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Summary

This report describes the monitoring of harbour porpoises at Horns
Reef Offshore Wind Farm, Denmark, with emphasis on data collected
in 2004. Three 2-day surveys with line transect observations of por-
poises were conducted in 2004 and data from acoustic dataloggers (T-
PODs) were collected from January through July.

Although new data from 2004 was included in the analysis there
were no significant additions to conclusions from previous years’
reports. On the contrary, the general conclusions regarding effects of
construction and operation of the wind farm on porpoise abundance
inside and outside the wind farm area have been weakened some-
what compared to previous reports. The specific conclusions regard-
ing short-time effects of construction activities (especially pile driv-
ings) has not been changed, however.

Modelling of the spatial distribution of porpoises in the area demon-
strated very weak correlations with static environmental variables
(water depth, change in water depth and distance to 6 m depth con-
tour). This highlights the importance of dynamic environmental vari-
ables, in particular tide and salinity, in determining the fine-scale
distribution of porpoises and their prey in the area. a strong correla-
tion between tide and porpoise abundance observed in the T-POD
data on some parts of the reef (high abundance at high tide, low at
low tide) supports the importance of this variable. Tide and salinity
will be included in a forthcoming analysis of the entire dataset from
the monitoring program.
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Dansk Resumé

Denne rapport beskriver overvågningen af marsvin i og omkring
Horns Rev Havvindmøllepark, med fokus på data indsamlet i 2004. I
2004 blev gennemført tre 2-dages skibstogter med linietransektobser-
vationer af marsvin og der blev indsamlet data fra akustiske datalog-
gere i og udenfor vindmølleparken i perioden frem til medio juli.

Selvom nye data fra 2004 blev inkluderet i nye analyser har disse ikke
tilføjet væsentligt til konklusionerne fra tidligere års rapporter.
Tværtimod er de generelle konklusioner angående effekter af mølle-
parkens konstruktion og drift på tilstedeværelsen af marsvin i og
udenfor mølleområdet svækket noget i forhold til tidligere. De speci-
fikke konklusioner angående korttidseffeker af konstruktionsfasen
(specielt nedramning af fundamenter) er ikke ændret.

Analyser af marsvinenes rumlige fordeling i området viste meget
svage korrelationer med statiske miljøparametre (vanddybde, æn-
dring i vanddybde og afstand til 6 m dybdekurven). Det understreger
betydningen af dynamiske miljøparametre, især tidevand og salinitet,
for fordelingen af marsvin og deres byttedyr i området. En stærk kor-
relation mellem tidevand og marsvins tilstedeværelse på visse dele af
revet (flest ved højvande, færrest ved lavvande) set i de akustiske
data understøtter tidevandets betydning. Disse dynamiske variable
vil blive inddraget i en kommende analyse af det samlede datasæt.
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1 Introduction

The worlds largest offshore wind farm was constructed by Elsam
A/S on Horns Reef in the Danish North Sea in 2002 and put into op-
eration on 18th of December 2002. The wind farm has a capacity of 160
MW and consists of 80 Vestas V80 2MW turbines mounted on steel
monopile foundations. It is located approx. 15 km west of Blåvand-
shuk at 6 to 14 meters water depth (Figure 1).

Two species of marine mammals are abundant on Horns Reef: har-
bour porpoises (Phocoena phocoena) and harbour seals (Phoca vitulina).
This report deals with monitoring of harbour porpoises before, dur-
ing and after construction of the wind farm. Previous reports have
dealt with baseline observations (Skov et al. 2002, Tougaard et al.
2000), effects of the construction period (Tougaard et al. 2003) and
first year of operation (Tougaard et al. 2004). The project forms part
of a larger environmental monitoring program on Horns Reef, where
effects on also seals, birds, fish and invertebrates are investigated.

Figure 1   Study area with individual turbines indicated with open circles and positions of the six T-POD
measuring stations (see methods section). Depth indicated by shades of grey: shallow areas in white.
Original layout consisted of eight stations, but station 2 and station 8 were removed during the program
and are not included in the analysis.
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1.1 Harbour porpoises in the North Sea and on
Horns Reef

Harbour porpoises are distributed throughout the entire North Sea
and high densities are found in the German Bight. According to the
SCANS survey conducted in 1994, there are estimated 260.000 por-
poises in the North Sea (Hammond et al. 1995, Hammond et al. 2002).

Little is known about the fine-scale distribution of porpoises and
what factors governs this distribution. Several studies have indicated
the presence of a north-south gradient in porpoise densities along the
German Wadden Sea (Benke et al. 1998, Sonntag et al. 1999). High
densities are found in the area west of Sylt, where a high number of
females with calves have also been observed (Sonntag et al. 1999).
Baseline observations on Horns Reef showed that harbour porpoises
are abundant in the Horns Reef area, including the area now occu-
pied by the wind farm. It has been suggested that harbour porpoises
in the German Bight area are associated with the estuarine frontal
system of the area. The hydrography of the area west of the Wadden
Sea is dominated by a large efflux of freshwater from the large rivers
(most importantly Rhine and Elbe). This water mass is characterised
by a salinity below 30-32 psu and is mixed with the more saline
North Sea water along a frontal zone running offshore from the
Waddensea. Horns Reef marks the northern edge of this frontal sys-
tem. It is known that piscivorous birds are often associated with es-
tuarine frontal systems, such as has been shown for divers (Gavia sp.)
in the German Bight (Skov and Prins 2001). A recent study from the
Bay of Fundy, Canada (Johnston et al. 2005), where porpoises were
tagged with satellite transmitters and tracked showed a strong asso-
ciation of tagged porpoises with hydrographic fronts and eddies
formed by the strong tide. A concurrent series of line transect surveys
in the frontal areas with very high densities of porpoises supported
the conclusion of an aggregation to the front. A very strong correla-
tion in abundance with tide was also observed in the line transect
data, with more than five times as many porpoises observed at high
tide compared to low tide (Johnston et al. 2005). As similar complex
hydrographical features (fronts and eddies) are present in the Horns
Reef area, it is likely that they also play a major role in determining
the fine-scale distribution of porpoises in the area, including the wind
farm.

It is unlikely that porpoises respond to the gradients in salinity them-
selves. These gradients are comparatively weak and without physio-
logical consequences for the animals. The gradients and frontal sys-
tems are important for concentrating nutrients and plankton and
porpoises probably respond to an increased concentration of prey,
which again aggregate in the frontal regions due to the higher pro-
duction and/or availability of planktonic prey.
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1.2 Effects of construction of the wind farm

Studies during the construction period (summer 2002) showed a pro-
nounced effect of construction activities on the distribution and be-
haviour of harbour porpoises (Tougaard et al. 2003). Strongest effects
were observed in connection with the pile driving operations, where
steel monopile foundations were driven into the seabed. Harbour
porpoises left the construction area when pile driving began, but re-
turned again few hours after end of each pile driving operation.
Safety protocols, which consisted of either a gradual ramp-up of im-
pact energy or underwater deployment of acoustic pingers and seal-
scarer, was employed to reduce the sound exposure to porpoises and
seals in the area during pile driving operations. The impact was not
restricted to the wind farm area. Pronounced effects were also ob-
served in the control areas. Fewer animals were observed engaged in
foraging behaviour close to the construction site (up to 15 kilometres
away) in the period with pile drivings, compared to the periods be-
fore and after.

Disturbance of porpoises in the Horns Reef area was anticipated in
the Environmental Impact Assessment (EIA) prepared before con-
struction began (Tougaard et al. 2000). The EIA also predicted that
animals would return to the wind farm area following the construc-
tion period. Investigation of this issue is the focus of the current pro-
gram, which was initiated in 2003 and will continue in 2005.

1.3 Expected effects from a wind farm in normal
operation

Offshore wind farms in normal operation can potentially affect har-
bour porpoises in least three different ways: changes in habitat (net
effect may be positive or negative), disturbance from turbines and
disturbance from service and maintenance activities.

1.3.1 Changes in habitat
The direct, physical loss of habitat is of little importance, as the loss of
seabed due to the turbine foundations is negligible. Of importance is
only secondary changes induced by the turbines, most importantly
possible changes in the abundance and species composition of fish
inside the park, due to the introduction of hard bottom substrates. It
is important to note however, that changes in fish fauna can be po-
tentially negative to harbour porpoises (exclusion of important prey
species) or potentially positive (attraction of important prey species
by the increased epifauna attached to the wind turbine foundations
and scour protection).
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1.3.2 Noise from operating wind turbines
The physical presence of the turbines themselves is unlikely to keep
porpoises out of the park. What could potentially have an effect is
noise radiated from the turbine foundations into the water. Based on
measurements on other offshore wind turbines, the noise from the
wind turbines is expected to be of relatively low intensity and fre-
quency (see Wahlberg and Westerberg (2005) for review of measure-
ments). Calculations and field experiments indicate that harbour
porpoises are able to hear individual turbines at distances up to about
hundred meters (Henriksen 2001). Figure 2 shows noise from a single
1.4 MW turbine at Utgrunden Wind Farm (Ingemansson Technology
AB 2003), the by far loudest turbine noise measured to date. Absolute
third-octave levels measured at 83 meters distance from the turbine
foundation are low, with a maximum of 126 dB at 180 Hz, measured
at a wind speed of 13 m/s. This level roughly coincides with the ex-
trapolated audiogram of the porpoise, indicating that it should be just
audible to a porpoise 83 m from the turbine, where the measurement
was made. A second, smaller peak around 800 Hz is present in the
turbine noise. This peak is considerably above threshold level for the
porpoise at 800 Hz and 10-15 dB above background noise level, and
should be clearly audible to the animal at 83 meters. The distance at
which this peak disappears below the background noise can be cal-
culated given knowledge of the transmission loss in the waters
around the turbine. Measurements from Ingemansson Technology
AB (2003), recalculated by Madsen et al. (2005) indicate a transmis-
sion loss of 30 dB per 10-fold increase in distance. Using this value,
the peak at 800 Hz reaches the background noise level at a distance of
260 m from the turbine. No measurements of noise from the turbines
at Horns Reef Offshore Wind Farm are available and it is thus not
known whether the measurements from Utgrunden are representa-
tive. The measurements of Ingemansson Technology AB (2003) are
about 10 dB higher than levels reported from other wind farms (Degn
2000, Fristedt et al. 2001, Henriksen 2001, Westerberg 1994) and
probably represents a worst case.

The noise from the turbines at Horns Reef Offshore Wind Farm are
thus likely to be audible to porpoises out to distances of no more than
1-300 m from the turbines. When it comes to reactions of the por-
poises to the noise, little information is available. Sound pressure
levels where behavioural reactions are observed are likely to be con-
siderably higher than levels of audibility and may vary considerably
from individual to individual. A high dependence on context is also
likely, as animals engaged in important activities, such as feeding or
mating, may be more tolerant to increased noise levels. The extent of
the zone of responsiveness (sensu Richardson et al. 1995) is thus likely
to be considerably smaller than the zone of audibility and reactions
may thus be expected only to occur in the very vicinity of the turbine
foundations.
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Besides being a disturbing factor in itself, noise has the potential to
interfere with detection of other sounds, by masking. This may occur
when there is an overlap between the frequency ranges of the noise
and the sound in question. The low frequency emphasis of the tur-
bine noise makes it very unlikely that it will mask any sounds of im-
portance to the porpoises under any conditions. The echolocation
signals of porpoises contain virtually no energy below 100 kHz and
are thus completely outside the frequency range of the noise. There
may be other sounds, such as from potential prey that contains sig-
nificant energy at lower frequencies and thus potentially could be
masked by the turbine noise. It is well established however, that the
audiogram of a particular animal reflects the frequency content of the
sounds of importance to the particular animal. Porpoises have poor
low frequency hearing, poorer than e.g. seals and considerably
poorer than low frequency hearing specialists, such as fish. Thus, by
this indirect inference, it seems unlikely that they listen for sounds
below 1 kHz on a regular basis and any masking by the turbine noise
in this frequency range is thus unlikely to be significant to the ani-
mals.

1.3.3 Noise from service and maintenance activities
The third potential disturbing factor is ship and helicopter traffic re-
lated to service operations on the turbines. The most disturbing ele-
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Figure 2   Harbour porpoise audiogram (Kastelein et al. 2002), third-octave
noise levels from a wind turbine at Utgrunden Wind Farm (Ingemansson
Technology AB 2003), measured at a distance of 83 m, and third-octave
background noise levels from the German Bight (Willie and Geyer 1984) at
two different wind speeds. Horizontal black bar indicates the frequency
range of harbour porpoise sonar signals. Noise with intensities above both
the audiogram and background noise are audible to the porpoise. Turbine
noise and background noise were not measured above 1.2 kHz and 11 kHz,
respectively.
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ment from routine maintenance and inspection is likely to be noise
from service ships. There is a high level of ship traffic in the Horns
reef area not related to the wind farm (fishing and traffic to and from
the port of Esbjerg). Routine maintenance involving a single small
boat occasionally (once or twice per week) is thus likely to be insig-
nificant compared to the ship traffic already present in the area.
Service ships visiting more often (e.g. daily, as was the case for most
of 2003 and partly for 2004) represents a more substantial source of
potential disturbance.

The general effects of boat traffic on presence of harbour porpoises
are poorly documented and while there is a general agreement that
porpoises will evade individual fast motor vessels, there is no basis
for concluding that high boat traffic levels in general correlate with
low abundance of porpoises. Some of the highest densities of por-
poises in inner Danish waters are found in the most heavily trafficked
areas, Storebælt and Lillebælt (Kinze et al. 2003, Teilmann et al. 2004).

Noise exposure from helicopter activities is probably negligible, as
little sound energy penetrates into the water and only immediately
below the aircraft (Richardson et al. 1995). Operations take place
about 100 m above the sea surface, as helicopters are used to move
crew to and from the nacelle of the turbines, which will further re-
duce the noise level in the water, as noise levels at the water surface
are reduced by the distance to the helicopter.

1.4 Activity in the wind farm in 2004 and
postponing of monitoring program

The monitoring program was originally scheduled to end with the
field season 2004. However, a range of technical problems that began
shortly after the park was inaugurated has plagued the turbines at
Horns Reef and neither 2003, nor 2004 genuinely qualify as periods of
normal operation. Many of the technical problems were solved on
site, but by beginning of 2004 it was clear that drastic action was
needed. It was thus decided by the manufacturer that all turbine na-
celles should be removed, overhauled on land and refitted. This ac-
tion began in spring 2004 and continued throughout the summer. It
was at the same time decided to suspend the monitoring program
and postpone it to 2005, in order to obtain post-construction data
from a period with normal operation of the turbines. Thus, this report
treats only a limited number of survey data (two surveys in spring
and one in August 2004) and T-POD data from beginning of 2004 to
end of July 2004.

All turbines were refitted by October, 2004 and monitoring continues
through 2005.
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2 Materials and Methods

The overall strategy of the porpoise monitoring program is to moni-
tor in both in time and in space. This is achieved through two differ-
ent methods. The spatial distribution of porpoises in and around the
wind farm area is mapped by line transect surveys through the area,
which provides high-resolution snapshots of porpoise distribution at
fixed points in time. The temporal occurrence of porpoises is moni-
tored by acoustic dataloggers (PODs), which yields continuous rec-
ords of porpoise echolocation activity at fixed points in space.

2.1 Visual surveys

Surveys were conducted from ship, as has been described for previ-
ous survey periods (Skov et al. 2002, Tougaard et al. 2003, Tougaard
et al. 2000). All surveys in 2004 were conducted from the former
trawler M/S Christoffer of Svendborg. Transect layout consisted of 14
lines running east-west (Figure 3), identical to the design used in the
baseline observations (Skov et al. 2002, Tougaard et al. 2000).

Observations were made from the roof of the bridge (platform height
6.5 m above water). Three observers were continuously searching for
porpoises and seals. Two observers scanned each a 90 degree sector
(0-90 degrees and 270-360 degrees relative to the ships midline, re-
spectively). These two observers used handheld binoculars (8x40)
most of the time. The task of the third observer was divided into two.
Approximately half the time was spent looking forward along the
centreline using binoculars in order to maximise detection probability
on the line. The remaining time was spent observing with naked eye
for animals in the vicinity of the ship. This was done because animals
close to the ship are easily overlooked when searching with binocu-
lars. In addition, the third observer kept the written observation log
for all three observers.
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Figure 3 Transect layout for the 2004 programme. Red and black lines indi-
cate route sailed on first and second survey day, respectively.
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Whenever animals were observed, a horizontal angle board and a
vertical angle measuring device specially constructed for the purpose
was used to estimate the bearing and distance from the ship to the
animals. The latter device allows measurement of the distance be-
tween line to the visible horizon and line to observation at 50 cm
distance from the observer’s eye. This can then be translated into an
angle and together with knowledge of the eye height above water
translated into distance to observation (Pihl and Frikke 1992).

Observers, which had no previous experience with line transect sam-
pling were trained as a fourth observer on their first survey, before
they could serve as regular observers.

Each observation was recorded with time, distance and bearing and
number of animals observed. The observer who first saw the animals
was also recorded, as well as whether they were first seen with or
without binoculars. This information was recorded to allow for sub-
sequent analysis of differences between observers and evaluation of
search strategies.

The position of the ship was recorded on GPS every 10 seconds. The
track log was subsequently transferred to a computer and as the time
noted with each observation was taken from the GPS, a precise posi-
tion of the ship could later be associated with each observation.

The temperature and salinity of the surrounding water was sampled
continuously during surveys (WTW 340 conductivity meter). A tem-
perature and salinity probe was placed in a bucket into which the
ship’s fire hose was pouring water. Depth of the samples was ap-
proximately 3 meter (depth of the intake to the pump. Measurements
were sampled every 30 seconds and transferred to the serial port of a
notebook PC and saved (WTW software associated with instrument).
The clock of the PC was adjusted to follow GPS-time and measure-
ments could thus subsequently be assigned to geographical positions.

2.1.1 Modelling of porpoise distribution
Line transect distance sampling methods (Buckland et al. 2001) allow
for conversion of observations along transect lines into densities
(animals per unit area). Details on application of the methods to the
survey data can be found in Appendix A. Briefly, an effective per-
pendicular search distance from the track line (strip width) can be
calculated from the perpendicular distances to all observations,
which allows for calculation of densities. The densities along the
trackline can then be correlated with environmental factors (bathy-
metry, distance to coast, surface temperature and salinity etc.). If suf-
ficiently strong correlations are found these will allow for a model-
ling of the distribution of porpoises, i.e. an interpolation of predicted
densities to the areas between lines and (with great caution) also ex-
trapolation to areas outside the surveyed area and to days where sur-
veys were not conducted and with other hydrographical situations.
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The goal of the modelling is to identify and correlate a smaller or
larger set of environmental variables (predictors) that can explain a
considerable amount of the large variation (from area to area and
from survey to survey) in observed number of porpoises. Identifying
these sources of variation (or variables (proxies) correlated with the
ultimate sources of variation) is a necessary first step towards deter-
mining whether the construction and operation of the wind farm has
had a significant impact on the porpoise abundance.

In a first attempt to model the distribution of porpoises on Horns
Reef we selected only static environmental predictors. Four predic-
tors were included in the analysis on the survey data from 2004, three
of which are shown in Figure 4.

Bathymetry was selected in order to test the hypothesis that por-
poises are associated with the shallow areas of the Horns Reef, as
proposed previously (Tougaard et al. 2004) and a negative correlation
was expected (fewer animals in deeper waters).

Bathymetric range expresses the range of water depths in the imme-
diate vicinity of the observation and is simply the difference between
deepest and lowest depth within 1500m by 1500m squares. This pre-
dictor was included in order to test the hypothesis that porpoises
aggregate in areas with steep slopes and thus associated high cur-
rents and high turbulence. A positive correlation or an optimum at
intermediate values was expected.

Distance to nearest 6 m contour was included to test the hypothesis
that porpoises aggregate along the edges of the shallow areas of the
reef and not necessarily on the shallows. A negative correlation (more
animals closer to the 6 m contour) was expected.

Distance to wind farm (distance from observation to closest wind
turbine) was included as the fourth predictor to test the hypothesis
that animals are either attracted to the wind farm or repelled from it.
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Figure 4 Environmental covariates used in spatial modelling: Bathymetry,
bathymetric range (1500 meter spatial window) and distance to nearest 6
meter contour. Red circles indicate porpoise sightings on the August survey.
Number of observations is the number of porpoises observed in a group.
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2.2 Acoustic dataloggers - T-PODs

The T-POD or POrpoise Detector is a small self-contained data-logger
that logs echolocation clicks from harbour porpoises and other ceta-
ceans. It is developed by Nick Tregenza (Chelonia, UK). It is pro-
grammable and can be set to specifically detect and record the echo-
location signals from harbour porpoises. Detailed descriptions and
discussions of the methodology of using T-PODs in monitoring ef-
fects of wind farms can be found in previous reports (Teilmann et al.
2001).

The T-POD consists of a hydrophone, an amplifier, a number of
band-pass filters and a data-logger that logs echolocation click-
activity. It processes the recorded signals in real-time and only logs
time and duration of sounds fulfilling a number of acoustic criteria
set by the user. These criteria relate to click-length (duration), fre-
quency spectrum and intensity, and are set to match the specific
characteristics of echolocation-clicks.

The T-POD relies on the highly stereotypical nature of porpoise sonar
signals. These are unique in being very short (50-150 microseconds)
and containing virtually no energy below 100 kHz (Figure 5). Main
part of the energy is in a narrow band 120-150 kHz, which makes the
signals ideal for automatic detection. Most other sounds in the sea,
with the important exception of echosounders and boat sonars, are
characterised by being either more broadband (energy distributed
over a wider frequency range), longer in duration, with peak energy
at lower frequencies or combinations of the three.

The actual detection of porpoise signals is performed by comparing
signal energy in a narrow filter centred at 130 kHz with another nar-
row filter centred at 90 kHz. Any signal, which has substantial more
energy in the high filter relative to the low and is below 200 micro-
seconds in duration is highly likely to be either a porpoise or a man-
made sound (echosounder or boat sonar).

Some spurious clicks of undetermined origin (e.g. background noise
and cavitation sounds from high-speed propellers) may also be re-
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corded. These, as well as boat sonars and echosounders are filtered
out off-line in software, by analysing intervals between clicks. Por-
poise click trains are recognisable by a gradual change of click inter-
vals throughout a click sequence, whereas boat sonars and echo-
sounders have highly regular repetition rates (almost constant click
intervals). Clicks of other origin tend to occur at random, thus with
highly irregular intervals.

No other cetacean regularly found in the North Sea has sonar signals
that can be confused with porpoise signals. Dolphins (with the ex-
ception of the genus Cephalorhynchus, which does not occur in Euro-
pean waters) use broadband sonar clicks, i.e. energy distributed over
a wide frequency range, from below 20 kHz to above 150 kHz (Au,
1993). It is thus highly unlikely that they will trigger the T-POD,
when settings are adjusted to detect porpoises.

The T-POD operates with six separate and individually programma-
ble channels. This allows for e.g. one channel to log low frequency
boat activity while the remaining channels log porpoise echolocation
activity. All channels used in this study had identical settings (Table
1). In the earliest deployments channel 1 was adjusted to monitor
ship activity, but the data were not usable and are excluded from
further analysis.

Setting Version 1 Version 3

A filter frequency 130 kHz 130 kHz

B filter frequency 90 kHz 90 kHz

Ratio A/B> 5 5

A filter sharpness (Q) 10 low

B filter sharpness (Q) 18 high

Minimum intensity 0 6

Each of the six channels records sequentially for 9 seconds, with 6
seconds per minute assigned for change between channels. This gives
an overall duty cycle of 90% (54 seconds per minute), 15% for indi-
vidual channels (9 seconds per minute). In order to minimise data
storage requirements only the onset time of clicks and their duration
are logged. This is done with a resolution of 10 µs. The absolute accu-
racy of the timing (time since deployment) is much less, due to drift
in the T-PODs clock during deployment (a few minutes per month).
This drift however, is only of concern when comparing records from
two T-PODs deployed simultaneously. Clicks shorter than 50 µs and
sounds longer than 2550 µs were discarded.

The hydrophone of the T-POD has a resonance frequency of 120 kHz
and is cylindrical and thus in principle omnidirectional (equally sen-
sitive at all angles of incidence) in the horizontal plane. T-PODs are
insensitive to temperature changes within the normal operating

Table 1 T-POD filter settings used at Horns Reef
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range between 3ºC and 25ºC, except from a reduction in battery life at
lower temperatures. Battery-voltage does not influence sensitivity as
the electronics in the T-POD receive a stable voltage until the battery
is drained below 5.1 V, where the electronics turn off.

Version 1 T-PODs is equipped with 8 MB RAM and version 3 T-
PODs with 32 MB RAM. Both are powered with 49.5Ah, 7.2V lithium
batteries (6 3.6V D-cells), which gives a maximum logging period of
about 60 days. A 20 MHz CPU operates data handling. The memory
will normally be filled in 2-4 month depending on echolocation ac-
tivity and software settings.

Figure 6 An open T-POD connected to a computer. The hydrophone can be
seen as a small attachment in the lower end of the T-POD. A prefabricated
6xD-cell LiIon battery pack is seen behind the T-POD.

Figure 7 Screen snapshot from the T-POD.exe software. Five series of por-
poise 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.
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A parallel cable to a PC downloads data from the T-POD in the field
for storage and analysis (Figure 6). Data can be analysed with the T-
POD.exe program used for communicating with the T-POD, or ex-
ported to any spreadsheet software for further analysis. Figure 7
shows an example of downloaded data. Harbour porpoise echoloca-
tion clicks were extracted from the background noise using a filtering
algorithm that filters out non-porpoise clicks such as cavitation noise
from boat propellers, echo sounder signals and similar high fre-
quency noise. This filter has several classes of confidence of which the
second highest class (“cetaceans all”) was used.  Data were exported
in ASCII format for statistical analysis after filtering.

2.2.1 Deployment of T-PODs
The first T-PODs were deployed at Horns Reef in July 2001, and this
report presents data collected from the T-PODs to July 2004 where
the programme was temporarily suspended. The time series obtained
from the T-POD signals contain major gaps due to technical problems
as has been described in previous reports (Tougaard et al. 2003). It
should also be stressed that time series at the different positions
within the investigation area are combined from different T-POD
recordings, because gear has been lost and T-PODs occasionally were
moved from one position to another.

Due to loss of old T-PODs with internal transducers, newer T-PODs
versions with an external transducer were introduced in 2003 and
2004 (T-PODs numbered 161, 224, 226, 270 and 282). Specifically, the
T-POD with id 270 is a version 1 that had an external transducer in-
stalled, and T-POD with id 11 which was refitted with new version 3
electronics but maintained the internal transducer. This implies that
two different types of transducers have been in use at Horns Reef and
moreover, that two T-PODs are hybrids in the sense that parts of the
T-PODs were replaced. All T-PODs recorded porpoise clicks on
channels 2-6 (5 in total) and the average click intensity per minute
was calculated as the sum of these 5 channels, adjusted by a factor of
60/45 corresponding to the actual active period of T-POD monitor-
ing.

Monitoring at Pos. 8 (Slugen) was stopped after the baseline study
due to loss of T-PODs, low porpoise echolocation activity and a sea-
sonal variation different from the other positions (Tougaard et al.
2003). Consequently, these data were excluded from further analysis.

The time series were partitioned into three phases: 1) a baseline from
July 1st 2001 to March 3rd 2002, 2) a construction period from March 4th

2002 to December 18th 2002, and 3) a post-construction period from
December 18th 2002 to July 21st 2004, where the monitoring program
was temporarily suspended.
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2.2.2 Indicators from T-POD signals
T-POD data were analysed in the same manner as previously re-
ported (Skov et al. 2002, Teilmann et al. 2001). Four indicators were
extracted from T-POD signals, based on the logged number of clicks
per 1-minute interval. This signal, denoted xt, consists of many obser-
vations of zero (periods with no clicks) and relatively few observa-
tions with click recordings. The click number per minute was aggre-
gated into daily observations of:
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Another approach to analysis was to consider recorded clicks as the
outcome of a point process, i.e. separate events occurring within the
monitored time span. We considered xt as a sequence of porpoise
encounters within the T-POD range of detection separated by silent
periods without any clicks recorded. Porpoise clicks were often re-
corded in short sequences consisting of both minutes with and with-
out clicks. Such short sequences were considered to belong to the
same encounter. We decided to use a silent period of at least 10 min-
utes to separate two different encounters from each other. This
threshold value was determined from graphical investigation of dif-
ferent time series of xt. Thus, two click recordings separated by a 9-
minute silent period would still be part of the same encounter. The
conversion resulted in two new indicators for porpoise echolocation
activity:

Encounter duration = Number of minutes between two silent periods
longer than 10 minutes

Waiting time = Number of minutes in a silent period lasting more
than 10 minutes

The definitions imply that waiting time has a natural lower bound of
10 minutes, as well as the possibility of encounters potentially in-
cluding periods with zero clicks between periods with clicks spaced
less than 9 minutes apart. Encounter duration and waiting times were
computed from data from each T-POD deployment. Consequently,
each deployment resulted in one more observation of encounter du-
ration, since the silent periods at the beginning and end of deploy-
ment were truncated (interrupted) observations of waiting times.
Encounter duration and waiting time observations were temporally
associated with the time of the midpoint observation, i.e. a silent pe-
riod starting 30 September at 12:14 and ending 1 October at 1:43 was
associated with the mean time of 30 September 18:59 and categorised
as a September observation.
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2.2.3 Interpretation and statistical modelling
The four indicators vary according to presence and behaviour of por-
poises in the vicinity of the T-PODs. The indicators daily frequency
and waiting time between encounters are indicative of porpoise pres-
ence. A higher daily frequency and a lower average waiting time
between encounters compared to another T-POD recording is indica-
tive of a relative higher abundance of porpoises at the former. Daily
intensity and average encounter duration are little affected by the
number of animals in the area. Instead they provide information on
the acoustic behaviour of porpoises, when these are present. The exact
interpretation of these two indicators are difficult, as no behavioural
observations concurrent with T-POD recordings are available. A high
average intensity means that more clicks are recorded, whenever
animals are close to the T-POD. This could simply be a reflection of
the animals physically being closer to the T-POD, or it could be
caused by the animals actually emitting more clicks. The latter would
be the case for foraging animals, or animals actively investigating
objects close to the T-POD. A high average encounter duration is
likely to be caused by animals spending more time in the area close to
the T-POD, again indicating a higher interest in the area (caused by
food or something else).

The four indicators were assumed to be potentially affected by the
following factors Area (wind farm or reference), Podnr(area station)
(differences among different T-PODs deployed at the same station),
Period (baseline, construction or operation), Area×Period (BACI effect,
describing different response to impact in wind farm and reference
areas in the three periods), Month (variation across the year), trans-
ducer (internal or external hydrophone on T-POD) and pod-
type(transducer) (version 1or version 3 electronics).

Variations in the indicators, after appropriate transformation (see
appendix B, were assumed Normal-distributed with a mean value
described by the equation:

µ= area + station(area) + month + period + area× period +
transducer + podtype(transducer)

 ( 2-3 )

Besides answering general questions on differences between wind
farm area and reference areas, seasonal variation, variation among T-
PODs etc., the main purpose of the analysis is to address differential
changes in abundance and behaviour of porpoises in the wind farm
area during construction and operation. Thus, the BACI-test ad-
dresses whether a decrease (or increase) in porpoise abundance in the
wind farm e.g. during construction is higher than what can be ex-
pected based on changes observed concurrently in the reference ar-
eas.

Further details on the statistical analysis of T-POD data can be found
in appendix B.
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2.2.4 Variation with tidal phase
Correlation between tidal phase and T-POD recordings were investi-
gated for selected datasets from 2004. This was done by aligning all
observations in the selected periods according to time after last high
tide at Esbjerg. Correlation with tide was investigated by calculation
of the mean vector of the data, calculated according to Fisher (1995):
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where θi is the phase of each of the n observations. A value of R of 1
indicates that all observations have the same phase. A value of R of
zero can either indicate random distribution or alternatively clump-
ing of the data at two or more phase values that cancel out against
each other (such as π and 2π). The mean phase θ is calculated as:

��
�
�
�

�

�

��
�
�
�

�

�

=
�

Rn
n

iθ

θ

cos

arccos  ( 2-5 )



22



23

3 Results

3.1 Surveys

Three surveys were conducted in 2004 (6 survey days). A summary of
effort and main results is shown in Table 2. Maps of all observations
are shown in Figure 8.

Table 2 Surveys conducted in 2004, with number of observations and relative densities.

Porpoises Porpoise sighting
rate

Porpoise
density

Seals

Survey Date Lines Km Sightings Animals Median
group size

Groups
/ km

Animals/
km

Animals/
km2

Animals

19/2 6 142 12 22 2SN04-A

20/2 7 137 0 0
1.67 0.043 0.072 0.071

3

26/4 6 131 32 64 23SN04-B

27/4 6 147 10 19
1.98 0.14 0.27 0.22

10

2/8 8 212 42 78 5SN04-C

3/8 7 166 23 46
1.90 0.31 0.59 0.45

0

Porpoises were seen on all three surveys, with lowest density in Feb-
ruary and highest in August. Porpoises were observed inside the
wind farm in February and August, but not in April. Observations
were distributed over the entire surveyed area without any obvious
focus of activity.

3.1.1 Detection Function Analyses
Sample size in February (n = 12 observations) was too small to com-
pute detection functions with covariates sea state or observer. As a
consequence we could only run an analyses on February data using
conventional distance sampling based only on perpendicular dis-
tances.

For all three surveys (February, April and August) the most parsimo-
nious detection functions were based on conventional distance sam-
pling (i.e. including information on perpendicular distances only),
without any information on observer or seastate) (see Table 8 in Ap-
pendix C).  April and August both yielded similar probabilities of
detection (0.46 and 0.42, respectively).

The best fitting detection function for February was a straight line,
indicating problems with the model (Figure 9).  Moreover, in Febru-
ary there were more observations further from the trackline than near
it, showing a clear violation of the g(0)=1 assumption, indicating that
the resulting detection function is not valid.
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Figure 8 Survey effort in 2004. Porpoises are indicated with red dots and
sailed transect lines with green. Background shows bottom depth (black
deepest) and open circles indicate wind turbines of the wind farm.
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Figure 9 Detection functions for 2004 harbour porpoise surveys a) 19-20
February b) 26-27April c) 2-3 August. Open circles denote fitted values for
each observation based on the detection function.  ESW is the effective strip
width. S.E. are standard errors. Variance estimated empirically.

c)2-3 August, 2004
Average detection probability :  0.42
ESW: 157.43  ± 34.49 S.E.
number of clusters detected = 60
Estimated clusters: 141.30 ±33.79 S.E.
Estimated abundance: 292.03  ± 71.94 S.E.

b)26-27 April, 2004
Average detection probability : 0.46
ESW:  296.58 ± 39.72 S.E.
number of clusters detected = 42
Estimated clusters: 95.60± 17.26 S.E.
Estimated abundance:  177.12±  36.08
S.E.

a)19-20 February, 2004
Average detection probability : 1.0
ESW:  273,51± 1,36 S.E.
number of clusters detected = 12
Estimated clusters:NA
Estimated abundance:NA
(Uninformative detection function)
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3.1.2 Spatial Model
Based on forward-backward stepwise selection based on Akaike In-
formation Criterion (AIC, see Appendix A), the most parsimonious
GAM models (general linear models) selected for April and August
were global models that included all parameters. Models in which
any of the explanatory covariates (i.e. depth, depth range, distance to
nearest turbine, or distance to nearest 6 m contour) had Akaike dif-
ferences (�i) greater than 10, and were therefore not supported by the
data (Table 3). Although each of these explanatory covariates were
retained by the model selection exercise, not all of these could be con-
sidered “significant” based on F-test probabilities. In April only
depth and distance to nearest turbine were significant below the criti-
cal threshold of 0.5.  In August only distance to nearest turbine and
depth range was significant (Table 3). The proportion of deviance
explained by these models was low (approximately 0.074), explaining
around 7.4% of the variance in each dataset.

Table 3 Results of GAM analysis.  All 4 spatial covariates (depth, distance to
wind farm, distance to 6 meter contour, and depth range) were retained in a
forward - backward stepwise model selection exercise based on AIC.  How-
ever, not all of these terms were considered “significant” below the level of
0.05 according to Pr(F).   Significance codes  * <0.05, **<0.001

Df F Pr(F) Significance
Intercept 1
Depth 5 2.9268 0.020473 *
Distance to nearest turbine 5 4.2390 0.002165 **
Distance to 6 meter contour 5 0.5487 0.700072
Depth range 5 1.4165 0.226981

Proportion of deviance explained 0.0747
DF for Terms and F-values for Nonparametric Effects
2-3 August 2004

Df F Pr(F) Significance
Intercept 1
Depth 5 1.1633 0.32574
Distance to nearest turbine 5 2.5895 0.03571 *
Distance to 6 meter contour 5 1.5274 0.1924
Depth range 5 3.1084 0.01498 *

Proportion of deviance explained   0.0740

The GAM spatial models indicate different response shapes to the
predictor variables for April and August (Figure 10). In April, there
appears to be a slightly decreasing relationship of number of por-
poises to depth, but in August it increases slightly with depth. In
April, distance to nearest turbine is estimated to peak at approxi-
mately 7.5 km from the nearest turbine and again beyond 20 km
away.  However it should be noted that this term was not found to be
significant according to Pr(F) (Table 3), and the confidence intervals
become wider with increasing distance from the turbines.  Moreover,
number of porpoises increased with distance to nearest 6m contour in

DF for Terms and F-values for Nonparametric Effects
26-27 April 2004
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April, but decreased in August.  Again, neither of these were signifi-
cant according to Pr(F). Abundance increased slightly with depth
range in April, but decreased slightly in August, and was only sig-
nificant in August (Table 3).

26-27 April 2004

2-3 August 2004

Depth (m)

Depth (m)

Distance to wind farm (m)

Distance to 6m contour (m) Depth range (m)

Distance to wind farm (m)

Distance to 6m contour (m) Depth range (m)

Figure 10 GAM Response curves for 26-27 April (top) and 2-3 August 2004 (bottom). Each re-
sponse curve is the result of back-fitting the GAM algorithm to calculate the additive contribu-
tion of each variable using non-parametric smoothing methods. Results are expressed in the
scale of the additive predictor before transformation into the prediction scale by the link func-
tion. Solid lines fitted with s-splines with 5 smoothing degrees of freedom. Dashed lines indicate
upper and lower point-wise twice standard error curves.
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3.2 Exploring dynamic explanatory covariates

As an introduction to modelling based on dynamic predictors the
salinity and temperature in the Horns Reef area was modelled for the
days of the surveys in April and August. The hydrographic situations
on five of the six surveys days (excluding 20th of February where no
porpoises were observed) are illustrated in Figure 11 to Figure 15 for
three various depths (surface, 5m and 10m).

The average hydrography on the days of the February and April sur-
veys was complex and characterised by comparatively low saline
surface water covering the Horns Reef area, with gradients towards
higher salinity both going down in the water column and moving
north and south from the shallow reef. On the days of the August
survey there was no vertical gradient in salinity and a uniform gradi-
ent towards higher salinity from the coast and westwards.

Porpoise sightings appeared to coincide with locations characterised
by high spatial and temporal variability in salinity and temperature.
Figure 11 to Figure 15 shows average hydrography at surface, 5m and
10m depths on days of surveys in 2004.

In order to illustrate the dynamic nature of the system animations of
temperature and salinity was produced for the days of the August
survey. These animations show the modelled temperature and salin-
ity at three different depths (surface, 5 m and 10 m) with one hour
intervals. The most noteworthy aspect of the animation is probably
the influence of the tide. The tide causes the entire body of water to
move more or less as a whole back and forth across the reef area.

Hyperlinks to animation of salinity and temperature on August
survey:
Modelled salinity (psu) at surface, 5 and 10 m depths between
2004/08/02 - 2004/08/03. Observations of harbour porpoise sym-
bolised with magenta dots.

Modelled temperature (C) at surface, 5 and 10 m depths between
2004/08/02 - 2004/08/03. Observations of harbour porpoise sym-
bolised with magenta dots.
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Figure 11   Observations on the 19th of February 2004 (red dots) with contours of modelled water salinity (left) and water temperature (right) at the surface, 5 meters
and 10 meters depth.
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Figure 12   Observations on the 26th. of April 2004 together with contours of salinity (left) and temperature (right).
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Figure 13 Observations on the 27th. of April 2004 together with contours of salinity (left) and temperature (right).
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Figure 14 Observations on the 2nd. of August 2004 together with contours of salinity (left) and temperature (right).
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Figure 15 Observations on the 3rd. of August 2004 together with contours of salinity (left) and temperature (right).
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3.3 Results –Acoustic dataloggers

3.3.1 T-POD activity log
Deployments of T-PODs at Horns Reef in 2004 are shown in Figure 16
and summarised in Table 4.

Overall coverage was 67%, which means that PODs were deployed
67% of the time maximally possible (203 days × 6 positions; pos. 2 and
8 excluded). In terms of usable data, overall coverage was 30%.  A
large variation among positions is evident however, with data cover-
age ranging from as low as 0% (no data from pos. 6) to 55% (pos 7).

Data gathered on each T-POD deployed throughout the period are
shown with bold lines. A reasonable amount of data came from posi-
tions 1, 3, 5 and 7, with a little additional data from position 4. POD
161 was damaged while deployed and data were lost. It has subse-
quently been sent for repair. PODs 224 and 226 were lost while de-
ployed and has not been recovered.

Date

jan feb mar apr maj jun jul aug

P
os

iti
on

1

2

3

4

5

6

7

8

T-P
O

D
 num

ber

37

224

226

270

161

11

37

226

282

Service visit
POD deployed, good data
POD deployed, no data

1)

2)

2)

Figure 16   Activity log for deployments of T-PODs at Horns Reef in the
period from January 1st to July 21st 2004. Positions are shown on the left
y-axis and T-POD numbers on the right. Date is shown on the x-axis..
Bold lines indicates periods where useful data has been gathered, thin
black lines indicates deployed T-PODs, that has been inactive either due
to filled memory or empty batteries. Thin red lines indicates deployed T-
PODs that has been active, but with wrong set-up. Position 5 and 6 are
inside the impact area, position 2 and 8 were not in use in 2003 and the
remaining positions constitute the control areas. Notes: 1) T-POD #161
damaged during deployment. Sent for repair. 2) T-PODs #224 and #226
lost.
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3.3.2 Variation with time of day and tidal phase
An example of T-POD data collected in 2004 is shown in Figure 17.
Here the number of clicks per 10-minute intervals are separated on
time of day and date. This type of dot-raster plots allows for a good
overview of diel and day-to-day variation in click activity.

It can be seen from the figure that porpoise clicks were recorded
throughout the entire 2-month period of the recording. In the begin-
ning of the period (last half of May) there is a pronounced diurnal
rhythm, with increased activity in the afternoon and early evening,
whereas this rhythm is absent in the rest of the period. There is a de-
crease in activity in most of June, but from the end of June and on-
wards there is an almost constant high activity throughout day and
night.

Table 4  Summary of data collected January 1st. to July 21st. 2004. Efficiency of data collection is calculated
both relative to the entire period and number of days PODs were actually deployed. Periods with double
deployment are counted as one.

Station 1 3 4 5 6 7 Total

T-POD id 37/224 37 226 226/270 161 11/282

Deployment days 169 98 98 182 84 182 813

Data days 166 71 17 102 0 112 368

Deployment days / potential 83.7% 48.5 % 48.5 % 90.1 % 41.6 % 90.1 % 67.1%

Data days / deployment 39.1 % 72.4 % 17.3 % 56.0 % 0.0 % 61.5 % 45.3 %

Data days / potential 32.7 % 35.1 % 8.4 % 50.5 % 0.0 % 55.4 % 30.4 %

Time

  00:00   04:00   08:00   12:00   16:00   20:00   00:00
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01-07-04

1000
100
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Clicks/10 min

Figure 17   Example of T-POD-data collected in the period May 5th to July 21st 2004. Number of clicks per
10 minute interval is indicated by the size of yellow circles. Note the logarithmic scaling of dot-size. Hori-
zontal axis is time of day, sequential days are stacked on the vertical axis. T-POD 282 from position 7.
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The gradual shift in time of activity from day to day visible in Figure
17 (small, but consistent shift to the right from line to line) suggest
that there may be another periodicity involved. Figure 18 shows the
same data, now plotted according to time after high tide in Esbjerg
harbour. The synchronisation with tide is striking, with peaks around
high tide and lows at low tide. Figure 19 shows the same data
summed in a single histogram, together with data from two other
stations. There is a similar pronounced cyclic variation in the data
from position 1, whereas it is only weak or absent in the data from
position 6 (inside the wind farm).

HR 7 POD 282 2004

Tidal phase

High Low High

D
at

e

01-06-04

01-07-04

1000
100

10

Clicks/10 min

Figure 18   Same data as in Figure 17, but plotted relative to tide at Esbjerg Harbour.
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Horns Reef Pos 1 (POD 37) 15.1-20.3 2004
R = 0.24, θ = 0%
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Horns Reef Pos 6 (POD 270) 14.4-11.7 2004
R = 0.03, θ = 13%

Tidal phase

High Low High Low High

C
lic

ks
 (p

er
ce

nt
)

0

2

4

6

8

10

Horns Reef Pos 7 (POD 282) 11.5-21.7 2004
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Figure 19   Histogram of average number of clicks as a function of tidal phase
(Esbjerg Harbour) at three different positions. Data is repeated twice to il-
lustrate two full tidal cycles. Tidal cycle shown as black curve.



38

3.3.3 Daily statistics
Daily click frequencies and intensities were calculated from the POD
data (shown in Figure 23 in Appendix D). There was a total of 1430
days with T-POD monitoring data from the 6 positions with 314, 150,
26, 286, 134, 520 days at Pos. 1, 3, 4, 5, 6 and 7, respectively. The num-
bers of monitoring days for the three considered periods were 187,
294 and 949 for the baseline, construction and operation period, re-
spectively.

Seventy-seven monitoring days contained no recordings of clicks and
click intensities could thus not be calculated for these days (click fre-
quency of zero).

Temporal variations and variation between positions and PODs were
relatively smaller for intensities compared to frequencies. For the 6
positions the coefficients of variation varied between 40% and 71%
for click intensity and between 91% and 209% for click frequency.
Over the 3 different periods the click intensity was remarkably stable
with coefficients of variation between 49% and 50%, whereas the co-
efficient of variation for click frequency dropped from 158% in the
baseline to 146% in the construction period and down to 117% in the
operation period. The average click frequency was 2.3% in the base-
line, 1.8% during the construction period and 2.5% during the opera-
tion period, whereas the average click intensity declined from 49.8
clicks/min in the baseline to 39.6 clicks/min during the construction
and then increased again to 43.7 clicks/min during the operation pe-
riod.

3.3.4 Encounter statistics
In the monitoring period (baseline through to post construction
phase) 14641 porpoise encounters were recorded on the PODs and
14583 waiting times could be calculated (Shown in Figure 24 in Ap-
pendix D). All positions, with the exception of pos. 4. had more than
500 observations of both duration and waiting time. Pos. 7 had the
largest number of observations (approx. 44% of total) for both dura-
tion (n=6455) and waiting time (n=6443). Encounter observations
were unevenly distributed between baseline (10%), construction pe-
riod (18%) and post construction period (72%). There were inevitably
fewer waiting times than encounters since the first and last silent pe-
riod of each T-POD recording is not considered a waiting time obser-
vation.

The relative variation in encounter duration (151-273% for the 6 posi-
tions) and waiting time (145-289% for the 6 positions) were larger
than for the daily click intensity and frequency. However, there were
also approximately 10 times as many observations. Both duration and
waiting time distributions were strongly skewed to the right with
observations exceeding 1 hour for duration and 1 day for waiting
time (Figure 24 in Appendix D). The coefficient of variation for dura-
tion gradually decreased from 269% in baseline to 187% in operation
period, whereas it gradually increased for waiting time from 167% in
baseline to 222% in operation period. The average encounter duration
for the three periods was relatively stable (5.1-7.2 minutes) whereas
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the average waiting time decreased from approximately 150 minutes
in baseline and construction period to about 120 minutes in the op-
eration period.

3.3.5 Changes between area and periods
The factors assumed to influence the variation in daily frequency and
waiting time as described in ( 2-3 ) were all significant, except for
area×period for waiting time (Table 5).  Factors area, period and trans-
ducer were significant for daily intensity and factors area, station(area),
period, transducer, and podtype(transducer) were significant for en-
counter duration (Table 5).

The daily intensity was generally lower in the impact area and there
was also a general decline over the entire area from the baseline to
the construction and post construction period (Table 9 and Figure 20).
However, this trend was observed in both the control and impact
area and none of the three investigated BACI effects were significant
(Table 6). Neither was the interaction area×period. The mean daily in-
tensity decreased by almost 28% after the baseline period for the en-
tire area.

The daily intensity was generally lower in the impact area and there
was also general decline over the entire area from the baseline to the
construction and operation periods (Figure 20). However, this trend
was observed in both the control and impact area and none of the
three investigated BACI effects were significant, nor was the interac-
tion area×period. The mean daily intensity decreased by 28% after the
baseline period for the entire area.

 The daily frequency was also generally lower in the impact area
relative to the control area, and the overall daily frequency decreased
from 5.0% in the baseline to approximately 3.2% during construction
and down to 1.4% during the operation period (Figure 20). These
trends were not completely similar for baseline versus construction
and baseline versus operation in the two areas, whereas the trends in
the two areas were similar from the construction to operation period.
The daily frequency increased relatively more (6.7%) from baseline to
construction whereas the relative increase from baseline to operation
was less (4.1%).

In the control area the encounter duration was low during construc-
tion and operation and relatively high during the baseline (Figure 20).
Although encounters were relatively short in the impact area, they
also shortened during the entire period. However, the temporal

Table 5 Analysis of variation for the four indicators. The p-values for the different factors in ( 2-3 ) are
given. Significant p-values are indicated in bold.

Indicator Area Station
(area)

Month Period Area
*period

Transducer Podtype
(transd.)

Daily click intensity 0.0282 0.5781 0.3136 0.0089 0.9254 0.0174 0.4802

Daily click frequency <0.0001 <0.0001 <0.0001 <0.0001 0.0074 <0.0001 <0.0001

Encounter duration 0.0048 0.0057 0.6786 0.0013 0.8127 <0.0001 0.0002

Waiting time <0.0001 0.0002 <0.0001 0.0004 0.2278 <0.0001 <0.0001
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changes were the same for both areas as shown by the contrasts
(Table 6).

Over the entire period waiting time in the impact area was larger that
in the control area (Figure 20). The waiting time increased slightly
from baseline to the construction period and then almost doubled in
the operation period. This pattern was most pronounced for the con-
trol area and to a lesser extent in the impact area. However, the
trends in the two areas were not significantly different.

Table 6 Analysis of variation for the four indicators. Contrast of the BACI
analysis and their p-values for the three BACI tests are given for the three
combinations of periods (baseline, construction and operation). Significant
values are indicated in bold.

Indicator BACI Estimate P-value

Baseline vs. construction -0.0776 0.7414

Baseline vs. Operation -0.0723 0.7221

Daily click intensity

Construction vs. Operation 0.0052 0.9803

Baseline vs. construction 0.0648 0.0027

Baseline vs. Operation 0.0402 0.0169

Daily click frequency

Construction vs. Operation -0.0246 0.1883

Baseline vs. construction 0.0605 0.7507

Baseline vs. Operation 0.1050 0.5234

Encounter duration

Construction vs. Operation 0.0445 0.7835

Baseline vs. construction -0.2601 0.3272

Baseline vs. Operation -0.3877 0.0863

Waiting time

Construction vs. Operation -0.1276 0.5685
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Figure 20 Mean values for combinations of area and period back-
transformed to the original scale are given for combinations of the two areas
(control and impact) and the three periods (baseline, construction and op-
eration). All data are listed in Table 9 in Appendix D.
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3.3.6 Seasonal, station-specific and T-POD variation
Two out of the four indicators (daily frequency and waiting time)
showed significant seasonal variation with a distinctive and corre-
sponding pattern of lower echolocation activity in winter and higher
echolocation activity in summer (Figure 21). The mean daily click fre-
quency was highest in July and mean waiting time similarly had the
low value also in July. The lowest mean click frequency was in No-
vember, whereas the longest mean waiting time was in February.

The difference in daily click intensity for the two areas was small but
the station-specific variation within the two areas was even small and
not significant (Figure 22). However, the three other indicators
showed clear spatial trends with Pos. 3, Pos. 4 and Pos. 7 having the
highest click frequency and encounter duration, and shortest waiting
time, indicating that these particular locations had the highest por-
poise echolocation activity. The two stations within the impact area
had the lowest echolocation activity signified by the lowest click fre-
quency and encounter duration (together with Pos. 1), and longest
waiting time. The westernmost station at Horns Reef (Pos. 1) had a
slightly higher echolocation activity than in the impact area.

Variations attributed to the use of transducer type and hybrid T-
PODs were also significant for all four indicators, except hybrid T-
POD variation for daily click intensity. External transducer in the T-
PODs increased the daily click intensity by 55.8%, the daily click fre-
quency by 8.5%, encounter durations by 41.3% and waiting times
decreased by 31.3%. Similarly, the two hybrids versions (pod id 11
and 270) increased the daily click frequencies by 5.8% and 3.0%, in-
creased the encounter durations by 59.8% and 27.3%, and decreased
the waiting times by 60.6% and 14.0%, respectively. These changes for
the hybrid T-PODs were relative to T-PODs with internal transducer
for pod id 11 and relative to T-PODs with external transducer for pod
id 270.
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Figure 21 Seasonal means for the four indicators after back-transformation. Error bars indicate 95% confi-
dence limits for the mean values.
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4 Discussion

The monitoring program is now entering the final phase, ending with
collection of data by the end of 2005 and final reports in 2006. This
fact and the temporary suspension of the programme in 2004 makes
the present report somewhat different from previous reports. A
smaller than normal amount of data were collected in 2004 makes it
difficult to add much to conclusions from previous years using the
methods of analysis applied until now. On the other hand, this is a
late point to introduce new methods and it seems most appropriate to
do this in the final report. Thus, this report looks ahead and provides
indications on the direction the data analysis will move in the coming
year towards the final report.

The aim of the programme has from the beginning been to determine
effects of the wind farm on harbour porpoises in the region of Horns
Reef. More specifically this was to be determined by looking for a
decrease in porpoise abundance in the wind farm area, relative to the
surrounding areas. This task turned out more difficult than antici-
pated, as elaborated on below. The primary obstacle is the large
variation in abundance and also technical problems with acoustic
dataloggers have added to the complexity of the analysis. The main
focus of the final analysis will thus be on identifying these sources of
variation and either remove this variation or include the variables in
the analysis.

4.1 Distribution of porpoises on the reef

Porpoises were seen across the entire Horns Reef area in 2004, in line
with previous years and click signals recorded on all T-PODs de-
ployed, including inside the wind farm area. Our initial approach to
modelling the distribution, as described above in this report, included
only static environmental predictors. Although it has been a clear
expectation from the outset that dynamic variables (most important
water salinity, acting as a proxy for frontal mixing zones with in-
creased food abundance) would be important, we nevertheless ex-
pected that some stable patterns in distribution of porpoises could be
found. The ability of our four predictors, which with the exception of
distance to wind farm, was derived from bathymetry, to predict por-
poise sightings on the two surveys in 2004 turned out to be very poor.
This highlights the area as a highly dynamic area, where animals
(porpoises and their prey) probably only to a small degree orient in
relation to the reef in itself, but instead orient towards hydrographical
structures and moves across the reef together with the moving bodies
of water.

The Horns Reef area has very complex bathymetry and hydrography
and the relation between these variables and porpoise abundance is
not simple. It has previously been shown (Tougaard et al, 2004) that
salinity plays a role in explaining T-POD data although not in a sim-
ple way. More encouraging is the present result, that porpoise click
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activity at least in some areas of Horns Reef are strongly correlated
with tide. This strong correlation is in correspondence with observa-
tions from an area in Bay of Fundy, Canada with a similar complex
hydrography (Johnston et al. 2005).

4.1.1 Spatial modelling questions to address
Distance to nearest turbine was retained in the April and August
GAM model selection exercises based on AIC. This explanatory co-
variate was also found to be a significant predictor of harbour por-
poise abundance in the August surveys.  Nevertheless, further work
is needed to determine if this result is robust. It is very important to
consider that these GAM models explained very little of the propor-
tion of deviance in the April and August survey data.  This indicates
that the explanatory covariates considered so far (depth, depth range,
distance to nearest turbine and distance to nearest 6 m contour) paint
an incomplete picture of harbour porpoise abundance, and that other
explanatory covariates must be considered.

The GAM spatial models explained approximately 7.4% of the devi-
ance in the April and August surveys.  There are several possible ex-
planations for this low explanatory power.  First of all, our model
included only static explanatory variables (depth, depth range, dis-
tance to nearest turbine, and distance to nearest 6 meter contour).
The proportion of deviance explained might be improved by the in-
clusion of other explanatory variables that relate to hydrodynamic
conditions throughout the water column. These variables could act as
proxies for the real determining variable, which is likely to be prey
abundance. Examples of these proxy variables might relate to the
spatial pattern of upwelling of nutrients, or the maps of the temporal
stability of conditions. Other variables that might explain porpoise
abundance might relate to spatial gradients in salinity.  For example,
nutrients are known to be concentrated where saline and fresh waters
mix together, such as locations where brackish water from the Ger-
man Rivers mixes with the saline conditions of the North Sea, leading
to a higher production. Concentration of plankton directly can also
take place and in both cases this could attract fish and the harbour
porpoises that feed upon them. Fine scale, dynamic maps of salinity,
such as those currently under development, may provide additional
explanatory power. Results from T-POD analyses highlights tidal
phase as another potentially useful explanatory variable, which
should be incorporated into future spatial modelling exercises.

At this point only the two surveys from 2004 where porpoises were
abundant has been analysed using the spatial modelling tools. Thus,
further work is needed to determine if the different relationships
between porpoise abundance and the explanatory variables seen in
the two surveys are due to seasonal changes in porpoise habitat pref-
erences or are due to biases resulting from the design of the surveys
or in the modelling approach. All surveys conducted, including those
conducted in 2005 will be included in the final analysis which should
shed some light on this question.
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4.1.2 New directions for spatial modelling
Future work in spatial modelling should incorporate improved
methods for correctly estimating variance in abundance estimates.
For example, more than one detection function and GAM model may
be supported considerably well by the data, yet any of these models
can yield different abundance estimates.

An improved modelling approach should include estimates of model
selection uncertainty that arises from the selection of the detection
function and the GAM model of spatial covariates. Moreover, indi-
vidual segments on the transect line are not independent of one an-
other, but are instead nested within individual lines. Further model-
ling should be carried out within a more robust Generalised Additive
Mixed Modelling (GAMM) framework to handle this non-
independence of segments within lines.  Finally, spatial data are
autocorrelated. Further modelling should ideally include spatial
autocovariates to minimise the effects of spatial autocorrelation to
help identify correct parameter estimates.

The likely importance of salinity gradients and hydrographical fron-
tal structures was stressed in the introduction. As these features are
dynamic and change from day to day and even from hour to hour
due to tides and weather they cannot be included in the simple mod-
els. It does not make sense for example to use average salinity levels
for the Horns Reef area, as this average excludes all information on
the day to day variation, which probably plays a central role in de-
termining where the animals can be found.

Instead dynamic models must be developed, where the environ-
mental conditions at the time of each observation (whether a sighting
of an animal or a line without animals) is linked to the observation.
Once we have incorporated dynamic environmental covariates along
with static covariates in our model, we will be able to make spatial
predictions of harbour porpoise abundance within our study area, as
well as outside it.  These predictions will be accompanied by maps of
the spatial patterns of uncertainty in our predictions, in order that we
can quantitatively evaluate the quality of our abundance estimates
pixel by pixel throughout the Horns Reef area.

4.2 Effect of wind farm on porpoises

In modelling the survey data a predictor “distance to wind farm” was
included. This was included in order to test the hypothesis that ani-
mals were attracted to or avoided the wind farm area to a smaller or
larger degree. As baseline data have yet to be included in the analy-
sis, this analysis of course cannot separate effects of the wind farm
from a natural higher or lower abundance in the wind farm area. In
any case, the correlation between observations and distance to wind
farm was very weak, indicating little effect of the wind farm area.
However, Only after we have included information from the dynamic
explanatory variables would it be reasonable to conclude that the low
proportion of deviance explained implies that the wind farm has a
negligible effect on porpoise abundance. Furthermore, distance to
nearest turbine, may be correlated with other variables that actually
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determine porpoise abundance (e.g. distance to the 6 m contour).  We
must repeat these GAM analyses on older Horns Reef survey data to
examine if porpoise abundance varied with distance from the current
location of the wind farm even prior to its construction.

4.2.1 Acoustic dataloggers
T-PODs contributed with 368 data days in 2004, distributed over six
measuring stations. Results show that porpoise abundance (as indi-
cated by daily frequency and average waiting time) has decreased in
the entire area throughout the duration of the monitoring program.
Conclusions are not strong, however, as there are several confound-
ing factors, that affects conclusions. The observed decline thus at this
point cannot be attributed to the wind farm, not can the wind farm be
ruled out as a determining factor. A central task in the data analysis
for the final report will be to understand and resolve as many of the
confounding factors as possible.

The loss and replacement of T-PODs has resulted in a highly incon-
sistent data set, where 15 T-PODs have been deployed during differ-
ent periods with only small temporal overlap. In fact, the loss of data
has been so large that the T-POD specific variation could not be de-
termined independently, and consequently the T-POD specific varia-
tion was reduced to variations between transducer type and hybrid
versions. If we try to include the T-POD specific variation, the de-
grees of freedom available for this are 10. This implies that at least 5
bounds on the T-POD variation parameters have to be set, e.g. as-
suming that some T-PODs have the same specific sensitivity. Another
important point is that monitoring data in the impact area during
construction was from a single T-POD (id 39) and that this data is
rather scarce. This implies that the BACI-test relies heavily on this T-
POD not deviating in sensitivity from the other T-PODs. It is known
from other studies (Tougaard et al., 2005) that the T-POD specific
variation can be important, particularly for indicators daily frequency
and waiting time, and we cannot exclude that the significance of the
factors in Table 6 are not influenced by T-POD specific variation.
Similarly, the seasonal and spatial variation in Figure 21 and Figure 22
are most likely biased by differences in T-POD sensitivity in addition
to the use of transducer type and hybrid versions. In addition, from
the construction to the operation period version 1 T-PODs were re-
placed by version 3 (version 1 were no longer available from the pro-
ducer) at all positions except Pos. 3 and 4, and the data available from
Pos. 3 and 4 during the operation period was scarce. Thus, comparing
the echolocation activity levels from construction to operation de-
pends crucially on the T-PODs from these two positions not deviating
in sensitivity from the other T-PODs. In general, the model in ( 2-3 ) is
estimable but the interpretation of the results depends heavily on the
assumption that there is no significant T-POD specific variation and
that data during some short crucial periods, needed to link the entire
model together, is representative of the given situation and not due to
some short term random fluctuation not accounted for. Thus, resolv-
ing the effects of individual differences among T-PODs will be a cen-
tral issue in the final analysis.
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5 Conclusion

The analyses performed on the 2004 data (three surveys and 7
months of T-POD data) have added only little to conclusions from
previous years’ reports. We may say that we are still confused, but at
a higher level. This years analyses have brought us closer to under-
standing the complexity and dynamics of the Horns Reef area and the
factors which may govern the fine-scale distribution of harbour por-
poises in the area. The strong correlation between porpoise abun-
dance and high tide is especially encouraging, as it raises promises
that inclusion of this variable as well as other dynamic variables (es-
pecially salinity) will explain significant parts of the large variation in
the data and allow for stronger conclusions regarding effects of the
wind farm.

As the situation stands at this point we must restrain ourselves to
very weak conclusions on general effects of the wind farm. The con-
clusion from Tougaard et al. (2003) on specific effects of the construc-
tion (especially pile drivings) is strong and unchanged. The analyses
of T-POD data and survey data from the construction period as a
whole and the following operational period points to a weak or ab-
sent negative effect, but it should be stressed that this conclusion is
very weak and could well change after final analysis of the entire
dataset.
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Appendix A

Distance sampling and spatial modelling

Distance sampling methodology
Line-transect distance sampling methods allow researchers to esti-
mate the abundance of animals in a surveyed area, even though
many animals in that area have not been detected (Buckland et al.
2001, Hammond et al. 1995). In these methods, the number of animals
observed along a transect line is recorded, along with the perpen-
dicular distance of these observations to the transect line. It is as-
sumed that all animals on the transect line will be detected, but ani-
mals further away from the transect line are more likely to be missed.
Thus, if we plot the number of observations versus distance from the
transect line, we can fit a detection function to the data using a num-
ber of statistical methods. This function assumes that the probability
of observing an animal on the transect line is 1.0, but decreases with
distance from the transect line, and is the central theme in distance
sampling methods. These functions are flexible, and can incorporate
information on a number of factors that might also influence the
probability of detecting an object and the resulting estimates of ani-
mal abundance. Examples of such factors include seastate (fewer
animals may be observed in rough waters than in calmer sea condi-
tions), observer (some observers see more animals than others)., and
cluster size (large pods may be easier to observe at greater distances
than smaller pods).

We observed the number and positions of harbour porpoises while
sailing along 14 transect lines, separated by 0.6 nautical miles, over a
2-day period.  To facilitate observations, surveys needed to be carried
out in calm sea conditions where weather forecasts imply seastate
will be below 2 over the entire 2-day survey period. Consequently,
we were able to carry out three 2-day surveys in 2004 (19-20 Febru-
ary, 26-27 April, and 2-3 August). At least 3 observers with binoculars
were positioned on board each ship during each survey, with one
continually monitoring the trackline (to help ensure the observation
of every animal on the trackline), and the other two positioned each
at port and starboard.  Further details of the survey methods can be
found in previous reports (Tougaard et al. 2004).

We computed detection functions for each of the three 2-day surveys.
When sample size was sufficient to do so (only for April and August
surveys), various combinations of other explanatory variables, in ad-
dition to perpendicular distances, were included to compute detec-
tion functions. These other explanatory variables included seastate
(coded as a factor with levels 1, 1,5 and 2), observer (initials of each
observer were recorded for each observation), and cluster size (num-
ber of individuals in an observed pod).

Selecting the most parsimonious detection function
Based on standard methods (Buckland et al. 2001), we selected the
most parsimonious of these detection functions using Akaike’s In-
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formation Criterion (AIC).

���������	
���θ�|�����������  ( 5-1 )

where loge((θ|data)) is the value of the maximised log-likelihood
over the estimated parameters given the data and the model, and K is
the number of parameters in a candidate model.  Information-
theoretic methods of model selection rely on the calculation of the
Akaike Information Criteria (AIC, Akaike 1973) as a model selection
tool. Within a set of candidate models, such as each of our possible
detection functions, models with relatively low AIC values are the
most parsimonious and strike a balance between bias and variance of
model predictions. AIC is a measure of the relative Kullback-Leibler
information lost in using candidate model i to approximate truth j.

For each of the candidate models, we calculate AIC and then rescale
these values to calculate AIC differences (∆i), so that the model hav-
ing the lowest AIC (or AICc) value has a ∆i value of 0, i.e.

���������������� �������  ( 5-2 )

where AICi is the AIC (or AICc) value of the i'th model, and min(AIC)
is the AIC (or AICc) value of the model with the lowest AIC (or AICc)
value. Thus, the model with a (∆i) = 0 is the Kullback-Leibler best ap-
proximating model in the candidate set. The larger the value of (∆i),
the less plausible is the fitted model i as being the best approximating
candidate model. Typically, models with (∆i) values between zero
and two have strong support. Models with (∆i) values between two
and ten have some support decreasing to essentially no support
where (∆i) exceeds than ten (Burnham and Anderson 2002).

From the Akaike differences (∆i), we derive the Akaike weights (wi)
for each of the r candidate models.
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Akaike weights (wi) approximate the probability that a given candi-
date model will be the Kullback-Leibler best model (best approxi-
mating model in the set of candidate models) if the analysis was re-
peated on a different sample drawn from the population. These
weights are scaled between zero and one, and represent the evidence
for a particular model as a proportion of the total evidence support-
ing all of the models.  Therefore, all Akaike weights sum to one, and a
model with a Akaike weight of 0.9 is expected to be the Kullback-
Leibler best model in 90% of all possible samples. The candidate
model with the largest Akaike weight is the most parsimonious
model and has the most support among the specified candidate mod-
els, given the data.
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Calculation of detection functions, ESWs and animal abundances
were all performed by the software package Distance ver. 5.0
(Thomas et al. 2003).

Spatial Modelling
An extension of distance sampling methods allows researchers to
estimate the number of objects observed along segments of the tran-
sect line, and model these as a function of environmental explanatory
covariates (Hedley et al. 1999, Hedley et al. 2004). These methods
allow us to infer whether the number of animals observed in a given
area varies as a function of environmental covariates such as bathy-
metry, tidal phase, or distance to wind farm. These methods also al-
low us to predict the number of porpoises in places we have not sur-
veyed.  For this report we use these spatial modelling tools to infer
the effect of environmental covariates, but do not yet use them for
prediction to new locations.

Response
For each survey, we divided the transect line into segments each with
length = 500m.We then counted the number of animals observed in
each segment along the transect line. These counts formed the re-
sponse for a generalised additive model (see above).

Environmental covariates
We modelled these observations as a function of four static environ-
mental covariates including bathymetry, bathymetric range, distance
to nearest turbine, and distance to nearest 6-meter depth contour. The
bathymetry data were provided by the Danish Coast Guard as point
estimates of seafloor depth interpolated at 200-meter intervals.  From
these we used linear interpolation to estimate a bathymetric surface
using the ESRI TINSPOT procedure. We computed bathymetric range
as the range of depths occurring within a given 1500 meter window.
Distance to nearest turbine was estimated as the simple Euclidean
distance in meters to the nearest turbine.  Distance to nearest 6-meter
depth contour was estimated across the study area as the simple
Euclidean distance to the nearest location shallower than 6 meters.
All analyses were performed in ARCGIS 9.0.

We then extracted the average values of the environmental covariates
coinciding with each of the segments in our geographic information
system.  We then modelled the number of porpoises observed in each
segment as a function of the explanatory covariates using a count
model approach.

The Count Model
The count model approach follows that of Hedley et al. (2004). First,
we divided each transect line into T small contiguous segments and
summed the number of observations within each segment j.  We then
modelled the counts of animals observed within a particular segment
as

[ ] .,...1,)ˆ2(logexp 0 TjzljnE
K

k
jkkej =�
	



�
�

 ++= �ββµ  ( 5-4 )
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where [ ]jnE  is the expected number of animals observed in segment

j,  )ˆ2(log µje l  is the logarithm of the effective area of each segment, lj

is the length of segment j, and µ̂  is the effective strip half-width
which in our case is constant across all segments. The term

)ˆ2(log µje l entered into the GLM or GAM model as an offset term,

while �+
k

jkk zββ 0  are parameters to be estimated by GLM or GAM

with a Poisson error structure. Among these, 0β  is the intercept of
the GML or GAM model, kβ is the parameter estimate for spatial
covariate zk,. and K is the number of spatial covariates in the model
The most parsimonious detection function did not include any infor-
mation on seastate, observer, or cluster size, and consequently effec-
tive strip half-width µ was constant for the data from surveys 26-27
April and 2-3 August.

Exploring dynamic spatial covariates
Although static predictors such as those described above may explain
some of the patterns of abundance in harbour porpoises, they alone
give an incomplete picture of their distributions.  The spatial distri-
butions of animals are also expected to relate to dynamic conditions
that fluctuate in time and space, and in particular, variables that cor-
relate with fluctuating food resources may explain porpoise occur-
rences (Guisan and Thruillier 2005 in press).

Few studies have attempted to incorporate dynamic explanatory
variables into a spatial model of animal abundance. It is technically
challenging and complex to derive dynamic hydrographic features,
and consequently this has been the realm of hydrographic and mete-
orological modellers. Hydrodynamic models typically derive hourly
averages of salinity, temperature, current speed and direction.
Though appropriate for forecasting sailing conditions and weather,
patterns of abundance of animals may better be described by vari-
ability of these parameters in time and space. Moreover, hydro-
graphic currents circulate nutrients horizontally and vertically
through the water column, and locations characterised by nutrient
upwelling are expected to correlate with fish abundance, and in turn,
local harbour porpoise abundance.  In an effort to derive hydro-
graphic parameters that reflect these changes in time and space, and
relate to nutrient upwelling, NERI collaborated with the Danish Hy-
drographic Institute to derive new spatial covariates that reflect dy-
namic conditions throughout the water column at a fine spatial and
horizontal resolution.

DHI simulated average conditions of temperature, salinity, current
speed and direction on a 500 meter grid for each hour during each 2-
day survey period. These data were simulated for 1-m slices
throughout the water column.  Using a GIS, we overlaid our animal
observations with these hydrographic simulations to help identify
new parameters that might correlate with harbour porpoise sightings.
These analyses were performed in Mike Zero software.
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Appendix B

Statistical analysis of T-POD data

Models for indicators
The indicators were analysed according to a modified BACI-design
(Green 1979) that included station-specific and seasonal variation as
well. Variation in all four indicators reflecting different features of the
same porpoise echolocation activity were assumed to be potentially
affected by the following factors:

• Area (2 levels) describes the spatial variation between control and
impact area.

• Station (area) (6 levels) describing the station-specific variation
nested within the two areas.

• podnr(area station) describes the T-POD specific variation for the
three stations where the equipment was replaced

• Period (3 levels) describing the stepwise changes in the activity
level during the baseline, the construction and post construction
period.

• Area× Period (6 levels) describing differences in the 3 periods be-
tween the control and impact area.

•  Month (12 levels) describes the seasonal variation by means of
monthly values.

It was not possible to include a T-POD specific variation, instead two
factors were included to account for variations in T-POD types.

• transducer (two levels) describing hydrophone type (internal vs.
external)

• podtype(transducer) (two levels) describing differences of the two
hybrid T-PODs.

All factors in the model were fixed effects. Variations in the indica-
tors, after appropriate transformation, were assumed Normal-
distributed with a mean value described by the equation:

µ= area + station(area) + month + period + area× period +
transducer + podtype(transducer)

 ( 5-5 )

The factor area× period, also referred to as the BACI effect, described a
step-wise change in the impact area different from that in the refer-
ence area. Marginal means for the different factors of the model were
calculated and back-transformed to mean values on the original scale.
BACI effects, each having 1 numerator degree of freedom, for the
relative change for the two areas between baseline and construction,
between baseline and operation, and between construction and op-
eration were also calculated explicitly as contrasts of the marginal
means in the model and for example,

[ ]
[ ]

[ ]
[ ]onconstructi Reference,E

baseline Reference,E
baselineImpact,E

onconstructi Impact,E
contrast) exp(BACI ⋅=  ( 5-6 )
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i.e. the exponential of the contrast described the relative change from
the baseline to the construction period in the impact area relative to
the reference area. Similar calculations were carried out for the BACI
contrasts between baseline and operation as well as between con-
struction and operation.

The temporal variation in the indicators was assumed to follow an
overall fixed seasonal pattern described by monthly means, but fluc-
tuations in the harbour porpoise density in the region on a shorter
time scale may potentially give rise to serial correlations in the obser-
vations. For example, if a short waiting time is observed the next
waiting time is likely to be short as well. Similar arguments can be
proposed for the other indicators.  In order to account for any auto-
correlation in the residuals we formulated a covariance structure for
the random variation by means of an ARMA(1,1)-process (Chatfield
1984) subject to observations within separate deployments, i.e. com-
plete independence was assumed across gaps in the time series. Thus,
this model included an extension to the general linear theory (e.g.
(McCullagh and Nelder 1989) by mixing fixed and random effects.

Transformations, distributions and back-transformations were se-
lected separately for the different indicators by investigating the sta-
tistical properties of data (Table 7). The data comprised an unbalanced
design, i.e. uneven number for the different combinations of factors in
the model, and arithmetic means by averaging over groups within a
given factor may therefore not reflect the “typical” response of that
factor because they do not take other effects into account. Typical
responses of the different factors were calculated by marginal means
(Searle et al. 1980) where the variation in other factors was taken into
account.

�The back-transformation of the logarithmic transformation can be found in e.g. (McCullagh and Nelder 1989), p. 285.

Waiting times has a natural lower bound of 10 minutes imposed by
the encounter definition, and we therefore subtracted 10 minutes
from these observations before taking the logarithm in order to derive
a more typical lognormal distribution. Applying the log-
transformation had the implication that additive factors as described
in ( 5-6 ) were multiplicative on the original scale. This meant that e.g.
the seasonal variation was described by monthly scaling means
rather than additive means. Variations in the four indicators were
investigated within the framework of generalised linear models
(McCullagh and Nelder 1989), and the significance of the different

Table 7 List of transformation, distributions and back-transformation employed on the four indicators for
harbour porpoise echolocation activity.

Indicator Transformation Distribution Back-transformation

Daily intensity Logarithmic – log(y) Normal )2exp( 2σµ + �

Daily frequency
Angular – sin-1( y )

Normal Table 6 (Rohlf and Sokal
1981)d}

Encounter duration Logarithmic – log(y) Normal )2exp( 2σµ + �

Waiting time Logarithmic – log(y-10) Normal )2exp( 2σµ + +10�
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factors in ( 5-5 )( 2-3 ) was tested using F-test (type III SS) for the nor-
mal distribution (SAS Institute 2003). The normal distribution was
chosen for encounter duration as opposed to the Gamma distribution
used in (Tougaard et al. 2003) in order to employ a covariance struc-
ture describing temporal correlation in the observations.

The statistical analyses were carried out within the framework of
mixed linear models (Littell et al. 1996) by means of PROC MIXED in
the SAS system. Statistical testing for fixed effects (F-test with Satter-
thwaite approximation for denominator degrees of freedom) and
random effects (Wald Z) were carried out at a 5% significance level
(Searle et al. 1980). The F-test for fixed effects was partial, i.e. taking
all other factors of the model into account.
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Appendix C

Selection of detection functions

In April and August, Akaike differences (�i) were greater than 2 for
‘full’ detection functions (including covariates for sea state, observer,
and cluster size), and were thus not supported by the data.  In April,
detection functions that also received considerable support by the
data included sea state or observer, but not together in the same de-
tection function.  August detection functions that received consider-
able support by the data included sea state, or observer, or cluster
size, but not more than one of these in the same model.  In August,
the detection function that included observer received almost as
much support by the data as the detection function derived from
conventional distance sampling (including only perpendicular dis-
tances), according to the Akaike weights (wi). The considerable sup-
port of detection functions that included sea state and observer sup-
ports previous findings based on pre-2004 data presented in
(Tougaard et al. 2004) and (Skov et al. 2002). See also (Teilmann 2003).

Table 8 Detection function comparisons for two surveys. The most parsimonious detection
function (bold) has the lowest AIC value, and Akaike differences (�i) = 0. Typically, models with
�i values between zero and two have strong support. Models with �i values between two and
ten have considerably less support, decreasing to essentially no support where �i exceeds ten
(Burnham and Anderson 1998, 2002). Akaike weights (wi) indicate the proportion of evidence
supporting a particular detection function.  For example, wi=0.33 indicates that a particular de-
tection function will probably be selected as the most parsimonious in 33% of all possible sam-
ples.  Estimate N is provided for detection functions with �i <2.

26-27 April , 2004 Survey
Detection Function Comparisons

Detection function model No. of
parameters

AIC �i Akaike weight
(wi)

Estimated
N indiv

±S.E.

Conventional Distance
Sampling

2 513.49 0.00 0.323902 179.22 35,04

Sea state + Observer +
cluster size (full model)

9 517.89 4.40 0.04

Size + Observer 6 516.18 2.69 0.08
Size + Sea state 6 515.91 2.42 0.09
Sea state + Observer 8 517.24 3.75 0.05
Sea state 3 514.93 1.44 0.16 182.65 36.59
Observer 3 514.96 1.47 0.16 178.20 33.85
Size 3 515.91 2.42 0.09

2-3 August , 2004 Survey
Detection Function Comparisons

Detection function model No. of
parameters

AIC �i Akaike weight
(wi)

Estimated
N indiv

±S.E.

Conventional Distance
Sampling

2 687.28 0.00 0.33 292.03 71.94

Sea state + Observer +
cluster size (full model)

9 697.14 9.87 <0.01

Size + Observer 6 692.57 5.29 0.02
Size + Sea state 6 694.38 7.11 <0.01
Sea state + Observer 8 695.22 7.94 <0.01
Sea state 3 688.94 1.67 0.15 276.98 70.23
Observer 3 687.33 0.06 0.32 238.87 42.59
Size 3 689.00 1.72 0.14 279.49 70.74
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Appendix D

T-POD results

All data collected since the start of the T-POD monitoring program in
2001 are shown in Figure 23 and Figure 24 on the following pages.

Figure 23. Daily click intensity (left panel) and click frequency (right
panel) extracted from T-POD data collected at Horns Reef during July
2001-July 2004. Different symbols mark observations derived from
different T-PODs, and different colours mark different T-POD type.
The two vertical lines indicate the start and end of the construction
period. Two daily click intensities and five click frequencies exceeded
the plotting range and therefore not shown.

Figure 24 (Encounter duration (left panel) and waiting time (right
panel) extracted from T-POD data collected at Horns Reef during July
2001-July 2004. Different symbols mark observations derived from
different T-PODs and colours are used to distinguish different T-POD
versions (blue = version 1, red = version 3, green = modified version
1, yellow = modified version 3). Vertical lines indicate the start and
end of the construction period. Note the log-scale on the y-axis.
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Table 9:  Analysis of variation for the four indicators. Mean values
for combinations of area and period back-transformed to the origi-
nal scale are given for combinations of the two areas (control and
impact) and the three periods (baseline, construction and opera-
tion). Results also shown in Figure 20.

Indicator Period Control Impact Both

Baseline 59.7 50.2 54.7

Construction 44.1 34.3 38.9

Operation 44.5 34.8 39.4

Daily click intensity
(clicks/min)

Entire period 48.9 39.2

Baseline 6.84% 3.39% 4.97%

Construction 3.42% 2.91% 3.16%

Operation 1.90% 0.98% 1.40%

Daily click frequency

Entire period 3.80% 2.29%

Baseline 9.7 7.3 8.4

Construction 7.6 6.0 6.7

Operation 5.7 4.8 5.2

Encounter duration
(minutes)

Entire period 7.5 5.9

Baseline 59 107 79

Construction 73 105 88

Operation 138 178 157

Waiting time (minutes)

Entire period 84 126
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