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Noise pollution has been steadily increasing in the ocean, negatively affecting aquatic ecosystems by
causingbothbehavioural andphysiological deficits formanymarine animals, includingfishes. Todate,most
research investigating the effects of noise on fishes has been conducted in controlled laboratory settings;
however, these experimental conditions often lack ecological validity, and it is largely unknown whether
the effects observed in aquaria are representative of real-world responses for animals experiencing noise in
the wild. In this study, we used a combination of laboratory and field playback experiments to assess the
effects of noise on nest defence and parental care behaviours in an intertidal-breeding toadfish, the plainfin
midshipman, Porichthys notatus. Nest-guarding males without eggs in the laboratory exhibited a nearly
four-fold increase in defensive behaviours under boat noise playbacks compared to under ambient con-
ditions. However, in the field, no significant changeswere detected in the defensive or parental behaviours
by guarding males with eggs under exposure to noise. Our study demonstrates that anthropogenic noise
can impact nest defence behaviour in plainfin midshipman males, but also that its impact depends on
contextual cues such as testing environment, presence of eggs and the noise stimulus used. Our results
highlight the urgent need for more field studies and for studies that pair and compare laboratory versus
field results to quantify and mitigate the potential harm caused by noise pollution to organisms and pop-
ulations in coastal environments.
© 2022 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Since the industrial revolution, human activities have drastically
changed natural soundscapes (Frisk, 2012; McDonald et al., 2006;
Shannon et al., 2016). Activities such as road and air traffic, con-
struction, seismic exploration, commercial shipping and recrea-
tional boating generate noises that detrimentally affect numerous
species, including birds, mammals, fish and invertebrates (Kight &
Swaddle, 2011; Kunc et al., 2016; Morley et al., 2014; Shannon et al.,
2016). Accordingly, anthropogenic noise is now recognized as a
pollutant of international concern and has been included in na-
tional and international legislation, such as the U.S. National
Environmental Policy Act (National Environmental Policy Act of
1969, 1970) and the EU's Marine Strategy Framework Directive
(European Union, 2008). To craft successful noise mitigation stra-
tegies, it is imperative to understand the potential effects this
.
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pervasive pollutant can have on wildlife at the individual, popula-
tion and ecosystem levels. Noise pollution is of particular concern
in aquatic environments because sound travels much faster and
further before attenuating underwater than it does in air, and in
most aquatic environments, sound also travels much farther than
light (Slabbekoorn et al., 2010). Consequently, numerous aquatic
animals rely heavily on their hearing, often more so than on vision
or other sensory modalities. Because sound travels more efficiently
underwater than in air, sound can be effective for long-distance
communication and accurate perception and assessment of envi-
ronmental conditions, but by the same virtue, even distant noise
sources can negatively affect aquatic animals (Duarte et al., 2021;
Slabbekoorn et al., 2010). Within the ocean, coastal habitats, where
the faunal diversity is concentrated (Bowen et al., 2016), are most
heavily affected by growing human populations and the corre-
sponding increase in boat noise (Duarte et al., 2021). Noise gener-
ated by motorized vessels (including both recreational motorboats
and larger vessels and freighters) are predominately low frequency
evier Ltd. All rights reserved.
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(i.e. <1000 Hz), as are the hearing ranges and vocalizations of many
coastal marine animals. Thus, vessel noise can be particularly
detrimental to species inhabiting coastlines.

Fishes in coastal habitats are prominent contributors to their
local soundscapes; many fishes use sound to communicate with
members of their own and other species. Even nonvocalizing fish
species rely on sound for environmental perception, navigation and
detection of predators and prey (Popper, 2003; Simpson et al.,
2016; Slabbekoorn et al., 2010). Numerous studies indicate that
anthropogenic noise can inflict detrimental physical, physiological
and behavioural effects in fishes (Cox et al., 2018; Duarte et al.,
2021), including temporary hearing loss (Smith et al., 2004),
altered auditory thresholds (Vasconcelos et al., 2007), physical
damage to hearing structures (McCauley et al., 2003; Smith et al.,
2004) and increased physiological stress responses (Mills et al.,
2020; Nichols et al., 2015; Wysocki et al., 2006). Anthropogenic
noise can increase vulnerability to predation in fishes by sup-
pressing predator detection and subsequent reaction times
(Simpson et al., 2015, 2016; Spiga et al., 2017). It can also alter in-
dividual and social behaviours including territoriality, swimming
patterns and schooling (Sar�a et al., 2007; Sebastianutto et al., 2011),
interfere with acoustic communication (Vasconcelos et al., 2007)
and negatively affect reproductive success by disrupting courtship
and spawning (de Jong, Amorim, Fonseca, Fox, & Heubel, 2018; de
Jong, Amorim, Fonseca,&Heubel, 2018; Sierra-Flores et al., 2015) or
nest guarding and parental care (Bruintjes & Radford, 2013;
Nedelec et al., 2017; Picciulin et al., 2010). Previous research has
clearly established that the deleterious effects of noise pollution on
fish are widespread and diverse; however, only a few studies have
explored how anthropogenic noise affects fish parental care (e.g.
Bruintjes & Radford, 2013; McCloskey et al., 2020; Nedelec et al.,
2017; Picciulin et al., 2010), and our current understanding of
how fish respond to noise exposure over longer time frames is
limited.

While many detrimental effects of noise on fishes have been
demonstrated in laboratory studies, far fewer studies have exam-
ined these effects in situ. Laboratory animals tend to behave
differently from those in their natural habitat, and the acoustic
properties of glass aquaria present additional challenges for
acoustic experiments, such as reverberation and differential prop-
agation (Jones et al., 2019). Nevertheless, laboratory studies present
a valuable opportunity to experimentally examine responses to
noise in a controlled environment. It is therefore beneficial when
studying the impacts of noise on fish to combine laboratory and
field experiments (Simpson et al., 2015). It is also important to
present a biologically relevant noise stimulus to realistically eval-
uate in situ impacts of noise. Recreational motorboats are the most
prevalent source of anthropogenic noise in coastal waters
(Hermannsen et al., 2019). Therefore, recreational motorboat noise
is a logical stimulus choicewhen examining the impacts of noise on
coastal fishes.

We addressed these issues and gaps in our knowledge using
experiments with the plainfin midshipman, Porichthys notatus
(Batrachoididae), a vocal marine teleost fish found along the Pacific
coast of North America. The species is well known for its powerful
mate advertisement ‘hum’, and males frequently produce agonistic
‘grunts’ and ‘growls’ as well (McIver et al., 2014). The plainfin
midshipman has been used as a model species for acoustic and
neurophysiological research (e.g. Alderks & Sisneros, 2013;
Brantley& Bass,1994; Coffin et al., 2012; Colleye et al., 2019;McIver
et al., 2014; Sisneros, 2004), and because of its vocal repertoire and
reliance on sound for successful reproduction, it is an ideal model
for noise pollution studies. After a nest-guarding, or ‘guarder’, male
attracts a fecund female and she lays her eggs in his intertidal nest,
he will defend the young against egg predators and defend his nest
against rival males. Guarder males remain in their nests to provide
parental care for up to 4 months (Arora, 1948; Cogliati et al., 2013).
Plainfin midshipman breeding areas are frequently exposed to
noise from coastal boat traffic throughout the spawning and
parental care period (Halliday et al., 2018), with recreational
boating peaking in the summer breeding months (Knapp et al.,
1999; Sisneros, 2004). The plainfin midshipman's reliance on
acoustic communication for courtship and competition, their sound
sensitivity and their exposure to considerable boat noise in the
breeding season all suggest that this species could suffer substan-
tial reproductive consequences from noise pollution (Brown,
Halliday, et al., 2021).

In this study, we investigated the potential impacts of motorboat
noise on the reproductive success of guarder male plainfin
midshipman in twoways. First, we exposed nest-guarding males in
aquaria to black-clawed crabs, Lophopanopeus bellus, which are
frequent nest predators in the wild, and we did so both in the
presence and absence of motorboat noise playbacks. Second, we
repeated this experiment with brood-guarding males in their nat-
ural intertidal habitat using a low-frequency artificial noise stim-
ulus. We measured differences in nest defence behaviours and in
parental care, which we define as all egg care and nest-tending
behaviours, between noise and control treatments. We predicted
that noise would alter nest defence behaviours and decrease
parental care.We did not have an a priori prediction about whether
defensive behaviour would increase or decrease, as previous
studies have shown conflicting results. One study found that noise
increased brood defence in a coral reef fish, the spiny chromis,
Acanthochromis polyacanthus (Nedelec et al., 2017), while another
study revealed a decrease in brood defence in the cooperative
breeder, Neolamprologus pulcher, in relation to noise (Bruintjes &
Radford, 2013). More recently, McCloskey et al. (2020) found that
boat noise increased vigilance but decreased interaction with a
conspecific intruder in nest-guarding Ambon damselfish, Poma-
centrus amboinensis. Still, relatively few studies have investigated
how noise affects nest defence in brooding parents, a knowledge
gap our study sought to address.

METHODS

Experiment 1: Nest Defence during Boat Noise Playback in the
Laboratory

Animal collections and housing
We collected 18 plainfin midshipman guarder males and 14

gravid females from the intertidal zone of Ladysmith Inlet, British
Columbia, Canada (49�010N, 123�830W) during low spring tides of
May and June 2018. Plainfin midshipman nests are cavities exca-
vated by guarder males beneath intertidal rocks. Guarder males are
easily identified as the largest and most centrally located fish in a
nest, while gravid females can be easily identified by their overall
smaller body size and distended, metallic golden bellies (Brantley&
Bass, 1994). We transported the fish in aerated plastic bins to the
University of Victoria's Outdoor Aquatic Facility, where the males
and females were housed separately in 400-litre outdoor holding
tanks for a minimum of 24 h before transfer to experimental
aquaria. Each fish was weighed (±0.01 g) and measured (standard
length (SL) ± 1 mm) before being placed in an experimental tank
(see below) and again after its final experimental trial. Each holding
tank was lined with pebble substrate and supplied with free-
flowing, ambient temperature (~13 �C) sea water and brick shel-
ters. Seven black-clawed crabs (carapace widths: 26e32 mm) were
also collected from the intertidal zone of Ladysmith Inlet and held
in a separate tank connected to the same water system and sup-
plied with bricks for shelter.
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Each guarder male was individually tested in an aerated 175-
litre experimental aquarium lined with pebble substrate and sup-
plied with free-flowing, ambient sea water. Each aquarium con-
tained an artificial nest made of a concrete tile supported by five
bricks (Fig. 1). Males were given a minimum 2-day acclimation
period to their experimental tank prior to beginning their 6-day
trial sequence (Appendix, Fig. A1). Females were also introduced
into the experimental tanks prior to trials to encourage males to
take up residence in the artificial nests and guard them as they
would in the wild.

Acoustic treatments
In this experiment, we implemented a paired design; each male

underwent one boat noise exposure trial (hereafter ‘noise trial’) and
one ambient sound-only control trial (hereafter ‘ambient trial’),
separated by 2 days. The audio track used for noise trials was a
recording of a recreational boat pass collected in Folger Passage,
British Columbia by Ocean Networks Canada's Folger Deep obser-
vatory using an Ocean Sonics icListen HF hydrophone (48�4805000N,
125�1602900W, depth: 95 m) in August 2015. This boat noise was
from an unknown boat at an unknown distance from the hydro-
phone, but it is a clear example of boat noise that marine fish would
be exposed to. A 1 min clip was extracted from the recording and
low-pass filtered at 1000 Hz using MATLAB R2015a. This 1 min clip
was then continuously looped using Audacity (http://audacityteam.
org/) to generate a continuous boat noise playback (Fig. 2). During
noise trials, the boat recording was played through an underwater
Experiment 1
(b)

(d)

(a)

(c)

Speaker
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(ii)

(ii)
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Figure 1. Experimental set-up for experiment 1 in laboratory aquaria and for experiment 2 i
Topedown view of the experimental set-up. An artificial noise stimulus (i) was used to tes
midshipman. A guarder male plainfin midshipman resided inside an artificial nest (ii) ma
experimental trials from within the nest. A black-clawed crab (iv), a known predator of mi
stimulus.
speaker (University Sound UW30, Lubell Labs, Columbus, OH,
U.S.A.) continuously for the entire 80 min trial. During ambient
trials, the speaker was present in the tank, but no soundwas played
from the speakerdfish were exposed only to the ambient condi-
tions in the tank. The order of acoustic treatments was semi-
randomly selected for each fish. On each day of trials, a random
number generator was used to determine the treatment received
by the first in a row of tanks; the order of treatments for adjacent
tanks in each row was then alternated between noise and ambient
trials to avoid potential boat noise spillover to concurrent ambient
trials or to tanks that would be receiving a noise trial later that day.
A maximum of two trials were run at a time and concurrent trials
were spaced as far apart as possible and were never run in adjacent
tanks.

Behavioural trials
Experimental trials were conducted during 5e20 July 2018. At

the start of each trial, a video camera (GoPro HERO5 or HERO4) was
positioned between two bricks, facing into the nest, and an un-
derwater speaker (Lubell UW30) was set up (Fig. 1). For noise trials,
a SoundTrap acoustic recorder (Ocean Instruments ST4300 STD,
Auckland, New Zealand) fitted with two HTI hydrophones (High
Tech, Inc., Long Beach, MS, U.S.A.; flat frequency response
20e24 000 Hz, total sensitivity �164.5 dB re 1 V/mPa) was used,
with the hydrophones positioned in the tank approximately 40 cm
apart and 1.5 cm above the pebble substrate (Fig. 1). ‘Dummy hy-
drophones’ (dark plastic locklines resembling the hydrophones)
Experiment 2

Noise eggs

(i)

(iv)

i)

n the field. (a, b) Side view of a guarder male in his nest during the threat period. (c, d)
t the effects of anthropogenic noise on nest defence and parental care in the plainfin
de of a concrete tile resting on bricks or rocks. A digital video camera (iii) recorded
dshipman eggs, was inserted into the nest during the threat period to act as a threat

http://audacityteam.org/
http://audacityteam.org/
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Figure 2. (a, b) Power spectral density (PSD; sound levels) and (c, d) spectrograms of noise stimuli and ambient sound. (a, c) Sound levels within tanks in experiment 1 comparing
the playback from within the tank during noise trials and the ambient sound in the tank when no noise was being played through the speaker. (b, d) Sound levels in the field in
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turned on in the tank in experiment 1, such that the first ~20 s show ambient conditions, followed by the boat noise signal. The spectrogram in (d) shows the ambient environment
in the field in experiment 2, with the tonal signals of the Noise Egg present. Spectrograms were built using a Hanning window with 50% overlap and 6000 samples; note that the
colour scale differs for (c) and (d) to aid in visualizing the signals.
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were set up within the tanks during ambient trials in the same
position as the hydrophones in the noise trials to provide similar
types of objects in the tank during noise and ambient treatments.

Each trial consisted of three phases: an initial 40 min baseline
period before the threat stimulus was introduced, a 20 min threat
periodwhen the crabwas placed in the nest and a 20min follow-up
period after the stimulus was removed. Intertidal crabs commonly
prey on plainfin midshipman eggs (N. A. W. Brown, personal
observation); therefore, we simulated a nest invasion by a crab to
evoke a defensive response from the nest-guarding males. The in-
dividual crab used in each trial was randomly selected, secured to a
flexible plastic rod via a wire wrapped around its carapace, and
placed in the nest at the end of this rod during the threat period.
The crab had full range of movement of its claws and limbs but
could not move away because it was tethered to the rod. After 20
min, the crab was removed from the nest and from the wire and
was returned to the housing tank. Recording continued for the 20
min follow-up period after the crab was removed. Behavioural
displays and acts by the guarder male were scored as counts from
the video recordings by a trained observer. Defensive behaviours
included biting, lunging, frontal fin display and grunt and growl
agonistic vocalizations (Table 1).

Statistical analyses
Because the objective of this experiment was to assess how

noise affects defensive behaviour during nest guarding, we needed
to ensure that themales used in the study treated the artificial nests
as their territory. To determine whether males had taken up resi-
dence in the artificial nests, we developed a classification system
based on observable signs of territoriality in plainfin midshipman
guarder males, including (1) whether males were in or out of their
nests at the beginning of each trial (territorial males do not usually
leave their nests), (2) the presence of a midden at the nest entrance
(territory owners will modify their nest entrances with their fins
and mouths by building up a small barrier at the nest entry from
the substrate found inside the nest) and (3) whether or not males
had a distended ventral surface (a morphological change indicating
an inflated swim bladder, a sign of vocal courtship activity in



Table 1
Ethogram of behaviours exhibited by plainfin midshipman guarder males that was used to score behaviour in both experiment 1 and 2

Behaviour Description

Defence
Bite Mouth opens and closes rapidly, directed towards the crab
Frontal fin display While facing the crab, males would spread out their pectoral and dorsal fins; a threat display
Lunge A quick burst of forward movement towards the crab
Vocalizations A short-duration ‘grunt’ (~0.5 s) or a medium-duration ‘growl’ (up to several seconds)
Parental care
Egg fanning Moving fins rapidly under the eggs and providing aeration
Egg squirting Squirting a stream of water with their mouths at individual eggs to keep them clean and remove debris
Sediment spitting Using mouth to pick up stones, shells and other large pieces of sediment and spit them outside or towards the perimeter of nest
Sediment clearing Using fins to clear fine sediment from bottom of nest

Note that the parental care behaviours were only scored in experiment 2 because males did not have young in experiment 1.
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guarder male plainfin midshipman; J. Sisneros, personal commu-
nication). The territoriality scale ranged from 0 (no signs) to 3 (all
signs present); signs were recorded before each trial, and we
summed the territoriality scores for each male across its two trials
for a maximum score of 6. Six of the 18 males scored 0, showing no
signs of territoriality; these males were removed from all our sta-
tistical analyses. One spawning event occurred prior to the first day
of trials, and this male was also removed from all analyses, as
guarding eggs represents a different reproductive stage (Knapp
et al., 1999). Therefore, from the 18 males originally collected for
this experiment, we used the trials from a final sample of 11 males
(SL: 177e243 mm).

We conducted all statistical analyses in R (v.3.5.1; R Core Team,
2018).We defined nest defence as the sum of all observed defensive
behaviours (Table 1) and fitted a Poisson generalized linear mixed
effects model (GLMM) (‘glmmTMB’ package; Brooks et al., 2017) to
these counts of nest defence behaviours performed by each focal
male in its two trials (noise and ambient). We included male
identity (ID) as a random intercept to reflect the within-subjects
study design, acoustic treatment as a fixed effect, and an addi-
tional fixed effect of trial order (i.e. whether the ambient or noise
trial was received first). Only behaviours exhibited towards the crab
were considered defensive behaviours (Table 1); therefore, only
counts from the threat period (when the crab was present) were
modelled. We used likelihood ratio tests to assess the statistical
significance of the acoustic treatment effect. We used an additional
Poisson GLMM with the same random and fixed effects to test the
effect of acoustic treatment on the most escalated defence behav-
iours: bites and lunges.

Experiment 2: In Situ Nest Defence and Parental Care in the Presence
of Added Noise

Field site and nest establishment
We conducted this field experiment in the intertidal zone of

Dabob Bay, Washington, U.S.A. (47�760N, 122�860W) in May and
June 2019. We deployed 38 square concrete tiles (929 cm2) as
artificial nests; tiles were grouped into 10 clusters of three to four
tiles that were spaced at least 9 m apart. Nests were then checked
daily by snorkellers for fish occupancy. Once amale had excavated a
cavity and was observed by snorkellers to be guarding a brood of
eggs, the snorkellers covered the nest with plastic mesh (1 cm2

openings) weighed down by rocks to exclude rivals, further mat-
ings and predators and to ensure that the same individual remained
for the duration of the experiment (Bose et al., 2016; Brown, Houpt
et al., 2021).

Acoustic treatments
Each fish underwent one noise treatment trial and one ambient

treatment trial, separated by 2 days without manipulation, as in
experiment 1. The acoustic treatment received first was determined
randomly for each group of nests. To simulate continuous anthro-
pogenic noise underwater, we employed ‘Noise Eggs’ (de Jong et al.,
2017), which generate a tonewith a fundamental frequently around
100 Hz and several harmonics (Brown, Halliday, et al., 2021; de Jong,
Amorim, Fonseca, Fox, & Heubel, 2018). In the field, a single Noise
Egg added <10 dB re 1 mPa to ambient noise (in the dominant 80 Hz
octave band; Brown, Halliday, et al., 2021), so we combined three
Noise Eggs together to increase the signal strength.We positioned a
group of three Noise Eggs secured to a lead weight in the middle of
eachnest cluster. Noise Eggs emittedcontinuousnoise (Fig. 2) for the
duration of the 60 min trial. No Noise Eggs (and no dummy Noise
Eggs) were present during ambient trials; the males were exposed
only to natural ambient conditions. The noise emitted by the Noise
Eggs attenuated quickly in the shallow intertidal water, and nest
groupings were spaced far apart (9e22 m), so any noise spillover to
the ambient trials was very unlikely.
Behavioural trials
Immediately prior to each field trial, snorkellers confirmed the

presence of a guarder male with a brood of eggs under the meshed
nest before deploying the Noise Eggs and cameras. Once snorkellers
had positioned the Noise Eggs in the centre of a group of nests (if
that group was receiving the noise treatment), the snorkellers then
placed a digital camera (models: GoPro Hero5 Black and Sony
AS300 and AS50 Action Cameras) in the corner of each nest in that
group. The procedure then unfolded similarly to experiment 1. The
trial began with a 20 min baseline period, during which the male's
natural behaviourdwhich largely consists of parental caredwas
recorded. Next, snorkellers placed a locally collected black-clawed
crab (carapace width: 20e29 mm) secured to a thin bamboo rod
by awirewrapped around its carapace, into each nest. This initiated
a 20 min threat period, which was used to examine defensive
behaviour towards the egg predator, in addition to parental care
and other natural behaviours. Finally, the snorkeller removed the
crab from each nest, initiating the 20min follow-up period. In noise
trials, the artificial noise continued for the full 60 min trial (base-
line, threat, follow-up) and behaviours were recorded throughout.
At the end of each trial, all cameras and the Noise Eggs were
removed by a snorkeller.

After a male's final trial (ambient or noise), we captured,
weighed (±0.01 g) and measured (SL ± 1 mm) each male and
photographed the eggs in his brood. We then removed the mesh
and gently returned the male to his nest. Eggs in the photographs
were later counted and their developmental stages were deter-
mined by an individual blind to experimental conditions (see
Brown, Houpt et al., 2021 for details). We used these data to
quantify brood size and the health of the brood from each nest.

We tested a total of 23 males in this experiment, but two were
removed from analysis because the fish abandoned their nest
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during a trial (one abandoned during a noise trial and one aban-
doned during an ambient trial), and a third fish was removed
because one of its videos was obstructed by a rock in front of the
camera and could not be scored. This left us with a final sample size
of 20 guarder males (SL: 181e261 mm).

Statistical analyses
We followed a similar analytical approach to that described for

experiment 1. Continuous covariates in all models were mean-
centred and scaled (Schielzeth, 2010). We first fitted the number of
defensive and parental care behaviours performed in each trial with
PoissonGLMMs as in experiment 1. However, due to overdispersion,
werefitted themodelsusingnegativebinomialGLMMs(Bolkeret al.,
2009). Bothmodels includedmale ID as a random intercept to reflect
the within-subjects experimental design, and noise treatment was
included as a fixed effect. Trial date was added as an additional
random effect to account for unmeasured environmental variations
(e.g. weather, tides) in the field e this variable was not included in
experiment 1 analyses, as the fish were in a controlled laboratory
environment. An additionalfixed effectwas added for nest elevation
because males nesting at higher tidal elevations exhibit more
frequent parental care behaviours (Brown, Houpt et al., 2021). We
also investigatedwhether trial orderwasan importantpredictor, but
model comparisons using Akaike's information criterion corrected
for small samples (AICc) revealed no significant effect, so trial order
was not included in the final model. As in experiment 1, our defence
model consisted of counts only from the threat period (when the
crab was present). Trial period was included as an additional fixed
effect in the parental care model. We used likelihood ratio tests to
test for statistical significance of terms in both models. We used an
additional negative binomial GLMM with the same random and
fixed effects to test the effect of acoustic treatment on the most
escalated defence behaviours: bites and lunges.

Experimental Comparison: Nest Defence in the Laboratory
(Experiment 1) versus the Field (Experiment 2)

Statistical analysis
Following a similar analytical protocol as those described for

experiment 1 and experiment 2, we used GLMMs to compare the
number of defensive behaviours exhibited in experiment 1 in the
laboratory versus experiment 2 in the field. We used one negative
binomial GLMM to test for differences between behaviours
exhibited in experiments 1 and 2 during noise treatment trials, and
a second model for differences during the ambient treatment trials.
In both models, we included test order (whether fish experienced
the noise or ambient treatment first) as an additional fixed effect
because it was a significant term in our model for defensive be-
haviours in experiment 1.

Ethical Note

All procedures in this study complied with guidelines set by the
ASAB/ABS (2012) and the Canadian Council on Animal Care (Olfert
et al., 1993) and were approved by the University of Victoria Animal
Care Committee (AUP: Juanes-2017-003). All procedures imple-
mented were noninvasive. Fish tested in the field were released
back into the wild following experimentation; all equipment was
removed, and fishwere allowed to continue guarding their brood in
their artificial nests at the study site for the remainder of the
breeding season. Fish tested in the laboratory were humanely
euthanized by overdose in an anaesthetic bath (TMS-222) and
cervical dislocation, as release of fish back into the wild is not
permitted by the Canadian Council on Animal Care (2005; Guide-
line 115) once the animal has been held in a captive environment.
RESULTS

Experiment 1: Nest Defence in the Laboratory

There was a significant effect of acoustic treatment on the
defensive behaviours exhibited by nest-guarding males during the
threat period (GLMM: c2

1 ¼ 22.43, P < 0.0001; Fig. 3a). Males per-
formed 3.8 times (95% confidence interval (CI): 2.1e6.9) as many
defensive behaviours during motorboat noise playback than during
ambient control conditions, during which no sound was played.
When we performed the same analysis examining only the most
escalated defence behavioursdbites and lungesdwe found the
same pattern (GLMM: c2

1 ¼15.39, P < 0.0001), with 9.5 times (95%
CI: 2.9e31.8) as many of these escalated behaviours exhibited in the
noise trials compared to ambient trials. Six of the 11 laboratory fish
(54.5%) did not perform any defensive behaviours in either of their
trials. Although it was not included in our statistical analyses, the
one egg-guarding male exhibited the same number of defensive
behaviours (nine) in both treatments (noise and ambient).

Experiment 2a: Nest Defence in the Field

In contrast to experiment 1, the number of defensive behaviours
performed by wild brood-guarding males did not significantly
differ between the noise and ambient treatments (GLMM:
c2

1 ¼ 0.0078, P ¼ 0.93; Fig. 3b). However, unlike in the laboratory
experiment, the majority of fish exhibited defensive behaviour,
with only seven of the 20 field fish (35%) not performing any
defensive behaviours. Regardless of noise treatment, defensive
behaviours were most frequently exhibited by males in the lowest-
elevation nests (GLMM: elevation: c2

1 ¼ 4.49, P ¼ 0.03); for every
10 cm increase in elevation, males performed approximately half as
many (95% CI: 0.3e0.9) defensive behaviours (Fig. 4). As in exper-
iment 1, we found the same result when the analysis was repeated
with only the most energetically costly behaviours: bites and
lunges. We did not observe an effect of acoustic treatment (GLMM:
c2

1 ¼ 0.0004, P ¼ 0.98), but bites and lunges were observed more
frequently at lower tidal elevations (GLMM; elevation: c2

1 ¼ 4.79,
P ¼ 0.03).

Experiment 2b: Parental Care in the Field

The number of parental care behaviours performed by wild
brood-guarding males did not significantly differ between sound
treatments (GLMM: c2

1 ¼ 0.81, P ¼ 0.37; Fig. 3c). The extent of
parental care differed greatly between trial periods (baseline,
threat, follow-up; GLMM: c2

2 ¼ 14.38, P ¼ 0.0008); males exhibi-
ted the fewest parental care behaviours during the threat period,
i.e. when the egg predator crab was in the nest. Approximately 2.5
times as many parental behaviours were performed in the baseline
period (95% CI: 1.3e5.2) and three times as many performed in the
follow-up period (95% CI: 1.4e6.3), relative to the threat period.
This indicated that the males reduced their parental care activities
temporarily while interacting with the crab.

Experimental Comparison: Defence in the Laboratory (Experiment
1) versus in the Field (Experiment 2a)

The number of defensive behaviours performed by guarder
males differed between the laboratory (experiment 1) and the field
(experiment 2) during ambient trials (c2

1 ¼ 4.37, P ¼ 0.04), but not
during noise trials (c2

1 ¼ 0.21, P ¼ 0.17). Males exhibited approxi-
mately five times (95% CI: 1.0e23.5) as many defence behaviours
during ambient trials in the field compared to those in the labo-
ratory (Fig. 5).
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Figure 3. Defence and parental care behaviours exhibited in the presence and absence of noise. Number of discrete defence behaviours towards a live crab (egg predator) exhibited
by (a) nest-guarding males (N ¼ 11) in laboratory aquaria in experiment 1 and (b) wild brood-guarding males (N ¼ 20) in the field in experiment 2. (c) Number of parental care
behaviours exhibited by wild brood-guarding males (N ¼ 20) in experiment 2 in the presence and absence of noise during each of the three trial periods. The live crab was placed in
the nest during the threat period only. Noise was generated by boat noise playback through a speaker in experiment 1 (a) and by vibrating Noise Eggs in experiment 2 (b, c). The thin
grey lines connect each fish's two trials, and the thick blue line connects the mean numbers of behaviours performed under each acoustic treatment.
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DISCUSSION

We found evidence that boat noise can cause plainfin
midshipman guarder males to increase their defensive behaviour.
However, the responses to noise were context specific. In labora-
tory aquaria, males guarding an empty nest exhibited more
defensive behaviours towards crabs during boat noise playback
compared to ambient conditions. In contrast, we did not observe an
effect of a tonal artificial noise stimulus on the nest defence of
brood-guarding males in our complementary field experiment.
Overall, the males guarding eggs in the field experiment exhibited
more than three times as many defence behaviours on average
compared to those guarding empty nests in the laboratory exper-
iment. When examined within each acoustic treatment (noise and
ambient), males in the field experiment exhibited nearly five times
as many defence behaviours in ambient conditions compared to
those in the laboratory experiment under ambient conditions.
Furthermore, 55% of the laboratory fish did not exhibit any defence
behaviours, while in the field, only 35% of the fish did not exhibit
defensive behaviours. Our results demonstrate that responses to
noise depend on context and are not uniform across testing
environments.

The differences observed between laboratory and field results
may be due to several factors, including (1) the use of different
noise stimuli, (2) presence versus absence of eggs and (3) the de-
gree of environmental complexity. The difference in noise stimuli
likely played a key role in the different outcomes between our
laboratory and field experiments. While both stimuli produced
low-frequency noise, the playback in our laboratory study had a
higher amplitude (peak laboratory boat noise playback ¼ 111 dB re
1 mPa2/Hz at 159 Hz) and consisted of broadband noise, whereas
the Noise Egg was quieter (peak field Noise Egg ¼ 101 dB re 1 mPa2/
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Hz at 110 Hz) and contained only a low-frequency tone accompa-
nied by harmonics (Fig. 2). Differences in the amplitude and fre-
quency spectra of noise stimuli are known to elicit different
responses. For example, McCormick et al. (2018) found that boat
noise reduces boldness and activity of juvenile damselfish (Poma-
centrus wardi) when generated by a 2-stroke engine, but not by a 4-
stroke engine, demonstrating that even small differences in noise
stimuli can lead to different behavioural outcomes. Similarly, Jain-
Schlaepfer et al. (2018) found that heart rates of embryonic dam-
selfish (Amblyglyphidodon curacao) increased in response to both
types of engine noise, but the noise from a 2-stroke engine evoked a
two-fold increase in heart rates compared to a 4-stroke engine.
Differences in frequency distribution between these two motor
types may be subtle to our ears, but are potentially more salient to
fish with high acoustic sensitivity in this frequency range.
Furthermore, these two engine types differ in the amplitude (~5 dB
re 1 mPa higher for the 2-stroke engine) of the noise produced
(McCormick et al., 2018). In our study, the stronger response was
observed in the laboratory, where the stimulus was 10 dB higher
than the noise stimulus used in the field (Fig. 2). However, the
ambient noise was also much greater in the laboratory than in the
field (ambient sound in the tank ¼ 122 dB re 1 mPa in 50e1000 Hz
band, peak power ¼ 116 dB re 1 mPa2/Hz at 59 Hz; ambient sound in
the field ¼ 90 dB re 1 mPa in 50e1000 Hz band, peak power ¼ 74 dB
re 1 mPa2/Hz at 69 Hz), resulting in amore pronounced difference in
amplitude between ambient and noise conditions in the field,
where behavioural differences were not detected. Further study is
warranted to determine how differences in frequency distribution,
amplitude or amplitude shift affect behavioural changes in nest- or
brood-guarding plainfin midshipman.
A related issue is that sound can be measured in terms of par-
ticle motion or pressure. In our study, we reported only sound
pressure levels. Pressure differences are typically detected by fish
using their gas-filled swim bladder and/or by the inner ear otolithic
organs, while particle motion is primarily detected in the lateral
line and otolithic organs (Popper & Fay, 2011). While all fish
perceive particle motion, plainfinmidshipman detect both pressure
and particle motion (Coffin et al., 2014; Colleye et al., 2019;
McKibben & Bass, 1999; Popper & Hawkins, 2018; Simpson et al.,
2016). Plainfin midshipman females use particle motion as their
primary mechanism of nearfield sound source localization when
moving into the intertidal to locate humming males in their nests
(Zeddies et al., 2012). The relative levels of sound pressure and
particle velocity would have varied greatly between tank and nat-
ural environments (Campbell et al., 2019; Popper&Hawkins, 2018).
Precisely how fish use particle motion and pressure components of
sound and the degree to which they depend on these sources of
information is not well understood (Nedelec et al., 2016), but the
different relative levels of these sound components in our field and
laboratory experiments may have contributed to the differing re-
sults. Furthermore, it is possible that sound may have been trans-
mitted as vibrations through the substrate (Popper & Hawkins,
2018), which differed between experiments (pebbles on a glass
aquarium bottom versus sand and rocks in the field), potentially
leading to a difference in signal detection between experiments.
This may be particularly important to plainfin midshipman fish
since they are in direct contact with the substrate in their nests.
However, no studies have tested whether plainfin midshipman fish
can detect sound through the substrate, nor is there empirical ev-
idence that any fishes can detect substrate signals (Popper &
Hawkins, 2018). Future studies considering particle motion and
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perception of anthropogenic noise by the plainfin midshipman and
other acoustically sensitive species are still needed to better un-
derstand the impacts of these effects.

The second major factor that likely contributed to the different
behavioural responses to noise between the field and the labora-
tory were the differences in the reproductive states of the males.
Males are expected to exhibit higher overall defence against an egg
predator when they have eggs and territories to defend, compared
to when they are simply defending their territory (Sowersby et al.,
2017). It is possible that males with young in the nest are defending
at maximal rates, and that extra predation cuesmatter little. Similar
to our results, Bruintjes and Radford (2013) found that noise had a
significant effect on defensive behaviours towards an egg predator
in nests without eggs, but they did not observe a significant change
in defence when eggs were present in nests. Anecdotally, the single
egg-guarding male in our laboratory study, who was excluded from
analyses, exhibited the same number of defensive behaviours in
each of the acoustic treatments. We also did not see a change in
parental care behaviours performed between the two acoustic
treatments in the field; however, we did see a significant decrease
in the amount of parental care exhibited in the threat period-
dwhen the crab was in the nestdcompared to the baseline and
follow-up periods. This was likely because the male was spending
more time on defensive behaviours when therewas an active threat
in the nest, and therefore had less time to spend on parental care.

A third factor that likely contributed to the difference in
experimental outcomes between the laboratory and field is the
difference in environmental cues or enrichment. Males nesting in
the intertidal zone are privy to a full range of natural biotic sounds
(in particular, the loud chorus of plainfin midshipman hums) and
abiotic sounds (e.g. wave action/water movement). Males in the
field would have had numerous biological interactions with
neighbours, rivals, passing females and predators, whereas ambient
noise in the laboratory was far more homogenous and less natu-
ralistic. Sounds in the laboratory consisted of mechanical noise
from pumps, bubbles from air lines and water running over tables
and through pipes, and our experimental males were housed apart
from other males. The abundance of biological stimuli in the field
may have resulted in our noise stimulus not being as significant a
disruption to the defending males as the noise playback in the
laboratorydan artificial habitat lacking those natural interactions
and cues. Our finding that nest defence behaviours were increased
at lower tidal elevations aligns with previous work showing that
subtidal males aremore active nest defenders thanmales nesting in
themiddle of the intertidal (Brown, Houpt et al., 2021). Males in the
field are likely exposed to egg predators constantly, whereas males
in the laboratory were only exposed to egg predators during the
experimental trials. The risk of egg predation by aquatic animals
presumably increases at lower tidal elevations (MacDonald et al.,
1995), and the corresponding increase in nest defence behaviours
we observed among lower-nesting males suggests nest defence is
tuned to egg predation risk, which may have overshadowed a
subtler effect of the artificial noise we employed in the field.

The results of our laboratory study contribute to growing evi-
dence that vessel noise can negatively affect fish by altering their
behaviour. Increasing defensive behaviour and vigilance is likely
energetically costly (Zolderdo et al., 2016), and because passing
boats do not represent a predation threat, expending additional
energy on unneeded defence during their passage could be detri-
mental. Furthermore, additional time spent on unnecessary defence
and vigilance would detract from time and energy normally spent
on parental care or mate attraction, as we saw with the decrease in
parental care while defending against the crab, which in turn could
have population level consequences. For example, Nedelec et al.
(2017) observed total brood mortality in six of 19 nests exposed to
in situ motorboat playbacks in the reef fish A. polyacanthus; in
contrast, none of the 19 nests exposed to ambient playbacks suf-
fered completemortality. Similar to our laboratory study results, the
parental males in Nedelec et al.’s (2017) study exhibited increased
aggressive acts towards potential predators while exposed to boat
noise. Exposed parental males also decreased feeding and
parenteoffspring interactions (Nedelec et al., 2017).

While our field study did not show the same increase in
defensive behaviours in the presence of noise, this disparity could
be the result of several factors, such as differing received amplitude
of ambient and noise conditions, different environmental stimuli
and different reproductive states between males in the field and in
the laboratory. Because our study was not designed to investigate
the individual effects of each of these factors on plainfin
midshipman behaviour, and due to the limited sample size in our
laboratory study, we suggest that additional field and laboratory
studies should be performed on the plainfinmidshipman and other
species with similar breeding ecology.

By pairing experiments in the field and in the laboratory, we
were able to identify patterns that might have been obscured in one
context or the other. Our results reveal the utility of combining
laboratory and field experiments when studying fish behaviour,
especially in response to noise. However, because of the various
contextual differences between our laboratory and field experi-
ments, our results are not conclusive, and this topic warrants
additional research. Nevertheless, this study contributes to our
growing understanding of how noise affects fish. As anthropogenic
noise levels in the ocean continue to rise, it is vital that we under-
stand how this changing soundscape is affecting some of the most
ecologically and economically important animals in the ocean.
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