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measured transmission loss data. It is suitable for im-
pulsive pile-driving noise (Diederichs et al. 2014) and
leads to a transmission loss curve shown in Fig. 2.
In this figure, 3 different transmission models are
plotted as lines, where the model used is denoted by
the dashed black line. For comparison, the semi-
empirical approach of Thiele & Schellstede (1980),
which is usually used in Germany in accordance with
BSH guidelines (Miller & Zerbs 2011), and a simple
logarithmic transmission (15 log R) were also plotted.
The simple logarithmic transmission assumes an in-
verse proportionality between sound pressure and
the logarithm of the distance to the source. Crosses
are median values of the SEL of pile-driving noise
measurements from 70 m up to approximately 25 km
from the sound source. The itap formula shows the
best fit to the measured data. The data in Fig. 2 are
based on measurements in the German North Sea at
a water depth of around 40 m. All OWF projects in
this study were constructed in the German North Sea
at water depths between 20 and 40 m with no sig-
nificant changes of water depth in the surrounding
area. The sediment is sandy and medium-dense,
argillaceous underground. Based on literature data
(Urick 1983, Jensen et al. 2010), the influence of this
range of water depth and sediment differences on the
sound propagation is negligible. However, the used
empirical propagation model was based on the un-
derwater noise measurements of the projects in this
study.

Fig. 2. Comparison of transmission models and measured
sound exposure levels. The crosses denote measurements at
one foundation in the offshore wind farm GTI (see Fig. 1).
The circle is a reference measurement value at 750 m; it
must be crossed by the transmission models curve. The gray
line is a model proposed by Thiele & Schellstede (1980). A
simple propagation model by assuming an inverse propor-
tionality of the sound pressure to the logarithm of the dis-
tance to the source is displayed by the dotted line. The
model proposed by itap GmbH is plotted as a dashed black
line, which best fits the measurements

The computed noise values were derived by calcu-
lating the transmission loss over the distance be-
tween the measured value at a distance of 750 m to
the pile and the POD position. Finally, the obtained
transmission loss was subtracted from the measured
value at 750 m.

Statistical analyses

Screening for temporal autocorrelation

Considering the model residuals, preliminary in-
vestigations showed that significant temporal auto-
correlation originated from the DPH response variable
and not from environmental covariates. Considering
the statistical model definition, we determined the
most parsimonious autocorrelation patterns to be
taken into account in further analyses. To correct for
temporal autocorrelation, we decided to use the
DPH(t-1) covariate as an auto-regressive compo-
nent of the first order (Bestley et al. 2010) in our
generalized additive modelling (GAM) analyses.
This covariate significantly reduced the autocorrela-
tion pattern and also allowed the use of the bam
function, which is part of the package mgcv from
the R software (R Core Team 2015). It has a faster
computing time and is more flexible for statistical
analyses of large datasets than the GAM function
(Wood et al. 2015). The selection of the optimal
model was based on Akaike's information criterion
(AIC, Akaike 1974) and on a graphical investigation
of the autocorrelation partial autocorrelation func-
tions of model residuals.

Model specifications

We ran 4 different GAMs with DPH as a binary
response variable. The first 3 models were very simi-
lar and only varied by the size of the dataset included
and in one variable interaction term. The fourth
model was based on only a small data-subset and
included no interaction term.

The first model (‘noise level model’) addressed the
question of the noise levels where porpoise detec-
tions were negatively affected by piling. It included
the interaction term of SEL)s with hour relative to
piling (HRP) to test how porpoise detections varied
with time around piling depending on the noise level
porpoises were exposed to. There were, however,
several POD positions and piling events for which
reliable noise levels could not be calculated as no
measurements existed during that piling event (es-
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pecially during the 2 projects BARD and RG). This
substantially reduced our dataset.

The reaction of porpoises to a given noise level
likely depends on the distance to the source, because
several characteristics of the noise signal change
with distance. This includes frequency content, fluc-
tuations in noise level, etc., which cannot be ad-
dressed with simply the broadband noise value of
SELys. However, including both distance and noise
level in the same model was not possible due to high
collinearity between these 2 variables. Therefore, we
also ran a second model (‘distance model’) including
the interaction term of distance with HRP as a predic-
tor variable instead of SEL,; with HRP, which also
enabled us to use the complete dataset. This model
aimed at investigating the average effect range on
harbour porpoises of all wind farm construction pro-
jects over a period of 4 yr in the German North Sea.

In order to analyse the different spatial effects of
piling events with and without NMS, we ran a third
model (‘noise mitigation model’), which included 2
separate 2-way interaction smooths of distance with
HRP for piling events with and without NMS.

In order to specifically test if piling duration was
related to the strength with which porpoises were
disturbed by piling, we ran a fourth model (‘piling
duration model') using only data collected during the
first hour after the end of piling and at distances up to
5 km, so at a time and at distances where the effect of
piling duration, if present, should be expected to be
most pronounced.

Besides noise level and distance, day of the year
and sea surface temperature were highly correlated
(correlation coefficient > 0.5). We therefore only
included day of the year in the 4 GAMs, as it was a
better predictor of porpoise detections than sea sur-
face temperature. For all models, POD position was
included as a random effect, as it was found to (1)
improve the deviance explained by the models and
decrease model AIC and (2) take into account the
geographical location, hence geographical-related
characteristics like water depth and slope. As these 2
variables were confounded with POD position, but
because POD position was a far better descriptor
based on the model AIC, these 2 environmental vari-
ables were no longer used in the final models.

In addition, day of the year, hour of the day (HH),
wind speed, wind direction, noise clicks, sea surface
temperature anomaly (SSTA) and piling duration
were included as continuous smooth functions. Year
and sediment category were included as factors.
DPH(t - 1) was included as a factor to correct for
temporal autocorrelation as explained above. HRP

with distance (or with SEL) from piling was included
as an interaction term specified as a smooth function.

Non-parametric test design

In order to directly link detections during piling to
a given baseline period and analyse the differences
specifically for each distance class, we analysed por-
poise detection rates with respect to piling effects
using non-parametric tests. The noise and distance
classes were based on obtaining roughly equal sam-
ple sizes within these classes and were as small as
data availability allowed. Detection rates during pil-
ing were first averaged and then compared to detec-
tion rates averaged over 25-48 h before piling within
the same class. Mann-Whitney U-tests were used to
check for significant differences between them.

RESULTS
Noise levels during piling

At 750 m, noise levels were on average 175 + 3.5
(SD) dB re 1 pPa%s SELys (n = 19) during piling with-
out NMS and 168 + 4.6 dB re 1 pPa%s SELy; (n = 316)
during piling with NMS, which gave an overall
reduction in noise levels by about 7 dB. Project spe-
cific noise levels are provided in Table 1 and Fig. 3.
With only one exception, median noise levels during
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Fig. 3. Noise levels shown as the sound exposure level ex-
ceeded during 5 % of piling time (SELg;) without (dark grey)
and with (light grey) noise mitigation systems (NMS) for the
7 different offshore wind farm projects. Note that only
2 measurements were taken at BARD, where no NMS was
applied. The line represents the median, boxes 25th per-
centiles, whiskers 75th percentiles and asterixes indicate
outliers (values more than 1.5 times the height of the boxes).
See Fig. 1 for full names and locations of the wind farms
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piling with NMS were substantially lower than dur-
ing piling without NMS in all projects where meas-
urements for both categories existed and decreased
by between 7 and 11 dB. Only at Nordsee Ost (NSO)
there was little difference between the two (about
2 dB). This was due to piling without NMS being con-
ducted with reduced piling energy, so that piling
without NMS was not as loud as it would have been
had the same energy been used as during piling with
NMS. Fig. 3 also shows, however, that noise levels
varied substantially during piling with NMS and in
some cases were as loud as during piling without
NMS. It has to be borne in mind that NMS were still
under development during construction of all these
OWFs, with different configurations being tested.

Mean noise levels during piling with NMS did not
vary much between projects compared to the varia-
tion within each project, which was due to NMS still
being in the experimental phase, and consequently
noise reduction was very variable also within pro-
jects. Furthermore, the German authority regulates
the maximum blow energy individually per project
based on soil conditions, hammer size and pile dia-
meter.

Mean piling duration, however, was substantially
longer for tripole, tripod and jacket foundations (5.4 +
3.2 h) than for monopile foundations (1.7 + 0.8 h),
giving an overall average of 4.1 + 3.2 h.

Eifect of noise level and hour relative to piling on
porpoise detections

As seen in Fig. 4, showing the deviation of DPH
from the overall mean of the noise level model
(Table 3), DPH declined several hours before piling,
was lowest during the hour when piling occurred
(HRP = 0) and then increased afterwards. The lowest
noise level when DPH during piling reached the
overall average of all data (when a negative effect is
no longer evident), was at 143 dB SELys. There was
again a negative deviation from the overall mean at
noise levels below 120-130 dB SELgs5, but this was
independent of the HRP. It also needs to be kept
in mind that data availability at noise levels below
130 dB SELy5 was rather low, as can be seen from the
histograms in Fig. 4. It also appears that the strongest
decline in harbour porpoise detections occurred at
the loudest noise levels and effect strength gradually
decreased with decreasing noise levels. As evident
from the different confidence intervals, estimates
were most accurate in close vicinity to piling (in
space and time) and became less accurate at lower
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Fig. 4. Output from the 'noise model’' showing the effects of
the interaction of hour relative to piling with the sound
exposure level exceeded during 5 % of piling time (SEL¢s) on
detection positive hours (DPH). Shown is the deviance of
DPH from the global mean (bold 0-line) with cold (warm)
colours indicating a negative (positive) deviation. Confi-
dence intervals are depicted as blue and red dotted lines.
Histograms indicate data availability at the different hours
(=50 to —40 h, —40 to —30 h etc., according to the x-axis of the
main figure) and SELy; classes (100-105 dB, 105-110 dB
etc., according to the y-axis)

Table 3. Results from the noise and the distance models run

on the global dataset including data from all 7 wind farm

projects (see Fig. 1). DPH: detection positive hours; other

variables are defined in Table 2. Deviance explained: 6.8 %

for the noise model and 7.4 % for the distance model; in all
cases, p < 0.001; —: variable not included

Noise model Distance model

Variable (e)df Chi? (e)df  Chi?
DPH(t- 1) 1 337 1 499
POD position 219 7891 445.8 12393
(random factor)
Year (factor) 3 778 3 1134
Day of year (smooth) 8.0 8586 8.0 15882
HH (smooth) 7.0 909 7.1 1015
Wind speed (smooth) 8.0 2053 8.3 3007
Wind direction (smooth) 6.5 131 7.2 448
SSTA (smooth) 8.7 764 8.7 874
Noise clicks (smooth) 6.1 1687 7.7 2118

Sediment (factor) 4 21 4 36

Piling duration (smooth) 8.9 583 8.9 625

Hour relative to piling, - - 28.4 2535
distance (interaction)

Hour relative to piling, 28.4 2204 - -

SEQgs (interaction)

Deviation of DPH from overall mean
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noise levels and as more time since piling had
passed. There was also a tendency for decreases in
porpoise detections to last longer at louder noise
levels. The noise level model explained 6.8% of
deviance, and the interaction SELy; with HRP was
significant (p < 0.001, Table 3).

Eifect of distance and hour relative to piling on
porpoise detections

Similarly to results from the noise level model, the
distance model (Table 3) showed that porpoise detec-
tions at the closest distances to piling started to
decline several hours before the start of piling, reach-
ing a minimum during piling (HRP = 0) and increased
afterwards (Fig. 5). The distance model explained
7.4% of deviance, and the interaction of distance
with HRP was significant (p < 0.001, Table 3). During
piling, porpoise detections were below the overall
average up to 17 km from piling, after which a very
clear change in detection rates was found around
the time of piling (Fig. 5). Detection rates were below
the overall average at distances further than about
40-50 km, but this was unrelated to the times of
piling and represented a more general
pattern in porpoise occurrence. The gra-
dient in effect strength was much clearer
than in the noise level model. The de-
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Fig. 5. Output from the ‘distance model’ showing the effects
of the interaction of hour relative to piling with distance to
the piling location (in km) on detection positive hours (DPH).
Shown is the deviance of DPH from the global mean (bold
0-line) with cold (warm) colours indicating a negative
(positive) deviation. Histograms indicate data availability
at the different hour classes (=50 to —40 h, —40 to -30 h, etc.,
according to the x-axis of the main figure) and distance
classes (0-5 km, 5-10 km etc., according to the y-axis)

Table 4. Results from the noise mitigation model run to check for the
effects of noise mitigation on effect ranges of piling and the piling duration

model run to specifically look at the effects of piling duration. DPH: detec-

crease in porpoise detections was
strongest in the direct vicinity to piling
but gradually decreased with distance to

tion positive hours; other variables are defined in Table 2. Deviance
explained: 7.5% for the noise mitigation model and 15.2% for the piling
duration model. ***p < 0.001, ns: not significant, —: variable not included

piling. This is also the case for effect
duration; Fig. 5 shows that porpoise Noise mitigation model Piling duration model
! ' ; i2 i2
detections were below the overall aver- Variable (e)df  Chi P (e)af  Chi P
age for a much longer period in close DPH(t-1) (factor) 1 483.4 *** 1 01 ns
vicinity to piling than at further dis- POD position 448.8 12246 *** <1 43
tances, both before and after piling. Y(ranr(:lfoni fa)ctor) . 156 . o
. . ear (factor e ns
In order to mv.e.stlgate how NMS alter.ed Day of year (smooth) 80 14541 *** 6 43 ren
the effects of piling on harbour porpoise HH (smooth) 7.1 980  *** <1 0 ns
detections, NMS was added as an addi- Wind speed (smooth) 8.3 2878  *** 1 15 xre
tional factor with 2 levels (‘yes’ and 'no’) Wind direction (smooth) 7.3 370  *** <1 0 ns
within the distance model, resulting in SSTA (smooth) 8.7 go2 -~ " ! 3 ns
. - . ! g Noise clicks (smooth) 7.7 2043  *** 2 6 ns
the noise mitigation model (Table 4). Sediment (factor) 4 35  xxx 4 4 ns
NMS was included as a third variable Piling duration (smooth) 8.9 664  *** 2 1 ns
into the interaction of distance with HRP, Distance (smooth) - - 1 IEE
which slightly improved the model (AAIC Hour relative to piling, 281 1153 - - -
distance, for noise
= 380.2, 7.52% as opposed to 7.44 % de- mitigation=no
viance explained), and the 3-way interac- (interaction)
tion term (HRP, distance, NMS) was sig- Hqur relative to piling, 28.0 1701  *** _ _ _
nificant (p < 0.001, Table 4). Looking at distance, for noise
. mitigation=yes
deviations of DPH values from the overall (interaction)
average during piling, DPH reached the
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Fig. 6. Output from the 'noise mitigation model’ showing the effects of the interaction of hour relative to piling with distance to
the piling location (in km) on detection positive hours (DPH) for piling events (a) with noise mitigation systems (NMS) and (b)
without NMS. Shown is the predicted deviation of DPH from the overall mean, with cold (warm) colours indicating a negative
(positive) deviation. Histograms indicate data availability at the different hour classes (-50 to —40 h, —40 to —30 h, etc., according
to the x-axis of the main figure) and distance classes (0-5 km, 5-10 km etc., according to the y-axis) of the specific POD position

Hour relative to pilling (h)

overall average at about 14 km from piling for piling
events with NMS (Fig. 6a). For piling events without
NMS, the estimated effect ranges were less clear due
to a more complicated pattern of the 0-isocline (indi-
cating the overall average) and broader confidence
intervals around the isocline due to relatively low data
availability at these distances. The global average
during piling was reached at 33 km, but detection
rates during piling did not differ much between 17
and 33 km, showing that there is no well-defined limit
for effect ranges resulting from this model. Instead, an
effect range of somewhere between 17 and 33 km
may be assumed (Fig. 6b).

For piling events with and without NMS, the de-
cline in porpoise detections started several hours
before piling and lasted several hours after piling at
close ranges. There seems to be a tendency, how-
ever, for a longer lasting effect in the vicinity of piling
during piling events that applied NMS.

Fig. 7 presents the raw data for DPH at the different
hours relative to piling for distances between 0 and
5 km. While there was a clear decrease in DPH sev-
eral hours before piling, there was a further pro-
nounced decrease from the hour before piling to the
hour of piling. When comparing porpoise detections
during the hour directly before piling (0.3) to the av-
erage 25-48 h before piling (0.47), there was a de-
crease of about 36% over 24 h. Comparing mean
DPH during piling (0.15) to the hour directly before
piling (0.3), there was a decrease of about 50 % over a
period of about 1 h, and compared to 25-48 h before
piling, there was an overall decrease of about 68 %.
Thus, although there was a considerable decline in

DPH

porpoise detections before piling, the strongest decline
happened while piling was taking place. Tables 5 & 6
present average DPH values at different times before,
during and after piling, separated for different dis-
tance classes and for piling events with and without
NMS. Results from non-parametric U-tests are pro-
vided in Tables 5 & 6. Fig. 8 illustrates how much
DPH declined during piling with and without NMS at
different distance classes. Independent of whether or
not NMS were applied, statistically significant de-
clines occurred up to 10-15 km from the piling site
(when compared to 25-48 h before and to 25-48 h af-
ter piling) but not beyond. However, the decline in
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Fig. 7. Mean and 95 % confidence intervals of detection pos-
itive hours (DPH) at the different hours relative to piling for

distances between 0 and 5 km. The hour relative to piling =
0 is indicated as a filled black circle
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Fig. 8. Mean and 95 % confidence intervals of detection positive hours (DPH) at different distance classes to piling for the base-

line periods 48-25 h before piling (black error bars with open circles), during piling (black bars with filled circles) and for

25-48 h after piling (grey error bars with grey filled circles) for piling events (a) with noise mitigation systems (NMS) and
(b) without NMS

DPH during piling events without NMS was much
stronger than when NMS were applied. Without
NMS, porpoise detection during piling declined by
more than 50 % in the 10-15 km distance class, but by
only 17 % during piling events with NMS. Regardless
of whether NMS were applied, the spatial gradient in
effect strength was obvious in both cases (Fig. 8).

Eifect of piling duration on porpoise detections

It may be expected that the duration of a piling
event would have a negative effect on DPH, as ani-
mals may swim further away from the noise source
if disturbance continues for a longer time period.
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Fig. 9. Output from the distance model showing the effects
of piling duration (in min) on detection positive hours (DPH).
Shown is the predicted deviation from the overall mean, in-
cluding confidence intervals (grey shaded areas). Black tick
marks indicate data availability

Therefore, piling duration was incorporated into
each statistical model and had a significant effect in
all models. However, the relationship was not linear
(Fig. 9). While DPH clearly decreased with increas-
ing piling duration, up to about 200 min of piling,
DPH also showed positive and negative deviations
during longer-lasting events. Finally, the piling dura-
tion model did not show any significant effect of pil-
ing duration (p > 0.05, Table 4).

DISCUSSION

Many OWFs have been built in Northern European
waters over the last decade, and there are plans for
many more worldwide. As noise levels during pile
driving may induce hearing impairments in harbour
porpoises at close range and cause disturbance and
displacements over considerable distances, concern
has been expressed that this could lead to impacts on
their populations.

In the EU, all countries are obliged to maintain or
achieve a favourable conservation status of strictly
protected species including all cetaceans, and the
EU habitats directive prohibits any disturbance that
might negatively affect the conservation status of
strictly protected species within specific areas (‘local
population’).

Consequently, all countries active in offshore wind
energy developments in the EU have adopted some
measures to avoid hearing impairment in harbour
porpoises. While the use of deterrents is practiced in



226

Mar Ecol Prog Ser 596: 213-232, 2018

Table 5. Average values for detection positive hours (DPH, sample size in brackets) calculated over the global dataset for 5
different time classes (HRP: hour relative to piling) and 6 different distance classes for piling events with noise mitigation. Also
given is the percentage decline in DPH at the hour of piling relative to the 25-48 h time period before the start of piling and
significance levels from a Mann-Whitney U-test, testing differences between DPH at 25-48 h before piling to DPH during
piling (test 1) and between DPH during piling to 25-48 h after piling (test 2). ***p < 0.001, *p < 0,05, ns: p > 0.05

Distance HRP Significance DPH Test 1 Test 2
class (km) -48to-25 -24to-1 0 1to 24 25 to 48 decline (%)
0-5 0.46 (348)  0.36 (565) 0.17 (1012) 0.35(1168)  0.44 (705) 63 e A
5-10 0.47 (472)  0.41 (946) 0.37 (946) 0.46 (1033)  0.48 (796) 21 Hrr b
10-15 0.53 (265)  0.48 (307) 0.44 (579) 0.50 (622) 0.52 (399) 17 hh e
15-20 0.53 (166)  0.49 (187) 0.49 (347) 0.52 (364) 0.53 (253) 8 ns ns
20-30 0.58 (147)  0.56 (185) 0.58 (334) 0.54 (365) 0.58 (245) 0 ns ns
30-40 0.50 (335)  0.46 (367) 0.46 (646) 0.44 (670) 0.43 (539) 8 * ns
40-60 0.56 (173)  0.53 (213) 0.52 (353) 0.51 (398) 0.53 (277) 7 ns ns
Table 6. As in Table 5, but for piling events without noise mitigation
Distance HRP Significance DPH Test 1 Test 2
class (km) -48to-25 -24to-1 0 1to 24 2510 48 decline (%)
0-5 0.62 (34) 0.46 (65) 0.12 (87) 0.47 (98) 0.51 (71) 81 wrr e
5-10 0.53 (52) 0.49 (83) 0.25 (110) 0.39 (118) 0.56 (71) 53 *rr e
10-15 0.63 (43) 0.56 (61) 0.31 (87) 0.48 (97) 0.64 (55) 51 wrr e
15-20 0.62 (30) 0.65 (36) 0.51 (50) 0.63 (52) 0.67 (33) 18 ns *
20-30 0.72 (10) 0.66 (16) 0.55 (25) 0.71 (23) 0.70 (16) 24 ns ns
30-40 0.58 (24) 0.48 (26) 0.64 (37) 0.59 (36) 0.68 (27) +10 ns ns
40-60 0.46 (19) 0.45 (28) 0.46 (44) 0.49 (46) 0.53 (27) 0 ns ns

all of these countries, only few require active noise
mitigation when a certain noise threshold is exceeded.
To be able to assess whether OWF construction could
compromise the conservation status of harbour por-
poises and to decide if regulations are necessary,
knowledge on how harbour porpoises respond to pile
driving and the usefulness of the application of NMS
is essential.

We analysed the spatial and temporal avoidance
reactions of harbour porpoises to pile driving during
construction of the first 7 large-scale OWF in the Ger-
man North Sea, the majority of which were con-
structed using NMS. We consider this information to
be useful for regulators and the scientific community
facilitating assessments of potential population-level
consequences when using population simulation
models such as the ‘interim population consequences
of disturbance’ model (iPCoD, King et al. 2015) or the
‘disturbance effects on the harbour porpoise pop-
ulation in the North Sea' model (DEPONS, Nabe-
Nielsen et al. 2018). Both models aim to predict pop-
ulation-level consequences of offshore construction
activities on marine mammals but use different
approaches. The main difference is that DEPONS
uses individual-based/agent-based modelling, where

an animal's survival is an outcome of the individual's
ability to find food, and it allows for individual ani-
mals to be affected to different degrees depending
on noise level. On the other hand, iPCoD uses aver-
age survival rates for the specific region and does not
allow animals to be affected to different degrees
(Nabe-Nielsen & Harwood 2016). While DEPONS
is parameterised based on empirical observations,
iPCoD uses an expert elicitation process to assess the
fitness consequences of behavioural changes. Both
models require knowledge about the noise level or
distance where animals start to be disturbed by an
offshore activity, and this is where our study may
help to provide realistic estimates for the effects of
offshore piling with and without NMS being applied.

Effects of noise levels

For environmental impact assessments based on
noise predictions, it is of particular interest to estab-
lish the relationship between noise levels from off-
shore pile driving and porpoise responses. Therefore,
one aim of this study was to establish the noise levels
at which changes were found in hourly porpoise
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detection rates. GAMs revealed clear declines in
acoustic porpoise detections at noise levels exceed-
ing an SELys of 143 dB re 1 pPa’s. This estimate was
based on the noise level where porpoise detections
during piling reached the overall mean of all data. It
needs to be kept in mind that this average is calcu-
lated over all available data, and this also includes
impact data. As such, 143 dB re 1 pPa%s could be an
underestimation for a threshold level. However, at
louder noise levels, the model no longer showed a
clear change in porpoise detections with time rela-
tive to piling, which supports the idea that taking the
overall average represented a relatively mormal’
level of porpoise detections.

Ddahne et al. (2013) also studied the effect of piling
on porpoise acoustic detections and sighting rates in
the field, but only gave a very broad estimate of the
noise levels that led to displacement, which lay be-
tween SELs of 139 and 152 dB re 1 nPa?s. The 143 dB
(SELys), estimated for the onset of avoidance be-
haviour during this study, falls within this range but
provides a more specific estimate. Our data also in-
dicated that porpoises probably did not show an ‘all-
or-nothing’' response, as the higher the noise levels
were over 143 dB, the stronger was the decline in
porpoise detections.

During a study of captive animals, Kastelein et al.
(2013) observed a significant increase in jumping fre-
quency of a harbour porpoise exposed to playback
noise of pile driving at a single strike SEL of 145 dB
re 1 pPa’s. Respiration rate increased at 127 dB re
1 pPa?s, while no difference could be found re-
garding distance of the animal to the transducer until
145 dB re 1 pPa’s (the loudest noise level tested). A
more recent analyses of these data revealed, how-
ever, that the porpoise already increased swimming
speed at the lowest tested noise level of 121 dB re
1 pPa’%s (Kastelein et al. 2018). This may illustrate the
difficulties when comparing results from the field to
those found in captivity. While studies of captive ani-
mals can focus on small individual changes in behav-
iour, such as respiration rate (which is extremely dif-
ficult to study in the field), it is difficult to find out at
what threshold animals will start to avoid a noise
source (which is what is usually studied in the field).
Animals in captivity are constrained in their avoid-
ance behaviour, and noise characteristics in a pool
may not offer sufficient variation for an animal to be
able to move to a quieter area and thus differ sub-
stantially from what is usually found in the field.
Thus, measuring the effects of noise on individual
behavioural changes of porpoises in captivity, or on
porpoise detection rates in the field, simply represent

2 different approaches. These results are not ex-
pected to be directly comparable. Thus, it is actually
surprising that the 2 levels of 145 dB re 1 pPa’s (at
which porpoises showed increased jumping fre-
quency in the pool) and 143 dB re 1 pPa’s (at which
we found porpoise detection rates to decrease) are so
similar. This could support the assumption that por-
poises in the pool (where avoiding a noise source is
not possible) start to jump at noise levels that in the
field would lead to them swimming away from the
noise source.

Piling noise has the greatest energy at relatively
low frequencies, below 1 kHz. Noise from other ac-
tivities with different frequency spectra will naturally
yield different estimates for the onset of behavioural
reactions. Seal scarer noise, for example, is emitted at
higher frequencies, of about 15 kHz, where porpoise
hearing is more sensitive (Kastelein et al. 2002).
Accordingly, avoidance behaviour by harbour por-
poises to seal scarer noise is induced at much lower
noise levels of about 119 dB SEL (Brandt et al. 2013a).
Tougaard et al. (2015) reviewed the available litera-
ture to assess frequency-specific responses of har-
bour porpoises to noise and suggested that behav-
ioural reactions of porpoises are usually found at
about 40-50 dB above the frequency-specific hear-
ing threshold. NMS may have altered the frequency
spectrum of piling noise when compared to unmiti-
gated piling noise, as there is evidence that bubble
curtains dampen high-frequency components of noise
more effectively than lower-frequency components
(Wirsig et al. 2000, Lucke et al. 2011, Ddahne et al.
2017), and thus the frequency content of noise meas-
urements may be considered in more detail during
future projects.

Eifect ranges and effects of NMS

Further analyses, looking at the distances over
which we found porpoise detections to change in re-
sponse to piling, revealed clear declines up to 17 km
when analysing all piling events jointly, regardless of
whether or not NMS were applied. The strength of
this decline was greatest and longest at the closest
distances. We think that this gradient is a result of
more animals reacting, or animals responding more
strongly, or quickly, to noise when it is louder and/or
when the noise source is closer. Inter-individual dif-
ferences in behavioural avoidance thresholds are ex-
pected, as an animal's reaction to a stimulus may
vary depending on its age, experience, nutritional
state, reproductive state, current behaviour and



228 Mar Ecol Prog Ser 596: 213-232, 2018

other factors. The gradient in effect strength could
also simply be a result of animals exposed to noise in
the vicinity of piling not having had sufficient time to
leave the disturbed area. Assuming a maximum
swim speed of 4.3 m s}, as found by Otani et al.
(2001), porpoises would be able to completely leave
the 17 km radius, over which we found effects when
considering all data, in about 1.1 h. Brandt et al.
(2013a) found that porpoises swim away from a seal
scarer at an average speed of 1.6 m s7!, and Kastelein
et al. (2018) found a porpoise to increase its mean
swim speed to 2 m s™! when exposed to piling noise of
145 dB re 1 pPa’%s without a decline in swim speed
during the 30 min trial. Using these estimates, a por-
poise would need between 2.4 and 3 h to leave this
17 km radius. All of these estimates are below the av-
erage duration found for piling events during this
study, which was 4.1 h + 3.2 h. This is sufficient time
for porpoises to completely leave the impacted area,
although piling duration was very different between
monopile foundations (1.7 + 0.8 h) and tripole, tripod
and jacket foundations (5.4 = 3.2 h). There is, how-
ever, a 30 min deterrence period before each piling
event, which also needs to be taken into account.
Furthermore, we found no consistent effect of pil-
ing duration on porpoise detections, contrary to our
expectations that longer piling duration would lead
to stronger declines. This should be expected if the
gradient found in effect strength was caused by ani-
mals not yet having had enough time to leave the
impacted area. It has to be considered, however, that
piling was not continuously ongoing during these
periods. Thus, porpoises may not continuously move
away during piling. However, we found that piling
with NMS led to a markedly lower decline in por-
poise detections within the 0-5 km radius than piling
without NMS, which would not be expected if the
gradient in effect strength was solely due to animals
not yet having had enough time to leave. Dahne et al.
(2013) described an effect of piling duration on the
time between 2 porpoise encounters during their
study, but their calculations of time between porpoise
encounters included the time during piling. There-
fore, the effect could simply stem from animals
avoiding the impacted area during the period of pil-
ing, and it does not necessarily mean that they swam
further away when piling lasted longer, or that it took
longer for them to return. Even though our results
suggest that porpoises respond at different noise
levels, as also reported by Brandt et al. (2013a), the
exact reasons for the gradient in effect strength can-
not clearly be identified, and there may be several
effects playing a role, such as inter-individual differ-

ences, the animals’ behavioural states, profitability of
foraging patches, etc.

Noise levels during piling with NMS were between
7 and 11 dB lower than during piling without NMS.
However, noise levels during noise-mitigated piling
were very variable and during some piling events as
loud as during piling without NMS. This was due to
NMS still being under development during the time
of this study. Throughout the construction period,
several configurations of NMS were tested, devel-
oped and improved. Consequently, the efficiency of
noise mitigation was very variable and probably also
depended on weather-related phenomena. Never-
theless, the application of NMS altered the effects of
piling on porpoise detections: from GAM analyses,
effects were evident up to 14 km during piling with
NMS, while without NMS they ranged between 17
and 33 km. Furthermore, at all distances, porpoise
detections decreased with greater strength when no
NMS were applied. Non-parametric analyses, for
which distance groups had to be created, revealed
porpoise detections to significantly decline at up to
10-15 km distance from piling but not beyond. How-
ever, declines at 10-15 km were only 15% with
NMS, but 48 % without. Thus, effect strength during
piling with NMS was reduced considerably, which
was likely due to a lower percentage of animals
reacting with avoidance behaviour when noise was
reduced.

Nehls et al. (2016) calculated effect ranges to
decrease by about 10 km (and thereby reduce the
disturbed area by up to 90 %) if the application of
NMS caused a reduction of between 9 and 13 dB
SELsy. The reduction in effect range that we found
was of considerably smaller magnitude. This may be
partly explained by the high variance in noise levels
during piling with NMS. Furthermore, effect ranges
during piling without NMS could not be defined very
accurately, because of relatively low sample size,
especially at the critical distances. Even though non-
parametric tests revealed significant declines during
piling without NMS at distances up to 10-15 km,
results from GAMSs suggested effect ranges of
between 17 and 33 km. Previous studies of the effect
of piling without NMS, however, also found negative
effects between 15 and 20 km: Carstensen et al.
(2006) found effects up to 15 km in the Danish Baltic
Sea, and Tougaard et al. (2009) found effects up to at
least 20 km in the Danish North Sea, but both did not
consider distances beyond 15 and 20 km, respec-
tively. Brandt et al. (2011) found negative effects up
to 19 km but increased porpoise detection rates at
21 km in the Danish North Sea, and Dahne et al.
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(2013) found negative effects up to about 20 km with
increased detection rates at 25 and 50 km in the Ger-
man North Sea. Another factor that may play a role in
determining avoidance radii is the deployment of
seal scarers both before unmitigated and mitigated
piling. The seal scarer could potentially have further
reaching effects on porpoises than piling with NMS,
and Brandt et al. (2013b) found significant effects of a
seal scarer up to at least 7.5 km when deployed in the
North Sea, where SEL levels of the seal scarer were
about 113 dB SEL. On the other hand, visual observa-
tions of porpoise behaviour, in conjunction with noise
measurements, revealed that porpoises started to
avoid seal scarer noise at noise levels of about 119 dB
SEL, but not at lower noise levels (Brandt et al. 2013a).
Therefore, an effect reaching up to 15 km would be
unlikely. Under the current construction scenario,
where mitigated piling noise is always accompanied
by prior seal scarer deployment, these 2 sources of
disturbance cannot be separated. However, it would
be important to look into this in the future, in order to
avoid seal scarer noise causing unnecessary distur-
bance and actually limit the positive effect of the
application of NMS.

Different deterrence devices, where the source
level can be adapted and that emit signals at higher
frequencies, could provide better alternatives. One
such example is the FaunaGuard, for which different
modules allow targeting of specific species (such as
seals or porpoises) and that can be tuned to the pro-
ject-specific deterrence ranges needed (Kastelein et
al. 2017). Especially in the future, when NMS are
expected to work more efficiently and thus lead to
even smaller danger zones and smaller avoidance
distances, it will be crucial to also change the current
deterrence procedure in order to keep overall deter-
rence effects by OWF construction at the achievable
minimum.

Another factor that complicates the assessment of
effect ranges may be an interacting effect of distance
with noise. This could come from animals having
some additional clues that provide information on the
distance over which sound has travelled. The fre-
quency spectrum, for example, is known to change
with distance (Hermannsen et al. 2015) and so will
the fluctuations of noise levels, and the duration of an
impulse. This may raise the question of whether the
unit in which noise was measured is adequate for
assessing porpoise responses. It will, however, al-
ways be difficult to find a unit that encompasses all
parameters that potentially lead to a different per-
ception of given noise levels by porpoises. In this
case, noise measurements were not detailed enough

to also assess how frequency content and time-
specific details of noise changed over distance, such
that using broadband sound exposure levels, and
also analysing the effect of distance, was the best we
could do with the available data. Thus, animals may
have reacted more strongly to a given noise level if
they were exposed to it at a shorter distance from
piling than when exposed to it further from piling.
Moreover, there may be a difference in the noise lev-
els at which animals continue to swim away, depend-
ing on sound level at first exposure due to potential
habituation effects. Next to NMS having worked to
varying degrees, all of these factors may contribute
to a blurred picture when comparing effects with
and without NMS based on field data, and conse-
quently, effect ranges between piling with and with-
out NMS do not appear to differ to the extent origi-
nally expected.

Eifects before piling

Porpoise detections in the vicinity of the construc-
tion site started to decline several hours before pil-
ing, although not to the extent found during piling.
The most likely explanation, in our opinion, is an
increase in construction-related activities, such as an
increase in shipping traffic in combination with en-
hanced sound transmission during the calm weather
conditions during which piling activities occur (Dragon
et al. 2016). This could contribute to porpoise deter-
rence, and a recent study suggests that porpoises
may react to shipping activity at distances over 1 km
(Dyndo et al. 2015). Effect duration in the vicinity of
piling tended to be longer for piling events with NMS
than for piling events without NMS, and this could be
related to more shipping activity associated with
noise-mitigated piling events when NMS have to be
installed and uninstalled. This poses the question as
to how much of the effect duration after piling is
really due to ongoing deterrence effects from piling
noise and how much may be caused by other con-
struction- and weather-related noise characteristics.
It also poses the question if by using NMS, one trades
a smaller effect radius and a smaller effect strength
for a longer effect duration in the vicinity of the con-
struction site. As we lack sufficiently detailed infor-
mation on shipping activity in relation to piling, we
are currently unable to shed more light on this issue,
but this is certainly an interesting aspect to be con-
sidered in future studies.

Nevertheless, by using NMS, the effect on por-
poises was clearly reduced in terms of effect strength
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and also effect range. Within these projects, NMS
have successfully been used in water depth up to
about 40 m, but in the future, applications at greater
water depth should also be possible. However, here a
combination of different types of NMS may be neces-
sary. NMS have undergone great improvement since
2013. During wind farm construction projects after
2013, noise levels at 750 m distance usually fell be-
low the threshold limit of 160 dB (I. Buescher, BSH,
pers. comm.). Therefore, a further reduction of the
disturbance effects should also be expected, and
future studies may determine if this expectation is
met, and whether porpoise populations have changed
over the years of construction. In the meantime, a
serious discussion is needed about the level of distur-
bance that is acceptable from a biological point of
view and whether the reduction in disturbance ef-
fects, which can be achieved by further noise mitiga-
tion, justifies the increased costs required (the appli-
cation of NMS makes up about 15 % of the total costs
of the installation process of turbine foundations).
Furthermore, the seriousness of disturbance of a pil-
ing event will critically depend on the alternatives
that are available to porpoises at that time, and thus
spatial and temporal planning of simultaneous con-
struction activities within the North Sea seem just as
important as noise mitigation efforts.

CONCLUSIONS

This study identified a noise threshold level of 143 dB
SEL5; above which harbour porpoises reacted with
avoidance to pile driving during OWF construction. It
also quantified the amplitude as well as the spatial
and temporal extent of disturbance and showed that
the application of NMS led to a clear reduction in
amplitude, and a slight reduction in the spatial but
not in the temporal extent. This information may be
used to more accurately quantify disturbance effects
within population models in order to predict popula-
tion level consequences of the construction of marine
renewable energy projects on harbour porpoises.
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