitoring could be used
to explore seasonal variations.

Furthermore, the stratification of the porpoise tele -
metry data by area and season requires a selective
selection of strata by the modeler. If the strata chosen
are too small, random noise will dominate and the
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Fig. 6. Bycatch of harbour porpoises in relation to area (A1, A2, B, C1, C2; see
Fig. 2) and season (1: winter; 2: spring; 3: summer; 4: autumn). Error bars are 

95% confidence intervals
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variance of the porpoise density estimate will be
large, resulting in uncertain (but unbiased) predic-
tions. Conversely, if larger strata are chosen, the vari-
ance will be reduced but bias may be introduced
since porpoise densities are not in reality constant
over large areas and time spans.

The second assumption is that the fishing effort es-
timations truly represent those of the 4 gillnet vessels.
Net string length was calculated as the distance be-
tween the start and end setting positions, meaning
that unless nets were set in a straight line, string
length was underestimated. Due to the high resolu-
tion of GPS data (every 10 s) it was possible to verify
that most net strings were indeed set in a straight
line. Short net string lengths were, however, identi-
fied in the dataset (19 m; Table 2) indicating that
some inaccuracies were present, since most net pan-
els are ~50 m and a string length of only 19 m is un -
likely. We believe that these are due to variations in
determining the positions of the start and end of the
net string and are unlikely to have biased our results.
A systematic underestimation of the string length will
influence the  parameter, but since we are not inter-
ested in this value it does not influence our primary
conclusions. Most important is that the fishing effort
was calculated by the same method for all 4 vessels.

The third assumption is that recorded porpoise
bycatches are representative of the true number of
such events in the monitored fishing operations. As
described by Kindt-Larsen et al. (2012), detections of
bycatch on video footage can be influenced by video
quality, positioning of the camera and viewer experi-
ence. In our study, cameras were positioned for opti-
mal detections, only trained staff was used and video
recordings were never of such a poor quality that
porpoise bycatch would not have been detectable. If,
however, porpoise carcasses fell from the net before
reaching the surface, they would not be recorded.
The bycatches recorded on the video footage will
therefore always be a minimum estimate. However,
since good video quality was obtained from all ves-
sels and the bycatches were almost evenly distrib-
uted between them, there is no reason to believe that
any particular overriding bias should be present in
any undetected bycatches.

The results of the modelling showed that bycatches
were not distributed evenly but depended on por-
poise density and fishing intensity (soak time) in the
area. Other studies have likewise shown that longer
soak times have a positive correlation with bycatch
(Palka et al. 2008, Orphanides 2009). It was, however,
surprising that net string length was not identified as
a significant factor in the final model, since logically

the longer the net, the higher the chance of catching
a porpoise. The reason for such non-significance in
the full model elaborated in this study is most likely
that the differences in net string lengths were too
small to be detectable in the model. Since the model
parameters were based on only 33 bycatches, it
seems highly likely that if more bycatch events were
added to the model, net string lengths would become
a significant factor. The lack of an effect of net length
could also be due to the fact that one of the vessels
occasionally used very short net strings to catch cod
on highly productive wrecks. The wreck net fishery
has been shown to be associated with high bycatch
rates (Vinther 1999), and is known for using short net
strings (<400 m). Net lengths from this fishery could
therefore influence the results in such a way that this
factor did not emerge as significant factor overall. It
was not possible, however, to delete these sets from
the analysis as wreck net sets were not independently
identified, and short nets were also used in other
 contexts.

Harbour porpoise bycatch was observed in all 3
fisheries monitored in this study, but target species
was rejected from the best-fitting model. Earlier
studies in the North Sea also reported porpoise by -
catches in cod, plaice and hake fisheries, but bycatch
rates were found to vary in relation to the target spe-
cies (Vinther 1999). It seems likely that the lack of
significance of target species in our models is also
due to the relative small dataset (33 bycatches). Most
not ably, our results in relation to bycatches in the
hake fishery should be interpreted with caution due
to the relatively limited number of observations from
this fishery. In our study, only 1 porpoise was by -
caught during 65 hauls for the hake fishery. Other
programmes collecting porpoise bycatch data in
hake gillnet fisheries have identified higher rates
(Tregenza et al. 1997, Larsen et al. 2013). Based on
the experiences gained from these other studies, we
believe that both net string length and target species
could become significant factors if more data were
included in the model. We recommend that more
REM monitoring trials be conducted on porpoise
bycatch, and that these data are incorporated into the
model to reveal the full effects of net string length
and target species.

In relation to coverage of the gillnet fleet, the 4
REM vessels landed 23% of total gillnet landings in
the area and were responsible for 22% of the total
catch value. Vessel monitoring system (VMS) loca-
tions from the Danish gillnet fleet show that vessels
>15 m length overall (loa) were also active in Areas B
and C. Not a single VMS point was, however, re -
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corded in Area A. The most likely reason for this is
that Areas B and C are better gillnet fishing grounds,
while Area A serves as an important fishing ground
for the trawl fishery, which may deter netting as it
poses a risk of losing gillnets (Sørensen & Kindt-
Larsen 2016). Vessels <15 m loa would, however,
favour the use Area A and take the risk of losing
gear, since they have limited scope for fishing further
from land. During 2010, vessels <15 m loa did not
carry VMS and their positioning data were therefore
not available. It is unnecessary to sample the entire
fishing fleet to validate the model. Because bycatch is
proportional to fishing effort, only data on porpoise
density are required to map the relative risk. To
determine whether some gear types are responsible
for more bycatch than others will, however, require
the combined data of fishing effort and bycatch.

The simple relationship identified by our model is
logical, but to our knowledge this study is the first to
demonstrate that bycatch risk can be predicted by
such a simple relationship. The model of a 2-factor
product to detect risk was initially proposed in the
Lotka-Volterra model of predator−prey relationships
(Lotka 1910). This model states that a prey item can
only be caught by a predator if there is an area and
time overlap between the 2. Transferring this into
porpoise bycatch, we state that such an incident can
only occur if fisheries and porpoises overlap in space
and time. Other authors have incorporated fishing
effort and species density data using similar methods
to reveal areas of bycatch risk (e.g. Goldsworthy &
Page 2007, Herr et al. 2009, Hamer et al. 2013, Mur-
ray & Orphanides 2013). In South Australian shelf
waters, overlays between distributions of demersal
gillnet effort and Australian sea lions Neophoca
cinerea and New Zealand fur seals Arctocephalus
forsteri were made to identify areas of possible inter-
actions (Goldsworthy & Page 2007, Hamer et al.
2013). Herr et al. (2009) mapped the spatial and tem-
poral overlap between porpoises and fisheries in the
German Bight. These authors could not, however,
correlate their predicted high risk areas with ob -
served bycatch rates due to a lack of monitoring of
the latter in the relevant fisheries. Our main advan-
tage over other studies of bycatch risk was that we
were able to verify predicted bycatches with ob -
served bycatches.

CONCLUSIONS

This study presented a unique dataset involving
high-resolution information on fishing effort, por-

poise densities and bycatches, which allowed for
fine-scale analyses that identified and verified a rela-
tionship. This relationship has resulted in a method
to predict potential areas of bycatch risk when spatial
data on porpoise densities are available. The model
predictions can act as a starting point for investiga-
tions of harbour porpoise bycatches and should be of
considerable interest for fisheries management and
bycatch mitigation in general, and in relation to the
design and implementation of effective conservation
measures for protected areas in particular.
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