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Thesis summary & Gen



Over the last decades, increasing amounts of studies on the effects of sound on
marine life have been conducted (Erbe et al., 2019; Popper and Hawkins, 2019;
Williams et al., 2015). Nevertheless, quantification of behavioural effects relevant
to fitness consequences at individual and population level is still in its infancy
(Slabbekoorn et al., 2019) and factors that modulate the effects of sound on
animals are relatively unknown (Ellison et al., 2012). In this thesis, I addressed
both knowledge gaps using captive and field studies on various marine animals
from multiple trophic levels. For the quantification of behavioural responses
relevant to fitness, I examined the changes in time budgets of Atlantic cod in a net
pen in response to sound (chapter 2, Hubert et al., 2020), and conducted a similar
experiment in a basin to be able to include quantification of foraging behaviour
(chapter 3, Hubert et al., 2020b). To increase insight into factors that modulate
sound impact, I examined the effect of variation in acoustic characteristics of
the sound stimulus and the environment on European seabass in a net pen
(chapter 4, Hubert et al., 2020c), the interspecific interaction between foraging
shore crabs and common shrimps during sound exposure (chapter 6, Hubert
et al., 2018), the cross-sensory interference by sound in foraging shore crabs
(chapter 7, Hubert et al., 2021), and habituation to repeated sound exposures by
blue mussels (chapter 8). Here, I summarize and discuss the main findings of all
chapters and explore directions for future research.

Effects of sound on cod time budgets

A modelling study on Atlantic cod population growth indicated that reduced
food intake and additional energy expenditure more easily lead to population-
level effects than additional direct mortality and reproduction failure (Soudijn
et al., 2020). So, to gain insight into population level consequences of acoustic
disturbance, data on the energy budget of cod seems most relevant. Since it has
not yet been possible to measure energy intake and expenditure directly in free-
ranging cod that are exposed to sound, a first step may be to quantify the time
spent in several behavioural states, which can later be linked to energy intake
and expenditure. I quantified the time spent in various behavioural states by
cod during and without sound exposure in two complementary experiments.
In the net pen experiment (chapter 2), I used the swimming tracks of individual
fish as input for Hidden Markov Models (HMMs), which allowed inference of
behavioural states throughout the sampling period. The results indicated that
some individuals tended to spend more time transiting and less time being
locally active or inactive during sound exposure, which may indicate increased
energy expenditure. The latter two states may include foraging behaviour, which
is a proxy for energy intake and is critical to gain insight into population level
effects. Future studies may be able to discriminate foraging behaviour as a



separate behavioural state by HMMs using additional data streams, for example
from accelerometers.

Another way to quantify foraging behaviour is to record fish on video. I, therefore,
designed a second experiment in basins in which the behavioural state of the
fish could be manually scored from video footage (chapter 3). Despite several
problems, resulting in a low sample size, time spent foraging, swimming and
being stationary was scored in three pairs of cod. These fish spent more time
swimming and less time being stationary on days with sound exposures, similar
to the results from the net pen experiment, and no differences in time spent
foraging were found. Qualitative observation of the videos showed that foraging
typically involved low or intermediate swimming speed and a lot of turning.
This confirmed that the behavioural states ‘locally active’ and ‘inactive’ might
indeed include foraging behaviour. Future experiments are needed to examine
how changes in time budget translate into changes in energy budget.

Time spent in various behavioural states can potentially be translated to energy
expenditure and intake using swim tunnel experiments and various foraging
experiments. The classification of behaviour into behavioural states in chapter
2 relied on swimming speed and turning angle. Swimming speed has been
linked to oxygen use in fish, which is a proxy for energy use (Metcalfe et al.,
2016; Tudorache et al., 2008). Such data can be used to translate swimming
speed, derived from position data over time, to energy use. We still lack swim
tunnel experiments that link oxygen use with swimming speed in Atlantic cod.
Additionally, experiments are needed to also include additional energy use
from potentially elevated stress levels and directional changes while swimming.
Translating time spent foraging into energy intake requires data on the success
rate of prey capture and on the energy content of the prey. The success rate can
either be determined by an exposure experiment with video observations, such
as in chapter 3, or by quantifying the fish’ stomach content (e.g. Reubens et
al., 2014). The energy content of the captured prey can be determined with a
calorimeter (Benoit-Bird, 2004). Several earlier studies examined the effects of
sound on swimming and foraging behaviour and found changes in swimming
patterns including brief increases in swimming speed (e.g. Neo et al,, 2014),
reduced feeding attempts, and/or increased food handling errors (e.g. Bracciali
et al., 2012; Shafiei Sabet et al., 2015). However, studies that examined both
swimming patterns (or another proxy for energy use) and foraging behaviour
simultaneously are scarce.

Ideally, behavioural and physiological effects of noise are quantified over a time
window that resembles the actual duration of anthropogenic disturbance or over



the life time of the animal. Many sound impact studies examined behaviour
over a relatively short time scale, at the onset of the sound or for a short period
after the onset. However, anthropogenic sound is omnipresent, pile driving
and seismic surveys can last for months and shipping is ongoing (Duarte et al.,
2021; Slabbekoorn et al., 2019). Behavioural responses may change over time
due to processes like habituation (chapter 7) and physiological stress levels may
accumulate and only become problematic over time. Short-term responses
are therefore likely not representative for long-term responses and short-term
behavioural responses can be expected to be less likely than long-term responses
to change individual fitness or population levels. So, to quantify effects of sound
relevant to fitness and populations, more long-term experiments are needed.
There seems only one study that examined the relatively long-term effects of
increased vessel activity on both swimming activity and food intake in free-
ranging fish. Tagged mulloways (Argyrosomus japonicus) were less active during
the weekend, and other individuals had less full stomachs and fewer fish in their
diet over the weekend. These differences were likely due to higher boat activity
in the weekends (Payne et al., 2014). Such studies may aid to parametrization of
changes in energy expenditure and intake due to sound exposure.

Effects of acoustic characteristics on seabass

Responsiveness of fish and other animals to sound may be partially modulated
by acoustic characteristics of both the ambient noise and the sound stimulus. In
efforts to mitigate the effects of anthropogenic sound, most attention is given
to the amplitude of various sources. However, previous studies have shown that
temporal patterns are modulating responses as well (Neo et al., 2014; Wysocki et
al., 2006) and the same may apply to variation in the frequency distribution of
exposure conditions (Marvit and Crawford, 2000; Slabbekoorn et al., 2010), and
signal-to-noise levels associated with a particular disturbing sound (Kastelein et
al., 2011; Wells, 2009). Ambient noise levels vary in amplitude due to weather
conditions and distant boat noise (Carey and Browning, 1988; Wright et al.,
2007). I tested the effect of experimentally elevated artificial background sound
levels, various impulsive sound levels, and intervals between impulsive sound on
European seabass in a net pen (chapter 4). The fish increased their swimming
depth after the onset of the impulsive sound, but the magnitude of the change
in depth could not be linked to any of the experimentally manipulated acoustic
characteristics.

Previous studies have found differential effects of continuous versus impulsive
sound, different pulse rates, and consistent versus fluctuating amplitude in fish
behaviour and physiology (Neo et al., 2014; Neo et al., 2015a; Wysocki et al,,



2006). Additionally, increased background levels have been shown to increase
hearing thresholds in cod (Hawkins and Chapman, 1975), and other vertebrates
have also been shown to be sensitive to pulse intervals and elevated background
levels (Davis, 1970; Gatchel, 1975; Schlittmeier et al., 2008). Since these other
studies indicate that pulse interval and signal to noise ratio influence behaviour
and sound detection (Davis, 1970; Gatchel, 1975; Hawkins and Chapman, 1975;
Neo et al,, 2015b), I call for further testing with wider ranges of all acoustic
characteristics which may add to the current results. Complementary studies
should be done using artificial sounds with specific ranges of acoustic variation,
and realistic sounds that are relevant to occurrence in the field, for example pile
driving sound with and without bubble screen, and different types of airguns or
ships. Insights into the variable effects related to acoustic characteristics will aid
in understanding and predicting behavioural responses, which can be used to
mitigate and increase effects (for deterrence purposes).

Effects of sound on foraging crustaceans

Fish are relatively often subject of sound impact studies, probably mostly due
to commercial interest. Invertebrates, including decapod crustaceans, still
received limited attention, whereas their abundance is critical for higher trophic
levels as food or through ecosystem services (Morley et al., 2014; Solan et al.,
2016). Just like with fish, successful foraging behaviour in crustaceans is vital
for growth, reproduction, and survival. So, impact of sound on foraging may
negatively affect fitness at individual level and growth rate at population level.
I examined the effects of sound on foraging crustaceans in two complementary
studies: an in-situ experiment with free-ranging animals to allow interspecies
interactions, and an indoor experiment to focus on a mechanism that might
explain the results from the in-situ experiment. For the in-situ experiment,
I used a baited camera to attract and film shore crabs and common shrimps
(chapter 5). During sound exposure, fewer crabs aggregated around the food
item than during a silent control. The increased shrimp numbers, however,
could be explained by crab numbers rather than by the sound treatment. This
means that shrimps could indirectly benefit from the sound exposure through
competitive release (Slabbekoorn and Halfwerk, 2009). This shows that animals
do not only respond directly to sound, but may also respond to the response
to sound by other animals. Ultimately, we should be interested in the effects of
sound on free-ranging animals in situ. So, more experiments that allow species
interactions are needed on animals under natural conditions.

Since olfactory cues are important for foraging in crabs, I hypothesized that
the reduced aggregation of crabs in the baited camera experiment could be



explained by cross-sensory interference. This entails interference of the sensory
processing and interpretation of a stimulus, in this case most likely an olfactory
cue, by simultaneous perception of a stimulus in another modality, in this case
an auditory cue (Halfwerk and Slabbekoorn, 2015). To study this, I designed
an experiment in which shore crabs were allowed to forage on a food item, but
could only find it using olfactory cues (chapter 6). Food finding success and
foraging efficiency were not negatively affected by the boat sound exposures,
so no evidence to support the cross-sensory interference hypothesis was found.

Even though I found reduced aggregation at a food item during sound exposure
by shore crabs in-situ, I did not find a lower food finding success rate or increased
foraging duration during sound exposure in a T-maze. The seemingly different
results in the two experiments may be explained in various ways including
differences in sound exposures, experimental set ups, and study subject sizes.
Another potential reason is the difference in food-deprivation. The individuals
that were scored for the in-situ experiment were free-ranging animals and
not tracked until they were in view of the camera, so their hunger levels were
unknown. The individuals in the T-maze experiment were food-deprived for
three days prior to their trial to standardize hunger levels across individuals in this
experiment. Across experiments, it may however be that there were differences in
motivation to go to the food item, resulting in different motivation levels to take
risks. Various studies have experimentally shown that food-deprived individuals
display more behaviour that the authors labelled as risky (Croy and Hughes,
1991; Godin and Crossman, 1994). Insight into such factors that modulate the
effects of sound on animals will aid in understanding and the interpretation of
sound impact studies, and will also help to extrapolate results from controlled
experiments to the real-world and free-ranging conditions.

The aim of the T-maze study was not to determine absolute response levels to
sound, but to examine cross-sensory interference as a potential mechanism for
the reduced aggregation at a food item in-situ. Since we found no reduced food
finding success rate or increased food finding duration, we found no evidence
for cross-sensory interference of boat playbacks on olfactory mediated food
finding. The seemingly different results across experiments again highlight that
absolute response levels to sound can best be tested in-situ, whereas mechanisms
underlying certain responses can best be studied in a controlled environment.
Additionally, one of the six boat playback stimuli yielded deviating results:
excluding this data showed that crabs were faster to reach the food during the
remaining five boat playbacks than during the ambient control. This result did
not affect our conclusion on cross-modal interference, but emphasised the need
of sufficient replication of playback stimuli to prevent that a single stimulus



can affect the results substantially. This result also indicated that different boats
may elicit different effects. Dedicated studies are needed to confirm and further
examine this.

Habituation by mussels

Even sessile invertebrates are able to hear and respond to sound. Sessile
animals, or other animals with a small home range, are likely to be exposed
to anthropogenic sound repeatedly. Activities such as pile driving and seismic
surveys can last for weeks to months in a particular area, and shipping intensity
is continuously higher around harbours and shipping lanes (Haver et al., 2018;
McCauley et al., 2000; Sertlek et al., 2019). During repeated or continuous
exposures, habituation may mitigate part of the responses to sound. I examined
whether blue mussels, a semi-sessile bivalve, can habituate to repeated sound
exposures (chapter 7). Mussels were exposed to repeated sound exposures,
followed by a single exposure to a different sound. After the onset of the first
exposure, the mussels partially closed their valve gape. This response decreased
in magnitude over repeated sound exposures, but was stronger again during the
exposure to a different sound. This latter effect clearly showed that the decrease
in response can be attributed to habituation (Bejder et al., 2009; Rankin et al.,
2009). Habituation to sound does not necessarily mean the lack of any negative
effects (Bejder et al., 2009), as sound may still cause physiological stress, mask
relevant sounds, and result in shifting attention (Chan et al., 2010; Wale et al.,
2019; Wysocki and Ladich, 2005). Nevertheless, studying the potential for a
mitigating impact of habituation on the effects of anthropogenic noise is critical
to understand the consequences of repeated sound exposures on animals.

Experimental set-ups and sound exposures

For this thesis, I conducted a variety of experiments that differed in both
experimental set-up and sound exposures. The experiments were either
conducted 1) indoors, using captive animals; 2) outdoors, using captive animals;
or 3) outdoors using free-ranging animals. Indoors, it is easier to shield the
experiment from external conditions (e.g., weather or unwanted sound) and
typically also easier to perform standardized and high-resolution behavioural
measurements. However, both the behaviour of the animals and the acoustic
propagation is expected to be very different from the field (Rogers et al., 2016;
Slabbekoorn, 2016). It is therefore critical to realize that some research questions
can only be answered with the details and replication of measurements from
the controlled conditions of an indoor experiment and that some research
questions cannot be answered by just indoor studies. Outdoor experiments will



have a higher acoustic validity, meaning that the acoustic propagation in the
experimental arena can be more easily translated to other outdoor locations. The
behaviour of captive animals outdoors may also resemble that of free-ranging
animals more. The best behavioural validity can obviously be achieved by using
free-ranging individuals in their natural habitat (e.g. van der Knaap et al., 2021).
The behaviour that can be measured outdoors is more limited and the resolution
will likely be lower. However, again, it will depend on the goal of the experiment
what set-up is best suited to answer a specific research question.

To expose the experimental animals to sound, I always used an underwater
speaker and playbacks with either artificially generated sound or recordings of
actual anthropogenic sound. I used artificially generated sound when highly
controlled sound stimuli were required to answer the research questions, often
related to the contribution of particular acoustic features to the response of the
animals. Recordings of anthropogenic sound were used to increase the realism of
the exposures. However, it should be noted that all exposure conditions tested in
this thesis, including both indoor and outdoor experiments, were substantially
different from actual exposure conditions in the outside world because of speaker
limitations (lack of low frequencies: < 150 Hz), sound propagation complexity
in tanks (different from outdoors), and a speaker being a point source, which is
in contrast to most anthropogenic sources. The limitations in acoustic validity
should make us refrain from any extrapolation from the results in terms of
absolute sound or response levels. However, this was also not the target in this
thesis, as I aimed to answer research questions which were fundamental in nature
and did not aim to determine absolute threshold levels. Studies that do aim at
absolute dose-response levels are best conducted in the field, using free-ranging
animals, with actual anthropogenic sound sources, and taking a wide variety of
response-modulating factors into account.

Ecological consequences

I found that animals at various trophic levels were affected by sound and
that species interactions might also change due to sound exposures. When
competitive or predator-prey balances between species shift, sound can have
impact at a community and ecosystem level. There is already some evidence for
this from other studies. Anthropogenic sound has been shown to reduce species
richness in avian communities and to indirectly facilitate breeding success of
particular species because of lower abundance of a nest predator species (Francis
et al., 2009; Slabbekoorn and Halfwerk, 2009). Mulloways had an altered diet
composition in the weekends, the days with most boating activity (Payne et al.,
2014), from which we can infer shifts in predator-prey relationships. In chapter



5, I also showed that less crabs aggregated at a food item during sound, which
created an opportunity for shrimps. Through such mechanisms, sound can
change the environment beyond a single species. The current study species are
all abundant species and play important roles in the ecosystem; as reef builder,
water filterer, prey, or predator. If sound changes foraging, growth, reproduction
or survival for one or more of these species, this may therefore change the
ecosystem substantially. It should be noted, however, that all my experiments
were relatively short-term and more without than with species interactions.
More studies are therefore needed as also potential ecosystem effects have to
be tested empirically. Again, this is best tested in the field, using free-ranging
animals, but can be complementary to mechanistic studies in captivity.

Conclusion

The amount of anthropogenic activities at sea is not likely to decrease in the near
future. Both the amount of shipping and the amount of offshore wind farms is
expected to continue to increase (International Maritime Organization, 2015;
Reed, 2020). The amount of seismic surveys is partly linked to the oil price and
may be harder to predict. However, seismic surveys are also used to identify
sites for carbon sequestration which may increase in popularity in an effort to
mitigate global warming (Carroll et al., 2014). Mitigation measures to reduce
sound levels of shipping and piling are being developed, and seismic airguns
with less loud high frequency components are already available. Nevertheless,
the amount of anthropogenic sound in the marine environment is expected to
remain substantial (Duarte et al., 2021). So, it remains important to continue
studying the effects of anthropogenic sound.

The variety in test conditions, model species, and test results in this thesis,
indicates that this area of research remains a growing field of opportunity, for
both fundamental studies and investigations of applied value. It is important
to continue research that aims to quantify fitness effects for individuals and
populations. This thesis may provide a first step, but similar research has to be
conducted in-situ, complementary with experiments that will allow translation
from changes in time budgets to changes in energy budgets, and consequently
to changes in growth, reproduction, and survival. Additionally, studies into
the factors that modulate the effects of sound are needed to fully understand
the impact of sound. Such studies may be best conducted in captivity with a
high level of experimental control and the ability to track individuals at a high
resolution. The use of controlled indoor studies is occasionally debated, but in
this way, both in-situ and controlled experiments are complementary and both
valuable to increase insight into the effects of sound on animals while using the
opportunities and being aware of the limitations of both types of experiments.



References

Bejder, L., Samuels, A., Whitehead, H., Finn, H. and Allen, S. (2009). Impact assessment
research: use and misuse of habituation, sensitisation and tolerance in describing
wildlife responses to anthropogenic stimuli. Mar. Ecol. Prog. Ser. 395, 177-185.

Benoit-Bird, K. J. (2004). Prey caloric value and predator energy needs: Foraging
predictions for wild spinner dolphins. Mar. Biol. 145, 435-444.
Bracciali, C., Campobello, D., Giacoma, C. and Sara, G. (2012). Effects of nautical traffic

and noise on foraging patterns of mediterranean Damselfish (Chromis chromis).
PLoS One 7,.

Carey, W. M. and Browning, D. (1988). Low Frequency Ocean Ambient Noise:
Measurements and Theory. In Sea Surface Sound, pp. 361-376. Dordrecht: Springer.
Carroll, A. G., Przeslawski, R., Radke, L. C., Black, J. R., Picard, K., Moreau, J]. W., Haese,

R. R. and Nichol, S. (2014). Environmental considerations for subseabed geological
storage of CO2: A review. Cont. Shelf Res. 83, 116-128.

Chan, A. A. Y, Giraldo-Perez, P., Smith, S. and Blumstein, D. T. (2010). Anthropogenic
noise affects risk assessment and attention: the distracted prey hypothesis. Biol. Lett.
6,458-461.

Croy, M. L. and Hughes, R. N. (1991). Effects of food supply, hunger, danger and
competition on choice of foraging location by the fifteen-spined stickleback,
Spinachia spinachia L . Anim. Behav. 42, 131-139.

Davis, M. (1970). Effects of interstimulus interval length and variability on startle-
response habituation in the rat. J. Comp. Physiol. Psychol. 72, 177-192.

Duarte, C. M., Chapuis, L., Collin, S. P, Costa, D. P, Devassy, R. P., Eguiluz, V. M., Erbe,
C., Gordon, T. A. C,, Halpern, B. S., Harding, H. R,, et al. (2021). The soundscape of
the Anthropocene ocean. Science (80-. ). 371,.

Ellison, W. T., Southall, B. L., Clark, C. W. and Frankel, A. S. (2012). A New Context-
Based Approach to Assess Marine Mammal Behavioral Responses to Anthropogenic
Sounds. Conserv. Biol. 26, 21-28.

Erbe, C., Marley, S. A., Schoeman, R. P,, Smith, J. N, Trigg, L. E. and Embling, C. B.
(2019). The Effects of Ship Noise on Marine Mammals—A Review. Front. Mar. Sci.
o,.

Francis, C. D., Ortega, C. P. and Cruz, A. (2009). Noise Pollution Changes Avian
Communities and Species Interactions. Curr. Biol. 19, 1415-1419.

Gatchel, R. J. (1975). Effects of interstimulus interval length on short-and long-term
habituation of autonomic components of the orienting response. Physiol. Psychol.
3,133-136.

Godin, J. J. and Crossman, S. L. (1994). Hunger-dependent predator inspection and
foraging behaviours in the threespine stickleback (Gasterosteus aculeatus) under
predation risk. Behav. Ecol. Sociobiol. 34, 359-366.

Halfwerk, W. and Slabbekoorn, H. (2015). Pollution going multimodal: The complex
impact of the human-altered sensory environment on animal perception and
performance. Biol. Lett. 11,.

Haver, S. M., Gedamke, J., Hatch, L. T., Dziak, R. P, Van Parijs, S., McKenna, M. E,



Barlow, J., Berchok, C., DiDonato, E., Hanson, B., et al. (2018). Monitoring long-
term soundscape trends in U.S. Waters: The NOAA/NPS Ocean Noise Reference
Station Network. Mar. Policy 90, 6-13.

Hawkins, A. D. and Chapman, C. J. (1975). Masked auditory thresholds in the cod,
Gadus morhua L. J. Comp. Physiol. 103, 209-226.

Hubert, ]., Campbell, J., van der Beek, J. G., den Haan, M. E, Verhave, R., Verkade, L. S.
and Slabbekoorn, H. (2018). Effects of broadband sound exposure on the interaction
between foraging crab and shrimp - A field study. Environ. Pollut. 243, 1923-1929.

Hubert, J., Campbell, J. A. and Slabbekoorn, H. (2020a). Effects of seismic airgun
playbacks on swimming patterns and behavioural states of Atlantic cod in a net pen.
Mar. Pollut. Bull. 160, 111680.

Hubert, J., Wille, D. A. and Slabbekoorn, H. (2020b). Exploring effects of sound on the
time budget of fishes: An experimental approach with captive cod. In Proceedings of
Meetings on Acoustics, p. 010012.

Hubert, J., Neo, Y. Y., Winter, H. V. and Slabbekoorn, H. (2020c). The role of ambient
sound levels, signal-to-noise ratio, and stimulus pulse rate on behavioural disturbance
of seabass in a net pen. Behav. Processes 170, 103992.

Hubert, J., van Bemmelen, J. ]. and Slabbekoorn, H. (2021). No negative effects of boat
sound playbacks on olfactory-mediated food finding behaviour of shore crabs in a
T-maze. Environ. Pollut. 270, 1-8.

International Maritime Organization (2015). Third IMO GHG Study 2014. Londen.

Kastelein, R. A., Steen, N., de Jong, C., Wensveen, P. J. and Verboom, W. C. (2011).
Effect of broadband-noise masking on the behavioral response of a harbor porpoise
(Phocoena phocoena) to 1-s duration 6-7 kHz sonar up-sweeps. J. Acoust. Soc. Am.
129, 2307-2315.

Marvit, P. and Crawford, J. D. (2000). Auditory discrimination in a sound-producing
electric fish (Pollimyrus): Tone frequency and click-rate difference detection. J.
Acoust. Soc. Am. 108, 1819-1825.

McCauley, R. D,, Fewtrell, J., Duncan, A. J., Jenner, C., Jenner, M., Penrose, J. D., Prince,
R. L. T., Adhitya, A., Murdoch, J. and McCabe, K. (2000). Marine Seismic Surveys -
A Study of Enviromental Implications. APPEA J. 40, 692-708.

Metcalfe, J. D., Wright, S., Tudorache, C. and Wilson, R. P. (2016). Recent advances
in telemetry for estimating the energy metabolism of wild fishes. J. Fish Biol. 88,
284-297.

Morley, E. L., Jones, G. and Radford, A. N. (2014). The importance of invertebrates
when considering the impacts of anthropogenic noise. Proc. R. Soc. B Biol. Sci. 281,
20132683.

Neo, Y. Y., Seitz, J., Kastelein, R. A., Winter, H. V., ten Cate, C. and Slabbekoorn, H.
(2014). Temporal structure of sound affects behavioural recovery from noise impact
in European seabass. Biol. Conserv. 178, 65-73.

Neo, Y. Y., Parie, L., Bakker, E, Snelderwaard, P, Tudorache, C., Schaaf, M. and
Slabbekoorn, H. (2015a). Behavioral changes in response to sound exposure and no
spatial avoidance of noisy conditions in captive zebrafish. Front. Behav. Neurosci. 9,
1-11.



Neo, Y. Y., Utkes, E., Kastelein, R. A., Winter, H. V., ten Cate, C. and Slabbekoorn, H.
(2015b). Impulsive sounds change European seabass swimming patterns: Influence
of pulse repetition interval. Mar. Pollut. Bull. 97, 111-117.

Payne, N. L., van der Meulen, D. E., Suthers, I. M., Gray, C. A. and Taylor, M. D.
(2014). Foraging intensity of wild mulloway Argyrosomus japonicus decreases with
increasing anthropogenic disturbance. Mar. Biol. 162, 539-546.

Popper, A. N. and Hawkins, A. D. (2019). An overview of fish bioacoustics and the
impacts of anthropogenic sounds on fishes. J. fish 94, 692-713.

Rankin, C. H., Abrams, T, Barry, R. J., Bhatnagar, S., Clayton, D. E, Colombo, J.,
Coppola, G., Geyer, M. A., Glanzman, D. L., Marsland, S., et al. (2009). Habituation
revisited: An updated and revised description of the behavioral characteristics of
habituation. Neurobiol. Learn. Mem. 92, 135-138.

Reed, S. (2020). A New Weapon Against Climate Change May Float. New York Times.

Reubens, J., De Rijcke, M., Degraer, S. and Vincx, M. (2014). Diel variation in feeding
and movement patterns of juvenile Atlantic cod at offshore wind farms. J. Sea Res.
85, 214-221.

Rogers, P. H., Hawkins, A. D., Popper, A. N., Fay, R. R. and Gray, M. D. (2016).
Parvulescu Revisited: Small Tank Acoustics for Bioacousticians. In The Effects of
Noise on Aquatic Life II, pp. 933-941.

Schlittmeier, S. J., Hellbriick, J., Thaden, R. and Vorlander, M. (2008). The impact of
background speech varying in intelligibility: Effects on cognitive performance and
perceived disturbance. Ergonomics 51, 719-736.

Sertlek, H. O., Slabbekoorn, H., ten Cate, C. and Ainslie, M. A. (2019). Source specific
sound mapping: Spatial, temporal and spectral distribution of sound in the Dutch
North Sea. Environ. Pollut. 247, 1143-1157.

Shafiei Sabet, S., Neo, Y. Y. and Slabbekoorn, H. (2015). The effect of temporal variation
in experimental noise exposure on swimming and foraging behaviour of captive
zebrafish. Anim. Behav. 49-60.

Slabbekoorn, H. (2016). Aiming for Progress in Understanding Underwater Noise
Impact on Fish: Complementary Need for Indoor and Outdoor Studies. In The
Effects of Noise on Aquatic Life II (ed. Popper, N. A.) and Hawkins, A.), pp. 1057-
1065. New York, NY: Springer New York.

Slabbekoorn, H. and Halfwerk, W. (2009). Behavioural Ecology: Noise Annoys at
Community Level. Curr. Biol. 19, R693-R695.

Slabbekoorn, H., Bouton, N., van Opzeeland, ., Coers, A., ten Cate, C. and Popper, A.
N. (2010). A noisy spring: The impact of globally rising underwater sound levels on
fish. Trends Ecol. Evol. 25, 419-427.

Slabbekoorn, H., Dalen, J., de Haan, D., Winter, H. V., Radford, C., Ainslie, M. A,
Heaney, K. D., van Kooten, T., Thomas, L. and Harwood, J. (2019). Population-level
consequences of seismic surveys on fishes: An interdisciplinary challenge. Fish Fish.
20, 653-685.

Solan, M., Hauton, C., Godbold, J. A., Wood, C. L., Leighton, T. G. and White, P. (2016).
Anthropogenic sources of underwater sound can modify how sediment-dwelling
invertebrates mediate ecosystem properties. Sci. Rep. 6, 20540.



Soudijn, E. H., van Kooten, T., Slabbekoorn, H. and de Roos, A. M. (2020). Population-
level effects of acoustic disturbance in Atlantic cod: a size-structured analysis based
on energy budgets. Proc. R. Soc. B Biol. Sci. 287, 20200490.

Tudorache, C., Viaene, P, Blust, R., Vereecken, H. and De Boeck, G. (2008). A
comparison of swimming capacity and energy use in seven European freshwater fish
species. Ecol. Freshw. Fish 17, 284-291.

van der Knaap, I., Reubens, J., Thomas, L., Ainslie, M. A., Winter, H. V, Hubert, .,
Martin, B. and Slabbekoorn, H. (2021). Effects of a seismic survey on movement of
free-ranging Atlantic cod. Curr. Biol. 1-8.

Wale, M. A, Briers, R. A, Hartl, M. G. J., Bryson, D. and Diele, K. (2019). From DNA
to ecological performance: Effects of anthropogenic noise on a reef-building mussel.
Sci. Total Environ. 689, 126-132.

Wells, D. L. (2009). Sensory stimulation as environmental enrichment for captive
animals: A review. Appl. Anim. Behav. Sci. 118, 1-11.

Williams, R., Wright, a. ]., Ashe, E., Blight, L. K., Bruintjes, R., Canessa, R., Clark, C.
W., Cullis-Suzuki, S., Dakin, D. T., Erbe, C., et al. (2015). Impacts of anthropogenic
noise on marine life: Publication patterns, new discoveries, and future directions in
research and management. Ocean Coast. Manag. 115, 17-24.

Wright, A. J., Soto, N. A., Baldwin, A. L., Bateson, M., Beale, C. M., Clark, C., Deak,
T., Edwards, E. E, Fernandez, A., Godinho, A., et al. (2007). Anthropogenic Noise
as a Stressor in Animals: A Multidisciplinary Perspective. Int. J. Comp. Psychol. 20,
250-273.

Wysocki, L. E. and Ladich, F. (2005). Hearing in Fishes under Noise Conditions. J.
Assoc. Res. Otolaryngol. 6, 28-36.

Wysocki, L. E., Dittami, J. P. and Ladich, E (2006). Ship noise and cortisol secretion in
European freshwater fishes. Biol. Conserv. 128, 501-508.



156



