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Abstract Aquatic animals use and produce sound for

critical life functions, including reproduction. Anthro-

pogenic noise is recognized as a global source of

environmental pollution and adequate conservation and

management strategies are urgently needed. It becomes

therefore critical to identify the reproductive traits that

render a species vulnerable to acoustic disturbances,

and the types of anthropogenic noise that are most

likely to impact reproduction. Here, we provide

predictions about noise impact on fish reproduction

following a two-step approach: first, we grouped

documented effects of noise into three mechanistic

categories: stress, masking and hearing-loss, and test

which type of noise (continuous vs intermittent and

regular vs irregular) was most likely to produce a

significant response in each category with either ameta-

analysis or a quantitative review, depending on data

availability. Second, we reviewed existing literature to

predict which reproductive traits would render fishmost

sensitive to stress, masking and hearing-loss. In step

one, we concluded that continuous sounds with irreg-

ular amplitude and/or frequency-content (e.g. heavy

ship traffic) were most likely to cause stress, and

continuous sounds were also most likely to induce

masking and hearing-loss. From step two we concluded

that the vulnerability of a species to noise-induced

stress will mainly depend on: (1) its potential to

reallocate reproduction tomore quiet times or locations,

and (2) its vulnerability to masking and hearing-loss

mainly on the function of sound communication in its

reproductive behaviour. We discuss in which stages of

reproduction fish are most likely to be vulnerable to

anthropogenic noise based on these findings.
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Introduction

Anthropogenic noise pollution is a concern for human

health and considered to be an important pollutant of

terrestrial ecosystems (WHO 2011; Francis and Bar-

ber 2013; Shannon et al. 2016; Slabbekoorn et al.

2018). Recently, there is increased awareness about

noisy human activities at sea, such as vessel traffic,

seismic exploration of the sea bottom and construction

work. There are few records of underwater anthro-

pogenic noise measurements before 1990, but these

show that ambient noise levels have increased by as

much as 12 dB in 30 years in some parts of the ocean

(Andrew et al. 2002; McDonald et al. 2006; Hilde-

brand 2009; Frisk 2012). Ocean noise-disturbance can

affect the physical integrity (at exceptional exposure

levels), physiology and behaviour of aquatic animals,

which may affect individual fitness and may have

population and ecosystem level consequences (New

et al. 2014; Kunc et al. 2016; Slabbekoorn et al. 2019).

Sound production is taxonomically wide-spread in

fishes, and may have evolved multiple times in

different families (Fine and Parmentier 2015). Sound

production plays an important role in fish reproductive

success, as acoustic signals are often correlated with

male qualities such as size and condition (e.g. de Jong

et al. 2007; Amorim et al. 2013), which may affect

female spawning decisions, and thus relate to mating

success (Rowe and Hutchings 2006; Vasconcelos et al.

2012). Therefore, fishes that rely on acoustic commu-

nication may be the most obvious to be affected by

anthropogenic noise (van der Sluijs et al. 2011;

Radford et al. 2014). However, all fish have the

capability to hear low-frequency sounds (\ 500 Hz)

and, consequently, can be disturbed by noisy human

activities (Popper et al. 2003, 2014).

General effects of noise on aquatic life have been

reviewed extensively (e.g. Slabbekoorn et al. 2010;

van der Sluijs et al. 2011; Popper et al. 2014; Radford

et al. 2014; Williams et al. 2015; Kunc et al. 2016;

Carroll et al. 2017; Hawkins and Popper 2017; Cox

et al. 2018; Slabbekoorn et al. 2019). These reviews

highlight a critical need for data on population level

effects, including reproduction, as successful repro-

duction is essential for population viability. For many

fish species, the spawning period may be highly

sensitive to impacts from noise if individuals gather in

dense, localized spawning aggregations (Colin et al.

2003). A disturbance during spawning may thus

hamper a much larger fraction of the population

compared to other periods of the year. Additionally,

during this critical period, fish may also be most

vulnerable to external stressors (Pörtner and Farrel

2008), because fish are often in their poorest body

condition during the spawning period (Holst 2004;

Rose et al. 2008).
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How anthropogenic noise affects reproductive

success is species-specific and depends on the hearing

ability and reproductive biology of the exposed

species (Amoser and Ladich 2003; Hawkins and

Popper 2017). Yet, some responses (e.g. at the genetic,

cellular and physiological levels) will be shared across

taxa and species (de Soto and Kight 2016; Cox et al.

2018), enabling more general predictions about

potential impacts. As current knowledge is scattered

across species and reproductive stages, there is a need

for a thorough evaluation of published work to predict

which species and stages of reproduction may be most

sensitive to different types of noise-disturbance.

The aim of this study was to provide testable pre-

dictions for effects of different types of anthropogenic

noise on fish reproduction. We categorized the poten-

tial effects of anthropogenic noise on reproductive

behaviour in fishes into three main mechanisms: (1)

stress, which can affect growth, maturation, and

reproduction, but also signalling and avoidance

behaviour; (2) masking of signals and acoustic cues,

with potential impact on communication, feeding rate

and predation; and (3) hearing-loss, such as elevated

hearing thresholds and reduced temporal resolution

leading to similar, but prolonged effects compared to

masking (Fig. 1). Exposure to intense sounds can also

lead to physical damage (e.g. barotrauma), but we

excluded this from this review because it only occurs

close to the sound source and thus only affects a small

part of the population (Slabbekoorn et al. 2010; Kunc

et al. 2016). Distraction was also excluded as a

mechanism (Chan et al. 2010; Chan and Blumstein

2011), because there is currently no direct evidence

that this plays a role in fish reproduction (but see

Nedelec et al. 2017). In previous reviews (e.g. Kunc

et al. 2016; Cox et al. 2018), effects of sound on fish

have commonly been grouped into anatomical, phys-

iological and behavioural responses. However, since

most studies provide data on several such responses

that are likely inter-correlated (e.g. physiological and

behavioural stress-responses, or anatomical and phys-

iological changes leading to hearing-loss), we decided

to group effects based on the underlying mechanisms,

rather than the types of responses (Fig. 1).

We approached the formulation of predictions in a

two-step approach (Fig. 1). First, we conducted a

meta-analysis using the available peer-reviewed liter-

ature on the topic to test what types of noise are most

likely to affect the following three mechanisms: (1)

stress, (2) masking and (3) hearing-loss in fish

(‘‘Methods for the meta-analyses’’ and ‘‘Results and

discussion meta-analyses’’ sections; Fig. 1; Box 1).

Second, we reviewed published work on how and

when these three mechanisms could affect fish

Fig. 1 The two-step process used in this study to predict effects of noise on fish reproduction, using data on the effects of anthropogenic

noise on stress, masking and hearing-loss, and known effects of stress, masking and hearing-loss on fish reproduction
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reproduction (‘‘Formulating predictions for effects of

sound types on fish reproduction’’ section ; Fig. 1).

From these two steps, we formulated predictions on

how different types of noise could affect the different

stages of fish reproduction (Fig. 1) After we formu-

lated these predictions, we tested whether the few

currently published papers that directly examined

effects of noise on fish reproduction supported them

(‘‘Qualitative test of predictions’’ section). The papers

used for this test were not used in the meta-analyses

that we used to formulate the predictions, because

these papers reported effects of noise on fish repro-

duction directly rather than effects of noise on stress,

masking and hearing-loss (Suppl. Table 2).

Stress

Stress is the physiological cascade of events occurring

when organisms attempt to resist potentially life-

threatening situations or re-establish homeostasis in

the face of disturbance (Schreck 2000; Schreck et al.

2016; Box 1). The primary response happens within

seconds, and consists of a neurological and a hormonal

response priming the animal for a fight-flight or freeze

response (Wendelaar Bonga 1997). The secondary

response is a term used to describe the activation of the

hypothalamo-pituitary-interrenal axis, which triggers

concentration changes in a suite of hormones, reflected

and typically measured by increased blood-levels of

cortisol, which peak within 15 min and may return to

normal within 30 min if the stressor ends or habitu-

ation sets in (Romero and Butler 2007; Tudorache

et al. 2015; Schreck et al. 2016). These stages of stress

are normal responses to deviations from homeostasis,

and hence not necessarily costly (Barton 2002).

However, if stress is prolonged, the tertiary response

may set in, which often is mal-adaptive (distress;

Schreck et al. 2016). The latter concerns chronic stress

and may induce physiological changes, such a

decrease in body condition, reduction in growth, and

a hampered immune system (Sapolsky et al. 2000;

Romero and Butler 2007). After 2–3 weeks of

continuous stress, reproductive physiology may also

be impaired (Deak 2007; Schreck and Tort 2016).

Free-ranging fish can avoid stressors to some extent,

but such avoidance could carry other costs, such as lost

feeding or spawning opportunities (Schreck 2010).

Box 1 Key concepts

Anthropogenic noise Any sound from a man-made source, typically: boats, construction work (pile-driving), wind turbines and

seismic activity (Hildebrand 2009; Slabbekoorn et al. 2010)

Attention shifts Performance often depends on perceptual focus. Anthropogenic noise may distract animals and such attention

shifts may undermine their performance in vital tasks, (Chan et al. 2010; Chan and Blumstein 2011)

Communication active space The volume around a signaller (see signal vs. cue) in which enough of the signal is audible to permit

communication (Brenowitz 1982)

Hearing-loss Permanent or temporary loss of the ability to detect a sound or discriminate it from other sounds

Intermittent sound Any interrupted sound (non-continuous). Interruptions can happen on a relatively long temporal scale, i.e.

several passages of boats, or a relatively short temporal scale, i.e. the separate firing of airguns in a seismic survey. In this review

we will use the duration of the observed reproductive event or experimental exposure as the relevant time-scale

Irregular sound A sound with a non-uniform energy distribution over time, through irregularity in amplitude, frequency content,

or in the timing of relatively quiet periods

Masking Masking occurs when ambient noise hampers the uptake of information from an acoustic signal or cue due to partial or

complete overlap in the receiver’s auditory system (Brumm and Slabbekoorn 2005)

Reproductive effort The proportion of an organism’s resources (e.g. time and energy) devoted to reproductive processes

Signal versus cue We will use the biological definition of signal throughout this paper: An acoustic signal is a sound that is made

by an animal (the sender) that is selected for its effects on the behaviour of another organism (the receiver), while an acoustic

cue is any sound that contains information about the surroundings, which may stem from biotic or abiotic sources (Bro-

Jørgensen 2010; Bradbury and Vehrencamp 2011). This definition of signals and cues is not limited to the acoustic modality,

because both signals and cues can exist in any of the sensory modalities, and combinations thereof (visual, chemical, etc.

Bradbury and Vehrencamp 2011)

Stress The physiological cascade of events that occurs when an organism is attempting to resist death or re-establish homeostatic

norms in the face of disturbance (Schreck 2000)
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Masking

Anthropogenic noise can overlap in frequency and

time with a sound of interest (signal or cue) and render

it less audible to the receiver (Box 1). The level of

masking is determined by the extent of frequency

overlap and amplitude of the masking sound relative to

the signal or cue at the receiver. Sounds that do not

directly overlap, but are similar in frequency or timing,

can still mask each other if the perceptual resolution in

the auditory system of the receiver is unable to

distinguish the sounds (Bro-Jørgensen 2010; Dooling

et al. 2015). However, animal auditory systems also

have adaptations that can prevent masking (Ladich

2013). For example, release from masking can occur

when sound sources are located at different angles

from the receiver (‘spatial release’) or if masked

frequencies co-modulate with frequencies that are not

masked (Brumm and Slabbekoorn 2005; Erbe et al.

2016). Alternatively, communication signals may be

tuned to relatively quiet spectral or temporal windows

in the habitat-specific ambient noise (Crawford et al.

1997; Lugli 2010; Amorim et al. 2018).

The detection threshold is the minimum level at

which a sound is audible to a receiver within the

background of noise. In the event a sound is detected,

incomplete masking can impair the ability to recog-

nize acoustic details and distinguish between partic-

ular sounds, thus hampering effective communication

(Pollack 1975; Clark et al. 2009; Dooling et al. 2015).

The calculation of thresholds for comfortable hearing

requires more detailed knowledge of the auditory

system than the calculation of detection thresholds

(Dooling et al. 2000; Erbe et al. 2016). Such data are

largely lacking for fish and we are aware of only one

study on comfortable communication thresholds. This

study found that conspecific signals were accurately

represented in the brain when played back at a level

comparable to received levels from a fish calling at up

to 13 m distance (Alves et al. 2016). Animal auditory

systems also have adaptations that can reduce masking

(Ladich 2013). For example, release frommasking can

occur by exploiting acoustic variation due to sound

sources being located at different angles from the

receiver (‘spatial release’) or because masked fre-

quencies co-modulate with frequencies that are not

masked (Brumm and Slabbekoorn 2005; Erbe et al.

2016). Alternatively, communication signals may be

tuned to relatively quiet spectral or temporal windows

in the habitat-specific ambient noise (Crawford et al.

1997; Lugli 2010).

Hearing-loss

High intensity acute noise (e.g. pile driving or seismic

airguns), as well as prolonged exposure to lower

intensity noise (industrial noise, aquaculture facilities)

can cause temporary or permanent hearing-loss (TTS

or PTS; Amoser and Ladich 2003, McCauley et al.

2003; Scholik and Yan 2001) and impaired temporal

resolution (Wysocki and Ladich 2005; Box 1). Species

with enhanced hearing abilities may be more affected

by noise than fish that do not have such adaptations

(Amoser and Ladich 2003). Hearing-loss, just like

masking, reduces the ability of a receiver to perceive

sounds. However, it involves a physiological or

anatomical change in the animal, and could therefore

have more prolonged effects. Although hair cells

damaged by overexposure may regenerate in fish

(Corwin and Oberholtzer 1997; Smith et al. 2006;

Monroe et al. 2015), days or weeks with reduced

hearing may lead to missed reproductive

opportunities.

Methods for the meta-analyses

Terminology

Stages of reproduction

Reproduction can be organized into four distinct

stages: (1) the development of primary and secondary

sexual characteristics; (2) the arrival and establish-

ment at spawning grounds; (3) spawning, including

mate attraction and mate choice; and (4) parental care/

hatching (Fig. 1). Parental investment in each of these

stages may have physiological and behavioural com-

ponents, but it always requires energy. In each of the

four stages, animals have to find and compete for

resources (i.e. suitable habitat, nesting material,

mates), which may involve the exploitation of acoustic

cues from the environment and communication with

acoustic signals (Amorim 2006). Changes in parental

behaviours or physiology due to anthropogenic noise

may affect reproduction in each of the phases.
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Types of anthropogenic noise

Different sources of anthropogenic noise may result in

highly different sound fields; hence it becomes

essential to understand which sound types disturb fish

most to develop appropriate management and mitiga-

tion practices. Vessel sound, for example, is consid-

ered the most widespread source of continuous

anthropogenic noise underwater, and it may totally

dominate the low-frequency soundscape in heavily

trafficked areas (Haviland-Howell et al. 2007; Stanley

et al. 2017; Sertlek et al. 2019; Suppl. Table 1). The

passage of a single vessel will be characterized by a

wideband sound with a few dominating tonal (nar-

rowband) components varying in amplitude and

frequency (Ogden et al. 2011; McKenna et al. 2012;

Fig. 2a). Continuity of the sound depends on the

number of vessels passing an area, but even contin-

uous traffic produces irregular fluctuations in ampli-

tude (Sertlek et al. 2019). Seismic explorations are a

major source of anthropogenic noise in marine

systems due to their high source level (Hildebrand

2009, Gisiner 2016; Suppl. Table 1). During a survey

an array of airguns releases compressed air into the

water producing short, broadband, high amplitude

sound pulses at regular intervals (Fig. 2b). The pulse

duration, the sound envelope and the dominant

frequencies can change with distance (Fig. 2b). Typ-

ically, large areas are investigated during several

weeks along transects that can span over hundreds of

kilometres (Gisiner 2016). As a result, a stationary fish

may experience varying levels of continuity and

Fig. 2 a A passing boat recorded a at 34 m depth, showing

tonal components and changes in amplitude and frequency,

which will create irregular sound patterns if several vessels pass.

b Seismic sound at 1.5 km (top), 80 km over a soft sea bed in

shallow water, and 40 km over a hard sea bed in shallow water,

showing that the received sound from a seismic survey can be

intermittent to continuous depending on distance to the source

and properties of the ocean floor, but is always regular. (Re-used

with permission from Erbe et al. (2016). Communication

masking in marine mammals: A review and research strategy.

Marine Pollution Bulletin 103 15–38, Elsevier 2016)
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regularity as the survey progresses. Pile driving

produces the most pervasive sound during construc-

tion of new structures (wind farms, oil platforms;

Madsen et al. 2006; Suppl. Table 1). The hammer

strokes produce brief, high amplitude, broadband

pulses at a single location, but sound waves may enter

the seafloor, and propagate along the water/bottom

boundary and be reflected and/or refracted back into

the water column in other locations (Hazelwood and

Macey 2016). Pile-driving will thus likely produce a

less regular pattern of intermittent sounds than a

seismic survey.

Dominate sound sources may vary between differ-

ent areas, and may include other sources of low

frequency sound than those examined here (e.g.

drilling, dredging, low frequency military sonars,

explosions, and land traffic, e.g. Hildebrand 2009;

Holt and Johnston 2015; Marley et al. 2016). Sound

propagation depends on the source level and environ-

mental conditions like water depth, bathymetry,

sediment and water properties, and surface roughness

(Farcas et al. 2016). Therefore, the sound from these

sources that reaches fish spawning grounds may vary

in acoustic characteristics, such as intermittency,

regularity, length of exposure and sound pressure

level (Box 1; Fig. 2). In this study, we focus on the

effects of continuity and the regularity of the sounds

sources (Box 1).

Fish hearing and experimental exposure to sound

Most fish hear best below 500 Hz by sensing particle

acceleration with their inner ear (Popper and Fay

2011). Some fish can hear higher frequencies, includ-

ing the ultrasound range (e.g. herring; Enger 1967;

Popper and Fay 2011; Narins et al. 2013), by sensing

pressure changes in their swim bladder, especially if it

is connected to the inner ear (Chapman and Hawkins

1973; Bretschneider et al. 2013, Popper and Hawkins

2018). The lateral line may also be involved in sensing

lower frequencies (Higgs and Radford 2012). The

particle acceleration that mainly excites the fish

hearing system will not be linearly related to the

measured sound pressure in most laboratory environ-

ments (Parvulescu 1967; Hazelwood andMacey 2016;

Nedelec et al. 2016; Popper and Hawkins 2018).

Therefore, the measured pressure levels in the exper-

iments may not accurately reflect the levels experi-

enced by the fish under study. However, if one uses the

same experimental set-up for comparisons between

different sound levels (e.g. ambient vs exposure), it is

reasonable to assume that an increase in measured

sound pressure will reflect an increase in particle

displacement, because both are a direct result of an

increase in the intensity of the sound. Thus, while

laboratory studies are not suitable to provide informa-

tion on absolute sound levels for fish responses in their

natural habitat, they can provide information on

whether certain sound types are more likely than

others to affect fish.

Hypotheses and predictions prior to the meta-

analyses

Different sound types may affect stress, masking and

hearing in different ways. For example, irregular

sound will be less predictable than regular sounds

(Box 1), and unpredictable stressors may induce

higher levels of stress than more predictable stressors

(Wingfield and Ramenofsky 1999; Wright 2007;

Galhardo and Oliveira 2009; Galhardo et al. 2011).

We therefore hypothesized those irregular sounds

would affect stress in fish more than regular sounds,

although particularly intense sounds may cause stress

regardless of predictability. In the case of intermittent

sound, each repeated onset of sound may produce

repeated startle response until habituation sets in. We

thus expected an increased stress response for inter-

mittent vs. continuous sound for short exposures,

which may or may not translate to a long-term impact

on chronic stress. For masking, on the other hand, we

expected that animals could use intermittencies as

opportunities for communication, and therefore con-

tinuous sound would be more problematic. We

expected hearing-loss to be affected mainly by the

intensity, but also by the length of the sound-exposure.

Literature search

We exploited information in the literature for a meta-

analysis to test which sound types were most likely to

affect fish stress, masking and hearing ability. We

searched for [(‘‘anthropogenic noise’’ or ‘‘pile driv*’’

or seismic or ‘‘boat* noise’’ or ‘‘aquatic noise’’ or

‘‘underwater noise’’ or ‘‘noise exposure’’) and (fish or

fishes)] [last search 18-01-2018] in web of science.

With these search terms we found 405 papers, we

excluded 28 reviews and 15 other (news items etc.)
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that were not original data reports, leaving 359

research articles. Furthermore, we excluded 38 con-

ference proceedings, because they were not peer-

reviewed, leaving 320. We excluded a further 108

papers based on the abstract, and 100 papers based on

the full text, because they did not provide data on the

effects of noise on fish, leaving us with 112 topical

papers with relevant data. We included all studies that

provided a statistical test on differences in stress

masking or hearing ability between treatments, peri-

ods or sites with vs without increased noise levels.

Furthermore, we cross-checked the references in these

112 papers for additional papers that may have been

missed in our initial web-of-science search, and found

a further 21 papers, leading to a total of 133.

Statistical analyses

We conducted three separate test to assess which

sound type was most likely to affect (1) stress, (2)

masking and (3) hearing-loss in fish. To test effects of

noise on stress, we divided stress responses into

physiological responses using tests on effects of noise

on cortisol, ventilation and metabolic rates, and

behavioural responses using tests on effects of noise

on startle or freeze behaviours (emergency response),

horizontal and vertical avoidance (or dive-down;

generally measured as instantaneous changes in

swimming depth). To test effects of noise on masking,

we used reported comparisons of hearing thresholds

with and without elevated noise levels during expo-

sure, and to test effects of noise on hearing-loss, we

used reported comparisons of post-exposure hearing

thresholds in control vs. exposed individuals. Of the

133 considered studies, 62 reported one or more of

these measures (see Suppl. Table 2).

We classified exposures as intermittent or contin-

uous solely based on temporal characteristics: whether

the sound exposure was interrupted (or not) during the

experimental or observation period. Whether we

classified a study as regular or irregular depended

both on temporal and spectral characteristics: Within

continuous sounds, we classified artificial sounds

(white noise or linear sweeps) as regular.We classified

boat noise as irregular, because of their variations in

amplitude, spectral characteristics and temporal char-

acteristics over time. However, some studies exposed

animals to continuous repeats of a short recording of

vessel noise, which would be more regular than longer

recordings of varying vessel passages. We classified

the exposures reported in eight studies that used boat

noise playbacks as regular, due to a very high number

of repeats ([ 50: Scholik and Yan 2002; Liu et al.

2013; Nedelec et al. 2016; Radford et al. 2016), the use

of a very short recording (\ 20 s; Vasconcelos et al.

2007; Picciulin et al. 2010; Sebastianutto et al. 2011)

or repeats of a single recording of one ship (Voellmy

et al. 2014; Suppl. Table 2). Within intermittent

sounds, we classified sounds as regular or irregular

based on temporal regularity. We excluded sound

level from the analyses, because it was not feasible to

compare sound exposure levels between studies in a

robust way. This was due to the non-linear relation

between particle motion and pressure discussed above

(Sect. 2.1.3) and due to differences in the frequency-

band and time over which sound levels were quanti-

fied. In addition, differences in hearing thresholds of

the tested species will affect the experienced sound

levels in the treatments (Popper et al. 2014).

We tested the effect of intermittent versus continuous

noise and regular vs. irregular noise, as well as the

interaction between intermittency and regularity on the

likelihood that a significant effectwas foundonmeasures

of stress, masking and hearing-loss using general linear

modelswith a binomial error-structure in R version 3.5.0

(lme4 package; Bates et al. 2015; R Core Team 2017).

Thus, our response variable was binary: whether or not a

significant effect was found for each measure reported,

while study was included as a random factor in the

models. As covariateswe included exposure length, type

of study: laboratory vs field studies, habitat: freshwater

vsmarinespecies, and stage: adults vs juveniles.Because

exposure time was very unevenly distributed, we

converted it to an ordered factor with four levels:

‘‘minutes’’ (less than an hour), ‘‘hours’’ (1–23 h), ‘‘days’’

(more than one day), and ‘‘months’’ (more than amonth)

to include it in the models.

Due to the still limited number of studies available,

we were unable to include all covariates in the full

model. Therefore, we included covariates one by one

and selected the model that fitted the data best on the

basis of AICc (AICcmodavg package; Mazerolle

2017). AICc is an adaptation of Akaike’s information

criterion (AIC; Akaike 1973) for small sample sizes

(Sugiura 1978; Hurvich and Tsai 1991). The data-

points in the model were weighed by the sum of the

sample size of the treatment and the sample size of the

control. In this way, repeated measure studies were
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weighed similarly to independent tests, because we

assumed that the precision of repeated measure studies

was higher than independent group studies for the

same sample size (c.f. Morris and DeShon 2002).

We used the likelihood of a significant effect

instead of effect sizes for three reasons. Firstly, we

refrained from comparing a measure of variation

across species and different types of noise, because

variations in physiological parameters are known to be

species-specific, and the limited data available for

each species renders it impossible to test for effects

within species. Secondly, we could not reliably

compare sound levels between studies, and sound

levels are likely to influence effect size. Thirdly, using

effect sizes would have made it impossible to include

different measures in the same model (Morris and

DeShon 2002), which would have decreased sample-

size. We assumed that the likelihood of a significant

effect would be less sensitive to variations in effects

between species and measures than analyses of effect

sizes would be. By testing whether the type of study

(laboratory vs field) had a significant effect on the

results, we tested whether our findings were general

rather than confined to either the laboratory or the

field.

Because we used a binary score of a significant

result vs a non-significant result, we could not test for

publication bias in the usual way. Overall, we found 58

studies reporting at least one significant effect com-

pared to 4 studies reporting no significant effects, thus

94% of the published studies reported at least one

significant effect. Within these 62 published studies,

we found that 159 of 227 tests (70%) produced a

significant effect. This would suggest that there likely

is a publication bias towards significant effects, but

this bias is less strong for the number of tests (which

we used as dependent in the analyses) than for the

number of studies. However, our main question was

whether some sound types produced more significant

effects than others, and we assumed that there was no

difference between the sound types in publication bias.

Results and discussion meta-analyses

Types of noise and stress

We found 42 tests in 17 studies on 13 species of 9

families on physiological measurements of stress

(cortisol: N = 21, ventilation rate: N = 17, metabolic

Fig. 3 The percentage of published tests on effects of different

types of noise on physiological indicators of stress that were

significant (P\ 0.05) versus non-significant. Measures used:

cortisol levels, ventilation rates, metabolic rates. In the

statistical model, we tested the likelihood of a significant effect

based on binary scores, i.e. whether or not a significant effect

was found for each test in each category, using study as a

random factor
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rate: N = 4). Stress was significantly affected by noise

exposure treatment in 28 of these tests (Fig. 3). We

found a significantly negative effect of regularity and

intermittency, as well as a significant interaction of

regularity and intermittency on the likelihood of a

significant outcome (Table 1a). However, when we

included exposure time in the model, excluding two

studies that did not report this measure, only the effect

of regular vs irregular and the interaction effect

remained significant, even though the confidence

interval of the effect of intermittency did not include

zero, suggesting a negative effect of intermittency as

well (Table 1b). Exposure time had a negative effect

on the likelihood of a significant outcome, which may

indicate a decrease of noise impact with habituation.

When comparing both models on the same data, the

model including exposure time fitted significantly

better than the model without (AICc 304 vs 853);

however, the confidence intervals of the model

including exposure time included infinity which

suggests that the model may be too heavy for the

data. Because 5 of the 6 field studies found a

significant effect of noise, regardless of type of noise,

it was not possible to test whether the type of study

affected the outcome. None of the other covariates led

to a significant improvement of the model (AICc:

none: 1058, habitat: 1060, stage: 1061). Overall,

irregular sounds were more likely to affect physiolog-

ical stress (Fig. 3).

We found 89 tests from 25 studies on 20 species of

14 families on behavioural measurements of stress

[startle behaviours: N = 36, horizontal avoidance:

N = 24, and vertical avoidance (instantaneous

changes in swimming depth): N = 29]. Overall, 57

of these tests were significant versus 32 not significant

(Fig. 4). We found a significantly negative effect of

the intermittency and a significant interaction between

regularity and intermittency on the likelihood of a

significant outcome (Table 2, Fig. 4a). Irregular con-

tinuous sound was most likely to affect stress

behaviours and irregular intermittent noise was least

likely to affect stress behaviours (Fig. 4a). This

pattern may be caused by a combined effect of

intermittent sounds on startle behaviours (Fig. 4b),

and irregular continuous sound on avoidance beha-

viours (Fig. 4c, d), though caution is warranted due to

small sample size regarding the effect of irregular

noise for startle responses. Of the 25 studies used in

our analysis, 9 (36%) did not report exposure length,

limiting our ability to test this factor. Including other

co-variates did not significantly improve the model

(AICc: none: 1711, type of study: 1712, habitat: 1713,

stage: 1713).

As hypothesized, we found that irregular sounds

were more likely to affect both physiological and

behavioural indicators of stress than regular sounds.

Contrary to our expectations, our results showed that

continuous sounds were more likely to affect stress

than intermittent sound. Thus, continuous irregular

sounds were most likely to have a significant effect on

behavioural and physiological stress responses. This

effect appeared to be most pronounced in the context

of avoidance behaviours (Fig. 4c, d), while intermit-

tent sounds may be more likely to lead to startle and

freeze responses. The stronger effect of sound irreg-

ularity is consistent with an overall stronger effect of

Table 1 Outcome of

binomial GLMM on effects

of different sound

characteristics on the

likelihood of a significant

effect of exposure on

physiological measurements

of stress

Fixed effects Estimate SE z P 95% CI

A. Number of observations: 42, random factor groups: Study: N = 17

(Intercept) 10.54 3.33

Regular versus irregular - 1.83 0.32 - 5.78 \ 0.0001 - 2.46 to - 1.22

Intermittent versus continuous - 3.92 1.68 - 2.34 0.019 - 10.26 to - 1.56

Interaction 6.71 1.70 3.94 \ 0.0001 4.25 to 13.06

B. Number of observations: 37, random factor groups: Study: N = 15

(Intercept) 33.32 8.19

Regular versus irregular - 21.72 6.65 - 3.27 0.001 - Inf to - 12.59

Intermittent versus continuous - 5.36 3.05 - 1.76 0.08 - 36.82 to - 2.08

Days versus minutes of exposure - 19.38 4.51 - 4.29 \ 0.0001 - 44.64 to - 11.81

Interaction 27.45 7.75 3.54 0.0004 16.29 to 79.95
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anthropogenic noises when compared to pure tones on

fish behaviour and physiology found in a recent meta-

analysis (Cox et al. 2018), because anthropogenic

noise is highly likely to be more irregular than tones.

We found no evidence for differences between

laboratory and field studies the likelihood of different

sound types to affect behavioural stress responses,

suggesting that these responses are possible to detect

in the laboratory. For instance, horizontal avoidance

has been detected in experimental set-ups where the

size of the enclosure was suitably large relative to the

size of the fish (Romine et al. 2015; Vetter et al.

2015, 2017; Shafiei Sabet et al. 2016).

Fig. 4 The percentage of published tests on effects of different

types of noise on behavioural indicators of stress that were

significant (P\ 0.05) versus. non-significant. Measures used:

a all combined, b startle and freeze responses, c horizontal

avoidance, d vertical avoidance. In the statistical model, we

tested the likelihood of a significant effect based on binary

scores, i.e. whether or not a significant effect was found for each

test in each category, using study as a random factor

Table 2 Outcome of binomial GLMM on effects of different sound characteristics on the likelihood of a significant effect of

exposure on behavioural measures of stress

Fixed effects Estimate SE z P 95% CI

Number of observations: 89, random factor groups: Study: N = 25

(Intercept) 7.67 4.66

Regular versus irregular - 0.66 0.34 - 1.96 0.05 - 1.33 to 0.00

Intermittent versus continuous - 1.05 0.36 - 2.93 0.003 - 1.76 to - 0.35

Interaction 1.45 0.46 3.16 0.002 0.55 to 2.35
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Types of noise and masking

We found 12 tests in 6 laboratory studies that directly

explored the effects of sound-exposure on hearing

thresholds (during exposure) in 10 species of fish, all

using continuous noise, both regular (N = 8) and

irregular (N = 4). All studies reported a significant

increase in hearing thresholds regardless of whether

the exposure was regular or irregular. In these studies

fish were exposed to vessel noise, white noise and, in

one case, aquaculture noise (Gutscher et al. 2011).

The presence of a significant effect in all studies

precluded the use of a meta-analysis but suggested a

consistent detrimental effect of continuous noise on

masking. Publication bias may have caused this pre-

dominance of significant effects in the literature.

However, biologically important sounds may be less

masked than the tones used for establishing hearing

thresholds (Vasconcelos et al. 2007; Belanger et al.

2010). This could potentially be due to the more

complex structure of such sounds, which would reduce

overlap, and would allow for perceptual adaptations

that tune the auditory system of the receiver to

biologically relevant sounds (Brumm and Slabbe-

koorn 2005; Erbe et al. 2016). In addition, the set-up to

measure the effects of masking on hearing thresholds

may not allow for spatial release from masking, due to

the proximity of the speakers, and the associated

unpredictability of the direction of particle motion

close to the sound source, which could impair

directional hearing (Popper and Hawkins 2018).

Due to species-specific differences in hearing

systems, predicting what sound types and sound levels

will mask communication in different species remains

a challenging task (Ladich 2013; Dooling et al. 2015;

Popper and Hawkins 2018). Vessel noise can cause

strong masking effects even in fish with poorer hearing

abilities (Vasconcelos et al. 2007; Codarin et al. 2009).

Generally, the most important acoustic feature affect-

ing the extent of masking is the level of acoustic

energy in the frequency band of the signal (Dooling

et al. 2015). Therefore, fish that use low-frequency

communication signals, e.g. cod (Rowe and Hutchings

2006), are more likely to be affected by anthropogenic

noise than fish that use high-frequency signals, such as

herring (Wahlberg andWesterberg 2005; Wilson et al.

2004). In addition, we can assume that continuous

noise will be most effective in masking communica-

tion, while intermittency may offer some release from

masking (Dooling et al. 2000; Brumm and Slabbe-

koorn 2005).

Types of noise and hearing loss

We found 41 tests in 13 studies on 13 fish species from

10 families on the effects of noise on hearing

Fig. 5 The percentage of reported test on effects of different

types of noise on hearing thresholds that were significant

(P\ 0.05) versus non-significant. All tests used regular noise.

In the statistical model, we tested the likelihood of a significant

effect based on binary scores, i.e. whether or not a significant

effect was found for each test in each category, using study as a

random factor
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thresholds after the end of exposure (Fig. 5). Signif-

icant effects of noise on hearing-loss were found in 31

of these tests (76%). Although these studies were all

conducted on freshwater fish, hair cell damage due to

noise exposure has also been reported in several

marine species (McCauley et al. 2003). Only one of

the 13 studies used irregular sound, which was,

therefore, excluded. Intermittent sounds seemed less

likely to cause a threshold shift than continuous

sounds, but this effect was not significant (Table 3).

Including the exposure time did not improve themodel

significantly (AICc: without: 130 vs with: 135). Only

one study used marine fish and only two used

juveniles, precluding the inclusion of habitat and

stage in the model. Including type of study did not

significantly improve model fit (AICc: without: 180 vs

with: 182), indicating no significant difference

between lab and field studies. Our data thus suggest

that continuous sound may have the potential to do

more damage than intermittent sound. This may be

due to the more rapid accumulation pf sound exposure

level or the absence of recovery periods during

exposure to continuous sound. During exposure to an

intermittent sound, fish may be able to (partly) recover

from noise-exposure after each sound burst, because

fish are capable of rapid recovery of hearing structures,

with a potential for full recovery within days after

exposure (Smith et al. 2006).

Formulating predictions for effects of sound types

on fish reproduction

The results of our meta-analyses show that stress and

communication are most likely to be affected by

continuous sound. In addition, stress is most likely to

be affected by irregular sound. To formulate predic-

tions on how continuous and irregular sound can affect

different stages of reproduction, we reviewed pub-

lished work, about how stress and the masking of

signals and cues can affect reproduction, with a focus

on recent reviews. A complete overview of our

predictions is given in Table 4.

Predicted effects of stress on reproduction

Effects of stress on sexual development

Reproduction is sensitive to stress, because cortisol

generally inhibits the reproductive axis in favour of

functions that increase the likelihood of survival. A

particularly relevant terrestrial example of such an

effect is the 10-year cycle of snowshoe hares (Lepus

americanus, Leporidae), where the main factor

explaining a decreased reproduction in years of a

declining population size was found to be chronic

stress from predation risk (Boonstra et al. 1998). In

general, elevated levels of cortisol inhibit growth and

reproduction (Schreck et al. 2001). However, there are

exceptions: individuals that have a short time span to

mate, such as older individuals, and individuals of

semelparous or short-lived species, reproduce even

when they experience high levels of cortisol (Wing-

field and Sapolsky 2003). The timing of the stressor in

reproduction may also be important: stress that occurs

late in vitellogenesis may induce early spawning,

while stress that occurs early may lead to postpone-

ment (Schreck et al. 2001; Skjæraasen et al. 2012).

Overall, there seems to be a general pattern that

species and individuals that have the opportunity to

postpone spawning may be more likely to be affected

by stress than species or individuals that do not have

the opportunity to postpone spawning.

Effects of stress on settlement on spawning grounds

A typical response to stress is avoidance of the stressor

(Schreck 2010). During migration, this can lead to

delayed arrival at the destination (Rossington et al.

2013). In addition, stress could reduce energy

Table 3 Outcome of binomial GLMM on effects of different sound characteristics on the likelihood of a significant effect of

exposure on hearing thresholds

Fixed effects Estimate SE z P

Number of observations: 41, random factor groups: Study: N = 13

(Intercept) 10.28 2.92

Intermittent versus continuous - 10.71 7.34 - 1.46 0.14 - 35.75 to 8.08
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available for migration, which may also lead to a

delayed arrival (Schreck et al. 2001). A delayed arrival

at spawning grounds could incur costs, such as the loss

of spawning opportunities or decreased offspring

survival if a mismatch arises between the time of

hatching and peaks in food availability (Houde 2008).

In addition, avoidance behaviour after arrival could

lead to movement away from the spawning ground.

For example, during spawning, herring (Clupea

harengus, Clupeidae), continuously choose between

spawning in the water column and avoiding predation-

risk by moving towards the bottom (Nøttestad et al.

1996, Skaret et al. 2003).

In general, the response of an animal to a stressor

will depend on a trade-off between the cost of being

stressed and the cost of avoiding the stressor (Beale

2007; Schreck et al. 2016). If the costs of avoidance

are too high, animals may remain and spawn, but

failure to avoid the stressor may lead to increased

stress-levels and decreased reproductive success.

Because anthropogenic stressors are comparatively

new on an evolutionary time-scale, animals may not

yet have had time to evolve appropriate response that

Table 4 Predictions for the effects of different types of

anthropogenic noise on fish reproduction derived from a

meta-analysis on different types of anthropogenic noise on

stress, masking and hearing-loss and a review of recent

literature on how stress, masking and hearing-loss could affect

fish reproduction

Sound type

most likely to

affect

Mechanism Response Vulnerable

stages

Potentially affected parental effort Main factors likely to affect

vulnerability

Continuous

and irregular

Stress Avoidance Settlement Delayed or no arrival Dependence on spawning

grounds, behavioural

repertoire

Spawning Number and timing of spawning

events

Dependence on spawning

grounds, behavioural

repertoire

Parental care Brood desertion Value of current vs. future

broods

Increased

cortisola
Development Timing of maturation Timing of exposure, potential

for postponement

Maternal effects Species-specific maternal

buffers

Spawning Courtship, mate-choice, number

and quality of offspring

Sensitivity, potential for

postponement

Condition-

lossa
Settlement Spawning migration Baseline condition during

migration

Spawning Number and timing of spawning

events

Baseline condition during

spawning

Continuous Masking

and

Hearing-

lossb

Loss of

cues and

signals

Development Priming, ovulation Importance of acoustic cues for

development

Settlement Localization of spawning grounds Importance of acoustic cues for

location

Spawning Mate-localization, courtship, mate-

choice, number and quality of

offspring

Importance and flexibility of

acoustic signals

Parental care Predator defence Importance of acoustic cues for

predator detection

Changes in

signalling

Spawning Courtship, mate-choice, quality of

offspring

Importance and flexibility of

acoustic signals, costs of

signal changes

aIn the absence of avoidance
bNote that the level of masking and hearing-loss will likely be affected by species-specific hearing abilities, as well as the loudness

and frequency content of the masking sound
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would incur lesser costs, and its response could,

therefore, be mal-adaptive. For example, many fish

respond to stress with a freeze reaction, which would

hamper the avoidance of noisy areas (Popper et al.

2003; Wright 2007). Thus, we can predict that the

reproductive biology and the behavioural repertoire of

a species will affect the likelihood of avoidance:

Pelagic spawners may be more likely to avoid noise,

while species that depend on specific spawning

grounds may remain, even if noise exposure induces

stress. In addition, the behavioural response to stress

will affect the likelihood of avoidance.

Effects of stress during spawning

Effects of stress on reproduction can include effects on

courtship, nest defence and mate choice (Schreck

2010). This may lead to a lower spawning volume, but

also to a decreased quality of the offspring if sub-

optimal mates are chosen. In addition, cortisol can

have a direct detrimental effect on offspring develop-

ment. Hormonal responses to stress are generally

attenuated in new-born animals, but some fishes can

produce cortisol already before hatching (Barton

2002). Cortisol may also be passed on to the offspring

if the mother was stressed during oogenesis (Kamler

2005), and negatively affect the offspring (Schreck

et al. 2001; Nesan and Vijayan 2012). However, there

is a clear advantage for females to protect their eggs,

and maternal systems may therefore have evolved to

buffer eggs from negative effects of stress (Schreck

et al. 2001). Thus, while overall reproductive output is

likely to be affected by stress, whether and how effects

of stress are passed on to the offspring may be highly

dependent on the species.

Effects of stress on parental care

Vertebrates from a great range of taxa have been

shown to be less sensitive to stress during the breeding

period than in the rest of the year (Wingfield and

Sapolsky 2003). There is little specific literature on the

effects of noise on fish parental care. In birds (western

sandpipers, Calidris mauri, Scolopacidae), there is

some evidence that the sex that provides parental care

is less sensitive to increased stress levels than the other

sex, suggesting that parental care reduces the physi-

ological and behavioural response to a stressor

(O’Reilly and Wingfield 2003). However, severe

stress may lead to reactivation of the sensitivity to

stress, which may lead to the desertion of current

broods in favour of future reproduction (Astheimer

et al. 1995). Brood desertion should only be expected

if the cost–benefit ratio in the current brood is high

compared to the potential for future reproduction

(Trivers 1972; Clutton-Brock 1991). Thus, noise-

induced stress may be expected to have a reduced

effect during periods of parental care, unless it exceeds

a certain threshold.

Predicted effects of masking on reproduction

Effects of masking on sexual development

Courtship sounds may enhance egg development. In

female Mozambique tilapias (Oreochromis mossam-

bica, Cichlididae) male sounds induced priming for

oviposition (Marshall 1972). Similarly, in female

fringed darters (Etheostoma crossopterum, Percidae),

male courtship sounds led to a decline in circulating

oestrogen (Noel 2012), suggesting that conspecific

sounds can induce ovulation (Kime 1993; Zeyl et al.

2016). These findings suggest that masking may

hamper physiological processes that prepare females

for ovulation in some species.

Effects of masking on settlement on spawning grounds

Vocal fish may use choruses to locate spawning

grounds. Fish sounds vary in broadcasting range from

only a few centimetres to hundreds of meters.

Although most fish will likely communicate within a

range of a few centimetres to meters (gobies (Gobi-

idae): Lugli and Fine 2003, toadfishes: Fine and

Lenhardt 1983, Alves et al. 2016, damselfishes:

Myrberg et al. 1986, Codarin et al. 2009, sweepers

(Pempheridae): Radford et al. 2015), some fish calls

range over a few hundred meters (e.g. Sciaenidae and

Gadidae: Sprague and Luczkovich 2012; Codarin

et al. 2009; Locascio and Mann 2011; Parsons et al.

2012; Stanley et al. 2017), and others form large choral

spawning aggregations whereby male sounds are

thought not only to serve as a long-range signal to

attract females to the spawning arena but also to

synchronize the reproductive behaviour of the spawn-

ing pair (Hawkins and Amorim 2000, Parsons et al.

2009, Casaretto et al. 2015). To date, there have been

few studies assessing the decrease in communication
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active space by anthropogenic noise in fish but they

point to a reduction of a few meters to several 100

meters in different species (Radford et al. 2015;

Parsons et al. 2012; Stanley et al. 2017). However,

because the source levels of most fish sounds are

unknown, there is some uncertainty around these

numbers. In addition, these studies have focussed on

detection distance rather than the distance for com-

fortable communication. An example of how to gain

information on the distance for comfortable commu-

nication is the approach adopted in Alves et al. (2016):

the authors report the precision of the representation in

the auditory pathway of calls recorded at different

distances, it seems possible with this method to

reliably tell at which distance receivers can extract

information from biologically important sounds.

Because a reduction in the active space for commu-

nication by masking could have major implications for

reproduction for fish that rely on sound to locate and

choose mates, providing more accurate estimates of

the effect of noise on communication distances should

be a research priority.

There is currently no evidence suggesting that non-

vocal fish use acoustic cues to locate spawning

grounds, however, the soundscape of an environment

may well be important for migrating fish (Slabbekoorn

and Bouton 2008; Fay 2009). In damselfish larvae, the

disturbance of sound cues hampers orientation to

appropriate settling sites (Holles et al. 2013). There is

yet very little evidence of acoustic orientation in adult

fish, but in the freshwater species avu (Plecoglossus

altivelis) adults prefer playbacks of fish ladders over

playback of river sound (Febrina et al. 2015).

Furthermore, some fishes can register minor changes

in sound patterns, which could mean that noise could

potentially hamper spawning migration in non-vocal

fish (Purser et al. 2016; Slabbekoorn et al. 2010).

Effects of masking during spawning

Many fish species rely on acoustic signalling during

reproductive activities, including mate attraction,

courtship and mate choice, as well as for spawning

synchronisation (Myrberg and Lugli 2006). Calling

behaviour may even be a prerequisite for spawning

success, as was shown in a toadfish (Halobatrachus

didactylus, Batrachoididae); Amorim et al. 2016).

Acoustic courtship signals may also correlate with

qualities of the sender, such as size and condition, and

affect mating success (Reviewed in Amorim et al.

2015). Sexual selection can be sensitive to relative

changes in how well signals propagate in different

sensory modalities due to variation in environmental

properties (Miller and Svensson 2014; Halfwerk and

Slabbekoorn 2015). The disturbance of visual and

chemical mating signals by turbidity (cichlids: See-

hausen et al. 1997; three-spined sticklebacks (Gas-

terosteus aculeatus, Gasterosteidae): Candolin et al.

2015; sand gobies (Pomatoschistus minutus, Gobi-

idae): Jarvenpää and Lindstrom 2004) or endocrine

disruptors (sand gobies: Lehtonen et al. 2009; Saaristo

et al. 2009), for example, has been found to lead to a

break-down in sexual selection in fish. The resulting

effects of masking will depend on how important

acoustic signals are for mate choice. Most vocal fish

species also use other sensory channels and animals

may switch to other modalities in response to masking

(van der Sluijs et al. 2011). Such compensation may

incur costs, which may not outweigh the benefits, and

therefore render the animal vulnerable to the distur-

bance (Candolin and Wong 2012; Read et al. 2013;

Candolin et al. 2015). Thus, a species’ susceptibility to

noise exposure may depend on the importance of the

acoustic signals during reproductive interactions.

Effects of masking on parental care

Successful nest defence (and hence egg survival) and

adult survival may be negatively affected by masking

of acoustic predator cues (Schreck 2010). The strength

of such an effect will depend on the importance of

acoustic cues compared to other (e.g. visual) cues in

the environment.

Predicted effects of hearing-loss on reproduction

The effects of hearing-loss on reproduction will be

similar to effects of masking on reproduction, except

that effects will be more prolonged and could,

therefore, impair reproduction long after a period of

exposure to a sound. This may be especially important

when juveniles are exposed to sounds that cause

permanent hearing-loss. For example, fish raised in

aquaria have been found to have higher hearing-

thresholds than wild-caught fish (Caiger et al. 2012).

Thus, early exposure to noise may affect hearing in

adults (Table 4).
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Qualitative test of predictions

To assess whether current literature on the effects of

anthropogenic noise on stress fits our predictions

(Table 4), we used papers that directly tested an effect

of sound exposure on a measure of reproductive

success. These papers were excluded from the meta-

analyses. We found four papers that directly explored

the effects of increased sound levels on a measure of

reproductive success (Sierra-Flores et al. 2015; Ned-

elec et al. 2017; de Jong et al. 2018a; Blom et al. 2019),

while five other studies investigated behavioural

responses related to reproduction without providing

direct data on reproductive success (Bruintjes and

Radford 2013; Picciulin et al. 2010, 2012; Holt and

Johnston 2014; la Manna et al. 2016; de Jong et al.

2018b). These were used for a first qualitative test of

our predictions. Future studies will be needed to

provide a more rigorous test. We are not aware of any

published reports on tests of effects of noise on sexual

development or the settlement of adult fish on

spawning grounds, it is therefore currently not possi-

ble to test our predictions for these stages.

Effects of noise during spawning

Sierra-Flores et al. (2015) described spawning success

in a group of Atlantic cod exposed to six hours of low-

frequency sound sweeps randomly distributed over the

day for three months and compared it to a control

group. In this study, the noise-exposed group produced

fewer viable eggs, with lower fertilization rates and

higher levels of the stress-hormone cortisol in eggs. In

addition, despite similar total amount of eggs pro-

duced per female in both populations, the spawning

period was shorter in the noise-exposed population.

However, because the treatment was not replicated,

the authors were unable to test whether this difference

was caused by the noise treatment itself. Recent

research found that spawning success can be affected

by continuous noise in the painted goby (de Jong et al.

2018a); females were less likely to spawn with an

available male under continuous noise. Such reduction

in spawning success may be related to the disturbance

of communication in vocal species or to altered

behaviour due to stress. Several studies have shown

that noise can affect acoustic signalling in fish and

their spawning behaviour. For instance, Holt and

Johnston (2014) reported that courtship growls were

louder in the blacktail shiner (Cyprinella venusta,

Cyprinidae) during elevated ambient noise levels, and

suggested that it may become energetically costly to

vocalise under noisy background conditions. Picciulin

et al. (2012) reported that males of the brown meagre

vocalise more during the quiet intervals following the

repeated passages of a small boat, though this effect

was not seen after a single exposure (Picciulin et al.

2012; La Manna et al. 2016). Thus, fish may

compensate for communication loss by waiting for

relatively quiet periods, in accordance to our predic-

tions. In the previously mentioned study by de Jong

et al. (2018a), two closely related species of gobies

were less vocal when exposed to continuous noise for

several days. In addition, females of the painted goby

payed more attention to visual signals in addition to

acoustic signals in a noisy environment (de Jong et al.

2018b). Blom et al. (2019) found that spawning

success in common gobies was significantly affected

by continuous sound, but not by intermittent sound.

Thus, as predicted, continuous noise may affect

communication more severely than intermittent noise.

Painted goby males also reduced visual courtship

behaviour (de Jong et al. 2018b), highlighting that

noise can affect courtship in more than one modality

(see also Kunc et al. 2014; Halfwerk and Slabbekoorn

2015). Thus, spawning success may be sensitive to

noise disturbance not only in vocal species.

Effects of noise on parental care

Nedelec et al. (2017) found in a field experiment that

breeding pairs of the spiny chromis (Acanthochromis

polyacanthus, Pomacentridae) exposed to playbacks

of motorboat noise close to the nest suffered complete

brood mortality more often than pairs exposed to

playback of ambient sound, likely due to decreased

interactions with offspring and increased predation

risk. Bruintjes and Radford (2013) found that noise

exposure reduced nest repair (digging behaviour),

which is vital to maintain hiding and breeding shelters

for groups of cooperatively breeding cichlids (Neo-

lamprologus pulcher, Cichlididae). A decreased

defence against predators of eggs and fry was also

reported in their study, but only when there were no

eggs in the nest. Subordinates suffered more aggres-

sion, but did not change the frequency of submissive

behaviours. The increase of agonistic acts during nest

defence was also found in the previously described
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field experiment (Nedelec et al. 2017). Picciulin et al.

(2010) found a decrease in time spent caring for and

defending of the nest in a damselfish and in a goby,

respectively. This suggests that noise can redirect

behaviour away from reproductive investments, as

well as rendering such behaviours less effective.

Several studies have tested effects of noise on egg

and larval survival in the absence of parents (e.g.

Banner and Hyatt 1973; Bolle et al. 2012; Bruintjes

and Radford 2014, Nedelec et al. 2015), but because

they are not related to effects on parental effort, we did

not discuss these in this review.

Knowledge gaps

Currently, most of the guidelines for anthropogenic

noise are focussed on reducing overall sound levels

(Popper et al. 2014; Popper and Hawkins 2019).

However, one of the main issues we encountered

during this review was that it is next to impossible to

compare sound levels between studies, because

sounds are described in very different ways, and the

terminology varies among studies. We advise authors

to stick to the international standard for terminology in

underwater acoustics (ISO 18405:2017), and report

SPL, SEL and peak sound level both before and during

exposure, as well as the distribution of the energy over

the frequency spectrum, preferably for both pressure

and particle motion. Recordings of the actual sound

levels in the treatments should also be provided if

possible.

We are not aware of any studies addressing effects

of anthropogenic noise on spawning migration or

spawning site-choice, nor on gonadal development or

choice of reproductive strategy. It will be vital to study

this in both vocal and non-vocal fish to assess whether

noise mainly affects fish that use sound communica-

tion, or whether noise could potentially affect all fish.

Alternatively, noise could lead to distraction (re-

viewed in Dukas 2004; Chan and Blumstein 2011),

which may be especially important during parental

care, because the offspring of distracted parents may

have a lower likelihood to survive predation (Nedelec

et al. 2017). Courtship signals, on the other hand,

evolved to attract and sustain receiver attention in the

face of distraction by competitors (Dukas 2004;

Hebets 2005; Hughes et al. 2012). Therefore, we

expect that noise-exposure would have to be extreme

to distract fish from courtship.

Effects of stress and distraction can also lead to

changes in other signalling modalities such as visual or

chemical signals (Kunc et al. 2014; Halfwerk and

Slabbekoorn 2015). In addition, masking of acoustic

signals could lead to changes in signalling behaviour if

animals try to compensate for a loss of signalling

efficacy in one modality by increasing efforts in

another modality (Bro-Jørgensen 2010). A first test

has shown that males of two species of gobies reduce

calling effort, but do not increase visual signalling

effort under noisy circumstances (de Jong et al.

2018b). Further effort should be dedicated to deter-

mine whether other species can compensate for a loss

of signal efficacy in the acoustic modality by shifting

signalling efforts to the visual or the chemical

modality.

Responses to stressors may vary between individ-

uals or contexts. Coping styles (Koolhaas et al. 1999;

Øverli et al. 2007; Conrad et al. 2011), body size

(Engås et al. 1996; Kastelein et al. 2017), condition

(Purser et al. 2016), and group composition (Magn-

hagen et al. 2017). Fish, e.g. herring, have been shown

to react differently to ship noise depending on whether

they are in an overwintering state (Vabø et al. 2002) or

a pre-spawning state (Skaret et al. 2005). In addition,

anthropogenic disturbances generally involve more

than one sound type, such as seismic surveys that

involve ship as well as air guns, and these sounds may

interact to cause responses in fish. Furthermore, stress

from noise may or may not interact with other stressors

such as light (Shafiei Sabet et al. 2016), and spawning

habitats may be affected by other stressors at the same

time, such as increasing temperatures, rendering it

crucial to study noise in a multi-stressor context.

To answer such these questions, the use of a valid

control is needed to establish causality in responses to

treatment. The controls used in published studies vary

widely, from none at all, to the playback of different

sounds (Suppl. Table 2). What type of control is valid

will depend on the question asked and the type of

study, but controls should be considered carefully in

the design of future studies (Slabbekoorn 2016).
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Conclusions

Overall, our meta-analyses suggest that irregular

continuous sound (e.g. heavy ship traffic) may have

the most pronounced effect on stress, masking and

hearing-loss, which indicates that it may also have the

most pronounced effect on fish reproduction. While

current mitigation programs mostly focused on reduc-

ing average sound levels, our review suggests that it

may also be important to increase predictability and

decrease continuity of noise. Such findings are

important for the development of technology and

management. For management, this could mean that a

ban on vessels in certain periods or areas, could be

more effective than just an overall decrease in average

noise levels. In technology, e-seismic and marine

vibrators are being developed to reduced source level

during seismic exploration, but these operate contin-

uously rather than intermittently (e.g. Dellinger et al.

2016; Hegna et al. 2018). A closer link between

research and technology would hence be valuable to

ensuring that development focus on reducing those

sound components that have proven most harmful to

fish and other marine animals.

Fromour review,wepredict that noise-induced stress

will affect mainly those species that do not have the

potential to relocate or delay spawning, for example,

those species that are bound to specific spawning

grounds and have a restricted spawning period. In

contrast to the spawning period,most species seem to be

relatively resilient to stress during egg development and

parental care, even though the latter will often restrict a

species potential to relocate. Masking and hearing-loss

will mainly affect species for which sound is crucial to

reproduction, such as species that use sound to locate

spawning grounds and those that use acoustic commu-

nication during spawning. In the latter case, the severity

of the impact may depend on the flexibility of the

species’ signalling repertoire. Parental care may also be

affected if masking (or distraction) hampers the timely

detection of predators.

Here, our aim was to develop predictions on what

types of noise would most likely affect fish reproduc-

tion at different stages, and across species. To fulfil

this goal, it was unavoidable to generalise findings and

lump studies. Therefore, we must remain cautious in

assuming that any of the species or stages that have not

been identified as particularly sensitive by this review

will be unaffected by noise, until experimental tests

have confirmed their resilience. While our meta-

analyses helped build a better understanding of the

effects of noise on fish reproduction, it is now

important to focus research efforts towards the devel-

opment of an experimental framework dedicated to

testing these predictions on fish impact during repro-

duction. This framework will benefit from a combi-

nation of sound-exposure experiments in controlled-

settings (tanks, mesocosms) and in situ studies on free-

ranging animals exposed to real-life sound sources

directly in their natural environments (c.f. Slabbe-

koorn 2016), as well as a multi-stressor approach.
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