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1 Introduction

The Danish government has introduced several action plans with the
goal of reducing the annual emissions of CO2 to half of 1998 levels by
2030. In order to help achieve this the amount of energy produced
from renewable energy sources, including offshore windfarms, is to
be increased. The government’s Energy Plan 21 states that 5500 MW
of wind power is to be established in Denmark by 2030, of which 4000
MW is to be located offshore in the form of large windfarms. The
Ministry of Environment and Energy in 1998 ordered SEAS and
ELSAM to establish 5 large offshore windfarms as demonstration
projects at Rødsand (Femer Belt south of Lolland), Horns Reef (the
North Sea west of Esbjerg), Omø Stålgrunde (Great Belt south of
Omø), Gedser Reef (Femer Belt south of Falster) and Læsø (Kattegat
south of Læsø). The windfarms should be established no later than
2008. At present permissions has been given to establish the
windfarms at Rødsand and at Horns Reef.

At Rødsand and Horns Reef EIA studies was carried out in 2000
following the guidelines jointly drawn up by the Danish Energy
Agency and the National Forest and Nature Agency.

Part of the demontration program is to assess the effect of windfarms
on the environment. One of the tasks is to monitor whether
windfarms will cause measurable, temporary or permanent, changes
in the local stock of harbour porpoises (Phocena phocena).

In September 2000 SEAS (responsible for the environmental
investigations at Rødsand) requested NERI (DMU) to conduct a pilot
study on the use of PODs (acoustic porpoise detectors) as a tool to
investigate potential effects on the harbour porpoises in offshore
windfarm areas. A preliminary report of the study conducted on
captive harbour porpoises (see 3.4), at Rødsand (see 3.1.1) and at
Vindeby (see 3.1.4) was made in June 2001 (Teilmann et al. 2001),
however, the collected data and analyses were not adequate for a
final conclusion.

In a cooperation between NERI and Ornis Consult, PODs have also
been deployed at Horns Reef (see 1.3.2) and in Mecklenburg Bay
(SKY2000, see 1.3.3) since summer 2001. It was therefore decided to
include data from all areas collected until the end of 2001 in this final
report.

On request by SEAS a workshop was held at NERI 22-23 October
2001. European researchers with general expertise in acoustics and
specific expertise in using PODs as well as the manufacturer of the
POD were invited to discuss the reliability and application of PODs
in effect studies. In Appendix A a summary of the POD workshop
gives an overview of the state of the art of POD research and where
and how PODs have been used in other studies around the world.
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SEAS and Techwise ordered the present report, with the aim of
giving the best advise on usability, data collection, statistical methods
and experimental design when using PODs. Data from Mecklenburg
Bay (SKY2000) have kindly been made available for this study by
OECOS Umweltplannung.
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2 Background and objectives

The areas designated for offshore windfarms in Denmark, are all
known habitats for harbour porpoises (Hammond et al. 1995, Bach et
al. 2000b). It is possible that some of the activities involved in erection
and operation of offshore windfarms will have a negative impact on
the harbour porpoises in and around the windfarms. The most
significant sources of these effects are thought to be the physical
presence and the noise from ships and construction work as well as
temporary and even permanent loss of suitable habitats near the
windfarms.

The noise from existing offshore windturbines has been measured
and a detection distance of 20 m was calculated in the EIA study
regarding the Rødsand windfarm (Bach et al. 2000b). A more precise
method for estimating the detection distance was developed in
Henriksen (2001), which resulted in a detection distance of 50 m.
Thus 50 m is presently the best estimate of the distance where
porpoises are able to hear an active offshore windturbine.

In order to study possible effects from the erection and operation of
windfarms on harbour porpoises a number of studies were suggested
as part of the EIA background study on harbour porpoises (Bach et
al. 2000a). Among these suggestions was the use of acoustic
dataloggers (PODs).

The POD is recording click sounds of short duration. It is
programmable and can be set to specifically record the echolocation
signals that harbour porpoises uses for orientation and foraging. This
method will potentially give data on harbour porpoise activity in a
specific area on a diurnal and year-round basis. The construction
work will take place over several months and since there is no
available information on the seasonal sensitivity of porpoises to
disturbance, the data necessary to detect and evaluate the effect of the
windfarm would need to cover all seasons. No other method is
feasible to provide data on the presence of harbour porpoises year
round in a particular area. However, this method has its limitations
in that only porpoises echolocating are recorded. No data exists on
the seasonal, diurnal and area specific use of echolocation but since
echolocation is believed to be the primary sense for porpoises we
expect that porpoises used their echolocation most of the time and
that it is correlated to the density of porpoises. However, the actual
relationship between echolocation and density of animals is not
known.
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2.1 Objectives of the study

The PODs used in this project were the first of a new version (T-POD)
sold by the manufacturer and therefore only little experience on the
performance of this POD was available. The aim of this report is to
summarise the present experience with PODs under controlled
conditions and in the windfarm areas. The data collected under
controlled conditions will be used to evaluate variations in the
sensitivity between and within PODs as well as documenting how
selective T-PODs are in recording harbour porposie sounds. The POD
data collected in the field are compared with visual surveys to see if
changing animal density is correlated with echolocation activity. The
collected POD data is also used to select indicators and the most
appropriate statistical model. Finally a design for a monitoring
program is discussed as well as recommendations for future work
with PODs.

The specific aims of the study are:

• to test the reliability of recorded T-POD-data in controlled
conditions with and without  captive animals.

• to test the directionality and inter-differences between T-PODs
using artificial and recorded harbour porpoise echolocation
signals.

• to compare visual observations with T-POD data to document
whether echolocation activity reflects the density of animals.

• to develop statistical methods for analysing POD data.
• to develop a robust monitoring design for detecting effects of

offshore windfarms on harbour porpoises.
• to document the present knowledge of POD research during an

international workshop.
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3 Materials and methods

3.1 Description of the offshore windfarm areas

The novel approach of using PODs to document the possible effect of
offshore windfarms on harbour porpoises is conducted in three
planned offshore windfarms. These are Rødsand, Horns Reef, and
Mecklenburg Bay (Figure 1). In addition PODs are placed at the
existing smaller windfarm at Vindeby. Little is known about the
diurnal and seasonal occurrence of harbour porpoises in the
windfarm areas, however, ship- and aerial surveys indicate that high
densities are found at Horns Reef, intermediate densities at Rødsand
and low densities in Mecklenburg Bay and Vindeby.

Figure 1 Map of the four areas where PODs have been deployed.

3.1.1 Rødsand

The offshore windfarm at Rødsand will be situated about 10 km
southwest of Gedser. The windfarm will be made by the Danish
power company Energi E2 and consist of 72 windturbines with an
output of 2.2 MW, arranged in rows running north to south in a
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square pattern. The turbines in the rows will be about 480 m apart
and the rows about 850 m apart. The water depth of the windfarm
area varies between 6 and 9.5 m. From a transformer platform the sea
cable is flushed down or buried 1 m down until it reaches the shore at
Nysted 10 km north of the windfarm.

The sea floor at the windfarm consists of glacial depositions. The
largest part of the area os covered of sand/silt bottom with larger and
smaller ridges. In places there are pebbles, gravel or shell. Although
there are outcrops of stones >10 cm, no reef-like aggregations have
been recorded. The windfarm area is placed about 4 km south of the
partly exposed sandbank called Rødsand, which runs about 25 km
from Hyllekrog to Gedser. The sandreef borders a shallow lagoon
area (0.5-4 m), which is an important area for birds, seals and coastal
fishery. The water is brackish and varies with the freshwater surface
flow from the Baltic Sea and the more saline water from the Kattegat.
The tide is less than 0.5 m but strong winds may change water depth
additionally 1-2 m.

3.1.2 Horns Reef

The offshore windfarm is under construction at Horns Reef around
35 km west of Esbjerg in the Danish part of the North Sea. Between
March 2002 and ultimo 2002 80 2 MW windturbines will be erected
by the Danish power company Elsam on the eastern part of the reef
between 2.5 and 4.0 km from Slugen, the trench, which separates the
shallow water area off the Wadden Sea from Horns Reef. The
planned offshore windfarm will be situated in waters with a depth of
between 6.5 m to 12.5 m.

Horns Reef is a permanently submerged sandbank consisting mainly
of sandy material with smaller areas of gravel, especially in the
western part. No solid reef-like aggregations have been recorded. The
currents are almost completely dominated by the Jutland Coastal
Current, which runs in a northerly direction. Due to the large supply
of freshwater from the east and south strong fronts and eddies
develop in the area of Horns Reef between the core of estuarine
water, mixed river and North Sea water.

3.1.3 Mecklenburg Bay

The planned offshore windfarm (SKY2000) will be situated around 15
km southeast of Fehmarn in the German part of the Baltic Sea. In
summer 2003 50 2 MW windturbines will be erected by the German
power company GEO. The windfarm will be situated in waters with a
depth of 23-27 m.

The water is brackish like at Rødsand and the salinity also varies with
the freshwater surface flow from the Baltic Sea and the saline
bottomwater from the Kattegat. The tide is less than 0.5 m but strong
winds may change water depth additionally 1-2 m.
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3.1.4 Vindeby offshore windfarm

Vindeby windfarm is situated a few kilometres northwest of
the Onsevig settlement on northeastern Lolland. Vindeby windfarm
consists of eleven 450 kW Bonus windturbines placed in two rows
perpendicular to the coast. All turbines are built on concrete
foundations on water depths between 2.5 and 5 meters. The distance
between the turbines is 300 meter, which is less than half the distance
between the planned turbines at Rødsand and Horns Reef.
The windfarm was constructed in 1991 and is the first windfarm in
the world. It is owned and operated by SEAS. The area around the
windfarm is not considered as being important to harbour porpoises
and fisheries, but according to the local fisherman porpoises do enter
the area in the spring when garfish is migrating south into through
the Great Belt. The rest of the year only few porpoises are seen in the
area.

3.2 Characteristics of porpoise echolocation signals

The harbour porpoise uses short high frequency echolocation clicks
of narrow bandwidth for orientation and prey capture. In a
controlled experiment where a harbour porpoise were trained to
detect objects, details on the echolocation signals were obtained
(Teilmann et al. submitted). The average duration of a click was 77 µs,
the average peak frequency was 131 kHz and the average -3 dB
bandwidth was 16 kHz. The average source levels ranged from 157 to
169 dB re 1µPa (peak-to-peak). The ability of a harbour porpoise to
adjust the output of its echolocation has not previously been
described and indicate the possibility that harbour porpoises are able
to make even stronger signals than what has been measured until
now.

3.3 Technical description of the POD

The POD is developed and produced by Nick Tregenza from
Chelonia (www.chelonia.demon.co.uk). The POD or POrpoise
Detector is a small self-contained data-logger that logs echolocation
clicks from harbour porpoises, or other echolocating cetacean species.
The POD used in the present study is called the T-POD and was
produced in 2000. This is a further development of the original POD
and gives the possibility to record and analyse individual clicks
instead of the number of clicks within a time frame. This is especially
useful when excluding harbour porpoise echolocation from other
sound sources.

The housing of the POD consists of a 50-70 cm long PVC pipe. A bolt-
on lid or a screwing lid closes the POD in one end and a hydrophone
encapsulated in vinyl is attached in the other end (Figure 2). Two
types of hydrophones have been used. The first batch of the T-POD
was equipped with internal hydrophones, after testing some were
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malfunctioning and returned to the manufacturer. The rest are now
deployed at Horns Reef. After repair the internal hydrophone were
replaced with an external hydrophone, which are now used at
Rødsand, Mecklenburg Bay and Vindeby.

Figure 2 Two T-PODs. The lower end contains the hydrophone and the upper end
is the lid. The left POD is the newest edition with a screwing lid and an external
hydrophone. The right POD has a bolt-on lid and an internal hydrophone.

The POD consists of a hydrophone, attached to or build into the
housing, an amplifier and electronic filters combined with a data-
logger that logs echolocation click-activity. It processes the recorded
signals in real-time and only log echolocation clicks with specific
acoustic values set by the user. The filters can be set to different click-
length (duration), frequencies and strength, that all together matches
the specific characteristics of echolocation-clicks.  It operates with 6
separate scans that can be programmed individually, so that e.g. one
scan can be set to log boat activity and the other scans to log
echolocation activity. Each scan records for 9 seconds, then one
second is allowed to change from one scan to the next and so on.
Recordings from each scan therefore represent 9sec/1min.

The POD is equipped with 8 MB RAM and is powered by six 1.5V D-
cell alkaline batteries or six 3.4V D-cell lithium batteries. The
standard alkaline batteries gives a maximum logging period of about
30 days and the lithium batteries about 60 days. A 20 MHz CPU
operates data collection. The 8 MB memory will normally be filled in
2-4 month depending on echolocation activity and the software
settings.

Data from the POD can be downloaded by a serial cable to a laptop
computer in the field for storage and analysis (Figure 4). Data can be
analysed with the T-POD.exe program used for communicating with
the POD, or exported to any spreadsheet software for further
analysis.
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Figure 3 An open POD uploaded to a computer.

Figure 4 Screen snapshot from the T-POD.exe software. 5 series of porpoise clicks
can be seen as vertical bars. Time in seconds is shown on the X-axis, and the
duration of each click is shown on the Y-axis. The varying length of the pulses in a
click train identifies that this is a harbour porpoise.

The POD is insensitive to temperature, within the normal operating
range between 30C and 250C, except from the reduced battery life at
lower temperatures. Battery-voltage does not influence sensitivity –
the electronics in the POD receive a stable voltage until the battery is
drained to 5.1 volts whereafter the electronics misbehave in a few
hours before it turns off.

The hydrophone is insensitive to changes in the static pressure (<13
bar) which means that deployment down to 120 m does not have any
influence on the sensitivity of the POD. As in every hydrophones the
ceramics (the active part of the hydrophone) will age, but the
sensitivity should not drop more than a few percent in ten years, so
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in practice the sensitivity will not change significantly with age
within the expected lifetime of a POD.

According to the manufacturer the hydrophone is omnidirectional in
the horizontal plane with the highest sensitivity at 120 kHz. Strong
currents may force the POD out of the vertical plane and change the
direction of sensitivity, however, when placing the POD near the
bottom away from surface currents and waves this is not expected to
be a problem. Creation of sound channels in the sea due to
thermoclines, haloclines and pycnoclines will affect the propagation
of sound through the water. The influence of these hydrographic
features on the ability of PODs to detect porpoises is unknown.

3.4 Calibration of PODs in Kerteminde 

The Fjord- & Beltcentre in Kerteminde (FBC) is one of two aquariums
in Europe holding harbour porpoises in captivity. Combined with a
very good equipped bioacoustics lab, this facility is the ideal place to
test and calibrate PODs.

3.4.1 Tests in the harbour porpoise enclosure.

In this test POD 10 was deployed for 20 days to test if the battery
capacity and memory was sufficient to operate for three weeks in an
area with very high echolocation activity. The batteries in POD 10
were drained after 17 days. This was not satisfactory but has later
been solved by the manufacturer.

During this deployment of POD 10 the porpoises were not present in
the pool for the first 1.5 days. For the rest of the period both
porpoises were present in the same pool as the POD. This gave an
excellent opportunity to test whether the POD recorded clicks from
other sources than harbour porpoises. This allowed us to identify
non-porpoise clicks and set up filters to remove them.

The POD settings shown in Figure 5 were used in this and the other
tests and during deployment in the sea until November 2001. They
were developed together with the manufacturer. Scan 1 records noise
of various kind, scan 2-4 is specifically for harbour porpoise clicks,
while scan 5 and 6 is used to test the sensitivity of the frequency ratio
filter. During the POD workshop in November 2001 it was concluded
that that the settings in channel 2-4 in Figure 5 gave the best results.
Subsequently all channels were set like channel 2-4 in all
deployments after November 2001.
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Figure 5 POD settings as used from April to November 2001

3.4.2 Intercalibration and sensitivity of PODs

To quantify differences between PODs it was decided to make a
series of controlled laboratory test with artificial porpoise-like clicks
and real porpoise clicks recorded from an animal in captivity at FBC.

Setup:
The PODs were placed in a circular plastic pool 8 meters in diameter
and 1.5 meters deep. The side of the pool was concave, and the PODs
were uniformly distributed along the side of the pool with
approximately half a meter between the POD-hydrophone and the
side of the pool.

Each POD was mounted to a concrete brick to create negative
buoyancy. All test sounds were emitted using a Sonar Product HS150
hydrophone placed exactly in the middle of the pool at the same
depth as the POD-hydrophones (Figure 6).

To control that all PODs received the same signals the sound level 5
centimetres from each POD-hydrophone was measured with a Reson
TC4032 hydrophone. The difference between the highest and lowest
sound level was 2.1 dB, which was considered satisfactory.
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Transmitting transducer (HS 150)

Receiving transducer (Reson TC 4032)

Aluminium ladder used for
mounting of tranducers
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39

Figure 6 Position of each POD in the test pool in relation to the
hydrophones.

Artificial and real porpoise clicks were transmitted continuously
during the test. To test the sensitivity the signals were attenuated in 3
dB steps from 10 dB to 34 dB in test 1.

To test the directivity of the PODs in the horizontal plane a second
test was performed. All PODs were placed like in the first test but
rotated 90 degrees compared to test 1. In test 2 the signals were
attenuated in 6 dB steps from 10 dB to 28 dB.

Click characteristics:

Type:  Sine-wave clicks
Frequency: 130 kHz
Duration: 100 µS
Rep. rate: 2 Hz
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Figure 7 Schematic view of the equipment used in the POD tests.

3.5 Mooring of PODs

Field experiments have shown that PODs deployed near the bottom
records a higher level of harbour porpoise echolocation activity than
those deployed simultaneously near the surface (Nick Tregenza pers.
comm.). The PODs in this study have all been moored about 2 m
above the bottom.  During the project PODs have been moored in 4
different locations with 3 slightly different mooring techniques
depending on the water depth and the sea bed conditions. The three
mooring techniques are in principle identical and are shown in
Figure 8.

Yellow warning buoy

Anchor chain or rope

Anchor or anchor block

Heavy rope
POD

Small float

Buoyant rope

Small anchor

Figure 8 The general set-up used for mooring PODs.
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The set-up has been designed so the POD, the small anchor and the
small red float can be lifted to the surface by hand from a small boat
without a winch.

3.6 Reference locations

As in all ecosystems the natural inter-annual variations make it
difficult to evaluate the reason for biological changes in an area
where e.g. a windfarm is constructed. By looking at the relative
change in harbour porpoise activity in both the impact and a
reference area the effect of the construction can be evaluated (see 3.8
for details). For all four areas reference locations have therefore been
selected.

It is important that the reference locations are selected in an area that
is affected by natural variations in the environment (e.g.
hydrography and food availability) in the same way as the windfarm
area. Since data on all natural factors that may affect harbour
porpoises are not available, the reference locations have been chosen
to resemble the depth, currents, and porpoise density of the
windfarm area. The distance between the windfarm and the reference
location was aimed to be about 10 km; however, this was not possible
in all cases if the other criteria above should be met.

3.7 Field deployments

3.7.1 Deployments of PODs at Vindeby

PODs have been deployed in two periods in Vindeby offshore
windfarm and at a reference location 6 km west of the windfarm.

Figure 9 Map of the Vindeby area. The windfarm is located in the upper right
corner and the POD positions are indicated with dots.
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Deployments were completed at the Vindeby in May 2001, when the
two PODs were moved to other locations.

The seabed conditions and currents at Vindeby are very good for
mooring PODs, so only a small 15-kilo anchor has been used for
anchoring the buoy.  The anchor rope between the anchor and the
buoy was made of 20 meter 18 mm polypropylene rope.

3.7.2 Deployments of PODs at Rødsand

The Rødsand area consists of the Rødsand windfarm area where two
PODs have been deployed and at two reference locations at Gedser
Reef, 18 km east from the windfarm area, where two other PODs
were deployed (Figure 10).

Figure 10 Map of the Rødsand area. The windfarm area is indicated by a square
and the locations of the POD deployments are indicated with dots.

Sporadic test deployments were made from February to May 2001
while more permanent deployments took place since May 2001.

The mooring method at Rødsand is similar to that used at Vindeby.

3.7.3 Deployment of PODs at Horns Reef

Horns Reef is the roughest area where PODs have been deployed
until now. At Horns Reef eight positions were chosen for deploying
PODs. 2 PODs were deployed in the windfarm area while 6 PODs
serve as reference sites. Two PODs west of the windfarm and four
PODs east of the windfarm (Figure 11).
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Figure 11 Map of the Horns Reef area. The windfarm area is indicated with
a square. Dots and a number mark the eight POD locations.

To prevent that strong currents, winds and trawlers at Horns Reef
drags the buoys away 1300 kilos anchor blocks have been used for
anchoring the buoy. The anchor rope connecting the warning buoy to
the anchor block is made of 25-mm polypropylene rope in a length
corresponding to the maximum depth at each position. Between the
anchor block and the small anchor a special high strain rope has been
used to allow the maintenance boat to moor directly to the anchor
block.

3.7.4 Deployment of PODs in Mecklenburg Bay (SKY2000)

PODs have been deployed at four locations in Mecklenburg Bay. Two
locations within the SKY2000 area and two reference locations 12-15
kilometres NNW of the windfarm area (Figure 12).

The first POD was deployed in August-September 2001, which
comprise the only data included in this report. Unfortunately two
PODs were lost during the fall/winter 2001 due to a malfunction in
the anchoring equipment. New PODs were deployed on all 4
positions in January 2002.

The mooring set-up is similar to that used in the other areas. An
additional steel wire connects the buoy with a small (10-12 kilo)
weight, in which the wire out to the POD and the small anchor is
connected. In case the small marking buoy is lost, the POD can
thereby be retrieved from both ends, without having to pull the large
500 kg concrete anchor block out of the water.
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Figure 12 Map of the Mecklenburg Bay area. The windfarm area (SKY2000)
is shown as well as the four PODs indicated by dots. The data used for this
study were retrieved from the NW POD.

3.7.5 Summary of POD deployments

All field deployments resulting in useable data are extracted from a
database and listed in Figure 13. A thorough analysis of the results
follows in the next sections.
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Figure 13 All field deployments from April 2001 to February 2002 are
shown. The vertical stippled line indicates project start. The thin black lines
indicate the deployments periods and the bold black lines indicates the
periods where the PODs were actively logging porpoise activity the grey
lines are PODs still deployed in February 2002.

3.8 Statistics

The objective of applying statistics to the POD data is primarily to
investigate the applicability of PODs as a quantitative instrument for
monitoring harbour porpoises. Secondly it should be determine if the
data can be used for detecting a systematic effect on harbour porpoise
activity from the construction and operation of windfarms. The
statistics in this study involves three basic components: 1) to extract
information (indicators) from the POD signals to describe the
porpoise activity, 2) to formulate a model for these indicators and
perform test for systematic variations and 3) to determine an
appropriate design of a monitoring program based on the devised
methods that will ensure sufficient power for testing the hypotheses.
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3.8.1 Development of indicators

Four indicators have been developed from POD signals with minute
intensities. POD signals extracted from the T-POD program with a
constant frequency of 1 minute – denoted xt - consists of many zero
observations and relatively few observations with intensities above
zero. The recorded minute intensities can be aggregated into daily
observations of:
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Another approach to analyse POD signals is to consider the POD
signal as events with click activity separated by period without any
click activity. We propose that click events be defined as periods with
click activity separated by periods with no click activity for more than
10 minutes. Thus, two recordings separated by 9 minutes without
click activity still belong to the same event. The 10 minutes for
separating events was found to be an appropriate choice by
inspecting high-resolution graphs of POD signals. The events
provided two indicators to characterise the harbour porpoise activity:
duration of click event and waiting time between click events. The
mean click intensity during an event did not provide any additional
information relative to the daily intensity.

All indicators except the event duration could be made
approximately normally distributed by transforming the data. Daily
intensity and waiting time was log-transformed while an arc-sin was
applied after squareroot transformation of the daily frequency data.
The statistical analysis described below will be applied to the
transformed data.

3.8.2 Statistical analysis of indicators
BACI is a schematic method for tracing environmental effects from
substantial man-made changes to the environment (Green 1979). The
aim of the method is to estimate the state of the environment before
and after any changes, and in particular to compare changes at
reference sites (or control sites) with the changes in the actual area of
impact. Data are analysed using a 2x2 factor ANOVA:

Before (B) After (A)

Reference sites in control area (C) BC AC

Sites in impact area (I) BI AI

The BACI effect is estimated from the means of the four blocks:

BACI=(AI-BI)-(AC-BC)
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and the significance of the BACI effect is tested by the interaction
term in the two-factor ANOVA. This requires that each block have
replications (more than 1 observation). If the indicators are calculated
at different times over the year, then a seasonal variation can be
included into the analysis. Similarly, physical variables can be
included as co-variates into the analysis. In this case the adjusted
BACI term becomes:

BACI(X,s)=(AI(X,s)-BI(X,s))-(AC(X,s)-BC(X,s))

where s is a term describing the seasonal variation and X is the co-
variate.

Comparing the between-block variation with the intra-block variation
tests the significance of the two factors and the interaction (BACI
effect). In case that several PODs are deployed at different stations
within the control and impact area, this provides a new dimension
into the ANOVA. This implies that station is a nested factor within
the control/impact areas. Thus, the adjusted BACI term becomes:

BACI(X,s,S)=(AI(X,s,SI)-BI(X,s,SI))-(AC(X,s,SC)-BC(X,s,SC))

For a balanced design the nesting of stations within control/impact
area will not affect the calculation of the BACI effect. The main aspect
of including station as a nested variable within control/impact area is
that it describes the spatial variation within the two areas and thereby
reduces the residual variation. Consequently, the power of testing the
BACI effect will improve.

The indicators derived from the POD signal are observations in time,
which are likely to be serially correlated, i.e. observations in time are
correlated to past observations (autocorrelated). The presence of
autocorrelation is determined by calculating the autocorrelation
function and comparing these estimates with approximate 95%
confidence limits (see Chatfield 1984). If the indicators are not
correlated in time, the error term in the ANOVA design can be
described by a vector with a covariance structure that is proportional

to an identity matrix ( I2σ ). However, if there is serial correlation in
data the covariance structure of the error term must be modelled.
This is referred to as a mixed model.

3.8.3 Determining sample sizes

The formulas for calculating sample sizes to obtain a power of
minimum 1-β are based on balanced designs. It is unlikely that the
POD deployments will result in equal amount of observations in all
blocks. However, the power calculation based on balanced designs
gives indications of appropriate sample sizes. The amount of
observations in each of the 4 blocks for the BACI design with log-
transformed variables is calculated as (no serial correlation), which is
adopted from Green (1989)
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and in case the serial correlation is described by an autoregressive
process of order 1 with lag-1 correlation ρ  (Cressie 1993)
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For small n the quintiles of the t-distribution should be used in place
of β−1z  and αz . For the two formulas above s is the estimated
standard deviation and d is the relative change in the BACI effect to
be detected. Significance and power level are set to α=5% and 1-
β=80%.

3.8.4 Statistical model and design for indicators

Observations of the proposed indicators to describe porpoise activity
are the outcome of a stochastic process, which can be described by a
stochastic model. Let us assume that the specific indicator is a
function of the specific location (called station), the measuring device
(called POD), seasonal variation (called season) and two distinct time
periods (Before/after ~ called intervention). Let us furthermore
assume that stations can be divided into two groups (Control/Impact
~ called area). Let Xijklm denote the observed indicator or a transform
of this, which can be described by a normal distribution. We will then
model Xijklm as

Xijklm = µ + areai + stationj(areai) + seasonk + interventionl +
areai*interventionl + eijklm

where
• areai describe the spatial variation between the control and

impact area,
• stationj(areai) describe the variation at stations located within

each of the two areas,
• seasonk describe the seasonal variation, which is assumed to be

independent of area and station,
• interventionl describe the overall change from before to after,
• areai*interventionl describe the difference in change (before/after)

between control and impact area, which is also referred to as the
BACI effect

• eijlkm is a normal distributed error term, NIID(0,σ2).

All effects on the right-hand side of the model except eijlkm are fixed
effects.

The variation caused by using different PODs is not yet included in
the model above. The POD variation can be included in the design as
a nested effect under station (hierarchical) or as a crossed effect with
station (fully crossed). Let us compare the disadvantages of the two
types of designs:
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Disadvantage fully crossed design:
• A fully crossed experiment would require that all POD are shifted

around between stations both before and after construction, such
that an approximately equal amount of observations would be
obtained for each POD at each station. This would require a
substantial effort in shifting the PODs. Furthermore, the fully
crossed design is more vulnerable than the hierarchical design to
loss of data that may reduce the advantage of this design, result
in partial confounding of effects or in worst cases make the design
inapplicable for testing the BACI effect.

Disadvantage hierarchical design:
• If POD variation is nested within station then these two factors

are confounded unless several PODs are located at stations. If the
variation between PODs is significant then it cannot be
determined whether significant variations between areas and
stations are due to spatial variations or variations in the
sensitivity of PODs. However, the BACI effect is not affected by
the POD variation provided that the sensitivity of the PODs does
not change with time.

In conclusion, the hierarchical design is more robust to data losses
and requires less effort in the monitoring program, but variations
between areas and stations will be biased by variations in the
sensitivity of PODs. The model is analysed as a general linear model
(GLM) in case the residuals of the model are uncorrelated, and in case
the residuals are serially correlated the model is analysed as a linear
mixed model (MIXED).

3.9 Hydrographic measurements and visual
surveys

Recordings of harbour porpoises on the moored PODs and visual
observations during surveys at Horns Reef were compared with
hydrographic measurements. This was intended to validate whether
changing echolocation activity from the PODs reflects changes in
animal density from visual surveys.

The temporal hydrographic variability in the windfarm and reference
areas was studied by applying Danish Hydrographic Institute’s
hydrodynamic model “Farvandsmodellen” at a grid resolution of 3
nautical miles. The application of modelled salinity and temperature
was chosen due to a time delay in the supply of two CTD stations
(Anderaa CTR 7 profiler recorder) which are now deployed in the
windfarm area and at the western edge of the Reef.  The modelled
input data were calculated for the following positions: St. 1: 53.54N;
7.86E  St. 2: 55.54N; 7.42E. The spatial hydrographic variability
encountered during the ship surveys was recorded by continuous,
measurements of surface temperature and salinity using a calibrated
salinometer (Tetracon 325).
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The monitoring programme on harbour porpoises at Horns Reef is
partly based on acoustic data and partly on visual (survey) data. A
total of 18 line-transect ship-based surveys have been conducted at
Horns Reef, of which 11 have been carried out as part of the base-line
and monitoring programme of the windfarm. A total of 15 tracklines
(Figure 14) with an interdistance of 1 mile were surveyed in August
2001 with the following aims:

1. Produce relative abundance estimates of harbour porpoises in the
Horns Reef area;

2. Produce fine-scale distribution patterns during the breeding
period at Horns Reef;

3. Compare survey results with stationary POD recordings.

Figure 14 Map of the survey area for the ship-based surveys. Tracklines are
running east/west, Stationary POD locations are indicated with a square
with a flag, the windturbines are shown with crosses and the cable to land is
also shown.

The surveys were made using line transect methodology, developed
for estimation of abundance of cetaceans (Burnham et al. 1980,
Buckland et al. 1993, Hammond et al. 1995), and modified to integrate
a large number of density samples (Skov et al. 1994). A team of three
experienced observers was working from the roof of the bridge at 5-7
m height. All observers searched in a narrow strip of 800 m width in
order to reduce the likelihood that animals were missed on the
trackline. Effort data comprised the position of the ship, heading and
speed, Beaufort sea state, and weather. Sightings data consisted of
number of animals and perpendicular distance, which were obtained
from angle and direct distance estimation. Since no correction was
made for animals submerged or not seen, the results should be
regarded as relative rather than absolute densities.
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Densities were calculated for each segment using an effective strip
width (esw) of 300m, which was derived from analyses of sighting
distances by functions and models of the software DISTANCE (Laake
1990, Ver. 2.0). DISTANCE was also used for estimation of
abundances. Sighting rates change considerably with Beaufort sea
state. Therefore, only data collected during sea states less than 3 were
retained for analysis.

Spatial models of the distribution of surface hydrography and the
dispersal of harbour porpoises in the investigation area were made
by creating fine-mesh grids (1 x 1 km) on the basis of variography
and linear interpolation (normal kriging) using software Surfer 7.0
and EVS PRO. Extrapolation was controlled to a distance of 5 km.
The distribution models were plotted on base maps in UTM 32
projection.
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4 Results

4.1 Intercalibration and sensitivity of PODs

The results from the calibration experiment are summarised in Figure
15. Details of the results are given in Appendix C.
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Figure 15 Results from the controlled laboratory tests in Kerteminde. The Y-
axis describes the highest attenuation of the test signal detectable for each
POD. The X-axis shows the results from each POD. Note that each
attenuation step in test 1 was 3 dB and 6 dB in test 2. *It should be noted
that the sensitivity measured in POD 39 during test 2 could be higher, but
the maximum attenuation tested was 28 dB. Note that POD 32
malfunctioned during the test, and are not shown.

It is shown that the sensitivity of each POD differs somewhat in
relation to orientation towards the sound source as well as in relation
to each other. The largest variation in sensitivity in relation to
orientation towards the sound source was shown in POD 39 with a
difference of 12 dB between the two tests.

We used the criteria that the variation between and within PODs
must not exceed 6 dB. Based on this criterion POD 10, 11, 33 and 39
was returned to the manufacturer. The hydrophone in POD 11 was
replaced with a new external hydrophone and the three other PODs
were replaced completely. Therefore POD 11 used at Rødsand is not
comparable with POD 11 tested in Kerteminde. Due to time
constraints the PODs with external hydrophone have not yet been
tested under controlled conditions.
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4.2 POD registration with and without presence of
porpoises

POD10 was deployed in the FBC in Kerteminde Harbour next to the
porpoise pool in the period from 3/5-2001 19:42 to 20/5-2001 16:08
covering a period of almost 17 days. Throughout this period the
placement of POD10 was unaltered such that the experiment was not
affected by changing orientation sensitivity as described above.
During the first part of this period there were no harbour porpoises
in the pool, and the two harbour porpoises were relocated to the pool
on 5/5-2001 at 10:50. This data provided an opportunity to
investigate whether the POD recorded any signals when no porpoises
were present and thereby whether the settings were able to reject
other irrelevant signals. If there was a strong change in activity on the
POD, when the porpoises were relocated, it is likely that PODs can
also be used to detect impacts on harbour porpoises in open waters.
The time series recorded in FBC is shown in Figure 16. A distinctive
change in click activity was observed at the time, when the porpoises
were relocated to the pool.

A spectral analysis (Chatfield 1984) of the filtered POD signal
revealed a pronounced diurnal pattern for the period with harbour
porpoises in the pool, whereas the first period without harbour
porpoises did not show any diurnal pattern. The diurnal pattern in
click activity was low during the day increasing to above double
magnitude from late in the afternoon to after midnight (Figure 17). It
should be stressed that the click activity in Figure 17 is different from
the proposed indicator described in Section 3.8.1, which will be
present afterwards. This pattern corresponded to our anticipations,
because harbour porpoises are considered to be more active before
and after sunset.
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Figure 16 Raw POD signals from porpoise pool in FBC (POD no. 10).
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The click activity (Figure 16) was separated into two signals reflecting
the nature of the POD signal: 1) Click frequency and 2) Click
intensity. The click frequency is the percentage of time when clicks
are recorded and click intensity is the number of clicks per minute
when the POD is recording clicks. The diurnal variation in click
activity (Figure 17) was mainly due to diurnal variations in click
frequency (Figure 18).

We found statistical evidence for significant diurnal variation in click
frequency (P<0.001) and the diurnal variation in click intensity was
not significant. Both tests assumed that the serial correlation in
hourly click frequency and intensity could be described by an
autoregressive process of order 1, i.e. AR(1)-process (Box and Jenkins
1976). The autocorrelation in hourly click frequency and intensity was
0.36 and 0.10, respectively. These two tests were based on a model
with a rather complex covariance structure. Thus, the diurnal
variation in click activity is caused by variations in click frequency
and we may assume that the click intensity is constant over the entire
day.
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A crucial assumption when applying standard statistical tests to data
is the independence between observations. The POD signal was
aggregated to hourly observations and the autocorrelation between
hourly observations was calculated (Box and Jenkins 1976).
Observations less than 6-7 hours distant were significantly correlated,
and it is therefore not recommended to carry out statistical test on
hourly aggregations from POD data as this requires a complex model
to describe the covariance structure in data. We will therefore analyse
the POD data using daily aggregations and observations of events
based on the definition given above (3.8.1).

The daily statistics, calculated from the raw POD signal in Figure 16,
are shown in Figure 19. The frequency of clicks was low (0.13%) prior
to the relocation of the porpoises and increased to 5.93% after
relocation. The origin of the echolocation recorded in separate 3
minutes during the period without harbour porpoises present in the
pool is unknown. They could be due to wild harbour porpoises
visiting the Kerteminde Harbour or be due to noise. The mean
intensity in these 3 separate recordings, which occurred within 1½
hour, was higher than the mean intensity recorded when the
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porpoises were in the pool. The mean click intensity was 39.1
clicks/min when the porpoises were in the pool.

During the 16 recorded days with harbour porpoises in the pool both
click intensity and frequency were stationary with a moderate
variation. There was a weak positive correlation between mean
intensity and click frequency (r=0.33; P=0.21) indicating that
changing porpoise activity could be reflected in both intensity and
frequency simultaneously. Both statistics must be considered
potential indicators for detecting changes in the activity of harbour
porpoises.

The time series with POD data were analysed using the event
definition described in the methods section. The identification of
events is exemplified in Figure 20. Time between events with no
activity is at least 10 minutes. A total of 445 events were identified
during the 365 hours period with harbour porpoises in the pool
(~1.22 event per hour) as opposed to the 3 events in the period prior
to the relocation of the porpoises. The statistics of the events are listed
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in Table 1. While the event duration and waiting time between events
reflected a large difference between the periods with and without
harbour porpoises, the mean intensity during events was not
changed. This result corresponded to the daily mean intensity (Figure
19). The duration of events and waiting time between events both
had a significant diurnal variation. The diurnal pattern in event
duration was similar to the click frequency (Figure 18) and the
diurnal pattern in waiting showed the inverse relationship (Figure
21), i.e. longer periods without activity from midnight to late in the
afternoon.

Table 1 Statistics of activity events for harbour porpoises in Kerteminde
(POD no. 10). Intensity is in clicks/minute, duration and waiting time are
in minutes.

StatisticsHarbour
porpoises
present

Event

indicator Minimum Mean Maximum

Intensity 22.2 63.7 135.6

Duration 1 1 1
No

(n=3)
Wait time 17 586.3 1190

Intensity 2.8 25.4 236.3

Duration 1 9.3 168
Yes

(n=445)
Wait time 11 39.7 548

We have not performed statistical testing of the differences in the
proposed indicator before and after the harbour porpoises were
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relocated to the pool, because the amount of POD data during the
period without porpoises is too sparse. All proposed indicators (see
Section 3.8.1)– except for event intensity – show that the few
observations in the first part of the time series are highly unlikely to
belong to the indicator distributions with porpoises present in the
pool. Thus, daily click frequency and intensity, event duration and
waiting times are appropriate indicators for discriminating periods
with and without harbour porpoise activity.

It is anticipated that POD signals from field monitoring will exhibit
characteristics somewhere between what was observed from the
period without harbour porpoises and the period with harbour
porpoises at FBC.

4.3 Field monitoring 

The field monitoring data analysed included 15 PODs deployed at
the four investigation areas: Horns Reef, Mecklenburg Bay, Rødsand
and Vindeby. Data from two PODs were discarded: 1) POD no. 12
deployed at Gedser Reef South showed no activity at all for the 26
days of deployment, and 2) POD no. 14 deployed at Rødsand East for
8 days gave unrealistically high click activity during the end of the
deployment period. The main objective of this study was to give
descriptive statistics of harbour porpoise activity from the different
deployments and to investigate the sources of variations. These
statistics will be used later for calculating power and data
requirements for testing changes in porpoise activity due to the
construction of windfarms.

4.3.1 Daily click frequency and intensity
The daily click frequency and intensity were calculated from the POD
signals (Appendix B). Mean values of the daily indicators are
summarised in Table 2. The highest click frequencies were observed

0

20

40

60

80

100

120

140

160

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour

W
ai

ti
n

g
 t

im
es

 (
m

in
u

te
s)

F e e d i n g  s c h e d u l e
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limits (POD no. 10). Mean and confidence intervals were determined assuming a
lognormal distribution for waiting times. Confidence limits are proportional to the
mean level.



35

at Horns Reef for position 1, 3 and 6, Gedser Reef North and Rødsand
West when POD no. 56 was deployed. The highest click intensities
were observed at Horns Reef for position 1, 3 and 6, and Rødsand
West. Variation in the click intensity was less than variation in the
click frequency.

Table 2 Daily click frequency and intensity for PODs deployed in the
investigation areas. The POD transducer type is listed in parentheses
after POD no. (I=Internal, X=External).

Area Station POD no. Period Freq. Intensity

Pos. 1 37 (I) 15/8-27/8 3.32% 102.6

Pos. 3 38 (I) 15/8-20/8 6.95% 106.9

Pos. 6 36 (I) 10/8-12/8 2.69% 75.9

Pos. 6 40 (I) 10/7-8/9 1.47% 99.7

Pos. 8 32 (I) 10/7-4/8 0.12% 69.6

Horns Reef

Pos. 8 41 (I) 10/7-11/9 0.14% 68.8

Mecklenburg
Bay

NV 30 (I) 13/8-9/9 0.18% 82.9

GR N 43 (X) 12/9-11/11 1.84% 88.5

RS W 13 (I) 20/4-7/6 0.70% 123.2

RS W 15 (I) 31/7-27/8 0.53% 93.9

Rødsand and
Gedser Reef

RS W 56 (X) 28/9-5/11 2.04% 124.9

WF 12 (I) 23/4-7/6 0.10% 41.1Vindeby

N 15 (I) 23/4-7/6 0.19% 66.9

The variations in log-transformed click intensities between the
different areas, different stations within areas and different PODs
deployed at stations were tested using a nested ANOVA with
number of minutes per day with clicks as weighting factor. The
analysis showed that there were significant variations between areas
(P<0.0001), significant variation between stations within areas
(P<0.0001) and significant variation between PODs deployed at
stations within areas (P=0.0407). This result indicated that there were
large spatial variations in click intensity as anticipated, but also
significant variations between PODs.

The ANOVA analysis could not be carried out for daily click
frequencies, due to a large amount of zero observations violating the
statistical assumptions. If the stations with low frequencies (Horns
Reef Pos. 8, Mecklenburg Bay, Vindeby) were excluded in the
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analysis, then significant variations between areas (P<0.0001),
between stations within areas (P<0.0001) and between PODs
deployed at stations within areas (P<0.0001) were found. This result
indicated that there were large spatial variations in click frequency as
anticipated, but also significant variations between PODs. There was
a tendency for the daily frequencies to be serially correlated.
Although only 2 out of 13 deployments had significant
autocorrelations (Gedser Reef N and Rødsand W POD56), all but one
deployment had positive autocorrelations.

The variation in both click intensity and frequency between different
PODs deployed at the same station was significant. This significant
variation can be due to either difference in the sensitivity of the
different PODs and/or seasonal variation in click intensity and
frequency. The significant variation was caused by data from
Rødsand W. Three different PODs were deployed at Rødsand W
from April to November, and showed significant changes in click
intensities. POD no. 13 and 15 were deployed from April to August
with click frequencies 0.70% and 0.53%, respectively, which increased
to 2.04% with the deployment of POD no. 56 in September-
November. This threefold increase in frequency could be due to
seasonal variations (i.e. porpoises could be more frequent in the area
during the autumn period) or different sensitivities of the PODs. It is
noteworthy that POD no. 56 had an external transducer while the two
other PODs had internal transducers.

We examined stations where several different PODs had been
deployed. Horns Reef Pos. 6 was not investigated, because POD 36
was only in operation for a very short period. At Horns Reef Pos. 8
there were 26 daily observations simultaneously at the two PODs.
Although the two PODs do not show exactly the same pattern, we
did not find any significant difference in click frequency (P=0.25) or
click intensity (P=1.00). For Rødsand W we found significant
variations in both click frequency (P<0.0001) and intensity (P=0.0297)
between the three PODs. There was, however, no significant
difference in click frequency (P=0.19) between the two PODs with
internal transducers (POD no. 13 and 15). Thus, the different
sensitivity of the PODs could be a significant contributing source of
variation that must be accounted for in the design of a monitoring
program. However, most of this variation could be attributed to
differences between PODs with internal and external transducers. It
should also be recognised that the three PODs were deployed for
different periods at Rødsand W, which potentially could contribute to
the significant variation as well.

4.3.2 Activity events

Events were identified from the POD signals according to the
definition (Section 3.8.1), and mean duration of events and waiting
time between events calculated (Table 3). The mean click intensity
during events showed the same variation as the daily mean click
intensity in Table 2 and is not included in Table 3. The event duration
was on average less than 10 minutes for all PODs, although 4 events
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were longer than 1 hour (at Horns Reef pos. 1 and 3, Gedser Reef N
and Rødsand W).

There are a number of theoretical problems associated with event
observations for POD data from field deployments. Both the event
duration and waiting time were highly right skewed distributions
and could not be described by parametric distribution of
independently observed data. The waiting time distribution can be
made approximately normal-distributed by log-transformation, while
this is not the case for the event duration distribution.

Application of different types of transformations (combinations of log
and square-root transformations) was unsuccessful in normalising
the event duration distribution. This is due to the characteristics of
the observed events. There were many events with a very short
duration (1-2 minutes) and a considerable amount of events with a
long duration. These data could not be described by a parametric
distribution. We found no significant autocorrelation in the event
duration. Thus, observations of event duration can be statistically
analysed using non-parametric methods or alternatively aggregated
to produce observations that can be described by a parametric
distribution.

Table 3 Mean event duration and time between events for PODs
deployed in the investigation areas (unit=minutes). The POD
transducer type is listed in parentheses after POD no. (I=Internal,
X=External).

Area Station POD no. Period Event
duration

Waiting
time

Pos. 1 37 (I) 15/8-27/8 6.76 105

Pos. 3 38 (I) 15/8-20/8 9.39 63

Pos. 6 36 (I) 10/8-12/8 5.88 87

Pos. 6 40 (I) 10/7-8/9 3.62 138

Pos. 8 32 (I) 10/7-4/8 1.50 1133

Horns Reef

Pos. 8 41 (I) 10/7-11/9 2.31 1078

Mecklenburg
Bay NV 30 (I) 13/8-9/9 1.96 739

GR N 43 (X) 12/9-11/11 5.02 158

RS W 13 (I) 20/4-7/6 3.37 308

RS W 15 (I) 31/7-27/8 3.32 387

Rødsand and
Gedser Reef

RS W 56 (X) 28/9-5/11 5.51 156

Vindeby WF 12 (I) 23/4-7/6 2.82 1366
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N 15 (I) 23/4-7/6 1.69 698

Log-transformed waiting times between successive events could
approximately be described by a normal distribution, however, there
was a significant serial correlation (according to the asymptotic
distribution given in Chatfield (1984)) in the observations for most
POD deployments. We found that changing the event definition had
no effect on this result. Moreover, the serial correlation remained if a
diurnal variation in waiting times was included, so that the serial
correlation could not attributed to diurnal variations alone. The
principle of serial correlation is illustrated in Figure 22, where one
POD deployment had no serial correlation and another POD
deployment had strong serial correlation. The serial correlation was
mainly attributed to periods where short waiting times were likely to
occur in sequences, i.e. porpoises would be in the area of the POD
deployment and regularly be within the reach of the POD transducer.

Analysis of all waiting times showed that only 5 out of the 13
deployments did not have significant serial correlations (Horns Reef
Pos. 6 POD36+POD40, Horns Reef Pos. 8 POD32, Rødsand W
POD13+POD15), when the diurnal variation was accounted for.
Analysis of data from these 5 deployments showed a significant
difference in waiting times between areas (P<0.001) and stations
(P<0.001), but no significant difference between PODs (P=0.0521). It
should be stressed, however, that of the 5 deployments with no serial
correlation, 3 of the PODs were deployed for less than a month and
as a consequence data may have been too sparse to detect a
significant serial correlation. Thus, it is likely that serial correlation in
waiting times is a general phenomenon in most areas caused by
larger-scale temporal variations, e.g. hydrographical variations
and/or potentially seasonal variations.
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We found a significant diurnal variation (Figure 23) in the waiting
times (P=0.0009) for the 5 PODs that did not have a significant serial
correlation in the waiting times (Horns Reef Pos. 6 POD36+POD40,
Horns Reef Pos. 8 POD32, Rødsand W POD13+POD15). There was a
distinct pattern with shorter waiting times in the morning and early
in the evening. During nighttime there was longer waiting time
between the activity events. This pattern only has slight resemblance
to the pattern observed in the porpoise pool at FBC (Figure 21).
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Figure 22 Successive waiting times illustrating the principle of serial
correlation. Top graph shows waiting times with no significant serial
correlation, while bottom graph shows significant serial correlation. The
serial correlation and its significance level are given in the top right corner
of graphs.
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4.3.3 Comparison between areas
Four indicators are extracted from the POD signal, which partly
reflect the same information. The daily click intensity was the only
indicator that did not appear related to the other indicators. There
were relationships between mean event duration, waiting time and
daily click frequency for the deployments (Figure 24). There is
significant spatial variation between the investigated areas and
stations within these areas for daily click intensity and frequency and
waiting times. We also found significant variations between PODs
deployed at the same station, however, this variation could be
attributed to changing of the POD type. Thus, there are significant
variations at both large (areas) and small spatial scales (location of
stations within areas) that need to be taken into account.

Stations could be categorised according to the statistical properties of
click frequency, event duration and waiting time:

• high activity stations (Horns Reef Pos. 1, 3 and 6, Gedser Reef N
and Rødsand W when POD56 was deployed)

• medium activity stations (Rødsand W when POD13 and POD15
were deployed)

• low activity stations (Horns Reef Pos. 8, Mecklenburg Bay NW,
Vindeby N and Windfarm).

For statistical testing of spatial and temporal variations, stations that
have a high click activity will provide more click data and higher
power. It may be necessary to aggregate data to a lower frequency
(e.g. aggregate daily observations to weekly observations) in order to
obtain distributions that can be described parametrically and to
eliminate the effect of serial correlation in the statistical analyses.

0

100

200

300

400

500

600

700

800

0 2 4 6 8 10 12 14 16 18 20 22 24
Hour

W
ai

ti
n

g
 t

im
es

 (
m

in
u

te
s)

Figure 23   Diurnal pattern in waiting times between events for 5 PODs deployed
at Horns Reef Pos. 6+8 and Rødsand W.
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4.4 Hydrographic interpretation of POD data and
visual surveys

The ship survey data from Horns Reef provided a means for direct
comparisons between oceanographic data, visual survey data and the
echolocation activity data collected by the moored PODs. It was the
intention to also tow a POD during the surveys at Horns Reef but
unfortunately great problems was encountered with the towing rig.

The surveys at Horns Reef were undertaken during the periods 15-
18/8 and 21-22/8 2001. High sea states occurred several times during
the first survey, which resulted in many breaks of the survey effort.
The second survey ran according to schedule, as conditions here were
excellent with flat sea prevailing.

Historic data on harbour porpoise abundance and surface
hydrography at Horns Reef, suggest a relationship between harbour
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Figure 24  Top graph: Mean event duration versus mean click frequency for
the 13 deployments. Bottom graph: Mean waiting time versus mean click
frequency for the 13 deployments.
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porpoises and the hydrographical regimes. Densities of porpoises
seem to increase from the centre of the North Sea towards the Reef
and also from the near-coastal area off the Wadden Sea towards the
Reef. Peak densities in the Danish part of the North Sea have been
recorded in the eastern part of the Horns Reef area and in Slugen in
an area characterised by an almost permanent gradient in salinity.
The abundance of harbour porpoises over the central and western
parts of the reef seems to be more irregular possibly due to a higher
influence from the North Sea water masses. Harbour porpoise
densities in the core North Sea water mass (salinity above 34 psu) and
in the low-saline water close to the Wadden Sea are generally a factor
5 to 10 lower than in the frontal estuarine water over Horns Reef (see
Figure 25 for the typical distribution of the two water masses).
However, the two water masses with lower densities of animals are
not stable, and the Horns Reef area is prone to a large degree of
hydrographic variability.

Figure 25 A rough sketch of the areas typically characterised by high-saline
North Sea water and low-saline water from the Wadden Sea, - areas that
generally hold lower densities of harbour porpoise.

During the two months of POD deployment and during the two ship
surveys the high saline North Sea water masses were absent from the
Horns Reef area. The temporal salinity distribution on Horns Reef
was characterised by a period of relatively low salinity over the
eastern part (CTD station 1, Figure 26 and Figure 27) in the last 10
days of August. This also affected the western edge of the reef and
coincided with the timing of the last survey. A period with lower
salinity was also noted at the western-most station (CTD station 2,
Figure 26 and Figure 27) in early August. Based on the salinity low
porpoise abundance should be expected in late August, and this was
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verified by the results from the ship surveys, which took place before
and after the onset of the last low-saline period (Figure 28). Although
the two surveys were executed only four days apart the distribution
of harbour porpoise was markedly different during the two surveys.
Before the low-saline period, most animals were observed in the
traditional high-density area over the eastern part of Horns Reef,
including the windfarm area, and in Slugen. During the low-saline
period, however, the distribution of the animals was centred on the
central and western part of reef, with fewer sightings in the
traditional high-density area (Figure 28).

The activity data from the inner-most POD (Position 8, Figure 11) in
Slugen provide the only POD data overlapping the whole period of
declining salinity in the windfarm area in late August. The records of
daily intensity and frequency from this POD are plotted against the
salinity distribution at the surface of the windfarm area (Figure 29). It
seems from the graph that the porpoise activity declined markedly in
Slugen during the low-saline period. That the porpoise use of the
Horns Reef area may be measured efficiently by the use of stationary
PODs is supported by the fact that the daily mean intensity and
frequency clearly increased during the periods of inflow of medium
salinities.
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Figure 26 Modelled salinity at the two stations on Horns Reef. The graphs
show psu-values for each half-hour at five meter intervals between 10 July –
10 September 2001. Smoothed lines (Loess) have been added.

15-18. August

21-22. August

Figure 27 Spatial models (kriging) of the distribution of surface salinity
during the two surveys on Horns Reef. During the first survey the area of
surface salinity below 30 psu covered only the southeastern extreme of the
area, while it covered almost the entire eastern half of the area during the
second survey.
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Figure 28 Spatial models (kriging) of the distribution of harbour porpoise
during the two surveys on Horns Reef. The minimum density distribution
truncated at 0.5 animals per km2 and based on a 90 % confidence level of the
predicted densities is given. During the first survey, densities over 3 animals
per km2 were recorded in the intermediate salinity range (30-31 psu) over
the eastern part of Horn Reef, including the windfarm area, and in Slugen.
During the second survey, however, as the intermediate salinity range was
advected westwards the high densities were confined to the central and
western part of reef.
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Figure 29 Comparison of the surface salinity values (solid line) from station
1 and the daily click intensity (dashed line) and frequency (dots) recorded at
Position 8 in Slugen between 10 July and 10 September 2001.

4.5 Summary

One time series of data where porpoises were first absent and later
present in the pool was obtained during the tests in Kerteminde.
These time series clearly showed that the PODs are recording
porpoise echolocation sounds.

Intercalibration and sensitivity tests of the PODs showed that the
directional sensitivity of each POD was generally not as uniform as
expected. PODs with abnormal sensitivity were returned to the
manufacturer and equipped with a new transducer type that had
improved sensitivity and more uniform vertical sensitivity.

The statistical analysis of the proposed indicators on the time series
where the porpoises were first absent and later present gave clear
indication that the POD data can be used for investigating changes in
the activity of harbour porpoises. The click activity in the pool
revealed a distinct diurnal pattern where porpoises were more active
in the hours around sunset. This diurnal variation was caused by a
similar distinct pattern in the click frequency, while the click intensity
was constant. This indicates that the harbour porpoises use their
echolocation sounder with a constant intensity, and that echolocation
is used more frequently in the evening and less frequently during the
middle of the day.

The field deployment of PODs revealed large spatial differences at
even small scales. For all indicators there were large spatial variations
between the four investigated areas, but also large spatial variations
between stations within areas (~10 nautical miles apart). Indicators
derived from PODs deployed simultaneously at the same station
were not significantly different (Horns Rev. Pos. 8). Three different
PODs deployed in different periods at Rødsand W gave significantly
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different results, however, we believe that most of this variation
could be attributed to the different hydrophones (internal/external)
used in the POD.

A significant diurnal variation in waiting times between events
reflected a pattern for wild porpoises somewhat different from the
porpoises held in captivity. Serial correlation in the proposed
indicators suggested that the harbour porpoise activity at fixed
moored position is subject to temporal variations on the order of days
– perhaps even longer, which we have not been able to investigate
from the limited amount of data. This temporal variation could be
due to changes in the physical conditions or food availability, and
when longer time series are available perhaps seasonal variations will
be revealed.

The correlation between density obtained from visual surveys and
salinity was also found in the echolocation data from the PODs. This
indicates that the echolocation activity recorded by the PODs reflects
the density of harbour porpoises in a given area.
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5 Discussion and conclusions

5.1 Practical experiences with PODs

5.1.1 Mooring

The mooring methods described in chapter 2.1 are based on a lot of
different methods tested for strength and liability. In the inner Danish
and German waters good mooring techniques has been obtained and
only minor adjustments seems to be necessary in the future. But the
retrieval of PODs at Horns Reef should be optimised.

5.1.2 POD handling

Different types of batteries with higher capacity have been tested to
increase the time between maintenance visits, and so far 6 lithium-ion
D-cells have proven to be the best but also more expensive solution,
with a lifetime of approximately 8 weeks. Other solutions such as
larger housings and battery-packs with up to 12 D-cells are currently
being tested, but the extra weight from larger battery-packs creates
negative buoyancy of the POD. The negative buoyancy makes it
somewhat more difficult to moor the POD, so it is not considered as
an optimal solution. Rechargeable batteries are not as powerful as the
non-rechargeable types that are currently being used, and they have a
tendency to evaporate humidity which eventually will damage the
electronics in the PODs.

The choice of batteries will depend on the interval between visits and
a risk assessment (data and equipment loss) when deploying PODs
for longer periods.

5.1.3 Data handling
All data are stored as raw POD-files as well as extracted spreadsheets
at NERIs internal data network where backup is taken daily. An
Access database has been developed for easy overview of each
deployment.

When a standard statistical method for analysing POD data has been
established, a combined database and statistical analysis software
will be developed. With this software it will be possible to handle and
analyse all incoming data automatically with a minimum of manual
work.

5.2 Calibration of PODs

The first tests that were carried out in the porpoise pool in
Kerteminde. The results from the intercalibration and sensitivity tests
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showed that the sensitivity differences between the PODs varied a lot
in some PODs, which means that two PODs does not necessarily
record exactly the same. This problem has been reduced by replacing
PODs with unacceptable variations in sensitivity and by introducing
the external hydrophone, which meets higher specifications
according to the manufacturer. It must be emphasised that only
calibration and sensitivity tests of PODs with internal hydrophone
are described in this report. However, the manufacturer has
calibrated the external hydrophones with satisfactory results (see
Appendix A for more details). The effect of variations between PODs
are less of a problem in the proposed monitoring design as it is the
change in porpoise activity for the individual POD which is
measured (see section 5.5).

The intercalibration and sensitivity tests have showed that it is
important to test/calibrate PODs on a regular basis to avoid that e.g.
new PODs has an unacceptable sensitivity or that damaged PODs are
deployed without noticing the defects. We recommend that all PODs
are tested in a controlled laboratory test (as in section 3.4.2) on a
regular basis. If the test is not satisfactory the PODs will be returned
to the manufacturer for repair.

5.3 Validation of POD data

From the experiment in FBC in Kerteminde we found that very little
echolocation activity were recorded when the porpoises were not
present in the pool while continuous high click rates were recorded
when the porpoises returned to the pool. The pool is an open
enclosure placed in a channel where wild harbour porpoises have
been observed, this could explain the few clicks recorded when the
enclosure was empty.

A correlation between hydrography and visual surveys and
hydrography and POD recordings in the same area and time period
was found. This indicates that results from moored PODs reflect the
changes in true density of harbour porpoises.

Some of the studies presented during the workshop also reveal a
good correlation between porpoises observed and echolocation clicks
recorded by PODs (Appendix A).

We therefore conclude that results from PODs do indicate the
porpoise density and that PODs can be used as a tool to detect
changes in density of animals over time.

5.4 Statistical methods

A statistical analysis of data involves descriptive analyses and testing
of hypotheses. Statistical testing is based on an underlying model of
the data, which are described by a parametric distribution, or
alternatively data are assumed free of distributions leading to non-
parametric statistics. Non-parametric statistics is not well developed
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for more complex designs involving several explanatory factors and
are therefore not applicable to BACI designs with additional
explanatory factors. Standard parametric tests are based on the
assumption that data are IID (identically independently distributed)
and that data can be described by a parametric distribution, which for
most cases is the normal distribution after suitable transformation of
data.

We have considered four different indicators extracted from the POD
signals. There are some problems associated with conducting
statistical testing on these indicators, which are described for each
indicator below:

1. Daily click frequency. Stations with a low click activity will result in
many daily observations with zero click frequency. Such data
cannot easily be described with a parametric distribution.
Furthermore, there are often several consecutive days with zero
frequency followed by several consecutive days with a click
frequency above zero. Although only two POD deployments
(Gedser Reef N and Rødsand W POD56) had significant serial
correlations, data from other PODs indicated the potential
presence of serial correlation.

2. Daily click intensity. This indicator can be readily used in statistical
testing as it can be described by a lognormal distribution and the
observations appear to be independent. There are gaps in the time
series with daily click intensity, due to lack of recorded clicks for
stations with low click activity. At FBC in Kerteminde we found
that this indicator did not provide sufficient information to
describe the activity level. Thus, this indicator should only be
used in conjunction with the click frequency as it only provides
information on the click intensity, when clicks are recorded.

3. Event duration. The duration of events is unevenly distributed over
a large scale. In particular, there are many observations with
duration of a few minutes, while some observations show activity
for more than an hour. Data cannot be described by a parametric
distribution - even after applying a variety of transformations.
The indicator is inappropriate for statistical testing, unless non-
parametric methods are applied.

4. Waiting time. This indicator can be described by a lognormal
distribution. Analyses of POD data show that observations are
serially correlated, which has to be taken into account in the
statistical tests and the design of the monitoring program.

The proposed indicators provide information extracted from the POD
data, which can be readily interpreted. Considering the different
POD deployments the information encapsulated in the indicators is
partially equivalent. Low click activity at stations is reflected in low
click frequency, low click intensity, low event duration and long
waiting time. The POD deployment at FBC showed that the proposed
indicators performed well as discriminators between the two periods
with and without harbour porpoises. At Horns Reef the POD analysis
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showed that position 1, 3 and 6 were high activity areas, while
position 8 was a low activity area. This corresponds to the ship
survey where the same spatial distribution was observed.

The analysis of serial correlation in the indicators suggests that click
activity reflect temporal variations on the order of several days
(perhaps even longer). This could indicate that the presence of
harbour porpoises in an area might be governed by other factors, e.g.
hydrographical conditions and/or food availability. Event-based
indicators provide information in the least aggregated form and
hence, for the majority of POD deployments the largest amount of
observations. We recommend that the POD data be analysed using all
the proposed indicators to investigate if the indicators provide a
consistent pattern.

5.5 Design of monitoring program

An important aspect of designing a monitoring program is to
determine appropriate sample sizes in order to detect a given change
with a given probability. This is referred to as power analysis. Power
analyses are based on a number of uncertain estimates from data (e.g.
estimates of mean values and standard deviations), which will result
in large variances associated with the estimated sample size. It could
be argued that calculating the appropriate sample size from uncertain
data is a waste of time, but it gives a rough estimate of the necessary
sample sizes in the monitoring program. Thus, it is important to
acknowledge that sample sizes calculated from power analyses are
inherently uncertain and should be evaluated by their order of
magnitude. A conservative approach for determining the sample size
would be to round up from the estimate.

Three of the four investigated indicators were showing the same
information in a more or less aggregated form as described in Section
4.3. The power analysis has only been carried out for one of the
proposed indicators, because of the inherent uncertainty in the
estimated sample sizes and since the three indicators are likely to
result in sample sizes of equivalent magnitudes.

The power of a statistical test can be calculated, provided that the
residual variation in data (covariance structure), the change to be
detected and the sample size are known. The required amount of
data is then determined as the minimum sample size that yields a
power above 80%. Given the amount of data required for the testing
the duration of the monitoring program can be determined from the
mean waiting time (Table 3). Thus, stations with a low mean waiting
time will produce more data over a fixed period of length and as a
result will have higher power for testing.

A BACI design requires at least two stations (control and impact with
replications). In order to obtain a required power of at least 80% the
number of observed waiting times has to be sufficiently large. The
number of observations available for the statistical analysis is a
product of the number of stations and the length of the monitoring
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program. If we assume that the observations are obtained in an
approximately balanced design, i.e. equal amount of observations for
all four combinations of before/after and control/impact, then the
length of the monitoring program can be found using the formulas in
Section 3.8.3 (Table 4). As an example consider two stations (one in
control and one in impact area) with characteristics similar to POD37
at Pos. 1 at Horns Reef. Monitoring should be conducted for at least
463 days before construction at both stations and at least 463 days
after construction in order to detect a 10% change in waiting time.
This implies a monitoring program of at least 926 days. If four
stations (two stations in control and impact area, respectively) with
the same characteristics are employed then monitoring should be
conducted for half the time (232 days) in both before and after in
order to detect a 10% change. Similarly, the total length of the
monitoring program with four stations would be at least 463 days.

Table 4 Length of monitoring program before and after construction in days
required for detecting a change of 10, 20, 30, 40 or 50% with a probability of
>80%. Total length of monitoring is twice the listed number of days.
Calculations are carried out on POD deployments separately using the
estimated standard deviation and autocorrelation of waiting times. Dashes
indicate that more than 10000 days are required. Increasing the number of
stations within both the control and impact area reduces the duration of the
monitoring program. The length of the monitoring program is then found by
dividing the number of days by the number of stations for each area (control
or impact).

Log Waiting
time

Relative change

Area Station
POD
no.

Corr. Std. 10% 20% 30% 40% 50%

Pos. 1 37 (I) 0,189 1,07 463 138 73 48 35

Pos. 3 38 (I) 0,299 0,88 237 71 37 25 18

Pos. 6 36 (I) -0,065 0,97 192 58 30 20 15

Pos. 6 40 (I) 0,094 1,07 505 151 79 52 39

Pos. 8 32 (I) 0,310 1,40 - 3308 1731 1134 837

HR

Pos. 8 41 (I) 0,377 1,65 - 5127 2683 1757 1296

MB NV 30 (I) 0,295 1,23 5454 1627 851 558 412

GR N 43 (X) 0,192 1,12 765 228 120 79 58

RS W 13 (I) 0,045 1,37 1657 494 259 170 125

RS W 15 (I) 0,087 1,27 1947 581 304 199 147

RS

RS W 56 (X) 0,200 1,12 778 232 122 80 59

VB MP 12 (I) 0,770 2,17 - - - - 9828
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N 15 (I) 0,229 1,36 5449 1625 851 557 411

The stations used in the BACI design are unlikely to have the exact
same distribution of data. If the BACI design is constituted of two
stations (PODs) with different distributions, the required time for the
monitoring program will be between the two calculated time periods
in Table 4. In Table 5 the length of the monitoring program has been
calculated for combinations of stations that constitute a BACI design.
It is observed that a BACI design comprised of POD37 at Horns Reef
Pos. 1 and POD 40 at Pos. 6 will require 371 days of monitoring
before and after construction in order to detect a 10% change in
porpoise activity with a probability of above 80%. If the length of the
monitoring program is 111 days before and 111 days after then a 20%
change should be detectable.

Table 5: Length of monitoring program before and after construction in days
required for detecting a change of 10, 20, 30, 40 or 50% with a probability
>80% for combinations of stations in control and impact area. Calculations
are carried out on the estimated standard error of the BACI effect. Increasing
the number of stations within both the control and impact area reduces the
duration of the monitoring program. The length of the monitoring program is
then found by dividing the number of days by the number of stations for each
area (control or impact).

Relative change

Area

Station
in
Impact
Area

POD
no.

Station
in
Control
Area

POD
no. 10% 20% 30% 40% 50%

Pos. 6 40 (I) Pos. 1 37 (I) 484 145 76 50 37

Pos. 6 40 (I) Pos. 3 38 (I) 371 111 58 38 28

HR

Pos. 6 40 (I) Pos. 8 32 (I) 5799 1729 905 592 437

RS RS W 56 (X) GR N 43 (X) 772 230 121 79 59

It is most likely that the different stations used for analysing the BACI
effect have different characteristics and as a consequence the design
will be unbalanced. Using Horns Reef Pos. 8 as control area may
provide insufficient information to investigate the BACI effect.

Low intensity areas like Vindeby and Mecklenburg Bay will require
long periods of monitoring in order to detect changes on the order of
10-30%. However, increasing the number of stations in these areas
will partly remedy the extensive period of monitoring.

Some comments to the application of power analyses for the
indicators:
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• The analysis did not take seasonal variation or variation caused by
physical factors into account. The data material is still too sparse
to investigate such relations. However, if there are large-scale
temporal variations due to seasonal variation and physical
forcing then either this variation can be explained and the
residual variation remains unchanged as in Table 4, or this large-
scale temporal variation is not adequately explained. This latter
result in larger residual variation, which will increase the data
requirements and thus, the length of the monitoring program.

• Difference in the click activity at the different stations may result
in an unbalanced design, where the BACI effect could be partially
confounded with other effects in the analysis. This requires the
use of Type III SS for determining the significance of effects in the
model and eventually a reduction in data to ensure that a
significant interaction in the ANOVA can only be due to a BACI
effect.

• The power analysis is based on POD data mainly limited to the
summer period. It is unclear whether other parts of the year will
have the same click activity. If the click activity is relatively high
in the summer period then the data requirements are increased
relative to the result in Table 4. On the other hand, if the click
activity is relatively low in the summer period then the data
requirements can be relaxed.

• There is variation in the sensitivity of PODs (Figure 15), which has
to be accounted for. One option is to conduct a field experiment
where the sensitivity of the different PODs is determined and
subsequently adjust data for this variation. This would require
additional effort to set up the experiment, and reduce the data for
the BACI test as the PODs would need to be taken out of the
monitoring program for a period of time. If the POD deployment
is carried out according to a hierarchical design then the test for
BACI effect is not affected by variation in the sensitivity of PODs.
In addition, the POD deployment at Rødsand W indicates that
PODs with external transducer may have a higher sensitivity,
which is reflected in a shorter monitoring program, required
(Table 4).

At Horns Reef construction will start in spring 2002. The extent of the
baseline study is estimated to be 150-200 days for the impact area and
potentially slightly less for the control areas (length of baseline study
is totalled over 2 PODs per area). With this amount of data it should
be possible to detect a 20% change (Table 5) when pos. 1,2,3 and 4 are
used for control area and position 5 and 6 used for impact area. Due
to low porpoise activity at pos. 8 the amount of data required to
detect even a 50% change, when this station is used as control, is not
feasible. However, the benefit of changing this position to an area
with higher porpoise density is limited so close to the start of
construction. We recommend that monitoring be continued at all
positions.
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At Rødsand construction will probably start in summer 2002. The
extent of the baseline study is estimated to be approximately 300-350
days for both impact and control area (3 PODs deployed in each
area). Given this amount of data it should be possible to detect a 20%
change (Table 5) at Rødsand. We recommend that monitoring be
continued as proposed.

At Vindeby the test of the BACI effect cannot be carried out, as there
are no data before the construction of the windfarm.

Power analyses are important tools also after statistical analysis has
been carried out. In case the BACI effect is not found to be significant
from a specified criterion (i.e. no change or 20% change), the relative
change that yields a power above 80% can be calculated and
inference to observed change can be made. We recommend that
power analyses also be used after the statistical analysis of
monitoring data.
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Recommendations

Based on data collected and analysed during this study and the
outcome of the workshop the following list of recommendations has
been put together for future monitoring of harbour porpoises using
PODs.

Calibration and validation:
• Calibration of PODs is essential and will allow an evaluation of the

relationship between sensitivity and detections. We recommend
that all PODs are tested in a controlled laboratory test (as in
section 3.4.2) on a regular basis.

• We recommend that further investigations be conducted on the
relation between the number of harbour porpoise and their
echolocation activity. This should be done both in captive
situations and when towing PODs during visual ship surveys.

Indicators:
• Time-series analysis approach of measuring the interval between

porpoise events is recommended as the best measure of porpoise
time in an area.

• To explain the variation in data and increase the statistical power,
hydrographic data, especially salinity and temperature, plus any
other data on porpoise distribution determinants (e.g. prey
distribution) should be collected if possible.

BACI design:
• A BACI design is recommended for statistical analysis of effect

studies.
• The reference areas must be monitored simultaneously with

impact area when looking at changes in harbour porpoise activity
induced by e.g. windfarms.

• The use of multiple reference areas is recommended provided
that sufficient PODs are available for the monitoring program in
order to reduce the effect of stochastic variation between
reference areas.

• Reference areas should in principle be selected to represent
hydrographic regimes similar to the impact area. If such a
selection is not feasible then reference areas should be selected to
represent a range of hydrographic regimes that covers the
variations in the impact area.

Implications for monitoring:
• Power analysis and design of a monitoring program should

always be applied prior to effect studies. We recommend that
power analyses be applied again during the monitoring program
to control that the expected power is reached.

• The inter-POD variability should be addressed by using the same
PODs at the same location at all times.

• A basic setting should be selected for both the analogue board
and the train detection algorithm and used during the whole
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monitoring period and in all areas to allow for comparison across
time and space.

Workshop:
• The workshop recommended to meet again, perhaps in 1 year, to

assess how far the data gathered is capable of meeting the task
and to share experiences of all the ongoing projects.
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Appendix A

POD workshop 22-23 October 2001 at NERI

Purpose

The purpose of the workshop was to discuss PODs as a potential tool
for long term monitoring of harbour porpoises. With special
emphases on monitoring disturbances from construction and
operation of off shore wind turbine parks. However, all contributions
on other research using PODs were also welcomed.

As the POD is a new tool in marine mammal research only little
information is available in the scientific literature. The workshop was
therefore the best way to share information and experience between
users and the producer of the POD.  The ultimate goal of the
workshop was to conclude whether PODs could be used for
monitoring changes in densities of harbour porpoises over time.

The main topics that were discussed were:

• Reliability of the physical design of the POD housing and
construction.

• The best set-up for mooring and handling the T-POD at sea under
different conditions.

• Reliability and correct handling of POD data – are we able to
distinguish between porpoise activity and noise?

• Calibration of the PODs and how to handle the variances between
POD sensitivity.
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Program and list of participants

Monday 22 October 2001

Speaker Subject

10.00-10.30 Jonas Teilmann and Per
Hjelmsted

Welcome, introduction,
coffee and bread

10.30-11.00 Jonas Teilmann PODs, Porpoises and
Windmills
Background and objetives

11.00-11.30 Nick Tregenza Introduction to the POD.
Background and
applications.

11.30-12.30 Nick Tregeza Strength and weaknesses of
the protoPOD.
Rationale for T-POD -
flexibility and signal
detection (noise versus
porpoise activity).
Uses made and publications.

12.30-13.30 Lunch

13.30-14.00 Jakob Rye Hansen Visual sightings compared
to acoustical sightings from
statically moored PODs
(protoPOD).

14.00-14.30 Ursula Verfuss and Susan
Kotzian

Visual sightings compared
to acoustical sightings from
statically moored PODs (T-
POD).

14.30-15.00 Nick Tregenza Visual sightings compared
to acoustical sightings for
towed PODs

15.00-15.30 Coffee break / Discussion

15.30-18.00 Data interpretation
workshop. How to read the
data correctly.

Demonstration supervised
by Nick

18.00- Dinner in Roskilde
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Tuesday 23 October 2001

Speaker Subject

9.00-9.30 Jacob Carstensen Statistical analysis of data
from statically moored
PODs.

9.30-10.00 Oluf Damsgaard Henriksen Calibration methods – back
to basics. A simple “do-it-
yourself” method for POD
calibration.

10.00-10.30 Nick Tregenza Calibration methods. Can
we be sure that POD data
are comparable?

10.30-11.00 Coffee break / discussion

11.00-11.30 Nick Tregenza Strength and weaknesses of
the POD
(Data and physical design).

11.30-12.00 Henrik Skov Density of porpoises –
hydrography, visual surveys
and PODs.

12.00-12.30 Klaus Lucke Offshore windfarm plans in
Germany.
Application of PODs and
deployment designs.

12.30-13.30 Lunch

13.30-14.00 All Mooring and towing the
POD at sea.

14.00-14.30 Nick Tregenza Other uses of the T-POD.
Future plans. Scientific work
and POD development.

14:30-15.30 Coffee break / Discussion

15.30-16.00 Jonas Teilmann Evaluation and report.

Participants in POD workshop 22-23 October 2001, NERI, Roskilde,
Denmark.

Nick Tregenza - developer and manufacturer of the T-POD
(Chelonia, United Kingdom)
Jacob Carstensen (NERI, Denmark)
Jonas Teilmann (NERI, Denmark)
Oluf Damsgaard Henriksen (NERI, Denmark)
Henrik Skov (Ornis Consult, Denmark)
Klaus Lucke (Forschungs- und Technologiecentrum Westküste,
Büsum, Germany)
Ursula Verfuss (University of Tübingen, Germany)
Harald Benke (Stralsund marine museum, Germany)
Susan Kotzian (master student, Germany)
Jacob Rye Hansen (Danish Institute for Fisheries Research, Denmark)
Lee Miller (University of Southern Denmark, Denmark)
Magnus Whalberg (University of Southern Denmark, Denmark)
Per Hjelmsted Pedersen (SEAS, Denmark)
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Presentations

1) “Historical background” by Per Hjelsmted Pedersen (SEAS)

Per Hjelmsted Pedersen reported on the historical background that it
was decided to reduce the emissions of CO2 by 50% (of 1998 level)
before 2030. Furthermore the goal was to receive 50% of all electricity
and 25% of all energy from windturbines in Denmark. This requires
about 5500 MW of which 4000 MW should come from offshore
windfarms. To meet this decision the Danish government issued the
license to build four demonstration offshore windfarms to gain
experience and knowledge in building large offshore windfarms but
also investigate the effect on the environment.  The four farms, each
consisting of about 70 2MW windturbines, will be placed at Horns
Reef (ready in 2002), Rødsand (2003), Læsø (2004), and Omø
Stålgrunde (2005, see figure below). Optionally a fifth windfarm
could be placed at Gedser Reef in 2008.

The four mentioned in the text are shown with green dots.

The demonstration program is organised with a steering committee
which have the overall co-ordination, an environmental committee
with the responsibility of co-ordinating the environmental programs
and evaluating the results. An International Advisory Panel of
Experts on Marine Ecology (IAPME) has also been established
evaluate the proposed methods and final results.

During the Environmental Impact Assessment (EIA) the following
topics were investigated:

Hydrography and morphology



65

Water quality

General marine biology

Fish and fishery

Birds

Marine mammals

Visual impact

Natural resources

Marine archaeology

Recreational issues

Planning issues

Ships and navigation

 In the environmental demonstration program it has been proposed
to establish a baseline of the situation before the windfarms are
erected, a basic monitoring program in some areas and a thorough
effect study in some areas according to the matrix below.

HR=Horns Reef, L=Læsø, RDS=Rødsand, OMØ=Omø Stålgrunde
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2) “How can we study the effect from seabased windfarms on
harbour porpoises” by Jonas Teilmann (NERI)

The objective of the study of harbour porpoises is: To evaluate
whether the construction and running of a seabased windfarm will
cause measurable permanent or temporary changes (positive or
negative) in the ”local stocks” of harbour porpoises and seals.

To meet this objective it is necessary to decide on the criteria to which
the monitoring program applies. The initial design of a monitoring
program is crucial if a certain level of change in e.g. abundance is
being investigated. Examples of criteria could be:

“Any significant changes in the distribution and daily rhythms of
porpoises as a result of the construction work on the windfarm
during the breeding period from 1 June to 1 September are
unacceptable.”

“It is acceptable that the porpoises are forced to forage outside the
area of the windfarm during the construction work except during
their breeding period.”

“Changes in the way porpoises use the area of the proposed
windfarm when compared with the baseline study and a reference
area are not acceptable during the operational phase of the
windfarm.”

The potential effect on harbour porpoises from a windfarm may come
from several direct or indirect sources like:

1) Noise from the construction and/or the operating windfarm.

2) Increased boat activity during construction and/or operation.

3) Magnetic fields around cables between the windturbines and to
land.

4) The physical presence of the windfarm.

5) Rotations and reflections from the operating windfarm.

6) Changes in prey fish distribution and abundance.

Since harbour porpoises spend most of the time under water and
never go on land, they are extremely hard to follow from the surface.
Furthermore bad weather and darkness limits access to their habitat.
Therefore, the methods used to monitor the presence and behaviour
of harbour porpoises with statistical precision are limited to very few
like:

1) Aerial or ship-based surveys.
a) Gives a measure of relative or absolute density/abundance.
b) Show the distribution
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c) Only a snap shot
d) Weather and light dependant.
e) Few datapoints.

2) Acoustic monitoring of echolocation activity.
a) Stationary or transect recordings.
b) Relative measure of density/acoustic activity.
c) Only a few hundred meters range.
d) Echolocation activity may depend on area and behaviour.
e) Disturbance may affect echolocation (both ways)

3) Monitoring the behaviour of individuals using satellite telemetry.
a) Detailed informations on few individuals.
b) May not be representative for the population.
c) Many animals to make a conclusion.

3) “Various aspect and studies on the POD” by Nick Tregenza.

Origins of the POD
The first POD was a response to the need for better understanding of
porpoise behaviour around fishing nets. In the course of an observer
program on gill-netters we wanted to answer questions such as -
• Do porpoises detect nets?
• Do porpoises swim along nets?
• Could click rates predict bycatch rates?
• Does porpoise density predict bycatch rate?
• Do porpoise hot spots move?

But for porpoises our coastal and other observation work had show
that -
• inter-observer variation is very large
• seasonal and year-on-year changes may be large
• we have no means of observing sub-surface behaviour

A click detector developed by IFAW (International Fund for Animal
Welfare, United Kingdom) for porpoise detection had shown valid
results, but was not readily applicable or available.
The ProtoPOD used an analogue detection process with timing of
click durations. It logged counts of clicks heard within a logging
period of 1 sec or more and used pairs of comparisons of energy
levels from 4 second order Butterworth filters to identify click types
centred at or near three different frequencies. (50, 93, and 132 kHz)
The POD proved highly discriminating in the detection of porpoise
clicks, but with several limitations – a few boat sonars generated
distinctive sequences of false detections at high rates; some
delphinids generated high frequency clicks resembling unusually
short porpoise clicks; it was vulnerable to severe impacts against the
boats hull (which can be severe enough to deform the batteries!); it
could not reliably detect the short broadband clicks produced by
dolphins, the electronics were sensitive to minor variations in
manufacture, and the data was subject to doubt as to whether it was
valid.
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This verification question was addressed by looking at data from all
the click types logged (different frequencies and duration classes) and
this enabled the ProtoPOD to produce good data in difficult context
e.g. an algorithm was developed to extract reliable detections from
the shrimp-click rich waters of Hong Kong where the POD was used
as a towed detector to try to validate the g(0) assumption for a line
transect survey of finless porpoises. Tom Jefferson and Sam Hung
who are carrying out this work estimate a detection range of around
250 – 300m.

The T-POD

The T-POD builds on experience with the ProtoPOD, which was the
first full trial of a self-contained porpoise echolocation click logger. It
differs from the ProtoPOD in these main respects:

• Logs the time and the duration of each click to 10µs
resolution; this is to allow verification by the identification
and characterisation of cetacean click trains and the rejection
of boat sonars on the basis of their constant inter-pulse
intervals.

• Has variable frequency filters so that it can be ‘tuned’ to allow
accurate identification of delphinid click trains.

• It step through up to 6 sets of filter frequencies and
comparison thresholds in each successive minute so that data
can be obtained where necessary on delphinid activity at
different frequencies.

• The filter frequencies can be set at 10kHz centres from 20 to
170kHz. For each comparison the frequency, bandwidth,
minimum ratio of energies and minimum intensity can be set.
So the system in effect looks for slopes on the
frequency/power spectrum of the click and these can be up or
down slopes. This should enable it to detect delphinids even
when they make major shifts in the frequency of their sonar
clicks.

• Memory is larger to accommodate the timing data on each
click (8Mb), with parallel upload to save time. An intermittent
logging system is available for longer deployments in areas
with high phocoenid densities. 20MHz CPU.

• Works for longer – around 3 weeks, or 6 for the two battery
pack version.

• Buoyant (except the two battery pack version).
• The first version has lower sensitivity. A revised analogue

board is under construction to improve this.

Research using the T-POD

Carlstöm et al. – Effect on porpoise distribution of Dukane pingers.
The TPOD has been used for one study that has been completed (but
not fully analysed or published yet). This is the MISNET study,
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which aims to find the size of the zone of effect on porpoise
distribution of Dukane pingers. The study is by Julia Carlstrom and
Per Berggren of Stockholm University and both TPOD and theodolite
tracking data were gathered from a location that was exceptionally
good for both modes of study. The diagram below shows the
experimental array.  Inter-POD distances were 250 m. Pingers-ON
periods of 4 hours at one phase in the tidal cycle were compared with
the same periods the next day when the pingers were OFF.

Visual data has been analysed in 250m zones parallel with the line of
pingers. The visual data was significant for an effect in the 0-250m
visual zone The POD data at 250m from the line or among the
pingers was also significant. The visual and acoustic data showed
some unevenness of porpoise distribution within the site when
pingers were off, but both showed the same effect and this was
similar for 3 different modes of analysis of the click data (click
presence, click counts, click train counts). Only the most distant POD
showed no fall in click measures when the pingers were ON.
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Carlström, J., Berggren, P. & Tregenza, N. (2001). Pinger and
porpoises: taking deterrence too far? Poster presentation at the
14th biennial conference on the biology of marine mammals in
Vancouver, Canada 28 November – 3 December 2001.

Research using the Proto-POD:

Cox et al - Porpoise responses to a single Dukane pinger.
‘We chose 30 minutes as the unit of time for our analysis of
echolocation rate, because only one group of porpoises remained in
the area for more than this period (31 minutes).  Therefore, we
assumed independence among measurements of the number of
echolocation clicks per half hour.

Echolocation rate for the control (516 ± 2062; n=288) was significantly
greater than when the pinger was active (82 ± 366; n=496) (p<.001).

In addition, echolocation rate was higher at night (377 ± 1699; n=432)
than in the day (75  ± 409; n=352) (p < .001) for both control and
active periods.

The proportion of 10 second intervals in which clicks were detected
decreased after the pinger was turned on (control = 0.174; block 2 =
0.041) (χ2  = 9241; p < 0.001). ‘

Cox, Read, Solow and Tregenza. (2001) Will harbour porpoises
(Phocoena phocoena) habituate to pingers? J. CETACEAN RES.
MANAGE. 3(1): 81-86

Culik et al. - Porpoise responses to a single PICE pinger.
Statistical comparison (Kruskal-Wallis test) showed that harbour
porpoise distance distribution from the net significantly differed
during the three phases (before, during, after) of the observations
(p<0.001). The distribution of the animals during operation of the
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acoustic alarm was significantly different from their distribution
before and after pinger use (Kolmogorov-Smirnov test; p<0.001),
whereas distribution during controls (Fig 1 A and C) were similar (p
>0.05). Statistical comparison of click recordings confirmed these
results at the same significance levels.

Culik, Koschinski, Tregenza, and Ellis, (2001) Reactions of harbor
porpoises Phocoena phocoena and herring Clupea harengus to acoustic
alarms. Mar Ecol Prog Ser. 211: 255-260

Tregenza et al. - Monitoring Echolocation activity of porpoises around set
gill nets.
Monitoring bycatch rates and their distribution in space and time
generally requires the uses of observers and is costly. We investigated
the possible utility of self-contained porpoise echolocation click
loggers as a surrogate for such observations. Click loggers were
deployed by fishermen using bottom set gill nets in the Celtic Sea.
The logger monitors an area of approximately 500m in diameter. No
loggers were deployed at sites not being fished. Data on fish catch
and porpoise bycatch were also collected, either by observers or
through a voluntary reporting scheme by the fishers. 3,804 hours
were monitored and approximately 300,000 clicks were logged. A net
of 500m length in this study on average caught one porpoise in 83
days. During that time a logger on average detected porpoise activity
in 10,500 intervals of 30 seconds duration in the course of 'encounters'
that mostly last only a few minutes. No significant relationship was
found between click rate per day and porpoise bycatch on that day by
the boat deploying the logger. The surprisingly high frequency of
encounters indicates that entanglement must be a rare outcome of a
porpoise encountering a net.

This study used counts of the number of hours per day with any
porpoise clicks. The relationship between acoustic detections and
bycatch appeared to be complex, with some indication that porpoise
bycatch might be associated with non-use of their sonar.

Tregenza, N. Northridge, S. Rogan, E. Hammond. P. 2001. Poster
presentation at the 15th annual conference of European Cetacean
Society in Rome 6-10 May 2001.

Comparative trials of acoustic and visual monitoring methods for the
bottlenose dolphin, Tursiops truncatus, in the Cardigan Bay SAC. 1999-
2000. CCW  contract number FC 73-02-147, Mick Baines, Nekton

Harbour porpoise activity was monitored using passive acoustic
detectors (PODs), left unattended for periods of up to 12 days at a
time, at seven coastal locations in southern Cardigan Bay, Wales,
during the period August 1999 - November 2000. Monitoring effort
totalled 4834 hours. Data were analysed by the identification of
acoustic encounters, defined by the times when the first and last
harbour porpoise sonar clicks were detected, during episodes, which
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included quiet periods of no more than 9 minutes. The number and
duration of acoustic encounters were used as measures for the
comparison of locations and for the investigation of dial cycles.
The highest mean daily encounter rate was recorded at Strumble
Head. A location off the mouth of the Teifi estuary produced the
second highest mean daily encounter rate and the highest encounter
rate for any one day.

At Strumble Head and Fishguard Bay, harbour porpoise activity
levels were significantly higher at night than during the day. Off the
Teifi estuary and at sites monitored further to the north and east,
activity levels were higher during the day than at night. In Fishguard
Bay, nocturnal activity by porpoises increased to a peak during late
October, at a time when herring gather there to spawn, suggesting
that predation on herring was involved.

The results suggest that caution should be exercised when
interpreting harbour porpoise sightings data, as these are unlikely to
reflect the importance of habitats such as Fishguard Bay, where
activity is mainly nocturnal.

T-POD comparability

The variation of the components has been estimated for the:
• hydrophone ± 50% mean sensitivity
• analogue board ± 1%
• digital board ± nil

The sources of hydrophone variability are these:
• dimensions
• piezo-electric quality
• surface effects on hydrophone
• surface effects on housing
• potting compound uniformity
• bubbles
• solder blobs
• connection wire effects
• position in mount
• end cap

The first has been the worst in that most of the Danish PODs were
assembled with defective hydrophones that were far outside the
manufacturers specification. As a result many were highly
directional, with sensitivity minima in one direction and maxima in
the opposite direction. Inter-POD mean sensitivity variations will
have been much lower than within-POD directional variation. These
are being replaced.
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Calibration signal – Red = driving voltage to transmitter. Blue = output from POD
hydrophone, showing resonance in hydrophone and echoes in test tank.

Further improvement in hydrophone construction is planned but if
inter-POD variation and directional variation are unacceptable to
users commercial hydrophones can be used instead.  This would
allow spherical hydrophones on a longer lead to be used with better
3D coverage. The cost would be significantly higher.  The present
hydrophone output is approx –211dB re 1V/mPa.

POD problems / developments

These are –
• lid leaks – the new screw-in lid appears very good. The first lid

required screwing to a point with sufficient O ring compression
but not an excessive pull on the collar and this was not easy to
describe or achieve.

• battery pack construction – these are not well engineered in terms
of materials, adhesives and design. Further improvements are
planned. One significant problem identified has been the outer
casing holding the batteries so tightly that if the columns of cells
are displaced vertically by a heavy knock the end plates may lose
contact and stay that way. A weaker outer casing is now made. A
commercial stainless steel pack is available.

• Tilt switch – some have stopped logging for no clear reason. This
is most likely due to a higher resistance through the switch than
advertised. The only sure solution is to force the POD to log by
setting the switch threshold to 255. Radio frequency interference
clicks can then consume a lot of memory when the POD is turned
on and stored onboard a vessel. Radio frequencies can be blocked
by shielding the hydrophone (half of the POD) with water, or
metal foil or similar until ready for deployment.

• Communication problems – these were mainly due to a state-of-
the-art chip to protect the POD from the PC. When removed from
the board reliability is good.
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• Loss of identity – this can make the data impossible to upload
unless the ‘Force compression’ box is marked on the
Troubleshooter page of TPOD.exe.

• Missing scan markers. This file defect can halt train detection
prematurely in some cases.

• Directionality of cylindrical hydrophone in plane of axis –
requires testing.

• Angle of deployment – use of tilt sensor will allow this to be
monitored and will be the basis for a more flexible and reliable
switch.

• Memory – 8Mb can be filled – an example showed huge click
numbers from a boat tangled with the mooring and another
showed possible high frequency signals from moving sand in
stormy conditions. The first would be avoided by having no ‘boat
scan’ and setting a 240 limit on all scans; the second might also
require tougher click detection settings. Neither generated any
false detections.

• Memory – a 32Mb memory is planned on future boards.
• Configuration – a set of default values for all except very low

detection rate sites will be developed including scan and train
detection settings.

• Batch processing of files will be developed. Also a simplified
program for just setting PODs and retrieving data.

• Sensitivity – this has been rather low. Redesign of the
hydrophone mount has increased sensitivity but higher gain in
the analogue board is needed. The present board with complex
filters is highly accurate, quiet, stable and flexible, but is heavy on
power and costly to build, and includes a component (true RMS
detector) that has proved difficult to source. A new board is
planned with a different pre-amp, comparator and filter design
that will give higher sensitivity for lower power consumption.

4) “Visual vs. acoustic sightings – comparing the eye and the POD”
by Jacob Rye Hansen.
The project was a pilot project meant to discover the potential of the
protoPODs. We wanted to:

- find the detection range of the protoPODs

- learn how to look at the result in a non-subjective way

- know if the protoPODs could detect the number of porpoises
passing

Two protoPODs were used, and they were deployed 16 times over a
four-month period in the autumn of 1999. A total of 277 hours of
POD-files was gathered along with 31 hours of visual surface
observations. Observations were made in Beaufort sea state 0 or 1
from the roof of a boat (about 5m above the water) with a POD
hanging in the water over the side of the boat about halfway in the
water column (depth range: 4-26m). When porpoises were sighted,
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we noted the time, the number of porpoises, the estimated distance
and the swimming direction.

When comparing the POD files with the surface observations it was
seen that whenever a porpoise was within 250m of the POD there
was activity on the channels set to detect narrow-banded sounds
centred around 130kHz with durations of less than 500µs. If no
porpoises were in sight there was never events with high activity on
the POD.

For every event on the POD with simultaneous surface observations
of porpoises the average activity in the four porpoise channels on the
POD was calculated. The lowest mean activity period on each
porpoise channel determined the minimum activity requirement that
was accepted for indication of a porpoise passage. An indication in
only one or two channels was considered an unsafe passage, whereas
indication in three or four channels was considered a safe passage. A
statistics program (the SAS institute) was given the minimum activity
requirements and made a running average through all the files and
was then asked to indicate when porpoises (safe or unsafe) passed
the PODs, this way it identified all surface observations within 200m
as safe passages. Only unsafe passages gave false detections. In all
277 hours of POD files 60 safe and 95 unsafe passages were identified.
The program could not distinguish between passages of one or two
porpoises, making it impossible to estimate the number of porpoises.

The conclusions were:

- The protoPOD is reliable out to 200m.

- It is possible to detect all passages within 200m with statistics.

- It is not possible to distinguish between the number of porpoises by
these means.

5) “Visual sightings compared to acoustical sightings from statically
moored PODs” by Ursula Verfuss and Susan Kozian.

The objective of this ongoing study is to:

• “calibrate” the PODs
• test the reliability
• test the applicability

- estimate number of porpoises
- estimate porpoise behaviour
- determine ”hit rate”
- determine detection range

Two PODs were place on a rope with 50 cm distance between
hydrophones. Some discrepancy was found, which mainly was
explained by difference in hydrophone sensitivity.

Different settings of the POD were tested in areas with and without
porpoises.
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Two PODs were placed off Fyns Hoved in Denmark. On a hill nearby
a theodolite was used to track porpoises around the PODs. Data were
collected during 100 hours over a period of 15 days. In total 13,952
sightings of harbour porpoises were observed of which 6,036
sightings were recorded by thodolite resulting in 221 tracks.

The results indicate that the POD recorded only a fraction of the
porpoises observed from land. The great volume of results will be
analysed in the near future.

The figure shows a sample of the sightings, location of the two PODs
and the thodolite tracks of porpoises also recorded on the PODs.

detection range pod70v/pod71h

distance in [m]

-500 -400 -300 -200 -100 0

sightings
pod70
pod71
podhits70
podhits71
podhits70/71
coastline

6) “Statistical analysis of data from statically moored PODs –
aspects of detecting a change in the environment” by Jacob
Carstensen.

Variations present in POD data:
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• Temporal variations (diurnal, seasonal and interannual variation)
• Spatial variations (bottom topology, hydrography, etc.)
• Temporal intervention (before and after the construction

/operation of the offshore windturbines)
• Variation between PODs

The following indicators was developed based on POD time series:
• Daily intensity (mean no. clicks/min)
• Frequency of minutes  w. clicks (e.g. % per day)
• Activity events (length and intensity)
• Period between activity events (waiting time)

Given appropriate distributions and independence of the indicators
above, the BACI type design may be applied.

Var ia t ions
Spat ia l
var ia t ions

T e m p o r a l
var ia t ions

C o n t r o l I m p a c t

Before B C B I

D
iu

rn
al

,
se

as
o

n
al

 a
n

d
in

te
ra

n
n

u
al

A f t e r A C A I

Schematic overview of BACI design

Data analysis of PODs placed in the Fjord and Belt Centre with and
without the porpoises present gave the following conclusions:

• All indicators (except intensity during events) change
dramatically when harbour porpoises were present in pool

• Click pattern from harbour porpoises have a significant diurnal
pattern (full day recordings should be used only)

• Event definition appears reasonable

Data analysis of PODs placed in the field (Rødsand, Horns Reef, and
Mecklenburg Bay) gave the following conclusions:

• PODs at same position do not give the same click time series, but
overall statistics do not differ significantly. Therefore 2-3 PODs at
each locations is recommended
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• Spatial differences give rise to the largest variations
• Time between events is probably the best indicator for statistical

testing

7) “Do-it-yourself – POD calibration” by Oluf Damsgaard
Henriksen

Test of POD functionality is essential before use and deployment
Loss of time series is:

Very expensive
Lost data means prolonged studies

It is therefore important to test and calibrate the PODs.

The drawing below show the setup used to calibrate 17 PODs at the
same time. This was carried out in an 8 m diameter water filled
plastic pool with about 1m depth.

The PODs were placed in a circle with the transmitting hydrophone
in the middle. This way various types of controlled sounds/clicks can
be transmitted and later evaluated on the recorded data from each
POD.

This method proved useful in testing the functionality and inter-
calibration of several PODs at a time.

The results show that:

The earlier T-PODs had extremely high variability in sensitivity and
directionality with up to 15 dB difference in sensitivity between
PODs and up to 12 dB variance in directionality in a single POD.

8) “Horns Reef impact study” by Henrik Skov

The Horns Reef windfarm project was descibed.

Regular ship surveys of harbour porpoises exist from 1987 to 2001. A
power analyses reveal that a change in abundance due to the
windfarm of more than 20% can be detected based on the surveys.

The density of porpoises in time and space are well correlated with
hydrographic data and models to illustrate this relationship have
been developed.

Since 2001 PODs have been deployed in the windfarm area and in
three reference areas.

9) “Offshore windfarms – some thoughts on T-PODs” by Klaus
Lucke

In the German part of the North Sea and Baltic there is great interest
in offshore windfarms. Applications for building up to 10,000
windturbines have been received.



79

PODs are believed to be one of the best monitoring tools when
evaluating effects from windfarms. However, the interpretation of
POD data to answer the questions of:

• Density of animals
• Area covered by the POD
• Duration of animals staying in an area
• Behaviour of an animal (e.g. foraging)
• Importance of an area to the animals

are very important to address if PODs are used for management
advise.

One approach to answer some of these questions would be to deploy
a grid of PODs. It may be possible this way to follow individuals
through an area and estimate the speed, direction and behaviour of
individuals.

Discussion

Monitoring design

From the meeting – Jacob’s Carstensen’s presentation on design and
choice of measures addressed many key questions on using PODs to
assess windfarm effects on porpoises. Three key points from that
work:
Jacob showed that a time series analysis approach using the time
between porpoise detections was a more powerful discriminator
between data sets than the number of clicks detected.  This seems
very useful but there was no general agreement that a site with two
porpoises present for 5 minutes each at different times was more
important that one with one animal for 10 minutes. A time series
approach gives a much higher value to short detections if the two
occurrences are more than 10 minutes apart – in effect these
detections are taken as representative of whole visits to the area. Ten
minutes has also been arrived at independently in two other studies,
one by Mick Baines in Wales and one carried out on data from fishing
boats under the supervision of Simon Northridge at the Sea Mammal
Research Unit in the UK.

BACI design – comparing the ratio of porpoise use in impact and
control areas before and after the impact. The use of ratios allows
changes in the study method provided it is applied equally to both
areas in any time period. The main concern here was the assumption
that the control and impact sites would show similar time trends if
there was no impact. Henrik Skov presented evidence that the spatial
and temporal scale of data determined its variability with a fall in
variability when some scale was reached. This scale on his data
appears to exceed the size of the likely impact area so we are trying to
work in on a difficult scale for the ‘similar undisturbed trends’
assumption.  Henrik’s solution was to identify and include as much
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quantified understanding of the effect of other measurable
determinants, such as temperature, salinity, etc. (especially as
evidence of the location of fronts between North Sea and estuarine
water around Horn’s Reef).  In any event a range of comparison sites
that are in different directions from the impact site does seem to be
necessary to support the ‘similar undisturbed trends’ assumption.

Sites without nearby control areas. Klaus Lucke’s presentation
defined a difficult problem in which available control areas are few
because of shipping lanes, windfarm prospects and restricted
shallows. The possible low detection rates at the impact site add to
the problem and raise the question of where ‘generic’ impact research
should be conducted and how far it can be taken as answering
concerns for other areas.

Porpoise Detection

The POD has an analogue board, which detects ‘tonal signals’ that are
logged by a digital board with train detection taking place on a PC
after upload.
All signal detection systems involve a ‘trade-off’ between accuracy
and sensitivity. This comes under a range of titles, ROC (receiver
operating characteristic), false negatives/false positives, etc. The one
used by Nick Tregenza is ‘sensitivity v. specificity’ but in the case of
the POD sensitivity has to be translated into detection range. In the
POD the detection function is distributed between the analogue
processing to identify clicks (actually not clicks but tonal signals) and
the train detection algorithm.
It is important to understand that the performance is related to
‘ambient noise’ in the sense of porpoise-like clicks from non-porpoise
sources. This type of noise is not documented or well known, and the
site for which optimal settings for the POD were first derived proves
to have been exceptionally quiet.
Optimising the settings for the analogue board has not been
completed for the Danish locations and some data gathered at the
Fjord and Belt Centre in Kerteminde, Denmark suggests that a
different approach may be useful in reducing false click rates and
sonar rejection.
The train detection algorithm has 3 components -
• pattern recognition – this detects trains from cetaceans, sonars,

propeller blade passes, and chance sequences in random patterns
of non-cetacean tonal signals. The basic computational engine
that does this is now well developed and very fast.

• probability assessment – this is used to identify which trains are
unlikely to have arisen by chance. That discriminates heavily
against short trains and those occurring among many other
clicks. This aspect of the algorithm requires more work as at
present the same criteria are applied to trains detected against a
quiet background as against a noisy one and the data volume is
reduce by a factor 2 to 3 by this. An adaptive approach is feasible
and will be investigated and implemented.

• classification – this is very primitive at present. Its main task is to
reject trains from sonars and other non-cetacean sources. The
examination of inter-click interval sequences by Ursula Verfuss
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has shown how different porpoise and sonar trains are and why
the existing simple approach of calculating mean change in
successive inter-click intervals fails. Further work will be
undertaken on this.

The system needs to be considered as a whole. Raise click detection
specificity too high and sensitivity will be low, with the train
detection algorithm rejecting mainly porpoise clicks. Set click
detection specificity too low and the train detection will be defeated
by too many false clicks. In general the train detection algorithm
enables the TPOD to deliver highly reliable data on porpoises, and
this was shown by the dramatic improvement in the signal when it
was applied to data from the Fjord and Belt Centre porpoise pool
with and without porpoises.

The aim is to find a basic set of values for both the analogue board
and the train detection algorithm that can be used at all sites. Where
detection rates are very low and maximum data volumes are needed
more sensitive settings will be available but will not require careful
supervision/scrutiny, while the default settings will allow data files
to be batch-processed without anxiety about spurious data.

The two-level approach developed by Jacob Hansen with the
ProtoPOD data (safe and unsafe identifications of passages) has great
merit and was independently developed for finless porpoise
detection and exists in the T-POD (high and low probability trains).
Where no sightings data are available the match in space and time
between ‘safe’ and ‘unsafe’ detections can be used to validate the
‘unsafe’ detections and find the level below which they start to be
unsafe to some chosen frequency.

T-POD range

The work of Ursula Verfuss and Susan Kotzian showed that at Fyns
Hoved, Denmark porpoises move along close to the shore and
relatively few are detected by a POD only 100m or so outside their
main movement corridor. The contribution of silent porpoises to this
result is unknown.  Because of the uncertainties of propagation
patterns and of extremes of acoustic behaviour it does not seem that
any figure for ‘maximum range’ will be either reliable or useful. A
figure for median range to porpoise being logged would appear to
have some potential use, but only in situations in which porpoises are
approximately evenly distributed around the POD. Even so the effect
of different behaviours, especially feeding and travelling, may be of
sufficient importance to need quantification. The identification of
such behaviours from click rates has not been investigated.

Jacob Hansen showed that ‘counting’ porpoises was not practical
with the ProtoPOD and the same is true with the T-POD except
where overlapping trains show the presence of two animals. Such
trains are very hard to detect with a train detection algorithm without
increasing the risk of false train identifications, so this is not likely to
be available as a ‘scientist-free’ algorithm for some time. Overlapping
trains must therefore be detected during visual inspection of the file.
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Calibration of PODs

Oluf Henriksen’s test method appears very good. The data are
affected by resonance within the pool (but this probably does not
affect the minimum values), and the 2-position scheme does not
accurately represent the mean sensitivity.

Calibration by Chelonia uses rotation of the POD in a sound field
with a 130kHz ramp signal such that the logged duration is
determined by the sensitivity of the POD.

POD deployment

Oluf’s presentation on fixed deployments is the first solution to this
problem for such difficult waters.  More detail on weight of anchors
and cables would be useful.

Towed deployment possibly requires more sensitivity than the
present POD because porpoises show some aversion to the boat and
move out of POD range. A rather complicated buoyant towing rig
with a hydroplane beneath a surfboard has performed well up to 15
knots. A simpler rig using a fishing hydroplane has performed well
up to 7 knots. An ‘upside-down kite’ design with a hydroplane fixed
to a POD below a surfboard made of 16 mm plywood performed will
in the Baltic up to 8 knots. All these rigs require some adjustment to
find stable configurations. The aim is to tow outside the boat’s bubble
wake as a distance that is at least a few wave-heights below the
surface.

Consensus

Criteria

To be practical criteria for impact must have a specified magnitude of
change to be detected. Power analysis and adequate monitoring
design should always be applied. Detection of changes of 50%
appears feasible, with changes of 20% or less being more challenging.

Statistical method

The best model appears to be the BACI (Before, After, Impact,
Control) approach in which the ratio of the chosen measure between
Impact and Control areas is found, and the change in this ratio from
Before to After is the measure of impact.
The main concern about this approach is the ‘BACI assumption’ that
if there was no impact the measure used would rise and fall in a
constant ratio to each other in the control and impact areas. We know
that this is not true on small spatial scales over short periods. The
spatial scale on which it becomes reasonably reliable over a times
scale of a year appears to be large, especially around Horn’s Reef
where a front between North Sea and estuarine water can move
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across the site in different years and does strongly influence porpoise
distribution.
Three solutions to the weakness of the ‘BACI assumption’ could be
used –
1. Collect hydrographic data, especially salinity and temperature,

plus any other data on porpoise distribution determinants, and
scale the data for each site using the relationship between these
parameters and porpoise density derived from visual and
acoustic data.  Assume that this will account for much of the
variation.

2. Position control sites so that they spread across the location of
possible hydrographic fronts, and then select which control sites
are most comparable using actual hydrographic data.

3. Use multiple control sites and derive a mean with confidence
limits for inter-annual variation, or variation over longer periods
if the data allows. Then test whether the impact site shows
significantly greater change.

All of these have limitations –
1. Large volumes of data are needed on porpoise density in relation

to hydrographic parameters. Fish species density would be very
valuable but is hard to obtain.

2. Feasible, but the selection process is not clearly reliable.
3. Needs many sites and has low statistical power.

However, work on (1) is already in way with a valuable time series
already collected; the locations for PODs at Horn’s Reef already meet
the requirements of (2) and the totality of sites for monitoring
planned will allow some evaluation using (3).

The consensus was that the program already started in the Danish
and German planned windfarm areas should continue with use of all
three approaches to address the weakness of the ‘BACI assumption’,
as data become available.

Power
If the BACI assumption is justified a 20% change could be measured
with the data volumes obtained from PODs so far within a reasonable
time scale.

What is measured?

At present it appears feasible with PODs to get a measure of porpoise
time in an area but not a measure of behaviour. A time-series analysis
approach of measuring the interval between porpoise events
probably gives the best measure of porpoise time in an area.

POD variability

Inter-POD variability has been large, and should be reduced
following the discovery of hydrophone defects and the introduction
of calibration. It should also be addressed by moving PODs between
locations so that, in the event of loss or failure of a POD at a site, the
validity of data from that site will not be lost.
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Calibration of PODs will allow an evaluation of the relationship
between sensitivity and detections, and it may prove useful to scale
from each POD using that relationship.

The introduction of more sensitive PODs or POD settings can be
made as long as it is not applied selectively to control or impact areas
at any time.

Review

It was agreed that the workshop was valuable to everybody and it
was recommended to meet again, perhaps in 1 year, to assess how far
the data gathered is capable of meeting the task and to share
experiences of all the ongoing projects.
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Appendix B

Daily POD data from field monitoring

The daily observations of click frequency and intensity for POD
deployed in the field are shown in the figures below.
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Horns Rev pos. 6 (POD36)
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Field monitoring at Horns Rev. Solid line and squares mark the daily intensity of
clicks. Dotted line and circles mark the frequency of clicks.

Mecklenburg Bay NW (POD30)
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Field monitoring in Mecklenburg Bay. Solid line and squares mark the daily
intensity of clicks. Dotted line and circles mark the frequency of clicks.
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Gedser Rev North (POD43)
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Rødsand East (POD14)
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Rødsand West (POD13)
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Rødsand West (POD15)
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Rødsand West (POD56)
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Field monitoring at Gedser Rev and Rødsand. Solid line and squares mark the daily
intensity of clicks. Dotted line and circles mark the frequency of clicks.

Vindeby wind farm (POD12)
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Vindeby Nord (POD15)
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Field monitoring at Vindeby. Solid line and squares mark the daily intensity of
clicks. Dotted line and circles mark the frequency of clicks.
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Appendix C

Intercalibration and sensitivity of PODs

The results from the controlled laboratory experiments are shown
below in the full context. Note that the left column shows the
sensitivity in each POD in the first test and the second column shows
the sensitivity of the same PODs turned 90 degree in the vertical
plane.
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POD nr 13
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POD nr 30
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POD nr 37
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POD nr 41
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