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Response of harbor porpoises
(Phocoena phocoena) to
different types of acoustic
harassment devices and
subsequent piling during
the construction of offshore
wind farms

Julika Voß1*, Armin Rose1, Vladislav Kosarev1, Raúl Vı́lela1,
Ilse Catharina van Opzeeland2,3† and Ansgar Diederichs1†

1BioConsult SH GmbH & Co. KG, Husum, Germany, 2Ocean Acoustics Group, Alfred Wegener
Institute Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany, 3Helmholtz
Institute for Functional Marine Biodiversity, Carl Von Ossietzky University Oldenburg,
Oldenburg, Germany
Before piling of offshore wind farm foundations, acoustic harassment devices

(AHDs) are used to drive harbor porpoises out of the area where they could suffer

injuries. Until 2017, a combination of pingers and seal scarer devices (usually SPL

= 174-193 dB re 1 mPa (rms) @ 1m at 1 to 20 kHz depending on the device) was

prescribed for mitigation purposes in Germany. However, seal scarers led to

decreased porpoise detection rates in much larger distances than intended,

when 750 m is usually rendered sufficient to avoid injuries. Therefore, devices

specifically designed for mitigation purposes were developed and are prescribed

since then. These acoustic porpoise deterrents (APDs; e.g. FaunaGuard Porpoise

Module; SPL = 172 dB re 1 mPa (rms) @ 1m at 60 to 150 kHz) aim to keep the

animals away from offshore construction sites but should not lead to large-scale

disturbance as caused by a seal scarer. Although project-specific evaluations

indicated that APDs are effective, a cross-project analysis and a comparison with

data from previous piling procedures employing seal scarers were still pending.

The present study aimed to fill this gap. Between March 2018 and April 2019,

harbor porpoise detection rates were monitored acoustically in four offshore

wind farm projects using CPODs before, during and after piling at different

distances up to 10 km from piling. APD operation led to a significant decrease in

detection rates in the vicinity of the device, indicating the displacement of the

animals from a small-scale area. Depending on the wind farm, detection rates

during APD operation decreased by 30 to 100% at 750m distance compared to 6

hours before APD operation. Furthermore, reduced detection rates during APD

operation were only observed up to about 2.5 km distance even when the APD

was switched on for over 40 minutes. Given that the extent of disturbance to
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harbor porpoises is lower when using an acoustic porpoise deterrent

compared to the seal scarer, we consider that preferential use of an

acoustic porpoise deterrent is an improvement to mitigation strategies and

an important step forward to a less harmful piling procedure.
KEYWORDS

Phocoena phocoena, German North Sea, offshore wind farm, Passive Acoustic
Monitoring, deterrence, behavior, pile driving, marine mammal
1 Introduction

The harbor porpoise (Phocoena phocoena L., 1758) is the most

common cetacean in the continental shelf waters of north-western

Europe (Hammond et al., 2013; Hammond et al., 2017). An

estimated 345,000 animals live in the North Sea (Hammond

et al., 2017). The German Bight, where all offshore wind farms

considered in this study are located, is known to be a region of

relatively high porpoise density (Gilles et al., 2009; Peschko

et al., 2016).

Underwater noise in general can affect the individual fitness and

structure of ecological communities (Southall et al., 2007; Southall

et al., 2019). At sites with strong ambient noise from shipping or

high wind speeds, operating offshore wind turbines generate noise

that is significantly below the ambient level, except in the immediate

vicinity of the individual turbines (Tougaard et al., 2020). The piling

of this foundation into the seabed, however, can generate

considerable noise during construction. Even though marine

mammals show an individual response with respect to noise,

harbor porpoises generally move away from loud construction

activities at offshore wind farms (Johnston, 2002; Olesiuk et al.,

2002; Brandt et al., 2013b). Apart from the influence on behavior,

pile driving can emit such high sound source levels that the animals

may suffer from temporary hearing-threshold shifts (TTS),

permanent hearing-threshold shifts (PTS), or even death if

present in the immediate vicinity of the sound source (Tougaard

et al., 2015; Tougaard et al., 2022).

To minimize the effects of noise emissions, compliance with a

dual noise protection criterion is mandatory in Germany

(Bundesmin i s t e r i um fü r Umwe l t , Na tur s chu tz und

Reaktorsicherheit, 2013): In Germany, the sound exposure level

(SEL05) must stay below 160 dB re 1 μPa² s, and the peak level

(LPeak) below 190 dB re 1 μPa at a distance of 750 m from piling

locations. Due to the ongoing development of noise abatement

systems (NAS), many construction projects now comply with

these limits.

Additional to noise reduction at the source, the German Federal

Maritime and Hydrographic Agency demands a standardized

deterrence procedure before the start of pile driving, to scare

harbor porpoises away from the immediate range of the source

where the animals could suffer TTS or PTS. For this purpose,

acoustic harassment devices (AHDs) are used, which emit acoustic

signals 30 to 60 minutes before construction works begin.
02
Until 2017, the “seal scarer” was mandated as the preferred

AHD for mitigation purposes in Germany. Depending on the

device, this kind of AHD usually emits acoustic signals with a

sound pressure level (SPL) between 174 and 193 dB re 1 mPa (rms)

@ 1m in a frequency range between 1 and 20 kHz (e. g. Kastelein

et al., 2015; Götz and Janik, 2016). Seal scarers were primarily

developed to reduce economic losses at fish farms due to seal

predation (Fjälling et al., 2006; Graham et al., 2009; Harris et al.,

2014). However, seal scarers were also shown to affect harbor

porpoises and were therefore used to deter these animals from

the immediate area before piling begins (Brandt et al., 2013a).

Studies have shown that when using a seal scarer, sighting rates

of harbor porpoises within 1 km distance from the device decreased

significantly to only 1% of pre-exposure sighting rates, but acoustic

detections even showed a significant deterrent effect up to 7.5 km

away and thus over a much larger range than intended (Brandt

et al., 2013a; Brandt et al., 2013b). The seal scarer also appears to

have the potential to induce a TTS, so it became questionable

whether its application was appropriate for noise mitigation

(Schaffeld et al., 2019).

Due to this adverse characteristic of the seal scarer, devices

specifically designed for mitigation purposes, such as the

FaunaGuard Porpoise module (van der Meij et al., 2015), were

developed and have been recommended for deterrence purposes in

Germany since then. These acoustic porpoise deterrents (APDs)

aim to safely and temporarily deter all harbor porpoises from a

radius of 750 m around the piling location before the start of noise-

intensive pile driving, but were intended not to lead to large-scale

disturbance as produced by the seal scarer.

APDs emit acoustic signals at higher frequencies (e.g.

FaunaGuard Porpoise Module; SPL = 172 dB re 1 mPa (rms) @

1m at 60 to 150 kHz) than a seal scarer. In this frequency range,

harbor porpoises are most sensitive, so that a relatively low sound

intensity suffices for deterrence (van der Meij et al., 2015).

Accordingly, a porpoise response threshold of 86 dB re 1 mPa was
observed for acoustic signals from the FaunaGuard Porpoise

Module (Kastelein et al., 2017). At this or a higher SPL, the

distance of harbor porpoises from the APD was significantly

larger than without AHD operation, and the porpoises thus

appeared to have left the immediate vicinity of the source.

Furthermore, due to stronger propagation loss of high-frequency

signals, the spatial range of the deterrent effect should be

significantly shorter than that of a seal scarer (Erbe et al., 2022).
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By using a “ramp-up” function, the source amplitude is gradually

increased in the first five minutes after onset of the signal to avoid a

sudden exposure to the full volume (van der Meij et al., 2015). In

addition, the FaunaGuard Porpoise module uses eight different

complex signal sequences to minimise potential habituation effects.

This study is the first cross-project analysis on how harbor

porpoises respond to APDs and subsequent piling during the

construction of offshore wind farms in the North Sea at distances

up to 10 km, in comparison to effects of the seal scarer as AHD.
2 Material and methods

2.1 Study area

This study is based on data collected at four offshore wind farms

(OWFs) constructed in 2018 and 2019 under operation of an APD

as AHD in the German Bight, North Sea. For these OWFs, 207

monopiles, serving as foundations for the offshore wind turbines,

were piled into the seabed.

Data were collected at the OWFs Borkum Riffgrund 2, Deutsche

Bucht, EnBW Hohe See and Albatros, as well as Trianel Windpark

Borkum Phase 2 (geographic positions in Figure 1).
2.2 Acoustic data collection

Data on harbor porpoise acoustic presence at distances up to

10 km around piling sites were collected using CPODs (Chelonia

Limited, 2023b). CPODs are able to register porpoise echolocation

clicks up to a maximum detection range of 400 m (Chelonia

Limited, 2023b), but the mean distance of detected harbor

porpoise clicks is assumed to be within the range of 100 to 200 m

(N. Tregenza, personal communication, November 28, 2022).

Clausen et al. (2019) measured very low false-positive rates. Since
Frontiers in Marine Science 03
porpoises use their echolocation system almost continuously

(Akamatsu et al., 2007; Wisniewska et al., 2016), satellite

telemetry was found to be adequate to provide comparable

information on the relative distribution patterns of harbor

porpoises as a network of CPODs, even for areas of low density

(Mikkelsen et al., 2016). Also, visual observations showed that there

was a strong correlation between CPOD detection rates and harbor

porpoise density (Koschinski et al., 2003; Kyhn et al., 2012;

Williamson et al., 2016). During seal scarer operation and

subsequent piling, harbor porpoises are not expected to change

their vocal behavior, but to be displaced (Brandt et al., 2013b;

Haelters et al., 2015). Captive harbor porpoises did not change their

vocal behavior when different high-frequency sounds were played

back, except for the first exposure (Teilmann et al., 2006), and wild

harbor porpoises in Canada even increased echolocation activity

when wind turbine sounds were played (Koschinski et al., 2003).

For the APD as the AHD, harbor porpoises also do not seem to

change their vocal behavior (Kastelein et al., 2017). Therefore,

acoustic detections were considered to be a good indication of

harbor porpoise presence.

During the construction monitoring, a total of 16 stations at the

borders of the wind farms were continuously equipped with CPODs

at distances up to 10 km around piling sites from at least 4 days

before the first piling until 1 day after the last piling (Figure 1). For

these stationary CPODs, the scan limit was set at 4,096 clicks per

minute to prevent the SD card memory from filling up with

background noise before the next service took place. Once this

value was reached, the stationary CPODs did not record any

subsequent clicks in the remaining seconds of this minute and

started again to register clicks in the next minute.

Additionally, during pile-driving for 187 of 207 monopiles,

mobile CPODs were deployed from a few hours before to a few

hours after each piling at fixed distances of 750 m and 1500 m to the

construction sites to monitor the effectiveness of the deterrent

measures. For these mobile CPODs, no scan limit was set as they

were deployed only for a few hours with the intention to record all

sounds during this period. For 8.3% of mobile CPOD data, the

number of clicks per minute thus exceeded 4096.

All CPODs were anchored to the seabed with a mooring system

and maintained in the water column by a buoy. The devices were

operating at a depth of 5 to 10 m above the seafloor. To obtain equal

sensitivity thresholds between CPODs, all instruments were

calibrated by the manufacturer prior to their first deployment

(Chelonia Limited, 2023a). Therefore, CPODs were rotated in a

hypo-echoic temperature-controlled underground test tank to

measure radial uniformity and to set each unit to the same

standard sensitivity. Calibration was conducted using the main

frequency of harbor porpoise click sounds (calibration at 125 kHz,

CPOD sensitivity thresholds ± 3 dB).
2.3 Statistical analyses

When processing the CPOD memory card, the software

CPOD.exe (version 2.045) with the algorithm “KERNO classifier”

was used to detect clicks from harbor porpoises. Only clicks that
FIGURE 1

Map of the German Bight showing the locations of the investigated
offshore wind farms in the coloured wind farm areas. Positions of
stationary CPODs are shown as black dots. Additionally, during pile-
driving for 187 of the 207 monopiles, mobile CPODs were deployed
at fixed distances of 750 m and 1500 m to the piling location. APDs
were always deployed directly at the piling location.
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were clearly classified as originating from harbor porpoises, those

with the quality “high” or “moderate”, were included into

the analyses.

Statistical analyses were conducted using the software R version

4.0.1 (R Core Team, 2020). To obtain a homogeneous data set, we

excluded from the analyses: (1) eleven pilings from different wind

farms that exceeded the dual noise protection criterion in Germany;

(2) three piling operations with seal scarer as AHD from the OWF

Trianel Windpark Borkum Phase 2 (only considered for the

effectiveness comparisons between APD and seal scarer). In this

way, data sets were kept consistent and not influenced by outliers.

2.3.1 Detection parameters
The response parameter used in the analysis was the number of

minutes with porpoise click trains (“Detection Positive Minutes”,

DPM). Because the duration of the APD and piling phases differed,

detection rates were standardized to %DPM/phase for each phase.

This variable was computed by dividing the sum of DPM per phase

by the duration of the phase in minutes and multiplying by 100 to get

the percentage. Minutes during which the scan limit was reached

were excluded from analyses to consider only complete minutes.

2.3.2 Piling phase classification
Five piling phases were defined in order to assess differences in

harbor porpoise detections rates %DPM/phase among different

periods of the construction process: The period after deploying

the mobile CPODs and before the start of the APD was defined as

Phase 1 (before APD operation). It covered on average 6 hours.

Based on the availability of mobile CPODs and to make data

comparable, Phase 1 of stationary CPODs was also defined as

ranging until 6 hours before the start of the APD. Phase 2 was

defined as the time between the start of the APD until the start of

the piling, while Phase 3 was the actual pile driving time. Phase 4

was defined as the time after the piling activity and before

recovering the device, covering on average 3 hours for mobile

CPODs. Accordingly, Phase 4 for stationary CPODs was defined

as lasting until 3 hours after piling. In addition, a reference phase for

stationary CPODs was considered, combining the periods from 48

to 72 hours after last piling (condition: at least 24 hours before

deterrence of the next piling within a 10 km range) as well as 48 to

24 hours before deterrence of the next piling (condition: at least 48

hours after last piling within a 10 km range).

2.3.3 Evaluation of short-range effects
For evaluating short-range effects, Bayesian proportion tests

were conducted, and Boosted Regression Tree (BRT) models

were created.

Bayesian proportion tests were performed to analyze whether

detection rates differed significantly among the phases for all OWFs

combined as well as the individual wind farms. This statistical test

was chosen as (1) neither the user nor the test makes any prior

assumptions about the distribution of the data, (2) multiple testing

does not lead to significances by chance (false positives) instead of

actual significances, and (3) not only medians or mean values and

standard deviations are compared, but Bayesian proportion tests
Frontiers in Marine Science 04
look for the probability that the median of one phase is within the

95% confidence interval of another phase (Makowski et al., 2019;

Sjölander and Vansteelandt, 2019). In all cases, the null hypothesis

was rejected for p-values less than 0.05 and a post-hoc analysis was

conducted. A significant difference was observed between two

phases if the probability of the median of one phase being within

the 95% confidence interval of another phase was below 5%

(Kruschke, 2011).

BRT models were created to investigate when detections occurred

during APD operation at a short range (R code in Data Sheet 1). This

kind of modeling is stochastic which improved prediction performance

(Elith et al., 2008). For creating the BRT models, three distance classes

were studied (0-750 m, 751-1,500 m, 1,501-2,500 m). %DPM/phase

served as response variable describing whether or not a porpoise

detection occurred within one minute (Supplemental Table 1). For a

reliable sample size, data were only analyzed if at least 20minutes of the

response variable Minutes_after_onset_of_APD were recorded for the

corresponding distance class. In this way, we ensured that the data

originated from different wind farms and not only from one wind farm

where the APDwas generally switched on for the longest time. The bag

fraction was set to 0.5 and the learning rate was set to 0.01. Tree

complexity was set to 5 since the probability of detection was

considerably lower than the probability of no detection. Models were

equipped with at least 1000 trees. The results for each distance class

were presented in Partial Dependence Plots. These indicated changes in

the predicted mean value if one parameter, in this case

Minutes_after_onset_of_APD, varied while the other parameters

remained constant. The variable Minutes_after_onset_of_APD

described the minute of APD deployment ranging from the start of

the APD (minute +1 on the x axis) until the start of piling, or until the

end of APD operation if the APDwas switched off before piling started.

The mean value of the data distribution was always centered at zero.

Positive values on the y-axis therefore indicated that the detection rates

increased compared to the mean value. Negative values indicated a

decrease in detection rates. In addition, the relative contribution of each

variable (explained in Supplemental Table 1) to the BRTwas shown for

each distance class in order to be able to assess the relative influence of

the variable Minutes_after_onset_of_APD on the model.
2.3.4 Evaluation of long-range effects
For evaluating the long-range effects, we explored how %DPM/

phase differed between the phases at the following distance classes:

0-2,500 m, 2,501-5,000 m, 5,001-7,500 m, and 7,501-10,000 m.

Effects were assessed for all OWFs combined.

In addition to evaluating the raw data, a Generalized Additive

Model (GAM) was conducted in order to analyze the overall effect

range of the APD. This type of model was chosen because GAMs do

not require a normal distribution of data points and no parametric

form of the function has to be specified (Wood, 2017). Since the

data sets were large, the bam() function of the R package mgcv

(Wood, 2015) was used.

DPM served as the response variable (Supplemental Table 1).

Explanatory variables of primary interest were the tensor product of

the variables Minutes_after_onset_of_APD and Distance_to_APD,

the latter describing the distance to the APD.
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The GAM included the combined data of all wind farms. Only

distances up to 10 km were considered here as data became sparser

and environmental heterogeneity more and more an issue at larger

distances. Besides, a time frame of minute +1 to +43 was

considered, as only for this range sufficient data were available.

No further models were created for individual wind farms due to

the limited amount of data for each.

Different piling- and noise-related, time-related, environmental,

as well as CPOD-related variables were available for the GAM

(Supplemental Table 1). The environmental variables were modeled

on the surface. Environmental variables on a time-related basis were

excluded, as the data set was on a minutely basis and the variables

were on an hourly basis or more.

Collinearity between variables can greatly distort model

estimates (Dormann et al., 2013). For variables with collinearity

above 0.5, the biologically more reasonable variable was retained

and the other eliminated. In the case of sand eels, the average value

of four different species was considered first and then the best model

was used to evaluate whether a single species rather than the average

would fit better.

In addition to collinearity between variables, GAMs must also

be tested for multicollinearity as this can negatively affect the

estimated coefficients in multiple regression analyses (Mansfield

and Helms, 1982). Multicollinearity can be estimated by computing

the variance inflation factor (VIF) (Mansfield and Helms, 1982). All

parameters included in the model after correlation analysis had a

VIF of 1.15 or less. Other indicators of multicollinearity such as very

high standard errors for regression coefficients or an overall

significant model with no single significant coefficient were also

examined. Overall, none of the analyses indicated a serious effect of

multicollinearity in the GAMs.

GAMs assume that errors are identical and independently

distributed. This assumption does not apply to time-series

regression because current time series values are often strongly

correlated with past values, so that model errors are also correlated

(so-called temporal autocorrelation) (Pinheiro and Bates, 2000). In

order to reduce autocorrelation, the variable DPMt, which equaled

DPM in the previous minute, was added to the model as a proxy

for autocorrelation.

Furthermore, random effects were included into the models: (1)

the name of the wind farm (variable project), (2) the name of the

CPOD station (variable station; only one dataset per station and

minute was included in the analysis) – this variable was just defined

for the stationary CPOD data, and (3) the ID of the pile (variable

pile). In this way, it was corrected for effect differences due to factors

like geographical location or specific characteristics of a piling.

However, since a GAM is often faster and more reliable when the

number of random effects is modest, only one random effect per

GAM was used, and it was tested which random effect was most

suitable (Wood, 2017).

To reduce the chance of overfitting, the smooths were modified

to shrink to the zero function by using the select argument. The

gamma value was set to 1.4, as recommended in literature

(Wood, 2017).

At the beginning, a GAMwas created using all parameters that were

not highly correlated. Then, the parameter with the highest p-value was
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removed from the analysis step by step. The AIC value of the newmodel

was compared with the AIC value of the previous model. If the AIC

value of the new model was lower, the parameter with the highest p-

value in the new model was removed. This process was repeated until

the AIC value of the new model was higher than that of the previous

model. The model with the lowest AIC value was considered to be the

best explanatory model (Wood, 2017). However, the inclusion of

additional parameters had to result in an AIC difference of more than

two, otherwise the inclusion was considered poorly justified. The GAM

with the best explanatory power used the same parameters as the

BRT models.

2.3.5 AHD deployment trial
At the wind farm Trianel Windpark Borkum Phase 2, the APD

did not work properly during three pilings, so that a seal scarer had

to be used for deterrence. Although these pilings were necessarily

excluded from all other analyses, they were of special interest here

because they provided the chance to compare the effects of an APD

to those of a seal scarer within the current study. As the data were

collected at the same wind farm and over a similar period, piling

conditions and construction processes were similar as well as most

environmental parameters. Differences of %DPM/phase between

the APD and the seal scarer dataset at distances of 5 to 10 km from

the construction sites were explored.
3 Results

3.1 Short-range effects

At a short range (distances 750 m resp. 1,500 m), the detection

rate %DPM/phase was low in general, mostly highest during Phase 1

(before APD operation) and lowest for Phase 2 (during APD

operation) (Figure 2). Depending on the wind farm, detection rates

decreased by 30 to 100% at 750 m distance and by 25 to 60% at 1,500

m distance when the APD was switched on. This decrease was

significant in 750 m and 1,500 m distance for all wind farms

except for EnBW Hohe See/Albatross at 750 m distance and Trianel

Windpark Borkum Phase 2 at 1,500 m distance. During Phase 3

(during piling), detection rates inclined again, and increased further

during Phase 4 (after piling). Depending on the wind farm, detection

rates during Phase 4 increased again to 75 to 125% of the level of

Phase 1 at 750 m distance and 89 to 107% at 1,500 m distance

(exception: 0%DPM/phase in Phase 4 at wind farm Trianel Windpark

Borkum Phase 2 at 1,500 m distance).

Moreover, mean detection rates were higher at 1,500 m than at

750 m distance during most phases. Differences between both

distance categories were strongest during Phase 3.

Regarding porpoise reactions during APD operation, both the

raw data plot (Figure 3) and the Partial Dependence Plot (Figure 4)

showed low detection rates in general. For the closest range (0 to

750 m distance), the detection rate declined until the APD was

switched on for about 22 minutes. From minute 23 onwards until

piling, the detection rate barely changed, i. e. harbor porpoise clicks

were detected only sporadically, and the detection rate thus remained

close to zero. Again, detection rates at these short distances were –
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though not at zero – already rather low when the APD was switched

on, namely the detection rate decreased from about 1%DPM/phase

to 0.

For distances between 751 and 2,500 m, detection rates started

at higher levels (Figure 3). At the distance class 751 to 1,500 m, no
Frontiers in Marine Science 06
trend during APD operation became visible in the raw data plot,

and the Partial Dependence Plot showed that %DPM/phase

decreased until about 25 minutes of APD operation and then

started to increase (Figure 4). At the distance class 1,501 to 2,500

m, the detection rate was rather constant until about minute 24,
FIGURE 2

Mean and standard error of %DPM/phase of the individual OWF during the investigated phases at distances of 750 m respectively 1,500 km to the
construction sites (some outliers not shown here); black rhombuses show mean values, n is the number of analyzed POD/pile combinations, and
raw data are in Supplemental Table 3. A Bayesian proportion test showed a significant difference between the individual phases (test statistics in
Supplemental Table 2); in this figure, the significance of the p-value between Phase 2 and the other phases is shown (Significance codes: [0] * [0.05]
n. s. [0]).
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after which it started to increase. For all distance classes, however,

the duration of APD operation (Minutes_after_onset_of_APD) was

ranked at position 4 of the variables considered in the BRT model,

so that other variables such as the number of clicks per minute

(allClx_min), the ID of the pile (pile) or the information if there was

a detection in the previous minute (DPMt) had a stronger effect on

the detection rate in the model than the duration of APD operation.

Besides, the sample size n strongly decreased for minutes above 30,

so data after this minute must be treated cautiously. When

excluding minutes above 30, the Partial Dependence Plots

looked similar.
3.2 Long-range effects

At distances up to 2,500 m from piling locations, values of %

DPM/phase were highest during the phase Reference and lowest

during Phase 2 (Figure 5). Namely, detection rates decreased by

52% from phase Reference to Phase 1 and by a further 40% from

Phase 1 to Phase 2. In contrast, at distances from 2,501 to 5,000 m,

detection rates were similar among the individual phases and no

significant difference was observed between Phase 2 and Reference.

At distances between 5,001 and 7,500 m, in contrast, the detection

rate was significantly lower in Phase 2 compared to Reference. At
Frontiers in Marine Science 07
distances between 7,501 and 10,000 m, the detection rate was

significantly higher in Phase 2 compared to Reference.

Furthermore, the GAM model uncovered that within the

available range of APD operation times (1st to 43rd minute;

variable Minutes_after_onset_of_APD) the detection rates were

reduced up to distances of 1.5 to 2.5 km from piling locations

(Figure 6). The effect range differed with respect to duration, with

effect ranges being farther-reaching with ongoing APD operation.

In 2.5 to 10 km distance, detection rates were higher than at close

range, and within these larger distances they stayed on a similar

level over the whole range of APD operation times, providing

evidence that APD effects were not reaching farther than 2.5 km

from construction sites.
3.3 AHD methods comparison

When using an APD as AHD, %DPM/phase was quite similar

for all phases (Phase 1: before AHD; Phase 2: during AHD; Phase 3:

during piling; Phase 4: after piling; Phase Reference) in 5 to 10 km

distance (mean of available distances: ~ 8 km): However, when

using a seal scarer as the AHD, %DPM/phase was considerably

lower in Phase 2, i.e. during the operation of the seal scarer,

compared to all other phases (Figure 7). Namely, the detection
FIGURE 3

Development of %DPM/phase (mean and standard error) with ongoing APD operation in minutes (Minutes_after_onset_of_APD) at the distance
classes 0-750, 751-1,500 and 1,501-2,500 m. The sample size n strongly decreases for minutes above 30, so data after this minute must be treated
cautiously. Raw data are in Supplemental Table 4.
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rates during APD operation decreased by only 12% compared to the

detection rates in the six hours before, but by 94% when using a seal

scarer. This indicated that the effects of the seal scarer were farther-

reaching than those of the APD. However, the number of

observations was relatively low and analyses were conducted on

an exploratory level, which restricted inference. Differences at other

distance classes could not be investigated as seal scarer data were

available only for this distance class.
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4 Discussion

Underwater noise can generally affect the individual fitness and

structure of ecological communities, including marine mammals

(Southall et al., 2007; Southall et al., 2019). The response of marine

mammals to underwater noise depends on three components: the

source, the path and the receiver (Erbe et al., 2016). For the source,

in this case the AHD, factors such as the source level, frequency and
FIGURE 4

Left panels: Partial Dependence Plots (PDPs) of Boosted Regression Tree (BRT) models with covariates; response variable: %DPM/phase with
ongoing APD operation in minutes (Minutes_after_onset_of_APD) for the distance classes 0-750, 751-1,500 and 1,50-2,500 m; y-axis: marginal
effect of Minutes_after_onset_of_APD on %DPM/phase. Mean is the mean distance per distance class; the sample size n strongly decreases for
minutes above 30, so data after this minute must be treated cautiously. Right panels: relative contribution of the considered variables to the
respective boosted regression trees. Explanatory variables: allClx_min (number of all clicks within a minute), DPMt (DPM in previous minute),
hourofday (hour of the day), dayofyear (day of the year), dist_shipping (distance to the next major shipping lane), and pr_at_pres (probability of
presence of sand eel Ammodytes tobianus per station) and pile (ID of pile). Further explanations of these variables in Supplemental Table 1.
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temporal characteristics like the duration and number of operations

within a short period of time are crucial. Whether noise is more

likely to be absorbed or reflected depends on the path and related

environmental factors such as sediment, bathymetry, temperature,

salinity and pressure (Farcas et al., 2016). For the receiver, in other

words the behavioral response of the animal, factors such as hearing

ability, the behavioral context, distance to the source, previous

exposure, demographics and food availability are decisive (Erbe

et al., 2016). For example, displacement of harbor porpoises may be

more likely if there is suitable food supply in other areas without

noise (Carlström et al., 2002). Accordingly, each marine mammal

reacts in its individual context to acoustic signals. Nevertheless,

AHDs such as the APD aim to deter all harbor porpoises out of the

immediate vicinity within any region, without leading to large-scale
Frontiers in Marine Science 09
disturbance as caused by the seal scarer. This study is the first cross-

project analysis answering the question of how harbor porpoises

actually respond to APDs and subsequent piling, which was

specifically investigated at the construction of several offshore

wind farms in the North Sea at distances up to 10 km, the effects

being compared to those of a seal scarer as AHD.
4.1 Short-range effects

To avoid TTS or PTS during pile driving, all harbor porpoises

should be deterred to an area where the noise levels fall below 160

dB re 1 μPa² s SEL05, which should be the case at a distance of 750 m

if the German dual noise protection criterion is met. In this study,
FIGURE 5

Mean and standard error of %DPM/phase during the different phases at different distance classes relative to construction sites; black rhombuses
show mean values, n is the number of analyzed POD/pile combinations, mean is the mean distance per distance class, and raw data are in
Supplemental Table 5. A Bayesian proportion test showed a significant difference between the individual phases (test statistics in Supplemental
Table 2); in this figure, the significance of the p-value between Phase 2 and the other phases is shown (Significance codes: [0] * [0.05] n. s. [0]).
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even though detection rates were low in general, the detection rates

of harbor porpoises significantly decreased by 30 to 100% during

the deployment of an APD at 750 m distance, compared to the

preceding six hours. APDs are thus effective in reducing the

detection rates of harbor porpoises in the vicinity of piling

locations. When using a seal scarer as AHD, detection rates were

shown to decrease by 52 to 95% within 750 m (Brandt et al., 2013b).

Therefore, the APD was likely as effective as the seal scarer up to a

distance of 750 m.

The decrease in porpoise clicks when using the seal scarer as the

AHD and during subsequent piling is not due to a change in

echolocation activity but to a displacement of the animals (Brandt

et al., 2013b; Haelters et al., 2015). For the APD as the AHD, harbor

porpoises seem to react similarly (Kastelein et al., 2017). Therefore,

acoustic detections were considered to be a good indication of

harbor porpoise presence.

Our results furthermore suggest that harbor porpoises are

displaced by APDs. Raw data and a BRT model showed that

porpoise detections were more likely to occur at the beginning of

the APD operation up to 750 m distance and declined until about

minute 22 of APD operation, with a detection rate level staying

close to zero from minute 23 until piling. In the distance class 1,501

to 2,500 m, in contrast, the harbor porpoise detection rate was

rather constant until about minute 24, after which it started to
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increase. This increase might have been related to the decrease in 0

to 750 m distance indicating a displacement of the animals to areas

further away from the APD location. Porpoises have to swim for

some minutes to cover this distance explaining the time lag between

the decrease and increase.

The relative decrease of detection rates caused by the APD

would probably have been even higher if compared to a true

reference, because we could only consider the six hours prior to

APD operation as a baseline, and the decrease during the operation

of the APD had to be compared to this period due to constraints of

the data set. However, during the few hours preceding the operation

of the APD, vessel traffic for preparing the NAS and the upcoming

pile driving already increased and probably affected porpoise

detection rates. Hence, Phase 1 could not be considered a true

undisturbed reference, as the presence of marine mammals and

especially harbor porpoises might have been reduced by

construction-related vessel traffic (Culloch et al., 2016; Nehls

et al., 2016). The animals may either react directly to this type of

noise, or associate it with subsequent piling noise in which case

animals may exhibit a conditioned response (Hermannsen et al.,

2014; Dyndo et al., 2015; Oakley et al., 2017). Harbor porpoises may

respond to vessel noise by altered diving and echolocation behavior

as well as by displacement (Wisniewska et al., 2018). The fact that

Phase 1 was not a true baseline, was also supported by the results in

up to 2.5 km distance from pile-driving sites: In the six hours before

using the APD, detection rates were already reduced by 52%

compared to a true reference phase more than one day before

and two days after piling times. However, even though detection

rates had already declined in the hours before the APD was

activated, the detection rate decreased by a further 40% during

the operation of the APD (relative to six hours before using the

APD), stressing its separate effect.

The close-range effects of the APD shown in this study were

even stronger than piling effects (with applied NAS) and thus,

sound emissions from noise-reduced pile driving seem less

harassing to the animals than the APD or seal scarer operations.

Nevertheless, no long-term deterrence occurred in the close range

up to 2.5 km distance as detection rates in the six hours before APD

operation were only about 12% higher than those three hours

after piling.

APDs increase their SPL during the first five minutes of

operation in order to prevent a startling behavior, but rather to

gradually deter porpoises from piling locations (van der Meij et al.,

2015). Accordingly, a raw data plot and a BRT model showed that

porpoise detections were more likely to occur at the beginning of

APD operation up to 750 m distance when the full volume was not

yet reached. The minute of APD operation, however, was only

ranked at position 4 of the variables considered in the BRT model,

so other variables had a stronger effect on the detection rate during

APD operation. Nevertheless, these results as well as those from the

GAM indicate that it would be sufficient for the APD to be switched

on for about 20 to 25 minutes, as after this time effectively no

detections were registered within this radius anymore. Thus, we

assume that the APD deterred nearly all harbor porpoises from the

primary exposure area before the start of the noise-intensive piling.

The GAM also indicated that longer operation times led to a
FIGURE 6

GAM with covariates: effects of distance and the duration of APD
operation in minutes (Minutes_after_onset_of_APD) on harbor
porpoise detections (DPM). The variable Distance_to_APD is the
measured distance to the APD in metres; the variable
Minutes_after_onset_of_APD denotes the minute of APD
deployment ranging from the start of the APD until the start of piling
or, if the APD was switched off before, until the end of the APD,
hence an x-value of 1 means the first minute of APD operation. The
black line is the model zero line showing the minimum effect range.
The black dots mark data points. s(x) as marginal effect on the
detection rate: Positive values indicated that the detection rates
increased compared to the mean value, negative values indicated a
decrease in detection rates. Explanatory variables: allClx_min
(number of all clicks within a minute), DPMt (DPM in previous
minute), hourofday (hour of the day), dayofyear (day of the year),
dist_shipping (distance to the next major shipping lane), and
pr_at_pres (probability of presence of sand eel Ammodytes tobianus
per station) and pile (ID of pile). p-values for these variables and
GAM statistics in Supplemental Table 6.
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moderate extension of the effect range, with a maximum of 2.5 km

effect range for the longest available operation times (35-40

minutes). To minimize potential habituation of harbor porpoise

to the APD signals, it is recommended that the device should be

active for around 25 minutes and no more than 30 minutes.

Generally, individuals react to noise in different ways,

depending on e. g. habitat conditions (van Beest et al., 2018). For

example, displacement may be more likely if there is suitable food

supply in other areas without noise (Carlström et al., 2002). Even

though the studied OWFs were positioned in different areas, the

detection rates in all wind farms decreased by 30% to 100% during

the deployment of an APD at 750 m distance of it, compared to the

six hours before APD operation. During the three hours after piling,

detection rates increased again to 75 to 125% of the level during the

six hours before the deployment of the APD. Hence, deploying the

APD as the AHD seemed to lead to a significant short-term

decrease in detection rates and thus displacement at shorter

distances, irrespective of wind farm location. This lends support

for effective use of APDs in the different regions of the North Sea for

scaring harbor porpoises away around pile-driving sites.
4.2 Long-range effects

APDs were developed with the intention of avoiding large-scale

disturbance as produced by the seal scarer (Brandt et al., 2013b). In fact,

the results from the GAM demonstrate reduced detection rates only up

to a distance of about 2.5 km during APD operation, even if the APD

was switched on for over 40 minutes. Indeed, raw data from a distance
Frontiers in Marine Science 11
of 5,001 to 7,500 m from the pile driving sites showed a significant

decrease in detection rates during APD operation compared to a

reference phase, but this was probably due to the fact that %DPM/

phase of the phase of APD operation had a larger standard error than

the other phases. That the APD did not cause a far-reaching

disturbance was also supported by the raw data from 2,501 to 5,000

m distance which showed no effect during APD operation. APD effects

are probably not reaching far as its high-frequency signal is absorbed

more rapidly in the water column and is less audible at greater

distances especially amidst background noise (Erbe et al., 2022). In

contrast, lower frequency signals from vessel traffic, seal scarer signals

or pile driving are absorbed to a lesser extent and therefore transmitted

over larger distances (Kastelein et al., 2015).

The present dataset offers a very good opportunity for a direct

comparison of long-range effects on harbor porpoises of the APD

with those of the seal scarer. Using both AHDs in the same wind

farm provided the chance to directly compare the effects of the APD

and the seal scarer under similar conditions, however, with a small

sample. It turned out that in 5 to 10 km distance (mean of available

distances: ~ 8 km) the seal scarer led to a much stronger response of

harbor porpoises than the APD. The detection rates during APD

operation decreased by only 12% compared to the detection rates in

the six hours before, but by 94% when using a seal scarer. Even

though the seal scarer was only used in July and the APD was used

between June and November, harbor porpoise densities in summer

and autumn are known to be generally rather similar in this area

(Gilles et al., 2011). Seal scarers have been modeled to be audible for

harbor porpoises up to 37 km when considering high background

noise levels (Todd et al., 2019) and observed to lead to deterrence of
FIGURE 7

Comparison of effects during APD and seal scarer operation in the wind farm Trianel Windpark Borkum Phase 2 (mean and standard error of %DPM/
phase in 5 to 10 km distance from pilings; n: number of analyzed POD/pile combinations). Black rhombuses show mean values, n is the number of
analyzed POD/pile combinations, mean is the mean distance per distance class, and raw data are in Supplemental Table 7. A Bayesian proportion
test showed a significant difference between the individual phases (test statistics in Supplemental Table 2); in this figure, the significance of the p-
value between Phase 2 and the other phases is shown (Significance codes: [0] * [0.05] n. s. [0]).
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more than 7 km (Brandt et al., 2013b; Dähne et al., 2017). Due to

stronger propagation loss of high-frequency signals, the spatial

range of the deterrent effect of APDs should be significantly

shorter than that of a seal scarer (Erbe et al., 2022). This provided

further evidence supporting our former findings that APDs lead to a

significant decrease in detection rates only up to a distance of

2.5 km, whereas a far-reaching deterrence, as observed for the seal

scarer here and in other studies on the subject (Brandt et al., 2013b;

Dähne et al., 2017), is unlikely.

This study showed that APDs are effective in reducing the

detection rates of harbor porpoises in the vicinity of piling

locations, but that on the other hand disturbance effects are neither

ranging farther nor lasting longer than necessary. As NAS have

become more effective over recent years, pile-driving noise levels up

to 750 m distance are greatly reduced and mostly meet the dual noise

protection criterion in Germany (Bundesministerium für Umwelt,

Naturschutz und Reaktorsicherheit, 2013). On the other hand,

improved NAS technology causes increased vessel traffic a few

hours before pile driving, and overly effective deterrence has

become an issue in recent years. Therefore, a trade-off will have to

be made in future regarding the most effective strategy to protect

harbor porpoises from noise, which balances the magnitude and

duration of disturbance impacts in the context of longer-term fitness

and population consequences. Whereas the role of vessel noise is still

under discussion, the seal scarer might well have been the weakest

link in the recent past. Given that the range and duration of

disturbance of harbor porpoises is lower when using the APD

compared to the seal scarer, we consider that APDs should be used

instead of seal scarers in future, assuming there is no habituation

effect. Although this study only covers projects in the North Sea, we

suggest that APDs will also work in areas of similar oceanographic

conditions. Due to lower salinity, the APD signals would likely be

farther-reaching in the Baltic Sea, probably resulting in a slightly

extended range of audibility (Francois and Garrison, 1982).

The preferential use of the APD is expected to be an

improvement of mitigation strategies and an important step

forward to a piling procedure that is less harmful to harbor

porpoises in the North Sea and areas of similar oceanographic

conditions. With the FaunaGuard porpoise module and similarly

working devices, suitable mitigation tools have been developed to

further approach this goal.
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