


Table 1. Tag deployment and data summary. (The age classes of the porpoises were determined using growth curves established for Danish porpoises [26].)

animal ID hp12_272a hp12_293a hp13_102a hp13_170a hp14_226b hp15_117a hp16_264a

deployment date 28 Sep 2012 19 Oct 2012 12 Apr 2013 19 Jun 2013 14 Aug 2014 26 Apr 2015 20 Sep 2016

age class and sex juvenile C adult C

(with a calf )

juvenile F juvenile F juvenile F adult C adult C

(with a calf )

standard length (cm) 122 163 114 122 126 170 163

handling time (min) 15 3 5.5 3.5 7.5 12 10

recording duration (h) 21.9 17.7 23.7 15.3 21.7 13 11.9

time to first foraging buzz

(h)

4.1 1.4 1 0.1 0.2 0.6 0.2

rspb.royalsocietypublishing.org
Proc.R.Soc.B

285:20172314

2

 on February 14, 2018http://rspb.royalsocietypublishing.org/Downloaded from 
porpoises that live in areas with some of the highest shipping

densities in the world [10].

Although data are sparse, harbour porpoises have been

reported to react to ships at long ranges (800–1000 m)

[18,19], where noise, rather than the physical presence of the

vessel, is more likely to deliver the negative stimulus. Further-

more, recently, captive individuals have been shown to

respond behaviourally to low levels of relatively high-

frequency vessel noise [20]. This led us to hypothesize that

broadband shipping noise may cause behavioural disruptions

in porpoises despite them having poor low-frequency hearing

compared with most other cetaceans [21]. As small marine

mammals that live in cold water requiring high feeding rates

year round [22,23], porpoises may be particularly vulnerable

to disruption of, or increased energy expenditures associated

with, foraging. Behavioural reactions that affect foraging time

[24] and increase energy expenditure over short time periods

may accumulate over repeated exposures and impact the

long-term fitness of animals. In spite of these concerns, very

little is known about vessel encounter rates, exposure levels

and avoidance reactions of any small odontocetes in the wild,

including porpoises. To address this, we here use sound

recording tags to study the foraging rates of harbour porpoises

as a function of the vessel noise they experience. We show that

the tagged porpoises were exposed to vessel noise between 17

and 89% of the time, and that they interrupted foraging in the

presence of high-noise levels, which may have adverse effects

on populations in industrialized coastal waters.
2. Results
Wideband sound and movement recording tags (DTAGs [25])

were deployed on seven porpoises yielded high-quality record-

ings (i.e. with little sliding of the suction cup-attached tag,

clear buzzes, low flow noise and long duration of between

11.9 and 23.7 h, table 1; electronic supplementary material,

figure S1).

(a) Foraging rates
The seven porpoises performed short (1–3 min long) foraging

dives to depths of 5–50 m (e.g. figure 1), where they produced

a total of 380–3400 buzzes (table 2), an indication of prey

encounters [23], with an hourly rate of 0–550 buzzes. Exclud-

ing time intervals with rain (e.g. figure 1) or non-vessel

sound transients, for example, owing to water splashing, the
proportion of 1 min intervals with at least one buzz ranged

from 18 to 76% and averaged approximately 50% (table 2; elec-

tronic supplementary material, table S1). While few data were

collected during night-time for hp13_170a and hp16_264a, all

but one porpoise (hp15_117a) seemed to forage primarily

after dusk (table 2 and figure 1).

Prey pursuits involved significant increases in flow noise in

the tag recordings, in some cases even at high frequencies

(greater than 50 kHz) (electronic supplementary material,

figure S2). However, 0.5 s averages of one third octave levels

(TOLs, i.e. the root mean square (rms) sound pressure level

in one third octave bands) in the 16 kHz band during foraging

(i.e. 5 s before the start of each buzz and until the end of the

buzz) were largely independent of the animals’ swimming

activity and rarely exceeded 90 dB re 1 mPa (figure 2; electronic

supplementary material, figure S2).

(b) Vessel noise exposure
The proportion of time in which vessel noise was audible to

expert listeners varied widely across the tagged animals, from

approximately 17% for two animals to more than 65% for

four animals (table 2 and figure 1). The high exposure rates

of the latter individuals may be a consequence of the areas

in which these animals stayed. Three of these porpoises

were tagged in the narrow and heavily trafficked Great Belt

(electronic supplementary material, figure S1) while the

dive and movement profiles of the fourth animal (figure 1)

suggest that it swam south to a narrow, relatively deep-

water shipping route to Aarhus Harbour, the largest con-

tainer port in Denmark (electronic supplementary material,

figure S1; table 1). Vessel noise occurred primarily during

daytime (table 2).

Most of the received vessel noise was of relatively low level

at the frequencies that could be measured reliably, with L10

values (i.e. the noise level exceeded 10% of the time) in the

16 kHz third octave band 1–10 dB (median of 6 dB) above

baseline (i.e. periods without foraging or vessel noise;

figure 2a–g). Although for one animal (hp12_272a), only

low-level vessel noise was recorded, the remaining animals

experienced occasional high TOLs associated with vessel

passes (maximum 1 min 16 kHz TOLs of 102–118 dB re

1 mPa rms, figure 2; electronic supplementary material,

table S2). These high-noise events seemed to coincide with

the absence of buzzes (figure 2, purple overlaid with black out-

line), raising the question of whether high-level exposures led

to reduced foraging.
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