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Abstract Introduction

The loud sounds produced under water during Coastal waters support high densities of marine 
offshore percussion pile driving for the construc- fauna and are heavily used by humans producing 
tion of wind turbines may affect harbor porpoises noise through, for example, oil and gas industry 
(Phocoena phocoena). Kastelein et al. (2013b) operations and, more recently, the construction 
exposed a porpoise in a quiet pool to playbacks of wind turbines. Although alternative methods 
of underwater pile driving sound at several mean of attaching wind turbines to the sea floor are 
received sound pressure levels (SPLs; range: 130 being investigated, installation still commonly 
to 154 dB re 1 μPa) and suggested that harbor por- involves percussion pile drivers which produce 
poises at sea swim away from offshore pile driving loud impulsive sounds. Offshore pile driving with 
locations (moving tens of km), thus reducing their hydraulic hammers for wind turbine installation 
received SPL. The speed at which they swim both at sea produces impulsive sounds at a rate of ~35 
determines the acoustic exposure and impacts the to 65 strikes/min, and placing one mono-pile may 
energetic costs of a behavioral response. Therefore, take a few hours. The duration of the signal and 
information on swimming speed is important for sound pressure level (SPL) of the sounds depend 
estimating the potential impact of pile driving on the distance from the pile at which they are 
sounds on the hearing, the energetics, and the pop- measured. The sound energy released into the 
ulation dynamics of harbor porpoises. The video environment during percussion pile driving can 
recordings from the Kastelein et al. (2013b) study be reduced by noise mitigation systems such as 
were analyzed for swimming speed. During quiet cofferdams or bubble screens (Bellmann, 2014).
baseline periods, the mean swimming speed of The high-amplitude sounds produced under 
the porpoise was 4.3 km/h, and he swam a mean water during offshore pile driving may affect 
distance of 2.2 km in 30 min. Even at the lowest marine mammals (Bailey et al., 2010). A marine 
SPL tested (130 dB re 1 μPa), his mean swimming mammal that is potentially affected is the harbor 
speed was significantly greater than during baseline porpoise (Phocoena phocoena) because it has 
periods. At the highest SPL (154 dB re 1 μPa), his a wide distribution in the coastal waters of the 
mean swimming speed was 7.1 km/h, and he swam northern hemisphere (Bjorge & Tolley, 2008) and 
a mean distance of 3.6 km in 30 min. Swimming because this small odontocete has hearing that is 
speed did not decline significantly during the acute and functional over a very wide frequency 
30-min test periods, and a speed of ~7 km/h appears range (Kastelein et al., 2002, 2009, 2010, 2017). 
to be sustainable for harbor porpoises. Kastelein et al. (2013a) determined the 50% hearing 

threshold of a harbor porpoise for playbacks of pile 
Key Words: acoustics, behavior, disturbance, driving sound when background noise levels were 
habitat, marine mammals, noise, odontocete, off- low (below levels occurring during Sea State 1). 
shore wind farms, temporary threshold shift, wind The 50% detection threshold sound exposure levels 
turbines, swimming speed (SELs) for the first sound of the series (no mask-

ing) was ~73 dB re 1 μPa2s (see Kastelein et al., 
2013a, for signal parameters). 

Multiple sounds in succession (series) caused a 
~5 dB decrease in hearing threshold. These hearing 
thresholds, together with propagation conditions 
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and background noise levels, can be used to calcu- Methods
late the distance to which piling sound is audible to 
harbor porpoises. However, ecologically, it is more Study Animal and Facility
important to discover at which SPL pile driving The male study animal, identified as Porpoise 02, 
sounds become uncomfortable to harbor porpoises was 7 y old at the time of the study; his body 
or at which SPL their behavior changes in response weight was around 38 kg, his body length was 
to the sounds. 146 cm, and his girth at axilla was ± 73 cm. His 

Only when a sound has an effect on the physiology hearing was assumed to be representative of ani-
and/or behavior of an animal can it directly affect its mals his age of the same species; it was simi-
chance of survival or reproduction. Kastelein et al. lar to that of two other young harbor porpoises 
(2013b) exposed a porpoise in a quiet pool to play- (Kastelein et al., 2002, 2009, 2010, 2017). He 
backs of underwater pile driving sound (46 strikes/ received four meals of fish per day.
min; signal duration: 126 ms) at five SPLs to deter- The study animal was kept at the SEAMARCO 
mine the behavioral response threshold SPL. The Research Institute, the Netherlands, in a pool com-
results suggested that, at sea, harbor porpoises are plex specifically designed and built for acoustic 
likely to move tens of km (~20 km, depending on research, consisting of an indoor pool (described 
the propagation conditions and ambient noise) away in detail by Kastelein et al., 2010) and an outdoor 
from offshore pile driving locations; this estimated pool (12 × 8 m, 2 m deep) in which this study was 
distance is in the same order of magnitude as that conducted (Figure 1). The walls of the outdoor 
observed in wild harbor porpoises near pile driving pool were made of plywood covered with polyes-
sites (Carstensen et al., 2006; Tougaard et al., 2009; ter and 3-cm thick coconut mats with their fibers 
Brandt et al., 2011; Dähne et al., 2013; Haelters embedded in 4-mm thick rubber (reducing reflec-
et al., 2014). tions mainly above 25 kHz). The bottom was cov-

Harbor porpoises swimming away from piling ered with sand. The water circulation system and 
areas at sea reduce their received SPL of the piling the aeration system for the biofilter were made 
sounds. The speed at which they swim away as quiet as possible, and they were switched off 
determines both the acoustic energy received by before sessions and kept off during sessions so 
their ears (cumulative SEL) and the energetic cost that there was no current in the pool. The equip-
of locomotion—the faster they swim, the greater ment operator was out of sight of the study animal 
the energetic cost. Information on swimming in a research cabin next to the pool (Figure 1; see 
speed and endurance is important for estimat- also Kastelein et al., 2013b).
ing the impact of pile driving sounds on both the 
hearing and energetics of harbor porpoises. The Equipment, Playback Sounds, and  
information can also be used to estimate the effect Experimental Procedure
of pile driving sounds on harbor porpoise popu- The study animal’s behavior was filmed from 
lation dynamics. The Population Consequences above by a waterproof camera (Conrad – 750940) 
of Acoustic Disturbance (PCAD) framework with a wide-angle lens and a polarizing filter to 
(National Research Council, 2005) was imple- prevent saturation of the video image by glare 
mented to generate the Interim Population from the water surface. The camera was placed on 
Consequences of Disturbance (iPCoD) model a pole 9 m above the water surface on the north-
(King et al., 2015) and the Disturbance Effects of western side of the pool (Figure 1). The entire 
Noise on the Harbour Porpoise Population in the surface of the pool was captured on the video 
North Sea (DEPONS) model (Nabe-Nielsen et al., image. The output of the camera was fed through 
2014), provides an energetics-based approach to a video multiplexer (MX-8 – CSX) which added 
estimate population dynamics effects. the time and date to the images. Thereafter, the 

Therefore, with the above points in mind, the output was digitized by an analog-to-digital con-
objective of the present study was to measure and verter (König – grabber) and stored on a laptop 
compare the swimming speed of a captive harbor computer (Medion – MD96780). 
porpoise during quiet baseline periods and during A recording of pile driving sound sequences 
30-min exposures to playbacks of pile driving made at sea from an offshore wind farm was 
sounds at three SPLs (Kastelein et al., 2013b). played back in the pool as a WAV file. For details 
These outputs can provide useful insights into of the playback sounds, the sound transmitting and 
assessments of the energetic costs of disturbance recording equipment, and the background noise, 
for individuals and contribute to population-level see Kastelein et al. (2013b). The SPL distribu-
model assessments. tion in the pool was measured at 77 locations in 

the horizontal plane and at three depths. Because 
Porpoise 02 used the entire pool during the test 
periods with pile driving sound, the mean received 
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SPL per source level was calculated from all 231 During each test period, the playback of pile  
measurements. Per depth, levels decreased slightly driving sounds was transmitted at one of the three 
with increasing distance from the transducer (see SPLs, and each level was tested in ten periods, result-
Kastelein et al., 2013b, for details). The pile  ing in 30 test periods in all. The three levels were 
driving sound sequences were played back at three tested in random order. To prevent potential masking 
source levels within a 24 dB range (12 dB steps), of the sounds by background noise, tests were not 
resulting in mean received root-mean-square SPLs carried out during rainfall or when wind speeds were 
of 130, 142, and 154 ± 3 dB re 1 μPa; single-strike above Beaufort 4 (during the tests, the background 
(t90) SELs of 121, 133, and 145 ± 2.7 dB re 1 μPa2s; noise level was below that observed at sea during 
and zero-to-peak SPLs of 145, 157, and 169 ± Sea State 1; Knudsen et al., 1948). The data collec-
3 dB re 1 μPa (Kastelein et al., 2013b). The levels tion period was between June and August 2012.
near a pile driving site at sea are much higher than 
those that could be produced in the pool. Analysis

The transducer producing the playback sequences Software (Kinovea) was used to measure the dis-
was positioned in the water at the southwestern tance Porpoise 02 swam in each session from the 
end of the pool at the start of each day (Figure 1). video recordings by tracking the animal automati-
Sessions consisted of a 30-min baseline period (no cally frame-by-frame. In ~10% of the videos, the 
sound emission), followed by a pause of random study animal was difficult to track due to glare, shad-
length (no sound emission; no recordings), followed ows, or waves, so the playback speed was reduced 
by a 30-min test period (piling sound sequence emis- by 25 to 200% to allow easier manual tracking in 
sion). The pause was included so that the animal sections where the porpoise could not be tracked 
could not predict when the test period would start. automatically. The 30-min video recordings were 
It takes ~2 h to drive a mono-pile into the substrate, analyzed in sections of 10 min to determine whether 
but test periods were only 30 min long to minimize Porpoise 02’s speed changed during the test period. 
negative impact or stress. Generally, one session was Images of the tracked path in each 10-min section 
conducted per day, 5 d/wk, beginning between 0900 were stored. Calibration was done by means of the 
and 1600 h. During the test and baseline periods, 1 m marks on the sides of the pool. To account for 
only the operator in the research cabin was allowed the perspective of the images, the calibration was 
within 10 m of the pool, and she sat very still. done both from the side of the pool nearest to the 

Figure 1. Top scale view of the outdoor pool study facility, showing the study animal, the aerial camera, the underwater 
transducer producing the pile driving sounds, and the hydrophone used to listen to the pile driving sounds and ambient noise. 
Also shown is the research cabin which housed the video and audio equipment and the operator. 
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camera and from the side farthest from the camera; Results
the mean was used for the calculations. In addition 
to the ten 30-min test periods per SPL, data were During baseline periods, the mean swimming 
collected from ten random baseline periods. speed of Porpoise 02 was 4.3 km/h, and he swam 

Porpoise 02’s swimming speed was calculated a mean distance of 2.2 km in 30 min. The study 
from the distance he traveled. For statistical  animal used most of the pool during most of the 
analysis, we considered only the swimming test periods. A tracked swimming path from a rep-
speed. An ANOVA on swimming speed was resentative test period at the maximum SPL tested 
conducted with the crossed factors level (SPL, (154 dB re 1 μPa) showed that he did not avoid the 
including the baseline: SPL = 0) and 10-min location of the underwater transducer (Figure 2). 
section. The interaction term between the two During the test periods, Porpoise 02 increased his 
factors was initially included but was removed mean swimming speed relative to during baseline 
from the final analysis as it was not significant. periods and, thus, the mean distance he swam in 
Data conformed to the assumptions of the tests, the 30-min periods (Table 1; Figure 3a).
and the level of significance was 5% (Zar, 1999). Analysis showed that Porpoise 02’s swimming 

In addition to the swimming speed and dis- speed was similar in the three 10-min sections of 
tance traveled, the respiration rates were also the test periods. However, swimming speed was 
counted in the baseline and test periods. These significantly affected by the SPL factor (Table 2). 
data have already been reported by Kastelein The interaction term between the two factors had 
et al. (2013b). Respiration rates for the relevant been removed from the final analysis as it was not 
SPLs are presented in the “Results” section for significant, showing that the combined pattern of 
comparison with the swimming speeds from the effects of the 10-min sections and SPL was simi-
present study. lar for all SPLs. Post-hoc tests showed that the 

Figure 2. Example of the swimming tracks of the harbor porpoise (Phocoena phocoena) during three consecutive 10-min 
sections of a 30-min test period in which he was exposed to pile driving playback sound at a mean received SPL of 154 ± 3 dB 
re 1 μPa (from left to right: 0 to 10 min, 10 to 20 min, and 20 to 30 min). The study animal used most of the pool and did not 
avoid the underwater transducer (indicated by the white dot on the right-hand side of the pool). Due to the reverberations in 
the pool, the SPL distribution was fairly homogenous. Pool dimensions: 12 m × 8 m; 2 m deep.

Table 1. The mean (± SD) swimming speed by the harbor porpoise (Phocoena phocoena) during quiet baseline periods and 
during the 30-min test periods in which he was exposed to pile driving playback sounds at three mean received SPLs (n = 
10 for each SPL). Also included are the results of the post-hoc tests carried out after the ANOVA, which showed that the 
swimming speed was significantly affected by the SPL (Table 2). In the post-hoc tests, the same letters indicate the mean 
received SPLs between which post-hoc tests showed no significant difference in the swimming speed.

Mean received SPL dB re 1 μPa
Mean (±SD)  

swimming speed (km/h) Post-hoc test 

Sea State 1 (baseline) 4.3 (± 0.7) A
130 5.3 (± 1.1) B
142 5.6 (± 0.7) B
154 7.1 (± 0.6) C
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swimming speed was significantly lower in the 
baseline periods and higher in periods with the 
highest SPL (SPL = 154 dB re 1 μPa). Swimming 
speed in test periods with SPL = 130 and 142 dB 
re 1  μPa was similar but significantly different 
to that in the baseline periods and in the highest 
exposure level periods (Table 1). 

The respiration rate (reported by Kastelein 
et  al., 2013b) showed a similar pattern as the 
swimming speed (Figure 3b). 

Discussion

Evaluation of Experimental Approach
Only a small gradient in pile driving playback 
sound SPL occurred in the pool (Kastelein et al., 
2013b), so Porpoise 02 used the entire pool even 
when he experienced the highest source level of 
the pile driving playback exposures (there were no 
relatively quiet locations to which he could swim).

Behavioral effects during exposure to pile  
driving sound occurred when the background noise 
between the impulsive sounds was very low (lower 
than the sound during Sea State 1, as in this study). 
Under higher background noise conditions, effects 
are expected to be less clear, as responses of harbor 
porpoises to sounds decrease as the signal-to-noise 
ratio decreases (Kastelein et al., 2011). 

Within sessions, the swimming speed seemed to 
decrease slightly at the highest level (Figure 3a), 
but this was not statistically significant. When the 
same harbor porpoise was exposed to the same 
pile driving playback sounds in another study, 
his hearing showed a 2.2-dB temporary threshold 
shift after 30 min (Kastelein et  al., 2016). This 
means that the SPL perceived by the animal was 
gradually reduced so that after the 30-min test 
period, the pile driving sound appeared to the 
study animal to be 2.2 dB less loud than at the 
start of the period. 

The sound field, the sound levels (including 
background noise level), and the durations of 
baseline and test periods were appropriate for 
assessing the effects of the piling sounds on the 
swimming speed in the harbor porpoise. 

Increased Swimming Speed as a Response to  
Pile Driving Sounds
To evaluate the impacts of pile driving sounds on 
harbor porpoise swimming speeds, it is important 
to understand how the swimming speeds observed 
in the present study compare to maximum known 
swimming speeds and to general swimming 
speeds, and whether the observed swimming 
speeds are sustainable.

It is difficult to relate the swimming speed 
observed during the highest SPL (7.1 km/h) to the 

Figure 3. (a) The mean swimming speed (± SD; n = 10) of 
Porpoise 02 during baseline periods and during the first, 
second, and third 10-min sections of the 30-min test periods 
in which he was exposed to pile driving playback sounds 
at a mean received SPL of 130, 142, and 154 dB re 1 μPa. 
(b) The mean respiration rates during the same periods 
(selected levels from Kastelein et al., 2013b). For single-
strike SELs, subtract 9 dB from the SPL levels shown.

Table 2. Results of ANOVA to evaluate changes in the harbor porpoise’s swimming speed in the 10-min sections of each test 
period, taking into account the SPL (included as a factor); df = degrees of freedom, Adj. MS = adjusted mean square, F = test 
statistic, and p = significance. For post-hoc test results, see Table 1.

Source of variation df Adj. MS F p

SPL 3 41.34 45.96 0.000

10-min section 2 0.45 0.51 0.601

Error 108 0.90
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maximum swimming speed of the harbor porpoise. swimming speed according to a cubed function. 
In the 22 y in which captive harbor porpoises have The minimum cost of transport during underwa-
been observed by the first author, including in a ter swimming in the harbor porpoise is 2.39 to  
large floating pen (34 m × 20 m; 3.5 m deep at 2.43 J/kg/m at an average swimming speed of 
the sides and 5 m deep in the centre) and in the between 4.7 and 5.4 km/h. However, the por-
large pool used in the present study (12 m × 8 m; poises usually swam more slowly (thus conserv-
2 m deep), they never swam much faster than ing energy) and dove aerobically. This explains 
during pile driving playback at the highest SPL why harbor porpoises can dive repeatedly and 
used in the present study. The swimming speeds continuously without resting for extended periods 
observed during pile driving playback were simi- at the sea surface, and it suggests that a swimming 
lar to those seen during rainfall when porpoises speed of up to 5.4 km/h requires little energy 
tend to increase their swimming speed. During (Otani et al., 2001). 
rainfall in the pool used in the present study, an In response to sounds, the respiration rate of 
adult female harbor porpoise similar in size to the the study animal showed a similar pattern as the 
study animal swam at a mean speed of 5.8 km/h swimming speed (Figure 3), suggesting that the 
(SD ± 0.4 km/h; n = 3; measured over 5 min). parameters are correlated: greater exertion costs 

Some information on the general swimming more energy and, thus, requires more oxygen. The 
speeds of wild harbor porpoises is available. respiration rate did not increase during the 30-min 
Gaskin et al. (1975) calculated mean horizontal test periods even at the highest SPL, suggesting 
displacement rates of porpoises in the wild from that the study animal could maintain a speed of 
very high frequency (VHF) transmitter track- 7.1 km/h relatively easily. The results from the 
ing data and obtained swimming speeds rang- present study suggest this speed to be sustainable 
ing from 1.6 to 2.2 km/h (maximum 6.7 km/h). for harbor porpoises for at least 30 min.
Otani et al. (2000) reported a mean horizontal 
swimming speed of 3.2 km/h; 90% of the time The Response Threshold for Harbor Porpoises 
the speed was below 5.4 km/h, and the highest at Sea
speed recorded was 15 km/h. Brandt et al. (2013a, Harbor porpoises may flee from locations where 
2013b) reported swimming speeds for harbor por- they are exposed to pile driving sounds at broad-
poises fleeing from seal scarers of between 4.7 band SPLs ≥ ~142 dB re 1 μPa under low ambi-
and 11.5 km/h (mean 5.8 km/h). Linnenschmidt ent noise conditions (Kastelein et al., 2013b). This 
et al. (2013) recorded the minimum swimming “142 dB SPL behavioral threshold” corresponds 
speeds of three free-ranging porpoises as 8.0, 2.6, (due to the sounds’ duration) to a broadband single-
and 4.0 km/h. Although swimming speed data are strike SEL threshold of ~133 dB re 1 μPa2 s in the 
scarce and difficult to compare due to differences present study. However, the behavioral threshold 
in methodology (VHF transmitters, data loggers, SEL is probably only valid for the spectrum that 
and tracking routes as in the present study), cir- the porpoises were exposed to by Kastelein et al. 
cumstances (feeding, traveling, and fleeing), and (2013b) and in the present study (same spectrum 
ways of reporting (maximum speed, speed range, as in Kastelein et al., 2013b). As the distance to the 
and the time a speed could be maintained), the piling site increases, the spectrum changes; high 
swimming speeds observed in the present study frequencies are more easily absorbed by sea water 
are similar to those observed in the wild. than low frequencies. The hearing sensitivity of 

The harbor porpoise in the present study could harbor porpoises is frequency-dependent. Hearing 
maintain the maximum observed mean swimming is more sensitive at higher frequencies than at lower 
speed (7.1 km/h) for at least 30 min. Two observa- frequencies (Kastelein et al., 2017), so it is likely 
tions suggest that he was not performing at maxi- that the study animal of Kastelein et al. (2013b) 
mum capacity: (1) as the test periods ended, his reacted to the high-frequency components of the 
respiration rate immediately returned to normal; broadband pile driving playback sound. Therefore, 
and (2) within 1 min after exposure to pile driving it is not realistic to compare broadband SPLs at 
sounds in a similar study, the same animal partici- sea (Remmers & Bellmann, 2016) directly with 
pated in a behavioral hearing test which required the broadband 133 dB re 1 μPa2 s SEL threshold. 
him to use subtle pectoral fin and tail fluke move- We recommend that SEL measurements should be 
ments to achieve a very precise body position weighted—for instance, with the weighting func-
and stay under water for at least 1 min (Kastelein tion proposed by the National Marine Fisheries 
et al., 2016). Service (NMFS) (2016), although this weighting 

Otani et al. (2001) studied the rate of oxygen function is proposed to only set SEL limits to pre-
consumption and the energetic cost of loco- vent permanent hearing threshold shift. Weighting 
motion in captive harbor porpoises and found of SEL may also be important in setting sound level 
that oxygen consumption increased with limits to prevent behavioral disturbance.
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