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Limiting motorboat noise on coral reefs boosts fish
reproductive success
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Anthropogenic noise impacts are pervasive across taxa, ecosystems and the world. Here, we
experimentally test the hypothesis that protecting vulnerable habitats from noise pollution
can improve animal reproductive success. Using a season-long field manipulation with an
established model system on the Great Barrier Reef, we demonstrate that limiting motorboat
activity on reefs leads to the survival of more fish offspring compared to reefs experiencing
busy motorboat traffic. A complementary laboratory experiment isolated the importance of
noise and, in combination with the field study, showed that the enhanced reproductive
success on protected reefs is likely due to improvements in parental care and offspring
length. Our results suggest noise mitigation could have benefits that carry through to the
population-level by increasing adult reproductive output and offspring growth, thus helping to
protect coral reefs from human impacts and presenting a valuable opportunity for enhancing
ecosystem resilience.
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ARTICLE

nthropogenic noise is a major global issue listed among

the top environmental risks to human health!, and a

serious concern for wildlife including mammals, birds,
amphibians, fishes and invertebrates?. Noise pollution can cause
stress, distraction, masking and injury, leading to disruption at all
levels of biological organisation?3. The rising tide of noise that
threatens humans and wildlife means rapid solutions with wide-
reaching impact are needed!:2. Transportation is the primary
source of noise pollution above and below the water!»4, and noise
emissions from traffic have widespread detrimental impacts
across taxa and ecosystems®. However, traffic noise pollution can
be rapidly reduced by shifts in human behaviour, as was observed
during recent decreases in activity associated with the COVID-19
pandemic®. Reducing noise pollution has potential benefits for
wildlife, especially in ecologically vulnerable areas.

The biodiversity and socioeconomic value of coral reefs,
combined with their vulnerability, make them a high priority for
resilience-based management®. Coral reefs are highly biodiverse
but are among the most threatened ecosystems in the world; half
of coral reefs have already become dominated by algae (a ‘cata-
strophic change in state’”). At least 500 million people worldwide
maintain socio-ecological relationships with, and depend on,
coral reefs for a suite of ecosystem goods and services, often
requiring access via motorised boats®?. Coral reef ecosystem
health is reliant on functionally diverse fish communities'? but on
coral reefs, motorised traffic is a growing source of noise pollution
that threatens fishes throughout their life cycle. Noise impacts
development, orientation and interactions between conspecifics
and heterospecifics!!14. Some studies have even shown direct
adverse consequences of traffic noise for survival and reproduc-
tive success!>!4. However, there is hope: avoiding driving near
coral reefs reduces noise exposure and could enhance fish fitness,
although experimental tests are lacking. The resilience of coral
reef systems depends on the ability of fish populations to recover
from shocks such as heatwaves and hurricanes, making repro-
ductive success a critical measure of effective management. Here,
using an established model system on the Great Barrier Reef, we
test the hypothesis that traffic management over an entire
breeding season (3 months) could result in improved fish
reproductive success, parental-care behaviour and juvenile size.

Results

We monitored breeding, brood survival and offspring size of wild
spiny chromis (Acanthochromis polyacanthus), a common plankti-
vorous damselfish that exhibits parental care of offspring until the
end of the juvenile phase (details in Supplementary Information). We
created two types of experimental site: limited-boating’ reefs (where
we requested motorboat drivers avoid reefs, or approach slowly and
anchor further than 20 m when accessing them) and matched-
control ‘busy-boating’ reefs (where we drove motorboats for ~1.25h
per day); details in Supplementary Information. Similar numbers of
spiny chromis pairs produced offspring on limited-boating (N = 46)
and busy-boating (N=40) reefs. However, limited-boating pairs
were almost twice as likely to have surviving offspring at the end of
the breeding season (proportion of nests, Chi-square test: X?| = 4.67,
p=0.031; Fig. 1A).

To explore potential reasons for this greater end-of-season suc-
cess on limited-boating reefs, we combined data from our field
experiment with those from a complementary laboratory experi-
ment. The latter compared responses to busy-boating playback and
no-boating playback. Our laboratory experiment allowed isolation
of noise as the causal factor of impacts on reproductive success and,
since eggs are naturally laid in caves within the reef, assessment of
effects on clutch characteristics, egg development and parental-care
investment that were unobservable in the wild. Limited-boating

pairs were not more successful because of a difference in timing of
breeding (wild, linear mixed-effects model (LMM): X2, = 1.23,
p=0268; Table S1A; captivity, two-sample Welch’s t-test:
t19=0.55, p = 0.591), in clutch size (captivity: t;p = 0.11, p = 0.917)
or in the number of predators around nests (wild, generalised linear
mixed-effects model (GLMM): X2, = 1.39, p =0.239; Table S1B).
Nor was the greater nest success the consequence of a difference in
hatching success: in captivity, hatching success was equivalent
between treatments (two-sample Welch’s t-test: f;3=0.71,
p=0.493); and, in the wild, the trend was for fewer larvae per
brood on limited-boating reefs (mean + SE =113 +12) compared
with busy-boating reefs (139 +9) the first time they were counted
(ts3 =181, p=10.076). Instead, the greater end-of-season repro-
ductive success on limited-boating reefs was the consequence of
improved post-hatching survival. In the wild, offspring survival
(determined every 4 days) was affected by the interaction between
treatment and hatch count: on limited-boating reefs, survival was
better for smaller broods than larger broods, whilst on busy-boating
reefs smaller broods had lower survival than larger broods (Cox
model: X2, =40.79, p <0.001). There was better offspring survival
overall on limited-boating compared with busy-boating reefs
(X2, =34.87, p<0.001; Table SIC; Fig. 1B). The smallest wild
broods that hatched in the busy-boating treatment may have suf-
fered complete mortality before they were first observed due to their
greater vulnerability to noise!3. This could explain the bias towards
higher number of hatchlings counted at the first observation in the
busy-boating treatment in the wild, not observed in the laboratory
where counts of hatchings always occurred within hours of
hatching. In captivity, there was a congruent trend towards better
survival (determined at 21 days post-hatching) in the no-boating
treatment compared with the busy-boating treatment (Wilcoxon
ranked-sums test: W =87, Npusyboating= Nno-boating = 13,
p = 0.060). Whilst predation is the strongest direct driver of juvenile
coral reef fish survival in the wild, with cannibalism occurring rarely
in study species!>1%, the laboratory trend suggests other or addi-
tional drivers. Better survival in the limited-boating treatment
compared with the busy-boating treatment could be due to reduced
stress and consequent impacts on development! 117,

Limited-boating reefs not only had more surviving offspring than
busy-boating reefs, but those offspring were larger. We measured the
standard length of up to ten individuals per brood approximately
weekly and found that limited-boating juveniles were longer than
those from the busy-boating treatment (LMM, treatment*age inter-
action: X2, = 8.97, p=0.033; Table S1D; Fig. 1C). The same inter-
action effect of treatment (no-boating vs busy-boating) and age was
found in captivity, where we measured up to 10 individuals per brood
(kept in isolation from their parents to avoid competition for, or
provisioning of, food) at days 21 and 42 post-hatching (X2, = 7.95,
p=0.005; Table S1E; Fig. 1D). Although hatchling dry weight
increased from day 21 to day 42 in captivity, there was no significant
effect of either treatment (X?, =0.12, p=0.730) or its interaction
with age (X2, = 1.58, p = 0.209; Table S1F). Weight as a measure of
development may be subject to high variability due to food in the gut.
Longer offspring are likely to survive better as there is strong size-
selective mortality of larvae resulting from gape-limited predators!$,
and work on coral reef fish larvae shows that species with slower pre-
settlement growth are selectively preyed upon!®. The same effect was
seen whether juveniles were cared for by parents (in the wild) or not
(in captivity), indicating direct effects of noise mitigation on hatchl-
ings that may also be seen in coral reef fish species without parental
care through the juvenile phase?0.

To consider direct effects at the embryonic stage, we sampled
ten eggs per captive clutch within 2h of laying. At laying, egg
area, yolk sac area and dry weight (Table S1G-I), as well as
embryonic developmental time (two-sample Welch’s t-test:
t14 = 0.62, p = 0.273), were all similar between sound treatments.
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Fig. 1 Difference in juvenile survival and length of spiny chromis exposed to busy boating or protected from motorboat noise. A Likelihood of wild nests
that successfully hatched young retaining juveniles at the end of the season (Chi-square test: X2, = 4.67, p = 0.031). B Survival of juveniles in the wild from
hatching to end of the season (Kaplan-Meier survival curve based on GLM model predictions; Cox survival model used for statistical testing: X2, = 34.87,
p < 0.001). Busy-boating nests = 32, limited-boating nests = 27). Standard length of 10 juveniles per brood C in the wild (LMM, treatment*age interaction:
X2, =897, p=0.033, effect size mean + SE = 0.004 + 0.001 mm/day, busy-boating nests = 11, limited-boating nests =11, lines fitted for illustrative
purposes using geom_smooth(method ='Im’) in R) and D in captivity (LMM, treatment*age interaction: X2, =7.95, p = 0.005; effect size of interaction
between age and treatment mean = SE = 0.09 £ 0.04 mm/day, busy-boating broods = 9, no-boating broods = 13, boxes show median and interquartile
range (IQR), whiskers extend 1.5 * IQR above or below the box, black bars show means).

However, egg area increased more during development in the no-
boating treatment than in the busy-boating treatment (LMM,
treatment*age interaction: X2, = 33.69, p < 0.001; Table S1J). This
suggests that noise affected the growth of embryos within eggs,
either directly or indirectly via parental-care behaviour. Using 10
embryos sampled from each clutch 10 days post-fertilisation (i.e.,
the end of the embryonic phase), we also found that those from
the no-boating treatment were longer (dorsal spine length:
X2, =8.10, p=0.004; Table S1K; Fig. 2A), with lower resource
use (yolk sac area: X2, =11.19, p<0.001; Table S1L; Fig. 2B).
Limiting motorboat noise in our experiment had a positive effect
on embryonic development that is consistent with previous stu-
dies that identified stress, disrupted tissue formation, tissue
damage and altered gene expression as potential mechanisms of
noise impact!117:21. This may explain the differential survival
that we observed; for instance, larger yolk sacs have been shown
to correlate with improved survival?!. Size-dependent embryonic
mortality or selective removal of eggs by parents could explain the
different lengths and survival of offspring later in juvenile
development.

Both spiny chromis parents oxygenate (by fanning) and guard (by
inspecting and chasing threats) their eggs;?? thus, parental care
influences offspring survival and growth?324, which could be
improved by a reduction in noise. On day 10 of embryonic devel-
opment, we examined egg-fanning and activity (as a proxy for
guarding) of captive parents before and during exposure to either
motorboat-noise playback (in the busy-boating treatment) or a dif-
ferent ambient-reef playback (in the no-boating treatment). Com-
paring quiet periods in the two sound treatments, parents spent a
similar amount of time egg-fanning (two-sample Welch’s f-test:
t132=0.01, p = 0.994; Fig. 2C), and showed a trend towards greater
activity in the no-boating treatment (¢,90 = 1.91, p = 0.071; Fig. 2D).
However, at the onset of the short-term playback exposure, there was
a decrease in egg-fanning (t;50 =424, p <0.001; Fig. 2C) and an
increase in activity (t5; = 2.51, p=0.023; Fig. 2D) in motorboat-
noise playback compared with ambient-reef playback. The short-
term changes in parental behaviour during motorboat-noise exposure
were present despite several weeks where individuals could
have habituated or developed greater tolerance to the intermittent
noise exposure. However, increased tolerance to noise overtime was
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Fig. 2 Difference in embryonic development and parental-care behaviour in captive spiny chromis exposed to intermittent motorboat noise throughout
development (busy-boating treatment in red) or protected from exposure to motorboat noise (no-boating treatment in blue). Embryonic development:
A spine lengths were 0.23+0.08 mm (7.4%) longer (LMM: X2, =8.10, p = 0.004) and B yolk sac areas were 0.30 + 0.08 mm2 (17%) larger (LMM:
X2, =1119, p<0.001) at the end of the embryonic phase in no-boating compared with busy-boating. Parental care in quiet conditions for each rearing
condition compared with exposure to motorboat playback if reared in busy-boating (red) or a different ambient track if reared in no-boating (blue): € no
difference in fanning in quiet periods (two-sample Welch's t-test: t;3,=0.01, p=0.994) but the onset of motorboat noise decreased fanning (mean
difference of 9 s min~1, two-sample Welch's t-test: t;go = 4.24, p < 0.001). There was a D trend towards greater activity in no-boating compared with
busy-boating in quiet periods (mean difference = 1.16 m min~', two-sample Welch's t-test: t,o o = 1.91, p = 0.071), then activity in busy-boating increased
at the onset of motorboat noise to reach a level similar to that in no-boating (mean difference = 0.67 m min~1, two-sample Welch's t-test: t¢; = 2.51,
p=0.023). In all panels boxes show median and interquartile range (IQR), whiskers extend 1.5 * IQR above or below the box, black bars show means.

Busy-boating broods =9, no-boating broods = 13.

not observed, in line with previous work!3. Egg-fanning results in
increased embryonic oxygen consumption, faster development and
general promotion of brood success?>. Therefore, the longer embryos
in the no-boating treatment could be explained by protection from
noise-induced interruptions in parental egg-fanning. The energetic
costs of elevated activity during noise exposure may require com-
pensatory rest, which could explain our observed reduction in activity
during quiet periods in the busy-boating treatment. We did not
observe compensatory egg-fanning during quiet periods. Therefore,
the increased size and survival of end-of-season offspring on limited-
boating reefs could be partially explained by reduced disturbance to
parents during the embryonic phase.

Discussion

Using complementary studies that combine ecological validity in the
wild with tight experimental control in the laboratory, we show that
protecting coral reefs from motorboat activity can boost the

reproductive success of adults and the length of juveniles in fish. By
limiting motorboat activity around reefs, the number of spiny
chromis nests producing viable offspring was almost doubled, off-
spring grew faster and their survival within nests was improved. In
our laboratory study isolating sound as the disturbance, protection
from motorboat noise led to increased parental egg-fanning, lower
use of energy reserves during embryonic development, and improved
offspring survival. There is no reason to suspect that limiting traffic
noise would only benefit our study species: chronic and acute
anthropogenic noise compromises behaviour, physiology, reproduc-
tion and survival in a range of marine and terrestrial organisms, while
natural, unpolluted soundscapes are key to settlement, recruitment
and other ecological functions®. It is true that some fishes show
increased tolerance to noise disturbance when faced with repeated
exposure (e.g. 2°-27), but this is not seen in all, including our study
species (e.g. 13%8). There is mixed evidence from terrestrial systems
on ecological recovery in quieter conditions (e.g. birdsong in lock-
down increased?®2%, while seed dispersal around disused gas wells
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Limiting impacts of stressors
can rebuild reef resilience

Reefs increasingly vulnerable
without managing stressors

Tipping point
Stable state 1
Healthy coral reef

Stable state 2
Degraded coral reef

Fig. 3 The ‘ball and cup’ analogy of resilience, where greater resilience
equates to a deeper cup, shows that building resilience (up the dashed
line) in a system makes it less likely to be pushed past a tipping point
into an irreversible change in state, deemed a ‘regime shift'.
Perturbations that may push the system towards its tipping point include
hurricanes, heatwaves, disease outbreaks and over-exploitation. Resilience-
based management focuses on minimising local anthropogenic stressors’.
In the context of coral reefs, motorboat noise is a local anthropogenic
stressor that can be managed. Photo credit: S Simpson.

did not®®) but, in general, reproductive success and survival are
strongly linked to population stability>!. In fish in particular,
improvements in energy intake and energy expenditure could be
important drivers of population growth via size-dependent
fecundity2. Therefore, limiting traffic noise could help conserve
and restore healthy populations of coral reef fishes.

Three pillars of action are required to rebuild coral reefs
worldwide: (1) reducing climate threats, (2) reducing local threats
and (3) active restoration33. Globally, one million species are at
risk of extinction3* and human-induced regime shifts (Fig. 3) are
increasingly tipping ecosystems towards states that are lower in
biodiversity, with increased likelihood when resilience is low3>.
Whilst actions such as the emission of waste and pollutants can
lead to loss of resilience3®, limiting local and predictable threats
and conserving healthy populations can build back resilience,
increasing the likelihood of recovery from shocks such as heat-
waves and hurricanes and lessening the likelihood of state-
change”-3>. The scale of societal change required to achieve the
goals of the IPCC and the UN Sustainable Development Goals
fully is immense and will take longer than the intervals between
anthropogenically induced shocks37-3. Rapid, evidence-based
local interventions that increase resilience can ‘buy time’ by
improving recovery potential from stochastic events31:3>. Limit-
ing traffic noise on coral reefs provides an opportunity to build
resilience in these threatened ecosystems, and represents an
example of the adaptive management increasingly recognised as a
critical way of maintaining valuable social-ecological systems31-3°,

Methods

Permits and ethics approval. Animal collections and all experimental procedures
were conducted with ethical approval from the University of Exeter (2013/247),
James Cook University (A2361) and Lizard Island Research Station, permission
from the Great Barrier Reef Marine Park Authority (GBRMPA) (G17-39752.1) and
under licence from the Australian Government Department of Fisheries (170251).

Study species. The spiny chromis (Acanthochromis polyacanthus) is a damselfish
that exhibits bi-parental care of eggs and juveniles at nests within shallow reef

-

Fig. 4 Spiny chromis (Acanthochromis polyacanthus) nest at the edge of
coral reef habitat. Parents, juveniles and a predator (peacock grouper,
Cephalopholis argus) can be seen in this photo. Photo credit: S Nedelec.
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Fig. 5 Map of the experimental sites. Red sites were ‘busy-boating’ areas
while blue sites were ‘limited-boating’ areas.

habitat in the tropical Western Pacific3® (Fig. 4). Spiny chromis are planktivores on
the Great Barrier Reef, importing nutrients from the plankton to the reef!0. As
such, their preferred habitat is the reef edge (within ~7 m). Most pairs raise one
clutch per season—in our study, second clutches occurred in only 7% of the
population—so we tracked first clutches from adult pairs. Adults enhance their
reproductive success by fanning eggs to oxygenate them, and chasing away
potential predators from eggs and juveniles!®#!. Adults also allow their offspring to
eat some of their body mucus in a behaviour known as ‘glancing’ that has potential
nutritional and/or immunological benefits*.

Field study. We conducted the field study at Lizard Island Research Station (LIRS)
(14° 40" S, 145° 28’ E), Great Barrier Reef, Australia over an entire spiny chromis
breeding season (90 days from 23 October 2017 to 20 January 2018).

Sites and nests. We selected six coral reef edge sites (113-218 m in length) within the
lagoon on the south of Lizard Island (Fig. 5). Water temperature ranged from ~26 °C at
the start to ~29 °C at the end of the season. The reefs were composed mainly of a
mixture of live and dead coral. Prevailing currents were wind-driven from south to
north. Three of the sites were exposed to ‘busy boating’ while boating was limited at the
other three. Treatments were allocated to sites partly randomly and partly allowing for
ease and safety of motorboat access. Nest positions within sites did not differ between
treatments in: depth of bottom next to reef (1-5m at mid-tide with a tidal range of
~2m, N =67 measurements at a range of tidal heights, mean + SE depth =2.3 +0.1 m;
LMM, sound treatment: X2, = 0.82, p = 0.365, random effect of site: variance = 0.14,
standard deviation=0.38); nest height above the sand (range = 0-4 m, mean + SE =
0.6+ 0.1 m; sound treatment: X2, = 0.52, p = 0.470, site: variance=0.33, standard
deviation = 0.57); or distance from the edge of the reef (range = 0-6.6 m, mean +
SE=12+0.2m; t-test: £333, = 1.61, p=0.112; a linear model did not fit the data). A
small number of broods (mean + SE per site = 4.7 + 1.0) were already present at each
site at the start of the season; spiny chromis occasionally breed outside the main
breeding season. These were marked and ignored for the purpose of the experiment.
The mean + SD number of nesting pairs identified at each site at the start of the season
was 9.5 + 2.0 for limited-boating sites and 10.7 + 3.2 for busy-boating sites. Nesting pairs
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Fig. 6 Pressure power spectral density level (L, ; (re 1 uPa2 Hz~ 1)) and particle acceleration power spectral density level (Los(re 1 (um s72)2Hz 1)
plots showing the mean (solid line) with 5% and 95% exceedance levels (coloured band around solid line) for busy-boating and limited-boating or no-
boating treatments. A L, in the wild study (average from three nests per site, ‘busy boating’ includes three passes of a motorboat at 10-250 m per
recording location, recordings of limited boating were three minutes in duration per nest). B L, in the wild study (same recording design as for pressure).
C L, ;in the parental tanks in the captive study (27 locations in a 3 x 3 x 3 grid within the tank, 1-min sample of motorboat playback and ambient reef sound
playback for each case). D L, in the parental tanks in the captive study (same recording design as for pressure), E L, ¢ in the juvenile tanks in the captive
study from the centre of the rearing tank (these tanks were too small to accommodate the particle motion sensor).

did not always form clear, stable pairs with obvious territories and so pairs without
broods were not tracked through the experiment. The mean + SD total number of
adults at each site at the start of the experiment was 185 + 92 for limited-boating sites
and 119 + 20 for busy-boating sites.

Motorboat traffic exposure and protection. There is a navigable channel through
the lagoon where the experiment was conducted. Fishing boats, tourist boats and
research station boats pass through the channel, but the main source of traffic is
research station boats. We chose six sites along the navigable route and randomly
allocated these to treatments. Following random allocation, two sites were switched for
safety reasons for motorboat drivers (Fig. 5). We experimentally elevated motorboat
noise at three of the six sites (busy-boating treatment) to mimic typical traffic around a
port, harbour or regularly visited reef. At these sites, we drove eight different 5m
aluminium motorboats with 40 hp Suzuki four-stroke outboard engines repeatedly
along the length of the site within 10-30 m of the edge of the reef. Busy-boating sites
received an average of 180 motorboat passes each day during 3-6 ‘exposure periods’
lasting 15-20 min each; this totalled 1.25-1.5h per day of traffic noise at each busy-
boating site. The other three sites were protected from motorboat traffic (limited-
boating treatment), by marking these reefs on the research station map as areas to avoid
by at least 100 m and monitoring activity in the lagoon daily. When experimenters
needed to access protected sites, speed was reduced to that where no wake was created
(roughly Y% throttle) within 100 m and boats were anchored 20 m from the reef.

See Supplementary Information for further details of motorboat traffic exposure and
protection.

Acoustic recordings and analysis. We made acoustic recordings of both pressure
and particle motion at three locations within each site using an accelerometer with
integrated hydrophone (M20-040 manufactured and calibrated by Geospectrum
Techologies Inc. Dartmouth, Canada; sensitivity follows a curve from 0 to 5000 Hz)
and a digital recorder (Zoom F4, Zoom Corporation, Tokyo, Japan; calibrated
using pure sine waves measured with an oscilloscope). See Fig. 6 and Supple-
mentary Information for further details of acoustic recordings, analysis and results.

Breeding and reproductive success. Each site was checked by snorkellers every
other day to monitor breeding by spiny chromis pairs. Nests with new hatchlings
were marked with flagging tape and continued to be checked every other day
throughout the season to monitor reproductive success. The day in the season that
broods hatched was used to test for an effect of motorboat exposure on the timing
of breeding using a linear mixed-effects model (fitted in R) with site as a random
effect. The proportion of nests retaining offspring at the end of the season in the
two treatments was compared using a Chi-squared test.

Brood size. We counted the number of offspring in broods within four days after
hatching at a subset of 59 nests; 32 in the three busy-boating sites (N=9, 11, 12)
and 27 in the three limited-boating sites (N =5, 10, 12). Average clutch size at

hatching in the wild was 126 + 16 (mean + SE). Some of these nests were part of the
predator presence observations (details below), some were part of the size mon-
itoring (details below) and some were independent. We counted the number of
offspring in three photos and used the highest number for analyses. We tested for
an effect of motorboat treatment on brood size at hatching using a Welch’s t-test.

Predator presence around nests. We determined baseline predatory threat (counts
of heterospecific piscivores, potential predators of juveniles) using video camera
(GoPro 5) deployments. Thirty-three nests (not studied for size) were videoed once or
twice between 1 and 11 days post-hatching; 18 in the three busy-boating sites (N =7,
6, 5) and 15 in the three limited-boating sites (N =6, 5, 4). A total of 55 videos were
analysed. A camera stand was placed at each nest on the first or second day post-
hatching and remained in place 2-3 m from the nest. For each survey, after GoPro
cameras were attached to camera stands, several minutes settling time was allowed
(mean * sd: 827 + 35 s), followed by a 30-s recording of predator presence in the
absence of any motorboats. All nests that were videoed were at least 10 m away from
one another (parents spend most of their time within 2 m of the nest). Videos were
randomly named and analysed by KEC without sound (to remain ‘blind’ to treat-
ment) using BORIS 7.6.143. Spiny chromis offspring are small and vulnerable to any
piscivore on the reef and parents defend their offspring by chasing potential predators.
The number of heterospecific piscivores at each nest was surveyed (conspecifics are
known to cannibalise offspring, but this is very rare!®). A negative binomial regression
parameterised such that the variance is a quadratic function of the mean was fitted
using glmmTMB in R with piscivore counts as the response variable, motorboat
treatment and days into the season as potentially interacting fixed factors, and nest
and site as random effects.

Juvenile survival. It was not possible to observe the eggs as they were laid in caves,
so we studied juveniles from when they could be observed above the substrate
(shortly after hatching — this species completes the larval stage inside the egg and
hatches at the juvenile stage!®). We also counted the number of surviving offspring
at the subset of 59 nests every 4-8 days. When all juveniles from a nest could be
captured in a frame, we used three photos per time point and used the highest
number. As juveniles aged, they used more space and could not be captured in a
single photo; then, they were counted by snorkellers with experience in fish surveys
(SLN and IKD). The reliability of snorkellers’ counts was tested against one another
and did not differ when there were <20 juveniles and were accurate to the nearest 5
when there were >20 juveniles based on counts of 43 nests. Usually, however, when
there were >20 juveniles at a nest, they were at an earlier developmental stage and
counts could be taken from photos. Survival of juveniles was recorded as number of
days from hatching until they were no longer seen at the nest. Where all offspring
from a nest were apparently lost to predation (mean survival time = 21 days), the
nest continued to be monitored every other day for the remainder of the season to
ensure offspring had not temporarily disappeared and to check for second clutches.
A Cox proportional-hazards survival model was fitted in R with motorboat
treatment and initial hatching count as fixed effects, and nest and site as random
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effects. We discounted three nests where counts increased due to assumed

experimenter error or immigration. The package Coxme was used in R to test for
the interaction between treatment and start count (hatch day was not included in
the model as there was no indication of an effect of treatment or site on hatch day),
with nest and site as random effects. The package coxph was used to create Fig. 1B,
which does not account for the random effects, but is used for illustrative purposes.

Juvenile size. We monitored juvenile size at a subset of 22 nests; 11 in the three
busy-boating sites (N =3, 4, 4) and 11 in the three limited-boating sites (N =3, 4,
4). Up to 10 juveniles (depending on catch success) were caught by snorkellers or
SCUBA divers using hand nets from each nest each week. A total of 275 juveniles
between 1 and 53 days post-hatching were sampled. Juveniles were transported to
the field station in bags of fresh seawater. We measured standard length either
under the microscope at 10x magnification or with a Vernier caliper, depending on
fish size. All nests within a site were sampled on the same day and each site was
visited for juvenile size sampling each week. Data were log-transformed and
analysed using a linear mixed-effects model (fitted in R), with age and motorboat
treatment as fixed effects, and nest and site as random effects.

Laboratory study. We conducted the laboratory study in the Marine and Aqua-
culture Research Facilities Unit (MARFU) at James Cook University, Townsville,
Australia from March to July 2018. Spiny chromis adults were caught with fine
monofilament barrier nets and hand nets from the section of reef on the lagoon
side of Palfrey Island within the lagoon around Lizard Island in the northern Great
Barrier Reef (14° 41’ S, 145° 27’ E) during November 2016. All adults would have
experienced equivalent prior noise exposure. The mean + SE standard length of
adults was 10.7 + 0.1 cm. Spiny chromis were randomly allocated to treatments and
were housed in 30 male—female pairs, and maintained at a mean # SE temperature
of 27.7 £ 0.1 °C in the presence of either a busy-boating treatment (playback of four
of the five recorded motorboats in a pattern matching exposures in the field) or a
no-boating treatment (playback of ambient reef sound). We kept most of each
brood with the parents to measure survival (cannibalism can rarely occur in this
species under stress!'®) and isolated 50 individuals per brood as a single group in a
separate tank (where parents could not compete with offspring for food) with the
same playback treatment to measure size. See Supplementary Information for
further details of tank setup and conditions, acoustic exposure regime, playback
construction, acoustic recording analysis and results for the tanks.

Breeding. We checked all adult tanks daily after lights were switched on, but before
playbacks began, for the presence of a newly laid clutch. The number of days since the
start of the treatment that clutches were laid was used to test for an effect of motorboat
noise exposure on the timing of breeding using a two-sample Welch’s ¢-test.

Clutch size and brood size. We photographed newly laid clutches and estimated
clutch size by counting the number of eggs in a square on an overlaid grid and
counting the number of grid squares containing eggs. All adult tanks were checked
daily after lights were switched on, but before playbacks began, for the presence of a
newly hatched brood. Clutch size and brood size were compared between treat-
ments using two-sample Welch’s t-tests.

Egg characteristics and embryonic development. We monitored clutch-level and
individual-level egg and embryo characteristics at days 1 and 10 during the egg phase of
the first clutch laid by each breeding pair. Measures taken were: (1) egg area, (2) yolk sac
area, (3) dorsal spine length (day 10 embryos only), and (4) dry weight (at 10 days). Egg
area, yolk sac area and spine length were obtained by measuring 10 randomly sampled
individuals per clutch under a light microscope (Olympus SZXY). For dry weights, fish
were dried in an oven for >24 h at 60 °C and weighed on a Mettler microbalance with
+0.001 mg accuracy. The number of days between laying and hatching was used as the
embryonic developmental time. Linear mixed-effects models (fitted in R) were used,
with clutch as a random effect and motorboat treatment as a fixed effect.

Parental care of embryos. We filmed parental activity (distance moved by both
parents) and time spent fanning eggs at day 10 of the egg phase during periods of
playback. Two cameras were used: a Logitech HD Webcam C615 camera positioned
45 cm above the tank looking down with the entire tank in the field of view (‘top
camera’), and a GoPro HERO 5 positioned inside the tank in front and looking into
the nest (‘side camera’). Following a 30-minute settling time, minimising the dis-
turbance to the fish, baseline behaviour was observed for five minutes. Then, in
‘busy-boating’ tanks, motorboat noise was played for a further five minutes, while in
‘no-boating’ tanks, a different ambient track was played for five minutes.

Two key nest-caring parental behaviours were identified for analysis:

(1) Activity — the distance travelled by parents. Average distance travelled
within each breeding pair was calculated from the total distance travelled by
both the male and female. Activity was observed from the top camera.
Distance was calibrated by measuring a known distance on the bottom of
the tank, present in all videos. The distance travelled was calculated by
marking the position of the fish every second using the manual tracking
feature of Image/] version 1.52d (https://imagej.nih.gov/ij/download.html).

(2) Fanning - the amount of time parents spent fanning the clutch of eggs.
Fanning was observed from the side camera and analysed using Solomon
Coder software (https://solomoncoder.com/download.php).

T-tests were used to test for effects of treatment on parental care behaviour.

Juvenile survival. We counted the number of juveniles that survived with their
parents at day 21 post-hatching (maximum count from three photos for each tank).
Survival was measured at day 21 because that was the mean survival time in the field;
also, by day 42 post-hatching, most parents had produced a second clutch which
confounded observations of survival. The fish removed at hatching were included in the
final count by modelling their survival as equal to that of the rest of the brood. Survival
was converted to a percentage from the number of eggs laid in the clutch. This measure
of survival is conservative compared with that expected in the field because the only
potential predators of the juveniles in the tanks were their parents. Percentage survival
rates were non-normally distributed and so were compared between treatments using a
Wilcoxon signed-ranks test.

Juvenile size. We measured the standard lengths (from photos using Image]) and
dry weights of ten juveniles per clutch at day 21 post-hatching and of eight
juveniles per clutch at day 42 post-hatching, following humane sacrifice; fish were
dried in an oven for >24 h at 60 °C and weighed on a Mettler microbalance with
0.001 mg accuracy. We measured length and weight from juveniles that were
isolated from the parents to avoid the possibility that the parents could compete
with the juveniles for food. Dry weights at day 21 and 42 were compared between
treatments using an LMM with clutch as a random effect.

General statistical approaches. For measures of parental care, or at the level of
clutch, t-tests or Wilcoxon signed ranks tests were used. Where we measured several
individuals from within multiple sites, clutches or broods, LMMs or GLMMs were used
to control for the random effects of site, clutch or brood, provided models fit the data
satisfactorily. Plots of residuals vs fitted values were examined to check model fit and
where models did not fit the data, standard tests such as t-test/Wilcoxon signed ranks
were used in their place. Any effects among nests (such as slight variations in water
flow) were therefore controlled for by the LMM or GLMM statistical models. The
variance attributed to, and standard deviation of the variance for, random effects are
presented as part of the full output from models. We used the same approach for model
selection as in!3. To establish the best-fitting model, terms were eliminated one by one
from a maximal model. Simplified models were compared with more complex ones
using maximum likelihood ratio tests that employ chi-square statistics to establish
whether a simpler model performed significantly worse at explaining the data than a
more complex model. If the simpler model was not significantly worse when a term was
removed, the simpler model was deemed better and thus the removed term was
dropped. If the simpler model was significantly worse, the term was maintained in the
model*. The degrees of freedom from maximum likelihood tests presented in the
Results of the main paper are the difference between the degrees of freedom of the
simpler and the more complex models. All potential interactions of fixed effects were
examined and are only presented where their exclusion from the model made the
model significantly worse at explaining the data at the significance level p < 0.10. When
an interaction was presented, the effect of the main effects was established by comparing
a model with the main effect in question, although not its interaction, with a model that
dropped that effect. The package Ime4’ was used for LMMs. Effect sizes and standard
errors given are the results from the model summaries within the R code packages used
to create models. Full model outputs are presented in Table S1.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The data generated in this study are provided as a Source Data file.

Code availability

All code used for statistical analysis in R is standard code that is freely available online,
for acoustics analysis code, see reference 4° and https:/gitlab.com/RTbecard/paPAM/
blob/master/README.md46:47,

Received: 12 July 2021; Accepted: 26 April 2022;
Published online: 20 May 2022

References

1. Brown, L. & van Kamp, I. WHO environmental noise guidelines for the
European region: a systematic review of transport noise interventions and
their impacts on health. Int. J. Environ. Res. Public Health 14, 873 (2017).

| (2022)13:2822 | https://doi.org/10.1038/s41467-022-30332-5 | www.nature.com/naturecommunications 7


https://imagej.nih.gov/ij/download.html
https://solomoncoder.com/download.php
https://gitlab.com/RTbecard/paPAM/blob/master/README.md
https://gitlab.com/RTbecard/paPAM/blob/master/README.md
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Shannon, G. et al. A synthesis of two decades of research documenting the
effects of noise on wildlife. Biol. Rev. 91, 982-1005 (2016).

Duarte, M. et al. The soundscape of the Anthropocene ocean. Science 371,
eaba4658 (2021).

N. R. C. (NRC), Ocean Noise and Marine Mammals. (Washington, DC, 2003).
Lecocq, T. et al. Global quieting of high-frequency seismic noise due to
COVID-19 pandemic lockdown measures. Science 1343, 1338-1343 (2020).
Bellwood, D. R., Hughes, T. P., Folke, C. & Nystrém, M. Confronting the coral
reef crisis. Nature 429, 827-833 (2004).

Scheffer, M. et al. Catastrophic shifts in ecosystems. Nature 413, 591-596
(2001).

Cesar, H., Burke, L. & Pet-Soede, L. The Economics of Worldwide Coral Reef
Degradation. 14, (Cesar Environmental Economics Consulting (CEEC): The
Netherlands, 2003). .

Hoegh-Guldberg, O., Pendleton, L. & Kaup, A. People and the changing
nature of coral reefs. Reg. Stud. Mar. Sci. 30, 100699 (2019).

Hixon, M. A. 60 years of coral reef fish ecology: past, present, future. Bull.
Mar. Sci. 87, 727-765 (2011).

Fakan, P. & McCormick, M. I. Boat noise affects the early life history of two
damselfishes. Mar. Pollut. Bull. 141, 493-500 (2019).

Holles, S., Simpson, S. D., Radford, A. N., Berten, L. & Lecchini, D. Boat noise
disrupts orientation behavioura in a coral reef fish. Mar. Ecol. Prog. Ser. 485,
295-300 (2013).

Nedelec, S. L. et al. Motorboat noise impacts parental behaviour and offspring
survival in a reef fish. Proc. R. Soc. B 284, 20170143 (2017).

Simpson, S. D. et al. Anthropogenic noise increases fish mortality by
predation. Nat. Commun. 7, 10544 (2016).

Doherty, P. J. et al. High mortality during settlement is a population
bottleneck for a tropical surgeonfish. Ecology 85, 2422-2428 (2004).
Thresher, R. Brood-directed parental aggression and early brood loss in the
coral reef fish, Acanthochromis polyacanthus (Pomacentridae). Anim. Behav.
33, 897-907 (1985).

Jain-Schlaepfer, S. et al. Impact of motorboats on fish embryos depends on
engine type. Conserv. Physiol. 6, coy014 (2018).

Vigliola, L. & Meekan, M. G. Size at hatching and planktonic growth
determine post-settlement survivorship of a coral reef fish. Oecologia 131,
89-93 (2002).

Hoey, A. S. & McCormick, M. L. Selective predation for low body condition at
the larval-juvenile transition of a coral reef fish. Oecologia 139, 23-29 (2004).
Gagliano, M., McCormick, M. I. & Meekan, M. G. Survival against the odds:
Ontogenetic changes in selective pressure mediate growth-mortality trade-offs
in a marine fish. Proc. R. Soc. B. 274, 1575-1582 (2007).

Nedelec, S. L. et al. Anthropogenic noise playback impairs embryonic
development and increases mortality in a marine invertebrate. Sci. Rep. 4,
5891 (2014).

Robertson, D. Field observations on the reproductive behavior of a
pomacentrid fish. Z. Tierpsychol. 32, 319-324 (1973).

Zoran, M. J. & Ward, J. A. Parental egg care behavior and fanning activity for
the orange chromide, Etroplus maculatus. Environ. Biol. Fishes. 8, 301-310
(1983).

Gross, M. R. & Sargent, R. C. The evolution of male and female parental care
in fishes. Am. Zool. 25, 807-822 (1985).

Radford, A. N., Lebre, L., Lecaillon, G., Nedelec, S. L. & Simpson, S. D.
Repeated exposure reduces the response to impulsive noise in European
seabass. Glob. Change Biol. 22, 3349-3360 (2016).

Harding, H. R. et al. Fish in habitats with higher motorboat

disturbance show reduced sensitivity to motorboat noise. Biol. Lett. 14,
20180441 (2018).

Nedelec, S. L. et al. Repeated exposure to noise increases tolerance in a coral
reef fish. Environ. Poll. 216, 428-436 (2016).

Mills, S. C. et al. Hormonal and behavioural effects of motorboat noise on wild
coral reef fish. Environ. Poll. 262, 114250 (2020).

Derryberry, E. P., Phillips, J. N., Derryberry, G. E., Blum, M. J. & Luther, D.
Singing in a silent spring: Birds respond to half-century soundscape reversion
during the COVID-19 shutdown. Science 370, 6516 (2020).

Philips, J. N., Termondt, S. E. & Francis, C. D. Long-term noise

pollution affects seedling recruitment and community composition,

with negative effects persisting after removal. Proc. R. Soc. B 288, 20202906
(2021).

Cortés, E. Perspectives on the intrinsic rate of population growth. Methods
Ecol. Evol. 7, 1136-1145 (2016).

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

Knowlton, N. et al., Rebuilding Coral Reefs: A Decadal Grand

Challenge. International Coral Reef Society and Future Earth Coasts.

56 pp. (2021).

34. IPBES. Global Assessment Report on Biodiversity and Ecosystem Services of
the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem
Services. E. S. Brondizio, J. Settele, S. Diaz, and H. T. Ngo (editors). (IPBES
secretariat, Bonn, Germany, 2019).

35. Darling, E. S. & Coté, I. M. Seeking resilience in marine ecosystems. Science
359, 986-987 (2018).

36. Folke, C. et al. Regime shifts, resilience, and biodiversity in ecosystem
management. Annu. Rev. Ecol. Evol. Syst. 35, 557-581 (2004).

37. COP21, No Title. Paris Agreement (2015), (https://unfccc.int/process-and-
meetings/the-paris-agreement/the-paris-agreement).

38. Gordon, T. A. C, Radford, A. N., Simpson, S. D. & Meekan, M. G. Marine
restoration projects are undervalued. Science 367, 635-636 (2020).

39. G. R. Allen, Damselfishes of the South Seas (1975).

40. Hobson, E.S. Trophic Relationships of Fishes Specialized to Feed on
Zooplankters above Coral Reefs in The Ecology of Fishes on Coral Reefs P. F.
Sale, Ed. 69-95 (Academic Press, San Diego, USA, 1991).

41. Nakazono, A. One-parent removal experiment in the brood-caring damselfish,
Acanthochromis polyacanthus, with preliminary data on reproductive biology.
Mar. Freshw. Res. 44, 699-707 (1993).

42. Kavanagh, K. Notes on the frequency and function of glancing
behaviour in juvenile Acanthochromis (Pomacentridae). Copeia 2, 493-496
(1998).

43. Friard, O. & Gamba, M. BORIS: a free, versatile open-source event-logging
software for video/audio coding and live observations. Methods Ecol. Evol. 7,
1325-1330 (2016).

44. Meyer, K. Estimating variances and covariances for multivariate
animal models by restricted maximum likelihood. Genet. Sel. Evol. 23, 67-83
(1991).

45. Nedele, S. L., Campbell, J., Radford, A. N., Simpson, S. D. & Merchant, N. D.
Particle motion: the missing link in underwater acoustic ecology. Methods
Ecol. Evol. 7, 836-842 (2016).

46. McWilliam, J.N. Coral Reef Soundscapes: The Use of Passive Acoustic
Monitoring for Long-term Ecological Survey. Thesis. School of Science, Curtin
University (2018).

47. Ladich, F. & Fay, R. R. Auditory evoked potential audiometry in fish. Rev. Fish
Biol. Fish. 23, 317-364 (2013).

Acknowledgements

Lizard Island staff, field assistants (Brendan Nedelec, Kasey Barnes, Olivia Rose, Sam
Wines), MARFU staff (Ben Lawes, Simon Wever, Andrew Thompson), MARFU
employees and volunteers (Ella Smyth, Geoffrey Dominic Yau, Millicent Nichols, Emily
Mulroy, Hannah Wolstenholme, Blake Spady, Shannon McMahon), lab advice (Eric
Fakan). This work was supported by funding from a Natural Environment Research
Council Research Grant (S.D.S. and A.N.R.; NE/P001572/1), an Australian Research
Council Discovery Grant (M.LM.; DP170103372), a UKRI Strategic Priorities Fund
Postdoctoral Fellowship (S.L.N.), a University of Exeter Vice-Chancellor Scholarship for
Postgraduate Research (K.P.M.), a German Research Foundation (DFG) research fel-
lowship (B.L; IL 220/2-1) and a NERC-Australian Institute of Marine Science CASE
GW4+ studentship (T.A.C.G.; NE/L002434/1).

Author contributions

Conceived and planned the study S.L.N., S.D.S., AN.R., M.LM,; collected data S.L.N.,
P.G, LK.D, LV, M.T,, KP.M,, BJ; supported data collection, contributed to the
organisation and concepts of the study T.A.C.G., M..M.; data analysis S.L.N,, P.G., M.T.,
K.E.C,, B.L, with support from AN.R,, S.D.S; S.L.N. wrote the manuscript with con-
tributions from P.G., M.T., K.E.C., AN.R, S.D.S,; SLN., KP.M. and L.K.D. created the
figures; all authors contributed to final revisions of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541467-022-30332-5.

Correspondence and requests for materials should be addressed to Sophie L. Nedelec.
Peer review information Nature Communications thanks Jeroen Hubert, Dennis Higgs
and the other anonymous reviewer(s) for their contribution to the peer review of this

work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

| (2022)13:2822 | https://doi.org/10.1038/s41467-022-30332-5 | www.nature.com/naturecommunications


https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://doi.org/10.1038/s41467-022-30332-5
http://www.nature.com/reprints
www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/541467-022-30332-5 ARTICLE

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

NATURE COMMUNICATIONS | (2022)13:2822 | https://doi.org/10.1038/s41467-022-30332-5 | www.nature.com/naturecommunications 9


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Limiting motorboat noise on coral reefs boosts fish reproductive success
	Results
	Discussion
	Methods
	Permits and ethics approval
	Study species
	Field study
	Sites and nests
	Motorboat traffic exposure and protection
	Acoustic recordings and analysis
	Breeding and reproductive success
	Brood size
	Predator presence around nests
	Juvenile survival
	Juvenile size
	Laboratory study
	Breeding
	Clutch size and brood size
	Egg characteristics and embryonic development
	Parental care of embryos
	Juvenile survival
	Juvenile size
	General statistical approaches

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




