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RESUMO

Ruidos antropogénicos representam uma constante ameaga aos ecossistemas
marinhos. Visto que organismos marinhos utilizam o som em diversas atividades do
seu ciclo de vida, o aumento do trafego maritimo pode ter efeitos significativos na
dinamica e resiliéncia de sistemas naturais. O peixe-donzela Stegastes fuscus é
uma espécie chave na dindmica de sistemas recifais rasos, visto papel como
herbivoro e comportamento territorialista. Pertencendo a uma familia que tem
biofonia conhecida e associada a comportamentos diversos, representa uma boa
espécie modelo para a avaliagdo de impactos causados por atividades
antropogénicas. O objetivo deste trabalho foi de avaliar o impacto do ruido gerado
por embarcacdes de turismo nautico no comportamento de Stegastes fuscus em
costdes rochosos de Arraial do Cabo (22° 58 'S 42° 01 'W). Para isso foram
realizados experimentos in situ. Territérios de S. fuscus foram selecionados em cada
site de modo que uma fonte acustica ficasse posicionada centralmente a trés
territérios (=individuos). Para cada individuo foi aplicado um dos tratamentos:
Tratamento 1: 10 min sem a transmissdo de som (controle) + 10 minutos de
playback de barcos (200 Hz-1 kHz); Tratamento 2: 10 minutos sem a transmissao de
som (controle) + 10 minutos de um som artificial (400Hz). As faixas de som foram
feitas usando 30s de som intercalados com 30s de siléncio em looping por 10
minutos. Respostas comportamentais foram analisadas através de filmagens
remotas, considerando as frequéncias de comportamentos agonisticos (num. de
chases/minuto), taxas de forrageamento (num. de mordidas/minuto) e o tempo de
refugio (tempo gasto escondido). As observagdes foram divididas em trés periodos:
10 minutos antes do som (“pré”), os 10 minutos de exposigdo a um dos tratamentos
(“durante”), e os 10 minutos seguintes ('ap6s"). Para avaliar se existiram diferencas
nos comportamentos entre os periodos analisados foi usado um teste de Friedman
(a < 0.05). Os peixes apresentaram mudangas comportamentais significativas
associadas aos periodos de exposicdo ao som. Os individuos aumentaram
significativamente seu tempo de refugio durante a exposicdo do som, em
comparagao ao momento pré-exposigao (Tratamento 1: p = 0.009; Tratamento 2, p
= 0.008). Além disso, quando submetidos aos diferentes sons os individuos
diminuiram significativamente suas taxas de forrageamento (Tratamento 1: p =
0.003; Tratamento 2, p = 0.01). Tais mudancas nas taxas de forrageamento e defesa
do territério podem ter efeitos potenciais sobre o fitness populacional. Ja que a
espécie possui um papel funcional importante nos sistemas recifais rasos, como
herbivoro territorial mais abundante em toda a costa brasileira. Os efeitos
detectados influenciaram significativamente comportamentos chaves no ciclo de
vida da espécie, o que pode gerar efeitos criticos na dinamica dos recifes como um
todo. A paisagem acustica submarina esta mudando rapidamente e com isso ha
uma necessidade urgente de avaliar os impactos dessa pressdo antropogénica
sobre espécies e processos, de modo a fornecer medidas de mitigacao desse
impacto ainda negligenciado.

Palavras-chave: etologia; bioacustica; antropofonia



ABSTRACT

Anthropogenic noise is a major threat to biodiversity. Since marine organisms use
sound in many activities in their life cycle, increased nautical traffic can have
significant effects on critical behaviors, such as foraging and territoriality. The
damselfish Stegastes fuscus (Pomacentridae) is a key species influencing the
dynamics of shallow reef systems along the Brazilian coast. This species represents
an important model to assess the impacts caused by anthropogenic activities. The
present work aims to evaluate the impact of noise generated by nautical tourism
vessels on the behavior of S. fuscus in subtropical coastal rocky reefs of Arraial do
Cabo (22°58'S 42°01'W). For this, in situ experiments were carried out. Territories of
S. fuscus were randomly selected from different sampling sites and an underwater
loudspeaker was placed in a central position, at least 1 m from the individual's
territories, so that it could cover more than one territory (= individual) at once. For
each replicate it was applied: Treatment 1: 10 min without sound transmission
(control) + 10 minutes of boat playback (200Hz-1kHz) or Treatment 2: 10 minutes
without sound transmission (control) + 10 minutes of an artificial sound (400Hz).
Tracks were made using 30s of noise and 30s of silence, in a loop for 10 minutes.
Behavioral responses were analyzed by remote filming, considering the frequencies
of agonistic behaviors (chases/minute), foraging rates (bites/minute) and refuge time
(time spent hiding). Observations were divided in three periods of time: 10 min prior
to the sound treatment (‘pre’), as our control, the 10 min trials of the soundtrack
(‘during’) and the 10 minutes following the sound treatment (‘post’). To evaluate
differences between behavior within periods of time a Friedman test was used (a <
0.05). Fish had significant behavior modifications associated with different sound
exposures. Individuals increased their refuge time when exposed to sound compared
to the moment of pre-exposure (Treatment 1: p = 0.009; Treatment 2, p = 0.008) in
both treatments. And also had lower foraging rates during noise exposure period
compared to pre-exposure (Treatment 1: p = 0.003; Treatment 2, p = 0.01). Such
changes in foraging and territory defense rates may have potential effects on
population fitness. Since the species has a functional role as the most abundant
territorial herbivore in the system, the detected effects can significantly alter the reef
dynamics. The underwater acoustic soundscape is changing rapidly and with it there
is an urgent need to assess the impacts of this anthropogenic pressure and provide
measures to mitigate this still-neglected impact.

Keywords: ethology; bioacoustics; anthrophony
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1. INTRODUGAO GERAL

1.1 Mudancgas na paisagem acustica submarina

A paisagem acustica submarina (PAS) é formada por sons bidticos e abidticos
de um ecossistema, juntamente com o ruido antropogénico (gerado pelo homem)
(Pijanowski et al., 2011). Esses sinais podem ser classificados em dois principais
tipos: os de alta frequéncia, como o ruido produzido por canhdes de ar, sonares
militares e pesquisas sismicas, ou de baixa frequéncia (abaixo de 1 kHz), como o
ruido de embarcagbes motorizadas (Slabbekoorn et al., 2010). As mudangas na
PAS provenientes de atividades antropogénicas tém sido uma preocupagédo da
comunidade cientifica (Duarte et al., 2021), visto que esta representa um importante
proxy para entender diversos processos ecoldgicos. Dessa forma, o numero de
estudos que buscam avaliar os impactos do ruido antropogénico em diferentes
escalas ecoldgicas e temporais vem aumentando cada vez mais (Ferrier-Pagés et
al., 2021).

O turismo, principalmente aquele associado as atividades nauticas, se
caracteriza como industria crescente em todos os continentes e oceanos (Boljat et
al., 2021; Duarte et al., 2021). Devido a facilidade de acesso e alta densidade
demografica, sistemas costeiros sdo os mais impactados (Weatherdon et al., 2016).
Os impactos associados as atividades nauticas incluem disturbios como danos
fisicos em organismos bentbnicos (Giglio et al., 2017), despejo de poluentes pelas
embarcagdes (Halfwerk e Slabbekorn, 2015), e a poluigdo sonora (Boljat et al.,
2021). Apesar do grande avango em estudos reportando a influéncia de impactos
antropogénicos nas taxas de perda de biodiversidade em sistemas marinhos
diversos, como superexploragao e eutrofizacao (Bellwood et al., 2012; Bender et al.,
2014), pouco se conhece sobre os efeitos da poluigdo sonora em espécies e
processos ecoldgicos (Popper & Hawkins, 2019). Embora a maioria dos trabalhos
existentes no tema dizem respeito ao comportamento de aves e mamiferos
marinhos (Shannon et al., 2016), peixes recifais constituem um dos grupos
potencialmente vulneraveis aos efeitos das atividades nauticas. O aumento nos
niveis de ruido podem interferir de diversas maneiras, incluindo a deteccdo e

resposta ao som, que pode acarretar efeitos ecoldgicos na dinamica e resiliéncia



dos sistemas naturais (Bellwood et al., 2012; Kunc et al., 2016). Dessa forma,
torna-se evidente a necessidade de avaliar os impactos dessa pressao
antropogénica em espécies e processos no ambiente marinho, de modo a

desenvolver medidas de mitigagao para este impacto ainda negligenciado.

Embarcagdes motorizadas, incluindo grandes navios e pequenas embarcagdes
de turismo, representam uma das principais fontes de ruido antropogénico em
ambientes costeiros (Haviland-Howell et al., 2007; Whitfield e Becker, 2014,
Bittencourt et al., 2014; Sertlek et al., 2019; Bittencourt et al., 2020). Nesses
ambientes, o trafego nautico contribui principalmente com o aumento nos niveis de
ruidos de baixa frequéncia (Codarin et al., 2009) e muitas espécies detectam sons
nessa faixa de frequéncia (Popper, 2003). Diversos estudos mostram os efeitos
negativos desse tipo de ruido no comportamento (Braccialli et al., 2012; Nedelec et
al., 2017; Sebastianutto et al., 2011), na fisiologia (Simpson et al., 2016; Mills et al.,
2020), e na sobrevivéncia de muitas espécies (McCormick et al., 2018). Alguns
estudos avaliaram a poluicdo sonora submarina por pequenas embarcacdes na
costa brasileira (Bittencourt et al., 2014; Campbell et al., 2019), mas poucos
investigaram seus efeitos na vida marinha, especialmente em espécies-chave, como

os peixes-donzela (Leduc et al., 2021).

1.2 Bioacustica em peixes recifais: peixes-donzela como modelo

Os sinais acusticos possuem um papel crucial para diversos organismos
marinhos em diversas atividades do seu ciclo de vida (Hawkins and Popper, 2019).
Muitas espécies de peixes desenvolveram mecanismos capazes de detectar,
produzir e interpretar diferentes tipos de sons com finalidades distintas. Por
exemplo, o som resultante de comunidades recifais funcionam como pistas
acusticas que podem influenciar nos padrbes de recrutamento e auxiliar na
orientagcdo de larvas de peixes (Lillis et al., 2013; Popper and Hawkins, 2019).
Outros sinais acusticos podem garantir a atracdo de parceiros e sucesso
reprodutivo, bem como evitar eventos de predacgéo (Cole et al., 2010; de Jong et al.,
2020).



Os peixes-donzela (Teleostei: Pomacentridae) compde uma familia diversa e
amplamente distribuida em recifes tropicais e subtropicais (Fréderich & Parmentier,
2016). Atualmente é composta por mais de 400 espécies distribuidas em cerca de
29 géneros (Fricke et al., 2020), sendo considerada uma das mais representativas
em sistemas recifais em todo o mundo (Bellwood and Wainwright, 2002; Ferreira et
al., 2004; Fréderich & Parmentier, 2016). Constitui uma das familias de peixes
recifais mais estudadas, visto sua diversidade e abundancia de espécies nas
comunidades onde ocorrem (Ferreira et al., 1998; Ceccarelli et al. 2005; Barneche
et al. 2009; Vazzana et al., 2017; Chase et al., 2020; da Silva-Pinto et al., 2020).
Essa familia é formada por espécies com diferentes estratégias tréficas, sendo em
sua maioria onivoras e planctivoras (Choat, 1991; Ceccarelli et al., 2001; Hata e
Ceccarelli, 2016). Algumas espécies (e.g. Stegastes spp.) sao reconhecidamente de
habitos herbivoros, consumindo diferentes tipos de algas no substrato benténico.
Dentro do grupo de herbivoros estdo incluidos os herbivoros territoriais também
chamados de “fazendeiros” (= farmers), com cultivos de algas especificas em seu
territério (Ferreira et al., 1998; Ceccarelli et al., 2005). Tais espécies sao
extremamente importantes na manutencdo e dindmica dos sistemas recifais, visto
seus aspectos unicos de comportamento alimentar e territorial (Ferreira et al.,
1998).

A produgao de sons em peixes-donzela € reconhecida em cerca de 8 géneros
(Fréderich e Parmentier, 2016), e esta associada a diversas interagdes ecoldgicas,
como as interagdes agonisticas de defesa e reproducéo (Cole, 2010; Parmentier et
al., 2010). Essa produgcédo de sons se da por um mecanismo estridulatério pela
colisdo entre os dentes, induzida pelo ligamento cerato-mandibular (c-md) que une o
musculo hidide e permite um rapido fechamento da boca e consequente produgao
de som (Olivier et al., 2014). Além disso, 0 grupo possui uma estratégia exclusiva,
onde a bexiga natatoria é utilizada como amplificador de som (Fréderich e
Parmentier, 2016).

Stegastes fuscus (Cuvier, 1830) € a espécie herbivora territorial mais
abundante em ambientes recifais brasileiros (Ferreira et al., 2004). E endémica da
provincia brasileira, com sua distribuicdo indo do Rio Grande do Norte até Santa

Catarina. Possui um papel ecoldgico importante na estruturacdo da comunidade



bentdnica dos sistemas recifais brasileiros, pelo processo de herbivoria e habito
territorialista (Ferreira et al., 1998; Ceccarelli et al., 2001; 2005; Barneche et al.,
2009). Espécies do género Stegastes produzem sons em faixas de frequéncia de
250-1500 Hz (Myrberg, 1972; Myrberg and Spires, 1972) e detectam sons em faixas
de 500 Hz (Myrberg and Spires, 1980; Egner and Mann, 2005), sobrepondo-se com
o som de baixa frequéncia produzido por embarca¢des motorizadas. Assim, essa
espécie representa um importante modelo ecolégico na compreenséo do impacto do
ruido antropogénico. Estudos anteriores com peixes-donzelas indicam estes como
importantes bioindicadores de impactos sonoros devido a sensibilidade e
diversidade de vocalizag¢des existentes (Picciulin et al., 2010; Braccialli et al., 2012;
Vazzana et al., 2017; Holmes et al., 2017), especialmente as espécies
territorialistas, que devido a sua area de vida limitada sao mais vulneraveis a

impactos (Daros et al., 2016, Benevides et al., 2019).

Neste trabalho foram realizados experimentos em campo para investigar os
efeitos do ruido antropogénico no comportamento da espécie de peixe recifal
Stegastes fuscus (Cuvier, 1830) em uma reserva extrativista marinha (Resex-Mar de
Arraial do Cabo — 23- 44’S - 42- W). As respostas comportamentais de cada
individuo foram analisadas através de filmagens remotas (Figura 1), considerando
as frequéncias dos comportamentos agonisticos (numero de interagdes
agonisticas/minuto), taxas de forrageamento (numero de mordidas/minuto) e tempo
de refugio (tempo gasto escondido/minuto). E previsto que a exposicdo ao ruido
afetara o comportamento da espécie, ocasionando a diminuicdo das taxas de
forrageamento e aumento do tempo de refugio. Além disso, os individuos podem ter
efeitos residuais em resposta ao estresse agudo causado pela exposi¢ao ao som.
Esses dados séo essenciais para a gestdo do trafego local da Reserva Extrativista
Marinha de Arraial do Cabo, de modo a auxiliar na criacdo e implementacao de

normativas marinhas para este impacto ainda negligenciado.



Figura 1: Método de animal focal, adaptado Altman, 1974. A) Estrutura de filmagem remota
utilizada para monitoramento dos comportamentos ao longo dos experimentos em campo.

B) Recorte do video analisado mostrando a espécie em estudo Stegastes fuscus (Cuvier,

1830).



2. OBJETIVOS

2.1 OBJETIVO GERAL

Avaliar o impacto do ruido antropogénico gerado por embarcagdes de pequeno
porte no comportamento da espécie de peixe recifal Stegastes fuscus

(Pomacentridae).

2.2 OBJETIVO ESPECIFICO

- Avaliar diferengcas comportamentais (taxas de forrageamento, frequéncia de
chases, tempo de refugio) de Stegastes fuscus em resposta ao playback de

embarcacgdes de pequeno porte (200 Hz - 1 kHz);

- Avaliar diferengcas comportamentais (taxas de forrageamento, frequéncia de

chases, tempo de refugio) de Stegastes fuscus em resposta ao tom puro (400 Hz) ;

- Avaliar possiveis efeitos residuais a exposi¢gao ao som;

3. HIPOTESES

e O comportamento dos individuos do peixe-donzela Stegastes fuscus é
influenciado pelo ruido antropogénico.

e O ruido apresenta efeitos residuais no comportamento do peixe-donzela.
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Capitulo Unico

Exposure to anthropogenic noise impairs anti-predator responses in wild

damselfishes

Formatado para a revista "Environmental Pollution"



Lessa, A. et al. (in prep.) Exposure to anthropogenic noise impairs anti-predator responses in a damselfish

A) B) C)
Pre During - noise exposure Post

foraglng rates foraglng rates

refuge time refuge time

Graphical Abstract: Behavioral responses of the dusky damselfish Stegastes fuscus pre,

during and post exposure to anthropogenic noise. Significant changes are marked with ** (p
<0.01). During sound exposure individuals increased their refuge time and decreased

foraging rates. After the noise stimulus ceased, individuals returned behaviors to

pre-exposure levels.



1. INTRODUCTION

Reef ecosystems, despite supporting great biodiversity, and providing many
ecosystem services to coastal communities (Worm et al., 2006) are constantly
threatened by several human activities globally, including coastal urbanization,
overfishing, and climate change (Bellwood et al., 2004; Pandolfi et al., 2005,
Weatherdon et al., 2016). Noise pollution, as an unintended by-product or not, is a
major threat to biodiversity and its increase has been documented worldwide, in both
coastal and oceanic environments (Andrew et al., 2002; Tyack, 2008; Hildebrand et
al., 2009; Bittencourt et al., 2014). The anthropogenic (human-generated) noise is
derived from many sources and can be divided into two main groups. Firstly, the
transient and high peak pressure sounds which are produced by pile driving, air
guns, military sonar, and seismic surveys; and secondly, the continuous and
low-frequency ones (<1 kHz) that are produced by shipping (e.g., commercial and
recreational boats), seabed drilling, and more (Slabbekoorn et al., 2010; Hawkins &
Popper, 2018; Popper & Hawkins, 2019). The underwater soundscapes are rapidly
changing (Duarte et al., 2021), and there is an urgent need to assess the impacts of
this anthropogenic driver on marine life and fill the remaining gaps to deliver

mitigation measures to this yet neglected impact.

Sound plays a vital role for marine organisms in many important daily life
activities, including foraging, territoriality and mating. Acoustic cues also guide
orientation, settlement, habitat use, as many other critical life functions (Cole et al.,
2010; Radford et al., 2011; Jolivet et al., 2016; Gordon et al., 2018), while had been
detected to indicate habitat quality (Freeman et al., 2016). In coastal areas, nautical
traffic contributes to increasing low-frequency noise levels (Codarin et al., 2009) and
many fish species can detect sounds in this frequency range (Popper, 2003).
Increased noise levels can interfere in a number of ways, including individuals’
sound detection and response, which may have ecological effects on the dynamics
and resilience of natural systems (Kunc et al., 2016; Popper and Hawkings, 2019).
Therefore, research investigating the effects of human-produced noise on important
key-species, such as the dusky damselfish (Bracciali et al., 2012; Leduc et al.,

2021), is critical to understand sound impact on the reef scape.



Motorized vessels, including large ships and recreational boats, represent a
prevalent and increasing source of anthropogenic noise (Haviland-Howell et al.,
2007; Whitfield and Becker, 2014; Bittencourt et al., 2014; 2020; Sertlek et al.,
2019). There is mounting evidence showing that noise produced by such boats have
impacts on behavior (e.g. foraging, agonistic interactions, anti-predator responses,
parental care) (Picciulin et al., 2010; Sebastianutto et al., 2011; Bracciali et al.,
2012), on physiology, (e.g. increases in metabolic, ventilation and heart rates)
(Simpson et al., 2016; Mills et al., 2020), and on survival of many reef fish species
(McCormick et al., 2018). Recent studies have assessed the underwater noise
pollution by small vessels in the Brazilian coast (Bittencourt et al., 2014; Campbell et
al.,, 2019), but few have investigated its effects on marine life, especially on

key-species, such as damselfishes (Leduc et al., 2021).

Damselfishes represent a keystone group for the diversity of benthic
communities (Hata & Ceccarelli., 2016). Many of them are territorial farmers that
control algal diversity and coral zonation (Ceccarelli et al., 2001). Sound production
in damselfishes is well known and is highly associated with different ecological
interactions, including agonistic ones during territory and nest defense (Parmentier et
al.,, 2010), plus for recognition during reproduction (Cole, 2010). The dusky
damselfish Stegastes fuscus (Cuvier, 1830) is the most common territorial
herbivorous in shallow Brazilian reefs (Ferreira et al., 2004). It plays a critical
ecological role in structuring benthic communities through grazing and territoriality
(Ceccarelli et al., 2005; Barneche et al., 2009). By maintaining a territory and
aggressively excluding other herbivores, diversity of algae and associated
cryptofauna are higher inside territories of Stegastes fuscus. In addition, primary
productivity is higher inside their territories, indicating that this species plays an
important trophodynamic role in shallow habitats (Ferreira et al. 1998). Stegastes
spp. produce sound at frequencies from 250 to 1500 Hz (Myrberg, 1972; Myrberg
and Spires, 1972), and detect sounds at 500 Hz bands (Myrberg and Spires, 1980;
Egner and Mann, 2005), overlapping with the broadband sound produced by
motorboats. Thus, these fishes represent an optimal ecological model for
understanding the consequences of anthropogenic noise. Previous studies on
related species indicated damselfishes as important bioindicators for noise impacts

(Picciulin et al., 2010; Bracciali et al., 2012; Vazzana et al., 2017; Nedelec et al.,
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2016; Holmes et al., 2017), especially the territorialist species, that due to their
limited home range are more vulnerable to such impacts (Daros et al., 2016,
Benevides et al., 2019).

Here we carried out field experiments to investigate the effects of noise on
Stegastes fuscus (Cuvier, 1830) behavior in a multi use marine reserve. Our specific
goals were: (i) to assess the effect of noise on different behaviors (foraging, refuging
and agonistic interactions) under natural conditions, and (ii) to investigate residual
effects of noise exposure. We predict that exposure to both noise treatments would
cause changes in behavior (e.g. decreased foraging rates, increased aggression and
hiding). Moreover, individuals may have carry-over effects in response to acute
stress caused by previous noise stimulus. These data are essential to implement

local normatives for such neglected impact.

2. MATERIALS AND METHODS

2.1 Study Area

Field experiments were carried out in shallow rocky reefs inside the Arraial do
Cabo Marine Reserve, Rio de Janeiro state, Brazil (23- 44’S - 42 W), during a
10-day period between January and May 2022. This MPA is a multi use reserve
where only local traditional fishermen are allowed to exploit natural resources.
Despite some fishing restrictions, there are no effective no-take areas or control of
fishing activities, and different fishing gears are used (Bender et al., 2014). The
Arraial do Cabo region consists of an isthmus and two islands dominated by rocky
shores. Upwelling events in the region are triggered by a combination of prevailing
winds and coastal morphology, which leads to distinct habitat conditions: the western
side of the isthmus that is affected directly by cold, upwelling waters (<18 C), and
the eastern side with comparative higher mean water temperatures (averaging 22o
C) (Cordeiro et al, 2020). The study sites, namely Pedra Vermelha and Maramuta
(Figure 1), are sheltered from both wave exposure and local upwelling, and present
tropical characteristics on its composition, clear waters, and a mean average water

temperature of 22°C (Valentin, 1984a; 1984b). The benthos coverage is



predominantly composed by epilithic algal matrix, zoanthids, massive corals and
millepores (Cordeiro et al, 2014). The community of the dusky damselfish Stegastes
fuscus includes mainly adult individuals (13-17 cm TL), which territories occupies a
great part of the substrate in the rocky reef zone ranging from 2 to 5 m depth
(Ferreira et al., 1998). The sites were selected based on similarity of environment
conditions and its restricted nautical traffic, allowing less external noise during the

field experiments, while providing great abundance of the target species.

22.94°8

BRAZIL

22.96°S

Arraial
do Cabo

22.98°8

Cabo Frio

Island
23.00°S

Atlantic
Ocean

[
0 0.75 1.5km

42.04°W 42.02°W 42.00°W 41.98°W

Figure 1. Map of Arraial do Cabo showing study sites (1 - Maramuta, 2 - Pedra Vermelha).

2.2 Experimental overview

We randomly selected territories of S. fuscus in the study sites, totaling 35
territories (19 for playback, 16 for pure tone) separated by each other by at least 2
m. All experiments were developed between 9 and 12 am due to the peak of activity
of the target species, and during week to avoid high-nautical-traffic-days, and thus to
minimize possible interferences during the experiments. An underwater loudspeaker
(Lubell LL-1424HP - (200 Hz - 9 kHz), 197dB re 1TuPa @ 1m at 600Hz, source level
150 dB, approximately) was placed in a central position, at least 2 m from the

individual's territories, so that can cover more than one territory at once (Figure 2).



The speaker was kept off during the first 15 minutes, as a 5 min acclimation period
(Nanninga et al., 2017) and a 10 min to collect baseline behavior. In each territory,
we applied one of the following experimental approaches: Treatment 1 (T1) - 10 min
of playback of sound of small vessels, collected in days of intense traffic (200 Hz-
1kHz) and Treatment 2 (T2) - 10 min of a pure tone in the frequency range of the
studied interactions (400 Hz) (Olivier et al., 2014). All individuals were equally
subjected to control and treatment. When submitted to noise exposure all fish
received 30s of noise every minute for a total time of 10 minutes. Playbacks of small
boats noise were used since it is the most common source of anthropogenic noise in
the area. Individuals' responses to the experimental approaches were assessed with
remote underwater videos (RUVs). Video cameras (GoPro Hero 4) were settled on
the rocky substrate at 1 m from the individuals' territories, comprehending an area of
2m?, carefully delimited by scuba diver. One video camera was used in each territory
to avoid further interference. After settled, the camera was left recording for at least
45 minutes without interruption and the diver kept a 10 m distance to avoid

interferences on the experiments (Longo & Floeter, 2012). A RUVs sample consisted

of a 30-minute video shot.

Treatment starts End of stimulus
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Figure 2. Experimental overview showing timeline of trials.



2.3 Acoustic data

Playback treatments were created using 30s of noise and 30s of silence. For
the first noise stimulus (T1), playback tracks were constructed using recordings of
noise of small tourism vessels passing by the area, and played in a loop for 10
minutes. The recordings occurred during daytime of intense nautical traffic in the
Arraial do Cabo Marine Reserve (23°44’S -42-W). The projected noise was recorded
by a hydrophone (DigitalHyd SR-1 from Marsensing Lda, sensitivity of -169.4dB at
1000Hz), to compare playbacks with real sound sources and to validate trials. For
the second noise stimulus (T2), we used a tone of 400 Hz in a loop for 10 minutes,
also using 30s of noise and 30s of silence. The volume of the playback was adjusted
and the signal was previously calibrated. The median distance between the
hydrophone and the loudspeaker was 20m. Sound travel between experimental sites
have been limited to distance and the presence of rocky reefs, as sound treatments
at one site could not be heard from the other (verified through recordings). To
calibrate and characterize the underwater soundscape during trials, the acoustic
activities detected were analyzed via spectrograms with Raven Pro 1.6 bioacoustics
software (The Cornell Lab of Ornithology, Ithaca, NY). A 30-second-window of the
audio recordings were used to illustrate the soundscape changes within periods.

2.4 Behavioral analysis

In the laboratory, only the central minutes of all video recordings were analyzed
to minimize the diver effect over fish behavior (Longo et al., 2014). Each fish had its
length visually estimated, which varied between 13 cm and 17 cm, and its behavior
aspects quantified. The three behaviors analyzed were: (1) Agonistic interactions -
the number of chasing/aggressive strikes towards other fishes per minute. We
considered as a chase all events in which a fish swam rapidly towards another fish
with subsequent escape of the latter, with or without contact between them; (2)
Foraging - the number of bites per minute on the substrate or at a drift particle in the
water column. We considered a bite every time a fish stroked the benthos with its
jaws opened, closing its mouth subsequently, regardless ingestion (Longo et al.,
2014); (3) Refuging - Time hiding in a shelter structure, with at least 50% of the body
within the shelter, per minute. All observations lasted 30 minutes, divided in three

periods of time: 10 min prior to the sound treatment (‘pre’), as our control, the 10 min



trials of the soundtrack (‘during’) and the 10 minutes following the sound treatment
(‘post’).
treatments. Clips of each behavior are presented in Supplementary material.

The observer watched the videos without audio to remain naive to

2.5 Statistical analysis

Differences between behaviors (e.g foraging rates, frequency of chases, time
refuging) within periods (=pre, during noise, post) were analyzed through a
Friedman test. Pairwise Wilcoxon signed-rank tests were conducted comparing
behaviors within periods for each treatment separately. The waveform and
spectrogram graphics of the analyses were performed in Python (Python Software
Foundation, 2022). All statistical analyses and other plots were performed in R
software (R Core Team, 2022). A significance level of a < 0.05 was considered in all

analyses.
3. RESULTS

There were significant differences between control and treatments in terms of
sound pressure levels. While sound treatments were active, power spectral density
levels were substantially higher than the ambient soundscape during pre and post
periods (Figure 3).
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Figure 3. Spectrograms of the underwater soundscape during field experiments, for a
30-second-window of audio recordings of each treatment (treatment 1 = [playback; treatment
2 = pure tone). The left spectrograms represent the before period, the middle ones are
during noise exposure and the ones on the right are after. FFT length = 1024, Hamming

evaluation window, 50% window overlap, 0—1500 Hz.

Fish behavior of refuging and foraging varied significantly within periods in both
treatments (bite = playback, X*(2) = 6.91, p = 0.032, n=19; pure tone, X*(2) =23.5p
< 0.0001, n=16; refuge = playback, X?(2) = 10.03, p = 0.006, n=19; pure tone, X?(2)
= 14.4, p < 0.001, n=16) (Figure 4). Fish spent more time hiding during the 10 min
period of noise than in the 10 min pre-noise (playback: p = 0.009; pure tone, p =
0.002). Individuals had also lower foraging rates during noise exposure compared to
pre-exposure (playback: p = 0.003; pure tone, p = 0.0004). In the 10-min-period after
noise exposure, fish behavior returned to similar values of both foraging rates and
hiding behavior to the moment pre-exposure, for both treatments (Table 1). Chasing
activity of the dusky damselfish was reduced for 45,8% of individuals during
playback and 65% during pure tone, but no significant differences within periods

were observed (p > 0.05, Figures 4b-e).

Table 1. Comparisons of behaviors under either pre, during and post noise exposure.
Summary of Friedman test results of behaviors testing the effect within periods for Stegastes
fuscus. Bold type denotes significant differences at a = 0.01.* indicate significance level: * <
0.05; **< 0.01

Source of variation df ) & p-value

Between subjects

Treatment 1 = (playback)

Bites x time 2 6.91 0.003**
Refuge x time 2 10.03 0.006**
Chases x time 2 6.86 0.032*

Treatment 2 = (pure tone)

Bites x time 2 23.5 0.000007**



Refuge x time 14.4  0.00075**

Chases x time 4.69 0.0958

Within subjects

Treatment 1 (playback)
Bites pre x noise 153 0.003*
Bites pre x post 131 0.153
Refuge pre x noise 20.5 0.009**
Refuge pre x post 82 0.813
Chases pre x noise 84 0.421
Chases pre x post 120 0.04*
Treatment 2 (pure tone)
Bites pre x noise 0 0.00048*
Bites pre x post 49 0.339
Refuge pre x noise 102 0.002**
Refuge pre x post 17 0.554
Chases pre x noise 36 0.933
Chases pre x post 63.5 0.657
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Figure 4. Comparative behavior responses for both experimental approaches during three
periods (-pre, -during, -post noise exposure). Boxes represent interquartile ranges and lines
within boxes represent median values across 19 individuals for the playback and 16 for the
pure tone. Each dot represents an individual. (a) bite rates in playback; (b) chasing in
playback; (c)refuging in playback; (d) bite rates in pure tone; (e) chasing in pure tone; (f)
refuging in pure tone. * indicate significance level: ** < 0.01; ns: non-significant result from

Friedman test.

4. DISCUSSION

Our study demonstrated noise-induced behavioral changes in a conspicuous
damselfish of the Southern Atlantic reefs. Two key behaviors, foraging and refuging,
were significantly disrupted when different noises, a pure tone (400 Hz) and
playback (200 Hz - 1 kHz), were experimentally applied in situ for this species.

Individuals were more likely to seek refuge and spent less time foraging during noise



exposure than in pre and post exposure periods. Previous studies with damselfishes
found similar patterns. For instance, Nedelec et al (2016) observed that Dascyllus
trimaculatus increased refuging during motorboat playback exposure, and Leduc et
al. (2021) observed that land-based noise pollution, from carnival commemoration,
had significant effect on S. fuscus foraging rates. Our results provide evidence of
underwater anthropogenic noise impact on this key species. As changes in behavior
are the initial response to different environmental pressures, further investigations on
whether and how these changes affect the population's dynamics and functional role

are required.

Refuging is a common behavioral outcome associated with animals' space use
when facing any threat (Cooper and Blumstein, 2015). In another recent experiment
in the same region, Benevides et al., (2019) reported that the dusky damselfish
increased refuging time in the presence of a threat, in this case, a diver presence.
Fish in our experiments had similar anti-predator responses to noise stimulus, which
indicates noise being seen as a threat. Similar refuging patterns were found for the
red-mouth goby Gobius cruentatus (Picciulin et al., 2010), and for the domino
damselfish Dascyllus trimaculatus (Nedelec et al., 2016). When territorial farmers,
such as the dusky damselfish, increase their refuge time, important feeding
opportunities are missed and territory defense is compromised. Given the
importance of the functional role of damselfishes (Hata & Ceccarelli et al., 2016), this
could negatively affect the dynamics and structure of the community, as the time

available for crucial daily activities is reduced.

Foraging is an important daily activity in fishes and apparently the first to be
disrupted facing any threat. Bracciali et al (2012) found that Chromis chromis, a
planktivorous fish, also significantly reduced foraging rates when subjected to
intense boat noise and nautical traffic. Voellmy et al (2014) investigated how
increased exposure to noise changed foraging responses of two sympatric
freshwater fish species. They found that both species, Gasterosteus aculeatus and
Phoxinus phoxinus, had a similar reduction in food intake. The long-term implications
of reduced foraging should be taken into consideration, as decreased foraging rates
could directly affect individuals’ fitness. If they spend less time foraging, their body

condition and growth may be reduced, as their ability to breed and survive (King et



al., 2015). Moreover, the energetic costs of a reduced likelihood of feeding events
could also have other population-level changes, as fish may alter their behavior to
compensate for food intake during less propitious conditions (Bracciali et al., 2012).
In this case, the trade-off between predator avoidance and foraging activity may vary

between individuals and should be taken into consideration in future studies.

It is expected that organisms exposed to anthropogenic stressors, such as
noise, may have increased levels of agonistic interactions due to acute stress. For
instance, the anemonefish Amphiprion chrysopterus increased its levels of
aggression when exposed to motorboat noise playback, in short- and long-term
experiments (Mills et al., 2020). Contrary to our hypothesis, the Dusky damselfish did
not show any significant changes in chasing behavior within periods, although a
reduced pattern was found during noise exposure. The main reason that could be
attributed to these contrasting results may rely on risk assessment. Despite its
benefits, territory maintenance has high costs in terms of energetic expenditure
(Eurich et al., 2018). In this case, S. fuscus elevating chasing to keep defending its
territory during noise exposure may not seem to outweigh the costs, as organisms
spent more time hiding. The reflections of this pattern over time should be evaluated,
as this could affect individuals' reproductive opportunities and also productivity inside
territories. Clearly, more research is required to better understand the direct impacts

of noise on territory maintenance.

Our findings show that anthropogenic noise, as applied here, for 10 minutes,
had no carry-over effects on fish behavior, as individual’s return to pre-exposure
levels after noise has ceased. Mills et al., (2020) found short-term (5 minute)
carry-over effects of motorboat playback on behavior and physiology of the
orange-fin anemonefish Amphiprion chrysopterus. Nedelec et al. (2017) also found
behavioral carry-over effects for cleaning interactions after 5 minutes, where the
number of jolting clients remained elevated even after noise ceased. However,
damselfishes in our experiment returned to pre-exposure levels on both foraging and
refuging behavior after sound had ceased in both treatments, which indicates a fast
response of this species' behavioral mechanisms to environmental conditions. The
present study was a short-term evaluation (30-minute-long-trials), and for that reason

we cannot say that these responses would persist over time, or if fish would



habituate to longer noise exposures. Still, experimental designs with longer
observations and using different metrics (e.g. physiological markers) should be
considered, as other studies indicate carry-over effects on other critical life functions

beyond behavior, such as physiology (Mills et al., 2020).

In general, pure tones seem to have a weaker effect on fish' behavior (Cox et
al., 2020). However, our results showed that fish behavioral responses to the
playback were similar, but more pronounced to the pure tone. The frequency range
in our study was based on Olivier et al. (2014) that registered 400 Hz as the main
frequency of sound production during foraging and agonistic interactions of
Stegastes rectifraenum. These results may indicate an overlap of the emitted
frequency with the signals emitted by the species, resulting in a more pronounced

response.
5. CONCLUSIONS

The increase of anthropogenic noise in coastal underwater soundscapes is well
documented (Duarte et al., 2021). Noise produced by small vessels dominates
shallow underwater soundscapes (Campbell et al., 2019) and the effects of these
changes are affecting different species and processes (Kunc et al., 2016; 2019;
Shannon et al., 2016). In our in situ experimental study two different noises were
used as stressors, and both had significant effects on Stegastes fuscus behavior.
Fish were short-term-impacted by noise through increased anti-predator responses.
As the density of boats is relatively high and frequent around the coast,

understanding the consequences of prevalent exposure to noise events is critical.

The effects of underwater noise on behavior, as highlighted here, are extremely
relevant for management and species conservation, as increased anti-predation
behavior could lead to alterations in population dynamics and thereby compromise
key ecological processes (e.g. herbivory) . The more we know about the sublethal
impacts of noise on such key species, the more we can do for conservation and
management efforts across different coastal environments. Moreover, subsequent
studies combining different approaches should examine all the effects of noise on

wildlife, in both behavioral and physiological aspects. Then, we will be able to identify



noise susceptibilities in reef dynamics and have a more complete understanding of

the effects of this neglected impact.
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7. CONCLUSOES GERAIS

Os dados apresentados no presente trabalho indicam que o ruido
antropogénico gerado por embarcagdes de pequeno porte afeta negativamente o
comportamento do peixe-donzela Stegastes fuscus. Quando submetidos ao som do
playback, os individuos diminuiram significativamente suas taxas de forrageamento
e aumentaram o seu tempo de refugio. Ainda, as respostas ao tom (400Hz) foram
similares, mas mais pronunciadas, as respostas do playback. Essa faixa de
frequéncia foi escolhida por ser a faixa onde estdo acontecendo as interagdes

estudadas, havendo portanto uma sobreposigao.

A espécie em estudo caracterizou-se como espécie bioindicadora para a
poluicdo sonora de ruidos de baixa frequéncia, dada suas mudancgas
comportamentais frente a exposi¢cao ao ruido. Peixes recifais, assim como outros
organismos marinhos, constituem um grupo importante de potenciais bioindicadores
para esse tipo de impacto. Apesar disso, poucos trabalhos no Brasil utilizam
espécies de peixes recifais como modelo ecolégico para avaliar o impacto da

poluigado sonora.

A densidade e a frequéncia de embarcacdes € exponencialmente crescente
dentro da RESEX, principalmente em épocas de alta temporada. Nossos resultados
sdo importantes para auxiliar regras locais de manejo do trafego de embarcacgoes,

além de auxiliar na elaboragao de normativas marinhas.



