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Abstract

There is a growing interest in the effects of noise pollution on marine ecosystems. To date,
these works mainly focus on hearing species, especially fish and mammals. Because these
species are generally at the upper trophic levels, key species from lower levels, like zooplankton
species, are less studied under noise effects. Zooplankton is already used as bioindicators, to
understand fluxes, ecological dynamics and global change effects; however, it remains a lack
of knowledge on the effect of noise. Previous works demonstrate that they could detect
vibrations. Consequently, noise is susceptible to affect the perception of their environment and
to induce stress. Combining their short life cycle, their phylogenetic and ecological diversity,
zooplankton could be useful organisms to understand a diversity of noise effects. They can be
used to study the effects at individual scales as modifications of physiology, development, and
behavior. Responses, that could change species interactions and population dynamics, are
expected to lead to larger scale implications (i.e., alterations of food webs dynamics and
ecosystem functioning). Here, we bring out, from studies in ecology, ecotoxicology, and
parasitology, methods that can be adapted to our current questions. We might expect further
development of acoustic studies on zooplankton, in order to better apprehend how

anthropogenic noises affect marine environments.

Keyword: Zooplankton, Anthropogenic noises, Marine ecosystems, Physiology, Fitness, Behavior,

Community



1. Introduction

Anthropogenic noise is now considered as a common pollutant in marine systems. Human
activities, like seismic survey, shipping, and wind farms, increase ambient noise levels, from
few minutes to many years and from few meters to several thousand kilometers (Duarte et al.,
2021). Noises are extremely diversified in their structure — i.e., each frequency differs in
intensity — and in their temporal pattern — i.e., punctual noises, repeated noises (regular or
random), continuous noises (with or without structural and intensity variations). Sound
perception remains a crucial ability for aquatic animals to communicate, forage or avoid
threatening situations. There have been developments in how hearing species, i.e., with
identified hearing structures, are affected by anthropogenic noises. Consequently, many studies
highlight effects of noises on marine mammals and fish (see the numerous reviews as Weilgart,

2007; Erbe et al., 2016; Cox et al., 2018; de Jong et al., 2020).

During the last few years, few studies focused on invertebrate responses to noises (Wale et
al., 2021). These non-hearing specialists, i.e., without identified hearing organs, are, in majority,
at lower trophic levels. Consequently, it is important to understand how they are affected by
noises, to expect having a good overview of the noise effects on ecosystems. It has been shown
that noises affect crustaceans (Edmonds et al., 2016), mollusks (André et al., 2011) and
cnidarian species (Solé et al., 2016), however these studies remain rare. In the current
perspective, | overview how zooplankton responses to noise could be described, based on
current knowledge and many other possibilities.

2. Noises effects on zooplankton species: a quasi-exhaustive review

2.1. Noise affects marine zooplankton

Investigation on noise effects began in the 90™ with the effect of vibration on copepods
(crustaceans). In fact, Gassie et al. (1993) showed that copepods, using mechanoreceptors of

their first antennae, are able to detect environmental vibrations. Then, Buskey et al. (2002)



demonstrated the behavioral responses of copepods with an increase of their speed few
milliseconds after vibration stimuli. These works have offered the first important information:
small crustaceans, constitutive of zooplankton, are able to detect and react to environmental

vibration, and thus, probably, to environmental noises.

Consequently, following researches wondered whether anthropogenic noises such as seismic
airguns could affect zooplankton knowing the important impacts found in vertebrates
(McCauley et al., 2003; Fewtrell and McCauley, 2012). In their in-situ experiments, McCauley
et al. (2017) obtained an increase of mortality of various zooplankton species, in particular of
crustaceans, as copepods, cladocerans, and krill larvae. They hypothesized that this mortality,
observed the day after noise exposition, results from damages of their mechanoreceptors. This
explanation could be limited for a one-day mortality; however, it suggests that an acute
exposure to airgun noises could have long-term effects. Nevertheless, Fields et al. (2019)
showed a more limited effect of airgun with a small increase of copepods’ mortality, and no
effect on their behavior. They also suggest a modification of gene expression — but they did not
know the effects of these genes on organisms. A chronic noise exposition of copepods, done by
Tremblay et al. (2019), also leads to physiological impacts with an alteration of ROS (Reactive
Oxygen Species) activities. Therefore, these few studies showed that marine zooplankton can

perceive and respond to anthropogenic noises, but their responses remain poorly investigated.

2.2. Some information from freshwater zooplankton

There are also some experiments on how noise affects freshwater zooplankton. Many of
these groups are both present in marine and freshwater systems, consequently, these studies
could offer us useful complementary information. Freshwaters are threatened by the
omnipresence of shipping activities that overlap with prominent frequencies used by aquatic

animals (Mickle and Higgs, 2018). Researches focused on behavioral responses and predation,



as zooplankton represents an important resource for fish in the food web process. However,
contrasting results were obtained, showing difficulties in generalizing the effects of
anthropogenic noises. For instance, Sabet et al. (2019) did not show a difference in Daphnia
magna behavior due to a noise exposition. However, for insect larvae exposed to noise, two
effects are documented. Chaoborus increase their body rotations, an anti-predator behavior,
when they are exposed to boat noises (Rojas et al., 2021). The damselfly Ischnura elegans
reduce their predation, through an increase of handling time (Villalobos-Jiménez et al., 2017).
Therefore, motorboat noises, less intense but with a longer duration than airgun noises, seem
also able to affect small arthropods. Consequently, the combination of all these works indicates

that various noises seem able to affect both behavior and survival of zooplanktonic organisms.

1.1. Works in progress

These studies are the basis for the numerous ongoing works. For instance, Kihn et al. (in
prep.) study copepods’ diet, and find that boat noise 24h-exposure on Acartia tonsa affects their
feeding rate. Another interesting aspect of noise pollution is long-term effects and chronic noise
expositions. To my knowledge, some works are asking how noise has long-term effects on
zooplankton, as it was done for fish, and recently for mussels, showing ability to habituate to
noises (Rojas et al., 2021; Hubert et al., 2022). On one side, researchers investigate the effects
of airguns on copepods A. tonsa (Utne-Palm et al., 2022), as on mortality and development
within six days after exposure (Vereide et al., in prep.). Long-term effects of airguns should be
consequences of the mechanism hypothesized by McCauley et al. (2017): airgun damage
mechanoreceptors that affect their ability to detect food, resulting in post-exposition effects. On
the other hand, Prosnier et al. (2022b, 2022c) experiment effects of chronic exposure to noise
(boat noises and broadband noise) along all D. magna life. Only chronic broadband noise seems
to affect both survival and fecundity of these small crustaceans, that could be explained by a

reduction of water fleas’ speed. The difference between the two noises exposure asks how the



noise type is important to understand effects of noise pollution. Vereide et al. (in prep.) also
investigate the effects of noises on copepods’ mobility. All these new results ask for a final and
important ecological question: the effect on complex communities. The only study (Rojas et
al., 2022, in prep.) shows that boat noise effects in the zooplankton community, during a few
weeks’ exposition, are more noticeable in the absence of fish, than in their presence, despite the

known effect of noise on fish predation.

1.2. And now?

All these recent studies highlight that many interesting questions start to be explored (Francis
and Barber, 2013). | distinguished five axes in which it seems important to continue (Fig. 1) .
The four firsts are on isolated individuals (or almost). Firstly, it is necessary to understand
which sounds are able to affect organisms. Until now, A wide variety of noises were used, some
more realistic (airgun, boat), others more artificial (broadband). A better understanding of noise
perception by organisms would allow us to select useful noises to study, and thus standardize
used noises to improve study comparisons. The second axis is to understand physiological
aspects. How this stress affects directly individuals, i.e., genes expression, metabolism,
energetical cost, developmental alteration. These points are mandatory to determine in which
ways zooplankton could habituate to noises, how acute exposition could lead to long-term
effect, and if chronic exposition could be more or less deleterious. The third axis is the direct
effect on zooplankton populations, the effects on survival and fecundity. It mainly results from
the previous axis (energetical cost of stress could reduce survival), and could also be affected
by the next axis. The fourth axis is the impact on behavior, obviously linked with previous axes
(energy requirement could affect behavior, and behavior could affect fecundity). In the same
axis, | directly rely on the ability to prey and the vulnerability to predation. Finally, the last axis
is the effects at community level, that is the repercussion of alteration of individual’s survival,

fecundity and behavior. It is the ultimate axis because | think that a large part of researchers
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Figure 1. Summary of the main objectives and the known effects of noises on zooplankton species. The table
indicates the studies, described in the article, on noise effects (published and in preparation) on each interesting
aspects in marine (upper line with a copepod) and freshwater (lower line with daphnid) systems.

developed, or will develop, studies on the other axes to understand how anthropogenic noises
could affect marine communities. To answer these questions researchers could be inspired by

many previous works on various zooplankton questions in other close domains, as, for instance,

in fundamental ecology, in ecotoxicology, or in parasitology.




2. Various measures on zooplankton organisms
2.1. Noise perception

Before asking how organisms are affected by noises, it seems important to understand how
it could detect the noise. Because zooplankton species have not developed a hearing system,
they use only external mechanoreceptors. Consequently, the main characteristic of the sound
that is important is not the pressure level (i.e., the classical measure in dB), but the particle
motion (i.e., the tidal velocity in m/s) (Nedelec et al., 2016; Rogers et al., 2021). So, it is now
recognized that measuring the particle motion is mandatory to understand zooplankton
reactions to noises (André et al., 2016; Popper and Hawkins, 2018). Considering this
information, electrophysiological experiments as previously done (Gassie et al., 1993) would
be interesting. Other methods, such as the behavioral one, offer, with a lower precision,
information on which sounds are detectable by organisms (Buskey et al., 2002). These methods
could allow us to know noise thresholds (both in terms of intensity, frequency, and particle
motion). Similar to ecotoxicological methods, Tyack and Thomas (2019) proposed a dose-
response method, allowing to link intensity of noises and their impacts. In complementarity,
measure of particle motions of various marine noises (airgun, shipping) is mandatory to predict
which real noise could affect zooplankton communities, and to perform realistic experiments

(in field or in laboratory).

2.2. Physiology

We consider anthropogenic noises as a pollutant that should negatively impact organisms as
a stressor. Consequently, many physiological markers of stress could be measured on
zooplankton species (from individual experiments to natural community), as it was done for
fish with cortisol measures (Nichols et al., 2015; de Jong et al., 2020). For instance, since many
years, numerous methods have been developed in ecotoxicology (Handy and Depledge, 1999)

and part of them are available for zooplankton species: the copepods seem now marine models



in ecotoxicology (Raisuddin et al., 2007; Dahms et al., 2016), as water fleas are as freshwater
model (Bownik, 2020; Ebert, 2022). For short- and long-term experiments, we could measure
the various parameters as the ROS, the organisms’ composition, and the gene expression,
providing information regarding the basis of the chain reaction (Dahms et al., 2016). For
instance, Lee et al. (2019) used various ROS (Glutathione, GST, Glutathione Reductase, GR,
Glutathione Peroxidase, GPx, Superoxyde Dismutase, SOD) to determine how ocean
acidification affected T. japonicus, and Tremblay et al. (2019) observed similar effects for a
chronic noise exposition of the copepods Acartia tonsa. Won et al. (2014) measured
concentration of a copepods’ fatty acid due to UV exposition, whereas Prosnier et al. (2022a)
measured the quantity of carbohydrates, lipids and protein of D. magna infected by a virus. |
have already noted the study of Fields et al. (2019), on the copepod Calanus finmarchicus
exposed to airgun noise, that shows a higher expression of two genes of unknown effects.
Measuring physiological markers should be a good tool for having information on the ability
of zooplankton to habituate to noises, i.e., if they return to a basal level after some time of
exposition. These physiological alterations could directly result from the noise stress, or be a

by-product of behavior modifications.

2.3. Fitness: survival and reproduction

Due to the physiological stress, or due to behavioral modifications, anthropogenic noises
could directly affect zooplankton species. These most visible effects, with evident repercussions
on zooplankton populations and communities, are effects on fitness, i.e., on survival and
fecundity. A great interest of zooplankton species is the possibility to obtain much information
in small to large, and controlled to realistic experimentations, on isolated individuals and
populations. We could observe effects on eggs, juveniles/larvae, and adult survival, fecundity,
and development of each stage (Dahms et al., 2016). There is currently an increase of these

measures, see for instance: McCauley et al. (2017) and Vereide et al. (in prep.) for mortality



measurement on marine zooplankton, and Prosnier (2022a, 2022b) for both mortality and
fecundity on a freshwater zooplankton. Effects on development are also being developed such

as the use of size or stage duration (Vereide et al., in prep.).

2.4. Behavior and predation

Behavior is surely one of the main studied aspects of anthropogenic noise impacts, because
noise should affect communication and environmental perception of the vertebrates.
Zooplankton’s behaviors were mainly studied during fish predation experiments, to control if
noises affected their vulnerability (Sabet et al., 2015; Rojas et al., 2021; Fernandez Declerck et
al., 2022) through behavioral alterations. Moreover, many other behaviors, more or less linked
to predation, could be measured in zooplankton studies. For instance, Bownik (2017) proposed
to measure swimming speed (see also, in noise experiments, Sabet et al., 2019; Prosnier et al.,
2022c; Rojas, in prep.), swimming time, hopping frequency (used for water fleas, but usable
for copepods, Elmi et al., 2021), vertical distribution (important for diel migration, tested myself
for D. magna exposed to noise, unpublished data), swimming trajectory, and sinking rate. In
case of population studies, swarming should also be an interesting measure (Buskey et al.,
1996). It should be also interesting to study how their sound production (Kiihn et al., 2022) is
affected, considering the known effects on marine mammals and fish’s one (Putland et al.,

2018).

Therefore, noises can affect environmental perception, physiology (energy requirement),
and behavior, thus are susceptible to affect a key interaction in communities: the predator-prey
interaction. On this aspect, it is mandatory to consider zooplanktonic organisms as prey and as
predators. For instance, Fernandez Declerck et al. (2022) studied the effect of motorboat noises
on fish functional response (i.e., the predator-prey relationship), but also on the fish’s speed,

i.e., the predator behavior, and on the chironomid larvae’s activity, i.e., the prey behavior). This
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method of functional response could be used for larger predators, as for damselfly larvae
preying on D. magna (Villalobos-Jiménez et al., 2017). For the smaller predators, i.e., a large
part of the zooplankton, it is possible to measure clearance rate and ingestion rate, as done by
Kihn et al. (in prep.), and any particular behaviors as feeding appendage beating (Hong et al.,
2012).

3. From individual to community

3.1. Experimental approaches

The investigations, already started, show that zooplankton is affected by noises. However,
focusing on individual responses is not enough, it requires also to assess complex communities
to obtain global responses (Kunc et al., 2016). For instance, if a noise affects development rate,
survival and fecundity, it can therefore alter competitiveness, as Decaestecker et al. (2015)
highlighted in case water fleas’ infection. Effects on zooplankton can induce trophic top-down
effect, through cascading effects, and bottom-up effects (Sommer et al., 2001; Banerji et al.,
2015; Wollrab and Diehl, 2015). In fact, mesocosms studies highlighted how the change of
biological (community response) and spatial (mesocosms) scales affects dynamics, thus they
showed that responses are more complex than expected when increasing the complexity of
communities (Geérard Lacroix, pers. comm. with freshwater experiments). The only noise-
freshwater mesocosm study (Rojas et al., 2022, in prep.) showed how zooplankton community
composition was affected by motorboat noises, despite the absence of a vertebrate predator. In
marine systems, the assessment of others stressors, such as acidification, spotlights the study of
plankton communities (Spisla et al., 2021). These complex community studies allowed indirect
effects on organisms that are, maybe, less impacted by noises, such as the phytoplankton (but
see Solé et al., 2021). Other measurements, such as stable isotopes (Boisnoir et al., 2020) could

be useful to see how noises affect trophic relationships in complex communities.
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3.2. Theoretical approaches

Until now, only experimental approaches were done to understand how noise affects
organisms and communities. An exception is the work of Roca (2018), that modelled predator-
prey relationships depending on the intensity of the ambient noise. Models are useful tools to
study the effects of pollutants (Lamonica et al., 2022) from simple systems, such as a predator-
prey interactions (Prosnier et al., 2015) to more complex food webs (Clements and Rohr, 2009).
Theoretical studies allow us to better understand mechanisms through which noises affect
community structure and stability (Wollrab and Diehl, 2015). For instance, Hulot et al. (2000)
used models to understand the importance of bottom-up and top-down effects in freshwater
mesocosms. In an infected tri-trophic system, Banerji et al. (2015) used a model to understand
that trophic alterations are more due to the host mortality than the alterations of predator
behaviors. Moreover, a combination of noise propagation models (Barber et al., 2011; Lin et
al., 2019; Guibard et al., 2022) and food web models could be useful to develop spatially

structured models.

4. Discussion

Since the last decades, there has been a growing interest on how anthropogenic noises affect
ecosystems, and particularly marine mammals and fish species. This perspective highlights the
few studies on zooplankton response in both in marine and freshwater systems, scanning all
aspects from individuals to communities. However, there is still huge gaps of knowledge that
could be filled with developed methodologies found in ecology, ecotoxicology and parasitology
studies. Three important areas should be investigated: (1) determine which noises (structure,
temporality) could affect the diversity of zooplankton, (2) use few model organisms to
understand if noises affect more or less physiology, fitness and behavior, and (3) understand,
through experiments and models, how noises affect structure and stability of zooplankton

communities.
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It is also important to consider that, in this article, |1 only focus on zooplankton species
(mainly arthropods), however many other groups are, in part of their life cycle, constitutive of
zooplankton. These organisms can also be affected by noises when they are zooplanktonic at
larval stages (Simpson et al., 2011; Aguilar de Soto et al., 2013; Nedelec et al., 2015), or when
they are nekton (fish, Rojas et al., 2021), benthos (crabs, Wale et al., 2013) or fixed (mussels,
Hubert et al., 2022). Consequently, due to the diversity of zooplankton communities and their
ecological roles, presented methods need to be developed for all of these organisms. This
enlarged point of view is mandatory to understand how anthropogenic noises affect marine

communities.

Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

Author contributions

LP thought and wrote this perspective article, and approved the submitted version.

Acknowledgment

The author would like to thank his binbme Emilie Rojas :), for the numerous useful discussions and
reviews, and Théophile Turco too; Marta Solé, for the opportunity to write this article, Vincent Médoc,
Joél Attia, Marilyn Beauchaud, and Wenjing Wang, the ENES team and AN2022 meeting for many

interesting discussions.

References

Aguilar de Soto, N., Delorme, N., Atkins, J., Howard, S., Williams, J., & Johnson, M., 2013. Anthropogenic
noise causes body malformations and delays development in marine larvae. Sci. Rep. 3, 2831.
doi:10.1038/srep02831

André, M., Kaifu, K., Solé, M., van der Schaar, M., Akamatsu, T., Balastegui, A., Sanchez, A.M., & Castell, J.
V., 2016. Contribution to the understanding of particle motion perception in marine invertebrates, in:
Popper, A.N., Hawkins, A.D. (Eds.), The Effects of Noise on Aquatic Life Il. Springer, New York, NY,

13



pp. 47-55. doi:10.1007/978-1-4939-2981-8_6

André, M., Solé, M., Lenoir, M., Durfort, M., Quero, C., Mas, A., Lombarte, A., van der Schaar, M., Lépez-
Bejar, M., Morell, M., Zaugg, S., & Houégnigan, L., 2011. Low-frequency sounds induce acoustic trauma
in cephalopods. Front. Ecol. Environ. 9, 489-493. doi:10.1890/100124

Banerji, A., Duncan, A.B., Griffin, J.S., Humphries, S., Petchey, O.L., & Kaltz, O., 2015. Density- and trait-
mediated effects of a parasite and a predator in a tri-trophic food web. J. Anim. Ecol. 84, 723-733.
doi:10.1111/1365-2656.12317

Barber, J.R., Burdett, C.L., Reed, S.E., Warner, K.A., Formichella, C., Crooks, K.R., Theobald, D.M., &
Fristrup, K.M., 2011. Anthropogenic noise exposure in protected natural areas: estimating the scale of
ecological consequences. Landsc. Ecol. 26, 1281-1295. doi:10.1007/s10980-011-9646-7

Boisnoir, A., Pavaux, A.-S., Schizas, N. V., Marro, S., Blasco, T., Lemée, R., & Pascal, P.-Y., 2020. The use of
stable isotopes to measure the ingestion rate of potentially toxic benthic dinoflagellates by harpacticoid
copepods. J. Exp. Mar. Bio. Ecol. 524, 151285. doi:10.1016/j.jembe.2019.151285

Bownik, A., 2017. Daphnia swimming behaviour as a biomarker in toxicity assessment: A review. Sci. Total
Environ. 601-602, 194-205. doi:10.1016/j.scitotenv.2017.05.199

Bownik, A., 2020. Physiological endpoints in daphnid acute toxicity tests. Sci. Total Environ. 700, 134400.
doi:10.1016/j.scitotenv.2019.134400

Buskey, E.J., Lenz, P.H., & Hartline, D.K., 2002. Escape behavior of planktonic copepods in response to
hydrodynamic disturbances: high speed video analysis. Mar. Ecol. Prog. Ser. 235, 135-146.
doi:10.3354/meps235135

Buskey, E.J., Peterson, J.0., & Ambler, J.W., 1996. The swarming behavior of the copepod Dioithona oculata:
In situ and laboratory studies. Limnol. Oceanogr. 41, 513-521. doi:10.4319/10.1996.41.3.0513

Clements, W.H., & Rohr, J.R., 2009. Community responses to contaminants: using basic ecological principles to
predict ecotoxicological effects.. Environ. Toxicol. Chem. 28, 1789-1800. doi:10.1897/09-140.1

Cox, K., Brennan, L.P., Gerwing, T.G., Dudas, S.E., & Juanes, F., 2018. Sound the alarm: A meta-analysis on
the effect of aquatic noise on fish behavior and physiology. Glob. Chang. Biol. 24, 3105-3116.
doi:10.1111/gch.14106

Dahms, H.-U., Won, E.-J., Kim, H.-S., Han, J., Park, H.G., Souissi, S., Raisuddin, S., & Lee, J.-S., 2016.
Potential of the small cyclopoid copepod Paracyclopina nana as an invertebrate model for ecotoxicity
testing. Aquat. Toxicol. 180, 282—294. doi:10.1016/j.aquatox.2016.10.013

de Jong, K., Forland, T.N., Amorim, M.C.P., Rieucau, G., Slabbekoorn, H., & Sivle, L.D., 2020. Predicting the
effects of anthropogenic noise on fish reproduction. Rev. Fish Biol. Fish. 30, 245-268.
d0i:10.1007/s11160-020-09598-9

Decaestecker, E., Verreydt, D., De Meester, L., & Declerck, S.A.J., 2015. Parasite and nutrient enrichment
effects on Daphnia interspecific competition. Ecology 96, 1421-1430. doi:10.1890/14-1167.1

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., Havlik, M.N., Meekan, M., Merchant, N.D., Miksis-Olds, J.L., Parsons, M.,
Predragovic, M., Radford, A.N., Radford, C.A., Simpson, S.D., Slabbekoorn, H., Staaterman, E., Van
Opzeeland, I.C., Winderen, J., Zhang, X., & Juanes, F., 2021. The soundscape of the Anthropocene ocean.
Science (80-.). 371, eaba4658. doi:10.1126/science.aba4658

Ebert, D., 2022. Daphnia as a versatile model system in ecology and evolution. Evodevo 13, 16.
d0i:10.1186/s13227-022-00199-0

Edmonds, N.J., Firmin, C.J., Goldsmith, D., Faulkner, R.C., & Wood, D.T., 2016. A review of crustacean
sensitivity to high amplitude underwater noise: Data needs for effective risk assessment in relation to UK
commercial species. Mar. Pollut. Bull. 108, 5-11. doi:10.1016/j.marpolbul.2016.05.006

Elmi, D., Webster, D.R., & Fields, D.M., 2021. The response of the copepod Acartia tonsa to the hydrodynamic
cues of small-scale, dissipative eddies in turbulence. J. Exp. Biol. 224, jeb237297. doi:10.1242/jeb.237297

Erbe, C., Reichmuth, C., Cunningham, K., Lucke, K., & Dooling, R., 2016. Communication masking in marine
mammals: A review and research strategy. Mar. Pollut. Bull. 103, 15-38.
d0i:10.1016/j.marpolbul.2015.12.007

Fernandez Declerck, M., Rojas, E., Prosnier, L., Teulier, L., Dechaume-Moncharmont, F., & Médoc, V., 2022.
Adding insult to injury : anthropogenic noise intensifies predation risk by an invasive freshwater fish
species. Res. Sq. rs.3.rs-2136536/v1. doi:10.21203/rs.3.rs-2136536/v1

Fewtrell, J.L., & McCauley, R.D., 2012. Impact of air gun noise on the behaviour of marine fish and squid. Mar.
Pollut. Bull. 64, 984-993. doi:10.1016/j.marpolbul.2012.02.009

Fields, D.M., Handegard, N.O., Dalen, J., Eichner, C., Malde, K., Karlsen, &., Skiftesvik, A.B., Durif, CM.F., &
Browman, H.I., 2019. Airgun blasts used in marine seismic surveys have limited effects on mortality, and
no sublethal effects on behaviour or gene expression, in the copepod Calanus finmarchicus. ICES J. Mar.
Sci. 76, 2033-2044. doi:10.1093/icesjms/fsz126

Francis, C.D., & Barber, J.R., 2013. A framework for understanding noise impacts on wildlife: an urgent

14



conservation priority. Front. Ecol. Environ. 11, 305-313. doi:10.1890/120183

Gassie, D. V., Lenz, P.H., Jeannette, Y., & Hartline, D.K., 1993. Mechanoreception in zooplankton first
antennae: electrophysiological techniques. Bull. Mar. Sci. 53, 96-105.

Guibard, A., Sebe, F., Dragna, D., & Ollivier, S., 2022. Influence of meteorological conditions and topography
on the active space of mountain birds assessed by a wave-based sound propagation model. J. Acoust. Soc.
Am. 151, 3703-3718. d0i:10.1121/10.0011545

Handy, R.D., & Depledge, M.H., 1999. Physiological responses: Their measurement and use as environmental
biomarkers in ecotoxicology. Ecotoxicology 8, 329-349. doi:10.1023/A:1008930404461

Hong, J., Talapatra, S., Katz, J., Tester, P.A., Waggett, R.J., & Place, A.R., 2012. Algal Toxins Alter Copepod
Feeding Behavior. PLoS One 7, €36845. doi:10.1371/journal.pone.0036845

Hubert, J., Booms, E., Witbaard, R., & Slabbekoorn, H., 2022. Responsiveness and habituation to repeated
sound exposures and pulse trains in blue mussels. J. Exp. Mar. Bio. Ecol. 547, 151668.
d0i:10.1016/j.jembe.2021.151668

Hulot, F.D., Lacroix, G., Lescher-Moutoué, F., & Loreau, M., 2000. Functional diversity governs ecosystem
response to nutrient enrichment. Nature 405, 340-344. doi:10.1038/35012591

Kihn, S., Utne-Palm, A.C., & de Jong, K., 2022. Two of the most common crustacean zooplankton
Meganyctiphanes norvegica and Calanus spp. produce sounds within the hearing range of their fish
predators. Bioacoustics 1-17. doi:10.1080/09524622.2022.2070542

Kunc, H.P., McLaughlin, K.E., & Schmidt, R., 2016. Aquatic noise pollution: implications for individuals,
populations, and ecosystems. Proc. R. Soc. B Biol. Sci. 283, 20160839. doi:10.1098/rspb.2016.0839

Lamonica, D., Charles, S., Clément, B., & Lopes, C., 2022. Chemical effects on ecological interactions within a
model-experiment loop. bioRxiv Recomm. by PCI Ecotoxicol. Environ. Chem. 2022.05.24.493191.
doi:10.1101/ 2022.05.24.493191

Lee, Y.H., Kang, H., Kim, M., Wang, M., Kim, J.H., Jeong, C., & Lee, J., 2019. Effects of ocean acidification on
life parameters and antioxidant system in the marine copepod Tigriopus japonicus. Aquat. Toxicol. 212,
186-193. doi:10.1016/j.aquatox.2019.05.007

Lin, Y., Newhall, A.E., Miller, J.H., Potty, G.R., & Vigness-Raposa, K.J., 2019. A three-dimensional underwater
sound propagation model for offshore wind farm noise prediction. J. Acoust. Soc. Am. 145, EL335-EL 340.
doi:10.1121/1.5099560

McCauley, R.D., Day, R.D., Swadling, K.M., Fitzgibbon, Q.P., Watson, R.A., & Semmens, J.M., 2017. Widely
used marine seismic survey air gun operations negatively impact zooplankton. Nat. Ecol. Evol. 1, 0195.
d0i:10.1038/s41559-017-0195

McCauley, R.D., Fewtrell, J., & Popper, A.N., 2003. High intensity anthropogenic sound damages fish ears. J.
Acoust. Soc. Am. 113, 638-642. d0i:10.1121/1.1527962

Mickle, M.F., & Higgs, D.M., 2018. Integrating techniques: a review of the effects of anthropogenic noise on
freshwater fish. Can. J. Fish. Aquat. Sci. 75, 1534-1541. doi:10.1139/cjfas-2017-0245

Nedelec, S.L., Campbell, J., Radford, A.N., Simpson, S.D., & Merchant, N.D., 2016. Particle motion: the
missing link in underwater acoustic ecology. Methods Ecol. Evol. 7, 836-842. d0i:10.1111/2041-
210X.12544

Nedelec, S.L., Simpson, S.D., Morley, E.L., Nedelec, B., & Radford, A.N., 2015. Impacts of regular and random
noise on the behaviour, growth and development of larval Atlantic cod ( Gadus morhua ). Proc. R. Soc. B
Biol. Sci. 282, 20151943. d0i:10.1098/rspb.2015.1943

Nichols, T.A., Anderson, T.W., & Sirovié, A., 2015. Intermittent noise induces physiological stress in a coastal
marine fish. PLoS One 10, e0139157. doi:10.1371/journal.pone.0139157

Popper, A.N., & Hawkins, A.D., 2018. The importance of particle motion to fishes and invertebrates. J. Acoust.
Soc. Am. 143, 470-488. d0i:10.1121/1.5021594

Prosnier, L., Loeuille, N., Hulot, F.D., Renault, D., Piscart, C., Bicocchi, B., Deparis, M., Lam, M., & Médoc,
V., 2022a. Parasites make hosts more profitable but less available to predators. bioRxiv
2022.02.08.479552. d0i:10.1101/2022.02.08.479552

Prosnier, L., Loreau, M., & Hulot, F.D., 2015. Modeling the direct and indirect effects of copper on
phytoplankton-zooplankton interactions. Aquat. Toxicol. 162, 73-81. doi:10.1016/j.aquatox.2015.03.003

Prosnier, L., Rojas, E., & Médoc, V., 2022b. A freshwater zooplankton in the face to boat noise pollution.
bioRxiv 2022.11.20.517267. doi:10.1101/2022.11.20.517267

Prosnier, L., Rojas, E., Valéro, O., & Médoc, V., 2022c. Chronic noise unexpectedly increases fitness of a
freshwater zooplankton. bioRxiv 2022.11.19.517212. d0i:10.1101/2022.11.19.517212

Putland, R.L., Merchant, N.D., Farcas, A., & Radford, C.A., 2018. Vessel noise cuts down communication space
for vocalizing fish and marine mammals. Glob. Chang. Biol. 24, 1708-1721. doi:10.1111/gcb.13996

Raisuddin, S., Kwok, K.W.H., Leung, K.M.Y ., Schlenk, D., & Lee, J.-S., 2007. The copepod Tigriopus: A
promising marine model organism for ecotoxicology and environmental genomics. Aquat. Toxicol. 83,
161-173. doi:10.1016/j.aquatox.2007.04.005

15



Roca, I.T., 2018. Use of acoustic refuges by freshwater fish : Theoretical framework and empirical data in a
three-species trophic system 1-10. doi:10.1111/fwb.13077

Rogers, P., Debusschere, E., Haan, D. de, Martin, B., & Slabbekoorn, H., 2021. North Sea soundscapes from a
fish perspective: Directional patterns in particle motion and masking potential from anthropogenic noise. J.
Acoust. Soc. Am. 150, 2174-2188. d0i:10.1121/10.0006412

Rojas, E., Gouret, M., Agostini, S., Fiorini, S., Fonseca, P., Lacroix, G., & Médoc, V., 2022. From behaviour to
complex communities: Resilience to anthropogenic noise in a fish-induced trophic cascade. bioRxiv
2022.07.05.498792. d0i:10.1101/2022.07.05.498792

Rojas, E., Thévenin, S., Montes, G., Boyer, N., & Médoc, V., 2021. From distraction to habituation: Ecological
and behavioural responses of invasive fish to anthropogenic noise. Freshw. Biol. 66, 1606-1618.
doi:10.1111/fwh.13778

Sabet, S.S., Karnagh, S.A., & Azbari, F.Z., 2019. Experimental test of sound and light exposure on water flea
swimming behaviour. Proc. Meet. Acoust. 37, 010015. doi:10.1121/2.0001270

Sabet, S.S., Neo, Y.Y., & Slabbekoorn, H., 2015. The effect of temporal variation in sound exposure on
swimming and foraging behaviour of captive zebrafish. Anim. Behav. 107, 49-60.
doi:10.1016/j.anbehav.2015.05.022

Simpson, S.D., Radford, A.N., Tickle, E.J., Meekan, M.G., & Jeffs, A.G., 2011. Adaptive avoidance of reef
noise. PLoS One 6, €16625. doi:10.1371/journal.pone.0016625

Solé, M., Lenoir, M., Durfort, M., Fortufio, J.-M., van der Schaar, M., De Vreese, S., & André, M., 2021.
Seagrass Posidonia is impaired by human-generated noise. Commun. Biol. 4, 743. doi:10.1038/s42003-
021-02165-3

Solé, M., Lenoir, M., Fontufio, J.M., Durfort, M., van der Schaar, M., & André, M., 2016. Evidence of
Cnidarians sensitivity to sound after exposure to low frequency noise underwater sources. Sci. Rep. 6,
37979. doi:10.1038/srep37979

Sommer, U., Sommer, F., Santer, B., Jamieson, C., Boersma, M., Becker, C.R., & Hansen, T., 2001.
Complementary impact of copepods and cladocerans on phytoplankton. Ecol. Lett. 4, 545-550.
doi:10.1046/j.1461-0248.2001.00263.x

Spisla, C., Taucher, J., Bach, L.T., Haunost, M., Boxhammer, T., King, A.L., Jenkins, B.D., Wallace, J.R.,
Ludwig, A., Meyer, J., Stange, P., Minutolo, F., Lohbeck, K.T., Nauendorf, A., Kalter, V., Lischka, S.,
Sswat, M., Dorner, |., Ismar-Rebitz, S.M.H., Aberle, N., Yong, J.C., Bouquet, J.-M., Lechtenborger, A.K.,
Kohnert, P., Krudewig, M., & Riebesell, U., 2021. Extreme levels of ocean acidification restructure the
plankton community and biogeochemistry of a temperate coastal ecosystem: a mesocosm study. Front.
Mar. Sci. 7, 1-24. doi:10.3389/fmars.2020.611157

Tremblay, N., Leiva, L., Beermann, J., Meunier, C.L., & Boersma, M., 2019. Effects of low-frequency noise and
temperature on copepod and amphipod performance. Proc. Meet. Acoust. 37, 040005.
d0i:10.1121/2.0001275

Tyack, P.L., & Thomas, L., 2019. Using dose—response functions to improve calculations of the impact of
anthropogenic noise. Aquat. Conserv. Mar. Freshw. Ecosyst. 29, 242-253. doi:10.1002/agc.3149

Utne-Palm, A.C., de Jong, K., Pedersen, G., Klevjer, T., Titelman, J., Strand, E., Vereide, E.H., Kihn, S.,
Hannass, S., Totland, A., Buschmann, H.J., Mihaljevic, M., Stramme, R., & Johannesen, R., 2022. Does
seismic have an effect on zooplankton? Field study at Ekofisk with RV Kristine Bonnevie.

Villalobos-Jiménez, G., Dunn, A.M., & Hassall, C., 2017. Environmental noise reduces predation rate in an
aquatic invertebrate. J. Insect Conserv. 21, 839-847. doi:10.1007/s10841-017-0023-y

Wale, M.A., Briers, R.A., & Diele, K., 2021. Marine invertebrate anthropogenic noise research — Trends in
methods and future directions. Mar. Pollut. Bull. 173, 112958. doi:10.1016/j.marpolbul.2021.112958

Wale, M.A., Simpson, S.D., & Radford, A.N., 2013. Noise negatively affects foraging and antipredator
behaviour in shore crabs. Anim. Behav. 86, 111-118. doi:10.1016/j.anbehav.2013.05.001

Weilgart, L.S., 2007. A brief review of known effects of noise on marine mammals. Int. J. Comp. Psychol. 20,
159-168.

Wollrab, S., & Diehl, S., 2015. Bottom-up responses of the lower oceanic food web are sensitive to copepod
mortality and feeding behavior. Limnol. Oceanogr. 60, 641-656. doi:10.1002/In0.10044

Won, E.J., Lee, Y., Han, J., Hwang, U.K., Shin, K.H., Park, H.G., & Lee, J.S., 2014. Effects of UV radiation on
hatching, lipid peroxidation, and fatty acid composition in the copepod Paracyclopina nana. Comp.
Biochem. Physiol. Part - C Toxicol. Pharmacol. 165, 60-66. doi:10.1016/j.cbpc.2014.06.001

16



