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Abstract 

Throughout history, man has exploited the earth's mineral resources for its survival 

and for technological development without regard for their regeneration. Given the 

growth of the world population and given the fall in resources, man started looking 

for new deposits, which were found in 1960s in the ocean depths. Humankind then 

began to consider extracting minerals from these deposits and this gave origin to 

Deep Sea Mining (DSM). The consequences of mining activities in the deep sea are 

not entirely known and the effects can be varied: noise pollution, light pollution, 

chemical pollution, habitat destruction, habitat fragmentation and the loss of species 

which we consider the basis of many life systems. The acoustic impact of these 

activities could have significant consequences on marine species; nevertheless, this 

has been the most overlooked issue to date. The aim of this PhD project was to 

provide baseline knowledge of possible acoustic impacts of DSM on biodiversity 

before mining begins. In order to do this, the PhD project was organised into 3 

different stages. First, during an indoor experiment, the biochemical responses of 

invertebrates Arbacia lixula and Mytilus galloprovincialis subjected to acoustic 

stress were analysed. The results showed significant changes in cytotoxicity 

activity, expression of heat shock proteins (HSPs), and enzyme activities (esterases, 

alkaline phosphatases, peroxidases) in the coelomic fluid of sea urchins subjected 

to acoustic stress. Significant effects were also observed in glucose levels, 

cytotoxicity and enzyme activities (esterase, alkaline phosphatase, peroxidase) in 

the digestive gland of the mussel.  Second, the biochemical responses of vertebrates 

and invertebrates subjected in-situ to watergun emission were analysed: Chromis 

chromis, Holothuria tubulosa and Arbacia lixula. Significant effects on fish cortisol 

levels and on enzyme activities in sea urchin peristomes were found. Furthermore, 
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the enzyme biochemical responses analysed in the coelomic fluids of echinoderms 

showed significant effects only in A. lixula sea urchin and only in peroxidase 

activity. Third, behavioural changes in experimental conditions were studied in 

juveniles of Sparus aurata subjected to 4 different acoustic emission frequencies. 

This experiment showed that only low frequencies had effects on all the behavioural 

responses analysed: swimming height, motility and dispersion of the group. Based 

on behavioural data obtained in vivo on juvenile fish, a numerical model was created 

to predict the impacts of different acoustic emission frequencies. Using the results 

obtained and literature, a first technical standard useful for mining activities was 

drawn up.  

Keywords: biochemical parameters; behavioural responses; Deep Sea Mining; 

noise pollution; physiological responses  

  



5 
 

Resumen 

A lo largo de la historia, el hombre ha explotado los recursos minerales de la tierra 

para su supervivencia y desarrollo tecnológico sin un equilibrio con su 

regeneración. Dado el crecimiento de la población mundial y la reducción de 

recursos, el hombre comenzó a buscar nuevos depósitos que se encontraron en la 

década de 1960 en las profundidades de los océanos. Con estos, la humanidad 

empezò a pensar en extraer los minerales de estos depósitos y esto llevò al 

nacimiento de Deep Sea Mining (DSM). Las consecuencias de las actividades 

mineras en las profundidades del mar no se conocen realmente y los efectos pueden 

ser diferentes: contaminación acústica, contaminación lumínica, contaminación 

química, destrucción del hábitat, fragmentación del hábitat y pérdida de especies 

que son la base de muchos sistemas vitales. El impacto acústico de estas actividades 

puede tener importantes consecuencias en las especies marinas, aunque este es el 

tema más ignorado. El propósito de este proyecto de doctorado fue proporcionar 

una comprensión básica de los posibles impactos acústicos del DSM en la 

biodiversidad antes de que comiencen estas actividades. Para hacer esto, el proyecto 

de doctorado se organizó en varios pasos. Primero, durante un experimento indoor, 

se analizaron las respuestas bioquímicas en invertebrados sometidos a estrés 

acústico, Arbacia lixula y Mytilus galloprovincialis. Los resultados demostraron 

efectos significativos en la actividad de citotoxicidad, expresión de heat shock 

protein (HSPs) y actividades enzimáticas (esterasas, fosfatasas alcalinas, 

peroxidasas) en el líquido celomático de los erizos de mar sometidos a estrés 

acústico. También se observaron efectos significativos en el nivel de glucosa, la 

citotoxicidad y las actividades enzimáticas (esterasa, fosfatasa alcalina, peroxidasa) 

de la glándula digestiva del mejillón. En segundo lugar, se analizaron las respuestas 
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bioquímicas de vertebrados e invertebrados sometidos in-situ a la emisión de 

watergun: Chromis chromis, Holothuria tubulosa y Arbacia lixula. Se encontraron 

efectos significativos sobre los niveles de cortisol en peces y las actividades 

enzimáticas (esterasas, fosfatasas alcalinas, peroxidasas y superoxide dismutasas)  

en membrana peristomial de erizo de mar. Además, las respuestas bioquímicas 

enzimáticas analizadas en los fluidos celómicos de los equinodermos fue 

significativa solo por A. lixula y solo en la activade peroxidasica. Tercero se 

estudiaron los cambios de comportamiento en las condiciones experimentales en 

juveniles de Sparus aurata sometidos a 4 frecuencias de emisión acústica 

diferentes.  Este experimento demostró que solo las bajas frecuencias tuvieron 

efectos en todas las respuestas comportamental: altura de natación, motilidad y 

dispersión del grupo. Sobre la base de los datos de comportamiento obtenidos in 

vivo en peces jóvenes, se creó un modelo numérico para predecir los impactos de 

diferentes frecuencias de emisión acústica. Utilizando los resultados obtenidos y la 

bibliografía científica, se propuso un primer estándar técnico que es útil para la 

minería.  
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Resumé 

A lo llarc de l'historia, l'home ha explotat els recursos minerals de la terra per a la 

seua supervivencia i desenroll tecnologic sense un equilibri en la seua regeneracio. 

Donat el creiximent de la poblacio mundial i la reduccio de recursos, l'home 

escomençà a buscar nous deposits que se trobaren en la decada de 1960 en les 

fondaries dels oceans. En estos, l'humanitat empezò a pensar en extraure els 

minerals d'estos deposits i aço llevò al naiximent de Deep Sea Mining (DSM). Les 

conseqüencies de les activitats mineres en les fondaries del mar no se coneixen 

realment i els efectes poden ser diferents: contaminacio acustica, contaminacio 

lluminica, contaminacio quimica, destruccio de l'habitat, fragmentacio de l'habitat 

i perdua d'especies que son la base de molts sistemes vitals. L'impacte acustic 

d'estes activitats pot tindre importants conseqüencies en les especies marines, 

encara que este es el tema mes ignorat. El proposit d'este proyecte de doctorat fon 

proporcionar una comprensio basica dels possibles impactes acustics del DSM en 

la biodiversidad abans de que escomencen estes activitats. Per a fer aço, el proyecte 

de doctorat s'organisà en varis passos. Primer, durant un experiment indoor, 

s'analisaren les respostes bioquimiques en invertebrats somesos a estrés acustic, 

Arbacia lixula i Mytilus galloprovincialis. Els resultats demostraren efectes 

significatius en l'activitat de citotoxicidad, expressio d'heat shock protein (HSPS) i 

activitats enzimáticas (esterasa, fosfatasas alcalina, peroxidasas) en el liquit 

celomático dels capellanets de mar somesos a estrés acustic. Tambe s'observaren 

efectes significatius en el nivell de glucosa, la citotoxicidad i les activitats 

enzimáticas (esterasa, fosfatasa alcalina, peroxidasas) de la glandula digestiva de la 

clochina. En segon lloc, s'analisaren les respostes bioquimiques de vertebrats i 

invertebrats somesos in-situ a l'emissio de watergun: Chromis chromis, Holothuria 
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tubulosa i Arbacia lixula. se trobaren efectes significatius sobre els nivells de 

cortisol en peixos i les activitats enzimáticas (esterasas, fosfatasas alcalines, 

peroxidasas y superoxide dimutases) en peristomes de capellanet de mar. Ademes, 

les respostes bioquimiques enzimáticas analisades en els decorreguts celómicos 

dels equinoderms fon significativa nomes per A. lixula i nomes en l'activade 

peroxidasica. Tercer s'estudiaren els canvis de comportament en les condicions 

experimentals en jovenils de Sparus aurata somesos a 4 freqüencies d'emissio 

acustica diferents.  Este experiment demostrà que nomes les baixes freqüencies 

tingueren efectes en totes les respostes comportamental: alçada de natacio, 

motilidad i escampada del grup. Sobre la base de les senyes de comportament 

obtinguts in vivo en peixos jovens, se creó un model numeric per a predecir els 

impactes de diferents freqüencies d'emissio acustica. Utilisant els resultats 

obtinguts i la bibliografia cientifica, se propongue un primer estandart tecnic que es 

util per a la mineria. 
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1. Introduction 

1.1 General view about Deep Sea Mining (DSM) 

The world population is growing and with it the demand for metals and minerals 

necessary for essential technologies for human life. In the last ten years, global 

consumption of these materials has increased together with market prices (United 

States, 2015). Mining deposits on earth represent less than a third of the earth's 

surface and their resources are running out (Petersen et al., 2016; Calvo et al., 2016). 

These factors, coupled with improvements in technologies, have led several 

countries and industries to explore the environment in deep waters in search of new 

mineral resources (Hein & Koschinsky, 2013). Scientists discovered the first 

manganese nodules during the HMS Challenger expedition (1872-76) and, with the 

publication of Mineral Resources of the Sea (Mero, 1977), the possibility of 

extracting minerals from the depths of the ocean began. The discovery of 

underwater hydrothermal vents at the Galapagos Rift in 1977 triggered a period of 

intense exploration of the seabed that continues today (Corliss et al., 1979). In 1977, 

Emery & Skinner (1977) analysed the first assessments of mineral deposits and, in 

the early 1990s, over 150 sites were discovered (Rona & Scott, 1993). The first 

explorations and feasibility studies date back to the 1980s in the East Pacific Rise 

and in the Red Sea (Crawford et al., 1984; Amann, 1985). The ocean floor has an 

enormous amount of minerals and the estimated value is $ 2 trillion (Lodge, 2015). 

The recovery of metallic resources from seabed mining has been identified as one 

of the five sectors with high development potential in the European Commission's 

Blue Growth Strategy (European Commission, 2017a), which estimates that by 

2020, 5% of minerals of the world could come from the bottom of the ocean 
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(potentially reaching 10% by 2030). The global annual turnover of the maritime 

mining sector will increase from almost nothing to ~ $ 10 billion by 2030 (CE, 

2012; Ehlers, 2016).  Mineral exctraction is likely to start in 2020 in the southwest 

of the Pacific Ocean (Baker & Beaudoin, 2013) and nothing is known about the real 

impacts on biodiversity. 
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1.2 Mineral deposits and their distribution 

The deep mineral deposits are distributed over different geological sites: mid-ocean 

ridges (65%), along the volcanic arcs (12%) and back-arc spreading centers (22%) 

(Hannington et al., 2011) (Fig.1). There are potentially three types of mineral 

deposits: Seafloor Massive Sulfide (SMS), cobalt-rich ferromanganic crusts 

(Schulz & Zabel, 2006; Grigoriev et al., 2013; Zhamoida et al., 2017; Miller et al., 

2018) and manganese nodules (Cronan, 1980; Rona, 2008; Peukert et al., 2018; 

Miller et al.,2018). Studies on their composition and structure began many years 

ago, and have continued over time (Krasnov et al., 1995; Boschen et al., 2013; 

Petersen et al., 2016; Kaikkon et al., 2018; Takaya et al., 2018).   

  
 
Fig.1 Taken by Miller et al., (2018). The geographical distribution of three main mineral 

deposits.  
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Seafloor Massive Sulfide (SMS) deposits are formed by hydrothermal fluids and are 

mainly concentrated in the Pacific, Atlantic, Arctic and Indian Oceans (Van Dover 

et al., 2002; Juliani et al., 2018) (Fig.2). The composition of these deposits depends 

on the depth, which is between 2-3 km and 1500 m (Hannington et al., 2005). They 

are formed by contact between the hot magma of active volcanic centers and the cold 

water of the oceanic depths (Yang et al., 1996; Hannington et al., 2005; Seewald et 

al., 2015). Are rich in different minerals, in particular, copper and zinc, but also gold 

and silver (Ahnert & Borowski, 2000; Baker & German, 2009; Ascension Holdings, 

2016; Nautilus Minerals, 2016a; b). Their chemical composition is highly variable 

(Monecke et al., 2014; Jamieson et al., 2014); based on the site and geological 

process, their growth can differ by mms per year (Hannington et al., 2005; McCaig 

et al., 2007; Andersen et al., 2015) and they are formed over tens or hundreds of 

thousands of years (Fouquet et al., 2010; Cherkashev et al., 2013) (Fig. 2 Up). A 

quantitative assessment is only available for some of the Solwara sites of Papua New 

Guinea EEZ (Nautilus Minerals, 2008; 2011; Jankowski et al., 2012; Nautilus 

Minerals, 2017) and one of the most important deposits is located in the Atlantis II 

Deep of the Red Sea (Nawab, 1984; Hannington et al., 2010; 2011). Based on 

formation processes, these deposits are characterized by different areas which differ 

in the richness of metals (Humphris et al., 1995; Petersen et al., 2014). Given their 

history and geological dimensions, probably no more than ten deposits would be of 

sufficient metallic size and grade to support multi-year exploitation on a single 

mining license (Hannington et al., 2009). Information on the distribution and quantity 

of deposits is constantly increasing (Baker & German, 2004; Beaulieu, 2010; 

Hannington et al., 2011). The biological communities of these sites were described 
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for the first time in 1977, however, to date, information is poor (Ramirez-Llodra et 

al., 2010). It is important to know more about these communities, given that there are 

endemic species and chemosynthetic bacteria that are the main organisms for the 

ecosystems of these deposits living in these sites and for life on Earth (Van Dover et 

al., 2002; Ramirez-Llodra et al., 2007; Martin et al., 2008; Thurber et al., 2011; 

Thatje et al., 2015; Rouse et al., 2016; Goffredi et al., 2017). 

 

Fig. 2 Taken by Petersen et al., (2016). (Up) Geographical positions and growth rates of 

SMS. Dark blue <20 mm/yr; light blue between 20-40 mm / yr; green between 40-60 

mm/yr; orange between 60-140 mm/yr; red> 140 mm/yr. (Down) The triangles in red 

indicate the presence of economically interesting concentrations of metal and those in white 

estimates of sizes greater than one million tons. With the blue color, exclusive economic 

zones are indicated. 
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The cobalt-rich ferromanganic crusts (Fig.3) are formed by the precipitation of 

minerals. Their thickness varies from less than 1 mm to approximately 260 mm and 

are formed at depths ranging from 400 to 7000 m (Hein et al., 2013). These deposits 

have a simple mineralogy and contain cobalt, nickel, traces of rare earth elements 

and mineral debris (Hein et al., 2013; 2014). The deposits of greatest economic 

interest are located at a depth of approximately 800-2500 m (Hein et al., 2013) and 

the central equatorial Pacific offers the best potential for extracting these deposits 

with the Prime Crust Zone (PCZ) in the western Pacific (Miller et al., 2018). These 

deposits can provide 20% of global cobalt demand (Ramirez-Llodra et al., 2010). 

Extraction from ferromanganese crusts was carried out for the first time in 2006-

2008 in the eastern Baltic Sea (Zhamoida et al., 2017); information on this type of 

deposit, however, is not yet complete (Hein, 2008). The importance for the different 

communities of organisms was already studied in previous literature. The physics 

of the currents creates an oceanographic flood that transports nutrients to surface 

waters favouring corals, anemones, featherstars and sponges (Koslow et al., 2001; 

Yesson et al., 2011).The cobalt-rich ferromanganic crusts are oases of epibentic 

species, essential for migration and foraging of fish and marine mammals (Rowden 

et al., 2010; Yesson et al., 2011; Garrigue et al., 2015; Morato et al., 2016; Reisinger 

et al., 2015). 
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Fig. 3 Taken by Petersen et al., (2016). (Up) Area with highest ferromanganese crust 

potential and light blue areas indicate the EEZs.  (Down) Ferromanganese crust with Co 

concentrations above 0.5 wt%. 
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Manganese nodules are composed of manganese, iron oxides, rare earth metals, 

platinum, tellurium, and other elements (Hein et al., 2013; Antoni et al., 2017; Ojo 

& Dharmadasa, 2017). The nodules vary between one and 12 cm in diameter and 

are found at a depth of approximately 3000-6000 m (Schulz & Zabel, 2006; Hein 

et al., 2013, 2014). They are distributed in the Peruvian basin and in the Indian, 

Atlantic and Pacific Oceans (Hein et al., 2014; 2015) (Fig.4). They are formed by 

sedimentation processes (20 mm per thousand years) (Hein et al., 2014; Blöthe et 

al., 2015; Vanreusel et al., 2016) of metals dissolved in sea water from the erosion 

of the continents (Bruland et al., 2014) or given by hydrothermal sources. The 

highest concentrations of metal-rich nodules occur in the Clarion-Clipperton Zone 

(CCZ) in the eastern Pacific Ocean (Halbach & Fellerer, 1980; ISA, 2010a; Hein et 

al., 2014; Wedding et al., 2015). Information for this type of deposit is not yet 

complete and the nodules are distributed unevenly (ISA, 2010a). Of great interest 

are also the deposits of the Cook Islands (Hein et al., 2015). In August 2015, the 

Cook Islands decided to make available 10 exploration blocks of 10,000 km2. Few 

studies have analysed the fauna as these sites are not easy to reach; however, it is 

known that sponges and molluscs, nematode worms and crustacean larvae have 

been found inside fissures (Thiel et al., 1993). These deposits are key habitats for 

benthic communities (Kaiser et al., 2017) and more than half of the megafauna 

(Annelida, Arthropoda, Bryozoa, Chordata, Ctenophora, Mollusca) live around 

these nodules with hard substrates (Amon et al., 2016). These types of habitats, like 

those of other deposits, are included in the EU Habitats Directive (92/43/CEE). 

Although this is only valid for EU water deposits, it mentions sub-marine structures 



18 
 

caused by gas emissions. The geological processes of deposit formation may be 

different and may also include this type of habitat. 

 

 

Fig. 4 Taken by Petersen et al., (2016). (Up) Areas with highest Mn-nodule potential and 

light blue areas indicate the EEZs. (Down) Manganese nodule with Co concentrations 

above 0.5 wt%. 
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1.3 General rules and guidelines about DSM 

 

In view of the exploitation of deep mineral resources, it is necessary to analyse the 

laws and the guidelines that govern them to understand how and if the environment 

is adequately considered and protected. The United Nations Convention on the Law 

of the Sea (UNCLOS) is at the base of the management of these resources. It 

establishes effective protection against the effects of extraction of the seabed 

together with a legal obligation to avoid serious damage (Levin et al., 2016). 

According to UNCLOS, the only authority that can approve the exploitation and 

exploration of these sites is the International Seabed Authority (ISA) (Mengerink 

et al., 2014). The ISA is an autonomous intergovernmental body with 168 members 

and was founded in 1982 by UNCLOS.  As far as the territorial division of deposits 

between different States is concerned, starting from the coast of each state, in legal 

terms, the seas have been divided into different areas. Up to a distance of 200-350 

nautical miles from the coast, each country enjoys decision-making power over that 

area of water, the possibility of using it or exploiting it, and exercises jurisdiction 

over the area. This part is called the Exclusive Economic Zone (EEZ) (Mengerink 

et al., 2014).  The extension of EEZs may vary for different countries. For example, 

if the territorial waters wide are 12 miles, the EEZ can have a maximum extension 

of 188 miles. Moreover, the EEZ must also be formally proclaimed towards the 

international community.  Areas outside national jurisdiction are called "Area" 

(UNCLOS) and cover approximatively 54% of the oceans (Fig.5). 



20 
 

 

Fig. 5 Taken by Miller et al., (2018). A graphical representation of jurisdictional zones 

from a nation’s coast.  

 
 

In this context, the ISA is responsible for mineral resources and the marine 

environment in the Area.  In 1970, the United Nations General Assembly declared 

Resolution 25/2749 which specifies that the seabed and its resources were 

"common heritage of humanity" (CHM) and that the benefits obtained must be 

shared and conserved for present and future generations (UNGA, 1970; UNCLOS, 

1982, Art. 136; Art. 157 (1), Art. 140 (1); Tiele et al., 2016; Jaeckel et al., 2017a). 

The "Area" (due to the fact that it "belongs to all and does not belong to anyone") 

legally becomes part of the CHM and cannot be subject to direct claims by 

sovereign States (UNCLOS Art. 136; UNCLOS Art. 137.2; Wolfrum et al., 2009). 

It is crucial to guarantee effective protection of the marine environment from the 

harmful effects of mineral extraction (UNCLOS Art. 145) and of the interests of 

future generations (Wolfrum, 2009).  The ISA has the obligation to make the CHM 

principle operational and is a judicial officer for the law of the sea (Jaeckel et al., 

2017a). In order to manage DSM activities, the ISA is creating a mining code 
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(Durden et al., 2018) and States that implement DSM in EEZs under their 

jurisdiction must guarantee effective national as well as international standards 

incorporating the approaches adopted by the ISA (Jaeckel et al., 2015). The mining 

code is essential since resource management requires the creation of a valid 

legislative framework to achieve important objectives, such as management, 

conservation, protection and greater knowledge of ecosystems and biological 

communities in these areas (Durden et al., 2018). However, too few biological and 

geological data are available for impact assessment and for the creation of a 

satisfactory mining code (Gjerde, 2006; Wright & Heyman, 2008). Rules and 

guidelines have been written over the years (Boschen et al., 2013; Van Dover et al., 

2018) and the ISA issued a series of regulations to help manage the activities of 

those who have obtained exploration licenses (International Seabed Authoruty, 

2010c; International Seabed Authority 2014; 2013a, b). These form the “Mining 

Code”, which is still being developed by ISA Council experts on the Legal and 

Technical Commission (LTC). An essential requirement for ISA is the 

precautionary approach (ISA, 2010b), on which the various existing international 

standards are based (Wang et al., 2011; Lallier & Maes, 2016; Jaeckel et al., 2017; 

Kim et al., 2017). Although the mining code is not yet published, the ISA has 

already established what needs to be done before commencing activities, in order 

to consider possible impacts on the environment (Durden et al., 2018). The 

regulations for the exploitation of deposits were discussed during the 23rd session 

of the ISA, highlighting the need to consider the presence of vulnerable marine 

ecosystems (VME), biologically significant marine areas (EBSA) and how the ISA 

would justify biodiversity loss (ENB, 2017). In recent years, a number of projects 
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have been published regarding management of the contractual conditions for the 

exploitation of mineral resources (www.isa.org); regional legislative and regulatory 

frameworks have been produced (http://dsm.gsd.spc.Int/ 

public/files/2014/RLRF2014.pdf) and currently others are under development (for 

example, the MIN-Guide, European Union initiative: http://www.min-

guide.eu/mineral-policy). Despite these developments, work is not yet complete 

and all the details on how the ISA will manage environmental aspects during 

exploitation have not been finalized. There are few published environmental data 

and too many unanswered questions (Miller et al., 2018). In a reductive way, to 

manage these activities, we often refer to the different conventions (Boschen et al., 

2013) and environmental codes (Devey et al., 2007; International Marine Minerals 

Society, 2011), which aim to implement the ‘precautionary principle’ using an 

ecosystem approach and with the possible creation of networks of protected marine 

areas (Boschen et al., 2013).    

In addition to these approaches, a number of laws have been developed in different 

areas of exploration and exploitation: The mining industry Act (1992), 

Environmental Act (2000), Crown Minerals Act 1991 and Exclusive Economic 

Zone and Continental Shelf (Environmental Effects) Act (2012) (Boschen et al., 

2013). Together with the precautionary approach, environmental impact assessment 

(EIA) plays an essential role in managing DSM activities (Treweek, 2009; ISA 

2013; 2014; Ma et al., 2016; Pérez, 2017) to ensure effective protection of the 

marine environment, as required by UNCLOS (Art. XI part XI 145, United Nation 

1982). The Department of Environment and Conservation 

(http://www.dec.gov.pg/legislation.html) requires an EIA before the start of 
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activities, together with management plans, basic studies and continuous 

monitoring of the areas. However, to date, only regulations in the Area specify the 

use of EIA and in a somewhat inefficient manner, due to the numerous scientific 

shortcomings (Clark et al., 2019). There are a number of EIA proposals (Holling, 

1978; Jaeckel, 2017b; Durden et al., 2017; 2018) but no real impact mitigation 

techniques (Van Dover, 2011b; 2014; Van Dover et al., 2017). Some countries have 

established marine protected areas (Van Dover, 2014), and in 2015, a proposal was 

made to the ISA to suspend approval of new exploration and exploitation contracts 

until marine protected areas are fully designed and their advantages are known 

(Wedding et al., 2015). Despite the fact that, in recent years, the potential of 

biological and mineral resources in the various deposits (International Marine 

Minerals Society, 2011) has been amply considered, advanced knowledge, research 

and long-term monitoring are required before authorizing any extraction activity 

(Jones et al., 2019). To reduce impacts, specific environmental management, EIA, 

monitoring, mitigation and environmental management planning are essential 

(Ekstrom et al., 2013; Jones et al., 2019). The current ISA mining code is applicable 

only to prospecting and exploration, and not to exploitation (Seabed International 

Authority, 2012; 2013; Vanreusel et al., 2016). The International Marine Mining 

Society (IMMS) has created a voluntary code for environmental management of 

marine extractions (International Marine Minerals Society, Code for Environmental 

Management of Marine Mining, 2011) and ISA has encouraged its contractors to 

use it (ISA, 2011, Section VII B, page 12; ISBA/17/LTC/7;ISBA/16/LTC/2). Only 

Germany and the United Kingdom have adopted DSM legislation with the Seabed 

Mining Act of 1995 and the Deep-Sea Mining Act 2014. The United States, 
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however, is not part of UNCLOS and has a specific jurisdiction: Outer Continental 

Shelf Lands Act, 1953 (OCSLA) (American Law Institute, Vol.2). To date, the ISA 

is pushing to complete definition of its requirements and the ISA council met in 

2019 in Kingston, Jamaica, to work on a draft of the still evolving mining code 

(Heffernan, 2019). It is evident that clarification is still needed on standards and 

guidelines; however, what is also evident is that current laws and regulations exists 

mainly for political, social and economic needs. For environmental problems, we 

only find references to keywords such as “prevention”, “EIA”, “SEA”, “precaution” 

or to various agreements with incomplete or inadequate regulations. 
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1.4 Exploration contracts  

Mining companies and national governments have contracts to explore the seabed 

(ISA, 2014; UNEP, 2014), but few or none with exploitation authorization. From 

2002 to 2016, the ISA granted approximately 27 licenses (29 to date, Nature, 2019) 

(Fig. 6), which cover an area of over 1.4 million km2 of the Pacific, the Atlantic and 

the Indian Ocean, including the “Areas” (ISA, 2013a,c; UNEP, 2014; Earthworks, 

2015; Petersen et al., 2016). These licenses are valid for 15 years, some renewed 

for another five years. It is not easy to establish the amount of exploration in the 

EEZ as the contracts are not made public. Some explorations within the EEZ 

concern the western Pacific (SPC, 2013; Masuda et al., 2014; Fouquet et al., 2014). 

Miller et al. (2018) report the list of contracts approved by the ISA in June 2017 

(with the start and end dates) to explore mineral deposits and the list of some seabed 

mining operations implemented. The precious and substantial resources have 

attracted the international mining industry and several countries, including China, 

Korea, Russia, France, Germany (Hannington et al., 2011) and Japan, which has 

become the first nation to extract a hydrothermal vent in deep water (Japan Times, 

2017). Following huge investments in research and development, a number of 

companies are trying to overcome the challenges of deep-water extraction by 

developing a series of technologies (Ma et al., 2017a, b; Schoening et al., 2017). 

The most important mining companies are Nautilus Minerals, Diamond Fields 

International and Neptune Minerals. Nautilus Minerals and Diamond Fields 

International (the Atlantis II project, Diamond Fields International, 2016) are the 

two companies that today have permission to exploit the sea. Nautilus Minerals won 

the first license in the world (20 years released in January 2011) and is the owner 
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of the "Solwara Project 1" (Ellefmo et al., 2017) in Papua New Guinea, where the 

first mining activities should begin. Similar projects were carried out from 2008 to 

2010 at the AMOR Arctic Mid-Ocean ridge. However, neither of them had started 

commercial operations until now (Miller et al., 2018; Jones et al., 2019), despite the 

fact that different extractive activities in shallow waters have already started. 

Interest is concentrated in the Papua New Guinea EEZ (with contracts signed in 

1997 and 2011 http: //www.nautilusminerals.com/) and in New Zealand, where 

deposits were evaluated approximately 20 years ago and where most of the 

resources available in the world's oceans are concenrated (Glasby & Wright, 1990; 

Gleason, 2008; Sharma, 2011). Several areas have been explored 

(http://www.nzpam.govt.nz/cms/online-services/current-permits/) and others are 

preparing for exploitation. In 2019, a start-up called DeepGreen began in 

Vancouver, Canada, which is raising $150 million to start exploring part of the 

Pacific Ocean, and aims to open a deep mine by 2027. A prototype harvester nodule 

is due to be tested in the near future in shallow Mediterranean waters (Heffernan, 

2019); Nautilus Minerals, in fact, has shown interest in potential deposits in the 

Tyrrhenian Sea. In way of contrast, in June 2017, 35 organizations participated in 

the United Nations Conference on the Ocean in an attempt to interrupt these 

activities; due to the fact that, as mentioned in 2016 during the "Sydney Sustainable 

Futures Institute", there are other ways for the recovery of minerals. Metals can be 

replaced by other more abundant minerals with similar properties (United States 

Department; Energy, 2010; Department of Environment, Food and Rural Affairs, 

2012; United Nations Environment Program, 2013b), or we can turn to collecting, 

recycling, recovering rare metals from sea water (Hoshino, 2015) or exploiting 
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landfill mines (Wagner & Raymond, 2015).  The European Commission supports 

the transition to a circular economy that promotes recycling and re-use of materials 

(European Commission, 2017b), although the strategy may not meet current 

consumption-based needs. Metal recycling involves the potential release of toxic 

substances and not all components are recovered (United Nations Environment 

Program, 2013a). All metals are recyclable, but a satisfactory system has not yet 

been developed (Reck & Graedel, 2012). 

 

Fig. 6 Taken by Petersen et al., (2016).  Graphic representation of the distribution of 

exploration licenses. Areas of particular environmental interest are indicated in the CCZ by 

squares with a green outline. Locations of mining licenses of Atlantis II Deep in the Red 

Sea and Solwara 1 in Papua New Guinea are indicated by white squares. 
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1.5 Economic, political and environmental aspects of Deep Sea Mining 

Various authors have reviewed the impacts of Deep Sea Mining on a legal, 

economic and social level (Armstrong et al., 2012; Wakefield et al., 2016; 

Koschinsky et al., 2018; Folkersen et al., 2018a; b). Technological, political and 

economic problems have slowed down the development of this activity and the 

problems related to DSM are neither few nor simple: technologies are difficult to 

implement, costs are unsustainable and environmental problems are at once 

important and unknown (Mengerink et al., 2014). Information on the technologies 

that will be used is poor (Thiel et al., 2001; Volkmann & Lehnen, 2017; Jones et 

al., 2017; Miller et al., 2018; Peukert et al., 2018; Kaikkonen et al., 2018; Teague 

et al., 2018) and extraction processes will probably differ depending on the site of 

interest (Fig. 7). To date, situations are constantly changing and evolving. Any 

technological problems and costs of extraction/exploration (Hein et al., 2013; 

Beaulieu et al., 2017) are offset by high demand and prices for potentially 

extractable metals, and new technological developments are emerging continuously 

for this new sector of the mining industry (Deep Sea Mining Summit, 2016; Vidal 

et al., 2017). As a result, DSM has become economically viable. From an economic 

and political point of view, the ISA must ensure that activities promote the 

development of the world economy together with balanced growth in trade and the 

promotion of international cooperation that encourages the development of 

developing states (UNCLOS, Art. 150). However, to do this, a better understanding 

of the basic conditions, types of disturbance and environmental impact is needed 

(ISA, 2011b; Collins et al., 2013). 
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Fig. 7 Taken by Miller et al., (2018). The processes involved in deep-sea mining for the 

three main types of mineral deposit.  
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In addition to the economic and political aspects of DSM activities, it is necessary 

to consider the possible environmental impacts. The depths of the sea represent 95% 

of the global biosphere (Thistle, 2003; Smith et al., 2009; Danovaro et al., 2014) 

and, given the nature, extent and location of seabed mining activities, the negative 

effects on biodiversity will be inevitable and probably irreversible (Van Dover et 

al., 2017). There are many concerns about mining activities for which the biota 

disorder has not yet been described (Miller et al., 2018). These deep deposits 

contain the systems that regulate life on earth and are a probable energy base for 

most of life (Corliss et al., 1981; Galkin, 1997; Van Dover et al., 2000; Moalic et 

al., 2012; Collins et al., 2012; Boschen et al., 2015).  Due to the depths involved, 

since it is very difficult to reach the deposits, the biology on the seabed is not well 

known. The deposits are home to vulnerable species which reproduce slowly and 

live in unhurriedly changing environments (Miller et al., 2018). Various different 

studies have highlighted the risks derived from DSM activities (Fig. 8) and most 

scientific research describes the sites and possible impacts, such as fragmentation, 

habitat loss due to the action of mechanical removal, biodiversity loss (Ellis, 2001; 

Boschen et al., 2013; Van Dover, 2014; Vanreusel et al., 2016; Jones et al., 2017) 

and the possible formation and distribution of plumes, which will influence the 

structure of ecosystems and are probably toxic to living organisms (Amos & Roels, 

1977; Rolinski et al., 2001; Oebius et al., 2001; Thiel & Tiefsee- Umweltschutz, 

2001; Glover & Smith, 2003; Gwyther, 2008; Ramirez-Llodra et al., 2011; Petersen 

et al., 2016; Rakhyun, 2017; Phillips et al., 2017; Ma et al., 2018; Kaikkonen et al., 

2018; Lindh et al., 2018; Peacock & Alford, 2018; Gillard et al., 2019; Monserrat 

et al., 2019; Drazen et al., 2019; Lopes et al., 2019; Rzeznik et al., 2019).  
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Fig. 8 Taken by Miller et al., (2018). Potential impacts of deep-sea mining on marine 

ecosystems.  

 

The ecology and biodiversity of these habitats are poorly understood and, therefore, 

it is difficult to fully understand the impacts (Veillette et al., 2007; Vanreusel et al., 

2016).  Some authors propose evaluation of the genetics of the species (to 

understand connectivity, larval transport and genetic exchange), and monitoring of 
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the impacts due to extraction operations (Boschen et al., 2016; Taboada et al., 

2017). This would allow impact mitigation by creating biological rest areas similar 

to the disturbed sites, which could then recover (Coffey Natural Systems, 2008; 

Smith et al., 2008b; ISA, 2010c; Collins et al., 2012; Boschen et al., 2016). Impacts 

could be contained thanks to conservation models (Van Dover et al., 2010), using 

an approach which includes ecosystem services for better management of deep 

resources (Le et al., 2017) and creates models to evaluate effects on the population 

(Nabe-Nielsen et al., 2018). Despite the lack of information to date, many studies 

try to provide significant and useful large-scale guiding principles for EIA 

(Faulkner et al., 2018). However, different types of extraction will have different 

types of impact on the marine environment (De Groot, 1979; Newell et al., 1998; 

2004; Desprez, 2000; Cooper et al., 2007a, b; Makogon et al., 2007; Waye-Barker 

et al., 2015; blue Noduls, 2016; Chong et al., 2016; Jones et al., 2017; Miller et al., 

2018; Kaikkonen et al., 2018) and it is not possible to have a non net loss (NNL) of 

biodiversity during these activities due to the vulnerability of ecosystems and poor 

knowledge of technologies (Niner et al., 2018). Given that mining activities destroy 

habitats, it is essential to know the abundance and structure of the community and, 

for this reason, several authors have characterized the megafauna of some sites 

highlighting their importance in biomonitoring; according to these studies, 

endemics are the organisms most at risk (Lambshead et al., 2003; Boschen et al., 

2016; Amon et al., 2017; Leitner et al., 2017; Kersten et al., 2017). Furthermore, 

the communities that inhabit these sites are very different in terms of abundance, 

composition and diversity; there is, therefore, urgent need to understand spatial and 

temporal variability (Pape et al., 2017) in order to contain impact.  
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However, limited sampling due to sea depth complicates the study of effects on 

deep species. A valid alternative would be to study species that are easily found 

which share genetic links to deep species. In recent years, it has been demonstrated 

that, after years of extraction activities, biodiversity and the structure of the sites do 

not recover (Jones et al., 2017). As the hard substrate is a key factor in the 

structuring of these habitats (Buhl-Mortensen et al., 2010; Bell et al., 2016), every 

change can also influence larval settlement processes (Van Dover et al., 1988; 

Roberts et al 2006), exercising a certain control on life in deep waters (Levin et al., 

2001; Smith & Demopoulos 2003; Phillips et al., 2017; Simon-Lledó et al., 2019), 

modifying the communities of these sites for geological periods (Gollner et al., 

2017). Disturbance could extend over extremely large seabeds (Aleynik et al., 

2017), creating a change in the resident fauna (Jones et al., 2017). To date, the real 

extent of the impact is not yet known and the recommendations provided by the 

ISA in 2018 are not adequate, as the consequences of many impacts are not taken 

into consideration (Christiansen et al., 2019). Lethal impacts are defined as those 

capable of damaging essential processes such as nutrition, growth and reproduction, 

with loss of biodiversity as a possible consequence. To promote research and 

development, the EU has funded projects such as: MIDAS (2013-2016) (MIDAS 

recommendations, 2016; MIDAS Research Highlights, 2016; Managing Impacts of 

Deep Sea Exploitation Resource Exploitation; MIDAS, 2016), Blue Mining (2014-

2018), Blue Nodules (2016-2020) (Volkmann & Lehnen, 2017), DISCOL (German 

project) and OMCO (1978). The results of these projects have confirmed that even 

after years, traces left by vehicles on the substrate were still visible (2004) and 

reduced biodiversity (Miljutin et al., 2011; Vanreusel et al., 2016; Heffernan, 2019).  
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Although the different impacts of DSM activities on biodiversity have been 

investigated, problems related to the acoustic impact have not been studied. Several 

scientific papers analyse the effects of acoustic impact from other marine-maritime 

activities on biodiversity but not from DSM, as the frequencies and acoustic 

intensities emitted are not known. However, this fact cannot and must not limit 

intervention before it is too late. 
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1.6 Noise pollution: what about it?  

A sound is the result of a mechanical propagation of acoustic waves (Wartzok et 

al., 1999) while a noise is an unwanted "sound". Nautilus Minerals will carry out 

extractions on the Solwara1 site 24 hours a day/ 365 days a year for 30 months 

(Nautilus Minerals, 2008; 2016b), and for this reason it is important to gain 

knowledge immediately on the possible acoustic impact of these activities. The 

different mineral extraction techniques will increase environmental noise. 

Moreover, the work done by Nautilus Minerals will further increase this (McKenna 

et al., 2012). Despite this, noise characteristics of the equipment are not known and, 

in their environmental impact statement (EIS), Nautilus Minerals did not measure 

environmental noise or assess sound attenuation (Miller et al., 2018); no mitigation 

strategies were suggested either. It appears that noise produced by dredging vessels 

is of low frequency (<1 kHz) similar to a noisy merchant ship (Thomsen et al., 

2009; Robinson et al., 2011). In the aquatic world, sound propagation differs from 

the terrestrial world, in water is attenuated to a lesser extent than in the air (Wartzok 

et al., 1999), traveling at a faster speed (Urick, 1983) and for much greater distances 

(Williams et al., 2015). Low frequency sounds have long wavelengths and suffer 

less absorption than higher frequencies. They can travel for miles and can change 

depending on environmental conditions (Rogers & Cox, 1988; McCormick et al., 

2018a). Anthropic noise in water is refracted or reflected (Fig. 9) and these 

properties can influence the propagation of submarine sound. 
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Fig. 9 Taken by Carroll et al., (2017). Representation of physical characteristics regarding 

sound propagation through the water column and seabed. 

 

 

For all these reasons, noise pollution in aquatic environments could implicate much 

more extensive areas than terrestrial environments and the possible impacts on 

biodiversity depend on many factors that must be considered. Marine organisms 

live in this acoustically complex world, the result of a mixture of biotic and abiotic 

sounds (De Jong et al., 2011). Many marine species contribute to the soundscape 

with their vocalizations and use aquatic noise for auditory information, habitat 

selection, predator/prey interaction and communication. All animals evaluate the 

environment by analyzing the soundscape or the "acoustic scene" (Popper & Fay, 

1997; Fay, 2009). Anthropogenic sound then propagates in the water and overlaps 

with the sounds of biological importance produced by animals for their vital 

functions and, for this reason, it becomes a real threat to life in deep ecosystems 

(Hastings & Popper, 2005; Slabbekoorn et al., 2010). In aquatic ecosystems, fish 

are key components and impacts on this group are of global interest (FAO, 2016). 

The sensitivity of organisms living in water, their hearing ability (Smith et al., 
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2004a; Davidson et al., 2009; Voellmy et al., 2014), sound propagation, frequency 

and duration of sound (Slabbekoorn et al., 2010; Popper & Hawkins, 2012), noise 

level, duration and spectral characteristics of the noise (Erbe, 2012b), all contribute 

to modifying acoustic stress in animals (Fig. 10). Effects on marine species depend 

on whether the frequencies of the sound disturbance exceed the auditory 

frequencies of the organisms themselves or not (Popper & Hastings, 2009a).  

 

 

 

Fig. 10 Taken by Slabbekoorn et al., (2010). Representation of the auditory intervals of 

some fish and mammals, from top to bottom: European eel, Atlantic cod, goldfish, 

Californian sea lion, bottlenose dolphin and fin whale (Southall, et al., 2007; Fay & Popper, 

2000). The human auditory area is indicated by the vertical dotted lines. In constast, noise 

ranges of human activities are represented in the lower part of the figure. 
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A number of authors have analysed the effects of different sources of noise 

pollution (Popper et al., 2009b); however, studies were poor in previous years, 

especially regarding commercially important species such as fish and invertebrates 

(Gordon et al., 2003; Williams et al., 2015; Hawkins & Popper, 2017), and many 

studies concerned marine mammals (Hatch et al., 2008; Brandt et al., 2011; Erbe et 

al., 2012; Melcón et al., 2012; Tsujii et al., 2018). Cetaceans have long been 

considered engineers of the marine ecosystem and are very sensitive to noise 

pollution in their habitats (Bossart, 2011; Rolland et al., 2012,2014; Williams et al., 

2013; Gordon et al., 2018). It has been shown, for example in whales, that the nearer 

the acoustic emission source (e.g a ship), the more communication capacity is 

reduced and increases in anthropogenic noise have caused a loss of the 

communication interval (Slabbekoorn et al., 2010). Underwater noise overlaps with 

the auditory sensitivity of many fish species and can lead to the masking of their 

auditory signals (Pollack, 1975; Brungart, 2001; McDonald et al., 2006; Myrberg 

& Lugli, 2006; Popper & Fay, 2011; Normandeau Inc., 2012). Noise pollution 

influences the use of sound in marine organisms (Popper & Hastings, 2009a). In 

recent years, various research programs have studied the impacts of noise on aquatic 

life, which can cause effects both at the individual organism level and at an 

ecological level (Erbe, 2012b). For example, some ecological services performed 

by invertebrates, such as water filtration, are negatively affected. Several reviews 

talk about noise in aquatic environments produced by different human activities and 

its effects on marine organisms (Gordon et al., 2003; Popper & Hastings, 2009a; 

Slabbekoorn et al., 2010;  Kight et al., 2011; Radford et al., 2014; Morley et al., 

2014; Peng et al., 2015; Kunc et al., 2016; Edmonds et al., 2016; Erbe et al., 2016; 
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Shannon et al., 2016; Carroll et al., 2017; Weilgart et al., 2018; Kuşku et al., 2018). 

However, there are still many gaps in knowledge and more information regarding 

the response of species to noise emissions, is needed (Parsons et al., 2009; Prideaux 

& Prideaux, 2016). There are several suggestions to mitigate the effects of 

anthropogenic noise (Underwood, 1992; Andrè et al., 2011a; Boyd et al., 2011; 

Hawkins et al., 2015) and, in the case of DSM activities for example, impact could 

be mitigated using drilling or by reducing work times, thereby allowing species to 

rest between sessions (Broudic et al., 2014; Spiga et al., 2017) . However, all this 

depends on acoustic conditions, exposure to the sound, sound pressure, particle 

movement and the sound source. It would be more useful to develop field studies, 

but these are made particularly complicated by the absence of controls 

(Slabbekoorn, 2016). This would make any data obtained of difficult and dubious 

interpretation (La Bella et al., 1996; Christian et al., 2003; Andriguetto-Filho et al., 

2005). Although papers on the acoustic impact of human activities are increasing 

in number, no one has examined the possible acoustic impacts of DSM. To date, 

there are no studies on the influence of sound frequencies produced by mining on 

organisms (acoustic emissions are not known and a great deal of information is still 

missing). However, knowing the effects of the noise produced by different types of 

anthropogenic activities is certainly a good starting point. Anthropogenic noise can 

disturb behavior and generate physiological effects on individuals with negative 

consequences on the population as showed in Fig. 11 (Sun, et al., 2001; 

Slabbekoorn et al., 2010; Buscaino et al., 2010; Wale et al., 2013; Voellmy et al., 

2014; Radford et al., 2014; Popper et al., 2014; Kunc et al., 2016; Magnhagen et 

al., 2017; Hawkins and Popper, 2017; Weilgart, 2018). 
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Fig. 11 Taken by Slabbekoorn et al., (2010). A representation of possible effect of noise 

pollution on marine organisms 

 

 

 

Noise pollution can cause stress in marine organisms, which react by trying to 

restore homeostasis through three main mechanisms, with primary, secondary and 

tertiary responses. The primary response concerns the sympathetic nervous system, 

the hypothalamic-pituitary-interrenal axis, catecholamines and the release of 

glucocorticoids (Barton, 2002; Schulte, 2014). The secondary response concerns 

physiological metabolism (hematological and immune characteristics and changes 

in respiratory rate) (Pickering, 1981; Rotllant & Tort, 1997; Iwama, 1998; 

Simontacchi et al., 2008). The tertiary response comes into play if the former fails 

to establish homeostasis, and relates for example to growth, behaviour, 

reproduction and survival (Wedemeyer et al., 1990; Pavlidis et al., 2011).  
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Behavioural changes have very close links with physiological changes, in fact, 

changes in the movements or in the structure of group cohesion leads to changes in 

metabolic rates, stress, immune response, reproduction and predation (Hawkins et 

al., 2015). Physical and physiological responses are quite similar within a species 

and are preserved. On the other hand, behavioural responses are more complex 

(Aguilar de Soto & Kight, 2016). Many marine species live in particularly noisy 

environments; however, this is not an adequate reason to think that they do so 

because they are fine. It is most likely that they live in these places for more 

important reasons, linked to the vital function that the site provides, in their lives. 

Further below is a detailed description of scientific research that studied the effects 

of anthropogenic noise at different levels on marine organisms. 

 

1.6.1 Physical and physiological effects of noise pollution 

Noise can cause physical and physiological stress on marine organisms, triggering, 

in particular, (Popper et al., 2003a; Weilgart et al., 2018; Cox et al., 2018) changes 

in metabolism and immune responses, hormonal changes, changes in the amount of 

heat shock proteins, in oxygen consumption, cardiac output and excretion rates 

(Carroll et al., 2017). Noise can also cause states of irritation and anxiety, increased 

parasites and disease, a decline in body conditions, growth rates, weight and food 

consumption, and irreversible damage at the DNA level (Kight & Swaddle, 2011). 

Several effects have also been found at the anatomical level, with auditory lesions, 

hearing loss, changes in the auditory threshold, internal lesions and cell damage to 

the statocyst and neurons, all of which cause disorientation and even death. 

Following acoustic stress, the animal, through immune responses, can avoid life-
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threatening situations by restoring homeostasis. Physiological responses are not as 

immediately obvious as physical and behavioural responses (Carroll et al., 2017), 

however, understanding these responses is of particular importance as they are 

probably the basis of the other two. In fact, a study of this type of response is 

essential as effects of noise pollution can be predicted thanks to the study of genetic, 

physiological and cellular processes (Aguilar de Soto & Kight, 2016). A summary 

of the scientific literature that focus on the acoustic impacts of various human 

activities, ranging from invertebrates to mammals, at the physical and physiological 

level, is put forward. 

Starting from invertebrates, it has been shown that different type of 

anthropogenic noise can cause bodily malformations on these organisms, increased 

mortality of the egg or immaturity, developmental delays, metamorphoses and 

stabilization delays, and slower growth rates. High mortality events have been 

reported in zooplankton (McCauley et al., 2017) and delays in larval development 

with possible malformations have been found in scallops (Aguilar de Soto et al., 

2013), in crab larvae (Christian et al., 2003; Pine et al., 2012) and in barnacle larvae. 

In the latter, a reduction in the percentage of metamorphoses until 13 days was 

found (Branscomb & Rittschof, 1984). In molluscs, noise has been shown to reduce 

embryo development and increase mortality levels (Nedelec et al., 2014). However, 

data on invertebrate larvae in literature are conflicting; in fact, several studies have 

not observed significant changes in embryonic development, mortality levels or 

larval abundance (Pearson et al., 1994; Parry et al., 2002; Day et al., 2016a). The 

presence or absence of effects could depend on the distance from the acoustic 

source, as it has been shown that larvae closest to the acoustic source are more likely 
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to show mortality events or developmental anomalies (Booman et al., 1996; Aguilar 

de Soto et al., 2013). Furthermore, in the study of acoustic impacts on invertebrates, 

it is important to consider also vibrations transmitted in the seabed (Roberts & 

Elliot, 2017). Moreover, some invertebrates, such as squid, detect sound through 

the use of the statocyst (Mooney et al., 2010), which detects the particle motion of 

a sound field that is produced by other animals or by human activities. The study of 

statocysts is of considerable importance and cephalopod damage, such as 

Cotylorhiza tuberculata and Rhizostoma pulmo (Solé et al., 2016), has been 

observed through Scanning Electron Microscopy (SEM). Following an acoustic 

stress event, damage was identified in the statocyst sensory epithelium, resulting in 

acoustic trauma.  Damage of this kind could cause changes in swimming depth, in 

blood chemistry, in oxygen availability, and can also cause death (Guerra et al., 

2004). Harmful effects on invertebrate statocysts could explain the strandings of 

squid, which occurred in Spain, caused by seismic investigations with air guns 

(Guerra et al., 2004). Low-frequency emissions can cause obvious damage not only 

at the level of invertebrate statocysts but also at neuronal level, with enormous 

acoustic trauma incompatible with life due to permanent alterations of sensory hair 

cells (André et al., 2011b; Solé et al., 2013a, b; Day et al., 2016b). Moreover, crabs 

have demonstrated anatomical damage evident when exposed to acoustic emissions 

(Christian et al., 2003; 2004; Lee-Dadswell, 2009). Beyond the structural damages, 

several scientific studies have observed sublethal effects in the serum biochemistry 

of some invertebrates, even weeks and months after acoustic exposure (Payne et al., 

2007). Biochemical responses can differ between species and obvious effects have 

been found at THC, electrolyte content, minerals and metabolites level. Acoustic 
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stress also affects the pH of hemolymph and can cause mortality events in scallops 

(Day et al., 2016b). Low-frequency sound can affect respiratory rates (Kaifu et al., 

2007) thereby reducing growth rates and increasing mortality and disease rates 

(Lagardère, 1982). Changes in metabolic rates, in oxygen consumption and in 

ammonia excretion have been observed (Régnault & Lagardère, 1983; Wale et al., 

2013) and acoustic impact on the biochemical parameters of invertebrates, such as 

THC, can also occur as much as 365 days after acoustic stress with chronic impact 

up to 120 days after exposure (Fitzgibbon et al., 2017). To confirm this, Celi et al., 

(2013) observed significant changes in different immunological parameters 

including THC levels, differential blood counts (DHC) and Hsp70 in Procambarus 

clarki exposed to acoustic stimulus. Lovell et al., (2005) report sensitivity of the 

statocyst in Palaemon serratus to particle movement in water and Filiciotto et al. 

(2016), in the same species, observed variations in total protein concentrations in 

hemolymph and the brain, variations in DNA integrity, and in HSP27 and HSP70 

expression levels in brain tissues. Biochemical variations following acoustic stress 

were confirmed in different species of invertebrates, with significant effects on 

glucose levels, total protein, HSP70 expression, THC, blood count, lactate 

concentrations, hydrocortisone levels, AChE activity (La Bella et al., 1996; 

Filiciotto et al., 2014; Vazzana et al., 2016; Filiciotto et al., 2018; Zhou et al., 2018) 

and on clearance rates due to increases in filtering levels and, therefore, in metabolic 

rates (Spiga et al., 2016). Acoustic stress negatively influences DNA structure in 

haemocytes and gills of mussels (Wale et al., 2016), Ca2+/Mg2+ -ATPase activity in 

feed tissues and O:N ratios or gene expression related to metabolism via glycolysis, 

biosynthesis of fatty acids, tryptophan metabolism and the tricarboxylic acid cycle 
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(Peng et al., 2016). Moreover, Shi et al., (2019) recently observed adverse effects 

of noise on the metabolism and ATP synthesis in Tegillarca granosa, and Solan et 

al., (2016) observed changes in the transport of fluids and particles in invertebrates, 

considered an essential element of the nutrient cycle at the bottom of the sea. Given 

the commercial importance of these organisms, Harrington et al., (2010) analysed 

the quality of the meat and eggs of scallops following acoustic stress, and, 

fortunately did not detect any significant changes. The various studies produce 

somewhat conflicting data; however, differences may be due to different types of 

sound exposure, to differences in taxa, to the physical conditions of organisms or 

to studies conducted in the laboratory. Invertebrates have significant levels of 

intraspecific variability in the physiological response. 

 As regards fish, starting once again from the larval level, results concerning 

larvae are contrasting. Kostyuchenko, (1973) analysed survival and lesions in the 

eggs of some fish species, showing that those closest to the acoustic source had 

higher mortality. In other cases, no changes were found in the survival of eggs or 

larvae of different fish species of Gadus morhua (Dalen & Knutsen, 1987; Payne 

et al., 2009; Bolle et al., 2012), while Nedelec et al., (2015) showed in the same 

species that noise caused reduced growth, and Dalen et al., (2007) showed that the 

duration of acoustic disturbances can have an impact on survival and development. 

A reduction in offspring survival was also observed in Acanthochromis 

polyacanthus, caused by changes in the behaviour of parents stressed by acoustic 

noise (Nedelec et al., 2017a). Noise lead to increased defensive actions and reduced 

interactions between feeding and offspring. Following exposure to noise, Fakan et 

al., (2019) observed adverse effects on the embryogenesis of Amphiprion 
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melanopus and Acanthochromis polyacanthus, with even an increase in heart rate. 

Young fish are often subject to noise pollution, for example from exploration and 

construction projects (Maragos et al., 1993), which can have negative effects on 

hearing ability (Caiger et al., 2012). Seahorse also showed weight loss, deterioration 

of body conditions, high levels of cortisol and parasites in the kidney following 

exposure to acoustic stress (Anderson et al., 2011). These differences can be caused 

by the differing capacity of fish to respond to diverse stresses (Akinrotimi et al., 

2009). Seismic noise or noise reproduced in the laboratory can create 

endocrinological effects with variations in levels of adrenaline, cortisol, glucose, 

lactate, AMP levels, ADP, ATP, cAMP and HSP70 (Sverdrup et al., 1994; Santulli 

et al., 1999; Buscaino et al., 2010; Celi et al., 2016; Vazzana et al., 2017; Lin et al., 

2019). Of particular importance is the ability to recover biochemical parameters, 

which in some cases returned to normal physiological within 72 hours (Santulli et 

al., 1999), while in others within 24 hours (Wei et al., 2017). In contrast to blood 

parameters, McCauley et al., (2013) observed considerable damage to hair cells 

caused by acoustic exposure and no repair or improvement up to 58 days after 

exposure to noise emission. This type of response can change according to the type 

of acoustic emission and species considered. Noise also influences the expression 

of those genes involved in cortisol synthesis by influencing energy distribution 

during stress (Wei et al., 2017). Despite this, cortisol levels and other parameters 

seem to be more influenced by intermittent noise exposure rather than continuous 

noise (Nichols et al., 2015; Radford et al., 2016) and the effects of piling are 

different to driving (Spiga e al., 2017). Exposure to acoustic stress has negative 

effects on oxygen consumption, lactate levels (Debusschere et al., 2016), total 
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oxidant levels, lysozyme activity, antiprotease activity and white blood cells, as 

well as on the albumin/globulin ratio (Filiciotto et al., 2017). Acoustic stress cause 

mortality events (Debusschere et al., 2014) and changes in ventilation rates as soon 

as 30 minutes (Bruintjes et al., 2017) and up to two weeks after sound exposure 

(Nedelec et al., 2016a). At the genetic level, of particular importance is the work of 

Andrews et al., (2014), who conducted genomic studies on the inner ear of salmon. 

They performed microarray analyses that identified 42 up-regulated and 37 down-

regulated transcripts with marked effects in terms of cellular energy and cellular 

respiration. Furthermore, transcript coding for hemoglobin was upregulated, similar 

to coding for nicotinamide riboside kinase 2, which is important in nerve cell 

damage, demonstrating the presence of neuronal damage to the ear. Protein 

transcriptional changes confirm damage to ear tissues and their altered expression 

may suggest changes even in the repair or regeneration of hair cells. As in the case 

of invertebrates, tolerance levels can change over time and, for this reason, long-

term studies are essential (Nedelec et al., 2016a). Picciulin et al., (2012) observed 

increases in heart rate following numerous boat passages and several studies 

confirm that low-frequency sounds can cause barotrauma or physical damage, 

detected histologically or morphologically, with effects also at the cellular 

level/structural, such as temporary threshold shift (TTS) (Popper et al., 2005; 

Popper & Hastings, 2009a; McCauley & Kent, 2012; Popper et al., 2014). 

Furthermore, with higher sound levels and longer exposure time, TTS is more likely 

to occur (Weilgart, 2007). High intensity sound can even create permanent 

threshold shift (PTS) and various factors can influence these effects: number and 

frequency of repetitions, SPL, duration and physiological state of the organisms 
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(Popper & Hastings, 2009a). Acoustic effects vary among species. In fact, in 

Oncorhynchus tshawytscha, lesions that did not influence the survival of the 

organisms were present and no mortality events were observed (Casper et al., 2012). 

On the other hand, when the same species was exposed to impulsive sounds, 

Halvorsen et al., (2012a) found various lesions, from mild hematomas at the lowest 

levels of sound exposure to bleeding at the highest exposure levels.  Considering 

possible variations in ventilation rates, Poulton et al., (2017) observed no adverse 

effects on the ventilation rate of Dicentrarcus labrax following an interaction 

between CO2 and the noise produced. Nevertheless, further studies need to be 

carried out in view of climate change and ocean acidification, a process that could 

change the physics of sound propagation in water. 

Physical and physiological effects have also been observed in freshwater 

fish. Changes in egg mortality levels were observed (Banner & Hyatt, 1973) with 

changes based on the life stage (Bruintjes & Radford, 2014). Even in freshwater fish, 

noise pollution can affect ventilation rates (Bruintjes et al., 2016), metabolic rates 

(Simpson et al., 2015; Purser et al., 2016) and growth rates (Sun et al., 2001), with 

very serious effects on the survival of the population (Bruintjes & Radford, 2013). 

At the biochemical parameter level, effects on hormone levels have been found with 

different responses according to the species analysed (Wysocki et al., 2006).  Effects 

were reported as soon as within the first ten minutes of exposure to acoustic stress 

and included significant changes in the hearing threshold (Smith et al., 2004a). In 

particular, Smith et al., (2004a) showed that after 21 days of noise exposure, it took 

14 days to restore hearing levels and the damage was recovered only after 28-35 days. 

Cardiac output levels are also adversely affected in the presence of different types of 
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noise and in different species (Graham & Cooke, 2008); as regards saltwater fish, 

effects have been found on a cellular and structural level with changes, albeit 

temporary, in auditory thresholds (TTS) (Song et al., 2008; Liu et al., 2013). Popper 

et., (2005) analysed effects on different species by studying auditory brainstem 

response (ABR). Hearing threshold changes were recovered within 24 hours of 

exposure, although not in all species studied. Popper et al., (2007), observed a shift 

in the auditory threshold in Oncorhynchus mykiss; however, the results varied with 

different groups of trout. They observed no mortality during or after exposure and 

the inner ear tissue did not show any morphological damage, even days after acoustic 

exposure.  Anatomical damage may depend on exposure to single or multiple 

impulses (Casper et al., 2012; Popper et al., 2016) and the structure of the swim 

bladder may influence the type of damage (Casper et al., 2012; Casper et al., 2013a; 

Halvorsen et al., 2012 a,b); fish with physoclistosis suffer greater damage than others 

(Casper et al., 2013a; Halvorsen et al., 2012 a,b). Differences in the extent or lack of 

damage found in the different species could depend on the fact that, in some species, 

effects may not be immediate, especially at the hair cell level (Hastings et al., 1996). 

Consequently, susceptibility of the species may depend on genetics, development 

and seasonal variations (Halvorsen et al., 2013). Hearing specialists, for example, 

suffer significant effects on hearing sensitivity, with obvious reductions but this may 

vary based on the acoustic frequency analysed (Scholik & Yan, 2001; Amoser & 

Ladich, 2003). The frequency and duration of exposure also influenced the recovery 

of a species (Scholik & Yan, 2001). Scholik & Yan, (2002) have shown that a noise 

emitted for two hours can significantly increase the auditory threshold of the fish; 

subsequent hearing loss, even if temporary, can compromise reproductive levels of 
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the species, communication distances and prey/predator relations leading to 

significant effects on the survival of the species (Amoser & Ladich, 2003). Smith et 

al., (2006) reported that fish exposed to noise for 48 hours showed a significant 

change in TTS up to 7 days after exposure with considerable damage to the auditory 

cells. However, functional recovery that preceded morphological recovery was 

observed. 

 Regarding mammals, Dalen et al., (2007) did not find any mammalian 

mortality or injury events. However, changes in physiological parameters such as 

aldosterone, noradrenaline, adrenaline, dopamine have been detected in 

Delphinapterus leucas and Tursiops troncati (Romano et al., 2004) subjected to 

acoustic stress. In Beluga, changes at the cardiorespiratory level have been observed 

at low emission intensities (Lyamin et al., 2011) and several studies indicated that 

maintaining noise levels around 120 dBre 1µPa could be a good standard for the 

physiological integrity of whales (IUCN, 2006; Weir et al., 2007). Gordon et al., 

(2003; 2018) reviewed the effects of anthropogenic activity, on the physiology of 

marine mammals, which are complex, variable and conflicting. Gordon et al., 

(2018) reviewed the impacts of several sources of anthropogenic noise and 

concluded that these resulted in temporary or permanent hearing loss. They reported 

that recent studies showed increases in whale hormone levels in the presence of 

anthropogenic noise; in particular, the glucocorticoid stress hormone. Thus, 

anthropogenic noise has harmful impacts also on mammalian physiology, in 

cetaceans in particular (Gordon et al., 2018). Recently, De Quirós et al., (2019) 

reviewed the information about the impacts of anti-submarine sonar on whales. It 

has been observed that whales can even show pathological decompression effects. 
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However, the effects of these medium-frequency acoustic emissions vary between 

individuals and populations. Many other scientific studies analysed the effects of 

the acoustic impact on mammals at physical and physiological level. However, this 

Section only refers describes more in detail vertebrates and invertebrates that are 

the object of study of the experimental plans described later. However, the indicated 

studies and reviews allow to have a complete amount of information to understand 

that the acoustic emission can have effects also at physical and physiological level 

in marine mammals. 

 

1.6.2 Behavioural effects of noise pollution in marine organisms 

As previously mentioned, all aquatic species can hear sounds (Slabbekoorn et al., 

2010; Simpson et al., 2011; Filiciotto et al., 2014; Celi et al., 2015; Nedelec et al., 

2016a; Hawkins & Popper 2017) and use them to carry out vital activities such as 

foraging, predation, mating and habitat selection (Fay & Popper, 1998; Popper 

2003a; Eggleston et al., 2016). Behavioural changes play a key role in the fate of 

the species (Wong et al., 2015) and anthropogenic noises can influence them 

(Popper, 2003a; Slabbekoorn et al., 2010; Cox et al., 2018) particularly at low sound 

levels (Hawkins et al., 2015). Juanes et al., (2017) through a meta-analysis studied 

how anthropic or biological noises can influence fish behaviour and, although some 

species may be more sensitive to noise pollution than others, most fish species show 

negative effects.  Behavioural responses provide very important information, as 

acoustic communication plays a crucial role in the life of marine organisms. A 

summary of scientific papers that studied the acoustic impacts of different anthropic 

activities on the behaviour of different marine organisms is put forward. 
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Invertebrates possess sensory systems that allow them to perceive 

particle motion (Fay, 1984; Roberts et al., 2015) and, therefore, sounds. As in the 

case of physical and physiological effects, different acoustic impacts have also 

been observed at the behavioural level. Acoustic noise can influence settlement 

behaviour of coral planulas (Lecchini et al., 2018) and effects on the late larval 

stages may depend also on the type of motor used (McCormick et al., 2019). 

Information concerning the effects of noise on larvae is very important, since 

underwater sound can play an important role in the orientation of pelagic stages 

(Jeffs et al., 2003; Montgomery et al., 2006; Vermeij et al., 2010). Noise pollution 

in adult invertebrates can cause reductions in reproduction rates, increases in 

cannibalism levels and alarm reactions (Lagardère, 1982; Goodall et al., 1990; 

McCauley et al., 2000). Different invertebrate species change and adapt their 

behaviour according to the type of sound received (McCauley et al., 2000), and 

the types of response depend on the frequency and level of the sound (Mooney et 

al., 2016). In the presence of acoustic stress, squid, for example, react by inking 

and jolting, responses which occur more frequently with increasing sound levels 

(Fewtrell & McCauley, 2012). At high levels of exposure, the number and 

intensity of alarm responses increased. Based on the type of acoustic emission, 

different behavioural responses have been found in octopus, cuttlefish and squid, 

such as inking, rapid color change, position inside the tank, absence of foraging 

or mating (Solé et al., 2013a; Samson et al., 2014). Low frequency sound may 

even influence ability to detect predators (Kaifu et al., 2007). Despite this, 

invertebrates are able to get used to this type of stress, reducing their alarm 

responses (Fewtrell and McCauley, 2012; Samson et al., 2014; Mooney et al., 
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2016) and capture rates do not seem to be affected (Andriguetto-Filho et al., 2005). 

However, information is too limited (Christian et al., 2003; Parry & Gason, 2006) 

and variations in abundance estimates have been observed (Courtenay et al., 

2009).  Noise pollution influences the feeding behaviour of lobsters and scallops 

even long after acoustic exposure (Payne et al., 2007); lobsters often respond with 

extension or straightening of the tail, which can influence the predator-prey 

relationship (Day et al., 2016b). Even in shrimps, reductions in agonistic 

behaviour have been observed (Celi et al., 2013) and further experimental 

evidence shows negative effects of noise on the foraging capacity of crab (Hubert 

et al., 2018). If anthropogenic noise can influence the foraging interactions of a 

species, it could also create problems underlying the marine food chain (Hubert et 

al., 2018). Anthropic noise can influence grouping behaviour in hermit crabs 

(Tidau & Briffa, 2019) and the speed of choice of shell (Walsh et al., 2017). Noises 

change predation levels (Chan et al., 2010), locomotion, shelter strategies 

(Filiciotto et al., 2014; 2016; 2018; Roberts et al., 2016b; Zhou et al., 2018), 

foraging capacity and the ability to find shelter (Wale et al., 2013; Shi et al., 2019) 

in different species. Behavioural changes in invertebrates are also caused by 

vibrations that are transmitted to the bottom of the sea and that can cause, for 

example, valve closure responses, deeper excavation and changes in locomotion 

and the movement of the antennas (Roberts et al., 2015; Peng et al., 2016; Roberts 

et al., 2016a). This type of response could affect health, reproduction, energy 

costs, respiratory rate and heart rate of these organisms (Roberts et al., 2015) as it 

can change the volume of water flowing through the gills and therefore the 

absorption of food metals and growth (Charifi et al., 2018). It has also been shown 
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that some species respond with avoidance behaviour and vary swimming depth 

(Solan et al., 2016). In general, the higher the sound intensity and the lower the 

water depth, the greater the risk and invertebrates seem to be more at risk than 

pelagic fish (Webster et al., 2018). 

Moving from invertebrates to seawater fish, the effects of noise have 

been observed even in sharks, which showed a surprising reaction in response to 

sudden sounds (Myrberg et al., 1978). However, information regarding acoustic 

impact on elasmobranchs remains poor. As in the case of invertebrates, at the 

larval level in fish it has been shown that noise pollution can cause confusion and 

disruption of orientation behaviour (Simpson et al., 2010). Considering that sound 

plays an important role in the orientation of fish larvae, acoustic impact could have 

important consequences on their physical form (Montgomery et al., 2006; Leis et 

al., 2011). Furthermore, larvae with acoustic stress may spend more time 

swimming before settling at a defined point, with negative consequences on the 

well-being of the population and on connectivity. Noise has the ability to influence 

the behaviour of newborn fish by triggering alarm responses (Nedelec et al., 2015) 

and the ability to recognise predation threats (Spiga et al., 2017) causing anxiety 

states. Noise can distract fish and prevent them from responding to the threat of 

predation (Chan et al., 2010; Simpson et al., 2015). The behavioural effects in fish 

are visible even long after the stress factor has ended and this suggests that the 

effects are present for long periods of time (Nedelec et al., 2016a; Ferrari et al., 

2018). In juvenile individuals of some fish species, it has been shown that these 

can respond to acoustic stress by reducing the audacity and relative distance, with 

recovery times of approximately 20 minutes (Holmes et al., 2017). Response to 
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chronic acoustic stress was also observed in seahorse (Anderson et al., 2011) with 

anxiety and irritation behaviour. Noise pollution compromises communication in 

fish (Popper & Fay, 2011; Alves et al., 2016) and masks their own acoustic signals 

(Pollack, 1975; Brungart, 2001; Codarin et al., 2009). However, changes in 

communication and alarm reactions may depend on distance from the source 

(Santulli et al., 1999; Hassel et al., 2004) and communication distances can be 

reduced by up to several meters (Vasconcelos et al., 2007; Alves et al., 2017). 

Fish, like invertebrates, have sensory systems to perceive particle movement 

(Partridge et al., 1980; Faucher et al., 2010; Mueller-Blenkle et al., 2010; Popper 

et al., 2018) and compromising this ability means losing information on their 

movements, on positions through the use of the lateral line (Kojima et al., 2010; 

Halfwerk et al., 2015) and on ability to care for nests and offspring (Picciulin et 

al., 2010). Acoustic stress can, therefore, negatively affect the conservation of a 

species (Slabbekoorn et al., 2008), growth rates (Terhune et al., 1990), speed and 

aggregation states (Mueller-Blenkle et al., 2010), capture rates, abundance and 

distribution (Løkkeborg, 1991; Skalski et al., 1992; Engås et al., 1996; 1998; 

Hassel et al., 2004; Løkkeborg 2012; Miller & Cripps, 2013; Peña et al., 2013; 

Thomson et al., 2014; Paxton et al., 2017), with long-term effects (Slotte et al., 

2004) that differ based on the species analysed. Elevated noise levels can increase 

behavioural responses in some fish species (Hawkins et al., 2015) and have 

implications for the energy balance, changing the supervision capacity of marine 

organisms (Read, Jones & Radford, 2014; Shannon et al., 2016). Anthropic noise 

also negatively influences the number of calls between individuals (Amorim, 

2006; Krahforst et al., 2017; Correa et al., 2019), causing an energy expenditure 
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at the muscular level and a reduction in the possibility of reproduction (Rowe, et 

al., 2008; Krahforst et al., 2017; Stanley et al., 2017) thereby compromising 

courtship (Amorim et al., 2016; De Jong et al., 2017; Krahforst, 2017), parental 

behaviour (Picciulin et al., 2010; Nedelec et al., 2017a; Blom et al., 2019), the 

release of gametes (Hawkins & Amorim, 2000; Rowe & Hutchings, 2006; 

Casaretto et al., 2014) and spawning success (Sierra- Flores et al., 2015; Krahforst, 

2017).  Bruintjes et al., (2014) for example, developed a model to study the 

behaviour of Dicentrarcus labrax exposed to noise, showing that it took longer 

for the fish to reach the site where it had to spawn. Furthermore, the times and 

duration of sound emission are important factors in the type of response from the 

animal and some authors have observed differences in recovery between 

intermittent and continuous emissions (Neo et al., 2014, 2015). Both emissions 

trigger alarming reactions, increases in the speed and cohesion of swimming and 

increases in swimming depth (Neo et al., 2014; 2015; Buscaino et al., 2010; 

Herbert-Read et al., 2017) but recovery was slower in the presence of intermittent 

noise (Neo et al., 2014; 2015). Behavioural responses can be influenced by several 

factors, such as temperature, animal physiology, age, individual, group 

dimensions (Kastelein et al., 2008) or the state of the environment, whether closed 

or open (Mesinger et al., 2018). Among the alarm reactions, C-start reactions were 

also observed (Hirst & Rodhouse, 2000; McCauley et al., 2000; Wardle et al., 

2001; Popper & Hastings, 2009a; b). These consist in a bending of the body that 

takes the form of the letter C and can change schooling patterns, the positions in 

water columns and swimming speeds (Pearson et al., 1992; Santulli et al., 1999; 

Wardle et al., 2001; Hassel et al., 2004; Boeger et al., 2006; Fewtrell & McCauley, 
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2012). Anthropic noise changes the structure, swimming dynamics, speed and 

cohesion of the groups, and also affects swimming height of the fish, which 

become less ordered and less correlated in speed (Chapman & Hawkins, 1969; 

Slotte et al., 2004; Sarà et al., 2007; Bracciali et al., 2012; Herbert-Read et al., 

2017; Correa et al., 2018). Moreover, it has been shown that impacts are greater 

during the night (Neo et al., 2018). All of this has effects on anti-predator benefits; 

in fact, individuals in larger more cohesive groups run fewer risks than individuals 

in smaller, less cohesive groups (Hamilton et al, 1971; Ioannou et al., 2017). 

Changes in cohesion can increase the risk of predation and change the stability of 

food webs (Holles et al., 2013), favoring predators that have greater success on 

prey (Simpson et al., 2016). Noise can, therefore, negatively affect foraging or 

fish orientation (Løkkeborg et al., 2012; Bracciali et al., 2012; Holles et al., 2013; 

Neo et al., 2016), influencing the level of attention: some species are not able to 

distinguish edible from inedible foods (Purser & Radford, 2011). Animals can 

respond to stress with loss of appetite (Wendelaar Bonga, 1997), and foraging 

effects with low absorption feed and higher metabolism can cause growth 

reductions (Kusku et al., 2018). However, we must not forget that the sensitivity 

of the species depends on their hearing ability (Pearson et al., 1992; Akamatsu et 

al., 2003; Lovell, 2003; Götz et al., 2009) and that temporal response can differ; 

animals can respond more slowly and less frequently (Simpson et al., 2016). Real 

understanding of acoustic impacts on fish depends on relating the behavioural 

reactions of organisms to their hearing capabilities. Each species reacts differently 

to different types of sound; responses may be similar between species or specific, 

but they ultlimately depend on their hearing ability (Kastelein et al., 2008). It also 
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appears that some fish may become accustomed to acoustic disturbance, reducing 

jolt responses especially in the case of repeated exposure (Pearson et al., 1992; 

Boeger et al., 2006; Fewtrell & McCauley, 2012). It seems that animals can get 

used to, compensate for or move away from noise (Bejder et al., 2009; 

Normandeau Associates, 2012; Morley et al., 2014; Radford et al., 2016). It all 

depends also on environmental conditions. Herring, for example, has been shown 

to be more sensitive to engine noise during the winter period (Doksæter et al., 

2012).  Noise pollution also influences intraspecific and interspecific 

relationships, such as cleaning activities in coral reef fish, due to cognitive 

impairments from distraction (Nedelec et al., 2017b). Exposure to anthropogenic 

noise, therefore, has effects from the individual to the community level, 

influencing the structure of the habitat and the community (Francis & Barber, 

2013; Naguib, 2013). Recent studies continue to confirm negative effects of 

anthropogenic noise on fish behaviour (Brehmer et al., 2019) with sublethal 

effects based on the noise level of human activities (Mickle et al., 2019). The 

anthropic noise is not "music" for "fish ears" and Papoutsoglou et al., (2008; 2010) 

showed an improvement in the growth, quality and production of some species 

exposed to the music of Mozart. Moreover, in light of the environmental changes 

taking place, it is reasonable to assume that other environmental factors will be 

able to influence anthropogenic noise in ocean waters, such as water acidification, 

which is likely to reduce the ability to absorb sounds. Studies on this should 

increase even if Poulton et al., (2017), who studied the effects of noise pollution 

combined with carbon dioxide for the first time, observed that ocean acidification 

is unlikely to affect response behaviour of fish. 
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Even in freshwater fish, behavioural changes due to noise pollution have 

been observed at larval stage (Vetter et al., 2017). Also in this case, observed 

changes were in the use of space and escape reactions (Simpson et al., 2015; 

McCormick et al., 2018b), in anti-predator responses (Voellmy et al., 2014b; 

Simpson et al., 2015; Bruintjes et al., 2016; Purser et al., 2016; La Manna et al., 

2016) and in social behaviour, fear, stress and foraging levels, with different 

effects between species (Voellmy et al., 2014; Xinhai et al., 2016; Magnhagen et 

al., 2017). Changes in alarm reactions (Webb, 1986; La Manna et al., 2016; Sabet 

et al., 2016), in swimming speed (Sabet et al., 2016), in vocalizations (Picciulin et 

al., 2012; Holt & Johnston, 2015) in calling and laying eggs (Montie et al., 2017) 

and in swimming depth (Sabet et al., 2016) have been observed. Noise can affect 

sound detection and acoustic orientation differently within a single family of 

freshwater fish (Ladich et al., 2013b) and can have negative effects on growth, 

survival, disease resistance (Wysocki et al., 2007; Bruintjes & Radford, 2013) 

calls and reproduction (Bruintjes & Radford, 2013; De Jong et al., 2016). The 

impacts of anthropogenic noise may depend on the context, such as the sex of the 

fish, the role of fish in the group and the presence or absence of eggs (Bruintjes & 

Radford, 2013). Even freshwater fish responded to acoustic stress by changing 

intensity of excavation, reacting less to prey or with changes in behaviour of 

aggression and submission (Bruintjes & Radford, 2013). 

As far as mammals are concerned, noise pollution can affect species-specific 

acoustic detection distances (Thomsen et al., 2006). Noise frequencies produced by 

ships fall within the 20 to 200 Hz band (Tyack, 2008): the frequency band used by 

communication whales. Anthropic noise reduces the communication space of 
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mammals and has chronic effects on different species (Putland et al., 2017), causing 

acoustic masking (Lucke & Siebert, 2009) up to 2000 m away from the acoustic 

source (Lossent et al., 2018). Noise levels that have negative effects on mammals 

seem to be those higher than 160 dB 1µPa (Weir et al., 2007; Department of 

Fisheries and Oceans. Canadian Practice Statement: Mitigation of Seismic Noise in 

the Marine Environment, 2005). Several studies demonstrate negative impacts from 

airguns on mammals at behavioural level (Dalen et al., 2007), concluding that these 

responses are complex, variable and conflicting (Gordon et al., 2003; 2018). Sonars, 

for example, create echolocation problems for toothed whales (Gordon et al., 2018). 

Anthropic noise also interferes with the communication and acoustic functions of 

cetaceans, triggering behavioural responses that have negative effects on 

individuals and population. Regarding mammals in literature there are several 

studies that analyse the effects of acoustic emissions on their behaviour. However, 

since the species analysed in several PhD experimental plans were invertebrates 

and vertebrates, this Section analysed these species in more detail and leave the 

information on mammals to the cited reviews that contain the most important 

information available, such as De Quirós et al., (2019). Also, in marine mammals, 

the acoustic emission has important effects at behavioural level. 
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1.7 Standards and guidelines about noise pollution 

It is known that due to different human activities, anthropic noise has become 

omnipresent in terrestrial and aquatic ecosystems (Andrew, 2002; World Health 

Organization, 2011) and, for this reason, it is considered a significant pollutant 

under the framework directive on the European Union navy strategy (Directive 

2008/56/EC of 17 June 2008) and the World Health Organization (Kunc et al., 

2016). Noise has increased since the industrial revolution (McDonald et al., 2006; 

Normandeau Associates I. 2012) and is rapidly increasing in the marine 

environment (Andrew et al., 2002; Hildebrand, 2009; Popper & Hastings, 2009a). 

Human activities in the seas are various: navigation, offshore development, 

urbanization, military and non-military sonars, recreational and non-recreational 

naval activities, resource extraction, transport and energy production, and seismic 

exploration (Richardson, et al., 1995; Hildebrand et al. , 2009; Slabbekoorn et al., 

2010; Radford et al., 2014; Kunc et al., 2016; Hawkins & Popper, 2017; Kuşku et 

al., 2018). These activities emit high-intensity, high-pitched sounds when produced 

by military exercises, oil and gas exploration and driving in piles (Dolman et al., 

2009; McCauley et al., 2000; Bailey et al., 2010), or lower-level sounds by fishing, 

commercial and recreational activities (Codarin et al., 2009; Malakoff, 2010). 

Despite the increasing attention paid to noise generated by maritime industries in 

recent years (Hawkins et al., 2017), anthropogenic noise is one of the least studied 

sources of pollution (Hawkins et al., 2015) and nothing is known on the noise 

produced by DSM activities. The descriptor 11.2 on "continuous low frequency 

sound" of Marine Strategy Framework Directive (MSFD) aims to monitor trends in 

the ambient noise level within the 1/3 octave bands of 63 and 125 Hz (centre 
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frequencies) (Marine Strategy Framework Directive; Tasker et al., 2010; CE, 

2010a). However, to date noise has become the eleventh descriptor in guidelines on 

underwater noise pollution (Tasker et al., 2010; CE, 2010a), there are no regulations 

for noise pollution relating to DSM activities. Bibliographic research highlighted, 

beyond the MSFD, the existence of different laws or regulations concerning noise 

produced by anthropogenic activities, such as the international agreements 

ACCOBAMS, ASCOBANS and EUROBATS, the French law Grenelle II n. 2010-

788 of 12 July 2010 and the United States Environmental Policy Law. Most of these 

originated in an interest by political organizations in the problem of acoustic noise 

as noise from commercial ships is between 0.1 and 1 kHz (Hildebrand, 2009): the 

frequency range used by many species for communication. The “Monitoring 

guidance for underwater noise in European seas - Part II” (Dekeling et al., 2014) 

for example, suggests monitoring trends in ambient noise levels (annual average 

values measured in RMS re 1μΡa) emitted within 1/3 octave bands with central 

frequencies of 63 and 125 Hz. The National Marine Fisheries Service (NMFS), 

based on mortality data of species exposed to explosives (Popper & Hastings 

2009a), developed further intermediate criteria (FHWG 2008; Woodbury & Stadler 

2008; Stadler & Woodbury 2009; Caltrans, 2009) and further guidelines were 

written by the Marine Strategy FrameWork MSFD 2008/56/CE. The overall aim is 

to protect the marine environment in the European area more effectively and to 

achieve a "good environmental status (GES) by 2020". Currently in Europe, despite 

efforts to reduce and regulate noise pollution (Pottering & Lenarcic, 2008), many 

countries do not have adequate regulation and management, and there are several 

criteria for exposure to noise (Stöber et al., 2019). In an attempt to reduce noise 
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impact on marine animals, the Italian Environmental Impact Assessment 

Commission, for example, asked seismic operators in 2015 to use a scientific 

protocol to study the presence of the marine organism before, during and after noise 

pollution with visual and acoustic methods. This monitoring method is likely to 

help and improve the study of noise on an international level (Fossati et al., 2017). 

However, one of the problems is that to date there is no well-defined protocol for 

measuring sea noise pollution (André et al., 2011a, b; Dekeling et al., 2014; Das, 

2019). This is because there are no long-term studies and the parameters to perform 

these measurements are highly variable, causing a large quantity of heterogeneous 

data (André et al., 2010). Among possible mitigation measures, the slowing down 

of ships has been proposed (Pine et al., 2018) which, however, could have even 

worse consequences.  

Several authors such as Popper et al., 2014, 2019, have tried to contribute to the 

writing of guidelines for noise pollution. These will be reviewed later in Chapter 5. 

Several documents provide indications but none which are sufficient (Dekeling et 

al., 2014) and the different data available do not allow the implementation of 

adequate prevention and protection measures. To date, the problem of noise 

pollution should not be overlooked, especially in light of information from the 

Commission on marine mammals, (2007). This is compounded by the fact that 

future human activities are bound to lead to further increases in sound levels in the 

depths of the ocean and not in a homogeneous manner (OSPAR Commission, 

2009). Despite various attempts to regulate the impact of noise from human 

activities at sea, this type of impact has not been taken into consideration for mining 

activities. This is confirmed by reading the recommendations provided by the ISC 
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LTC in ISBA/19/LTC/8 (ISA, 2018), which describe procedures to be followed 

during data acquisition and for monitoring during and after potentially harmful 

activities for the environment. These recommendations require concession 

managers to prepare annual reports providing very general information on 

biological communities, biodiversity studies and information on the functioning of 

ecosystems (ISA, 2018). Within the recommendation, different environmental 

aspects are treated, but in a superficial way and several authors recommend 

improvements (Christiansen et al., 2019; Jaeckel et al., 2019). The impact of noise 

from DSM has not yet been mentioned in any regulation, since information on the 

generation and propagation of sound of activities is not available and knowledge on 

sound perception in animals is still scarce. This seems to be justified by the fact that 

the noise impacts that could be generated by DSM cannot be predicted. 
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2. Aim of PhD project 

The PhD project performed is part of two PhD calls: the PhD program on the XXXII 

cicle of Mediterranean Biodiversity (International) of the University of Palermo and 

the Innovative PhD with industrial characterization PON 2014-2020 funded by the 

Ministry of Education, University and Research (MIUR). The research project 

involved a number of different organizations, such as the University of Palermo 

(UNIPA), the Universitat Politècnica de València (UPV), the Italian National 

Research Council (CNR) of Capogranitola (Campobello di Mazara), The Italian 

Institution for research and promotion of standardization (ENR) based in Palermo 

and HR Wallingford Ltd based in Oxford (United Kingdom, Wallingford). The PhD 

project is also based on an agreement between the two PhD programs of UNIPA 

and UPV (Agreement for the International PhD Program in Mediterranean 

Biodiversity) within which the PhD course it took place and the thesis was written. 

The research period lasted three years and the aim of the PhD project was to 

contribute to the definition of a "baseline" for use when carrying out extractive 

activities in deep seawater in order to ensure that the biodiversity of our seas is 

respected to as great a degree as possible.  Scientific literature in recent years has 

begun to predict possible impacts to be expected from DSM activities in the near 

future: habitat fragmentation, species loss, sediment plume production, temperature 

variations and light/acoustic pollution. Scientific research and data are not yet 

available for all types of impact envisaged; in fact, to date no research has been 

carried out on noise impact generated by Deep Sea Mining (DSM) activities.  
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This gap in scientific data, mainly due to the lack of knowledge on frequencies and 

acoustic intensities that will be emitted by mining activities, has made the 

production of guidelines and regulations on limiting impact more complex to date.  

This is in net contrast to various other human activities carried out at sea for which 

scientific data on the acoustic impact of those activities on marine biodiversity at 

different levels is widely available. 

The aim of the PhD project was to create a baseline in order to understand the 

acoustic impact of DSM activities on marine biodiversity, using knowledge on the 

acoustic impacts caused by other human activities as a starting point. Given the 

complexity of the topic, the research project was carried out in a modular way and 

different research activities were carried out within each module. 

In particular, the PhD Project was structured as follows: 

A) Biological-environmental module 

B) Technical-technological module 

C) Standard and standardization module 

A) The biological-environmental module was implemented at the University of 

Palermo (UNIPA), the Universitat Politècnica de València (UPV) and the National 

Research Council (CNR). In this module, aspects relating to marine biodiversity, 

underwater bioacoustics, ocean noise pollution, and the effects of underwater noise 

on invertebrate and vertebrate organisms were studied. Behavioural and 

biochemical analyses were conducted on marine organisms during experiments 

carried out in Palermo, Gandia (Spain) and Campobello di Mazara (CNR). During 

this module, indoor and outdoor experiments were conducted to evaluate and 
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describe biochemical and behavioural parameters of invertebrates and fish in the 

presence of anthropogenic noise.  

B) The technical-technological module included a period of six months at HR 

Wallingford Ltd. During this period, the technical and technological aspects 

relating to the energy balance of subsea industrial activities were examined. In 

particular, the data obtained from the biological-environmental module concerning 

the behavioural responses of juvenile fish exposed to acoustic stress was used for 

the creation of a numerical model that could contribute to the prediction and 

reduction of the acoustic impacts of human activities on marine organisms. 

C) The standards and the standardization module included six months carried out 

at The Italian Institution for research and promotion of standardization (ENR) in 

Palermo. Aspects relating to the regulation and standardization of the acoustic 

impact of human activities at sea were analysed, starting from current national and 

international regulations. This module led to the drafting of the first technical 

standard on the acoustic impacts of DMS activities regulating each phase of mining 

in the ocean depths. The aim is to ensure that the exploitation of mineral resources 

is entirely eco-sustainable and respectful of biodiversity and marine ecosystems. 

The technical standard in question was formulated based on a bibliographic study 

of the acoustic impact of other marine-maritime activities on biodiversity and by 

using the data obtained during the biological-environmental module. 
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3. Biological-environmental module  

The Biological-environmental module used three different experimental plans with 

three specific objectives: 

a) Objectve 1: Study of the effect of high frequency noise on invertabrates (Section 

3.1 and 3.2).   Experiments carried out at the University of Palermo, Department of 

Biological Chemical and Pharmaceutical Sciences and Technologies (Italy). The 

experiments were carried out indoor: two species of invertebrates, Arbacia lixula 

and Mytilus galloprovincialis, were stressed with underwater high frequency noise. 

The aim of these experiments were to understand, for the first time, the effects of 

these frequencies on new invertebrate species (echinoderms) and new matrix 

(mussels digestive gland). Regarding echinoderms no studies are available in 

literature about the acoustic stress, but our hypothesis was to find significant effects 

in coelomic fluid at biochemical level. Regarding mussels in literature there are 

different studies about the acoustic impact analysed in hemolymph. In this case our 

hypothesis was to find significant effects in other matrices such as digestive gland 

especially on enzyme activities of which this tissue is the main site. 

b)  Objectve 2: Study of the effect of impulsive noise on vertebrates and 

invertabrates. Experiments carried out at the National Research Council (CNR) at 

Campobello di Mazara (Italy). The experiments were carried out outdoor and were 

part of a watergun research project led by the CNR bioacoustic group. The 

experimental animals were vertebrates and invertebrates: Chromis chromis, 

Holothuria tubulosa, Arbacia lixula. The purpose of this experiment was to 

evaluate the impacts of these activities, used to analyse the seabed, on invertebrate 

and vertebrate species. Having demonstrated with the previous experiment’s 
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significant effects on echinoderms, it has been hypothesised that also activities like 

watergun (which could precede DSM to study the structure of seabed) could have 

important effects at biochemical level on marine species. Biochemical responses in 

sea urchins and sea cucumbers coelomic fluid were analysed to compare the effects 

respect to the acoustic emissions used in experiments done in part (a). Moreover, 

new matrices have been used (the peristomial membrane of sea urchins) and new 

protocols developed (extraction of cortisol from juvenile fish body).  

c) Objectve 3: Study the effect of different acoustic frequencies on juvenile fish. 

Experiments carried out at the Campus of Gandia, Universitat Politècnica de 

València (Spain). The experiment was carried out indoor and the aim was to study 

behavioural responses in vertebrates (juveniles of Sparus aurata) stressed with 

acoustic stimulus. The hypothesis was that different behavioural responses 

(swimming height, motility, group dispersion) depending on emission frequencies 

would have been found. This would help to understand what frequencies would 

have the most impact on juvenile fish for which studies are still poor and that are 

important for the species conservation. Furthermore, a species of considerable 

commercial importance was chosen. The results obtained have completed the 

information necessary to carry out the numerical model of Chapter 4 and the 

technical standard of Chapter 5. 
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3.1 Underwater high frequency noise: biological responses in sea urchin 

Arbacia lixula (Linnaeus, 1758) 

Every marine ecosystem is characterized by its own, very individual soundscape 

(Radford et al., 2010; Ceraulo et al., 2018), made up of sounds generated by abiotic 

components (water currents, geophysical processes, waves, rain, ice), biotic 

components (sounds emitted voluntarily or involuntarily by marine species) and by 

human activities (Kennedy et al., 2010; Piercy et al., 2014; Buscaino et al., 2016). 

In recent decades, anthropogenic activities have increased underwater acoustic 

energy globally (Ross, 2005; Slabbekoorn et al., 2010; Hildebrand, 2009), thereby 

changing the acoustic characteristics (signature) of marine ecosystems at coastal, 

pelagic, and deepwater levels. Noise pollution, generated by commercial traffic, 

offshore and inshore construction, seismic explorations and sonar, has been 

recognised as a pollutant for aquatic ecosystems and a threat to marine fauna (World 

Health Organization, 2011; European Framework Directive 2008/56/EC - Marine 

Strategy (MSFD)).  

All aquatic species, both vertebrates and invertebrates, are able to hear sounds 

(Slabbekoorn et al., 2010; Simpson et al., 2011; Filiciotto et al., 2014; Celi et al., 

2015; Nedelec et al., 2016b; Hawkins and Popper, 2017) and use this ability to carry 

out vital biological activities, such as foraging, predation, mating and habitat 

selection (Fay and Popper, 1998; Popper 2003a,b; Eggleston et al., 2016). 

In this context, anthropogenic noise can disturb animal behaviour and physiology 

with potential consequences at population level (Sun et al., 2001; Slabbekoorn et 

al., 2010; Buscaino et al., 2010; Wale et al., 2013; Voellmy et al., 2014; Radford et 

al., 2014; Popper et al., 2014; Kunc et al., 2016; Magnhagen et al., 2017; Hawkins 

and Popper, 2017; Weilgart, 2018).  
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Reactions to boat or to seismic noise (Wardle et al., 2001; Engås and Løkkeborg, 

2002; Slotte et al., 2004; Parry and Gason, 2006) were the most explored, given the 

fact that low frequencies can influence species at greater distances from the source 

than higher frequencies. However, echo sounders, fishing net control sonar, CHIRP 

sonar, side-scan and multi-beam sonar, deterrent devices and small, fast boats 

produce high-frequency sounds up to 800 kHz (Bonanno et al., 2006; Hildebrand, 

2009; Buscaino et al., 2009; Hawkins et al., 2015).  

Despite the fact that absorption of high-frequency sounds is greater than that of low 

frequencies (resulting in an attenuation over shorter distances), their use is so 

extensive that they  can contribute to increasing environmental noise (Hawkins et 

al., 2015), determining potential impact, especially on sessile species that cannot 

move quickly to avoid a noisy area. In particular, many sonars are designed to 

explore the sea bottom and, therefore, to reach the bottom at high intensity in order 

to receive backscattering. The upper hearing limit for fish and marine mammals is 

variable and can be as high as 160 kHz, suggesting possible effects of high 

frequency systems on animals at behavioural and physiological level (Dunning et 

al., 1992; Mann et al., 1997; Deng et al., 2014). However, effects of anthropogenic 

noise differ from species to species due to individual characteristics, behavioural 

responses, disturbance duration and emission characteristics. Furthermore, some 

animals can recover over time, while others suffer irreversible damage (Kight and 

Swaddle, 2011). A number of scientific studies describe the occurrence of 

behavioural and physiological changes in the presence of noise (Fewtrell and 

McCauley, 2012; Aguilar de Soto et al., 2013), including effects on immune 

response (Filiciotto et al., 2014; Celi et al., 2016; Vazzana et al., 2016) and on 
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growth and development rates (Wysocki et al., 2007; Davidson et al., 2009) in 

marine organisms. For example, mussels exposed to low-frequency band treatment 

showed significantly higher values for cellular and biochemical stress parameters, 

such as glucose, total proteins, total number of haemocytes (THC), expression of 

heat shock proteins 70 (HSP70) and acetylcholinesterase (AChE) activity, 

measured in plasma and tissues (Vazzana et al., 2016). It is known that cellular 

stress response (in addition to molecular chaperone synthesis and the activation of 

the DNA repair system) also includes the enhancement of enzyme activities, which 

play an important role in environmental stress resistance (Sørensen et al., 2003). 

Alkaline phosphatase (AKP) is a metalloenzyme which catalyses the nonspecific 

hydrolysis of phosphate monoesters (Zhang, 2004). When exposed to different 

environmental stresses, lysosomal enzymes, in addition to AKP, are involved in the 

degradation of foreign proteins, lipids and carbohydrates (Ottaviani, 1984; Pipe et 

al., 1993; Xue and Renault, 2000), and can be used to assess immune status in 

invertebrates (Mou et al., 1999; Liu et al., 2000, 2004; Sarlin and Philip, 2011; 

Parisi et al., 2017). Esterase is one of the most common biomarkers of 

environmental exposure used in aquatic organisms (Galloway et al., 2002; Forget 

et al., 2003; Rickwood and Galloway, 2004; Barata et al., 2004; Hannam et al., 

2008; Ren et al., 2015; Parisi et al., 2017). Another enzyme, peroxidase, is also 

involved in disease resistance and stress response, and changes in peroxidase levels 

can due to contaminants and other environmental stressors (Mydlarz and Harvell, 

2007).  

Moreover, cytotoxicity can be an efficient natural defence system in vertebrates and 

invertebrates; lysins can be secreted in the body fluids or act at the membrane level 
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of the effector cell.  Cytotoxicity was reported as a rapid and effective response to 

the K562 tumour cell line and rabbit erythrocytes in the fish Dicentrarchus labrax 

(Cammarata et al., 2000) and in the sea urchin P. lividus (Arizza et al., 2007), and 

against rabbit and sheep blood cells in sea cucumber H. tubulosa (Vazzana et al., 

2018). 

Although boat noise has been reported to influence behaviour and haemato-

immunological parameters, such as THC, total protein concentration (PC), 

phenoloxidase (PO) activity, DNA integrity and HSPs protein expression (Celi et 

al., 2013, 2015; Filiciotto et al., 2014,2016) in crustaceans, nothing is known about 

the influence of acoustic stimulus on different enzymes and on cytotoxic activity in 

invertebrates. 

Therefore, knowledge on acoustic perception in invertebrates is little or entirely 

lacking (even more so in echinoderms) and more information is necessary to 

understand the potential negative effects on these marine organisms.  

During the first year of this study an indoor experiment was carried out at the 

Department of Biological, Chemical and Pharmaceutical Sciences and 

Technologies (STEBICEF), University of Palermo. The experiment was carried out 

with the collaboration of the CNR bioacoustics group. The aim of this study was to 

evaluate the effects of high frequency noise, from 100 to 200 kHz, on Arbacia lixula 

sea urchin in order to better understand the effects of this frequency-band noise on 

invertebrates. More specifically, the biochemical effect at cell-free coelomic fluid 

level was evaluated for the first time, including total protein concentrations, levels 

of alkaline phosphatase, esterase and peroxidase, degree of hemolysis 
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(cytotoxicity), and the gene and protein expression of heat shock proteins 70 

(HSP70). 

 

3.1.1 Materials and methods 

Animals 

The experiment was carried out in the Department of Biological, Chemical and 

Pharmaceutical Sciences and Technologies (STEBICEF) at the University of 

Palermo (Italy) according to current regulations regarding animal experimentation 

in Italy. Sea urchins, of the species Arbacia lixula, (weight ranging between 16 ± 1 

gr) were collected from Terrasini, Gulf of Palermo, from environments 

characterized by rocky coves and steep cliffs hanging over the sea. The animals 

were acclimatized for one week in square tanks (1 m x 1 m, depth: 1 m, water 

height: 80 cm, volume: 800 L at 18 °C) with: re-circulated, filtered seawater and a 

flow-through of dissolved oxygen at 8 mg l−1 at 38 ‰ salinity. The organisms were 

fed commercially available invertebrate food (Azoo, Taikong Corp. Taiwan). For 

the experimental plan, the animals were chosen randomly from those available.   

 

Experimental plan 

Two rectangular tanks (85 cm x 43 cm, depth: 49 cm, water height: 27 cm, volume: 

250 L) were used for the experiment: a test tank and a control tank (Fig. 12). A 

projector and a calibrated hydrophone were placed both in the control and the 

experimental tanks. 16 individuals of A. lixula were randomly divided in the two 

tanks, eight specimens for each. Only the individuals in the experimental group 

were exposed to acoustic stimulus for three hours, while no stimulus was applied 
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to the control group. The control and experimental treatments were conducted at 

the same time. 

The two tanks were located in two different cabinets without any contact points and 

no noise could be transmitted through vibration of the walls. Moreover, the different 

acoustic conditions (with and without acoustic stimulus) of the two tanks were 

monitored before trials, using the calibrated hydrophones located inside each tank 

(see “Acoustic stimulus, recording and analysis” Section for details). 

The experiment was repeated three times, under the same environmental conditions 

using a total of 48 animals (24 control and 24 experimental). The number of the 

animals was chosen to guarantee an equitable distance of the individuals from each 

other, with respect to the walls of the tank and with respect to the acoustic emission 

considering any reflections or refraction of the acoustic wave. The animals were 

not fed in the 24 hours prior to the experiment. All sea urchins, treated and not, 

were then taken to extract cell-free coelomic fluid for subsequent biological assays. 

 

 

 

 

 

 

 

 

 

Fig. 12 Schematic drawing of the control and experimental tanks. Each tank was equipped 

with one hydrophone and one transmitter. 
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Acoustic stimulus, recording and analysis 

A linear sweep ranging from 100 to 200 kHz for the duration of 1 second and 

emitted in continuous mode was used as acoustic stimulus. To generate the acoustic 

stimulus in the experimental tank, the Agilent 33210A signal generator was used. 

This was coupled with a projector as shown in Fig. 12. The characterization of 

background noise in both tanks and of acoustic stimulus in the experimental tank, 

were performed using the hydrophone (ResonTC 4034-3, Denmark; receiving 

sensitivity of -218 dB re 1V/µPa +2dB and -4dB in the range 1Hz - 250 kHz) 

located in each tank (Fig. 12) connected to an analogical/digital card (Avisoft 

USGH416b, Germany; sampling frequency 500 kHz, Gain 20 dB). This acquisition 

system was handled using specific software (Avisoft recorder USGH software, 

Germany). During the trials, the acoustic stimulus was monitored for 30 seconds 

every 30 minutes.  

The background noise sound pressure level in the tanks was 140±1 dB (re 

1µPa2rms). Sound pressure during stimulus in the test tank ranged between 145 and 

160 dB. The Power Spectrum and the spectrogram of the recorded acoustic stimulus 

are shown in Fig. 13. 
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Fig. 13 Top: Power Spectrums of 3 consecutive sweeps and of the median background 

noise in the tanks (FFT size 16384, Resolution 30.5 Hz); below: oscillogram and 

spectrogram (FFT 1024, window Hamming), sampling frequency 500 kHz. 
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Coelomic fluid withdrawal 

The sampling of coelomic fluid was carried out with isosmotic anticoagulant 

medium (ISO-EDTA: 20 mM Tris, 0.5 M NaCl, 30 mM EDTA, pH 7.5) in a 

centrifuge tube. Cell counts were performed with Neubauer chamber and each 

sample was centrifuged at 1650 rpm for 10 minutes at 4°C. The supernatant (cell-

free coelomic fluid) was removed and stored at – 20 °C until the time of assaying. 

The pellets were separated into two aliquots (one for RT-PCR and one for western 

blot analysis) and stored at - 80 °C for subsequent analysis. 

 

Protein concentration measure 

Protein concentration was measured using the Bradford method (1976), both in the 

cell-free coelomic fluid and the pellet samples at 595 nm.  

 

Alkaline phosphatase activity  

Alkaline phosphatase activity was measured according to Ross et al., (2000), 

incubating 50 μl of A. lixula cell-free coelomic fluid with 50 μl of buffer (4 mM p-

nitrophenyl liquid phosphate in 100 mM ammonium bicarbonate containing 1 mM 

MgCl2, pH 7.8, 30 °C). Optical density (OD) was read at 405 nm for 1 hour. 

Enzyme activity is expressed in U/µg and calculated as:  

{(Abs/min) × (1000/Eb) × (Vf/Vi)}, with Eb=18.4. 

Where: 

Abs/min was the Absorbance value obtained for each sample divided for the time 

of the measurement, in this case 1 hour and then 60 minutes. 

Vf indicated final volume of well 
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Vi indicated inizial volume of well 

Eb was a costant value related only for alkaline phosphatase enzymatic assay (18.4). 

One unit of activity was defined as the amount of enzyme required to release 1 μmol 

of p-nitrophenol produced in 1 minute. 

 

Esterase activity 

Esterase activity was evaluated by incubating 50 μl of A. lixula cell-free coelomic 

fluid with 50 μl of buffer (0.4 mM p-nitrophenyl-myristate substrate in 100 mM 

ammonium bicarbonate buffer containing 0.5 % Triton X-100, pH 7.8, 30 °C) (Ross 

et al., 2000). OD was read at 405 nm for 1 hour. 

 Enzyme activity is expressed in U/µg and calculated as:  

{(Abs/min) × (1000/Eb) × (Vf/Vi)} 

 Where:  

Abs/min was the Absorbance value obtained for each sample divided for the time 

of the measurement, in this case 1 hour and then 60 minutes. 

Vf indicated final volume of well 

Vi indicated inizial volume of well 

Eb was a costant value related only for esterase enzymatic assay (16.4). 

 One unit of activity was defined as the amount of enzyme required to release 1 

μmol of p-nitrophenol produced in 1 minute. 

 

Peroxidase activity  

Peroxidase activity was measured modifying the Quade and Roth (1997) method. 

Cell-free coelomic fluid (50 μl) was incubated for 30 minutes with 100 μl of TMB 
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(3.3', 5.5' tetramethylbenzidine) (Sigma, Italy). The reaction was stopped with 50 

μl of 2M sulfuric acid (H2SO4). OD was read at 450 nm. Peroxidase activity was 

expressed as unit U/μg. One unit of activity was defined as the amount of enzyme 

required to release 1 μmol of substrate produced in 1 minute. 

 

Cytotoxicity assay 

To analyse the cytotoxic activity of cell-free coelomic fluid, rabbit and sheep 

erythrocytes, provided by the Istituto Zooprofilattico Sperimentale della Sicilia A. 

Mirri (IZS, Palermo), were used as target cells. Erythrocytes were washed three 

times in PBS and suspended at 1% (8×106 fresh erythrocytes) in ISO–Ca2+ (0.5 M 

NaCl, 20 mM Tris-HCl, 10 mM CaCl2; pH 7.4). The 100 µl samples were incubated 

with 100 µl of erythrocyte solution for 1hour at 37 °C. At the end of the incubation 

period, the samples were centrifuged for 10 minutes at 1500 rpm at 4 °C and the 

amount of released haemoglobin in the supernatant was measured at 540 nm using 

a microplate reader (GloMax; Promega Corporation, USA). 

 To obtain the degree of hemolysis, the following formula was used:  

                     O.D. measured release−O.D.T. spontaneous release 

                    O.D. complete release−O.D.T. spontaneous release 

 

Where: 

O.D. measured release was the Optical Density value obtained from each sample. 

O.D.T. spontaneous release was the Optical Density value of blood cell control 

obtained incubating erythrocyte only in ISO–Ca2+ 

O.D. complete release was the Optical Density of total hemolysis obtained 

incubating only the erythrocyte then crushed with distilled water. 

X 100 
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Complete haemoglobin release values were obtained by preparing an erythrocyte in 

distilled water at room temperature; a control erythrocyte suspension was prepared 

under identical experimental conditions using the same medium and incubation in 

order to measure haemoglobin release values.  

 

RNA Extraction from Arbacia lixula coelomocyte 

The HSP70 gene expression was evaluated using one aliquot of cellular pellet. RNA 

extraction was performed using an RNA MiniPrep kit (Direct-zol™). To lyse the 

samples, 5 x 106 cells were resuspended in 600 μl of trizol. The samples were then 

centrifuged at 10,000g for 30 seconds to remove particulate debris and the 

supernatant transferred to a new tube. An equal volume of ethanol (95%) was added 

to the supernatant and mixed thoroughly. This was transferred into a Zymo-Spin 

IIC Column within a Collection Tube before centrifugation; the flow-through was 

discarded. Subsequently, 400 μl of RNA wash buffer was added to samples and 

centrifuged. In a new RNase-free tube, 5 μl of DNaseI and 75 μl of DNA digestion 

buffer were mixed. This solution was added directly to the column. Samples were 

incubated at room temperature (20 °C) for 15 minutes. 400 μl of Direct-zol™ RNA 

Pre Wash was then added to the column and centrifuged. Flow-through was 

discarded before repeating this step and discarding flow-through once again. At this 

point, 700 μl RNA Wash Buffer was added to the column and centrifuged with an 

extended time of two minutes (to ensure total removal of wash buffer). The column 

was transferred into a new RNase-free tube. RNA was eluted by adding 50 μl 

DNase/RNase-Free Water to the column and centrifuging. At the end, 1 μl of RNA 
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was extracted from A. lixula ceolomatic liquid cell samples and used in real-time 

polymerase chain reaction. 

 

Real Time PCR of Arbacia lixula RNA for HSP70 

HSP70 gene expression was detected by Real-Time PCR (RT-PCR). This was 

performed using the Rotor-gene Q system (Qiagen) with QuantiTechSYBR Green 

RT-PCR kit. The QuantiTechSYBR Green RT-PCR kit provides accurate, real-time 

quantification of RNA targets in an easy to handle format. Use of 

2xQuantiTechSYBR Green RTPCR master mix together with QuantiTechSYBR 

Green RT PCR mix allowed both reverse transcription and PCR to take place in a 

single tube; converting extracted RNA into cDNA. The products supplied for this 

Real-Time included 1μl of each RNA sample, 0.5 μl of forward primer and 0.5 μl 

of reverse primer, 2 x 12.5 μl of QuantiTechSYBR Green RT-PCR Master Mix, 0.5 

μl of QuantiTectRT mix and 10.75μl of distilled water added to complete the 

amounts. Specific primers set for HSP70 (accession no. X61379), according to 

Marrone et al., (2012), were used. RT-PCR was run as follows: reverse transcription 

1× cycle at 50 °C for 30 minutes, PCR initial activation step at 95 °C for 15 minutes 

and 40 cycles, denaturation 15 seconds 95 °C, annealing at 60 °C and 30 seconds 

at 72 °C for extension. 

 

SDS-PAGE and western blot 

The remaining aliquot of the cellular pellet was homogenized for eight minutes in 

a Potter-Elvehjem tissue grinder using 1 ml of trizma base (20 mM, pH 7.5) with 

300 mM NaCl and 10% SDS; this was followed by sonication for 60 seconds. 
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Samples were centrifuged at 9000 rpm for 10 minutes at 4 °C and protein 

concentrations in the cell lysate supernatants (CLS) were evaluated. 

Using western blot analyses (Towbin et al., 1979) we performed HSP70 protein 

expression. The equivalent of 20 μg/ml of Arbacia lixula cellular lysate 

supernatants were separated on 7.5 % SDS-PAGE gels at 60 V for the first 10 

minutes and at 120V for 1hour. The separated proteins were subsequently 

transferred to polyvinylidenedifluoride (PVDF) membranes (Bio-Rad) at 15 V for 

1hour in a transfer buffer (48 mM tris, 39 mM glycine, 20% v/v methanol, pH 8.3) 

and a wet transfer apparatus (Bio-Rad, Mini-Protean II Cell); correct transfer was 

confirmed by Ponceau red-staining. After blocking PVDF blots, HSP70 was 

detected by overnight incubation at 4 °C with antimouse HSP70 (primary antibody 

dilution was 1:7500, Sigma-Aldrich). After incubation, PVDF blots were washed 

twice with TBS-T 1X and incubated with secondary antibody alkaline phosphatase-

conjugated goat antimouse IgG (1: 3000 dilution, Sigma-Aldrich). Development 

was finally done with BCiP-NBT.  

Densitometric analysis of the immunoblotted bands was performed using ImageJ 

software. Densitometry data were expressed as the mean values of different 

experiments and reported as a percentage of the integrated density value. The 

integrated density value (I.D.V.) of the relevant bands was normalized to the I.D.V. 

of the beta-actin bands (data not shown). 
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Statistical Analysis 

All the data were statistically analysed to assess possible differences between the 

control and experimental groups. To determine statistical differences, the data were 

analysed using a non-parametric test (Mann-Whitney U test) as our data did not fall 

into a normal distribution (verified by a Shapiro-Wilk tests p< .05). Statistical 

differences between control and experiment are shown on the error bars for each 

graph as ***p<.001, **p<.01, *p<.05. 

 

3.1.2 Results 

No statistical differences were found between the control and experimental values 

(p=.657533; Z=0.44) for total protein levels in cell-free coelomic fluid. Fig. 14 

shows approximately the same values in the control and experimental samples, 

54.51 ± 4.6 (mean ± SD) µg/ml and 53.95 ± 4.6 µg/ml respectively. 

 

 

 
Fig. 14 Bar-graph (left) and dot-plot (right) of protein concentration (μg/ml) of cell-free 

coelomic fluid expressed as means±SD, (−) raw data, (•) median values and (   ) percentiles 

values. 
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Our experimental plan also included an evaluation of the different enzyme activity 

involved in immune responses. The alkaline phosphatase activity of experimental 

cell-free coelomic fluid was significantly influenced (p=.000012; Z=-4.38) by high 

frequency noise, showing higher values (7.6 ± 4.84 U/µg) compared to the control 

(2.38 ± 1.90 U/µg) (Fig.15). 

 

 

 

 
Fig. 15 Bar-graph (left) and dot-plot (right) of alkaline phosphatase activity (U/μg) of cell-

free coelomic fluid expressed as means±SD. The asterisks indicate the significant 

difference (**p < .01), (−) raw data, (•) median values and (   ) percentiles values. 
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As shown in Fig. 16, the esterase activity in cell-free coelomic fluid was 

significantly higher (p=.000000; Z=-5.57) in the experimental samples (71.96± 

50.61 U/µg) compared to the control (21.68± 12.31 U/µg). 

 

 

 

 

Fig. 16 Bar-graph (left) and dot-plot (right) of esterase activity (U/μg) of cell-free coelomic 

fluid expressed as means±SD. The asterisk indicates the significant difference (*p < .05), 

(−) raw data, (•) median values and (   ) percentiles values. 
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Cell-free coelomic fluid of the experimental groups had a significantly (p=.000553; 

Z=-3.45) higher amount (6 ± 3.76 U/µg) of peroxidase activity compared to the 

control (2.70± 1.85U/µg, Fig.17). 

 

 

 

 

Fig. 17 Left: bar graph of peroxidase activity (U/μg) of cell-free coelomic fluid is expressed 

as means±SD. The asterisk indicates the significant difference (*p < .05) calculated using 

Mann-Whitney U test to compare the means values. Right: dot plot of peroxidase activity 

(U/μg) represented like raw data (−), median values (•) and percentiles values (    ). 
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Regarding cytotoxicity (Fig.18) in the control samples, the degree of hemolysis was 

found to be 4.99 ± 1.91 % against sheep erythrocytes and 3.93 ± 1.72 % against 

rabbit erythrocytes. Significant increases were observed in the degree of hemolysis 

of experimental samples against rabbit erythrocytes with values of 11.91 ± 2.68 % 

(p =.000037; Z=-4.12) and against sheep erythrocytes with values of 9.92 ± 4.46 % 

(p =.001652; Z=-3.14). 

 

 

 
 

 
Fig. 18 Bar-graph (left) and dot-plot (right) of hemolysis degree (%) of cell-free coelomic 

fluid expressed as means±SD. Cell-free coelomic fluid tested against sheep erythrocytes 

(■); Cell-free coelomic fluid tested against rabbit erythrocytes (  ). The asterisks indicate 

the significant differences between control and experimental (**p < .01; ***p < .001), (−) 

raw data, (•) median values and (   ) percentiles values. 
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Evaluation of the gene expression of HSP70 (Fig.19) in A. lixula with primers of P. 

lividus highlighted that the experimental group had significantly higher 

(p=.000037; Z=-4.12) relative quantification (7.18) compared to the control. 

Relative HSP70 expression was calculated by dividing the normalised value of 

HSP70 by the normalised value obtained from the control sample. Densitometric 

analysis showed significant lower (p=.008616; Z=2.62) values of HSP70 in the 

experimental group.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

Fig. 19 Bar-graph (left up) and dot-plot (right up) of I.D.V. of the western blot HSP70 

protein bands (inset). C1, C2, C3 were control samples; E1, E2, E3 were experimental 

samples. Bar-graph (left down) and dot-plot (right down) of real-time PCR analysis of 

HSP70 expression. The statistical differences are indicated with the asterisks (*p<.05, ***p 

< .001), (−) raw data, (•) median values and (   ) percentiles values.  
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3.1.3 Discussion 

In coastal environments, background noise at high frequencies is influenced by 

human-generated noise, such as sonars, CHIRP, multi-beam devices, etc. The use 

of this instrumentation is widespread, mostly in coastal areas and is linked to fishing 

activities, recreational boats and large vessels using sonars for safe navigation in 

shallow waters. Impact, in terms of low and mid-frequency noise, was investigated 

and noise presence could be heard continuously in the area, reaching at least 30% 

of daytime presence (Buscaino et al., 2016; Ceraulo et al., 2018). Source levels of 

sonars can reach high values, even greater than 220 dB (re 1µPa @1m), and acoustic 

stimulus, tested with an SPL of 160 dB re 1µPa, represents a realistic sound that an 

animal attached to the bottom could receive. However, despite the fact that the vast 

majority of animals, including aquatic species, rely on sound (Bregman, 1990) for 

communicative and survival purposes, no studies have reported the impacts of high 

frequency sound and potential effects on benthic species which are unable to move 

rapidly to get away from noise. In this study, the A. lixula sea urchin was used for 

the first time to investigate the impact of high frequency noise at cellular, enzyme, 

cytotoxic and gene/protein expression levels. 

Total protein concentrations in cell-free coelomic fluid samples did not show 

significative differences between control and treated specimens. This result is in 

accord with data reported by Celi et al. (2013, 2016) on haemolymph of 

Procambarus clarkii and on plasma of Sparus aurata exposed to boat noise 

recordings. 

In our study, the reason for this lack of response could be attributed to the acoustic 

frequencies of the stimulus used. It has been demonstrated, in fact, that the 
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modulation of total protein concentration could depend on the type of frequency 

and the duration of acoustic stress (Coeurdacier et al., 2011). Individuals of 

Chromis chromis exposed to acoustic stimuli at 300 Hz showed significantly higher 

plasma total protein levels compared to untreated fish; however, when exposed to 

200 Hz, no significant differences were found (Vazzana et al., 2017). As an immune 

response indicator, a number of scientific studies have considered endogenous and 

antioxidant enzyme activities in haemolymph and in tissues of many bivalve species 

(Beckmann et al., 1992; Hine and Wesney, 1994; Carballal et al., 1997; Toreilles et 

al., 1997; Chen et al., 2007; Parisi et al., 2017). Esterase activity, for example, was 

chosen as a biomarker in mollusca exposed to organophosphorus and carbamate 

pesticides (Galloway et al., 2002; Valbonesi et al., 2003; Bolton-Warberg et al., 

2007; Wheelock et al., 2008; Solé et al., 2010) and recently it has been used also in 

toxicological studies performed on echinoderm embryos and larvae (Torres-Duarte 

et al., 2019). The hydrolase alkaline phosphatase (AKP) was used to evaluate the 

state of health of the sea cucumber (Wang et al., 2008a, b; Mazorra et al., 2002; 

Jing et al., 2006b) and increased AKP activity was reported in sea urchin 

Strongylocentrotus intermedius gametes following exposure to environmental 

pollutants. This suggests a correlation between phosphatase concentration and 

environmental stress (Seitkalieva et al., 2016). In addition to hydrolase activities, 

cells have various mechanisms to reduce and repair damage; antioxidant enzymes 

are an example of this: the first line of defence against free radicals (Chainy et al., 

2016).  

Regarding echinoderms, Rabeh et al. (2019) showed an up-regulation of glutathione 

peroxidase (GPx) in Holothuria forskali intestine treated with mercury, and 
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Telahigue et al. (2019) confirmed this result in the body wall of the same species.  

Our results showed significant increases in esterase, alkaline phosphatase and 

peroxidase activity in cell-free coelomic fluid of treatment animals, confirming that 

even noise modulates enzymes involved in immunity. 

Many marine species exposed to stress conditions or potentially pathogenic 

microorganisms have defence responses based on immunocytes and humoral 

factors contained in coelomic fluid (Coffaro and Hinegardner, 1977; Smith, 1981; 

Chia and Xing, 1996; Smith et al., 1996; Pancer et al., 1999; Gross et al., 2000; 

Pancer, 2000; Kudriavtsev and Polevshchikov, 2004). Focusing on invertebrates, in 

addition to the defense activity performed by enzymes in stress conditions, 

cytotoxic activity acts through the release of lysines in body fluids. In echinoids, in 

particular, it is known that amebocytes and spherulocytes are the main coelomocyte 

populations that perform cytotoxic activity (Bertheussen, 1979; Lin et al., 2001); 

coelomic fluid of Paracentrotus lividus sea urchin contains different types of 

celomocytes (including amebocytes and colourless spherulocytes) involved in 

immune defence. Furthermore, the cytoplasmic granules of this species show a 

calcium-dependent cytolytic activity (Canicattì, 1991; Pagliara and Canicattì, 1993; 

Arizza et al., 2007). 

In our study, significant increases in toxicity levels against rabbit and sheep 

erythrocytes were detected. The significant increase in cytotoxic activity of cell-

free coelomic fluid against mammalian erythrocytes could be due to the release of 

lysins by competent cells circulating in the coelomic fluid as a response to acoustic 

stress. Another good biomarker to study environmental pollution in invertebrates is 

the HSP protein family, given their cytoprotective role (Hamer et al., 2004; Anestis 
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et al., 2007; Vazzana et al., 2016). In particular, the heat shock proteins HSP70 

protect cells from apoptosis by interacting directly with cellular signalling pathways 

and apoptotic factors (Lanneau et al., 2008). Both HSP70 genes and proteins are 

inducible and involved in immune response. Changes in pH, exposure to metals and 

UV-B radiation increase the expression levels of HSP70 in celomocytes of P. 

lividus (Matranga et al., 2000, 2002) and the use of these as a model to test whether 

environmental stress can affect HSP70 expression was evaluated (Matranga et al., 

2000). Individuals exposed at 4 °C showed an HSP70 gene expression five times 

greater than the control group, while at 35 °C, a 2-fold expression was detected. 

The up-regulation of this gene is indicative of a link between expression and stress 

in the body, providing evidence for the use of HSP70 as a molecular marker in the 

study of stress factors in sea urchin. Pinsino et al., (2008) used P. lividus 

coelomocytes to assess environmental stress by evaluating the production of 

HSC70 proteins. Increased production of HSC70 is a defense mechanism of P. 

lividus coelomocytes used to cope with metal pollution. HSC70 is a protein part of 

the multi-gene family used as a molecular marker in long-term stress exposure, 

while HSP70 in short-term stress exposure (Ryan and Hightower, 1996). This 

validates the use of HSP70 in our study as a molecular marker in A. lixula exposed 

to short-term acoustic stimulus. Hamer et al. (2004) showed that the expression of 

HSP70 reached highest levels in the gills of M. galloprovincialis following 

exposure to environmental pollution, while Vazzana et al., (2016) showed how 

acoustic noise up-regulates HSP70 protein expression in the gills and mantle of M. 

galloprovincialis. The results of real-time PCR in this study showed a significant 

increase in HSP70 gene expression in coelomocytes of individuals treated with 
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acoustic emission at 100-200 kHz. At high levels of gene expression, there is a 

decrease in the protein available in circulation in the experimental samples, 

probably due to the use of the protein produced in response to three hours of 

acoustic emission.  

There are still very few studies in literature to describe the effects of noise on 

invertebrates and even fewer concerning echinoderms. In this study, we showed, 

for the first time, that acoustic emission between 100 and 200 kHz, lasting three 

hours, significantly influences some immune responses in A. lixula sea urchin, such 

as enzyme activity of cell-free coelomic fluid and HSP70 gene/protein expression 

levels, demostrating a perturbation of homeostasis. This highlights the fact that sea 

urchin could be an important species to study the effects of noise on marine 

organisms and that cell-free coelomic fluid could be considered a good matrix to 

evaluate animal welfare. This is reinforced by its wide distribution and by its 

unusual anatomical structure (an ovoid calcareous skeleton) which acts as a 

Helmholtz resonator (Radford et al., 2008). In conclusion, this study contributes to 

knowledge on the effects of high frequency noise on marine invertebrates. This is 

of considerable importance since negative impacts on marine animals could have 

considerable consequences, even at population level. 

 

The results of this research were presented at the 79° National Congress Of Italian 

Zoological Union (UZI). Lecce, 25 - 28 September 2018 (see Chapter 7) 
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3.2 Effects of acoustic stimulus on biochemical parameters in digestive gland 

of Mytilus galloprovincialis (Lamark, 1819) 

A number of underwater species rely on sound for key life activities: crustaceans 

use sound during mating (Buscaino et al., 2015), fish orientate themselves by the 

reception of environmental sounds (Simpson, 2005) and also produce sounds during 

mating periods (Casaretto et al., 2014), and dolphins use sound for navigation and 

orientation, for catch, for communication, etc. (Au, 1993; Lammers et al., 2003).  

Low frequency (LF) noise, continuous or impulse, generated by boat and seismic 

surveys has recently been categorized as a threat to marine fauna by the Marine 

Strategy Framework Directive (Directive 2008/56/EC). The ability to propagate 

over long distances makes it harmful to several of marine species. Blood and faecal 

analyses carried out on samples from marine mammals demonstrated that LF noise 

causes an increase in levels of norepinephrine, epinephrine, and dopamine in the 

white whale (Romano et al., 2004) and an increase in glucocorticoids levels in the 

North Atlantic right whale (Rolland et al., 2012). In the Section 1.6.1 it has been 

said that that also for fish species the acoustic stimuli from ships cause significant 

changes in blood parameters and increased cortisol plasmatic concentration 

(Wysocki et al., 2006).  Moreover, also noise propagated from recreational boating 

activities can generate sublethal physiological disturbance in fish species (Graham 

et al., 2008). The persistence over time of this noise condition, characterized by 

amplitude and frequency fluctuations, could compromise the acquisition of food, 

the migration, the reproduction, and the intraspecific communication (Slabbekoorn 

et al., 2010; Stanley et al., 2017; Buscaino et al., 2019).  

Unfortunately, a lot of human activities in the sea are carried out with the 

fundamental support of acoustic instrumentation, producing loud sound at very high 
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frequency (i.e. fishing, military and scientific sonars, acoustic deterrent devices, 

underwater acoustic positioning systems, acoustic modems, etc) even as great as 

200 kHz (Hildebrand 2009; Bonanno et al., 2006; Buscaino et al., 2009). This kind 

of noise consists of extremely loud tones or broadband-frequency modulated 

signals, typically used for navigation, detection, localization, communication, 

mapping and surveillance (Hildebrand, 2009). These sounds are considered 

ubiquitous given their widespread use for marine and civilian purposes.  

The hearing range of marine mammals largely covers those frequencies and effects 

ranging from temporary threshold shift to death have been documented (Wright et 

al., 2007). Beaked whale mass strandings have been associated with the use of mid-

frequency naval sonars (Fernandez et al., 2005). Although exposure to these kinds 

of sonar (2-10 kHz) might not have acute effects on fish tissue (Kane et al., 2010), 

temporary threshold shifts have been detected for catfish (Halvorsen et al., 2012). 

Regarding invertebrates, Celi et al. (2013) observed aggressive behavioural patterns 

and changes in components of the haemato-immunological system in red swamp 

crayfish when exposed to an acoustic stimulus within a frequency band of 0.1–25 

kHz, clearly reflecting a stress condition.  

Roberts et al. (2015) quantified behavioural changes of the bivalve Mytilus edulis 

exposed to substrate-borne vibration of tonal signals at frequencies in the range of 

5 to 410 Hz. Vazzana et al. (2016) recently evaluated physiological sensitivity to 

underwater noise in the Mediterranean mussel, Mytilus galloprovincialis. This 

species has considerable commercial value and is considered a key sentinel 

organism in the biomonitoring of environmental pollution. Results showed 
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significant increases in plasma protein levels and glucose levels in response to 

acoustic stimulus, especially at the frequency band 0.1-5 kHz.  

During the first year of this study a second indoor experiment was carried out at the 

Department of Biological, Chemical and Pharmaceutical Sciences and 

Technologies (STEBICEF) with the collaboration of the CNR bioacoustics group.  

The aim of this experiment was to gain a better understanding of the effects of very 

high-frequency (100-200 kHz) noise pollution on M. galloprovincialis. In order to 

test if acoustic stimulus triggered a stress status in the animals, total haemocyte 

count (THC) was determined in haemolymph (Vazzana et al., 2016). Furthermore, 

due to the role played by the mussel’s digestive gland in intracellular and 

extracellular digestion, storage of nutritive substances (Bayne et al., 1976), and in 

the reproductive activities (Robledo and Cajaraville, 1997), the digestive gland was 

used as a biological matrix for the first time. Glucose levels, cytotoxic activity and 

enzyme activity (alkaline phosphatase, esterase and peroxidase) were evaluated at 

the digestive gland level. 
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 3.2.1 Materials and methods 

 Experimental plan 

For the experiments, adult specimens of Mytilus galloprovincialis were used. A 

total of 36 individuals of mussels were obtained from a local supplier in Palermo.  

The mussels were transferred to a holding tank (1m x 1m, depth: 1m, water height: 

80 cm, volume: 800 L at 13 ± 3 °C) with re-circulated, filtered seawater and a flow-

through of dissolved oxygen at 8 mg l−1. All animals were acclimatized for one 

week, during which time they were feed with commercially available invertebrate 

food (Azoo, Taikong Corp. Taiwan). The mussels had a mean (± standard 

deviation) weight of 18.30 gr ± 1.36 and length of 4.55cm ± 0.21.  After 

acclimation, 12 individuals were divided randomly between two tanks (85 cm x 

43cm, depth: 49 cm, water height: 27 cm, volume: 250 L), one as the control and 

one for the experimental tests (six for each tank and the latter subjected to acoustic 

stimulus). The animals were not fed in the 24 hours before the start of the 

experiment. Near the tanks, a workstation was created for the sound-generator and 

recording systems, a schema of the tanks is represented in Fig. 20. In the 

experimental group, the animals were exposed to an acoustic stimulus; after three 

hours, haemolymph and the digestive gland were extracted from each individual for 

biochemical subsequent assays. The experiments were performed in triplicate using 

18 specimens for the control and 18 for the experiment. The number of the animals 

was chosen according to Vazzana et al., (2016) and to guarantee an equitable 

distance of the individuals from each other, with respect to the walls of the tank and 

with respect to the acoustic emission considering any reflections or refraction of the 

acoustic wave.  All individuals handling the animals and all experiments were 
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approved according to current regulations regarding animal experimentation in 

Italy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20 Schematic view of tank. Six individuals of M. galloprovincialis, a sound projector 

and a hydrophone were positioned in each tank (control and experimental). In the control 

tank, the projector did not emit any acoustic stimulus.  

 

 

 

Acoustic stimulus 

The acoustic stimulus consisted of a linear sweep with lower - upper frequencies of 

100 to 200 kHz and a duration of 1second. We used a projector (built in our 

laboratory) driven by a signal generator (Agilent 33210A, USA) (Fig. 20). The 

animals in the control tank were not subjected to any acoustic stimulus. To avoid 

any differences between the two tanks, an identical silent projector was positioned 

in the control tank. To characterize the background noise in both tanks, and the 

acoustic stimulus in the experimental tank, a hydrophone (ResonTC 4034-3, 

Denmark; receiving sensitivity of -218 dB re 1V/µPa +2dB and -4dB in the range 

1Hz - 250 kHz) was connected to an analogical/digital card (Avisoft USGH416b, 

  

Hydrophone Acoustic projector 

85 cm 

27 cm 
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Germany; sampling frequency 500 kHz). Specific software (Avisoft recorder 

USGH software, Germany) was used to manage the acquisition system. During the 

trials, the acoustic stimulus was monitored for 30 seconds every 30 minutes.  

The power spectral density of the tank background noise and of the recorded 

acoustic stimulus in the test tank is shown in the Fig. 21. The Sound Pressure Level 

in the test tank during acoustic stimulation ranged between 145 and 160 dB (re 

1µParms, time average size 30 ms), by contrast, in the control tank the level was 

140±1 dB (re 1µParms, time average size 30 ms). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21 Upper: Oscillogram of two sweeps. Middle: spectrogram of two sweeps (sampling 

frequency: 500000 sample per second, FFT size 8192 sample, time segments overlap 50%). 

Lower: mean power spectral density (dB re 1 μPa2/Hz) of two sweeps (blue) and the 

background noise (red).  
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Haemolymph collection  

At the end of acoustic emission (three hours), the mussels (control and experiment) 

were removed from the aquaria. Haemolymph (800 μl) was collected from the 

adductor muscle of each mussel using a 1 ml sterile syringe in the presence of 200 

μl of an anticoagulant solution (0.45 M NaCl, 30 mM sodium citrate, 26 mM citric 

acid and 10 mM EDTA). Total number of haemocytes per ml (THC) was 

determined using a Neubauer haemocytometer chamber. 

 

Digestive gland extraction 

The digestive gland was removed from each specimen using a scalpel and stored at 

−80 °C until time of analysis. The glands were homogenized separately in 1 ml of 

PBS solution (NaCl 137 mM, KH2PO4 1.76 mM, Na2HPO4, 8.1 mM, KCl 2.7 mM, 

CaCl2 1.19 mM, and MgCl2 1.05 mM). Tissue homogenate was centrifuged at 

9000g at 4 ºC for 25 minutes and the supernatant used to evaluate protein 

concentration, glucose levels, cytotoxic activity and enzyme activity (alkaline 

phosphatase, esterase, peroxidase).  

 

Glucose evaluation 

Glucose levels in the digestive gland were determined using an Accutrend GCkit 

(Roche) according to the manufacturer's instructions.  
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Cytotoxic assay  

Cytotoxic activity of the mussel plasma (v/v) was evaluated using sheep 

erythrocytes at 1% in TBS Ca2+ as target cells. After incubation at 37 °C for one 

hour, the samples were centrifuged at 400 g and 4 °C for ten minutes. Optical 

density was measured at 540 nm using a microplate reader (GloMax®-

MultiDetection System; Promega Corporation, Madison, Wisconsin, USA). To 

calculate the degree of hemolysis we used the following formula: 

 

Degree of hemolysis = O.D. measured release−O.D.T. spontaneous release 

                                      O.D. complete release−O.D.T. spontaneous release 

 

Where:  

O.D. measured release was the Optical Density value obtained from each sample. 

O.D.T. spontaneous release was the Optical Density value of blood cell control 

obtained incubating erythrocyte only in in ISO–Ca2+ 

O.D. complete release was the Optical Density of total hemolysis obtained 

incubating only the erythrocyte then crushed with distilled water. 

 

Enzyme assay in M. galloprovincialis digestive gland 

After estimate of total proteins in the digestive glande of each sample, according to 

the Bradford method (1976), the enzyme activities (alkaline phosphatase, esterase 

and peroxidase) were evaluated. Alkaline phosphatase, esterase and peroxidase 

activity were performed as in Section 3.1.1 

 

 

X 100 
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Statistical Analysis 

All the data were statistically analysed to assess possible differences between the 

control and experimental groups. The data were analysed using a non-parametric 

test (Mann-Whitney U test) as our data did not fall into a normal distribution 

(verified by a Shapiro-Wilk tests p< .05). Statistical differences between control 

and experiment are shown on the error bars for each graph as ***p<.001, **p<.01, 

*p<.05 

 

3.2.2 Results 

Mussel M. galloprovincialis exposed to three hours of noise at very high frequency 

showed changes in a number of biochemical parameters.  

Total haemocyte count (THC) in haemolymph of M. galloprovincialis (Fig. 22) 

showed higher values in experimental individuals (1*106±1.3*106) than in the 

control (1.4*106±8*105), although differences were not significant (p=.936956; Z= 

-0.07). 

 

 

 

 

 

 

 

 

Fig. 22 Left: Bar graph of THC of of M. galloprovincialis haemolymph, expressed as a 

mean ± SD. Right: dot plot of THC represented like raw data (−), median values (•) and 

percentiles values (    ). 
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Glucose levels in the digestive gland of animals treated with acoustic stimulus for 

three hours were significantly lower (p=.049811; Z=1.96) than that of the control 

groups, as shown in Fig. 23. 

In particular, glucose levels in the control were 367±96.3 mg/dl while in the 

experiment they were 301±69 mg/dl. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23 Left: Bar graph of the glucose levels of mussels exposed to acoustic stimulus for 

three hours, expressed as a mean ± SD. Asterisks represent significant differences (*p < 

.05) calculated using Mann-Whitney U test to compare the means values.  

Right: dot plot of glucose levels represented like raw data (−), median values (•) and 

percentiles values (   ). 
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The mean percentage of cytotoxic activity in the digestive gland of mussels was 

significantly (p=.020049; Z=2.32) lower in mussels subjected to acoustic stress 

(75.01±10.3 %) for three hours compared to controls (85.7±18.8 %), as shown in 

Fig. 24.  

 

 

 

 

 

 

 

 

 

 

Fig. 24 Left: Bar graph cytotoxic activity of M. galloprovincialis digestive gland expressed 

as a mean ± SD. Asterisks represent significant differences (*p < .05) calculated using 

Mann-Whitney U test to compare the means values. Right: dot plot of cytotoxic activity of 

M. galloprovincialis digestive gland represented like raw data (−), median values (•) and 

percentiles values (   ). 
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Enzyme activity of alkaline phosphatase, esterase and peroxidase (Fig. 25) in the 

digestive gland of mussels showed significantly lower values in experimental 

individuals respectively of 68.9 ± 15.44 U/µg  than control with 99.9 ± 61.6 U/µg 

(p=.047996; Z=1.97), of 27.5± 9.61 U/µg than control with 37.2±15.51 U/µg 

(p=.046237;Z=1.99), and 8.9±4.56 U/µg than control with 13.63±5.79 U/µg 

(p=.010869;Z=2.54). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 25 Up: Bar graph Alkaline phosphatase, esterase and peroxidase activity of M. 

galloprovincialis digestive glands expressed in U/ml and presented as a mean ± SD. 

Asterisks represent significant differences (*p < .05) calculated using Mann-Whitney U 

test to compare the means values. Down: dot plot of Alkaline phosphatase, esterase and 

peroxidase activity of M. galloprovincialis digestive glands represented like raw data (−), 

median values (•) and percentiles values (    ). 
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3.2.3. Discussion  

The mussel M. galloprovincialis, exposed for three hours to very high frequency 

noise in the 100-200 kHz band, showed significant biochemical changes in the 

digestive gland. It is known that human activities in the sea and inland waters cause 

the introduction of noise at various frequencies and it has been demonstrated that 

low-frequency noise causes negative reactions in many aquatic and marine 

organisms. To date, this study presents the first results showing that high frequency 

over 200 kHz produces biochemical changes in mussels. 

It's known that noise pollution can influence haematological parameters (Perazzolo 

et al., 2002; Celi et al., 2013) in marine organisms. One of the most useful 

parameters is THC, used to evaluate the health of aquatic organisms and the effects 

of stressful conditions on marine crustacean species (Le Moullac et al., 1998; 

Sánchez et al., 2001; Filiciotto et al., 2014). Vazzana et al. (2016) showed that THC 

values increased significantly in mussels exposed to acoustic treatment. Similarly, 

under acoustic stimuli, the THC of our M. galloprovincialis samples increased 

(although not significantly), and could suggest that exposure to acoustic noise 

increased circulating cells. Other experiments and the use of a greater number of 

individuals would be necessary to verify the result and this increase of cells in the 

hemolymph. These data are also in agreement with Malagoli et al. (2007), who 

showed that the number of circulating immunocytes in M. galloprovincialis 

increases following exposure to air and to mechanical and salinity stress. In bivalve 

molluscs, the digestive gland plays a central role in metabolism (Canesi et al., 

2007). Vazzana et al. (2016) showed that haemolymphatic glucose levels increased 

in M. galloprovincialis after exposure to an acoustic stimulus; this is probably due 

to a decrease in glycogen content in the digestive gland as a result of high-glycolytic 
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activity (Pekkarinen and Suoranta, 1995; Ngo et al., 2011). In fact, Sonawane and 

Sonawane (2018) reported that during acute and chronic stress exposure, there was 

a significant reduction in the glycogen content in the digestive gland, which 

suggests an increase in the glycolytic activity of the gland. In our study, we showed 

that animals treated with acoustic stimulation had high concentrations of glucose in 

the digestive gland ready to be released into the blood circle. This suggests higher 

energy requirements and, therefore, a greater breakdown of glycogen for stressed 

animals. It is known that molluscs, similar to all invertebrates, possess only an 

innate or natural immunity, recognizing and eliminating the non-self through 

cellular and humoral components. The digestive gland plays an important role also 

in innate immunity (Smith, 2001); in fact, it is involved in the clearance of 

pathogens, in the treatment of antigens and in metabolic changes induced by 

infection (Luchtel et al., 1997; Alday-Sanz et al., 2002). Cytotoxicity is one of the 

most important functions in immune activities (Franceschi et al., 1991; it has been 

well preserved throughout evolution and described in both invertebrates and in 

vertebrates (Ratcliffe et al., 1985; Savary and Lotzová, 1986). Wittke and 

Renwrantz (1984) showed that circulating cells (immunocytes) in Mytilus edulis 

are able to produce cytotoxic substances that lyse human erythrocytes. A cytotoxic 

protein complex was also found in M. galloprovincialis hemolymph (Hubert et al., 

1997). Malagoli et al. (2008) showed that a reduction in cytotoxic activity could 

compromise the health of mussels. Our results show that the cytotoxic activity of 

the gland was significantly influenced by acoustic stimulus: a decrease in the 

percentage of cytotoxic activity in subjects exposed to acoustic stress compared to 

controls were observed. Overall, cytotoxicity is a dynamic parameter that can be 
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used as an indicator of immune efficiency and, therefore, of health in mussels. 

Enzymes produced in the digestive gland, in addition to being involved in nutrient 

transport and digestion, modulate the immunological processes of haemocytes, such 

as phagocytosis (Chen et al., 2007). In this study, all enzyme evaluated after the 

stress condition were found to decrease. The digestive gland is the major site of 

xenobiotic uptake and oxyradical-generating biotransformation enzymes 

(Livingstone et al., 1992).  

Santovito et al. (2005) showed that in both the digestive gland and gills of M. 

galloprovincialis (with some tissue-specific differences), antioxidant enzymes, 

such as SOD, GPX and CAT, are expressed. Parisi et al. (2017) showed that in 

mussels exposed to experimental conditions, phosphatase and esterase activity in 

the digestive gland was lower than in the control group. Environmentally stressful 

situations compromise this enzyme activity.  Here, we also evaluated peroxidase 

activity in the digestive gland, highlighting a significant reduction in these enzymes 

in stressed animals.  

It has long been known that humoral and cellular immune-related parameters in 

bivalves are sensitive to stress factors, such as salinity, nutrient availability, water 

temperature, dissolved oxygen, and parasites (Auffret et al., 2004; Giron-Perez, 

2010). In this study, for the first time,  we showed a decrease in various 

immunological and biochemical parameters in animals exposed to very high 

frequency acoustic treatment, highlighting that noise pollution in the marine 

environment emanating from different sound sources at very high frequencies (i.e. 

sonars) can be considered a pollutant capable to compromise the immune system. 

Therefore, this can make the animals more susceptible to disease causing alterations 
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also to the ecosystem level. More attention must therefore be paid to all human 

activity that causes high frequency noise pollution. 

 

3.3 In-situ experiment: the biochemical effects of watergun acoustic emission 

on vertebrates (Chromis chromis) and invertebrates (Holothuria tubulosa and 

Arbacia lixula) 

 

The airgun is a technique that produces sound in order to provide a better 

understanding of the deep structure of the sea floor by constructing images 

(McCauley et al., 2000; Gausland, 2003); however, the frequencies emitted by this 

type of analysis (impulsive noise with low frequencies lower than 1 kHz)  fall within 

the frequency range of sounds detected by many marine species (Popper et al., 

2003b; Popper & Fay, 2011; Ladich & Fay, 2013). Several countries apply a 

principle of precaution in seismic investigations, limiting the length and duration of 

exploration (Lewandowski, 2015). Neverless, to date, the effect of this technique 

on marine life is poorly understood. Greater knowledge of its impact is essential 

given that the airgun and watergun could precede DSM to study the ocean floor. 

Despite the fact that various scientific studies have studied the effects of noise 

pollution on biodiversity, the effects of airgun and watergun acoustic emission on 

sea urchin, sea cucumber and juvenile fish have not been analysed. During 2nd and 

3rd year of study, were performed the CNR research project: IMPLEMENTATION 

OF THE SOS CONVENTION - Offshore Platforms & Impacts between MATTM 

and CNR-DTA, (Capo Granitola, Campobello di Mazara) Work Package E: In-

depth technical and scientific evaluation of the effects on marine ecosystems of 

airgun technologies and the effects of a watergun. The measurement campaign 

involved several research groups (for a total of approximately 15 people including 
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researchers, scholarship holders and technicians) and multiple skills including 

ethology, biochemistry, bioacoustics and marine acoustics.  Therefore, the 

biochemical responses of certain target invertebrate species – the sea cucumber 

(Holothuria tubulosa) and sea urchin (Arbacia lixula) – and juvenile specimens of 

the vertebrate (Chromis chromis) were evaluated in this project. Given the effects 

of the acoustic impact on other invertebrate species (see Section.1.6.1), and given 

the effects observed on echinoderms in Section 3.1, it was hypothesised that 

impulsive emissions with low frequency could have significant biochemical effects 

on echinoderms. Furthermore, given the importance of cortisol to study the stress 

responses it was hypothesised that this parameter could give important information 

in juvenile individuals extracting it from their whole body by modifying the 

experimental protocols of other authors, since blood cannot be taken given the small 

size of individuals. The purpose of this biological section was to analyse acoustic 

impacts on test species, in particular using the coelomic fluid of echinoderms, the 

peristomial membrane of the sea urchin and the total body of juvenile fish.  Results 

led to a greater understanding of the effects of the watergun technique on marine 

ecosystems. 

 

3.3.1 Materials and methods 

Experimental Area. 

The experiment was conducted at Capo Granitola (Campobello di Mazara, Italy), 

at the National Research Council (CNR). In order to obtain realistic results as a 

reference for the impacts of these activities on marine ecosystems, experimental 

tests carried out at sea were chosen.  The main problems encountered with the tank 
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tests were thus eliminated, i.e. the non-reproducibility of real acoustic marine stress 

in the tanks. Furthermore, keeping specimens in the sea during experiments enabled 

stress levels related to captivity and the handling of individuals to be reduced. In 

order to transport samples quickly to the laboratories for biochemical analysis and 

to avoid the noise of a motor boat (which would have caused further acoustic stress) 

the animals were placed near the institute and the port of Capo Granitola, where the 

seabed is sandy with a depth of approximately 8 m (watergun position 37°34.205'N 

- 12°39.337'E; position of the cage with animals 37° 34.225 'N - 12° 39.360' E). 

Fig. 26 shows the experimental area and Fig. 27 show the boat used for the 

experimental plan, the CNR Institute, the site in front of CNR and the laboratory.  

 

 

Fig. 26 Representation of the experimental area showing the site where the cages with the 

animals were placed, the watergun site and CNR, where laboratory activities and samplings 

were carried out. 
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Fig. 27 Top left: the boat used for the experimental plan; Top right: the site in front of the 

CNR Institute; Bottom left: the CNR building; Bottom right: the sampling laboratory. 

 

 

Experimental plan 

The experimental plan involved the use of 20 adult individuals of Holothuria 

tubulosa (weight ranging between 70±7 g and 12±2 cm in length), 20 adults of 

Arbacia lixula (weight ranging between 50 ± 8 g and 9 cm in diameter) and 20 

juveniles of Chromis chromis (0.042±0.018 g and 1,6 ± 0,17 cm in length). All 

specimens were collected in a natural environment and transported directly to the 

test area for the four-day acclimatization period. Individuals of sea urchin and sea 

cucumber were placed in the same cage (1.60m x 80 cm x 80 cm) while juvenile 

individuals of fish in separate smaller cages (Fig. 28).  The animals were stressed 

with watergun acoustic noise and were taken for biological sampling at four 

different experimental times (taking 5 specimens at a time): before beginning 

acoustic stress (group t0), at the end of the acoustic stress (lasted 20 minutes, group 

t1), three hours after the end of acoustic emission (group t2) and 24 hours after the 

end of acoustic emission (group t3).   
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Fig. 28 Cages arranged on the bottom of the sea. On the left, the large cage containing sea 

urchins and sea cucumbers, and the small cages containing juvenile fish individuals. On 

the right, a particular of the small cages. 

 

Acoustic signals 

The acoustic source used for the experimental tests was the S15 watergun (Sodera, 

France), a pneumatic seismic compressed air source. Tab.1 shows the main 

characteristics of the acoustic source used. The watergun has a theoretical signature 

similar to the classic air-gun, but with a higher peak frequency (Fig. 29).  

Tab. 1 Main characteristics of the acoustic source used (S15 watergun)  

 

MATERIAL: Stainless Steel  
LENGTH: 516 mm 

WIDTH: 152 mm 

WEIGHT: 17.3 Kg 

AIR PRESSURE: from 10 bars to 207 

bars 

AIR REQUIREMENT: 0.16 liter per 

shot. 

FIRING CYCLE: 0.25 SEC. 

COMPRESSOR REQUIREMENT: 

 87 Nm3/h 

MINIMUM FIRING DEPTHS: 

• Horizontal: 0.23 m  

• Vertical: 0.30 m 

 MAXIMUM FIRING DEPTH: 550 m 

Front 

Behind 



115 
 

 

Fig. 29 Signature and theoretical spectrum of the Watergun at a pressure of 138 bar (as 

manual instruction). 

 

Characterization of watergun sources at 50 m (far field) - acoustic pressure and 

particle velocity 

 

In order to characterize the acoustic signal produced by the watergun at a 50 m 

distance, the acoustic signal was recorded both using an autonomous pressure 

sensitive recorder (SM2, Wildlife Acoustics, US) and using an autonomous system 

(M20, Geospectrum ltd, Canada) equipped with a sensor for measuring the 

movement of particles in three dimensions and acoustic pressure. The positions of 

the source and the recording points are listed in Tab.2 and represented in Fig.30. 

Tab. 2 Source positions and recording points  

Positions of the emission and registration points at 50 m 

Position name Latitude Longitude 

Watergun 37°34.205’ N 12° 39.337’ E 

SM2  37°34.225’ N 12° 39.360’ E 

M20 37°34.225’ N 12° 39.360’ E 
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Fig. 30 Representation of the emission and recording point at 50 m and under, the two 

recording systems SM2 and M20 in-situ during the measurements.  

 

Far field acoustic pressure 

The CNR bioacusticlab characterized the acoustic signal produced by the watergun 

at a 50 m distance and a depth of six m from the surface. The acoustic signal was 

recorded, at the sampling frequency of 192 kHz, using an autonomous recorder 

(SM2, Wildlife Acoustics, US) with input sensitivity of -170 ± 5 dB re 1 V/µPa in 

the 8 Hz frequency band 150000-Hz, and - 166 ± 1 dB re 1 V/ Pa in the 100–100000 

Hz band. 

The position of the watergun from the hydrophone was kept always the same and 

in front during all the emissions and in total 102 pulses were recorded. For each 

pulse detected, an interval of 100 ms of amplitude was taken into consideration: 20 

ms before the impulse and 80 ms after the impulse. For each pulse, the following 

quantities were estimated: Cumulative Energy (µPa2s), Spectrogram (dB re 

 Particle speed recorder 

(M20-105, 

Geospectrum) 
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1μPa2/Hz), PSD spectral power density (dB re 1μPa2/Hz) and acoustic pressure 

(μPa) (see Fig. 31) 

For the experimental plan, signals were emitted for a total of 20 minutes, with an 

interval of eight seconds between one shot and another. This type of emission 

reflects a normal geophysical investigation campaign. 

The average value and the standard deviation of the estimated quantities of all the 

pulses are summarized in Tab. 3. 

 

Tab. 3 Mean value and the standard deviation of the estimated quantities via SM2 

Impulse (Mean±) 

1) T90% (s) 0.021 ± 0.003 

2) Lpp (dB re 1μPa) 172.0±0.1 

3) SPLrms90% (dB re 1μPa) 162.3±0.6 

4) SEL (dB re 1μPa2S) 145.6±0.3 

5) Fpeak (Hz) 850±77 

6) BW-3dB (Hz) 688±115 
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Fig. 31 Upper figure: Power Spectral Density of pressure (dB re 1µPa2/Hz). Middle figure: 

Power Spectral Density of particle acceleration for horizontal component. Lower figure: 

Power Spectral Density of particle acceleration for vertical component. 
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Biological samples 

At different experimental times (before watergun emission (t0), at the end of 

watergun emission lasted 20 minutes (t1), three hours (t2) and 24 hours (t3) after 

the end of watergun emissions individuals of Holothuria tubulosa, Arbacia lixula 

and Chromis chromis were taken from the cages and transported to the laboratory.  

The sea cucumbers and juveniles fishes were weighed and their length was 

measured with an ichthometer (Fig. 32 and Fig. 33), while the sea urchins were 

weighed and their diameter measured with a calliper (Fig. 34). Coelomic fluid was 

subsequently taken from the sea cucumbers and sea urchins using ISO-EDTA 

anticoagulant (NaCl 0.5M, Tris-HCl 20mM, EDTA 30 mM, pH 7.4) as shown in 

Fig.32D and 34C and the volume was measured. The coelomic fluid of each 

individual was filtered with a fine mesh net and the amount of fluid taken from each 

animal was recorded. A cell count was performed on each sample with a Neubauer 

chamber. The samples were centrifuged for ten minutes at 400g and the cell-free 

coelomic fluid (CfCF) was separated from the cellular pellet. The supernatants were 

stored in eppendorf stock of 100 µl for subsequent biochemical assays. The 

peristomial membrane around Aristotle's lantern (Fig. 34D) was sampled in each 

sea urchin using sterilized scissors and tweezers. All samples were stored at -20 °C 

for subsequent molecular and biochemical assays. Chromis chromis specimens 

were anesthetized with lethal doses of tricaine (0.05% w/v) methanesulfonate-

MS222 (Sigma Aldrich), as shown in Fig. 33A.  Individuals were frozen for 

subsequent extractions (from the whole body) and measurements of cortisol levels. 

Samples were weighed on thawing (before biochemical analysis) following the 

protocol of Barcellos et al., (2007) and Ramsay et al., (2006).  
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Fig. 32 Sampling phases of coelomic fluid from each individual of H. tubulosa. A)  the 

animals were weighed; B) lengths measured; C) thickness measured; D) coelomic fluid 

sampled. 

 

 

 
 

Fig. 33 Representation of sampling phases of Chromis chromis. A) lethal anesthesia of 

animals B) Length measurement of fish using an ichthyometer. 
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Fig. 34 Sampling phases of the coelomic fluid from each individual of A. lixula. A)  the 

animals were weighed; B) diameters measured; C) coelomic fluid sampled; D) peristomial 

membrane sampled. 

 

 

Sea Urchin peristomial membrane exctraction 

The peristomial membrane (PM) were thawed and homogenised using a glass 

piston homogenizer on ice with 400 µl of RIPA buffer 1X pH 7.5, supplemented 

with a cocktail of protease inhibitors (1:200). Subsequently the samples were 

sonicated for one minute and centrifuged at 6800 rpm for 30 minutes at 4 °C. The 

supernatants were collected and stored in different aliquots (100µl) for molecular 

and biochemical analysis. 

 

Protein Concentration  

Protein Concentration (PC) was measured in cell-free celomic fluids of Holothuria 

tubulosa and Arbacia lixula with a Quibit® 2.0 fluorometer (Invitrogen, Life 

Technologies, Inc., Burlington, Ontario, Canada) immediately after sampling in 

three replicas for each sample. The data were quantified with standards. PC was 
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measured using the Bradford method (Bradford, 1976) on extracts of sea urchin 

peristomial membrane in three replicas for each sample. The Bradford method was 

modified and PC was measured in a 96-well plate using 20 µl of sample and 180 µl 

of Bradford solution. Absorbance was read at 595 nm. 

 

Enzyme assays 

The protocols used to analyse esterase, alkaline phosphatase and peroxidase activity 

are already described in Section 3.1.1. These assays were performed on CfCF of H. 

tubulosa and A. lixula (50 µl sample with 50 µl of buffer) and peristomial 

membrane of A. lixula (25 µl sample with 25 µl of marine solution and 50 µl of 

buffer). Enzyme activities were measured in three replicas for each sample. The 

assays were carried out at the Department of Biological, Chemical and 

Pharmaceutical Sciences and Technologies (STEBICEF) using samples previously 

stored in different stock of 100µl to avoid repeated thawing.  

Superoxide dismutase (SOD) activity was determined (in three replicas for each 

samples) only in peristomial membranes of A. lixula using an assay kit for SOD 

determination (Sigma-Aldrich. Product number 19160). In particular, the samples 

were incubated using a 96-well plate following manual instruction. Absorbance was 

measured at 450 nm using a microplate reader (GloMax; Promega Corporation, 

USA). 

The enzyme activity was elaborated using the formula:  

SOD activity (inhibition rate%) = 

{[(Ablank1-Ablank3) -(Asample-Ablank2)]/(Ablank1-Ablank3)} *100 

 

Where: 
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Ablank1, Ablank3 and Ablank2 are the Absorbance value obtained incubating the 

solutions provided in the SOD kit following the manual instruction. 

Asample was the Absorbance value obtained by the sample incubated following 

manual instruction of the SOD kit.  

Using an Inibition curve (prepared by WSZ-1 assay with different incubation time) 

the Concentraion of SOD (U/ml) was obtained.  

 

SDS-PAGE and western blot 

Using western blot analyses (Towbin et al., 1979), HSP70 protein expression was 

performed using the same protocol as in Section 3.1.1. For each sample of A. lixula 

peristomial membrane, 10 μg/ml migrated in 7.5 % SDS-PAGE gels in three 

replicas. Westerblot and densitometric analysis was then carried out. Densitometric 

analysis of the immunoblotted bands was performed using ImageJ software. 

Densitometry data were expressed as the mean values of different experiments and 

reported as a percentage of the integrated density value. The integrated density 

value (IDV) of the relevant bands was normalized to the IDV of the beta-actin bands 

(data not shown). 

 

Cortisol extraction in Chromis chromis juvenile  

Cortisol levels could not be measured using conventional methods applied to 

plasma due to the small size of the Chromis chromis individuals. Methods for the 

extraction of cortisol from the entire body of the individual were developed by 

modifying methods given by Ramsay et al., (2006), Sink et al., (2007), Barcellos et 

al., (2007), Peterson & Booth, (2010), and Guest et al., (2016). The animals were 
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thawed, weighed and cut into small pieces. The minimum weight necessary to 

obtain detectable cortisol levels was between 0.06g and 0.1g. If the fish had less 

weight, they were added together. They were then homogenised with 5 ml of PBS 

(NaCl 137 mM, KH2PO4 2 mM, Na2HPO4 10 mM, KCl 2.7 mM) and sonicated for 

two minutes. Then, the samples were transferred in a 15 ml tube (since the diethyl 

ether ruins the plastic or polycarbonate tubes) and the previous one was cleaned 

with 1 ml of PBS. Subsequently, 5 ml of diethyl ether were added and vortexed for 

one minute. The sample was centrifuged for 10 min at 3000 rpm and frozen at -20 

°C for two hours. After the two hours, the diethyl alcohol was recovered, transferred 

to a new 15 ml tube and left to evaporate overnight under a hood. The contents were 

resolubilized with 1 ml of PBS. Cortisol was measured using the ELISA kit 

(Cusabio Biotech Co., Ltd.). 

 

Statistical analysis 

A non-parametric Kruskal-Wallis test was used on the biochemical parameters 

(protein concentration, peroxidase activity, superoxide dismutase activity, esterase 

activity, alkaline phosphatase activity and HSP70 expression protein). For each 

biochemical parameter analysed, a statistical test was performed between the 

control samples and the various experimental times. The purpose of this was to test 

the differences in the medians of the analysed groups because the variables did not 

meet the conditions of normality (Shapiro-Wilk's test). All the statistical analyses 

were carried out using the statistical software R (R3.2.2.). 
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3.3.2 Results 

Fig.35 shows the results for total coelomic fluid volume sampled from the animals. 

In Holothuria tubulosa, total coelomic fluid volume decreased three hours after the 

end of acoustic emission (t2; 15.2±4.73 ml) compared to the control group (t0; 

27.25±15.62 ml). In Arbacia lixula total volume did not change during the 

experimental time compared to group t0. However, the differences in the results 

were not significant for either species. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 35 Total volume of coelomic fluid sampled from H. tubulosa (up) and A. lixula (down) 

at different experimental times: before acoustic emission(t0), at the end of emission lasted 

20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values 
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are expressed in millilitres (ml) as mean ± SD. Significant differences were calculated using 

Kruskal Wallis multiple comparison test. 

Fig. 36 shows the results for Total Haemocyte Count (THC). Changes in THC in 

both species were not significant at the different experimental times compared to 

control (t0), although an increase in cell number was found in both species at the 

end of watergun emission lasted 20 minutes (t1). 

 

 

 

 

 

 

Fig. 36 Total Haemocyte Count (THC) of H. tubulosa (up) and A. lixula (down) at different 

experimental times: before acoustic emission (t0), at the end of emission lasted 20 minutes 

(t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values are expressed 

as mean ± SD. Significant differences were calculated using Kruskal Wallis multiple 

comparison test. 
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A decrease in Protein Concentration (PC) (Fig. 37) three hours after the end of 

watergun emission (t2, 279±30.40 µg/ml in H. tubulosa and 301±18.99 µg/ml in A. 

lixula) was recorded in both species compared to control (t0, 360±8.14 µg/ml in H. 

tubulosa and 328±21.77 µg/ml in A. lixula), however, the decrement was not 

significant. 

 

  

 

 

 

 

 

 

 

  

 

 

Fig. 37 Protein Concentration in H. tubulosa (up) and A. lixula (down) at different 

experimental times: before acoustic emission (t0), at the end of emission lasted 20 minutes 

(t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values are expressed 

in µg/ml, as mean ± SD.  Significant differences were calculated using Kruskal Wallis 

multiple comparison test. 
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Regarding the alkaline phosphatase activity analysed in the CfCF of both species 

also in this case the data showed the same trend with a first decreament at t1 

(2.04±1.22 U.L/µg in H. tubulosa and 2.85±2.40 U.L/µg in A. lixula) and a 

subsequent increment at t2 experimental times (5.17±2.88 U.L/µg in H. tubulosa 

and 6.22±2.72 U.L/µg in A. lixula) compared to control group t0 (2.57±1.40 U.L/µg 

in H. tubulosa and 4.27±1.20 U.L/µg in A. lixula) as showed in Fig. 38. However, 

the differences were not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 38 Alkaline Phosphatase activity of cell-free coelomic fluid of H. tubulosa (up) and A. 

lixula (down) at different experimental times: before acoustic emission (t0), at the end of 

emission lasted 20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun 

emission. Values are expressed in U.L/µg, as mean ± SD. Significant differences were 

calculated using Kruskal Wallis multiple comparison test. 
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At the end of emission that lasted 20 minutes (t1) the esterase activity in CfCF of 

both invertebrate species treated with watergun acoustic emission increases 

compared to the control specimens (t0) respectively 3.40 ±2.01 U.L/µg in H. 

tubulosa and 5.23±1.46 U.L/µg in A. lixula (Fig. 39).  Three hours after the end of 

emission (t2) in H. tubulosa the esterase activity decreases to return at values similar 

to the control 24 hours after the end of acoustic emission (t3, 1.89 ±1.46 U.L/µg). 

In A. lixula the esterase activity remains higher until 24 hours after the end of 

acoustic emission (t3, 9.17±4.3 U.L/µg) compared to the control (t0). However, the 

results were not significant.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 39 Esterase activity of cell-free coelomic fluid of H. tubulosa (up) and A. lixula (down) 

at different experimental times: before acoustic emission (t0), at the end of emission lasted 

20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values 

are expressed in U.L/µg, as mean ± SD. Significant differences were calculated using 

Kruskal Wallis multiple comparison test. 
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Although higher in the H. tubulosa control group compared to the A. lixula control 

group, peroxidase activity (Fig. 40) increased at t1 in both species with maximum 

levels at t2. CfCF peroxidase activity, in H. tubulosa (t2) was 0.01± 0.002U.L/mg, 

compared to t0 group at 0.0074±0.0014 U.L/mg. Peroxidase acitivity in A. lixula t2 

group increased significantly (p=.0045) at 0.0072±0.0018 U.L/mg compared to t0 

group at 0.002±0.0024 U.L/mg. Values remained significantly high (p=.0045) in t3 

group at 0.0069 ±0.001 U.L/mg compared to t0 group. These increments were 

significant only in sea urchins. 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 40 Peroxidase activity of cell-free coelomic fluid of H. tubulosa (up) and A. lixula 

(down) at different experimental times: before acoustic emission (t0), at the end of emission 

lasted 20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. 

Values are expressed in U.L/mg, as mean ± SD. Significant differences were calculated 

using Kruskal Wallis multiple comparison test. 
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Arbacia lixula peristomial membrane results 

Regarding peristomial membrane protein concentration (PC), a decrease was seen 

in results at the end of acoustic emission lasted 20 minutes (t1, 0.61±0.34 mg/ml) 

compared to the control group (t0, 0.99 ±0.22 mg/ml). An increase in protein 

concentration was seen three hours (t2, 1.08 ±0.17 mg/ml) and 24 hours after the 

end of watergun acoustic emission (t3, 1.42 ±0.29 mg/ml). However, these results 

were not significant (Fig. 41). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 41 Protein Concentration of peristomial membrane of A. lixula at different 

experimental times: before acoustic emission (t0), at the end of emission lasted 20 minutes 

(t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values were 

expressed in mg/ml as a means ±SD. Significant differences were calculated using Kruskal 

Wallis multiple comparison test. 
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Significant increases in peroxidase activity (p=.0234) were found in group t1 (9.85 

±2.42 U/µg) compared to group t0 (4.62±3.06 U/µg). Enzyme activity in groups t2 

and t3 were similar to group t0, at 5.37±1.94 U/µg and 4.95±0.73 U/µg, respectively 

(Fig. 42) 

 

 

 

Fig. 42 Peroxidase activity evaluated in peristomial membrane of A. lixula at different 

experimental times: before acoustic emission (t0), at the end of emission lasted 20 minutes 

(t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values were 

expressed in U/µg as a means ±SD. Significant differences were calculated using Kruskal 

Wallis multiple comparison test. 
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Superoxide dismutase (SOD) activity (Fig. 43) significant increased (p=.0113) at 

the end of acoustic emission lasted 20 minutes (t1): enzyme activity in t0 group was 

1±0.03 U/ml whilst it was found to be 5±0.06 U/ml in t1 group (Fig.43). Enzyme 

activity reached control values (t0) both in group t2 (1.3±0.05U/ml) and in group 

t3 (1.5±0.02 U/ml) following this increase. 

 

Fig. 43 Superoxide dismutase activity evaluated in peristomial membrane of A. lixula at 

different experimental times: before acoustic emission (t0), at the end of emission lasted 

20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values 

were expressed in U/ml as a means ±SD. Significant differences were calculated using 

Kruskal Wallis multiple comparison test. 
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Esterase activity rose significantly (p=.0008) in group t1 (29.14±6.80 U/µg) 

compared to group t0 (11.41±5.9U/µg) and remained significantly higher in group 

t2 (19.68±0.61 U/µg) compared to control. 24 hours after the end of watergun 

acoustic emission (t3), esterase activity (13.82±2.10 U/µg) was similar to control 

(t0) (Fig. 44).   

 

Fig. 44 Esterase activity in peristomial membrane of A. lixula at different experimental 

times: before acoustic emission (t0), at the end of emission lasted 20 minutes (t1), 3 hours 

(t2) and 24 hours (t3) after the end of watergun emission. Values were expressed in U/µg 

as a means ±SD. Significant differences were calculated using Kruskal Wallis multiple 

comparison test. 
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Similary, alkaline phosphatase activity in peristomial membrane of A. lixula, 

showed a significant increase (p=.0581) at the end of watergun acoustic emission 

lasted 20 minutes (t1) compared to group t0 without acoustic emission (Fig. 45). In 

fact, alkaline phosphatase activity in group t1 was 18.43±6.99 U/µg whilst in group 

t0 was 8.46 ±6.29 U/µg. Enzyme activity reached control values three hours (t2, 

11.31±1.29 U/µg) after the end of acoustic emission and remained similar until 

24hours (t3, 8.90 ±1.68 U/µg) after the end acoustic emission.   

 

Fig. 45 Alkaline phosphatase activity evaluated in peristomial membrane of A. lixula at 

different experimental times: before acoustic emission (t0), at the end of emission lasted 

20 minutes (t1), 3 hours (t2) and 24 hours (t3) after the end of watergun emission. Values 

were expressed in U/µg as a means ±SD.  Significant differences were calculated using 

Kruskal Wallis multiple comparison test. 
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Densitometric analysis of HSP70 immunoblotting (Fig. 46) showed an increased 

value of HSP70 in the experimental group at the end of acoustic emission lasted 20 

minutes (t1) compared to the control group (t0). Three hours (t2) and 24h (t3) after 

the end of acoustic emission the value of HSP70 expression reached control values 

(t0). However, the results were not significant. 

 

Fig. 46 A) A representative western blot of HSP70 (t0, t1, t2, t3) of peristomial membrane 

of A. lixula. B) Integrated optical density histogram (IDV) of the HSP70 protein bands. 
Significant differences were calculated using Kruskal Wallis multiple comparison test. 
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Results of cortisol levels in C. chromis juveniles. 

Significant differences in cortisol levels measured on the whole body of C. chromis 

were found compared group t0, as shown in Fig. 47.  Cortisol levels increased at 

the end of watergun emission (t1, 93.3±16.68 ng/ml) and three hours after the end 

of watergun emission (t2, 112.7±12.29 ng/ml) compared to control group (t0, 

55.8±11.33 ng/ml). However, the results were significant only in t2 group 

(p=.0119).   

 

 

Fig. 47 Cortisol levels of C. chromis at different experimental times: before acoustic 

emission (t0), at the end of emission lasted 20 minutes (t1), 3 hours (t2) and 24 hours (t3) 

after the end of watergun emission. Values are expressed in ng/ml, as means ± SD. 

Significant differences were calculated using Kruskal Wallis multiple comparison test. 
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3.3.3 Discussion 

H. tubulosa and A. lixula cell-free coelomic fluid 

A number of studies have demonstrated the effects of airguns on fish (Santulli et 

al., 1999; Buscaino et al., 2010) and invertebrates (Celi et al., 2013; Vazzana et al., 

2016; Filiciotto et al., 2014; 2016; 2018). However, to date, no data have been 

reported on the effects of watergun noise pollution on echinoderms. 

Our study analysed the effects of this noise on two species of echinoderms, H. 

tubulosa and A. lixula for the first time, and coelomic fluid extracted from these 

invertebrates was measured as a possible useful biomarker. Some previous studies 

showed changes in coelomic fluid volume in echinoderms under stress conditions 

(Virkar, 1966; Buchanan, 1969; Pierce, 1971; Binyon, 1972; Ellington et al., 1974), 

by observing, for example, variations in dependence of intracellular isosmotic 

regulation (Ellington et al., 1974). Binyon, (1972) also showed that there may be 

an optimal ratio between coelomic and body volume which the animal tends to 

maintain. In our study, a decrease in coelomic fluid extracted from H. tubulosa was 

found, compared to unexposed individuals, particularly three hours after the end of 

watergun emission. However, no significant differences were observed.  

In A. lixula, coelomic fluid volume remained constant throughout the different 

experimental times and, also in this case, no significant differences were apparent.  

Based on this experimental model, watergun emissions did not cause changes in 

coelomic fluid volume in either echinoderm species.   

Other parameters relate to immune responses. Innate immunity in echinoderms is 

divided into cellular and humoral immunity. Celomocytes mediate cellular 

responses through cytotoxicity (Arizza et al., 2007), the production of antimicrobial 
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agents (Schillaci et al., 2010), phagocytosis and encapsulation (Chia & Xing, 1996) 

while different humoral factors of the coelomatic fluid (Canicatti, 1991) play an 

important role in the defense against pathogens and other foreign substances 

(Coffaro & Hinegardner, 1977; Smith et al., 1996; Gross et al., 1999; Pancer et al., 

1999; Gross et al., 2000; Pancer, 2000; Kudriavtsev & Polevshchikov, 2004). In our 

study, changes in THC, PC and enzyme activity in cell-free coelomic fluid of A. 

lixula and H. tubulosa were determined for the first time. THC is an important 

parameter in the study of immune responses in marine organisms. It is useful in the 

evaluation of crustacean health, the effects of stress conditions (Smith et al., 1995; 

Jussila et al., 1997; Hennig et al., 1998; Le Moullac et al., 1998; Sánchez et al., 

2001; Celi et al., 2013; Filiciotto et al., 2014) and it is affected in invertebrates by 

different types of stress (Lorenzon et al., 1999; Malagoli et al., 2007; Yao & 

Somero, 2013). Recent studies report the effects of acoustic stress on crustaceans 

and bivalve molluscs; in both cases effects have been demonstrated on total 

circulating hemocyte count (THC) and on total proteins (Celi et al., 2013; Vazzana 

et al., 2016; Filiciotto 2014; 2016; 2018). In the case of sea cucumber, scientific 

literature shows that THC can be modulated by several factors. However, most 

research analysed variations in THC in sea cucumber species based on different 

types of feeding (Zhang et al., 2010; Zhao et al., 2011; Chi et al., 2014; Wei et al., 

2015) and not due to acoustic impact. In our study, THC levels increased in both 

species of echinoderm at the end of watergun emission lasted 20 minutes. However, 

these increments were not significant.  Despite acoustic stimuli can modulate the 

THC in invertebrates (Celi et al., 2013, 2015; Filiciotto et al., 2014; Vazzana et al., 

2016; Day et al., 2016b), this does not seem to be the case for echinoderms. Given 
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the variability found in results in literature and the difference compared to our 

research, the results obtained confirmed that responses to stress, in our case, 

acoustic, change in a species-specific way. The acoustic stimulus of this 

experimental plan does not seem to significantly affect the total number of 

circulating haemocytes in echinoderms. The immune system of many invertebrates 

is based also on proteins, involved in the recognition of foreign particles (Vargas-

Albores & Yepiz-Plascencia, 2000), in the entrapment of invading organisms and 

in the reduction of blood loss following wounds (Hall et al., 1999; Montaño-Pèrez 

et al., 1999). Total protein concentration is an important parameter to describe the 

stress response in marine organisms and its variation is a typical response of 

invertebrates in the presence of different types of stress (Le Moullac et al., 1998; 

Durand et al. 2000; Speed et al., 2001; Auffret et al., 2006). Blood protein levels 

change with changes in environmental and physiological conditions and play key 

roles in invertebrate physiology (Chang, 2005; Lorenzon et al., 2011), providing 

valuable information which allow us to define their condition (Ozbay & Riley, 

2002; Chen and Cheng, 1993) and, acting as a stress indicator, to monitor their 

health status (Lorenzon et al., 2011). In several invertebrate species, acoustic stress 

influences and modulates total protein levels (Filiciotto et al., 2016; 2018) but 

nothing is known about the acoustic impact on total proteins in echinoderms. Our 

results showed the same effects on the two species of echinoderms without 

significant differences. In both species, total protein levels decreased three hours 

after the end of the acoustic emission, returning to values similar to organisms not 

exposed to acoustic stress 24 hours after the end of emission. The return of protein 

levels to values similar to controls indicates a possible recovery of the animals, 
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since total protein levels can be expression of adaptive characteristics or 

acclimatization strategies (Da Silva-Castiglioni et al., 2007). In literature, results 

concerning total protein levels of organisms exposed to acoustic stress are 

contrasting. In fact, in the presence of acoustic stress, total protein levels increase 

in mussels (Vazzana et al., 2016) and in crustaceans (Filiciotto et al., 2016) or 

remained unchanged in other invertebrate species (Christian et al., 2003; 

Andriguetto-Filho et al., 2005; Celi et al., 2013) and fish species (Celi et al., 2016). 

Our results confirm that total protein levels depend on the species (Shafir et al., 

1992; Palacios et al., 2000; Da Silva-Castiglioni et al., 2007; Buckup et al., 2008), 

the type of stress, the fact that acoustic stimuli are perceived differently in different 

environmental conditions and acoustic properties (e.g. source level, frequency, 

duration). The biochemical analysis of the cell-free coelomic fluid also included 

activity of immunity-related enzymes, such as alkaline phosphatase and esterase. 

Alkaline phosphatase and esterases play an important role in the immunity of 

marine organisms. They are present, for example, in fish mucus and their activity 

can be modified by the presence of bacteria and parasitic infections (Ross et al., 

2000). Alkaline phosphatase activity can be used to assess immune status in 

invertebrates (Mou et al., 1999; Liu et al., 2000; Sarlin & Philip, 2011) and, in 

literature, it has been shown that circulating coelomocytes of Holothuria polii 

contain this enzyme (Canicattí, 1990). Alkaline phosphatase is commonly used as 

an indicator to assess immunity and health status in sea cucumber (Liu et al., 2008; 

Wang et al., 2008a) and studies show that activity of this enzyme is improved in 

coelomocytes and coelomic fluid by diet (Sarlin & Philip, 2011; Liu et al., 2012; 

Ma et al., 2013; Wang et al., 2015; Yang et al., 2015; Wen et al., 2016; Li et al., 
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2018; Dang et al., 2019).  In sea urchin, on the other hand, alkaline phosphatase 

activity has been studied with more detail in larvae and eggs (eg Stumpp et al., 

2013) but not in coelomic fluid. However, no studies have been reported in 

literature that analyse enzyme activity in echinoderms exposed to noise pollution. 

In our study, no significant changes were found in alkaline phosphatase activity in 

both echinoderms exposed to noise pollution, and, more specifically, no significant 

increase was found three hours after the end of acustic stimulus. Results in literature 

are different; some authors report an increase in enzyme activity in stressed animals 

(Seitkalieva et al., 2016) and others a decrease (Mazorra et al., 2002; Jing et al., 

2006 a,b). Suresh et al. (1993), for example, studied alkaline and acid phosphatase 

levels in hemolymph of a number of molluscs when exposed to different 

concentrations of copper. They showed that, depending on the species, metal 

concentrations and length of exposure, hypersynthesis of acid and alkaline 

phosphatases can occur. In addition, Chandy & Patel, (1985) found that no 

significant changes were observed in enzyme activity at certain concentrations of 

metal ions. In our study, decreases in enzyme activity at the end of acoustic 

emission lasted 20 minutes are in agreement with results obtained for other 

invertebrates under different stress conditions (Mazorra et al., 2002; Jing et al., 

2006a, b; Chandurvelan et al., 2013; Parisi et al., 2017).  These changes in 

enzymatic activities could be caused by changes in hormone levels that have a 

knock-on effect on lymphatic cells and alkaline phosphatase activity, as observed 

in Apostichopus japonicus (Zhao et al., 2010). In fact, improvements in alkaline 

phosphatase activity may indicate an improvement in the immune function of 

echinoderms (Zhao et al., 2012). Moreover, enzyme activity of alkaline 
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phosphatase also seems to be influenced by gender, in particular in males than 

females. It has been shown that these enzymes are more abundant in cell lysates 

than in cell-free coelomic fluids and, therefore, analysis of enzyme activity in 

coelomocytes is suggested in order to further evaluate their impact (Jiang et al., 

2017).  

Furthermore, in first experimental plan (see Section 3.1), in cell free coelomic fluid 

of sea urchin (stressed with acoustic frequency ranging between 100-200 kHz) 

significant increases in alkaline phosphatase activity were found, highlighting the 

fact that acoustic emissions of different intensity and duration increase this enzyme 

activity. 

As regards the esterases, they are one of the most common biomarkers of 

environmental stress used in aquatic organisms (Forget et al., 2003). In literature, 

changes in esterase activity are correlated with the performance and survival of 

some invertebrates (Galloway et al., 2002; Rickwood & Galloway, 2004; Barata et 

al., 2004; Hannam et al., 2008; Ren et al., 2015), and esterase inhibition has been 

proposed as a biomarker capable of predicting the ecological effects of pollutants 

(Douhri & Sayah, 2009). Various studies have examined this activity in 

invertebrates stressed with different types of stress, both in hemolymph and in 

tissues (Hyne et al., 2003; Sun et al., 2006; Parisi et al., 2017). Other studies have 

characterized esterases in sea cucumbers (Wu et al., 2013) and AChE activity has 

been determined in Holothuria leucospilota and Holothuria atra (Kolasinski et al., 

2010). To date, no scientific research has studied this enzyme activity under 

acoustic stress conditions in echinoderms, and, more specifically, in cell-free 

celomic fluid. The results of our study show that for both species, esterase levels 
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increase at the end of watergun acoustic emission lasted 20 minutes. However, in 

both cases no significant changes were found. However, in A. lixula the levels of 

enzyme activity are higher than in H. tubulosa and remain high until 24hours after 

the end of watergun emission compared to control. Although our results are not 

significant, the trends of esterase activity observed in the sea urchin are in 

agreement with the results of the experimental plan in Section 3.1, in which 

individuals of A. lixula were exposed to acoustic frequencies of 100-200 kHz and 

demonstrated significant increases in this enzyme activity in cell-free celomic fluid. 

This data is in agreement with data reported by Xue & Renault, (2000), who 

observed an increase in enzyme activity in cell-free coelomic fluid of oysters 

infected with Bonamia compared to control individuals. 

In contrast, Wang et al. (2012) showed a reduction in esterase activity in Perna 

viridis haemocytes exposed to different types of environmental stress, such as pH, 

dissolved oxygen quantity and salinity. The results in literature are conflicting and 

may depend on the matrix, the species and the type of stress analysed (Jing et al., 

2006a, b).  

Many environmental pollutants or different types of stress can also induce oxidative 

stress in marine organisms.  Organisms adapt to increased ROS production by 

regulating the activity of antioxidant enzymes (Livingstone, 2003). ROS are formed 

by the univalent reduction of molecular O2 that produces superoxide radicals (O2−) 

and by a reduction of superoxide hydrogen peroxide (H2O2) and hydroxyl radicals 

(HO·) through the iron-catalyzed Haber-Weiss reaction (Fridovich, 1986). These 

reactions occur in many metabolic processes in chloroplasts, cytosol and 

mitochondria (Asada & Takahashi, 1987; Halliwell & Gutteridge, 1999) and 
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concentrations of these radicals increase under stress (Fridovich, 1986; Asada & 

Takahashi, 1987). The organisms defend themselves against ROS with antioxidants 

and non-enzymatic deoxidizers (i.e. ascorbate, tocopherols, carotenoids) or through 

the production of enzymes, such as superoxide dismutase which removes O2 and 

produces H2O2, catalase which removes H2O2, and glutathione peroxidase which 

removes H2O2 and other peroxides (Asada & Takahashi, 1987; Halliwell & 

Gutteridge, 1999). These enzymatic radical scavengers play a compensatory role in 

maintaining radical detoxification (Choi et al., 1999) and are considered important 

biomarkers of stress, especially in aquatic organisms (Winston et al., 1991). The 

inability to detoxify excess ROS production can cause significant oxidative damage 

including lipid peroxidation (Halliwell & Gutteridge, 1999), which leads to altered 

cellular functions and changes in the physicochemical properties of cell membranes 

(Rikans & Hornbrook, 1997).  Peroxidase is one of the antioxidant enzymes 

involved in the elimination of reactive oxygen species (Beyer et al., 1991; Ahmad, 

1995); it acts as an important microbicide agent which forms a highly toxic complex 

and was evaluated for the first time by Guardiola et al. (2014).  As regards acoustic 

impact on peroxidase activity in echinoderms, information is not found. However, 

the presence of antioxidant activity in coelomic fluid of different species of sea 

cucumbers was demonstrated by Hawa et al. (1999). In our study, this enzymatic 

activity was analysed in cell-free coelomic fluid of H. tubulosa and A. lixula and 

showed the same increasing trend in both species up to three hours after the end of 

watergun emission. Enzyme activity levels subsequently decreased, only in sea 

cucumber, returning to levels similar to those of untreated organisms.  However, 

results were not significant in H. tubulosa and are in agreement with Fangyu et al. 
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(2011). The authors evaluated the effect of antioxidant defense in celomic fluid of 

Apostichopus japonicus in the aestivation phase and, although variations were 

found to depend on environmental conditions in individual months, significant 

differences were not observed. Regarding A. lixula, we showed significant 

differencences in peroxidase activity. Our results are in agreement with results for 

peroxidase activity in cell-free celomic fluid in Section 3.1, in which A. lixula 

individuals were subjected to high-frequency acoustic stress and in which this 

enzymatic activity increased significantly. Moreover, these results are in 

accordance with increases in enzymatic activity found in juvenile shellfish 

individuals exposed to endosulfan (Halliwell & Gutteridge, 1999) or other 

pollutants (Doyotte et al., 1997; Brouwner & Brouwner, 1998; Geracitano et al., 

2002; Geret et al., 2002; Barata et al., 2005). Moreover, this increase in peroxidase 

activity (also accompanied by increases in esterase activity) seems to be in 

agreement with results reported by Franco et al. (2016), which showed a significant 

correlation between esterase activity and antioxidant activity in mussels. This 

suggests that esterase activity increases in response to oxidants as a compensatory 

mechanism. It is possible that the increasing trend up 24 hours after the end of 

acoustic emission observed in our data is related to continuous peroxidase enzyme 

production and release in cell-free coelomic fluid in response to oxidative stress, as 

demonstrated in other cases (Monari et al., 2007). Without doubt, the activation of 

antioxidant defenses in coelomic fluid in some species of echinoderms is a 

defensive mechanism against ROS invasion (Fangyu et al., 2011); however, even 

in this case, our results show that all biochemical responses depend on the type of 

stress and the species analysed.  
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In summary, the watergun impulsive acoustic emissions caused significant effects 

only in A. lixula coelomic fluid and in particular only in peroxidase activity. Despite 

this, through this study it was possible to understand the enzymatic responses over 

time in two echinoderms species. This was a preliminary study and further 

experiments were done for which the samples will be analysed later and analyzing 

a greater quantity of individuals. Moreover, probably at coelomic fluid level this 

type of stress influences only the antioxidant enzymes. To understand this, since 

the coelomic fluid did not give significant differences, and since significant 

differences were observed only in A. lixula it was decided to analyse the peristomial 

membrane which is subject to vibrations when struck by an acoustic wave. Further 

studies are needed to understand if these results depend on the matrix analysed or 

on the species studied. 

The results of this research were presented at the 2019 Effects Of Noise On Aquatic 

Life conference which took place in Den Haag (The Netherlands) July 7-12 (see 

Chapter 7). 

 

Arbacia lixula peristomial membrane  

The body structure of sea urchin is characterized by a rigid case inside which all the 

organs are contained. The only soft part, and undoubtedly subject to vibrations, is 

the peristomial membrane located around Aristotle’s lantern. The endoskeletal shell 

of the sea urchin may have a "soundbox" effect when struck by an acoustic wave, 

causing a subsequent vibration of the peristomial membrane. It is precisely for this 

reason that the peristomal membrane was chosen to be analysed; PC and various 

enzyme activities (esterase, alkaline phosphatase, peroxidase and superoxide 

dismutase) were evaluated in this specific A. lixula tissue for the first time. 
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PC decreased at the end of watergun acoustic emission lasted 20 minutes, whilst at 

three hours and 24 hours after the end of emission, PC returned to values similar to 

those of unexposed individuals, suggesting that the animals implement an adaptive 

or acclimatization strategy (Da Silva-Castiglioni et al., 2007). PC does not undergo 

significant changes, according to Celi et al. (2016); however, it is clear from 

literature that this is a highly variable parameter in invertebrates, that depend on the 

type and duration of stress, on the type of species and genus, environmental 

conditions and the age of individuals (Romeo & McEwen, 2006; McLaughlin et al., 

2009; Coeurdacier et al., 2011; Weinstock, 2011; Adamec et al., 2012; McEwen, 

2012; Miller et al., 2012; Celi et al., 2015; Filiciotto et al., 2016; Vazzana et al., 

2017).  

Furthermore, it has been demonstrated in rats that decreases in PC levels can be 

caused by increases in ROS activity following exposure to noise (Manikandan et 

al., 2005). This then causes harmful effects on proteins, nucleic acids and lipid 

membranes, thus interrupting cellular functions and damaging their integrity (Endo 

et al., 2005; Manikandan et al., 2005). In this study, in accordance with Manikandan 

et al. (2005), decreases in PC observed at the end of watergun emission lasted 20 

minutes could be due to increases in ROS reactivity levels. 

ROS production following stress conditions has been demonstrated in echinoderm 

immunocytes (Coteur et al., 2001;2002) and peroxidase activity biochemically 

measured in cellular lysates (Canicattì, 1990). Superoxide dismutase, catalase and 

glutathione peroxidase activities have been demonstrated in several phyla 

invertebrates (Livingstone, 1991). For example, peroxidase has been used to study 

immune levels in sea urchins Lytechinus variegatus, Strongylocentrotus 
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franciscanus and Strongylocentrotus purpuratus (Du et al., 2013), and increases in 

levels of this enzyme have been found in gametes and embryos exposed to 

pollutants (Lister et al., 2012; 2016). This type of enzymatic activity has never been 

studied in the peristomial membrane of sea urchins. In our research, significant 

increases in peroxidase activity were shown at the end of watergun acoustic 

emission lasted 20 minutes, returning to control values three hours and 24hours 

after the end of noise emission. These results are in agreement with a number of 

scientific studies showing that peroxidase activity increases in tissues of different 

invertebrate species exposed to stress conditions (Lima et al., 2007; Pan et al., 2009; 

Parrilla-Taylor et al., 2011; Vidal-Liñán et al., 2014, 2016; Haque et al., 2019; Cao 

et al., 2019). Since reactive oxygen species are sub-products of aerobic respiration 

and substrate oxidation (Dalton et al., 1998), and because they play a crucial role in 

the regulation of various physiological activities, such as cellular apoptosis and 

tissue dysfunction (Dalton et al., 1999; Bogdan et al., 2000), it is reasonable to 

suppose that increases in enzymatic activity observed in our study are an attempt 

by the sea urchin’s immune system to compensate for oxidative stress caused by an 

increase in ROS production in peristomal membrane cells (Aruoma, 1998; 

Gutteridge et al., 2000). In addition to peroxidase, the antioxidant enzyme 

superoxide dismutase was also analysed in the peristomal membrane of the sea 

urchin. Significant increases in superoxide dismutase were also observed at the end 

of watergun acoustic emission lasted 20 minutes with a subsequent recovery three 

hours and 24 hours after the end of noise emission. Cellular oxidative damage, 

antioxidant capacity and enzymatic activities were measured in the tissues of three 

species of sea urchins (Du et al., 2013) and these studies showed that antioxidant 
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capacity and enzymatic activities can be important mechanisms to mitigate tissue 

damage. This has also been demonstrated in gametes and embryos of Sterechinus 

neumayeri, in which significant increases in SOD were found when exposed to 

polycyclic aromatic hydrocarbons (Lister et al., 2015; 2016). However, information 

on SOD in echinoderms is conflicting. Wang et al. (2008a) observed significant 

decreases in superoxide dismutase in Apostichopus japonicus exposed to different 

temperatures and salinity. Furthermore, SOD levels changed significantly in the 

same species during different periods of estivation, in some cases increasing and in 

others decreasing (Wang et al., 2008b; 2010). SOD activity in A. japonicus muscle 

changed after evisceration, with no significant changes during tissue regeneration. 

Furthermore, the genus of echinoderm influences SOD expression (Jiang et al., 

2017) and at high temperatures, levels of this enzyme in sea cucumber increases 

significantly, suggesting an increase in oxidative stress (Yunwei et al., 2007). The 

same occurs in the tissue of other invertebrates with changes in environmental 

conditions, such as pH, salinity, temperature and pCO2 (Verlecar et al., 2007; 

Tomanek et al., 2011; Matozzo et al., 2013). Results from our study confirm the 

above for peroxidase. Increased SOD levels suggest an increase in oxidative stress 

with the removal of O2 and the production of H2O2, subsequently removed by the 

peroxidase enzyme. This is confirmed by increases in both of the antioxidant 

enzymes at the end of acoustic emission lasted 20 minutes.  

In addition, in the case of hydrolases, significant increases in levels of esterase 

activity measured in the peristomal membrane were apparent immediately at the 

end of acoustic emission and three hours after the end of acoustic emission. Values 

decreased, however, 24 hours after the end of emission, returning to values 
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measured in unexposed individuals. Several studies in literature show variations in 

levels of esterase activity in the tissues of invertebrates subjected to stress 

conditions (Galloway et al., 2002; Vioque-Fernández et al., 2007; Kopecka-

Pilarczyk, 2009; Parisi et al., 2017) however, the data are conflicting and no study 

has analysed this type of activity in the peristome of the sea urchin to date. Parisi et 

al. (2017), for example, showed that in conditions of high temperature and anoxia, 

levels of enzyme activity in the mussel gland decrease. However, this enzymatic 

activity increased in dependence of the diet administered indicating a subsequent 

activation of enzymatic activity. Goswami et al. (2014) demonstrated a decrease in 

esterase activity in the tissues of molluscs exposed to Cu and Cd. However, 

combined exposure to the two metals caused an induction and, therefore, an 

increase in enzyme level. Biomarker expression can also vary in different species, 

as observed by Brown et al. (2004), who analysed the effects of copper exposure 

on three marine invertebrates. Enzyme levels increased in Patella vulgata, in 

contrast to Mytilus edulis and Carcinus maenas. Biomarkers in different sentinel 

species can provide a different "stress diagnosis" and can be used to understand the 

physiological level of organism impairment. Furthermore, immune responses may 

be highly specific to tissue. Franco-Martinez et al. (2016) demonstrated numerous 

changes in the levels of some esterase enzymes compared to control in mussel 

tissues exposed to different combinations of metals. Furthermore, they showed that 

esterase enzyme levels in some tissues are higher than others in the same individual, 

confirming that enzymatic response may change depending on the species and the 

tissue analysed. Conflicting results in literature on esterase activity could also be 

due to genetic and molecular polymorphism of the different types of esterases. 
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Furthermore, distributions and physiological roles of this enzyme differ between 

species (Massoullie et al., 1993; Scaps et al., 1996; Forget and Bocquene, 1999), 

and their degree of inhibition (Lundebye et al., 1997) and levels are highly variable, 

both within and between populations (Rattner and Fairbrother, 1991). Additionally, 

the increases in esterase activity found in our study could indicate an inflammatory 

state of the peristomal membrane, which shows that levels of esterase activity can 

be used as a biomarker in echinoderms exposed to acoustic stress. As for the 

esterase, alkaline phosphatase also showed significant increases at the end of 

watergun emission lasted 20 minutes and recovery of enzyme levels already three 

hours after the end of acoustic emission. This activity has already been studied in 

sea urchins (Hsiao & Fujii, 1963; Anderson, 1968; Pfolh, 1965,1975; Durkina & 

Evtushenko, 1991; Menzorova et al., 2014); however, in this study we evaluated 

alkaline phosphatase activity in the peristomal tissue for the first time. Under stress 

conditions, numerous studies show a decrease in enzyme activity (Mazorra et al., 

2002; Jing et al., 2006b; Chandurvelan et al., 2013; Parisi et al., 2017) while others 

show an increase (Matozzo et al., 2013; Seitkalieva et al., 2016) or the absence of 

significant changes (Zhao et al., 2010). High temperatures and pH, for example, 

cause significant increases in alkaline phosphatase levels (Liu et al., 2004; Hu et 

al., 2015), demonstrating that these changes significantly affect the immunity of 

some invertebrates. Zang et al. (2012) showed that during viscera regeneration in 

sea cucumber, alkaline phosphatase in the muscle tissue reaches a peak on the 10th 

day after evisceration, then decreases gradually until finally returning to normal. In 

regenerated tissues, on the other hand, the authors found a tendency towards a 

increase in alkaline phosphatase starting from the 20th day after evisceration. Even 
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variations in salinity can change the levels of this enzyme in the muscle tissue of 

other invertebrates (Pinoni et al., 2004). It is also possible that, under stress 

conditions, the levels of this enzyme change based on the tissue being analysed (Li 

et al., 2012). In fact, Jing et al. (2006b) demonstrated a different response in alkaline 

phosphatase levels in different tissues of the same individual exposed to various 

different copper concentrations for different time intervals. Enzyme activity 

increased or decreased compared to the control based on the sampling time, metal 

concentrations and tissue type.  Literature shows, therefore, that levels of this 

enzyme depend on the type of stress, the species and the tissue analysed. In 

numerous studies on invertebrates exposed to pollutants (metals, for example), 

protein concentration decreases together with enzyme activity. This is the case with 

Hg, for example, in the digestive gland and in the gills of Ruditapes philippinarum, 

probably due to the affinity of the metal with the sulfhydryl group (Blasco et al., 

1993). In our study, the pollutant in question is an acoustic stress that does not create 

any kind of affinity with chemical groups of proteins and enzymes. The result is not 

inhibition of enzyme activity but an increase in production, in response to stress to 

restore homeostasis. As in the case of esterase activity, we can assume that increases 

in enzyme levels at the end of acoustic emission lasted 20 minutes is due to 

inflammation of the membrane resulting from a "soundbox" effect in the skeleton 

of sea urchin. In response to stress conditions, living organisms express specific 

sets of proteins, such as HSPs. There is no scientific literature on the expression of 

HSPs in the peristomal membrane of sea urchins exposed to acoustic stress; 

however, other authors have analysed the expression of these proteins in other 

matrices of invertebrates exposed to noise. Celi et al. (2015) observed that the 
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HSP27 proteins increased in lysates of crustacean haemocytes exposed to acoustic 

stress. The same was found for HSP70 in the hemolymph of other species of 

crustaceans (Celi et al., 2013; Filiciotto et al., 2014). Exposure to noise causes 

increases in HSP70 levels even in humans (Wu et al., 2001), in birds (Hoekstra et 

al., 1998) and in fish (Vazzana et al., 2017). In accordance with data reported in 

literature, our results show an increment in expression levels of HSP70 at the end 

of watergun emission lasted 20 minutes, which subsequently return to levels similar 

to individuals not exposed to stress. However, this result was not significant. The 

HSPs could be involved in cytoprotective and antiapoptotic activities following 

exposure to environmental noise, thus inducing a stress response. Individuals 

respond to acoustic stress after a short period of time and re-establish homeostasis 

three hours after the end of noise emission. Although not significant, the trend of 

our results could confirm that this type of acoustic emission can induces a response 

to stress and that heat shock proteins are satisfactory biomarkers to establish the 

state of health of echinoderms subjected to environmental noise as showed in 

Section 3.1 in cells of A. lixula exposed to acoustic stress. The enzyme activity 

analysed in peristomial membrane of A. lixula showed significant changes after 

noise emission including sea urchin, peristomial membrane and the enzyme activity 

on the list of possible bioindicators and biomarkers of acoustic impact on 

invertebrates.  
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Cortisol level in Chromis chromis  

It is known that changes in biochemical parameters (Heath, 1990) are found in fish 

stressed with acoustic noise; cortisol is the main biomarker which indicates the 

animal's state of well-being. Cortisol is a glucocorticoid and is released in the blood 

stream, through activation of the hypothalamic-pituitary-interrenal axis (HPI), to 

restore homeostasis after stress conditions (Mommsen et al., 1999; Pankhurst, 

2011). Its secretion causes a series of behavioural and physiological changes 

(Mommsen et al., 1999; Moberg & Mench, 2000) which guarantee the survival and 

well-being of individuals. Measurement of this parameter in fish blood was also 

used to evaluate activity of the HPI axis (Baker et al., 2013).  Many research papers 

in scientific literature analysed cortisol levels in the plasma of adult fish subjected 

to different types of stress (Barton, 2000; Grutter & Pankhurst, 2000; Vazzana et 

al., 2002; Hosoya et al., 2007; Ramsay et al., 2009; Archard et al., 2012; Triki et 

al., 2016) and, in recent years, this field of study has also concerned the acoustic 

impact of anthropogenic activities. A number of authors testing various types of 

noise in different species of fish, observed significant changes in blood cortisol 

levels (Smith et al., 2004a; Wysocki et al., 2006; Will et al. 2007; Picciulin et al., 

2010; Filiciotto et al., 2013; Bruintjes & Radford 2014; Celi et al., 2016). Vazzana 

et al. (2017), for example, observed significant changes in the plasma parameters 

of adult Chromis chromis individuals subjected to acoustic stress; however, cortisol 

levels were not analysed. In this study, we sought to evaluate cortisol levels in 

juvenile individuals of Chromis chromis for the first time. The small size of the 

individuals (which prevented blood sampling) led to the development of a new 

experimental protocol for corticosteroid extraction from the entire body. 
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Furthermore, the ability to analyse cortisol levels on a new matrix other than plasma 

seemed to improve the quality of the result (Carbajal et al., 2019); other authors 

have previously performed cortisol extraction on the entire body for other species 

of fish (de Jesus & Hirano, 1992; Feist & Schreck, 2002; Ramsay et al., 2006, 

2009). The results of our work showed significant increases in hormone levels up 

to three hours after the end of watergun emission. 24 hours after the end of acoustic 

emission, hormone levels returned to values similar to those of individuals not 

exposed to acoustic stress. Our results are in agreement with data in literature, in 

particular with the work of Santulli et al. (1999), who observed significant increases 

in plasma and tissue cortisol levels in fish exposed to airgun emission, with 

recoveries 72 hours after emission. However, stress levels also depend on the type 

of noise emitted; Filiciotto et al. (2017), for example, did not observe significant 

changes in cortisol levels in juvenile sea bream individuals when stressed with 

offshore aquaculture noise. This difference compared to our work may depend on 

the period of exposure to noise (Davidson et al., 2009) and on the fact that 

physiological responses to stress vary between species (Barton, 2002). Our results 

confirm that cortisol in the tissue of juvenile individuals could be considered a 

reliable parameter in the study of stress in fish, as observed for plasma parameters 

(Pickering 1981; Wells & Pankhurst, 1999; Martinez- Porchas et al., 2009; 

Gronquist & Berges 2013). Further analyses will be carried out on other juvenile 

fish species subjected to the same experimental plan in order to compare expression 

of hormone levels in individuals subjected to the same type of acoustic stress.  
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3.4 The effect of low frequency noise on the behaviour of juvenile Sparus aurata  

Different types of human activities are causing an increase in underwater noise in 

marine ecosystems (Slabbekoorn et al., 2010; Hawkins et al., 2015) and for this 

reason it is considered a real pollutant by the World Health Organization (Kunc et 

al., 2016), the International Maritime Organization and the Marine Strategy 

Framework Directive (MSFD) of the European Union (2008/56/EC). The MSFD 

promotes the achievement of a good quality environmental status for European 

waters by 2020 and in particular, the descriptor 11.2 on "continuous low frequency 

sound" aims to monitor trends in the ambient noise level within the 1/3 octave bands 

of 63 and 125 Hz (centre frequencies). Although several scientific works highlight 

the importance of understanding better the effects of this new pollutant on 

individuals, on populations and therefore on whole ecosystems, anthropogenic 

noise is the least studied source of pollution (Borsani et al., 2015; Hawkins et al., 

2015).  It is known that anthropogenic sounds overlap the biologically important 

sounds of animals (Hastings & Popper, 2005; Slabbekoorn et al., 2010), induces 

different types of responses in fish (Bart et al., 2001; Smith et al., 2004a;b; Popper 

et al., 2005; Sandström et al., 2005) and has a significant impact on deep sea habitats 

and marine organisms (Myrberg, 1980; McIntyre, 1995; Popper et al., 2004).  As 

described in the Section 1.6.1 and 1.6.2, several scientific studies have shown that 

noise pollution has effects at a physical, physiological (Santulli et al., 1999; 

Wysocki et al., 2006; Buscaino et al 2010; Filiciotto et al., 2017) and anatomical 

level (Popper et al., 2005; Halvorsen et al., 2012c; Casper et al., 2013a, b). 

Moreover, further effects have also been observed at a behavioural level (Sarà et 

al., 2007; Popper & Hastings, 2009a, b; Buscaino et al., 2010; Kunc et al., 2016; 

Hawkins & Popper, 2017; Spiga et al., 2017).  The behavioural responses of marine 
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organisms to anthropogenic sound may affect feeding (Purser & Radford, 2011; 

Wale et al., 2013; Voellmy et al., 2014; Magnhagen et al., 2017); reproduction and 

larval development (Aguilar de Soto, 2013; Nedelec et al., 2014, 2015, 2017; 

Montie et al., 2017); predator-prey interactions (Wale et al., 2013; Simpson et al., 

2015, 2016; La Manna et al., 2016);  communication (Picciulin et al., 2012; Alves 

et al., 2017; Shannon et al., 2016); orientation and habitat selection (Holles et al., 

2013; Lecchini et al., 2018); and, growth rates and mortality (Filiciotto et al., 2013; 

Debusschere et al., 2014; McCauley et al., 2017; Kuşku et al., 2018). Acoustic stress 

can also change the group cohesion, motility, and swimming height of fish 

(Hawkins et al., 2014; Neo et al., 2014, 2015; 2016; Nedelec et al., 2016a) with 

negative effects inferred on their capture rate, abundance and distribution (Skalski 

et al., 1992; Engås et al., 1996; Løkkeborg et al., 2012). There are several studies 

on behavioural responses of marine organisms subjected to acoustic stress, however 

the variables that influence behavioural changes are poorly understood. For 

example, the emission of impulsive or continuous sounds (Neo et al., 2014) or the 

day/night alternation (Lankford et al., 2003; Vera et al., 2014; Neo et al., 2018) can 

modify the effect of noise on marine organisms. Although there are many studies 

on adult fish, impacts of noise on the behaviour of marine juveniles’ organisms 

have not yet been fully investigated (Spiga et al., 2017; Holmes et al., 2017; Ferrari 

et al., 2018; Zhou et al., 2018). According to some authors, adult fish are more 

sensitive and vulnerable to acoustic stress than juveniles due to the larger size of 

the swim bladder and its "resonance" effect (Casper et al., 2013a). However, for 

juvenile individuals stress can be particularly harmful as it can negatively affect 

growth (McCormick et al., 1988; Woodley et al., 2003) and eventually, result into 



159 
 

an increase of risk of predation (Sogard, 1997). Changes in this period of life can 

cause dramatic changes in the structure, physiology and behaviour of species and 

any stress, which changes their sensory information, can negatively affect their 

ability to assess risk and select appropriate reactions. This could make them more 

vulnerable to predators by influencing their survival (Mesa, 1994; McCormick et 

al., 2002; Nilsson et al., 2007; Munday et al., 2010; McCormick & Lönnstedt, 2013) 

and the future generations. Numerous studies have analysed the effects of specific 

acoustic emissions (natural or synthetic) on marine organisms, but few have 

examined the effects of different frequencies on groups of individuals of the same 

species. Since there are few studies on juvenile fish and since, to our knowledge, 

there are none comparing the effects of different acoustic frequencies on their 

behaviour, we studied the stress effects of four different low frequency bands in the 

acoustic spectrum (1/3 octave centred at 63 Hz, 125 Hz, 500 Hz and 1000 Hz) on 

juvenile, gilthead seabreams (Sparus aurata, Linnaeus, 1758). This is an important 

commercial fish species which lives in small groups in the demersal zone at a 

usually depth range of 1 to 30 m (Lloris, 2005). The effects of noise on dispersion, 

motility and swimming height of the group were analysed. The aims of work are to 

contribute a better understanding of the effects of the acoustic stress of maritime 

activities on juvenile individuals of a commercially important fish species, 

identifying which frequencies have the greatest impact on them and whether they 

habituate to the sound.  
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3.4.1 Materials and methods 

Experimental animals 

 The experiments were carried out at the Universitat Politècnica de València (UPV, 

Gandia Campus, Spain). We used 90 juveniles of Sparus aurata coming from a 

marine farm in Sagunto (Spain) with a weight 14.1 ± 0.9 gr and length 10.5 ± 0.2 

cm (mean ± Standard Deviation). Fish were maintained in a circular tank (radius 2 

m, water depth 0.75 m). The water of the tank was filtered and re-circulated, with a 

constant temperature of 12 ± 2 °C, a dissolved oxygen concentration of 8 mg l−1.  

The fish were maintained in a natural photoperiod and were fed with commercial 

dry pellets (0.5% of body weight). The animals were not fed for 24 hours before the 

experiment. Experiments were conducted under authorisation of the, Dirección 

General de Producción Agraria y Ganadería, Generalitat Valenciana, Spain 

(authorisation number 2018/VSC/PEA/0156) (Fig.48). 

 

Fig. 48 On the left the fish transport system from the aquaculture center to the UPV 

laboratory. On the right the acclimatization tank with the oxygenation system. 

 

 

 

 

 



161 
 

Acoustics: emission and recording systems  

The juvenile individuals of Sparus aurata were continuously stressed (seven hours) 

with white noise filtered at 1/3 octave frequencies of 63 Hz, 125 Hz, 500 Hz, and 

1000 Hz at 140-150 dB re 1 μPa at 1m sound pressure level (SPL, dB re 1 μPa) (see 

Fig. 49). The 63 and the 125 Hz frequency bands are indicating in the MSFD as the 

descriptors to monitor the level of noise in the sea (Dekeling et al., 2014). Moreover, 

hearing of fish have the best auditory sensitivity at the frequencies up to 1 kHz 

(Popper et al., 2003a,b).  The estimated sound exposure level for seven hours ranged 

from 184 to 194 dB, re 1µPa2 s.  The signal was generated using MATLAB® code 

specifically developed for this work and emitted via a Red Pitaya emission-

acquisition system through an amplifier (TA-F161 Sony Integrated Stereo 

Amplifier) to an underwater loudspeaker (Beyma-UA-UPV prototype) (Fig. 50). 

The emitted acoustic signal was recorded in the tank using two hydrophones (Reson 

TC4034) at the beginning and end of the acoustic stress.  

 

 

 

 

 

 

 

Fig. 49 Power Spectrum (dB re 1 μPa) of tank background noise and different acoustic 

stimulus. 
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Fig. 50 Acoustic emission system. At the top left are the systems for acoustic emission and 

video recording. Lower left the emitter inside the tank and the baskets where the fish were 

placed. On the right the acoustic emitter. 

 

Experimental plan 

In total 15 trials were performed, consisting of (Fig.51) three test replicas for each 

experimental frequency (63, 125, 500, and 1000 Hz) and a further three replicates 

for the control trial, without any sound emission. For each replicate six fish were 

used thus totalling 90 fish across all the trials. The experimental trials lasted about 

one month and the order of the replicates was chosen randomly. The animals to be 

tested were randomly chosen from the maintenance tank 24 hours before the 

beginning of each trial, and transferred to the experimental tank, which was 

identical to the maintenance tank, for acclimatisation (Fig. 52). The hydrophone 

and the underwater speaker were present in the tank during all the trials, with the 

speaker turned off during the control trials. Each trial lasted 435 minutes: 15 

minutes before the emission and 420 minutes (seven hours) of acoustic exposure. 
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In order to understand the starting response and the presence of a possible 

habituation effect of the acoustic stress, considering the autonomy of the two 

cameras, we chose a specific sampling design for video collection. Each trial, the 

sampling was divided temporally, as follows: 

• 15 minutes before the acoustic emission (Before); 

• the first 60 minutes of the acoustic stress emission (D1); 

• the final 15 minutes of every hour for the following six hours during which 

the acoustic stress was emitted, (D2 to D7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 51 Experimental plan with replicas for each of four frequency band and control. 
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Fig. 52 Random arrangement of fishes in experimental tank. 

 

Behavioural analysis 

To facilitate the monitoring of the fish behaviour with the video cameras, the fish 

were confined in a smaller cylindrical net cage (height 1.40 m and diameter 75 cm). 

The behaviour of the animals was recorded using an underwater camera (GoPro 

HERO4) (1 m distance from the cage and 35 cm depth) and an external camera 

(Axis camera 1346) placed at 1m from the top of the cage (Fig. 53B). The 

arrangement of the cameras was chosen to make the whole cage net visible in the 

cameras field of view. 

For each trial, the camera positioned on the top of the cage (see Fig. 53B) recorded 

for a total of 165 minutes: 15 minutes before sound emission (Before), then 60 

minutes during the acoustic emission (D1), and then during the final 15 minutes of 

each hour for the next six hours of acoustic emission (D2, D3, D4, D5, D5, and D7). 

The underwater camera, used for recording the swimming height, recorded only 60 

minutes in the D1 period due to battery limitations (see Fig.53B). Analysis of 



165 
 

recorded videos was performed to evaluating the fish behaviour in terms of their 

dispersion, motility, and swimming height (Tab.4) in the water column. These 

parameters were chosen because other authors demonstrated are effective to 

highlight behavioural responses following acoustic stress (Hawkins et al., 2014; 

Neo et al., 2014, 2015, 2016; Nedelec et al., 2016a).  The dispersion and the motility 

behaviours were assessed using recordings from the top camera while swimming 

height was assessed using recording from the underwater camera. To extract the 

dispersion and motility data, the bottom of the cage was virtually divided into a grid 

of 15 cm squares (the total surface of the bottom was 4416 cm2) (see Fig.53A). For 

the swimming height evaluation, the water column was virtually divided in three 

zones (see Fig. 53B).  

 

 

 

 

 

 

 

 

 

Fig. 53 A) Schematic representation of the grid created at the bottom of the basket for the 

study of dispersion and motility of fishes. B) Schematic representation of the cylindrical 

cage net, underwater speaker, external and underwater camera; the water column was 

ideally divided into three parts to study the swimming height of fishes: zero zone (lower), 

one zone (intermediate), two zone (higher). Below: Timing of each trial and video 

monitoring. Each square represents 15 minutes. 
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Dispersion 

To analyse the dispersion the recordings from the video camera positioned above 

the tank was used which framed the bottom of the cage net in the field of view. 

Dispersion was calculated by counting the number of squares occupied by the fishes 

(by virtually drawing a closed polygon around the fish group) in one still image 

every 30 seconds (see Tab. 4). The area occupied was expressed as cm2 per still 

image. The first measure was collected at time zero. 

 

Motility  

For the motility analyses, the same recordings were used as for the dispersion. A 10 

second snippet of video was analysed every five minutes of the recording (starting 

at time zero). For each snippet the number of grid squares crossed by each fish in 

that time period were counted (see Tab. 4). The number of squares was then 

converted into an approximate swimming speed (cm/sec) by considering the size of 

each square (15 cm2) and the time period of analysis (10 seconds). In this way, the 

motility was evaluated for each fish and then averaged. 

 

Swimming height  

The swimming height was obtained using the underwater camera (GoPro) video 

recordings (see Fig. 53 B) which viewed the side of the cage net. The cage was 

virtually divided into three zones: zone zero (the deepest), zone one (intermediate) 

and zone two (the highest).  Every five minutes, starting at time zero, the zone 

occupied by each fish was noted (see Tab. 4). These six values were averaged. This 

parameter was measured only during the first hour of acoustic emission (D1).  
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Tab. 4 Behavioural categories description. 

  Description Sampling design 
Sampling 

effort 
Unit 

Dispersion 

Area occupied by 

fishes measured as 

number of squares 

occupied by fish per 

single square area 

(225 cm2). 

One data every 30 

seconds along all 

video recording 

both in Before and 

During sound 

exposure. 

338 frames per 

trial and 5070 

frames in total. 

Cm2 

Motility 

The number of 

squares crossed by 

each fish in 10 

second.                

These 6 values were 

averaged. 

One data every 5 

minutes. 

 41 values for 

each trials and 

615 values in 

total. 

Cm/s 

Swimming 

height 

The zone occupied 

by each fish. These 

6 values were 

averaged. 

One data every 5 

minutes                 

(only During 

period). 

13 values for 

each trial and 

195 values in 

total. 

Dimensionless 

Index  

 

 

Statistical analysis 

The experiments were performed with three replicas of six individuals of juveniles 

of S. aurata for each frequency and with three replicas of six individuals for the 

control trial (Fig. 51). Dispersion, motility and swimming height data were tested 

for normal distribution using Shapiro-Wilk tests. Non-parametric U-Mann Whitney 

tests were carried out to evaluate differences in dispersion and motility between the 

control and acoustic trials for each period of sampling. In order to investigate the 

non-linear effect of the experimental time (before and during the noise exposure) 

on behavioural parameters, Generalized Additive Models (GAMs) were carried out 

for each trial using mgcv package (Wood et al. 2016) in R (v.3.4.0). We used 

dispersion and motility parameters as dependent variables and the experimental 

time as smooth term. The family distribution applied in the models was changed in 
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according to the results of normal distribution tests (Gaussian family for normally 

distributed data and Gamma family for not-normal distributed data). The model 

diagnostic was checked for each model. Concerning the swimming height, the 

Kruskal-Wallis test and multiple comparisons post-hoc test were applied comparing 

different trials only for the first hour of acoustic exposition (D1). 
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3.4.2 Results 

The analysis of the “Dispersion” and “Motility” behaviours between Test and 

Control groups in the sampling period in the 15 minutes before acoustic emission 

did not show any differences (see Tab. 5).  

Tab. 5 Results of U-Mann Whitney test to explore significant differences in the behaviours 

Dispersion and Motility between Control groups and each Test groups at different 

frequencies band (1/3 octave band centred at 63 Hz, 125 Hz, 500 Hz, and 1 kHz) inside 

each period (Before, D1, D2, D3, D4, D5, D6, D7). Values in bold indicate significant 

differences between Control groups and Test groups. 

    Dispersion Motility 

    Z p-level Valid N Z p-level Valid N 

63 Hz 

Before -0.64 0.5221 93 0.84 0.4025 12 

D1 12.64 0.0000 363 5.64 0.0000 39 

D2 3.54 0.0005 93 3.97 0.0001 12 

D3 0.94 0.3488 93 2.25 0.0243 12 

D4 -0.85 0.3969 93 2.92 0.0036 12 

D5 -1.32 0.1865 93 3.03 0.0024 12 

D6 -0.85 0.3931 93 2.25 0.0243 12 

D7 0.72 0.4721 93 3.03 0.0024 12 

125 Hz 

Before -1.33 0.1838 93 -0.03 0.9770 12 

D1 15.94 0.0000 363 5.61 0.0000 39 

D2 2.62 0.0094 93 3.80 0.0002 12 

D3 0.20 0.8445 93 0.61 0.5444 12 

D4 0.68 0.4942 93 -0.78 0.4357 12 

D5 1.97 0.0484 93 -1.48 0.1379 10 

D6 1.57 0.1167 93 0.32 0.7508 12 

D7 1.42 0.1543 93 1.04 0.2987 12 

500 Hz 

Before -0.25 0.7990 93 0.12 0.9081 12 

D1 4.17 0.0000 363 0.24 0.8105 39 

D2 -0.13 0.9003 93 1.94 0.0531 12 

D3 -1.27 0.2053 93 0.75 0.4529 12 

D4 -1.10 0.2700 93 1.50 0.1333 12 

D5 -0.16 0.8755 93 -0.20 0.8399 12 

D6 -2.59 0.0095 93 0.06 0.95402 12 

D7 -4.01 0.0001 93 0.00 10.000 12 

1 kHz 

Before 0.88 0.3797 93 0.09 0.9310 12 

D1 0.43 0.6692 363 1.31 0.1888 39 

D2 -3.18 0.0017 93 0.70 0.4884 12 

D3 -3.79 0.0001 93 1.85 0.0647 12 

D4 -1.57 0.1163 93 3.12 0.0018 12 

D5 -3.25 0.0012 93 1.53 0.1260 12 

D6 -3.16 0.0016 93 3.26 0.0011 12 

D7 -3.93 0.0001 93 1.33 0.1842 12 
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Dispersion behaviour 

The analysis of dispersion showed significant differences during the first hour of 

acoustic emission (D1) for all frequencies except for 1 kHz (Tab. 5 and Fig. 54). In 

D1 a large decrease in dispersion was observed (equivalent to an increase in 

cohesion) compared to the control groups. For example, for 125 Hz, before 

emission dispersion was 2922±631 cm2 (written as mean ± SD) while in D1 the 

values decrease to 1939± 603 cm2. At the lower sound frequencies (63 and 125 Hz) 

the differences between the control and acoustic groups decreased with time of 

exposure (Fig. 54) with a gradual return to approximately control values. 

Conversely, at the higher frequencies (500 and 1 kHz) the differences increased 

over time, with higher values for the acoustic test groups compared to the control 

groups.  The GAMs analysis confirmed the effect of time of exposure at all 

frequencies (see Tab. 6) with higher explained deviance in 63 Hz, 125 Hz and 500 

Hz. The smooth term for control trial significant modelled the data but with a very 

low explained deviance (4.09%) (see Tab. 6). 
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Tab. 6 Results of Generilized Additive Models (GAMs) considering, as dependent 

variable, Dispersion and Motility parameters and, as smooth term, experimental time.  

 

               

Dispersion  ~ s (Experimental time)         

T
ri

al
s 

C
T

R
L

 

(n
=

1
0

1
1

)   Estimate Std.Error t value p value 

Intercept 7,93 0,005 1541 .001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 8,359 1,45 <0.001 4,09% 

6
3

 H
z 

(n
=

1
0

1
4

)   Estimate Std.Error t value p value 

Intercept 7,811 0,0069 1123 .001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 23,62 26 <0.001 40,20% 

1
2

5
 H

z 

(n
=

9
9

7
)   Estimate Std.Error t value p value 

Intercept 7,789 0,00693 1124 .001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 21,41 23,28 <0.001 33,10% 

5
0
0
 H

z 

(n
=

1
0
0
4

)   Estimate Std.Error t value p value 

Intercept 7,905 0,00628 1259 .001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 26,24 25,45 <0.001 34,60% 

1
 k

H
z 

(n
=

1
0
1
3
)   Estimate Std.Error t value p value 

Intercept 7,9511 0,005921 1343 .001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 24,6 14,26 <0.001 25,50% 

Motility ~ s (Experimental Time)         

T
ri

al
s 

C
T

R
L

 

(n
=

1
2
3
)   Estimate Std.Error t value p value 

Intercept 3,185 0,068 46,7 <.001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 1 0,22 0,622 0,20% 

6
3
 H

z 

(n
=

1
1
9
)   Estimate Std.Error t value p value 

Intercept 2,179 0,079 27,5 <.001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 6,881 4,009 <0.001 25,70% 

1
2
5
 H

z 

(n
=

9
9
7
)   Estimate Std.Error t value p value 

Intercept 2447,24 16,56 147,8 <.001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 12,55 37,41 p<0.001 33,30% 

5
0

0
 H

z 

(n
=

1
1

8
)   Estimate Std.Error t value p value 

Intercept 1,119 0,029 38,2 <.001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 7,78 2,56 <0.05 16,50% 

1
 k

H
z 

(n
=

1
2

1
)   Estimate Std.Error t value p value 

Intercept 2,68 0,0947 28,29 p<.001 

  edf F p-value Dev. Explained 

Smooth term (Experimental time) 4,309 1,418 0,212 7,90% 
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 Motility behaviour 

A general and significant decrease of motility was observed for the fishes exposed 

to acoustic noise. As for the dispersion, this reduction was largest in the first hour 

of exposition (D1). The analysis of motility showed significant differences during 

the first hour of acoustic emission (D1) for 63 and 125 Hz (Tab. 5 and Fig.54) with 

values that changed from 3.3 ± 1.3 cm/s to 1.5 ± 1.1 cm/s for the 63 Hz trial and 

from 3.2 ± 0.3 cm/s to 1.7 ± 0.9 cm/s for the 125 Hz trial. At 63 Hz the animals did 

not return to the control values for the rest of the trial, butdisappeared in the 125 Hz 

trial after three hours of exposure (D3).  At 500 Hz no significant differences were 

observed between the control and acoustic test groups, even though on average 

lower values of motility were recorded during the first four hours of acoustic 

expositions. The 1 kHz groups showed significant differences compared to control 

groups after in four and six hours (D4 and D6) of exposition to the noise (see 

Fig.54). In summary, the time of exposure was found to significantly affect the 

motility behaviour of the fish at most of the tested acoustic frequencies (63, 125 

and 500Hz), with higher explained deviance for 63 Hz and 125 Hz trial. No 

significant effect was found for control and the highest test frequency of 1 kHz (see 

Tab. 6). 
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Fig. 54 Left: Average ± 95% confidence interval of the dispersion obtained for each 

replicate by counting the number of squares occupied by the group of fishes every 30 

seconds. Right: Average ± 95% confidence interval of motility obtained for each replicate 

by counting the number of squares crossed by each fish in 10 second and then averaged.  

Statistically differences are showed within the same period between control and acoustic 

groups (*p <.05, **p<.0001). 
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Swimming height behaviour 

Fish exposed to noise were generally observed to swim towards the bottom (Fig. 

55). The swimming height of the fish, assessed during the first hour of acoustic 

exposure, showed significant differences of between the acoustic groups versus 

control groups (Tab. 7). Only the 125 Hz tests did not show any differences 

compared to control (Tab. 7).  

 

 

 

 

 

 

 

Fig. 55 The swimming height obtained dividing the water column in different zone: 0 for 

the lowest, 1 for the middle and 2 for the higher. The multiple comparison post hoc test 

showed significant differences between CTRL trials vs. all sound type trials (*p<.05) 

excluded the 125 Hz trials (p=.13).  

 

Tab. 7 Results of Kruskal Wallis and Multiple comparisons post-hoc test for Swimming 

height (z’ values). Values in bold are significant at p <.05 while values in bold with* are 

significant at p<.0001. 

    63 Hz 125 Hz 500 Hz 1 kHz CTRL 
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  2,82 0,92 1,51 5.29* 

125 Hz 2,82   3,74 1,31 2,47 

500 Hz 0,92 3,74   2,43 6.21* 

1 kHz 1,51 1,31 2,43   3,78 

CTRL 5.29* 2,47 6.21* 3,78   
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3.4.3 Discussion 

The results of this study have highlighted significant variations in the behavioural 

responses of juvenile fish depending on the exposure to different acoustic 

frequencies. The greatest impact was observed at lower acoustic frequencies (1/3 

octave band centred at 63 Hz and 125 Hz). However, also the higher frequencies 

elicit significant behaviour changes especially in the last hours of the monitoring 

(see for example the dispersion at 1 kHz).  

Regarding the dispersion, it was observed that the control specimens (i.e. groups 

that did not receive any sound exposure) occupied a larger area compared to the test 

groups. However, control fishes tended to be closer to each other and occupied on 

average half of the available area. Considering that our study was carried out during 

daylight hours, this result is in agreement with Hawkins et al. (2012), who observed 

a greater cohesion during daylight hours in fish Sprattus sprattus exposed to 

acoustic stress. Our results demonstrate that all frequencies tested had a significant 

effect on the dispersion. The initial effects were noticeably different depending on 

frequency but generally occurred immediately after exposure to the noise.  The fish 

also showed evidence of returning to control behaviour over time with the length 

of time for this to happen also depending on the particular acoustic frequency. 

The 63 Hz and 125 Hz sound exposures had an immediate behavioural effect visible 

in the first two hours of emission that was greatest at 125 Hz. After that, a gradual 

habituation effect was observed. At 63 Hz, the specimens showed values 

comparable to the control at the third hour which remained for the last five hours 

of exposure, whereas at 125 Hz the average dispersion stayed slightly lower with a 

significant decrease occurring on the fifth hour of exposure (D5). For the 500 Hz 
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tests, a significant reduction of dispersion was observed during the first hour of 

acoustic emission followed by a significant increase in the last two hours. For the 1 

kHz tests, the animal’s dispersion increased significantly after the second hours of 

emission.  

The differences in dispersion behaviours during low and high frequency exposition 

could possibly be due to differing sound sensitivities of the fish. Nowadays, the 

audiogram of many fish species, in this case of juvenile S. aurata, is not known, but 

the frequency ranges from 50 and 1122 Hz (with an SPL of 140-150 re 1μΡa) is 

generally heard by most fish species (Popper et al., 2003a, b).  Even if more specific 

studies need to be performed, we suggest that the fish responded differently to the 

frequencies used in experimental plan due to their different acoustic sensitivity to 

the acoustic stimulus.  The recovery time observed only for the 63 Hz and 125 Hz 

treatments could be due to either habituation or sensory adaptation (Domjan, 2010). 

The possibility of the species to get used to acoustic stress has been observed in 

previous studies (Neo et al., 2014, 2015, 2016, 2018; Nedelec et al., 2016a) and 

according with Neo et al., (2014), our continuous noise may have favoured a partial 

habituation effect compared to an intermittent noise. When an organism is exposed 

to a continuous noise it is subjected to a continuous stimulation that involves a rapid 

habituation to stress and therefore a more rapid recovery (Rankin & Broster, 1992; 

Rankin et al., 2009). In fact, in the presence of intermittent sounds the recovery to 

pre-exposure levels in sea bass was slower (Neo et al., 2014; Koolhaas et al., 2011; 

Rankin et al., 2009).  

Our results confirmed the effect of anthropogenic noise on group dispersion and 

they are in agreement with the formation of closer groups as described in Fewtrell 
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and McCauley, (2012). We confirm that dispersion can be a good behavioural 

impact indicator even using a small experimental arena, where the ability of the 

individuals to see each other is elevated.  

Regarding motility, significant effects on behaviour were found during the first 

hour of emission at lower frequencies (63 Hz and 125 Hz). The reduction of motility 

observed at these frequencies is not in agreement with the results obtained by 

Buscaino et al. (2010) and Neo et al. (2016) who tested animals in the frequency 

range between 0.1 kHz and 1 kHz. However, adult individuals of S. aurata and 

different acoustic frequencies were used in those studies, and for this reason a 

different response in juveniles might be expected (Holmes et al., 2017; Ferrari et 

al., 2018).   

The recovery of motility over time to control values could be due to habituation or 

sensory adaptation and/or muscle fatigue (Domjan, 2010; Neo et al, 2014). Between 

the two lowest tested frequencies, 63 Hz seems to have the most impact and the 

animals never showed a recovery behaviour. Conversely, at 125 Hz the animals 

returned to the control values on the third hour of exposure, subsequently exceeding 

them. 

These increases in speed, even if not significant, may also depend on sudden 

reactions and accelerations (Blaxter et al., 2009; Fewtrell & McCauley, 2012; 

Kastelein et al., 2008; Pearson et al., 1992; Purser & Radford, 2011; Wardle et al., 

2001), which are caused by Mauthner cells. These play important roles in anti-

predation and anxiety behaviours (Cachat et al., 2010; Eaton et al., 1977) which 

could indicate negative impact of low frequencies on fish motility. Reactions of this 

type have also been observed in this study at 1 kHz where the data showed a higher 
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variability. This could be influenced by a considerable amount of attacks and startle 

reactions. Probably, the animals become more irritated and scared. 

The swimming depth significantly decreased at all frequencies except at 125 Hz. 

Changes in swimming depth due to noise are in agreement with the results of Sarà 

et al. (2007) on tuna subjected to motorboat noises. Several studies have shown that 

fish dive deeper after noise exposure inducing movements in the vertical axis along 

the water column and not in the horizontal axis (Doksæter et al., 2012; Fewtrell & 

McCauley, 2012; Gerlotto & Fréon, 1992; Handegard et al., 2003; Slotte et al., 

2004). Moreover, our results are in agreement with Neo et al. (2016), who observed 

an increase in swimming depth in S. aurata adults as a response to acoustic stress. 

Moreover, Neo et al. (2016) observed that the fishes when exposed to an acoustic 

stimulus tended to get close to the emitter increasing their swimming depth. This 

was explained as a possible phonotactic response due to the curiosity towards the 

sound emitted (Nelson & Johnson, 1972; Weilgart, 2007). However, in our study, 

the greater depth of swimming due to curiosity can be discounted because the fish 

tended to be in the part of the basket more distant from the acoustic emitter. The 

observed behaviour of swimming towards the bed could be due to anxiety situations 

(Cachat et al., 2010; Israeli-Weinstein & Kimmel, 1998; Kuwada et al., 2000; Luca 

& Gerlai, 2012; Skilbrei & Holst, 2009; Wilson & Dill, 2002) also observed in 

outdoor studies (Gerlotto & Fréon, 1992; Handegard et al., 2003; Slotte et al., 

2004). Our study confirms that swimming depth can be a good behavioural 

indicator of response to stress, demonstrating an attempt to escape and perhaps a 

reduction in risk of predation. 
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In our work, we did not consider the sensory adaptation at the base of the recovery 

of the variables since it is a type of recovery that requires longer times, even weeks 

(Smith et al., 2004a, b.; Wysocki & Ladich, 2005). Furthermore, the possibility that 

fish get used to acoustic stress does not exclude the presence of any negative 

impacts (Bejder et al., 2009). In fact, although fish get used to stress, it is possible 

to find effects on essential functions such as the distribution and organization of the 

group with consequences at a physiological (Anderson et al., 2011; Filiciotto et al., 

2013) and auditory level (Vasconcelos et al., 2007). The behavioural changes 

observed, although it has not been demonstrated, could have consequences on the 

survival, reproduction, foraging, and growth of the species and on the time of 

surveillance of the offspring which could also be adversely impacted (Picciulin et 

al., 2010; Blom et al., 2019). The laboratory data certainly are different from the 

data that can be obtained in natural environment; however, they are useful since 

fish in the wild showed major behavioural reactions to acoustic stress compared to 

the captive fishes (Benhaïm et al., 2012; Lepage et al., 2000). Although in our work 

some variables in the behaviour analysis (500 Hz on motility and 125 Hz on 

swimming height) have not shown significant differences, this does not indicate the 

absence of an effect since individuals can respond to stress with different strategies 

(Koolhaas et al., 2011; Silva et al., 2010). Even unknown environmental conditions 

can influence behaviour (Brewer, 2000). Our data have not been correlated to 

physiological parameters, although probably a hormonal variation would have been 

found following acoustic stress (Anderson et al., 2011; Santulli et al., 1999; Smith 

et al., 2004a; Wysocki et al., 2006). However, the correlation between the 

behavioural and physiological response in stress conditions is not clear (Silva et al., 
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2010). Although further studies are needed, even on other juvenile fish species, this 

result could be important to begin to understand which specific frequencies 

influence them. 

 The results of this research were presented (see Chapter 7) at the 2019 Effects Of 

Noise On Aquatic Life conference wich take place in Den Haag (The Netherlands) 

from July 7-12 and at the XI Congreso Iberoamericano de Acústica; X Congreso 

Ibérico de Acústica; 49º Congreso Español de Acústica ‐TECNIACUSTICA’ 18 

(FIA 2018). Cádiz 24-26 October, 2018. 
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4. Technical-technological module  

During the third year of study, have been spent six months at the HR Wallingford 

company (Howbery Park Wallingford, Oxfordshire OX108BA United Kingdom). 

HR Wallingford is an independent, non-profit-distributing, commercial research 

organization operating globally in the fields of civil engineering, environmental 

hydraulics and water management. During this period, the results obtained from 

behavioural analyses on juvenile individuals of Sparus aurata from an experimental 

plan carried out at Gandia Campus in Spain were used (Section 3.4). Data from in 

vivo analyses were used to create a numerical model that would allow us to predict 

acoustic impact of human activities on marine organisms. I was given initial 

training to learn about the different activities carried out at the company and then 

how to create the numerical model. In the final stage, when the numerical model 

was ready, one model for each experimental frequency and for the control of the 

experimental plan effectuated in Spain was elaborated. The models were created 

using the results of dispersion, motility and swimming height from in vivo 

experiments on S. aurata juveniles. The models were considered reliable once 

behavioural analysis, carried out in the same way as the in vivo experiments, 

reported the same results. Agent Based Models (ABMs), such as Boids, allow 

simulation of anthropic or environmental impact on fish populations. This type of 

model is important in a context of environmental impact assessment (EIA). The 

ability to use ABM models for EIA was studied by HR Wallingford and led to the 

creation of the HydroBoids model (Benson et al., 2016). The algorithms underlying 

the model's operation were described by Benson et al. (2016). HydroBoids is an 

ABM that has existed for several years and has recently undergone significant 

development. It was used in a collaboration with the Zoological Society of London 
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to identify the breeding grounds for Smelt in the Thames estuary 

(https://www.zsl.org/conservation/smelt-osmerus-eperlanus) and with the 

University of Southampton to study the interaction of eels with hydroelectric 

turbines (http://nexus.soton.ac.uk/vaccinating-the-nexus). The model is currently 

encoded in Matlab and new algorithms will be incorporated into the model by 

studying the behavioural variations of different species of fish. The model is 

developed in such a way that changes to the software can be made and the results 

can be viewed immediately for rapid development and good quality control. It 

offers useful information on population dynamics and is easily adaptable to a wide 

range of scenarios. The results obtained from the behaviour of the S. aurata 

juveniles in the in vivo experiment carried out in Spain have enabled further 

development of the model with the creation of new algorithms. 

 

4.1 Acoustic effects on the behaviour of Sparus aurata juveniles: in vivo 

measurements and agent-based modelling 

 

In the Section 1.6.2 it has been highlighted that the acoustic emissions of anthropic 

activities have negative effects on the behaviour of marine organisms, from 

invertebrates, to vertebrates and mammals. In particular, anthropic noise can also 

influence schooling (Halfwerk et al., 2015), motility (Mendl, 1999; Buscaino et al., 

2010) and swimming depth (Neo et al., 2014, 2015, 2016, 2018) and several studies 

confirm negative impacts on juvenile fish at a physiological (Filiciotto et al., 2013, 

2017) and behavioural level (Holmes et al., 2017; Simpson et al., 2015).   

Despite the growing evidence in the literature on the potential impacts of noise on 

fish, the ability to predict the impacts is less developed, largely due to the wide 

range of behaviours exhibited by different fish species. Other researchers have 
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previously used agent-based models to predict fish response to anthropogenic 

activity (Willis, 2011; Herbert et al., 2012; West et al., 2011; Peck & Hufnagl, 2012; 

Testa et al., 2012; Willis, 2007) and despite uncertainty in the predictions provided 

by such models (Willis, 2011) these techniques can still contribute to the EIA 

process in the analysis of acoustic impacts on marine biodiversity (Chan & 

Blumstein, 2012; Kight & Swaddle, 2011). Further research into ways of improving 

agent-based modelling techniques is therefore justified. 

Like all models, agent-based models rely on good data for calibration and 

validation. In-situ data on fish behaviour in response to noise is generally difficult 

to obtain in a controlled manner, is expensive to collect and measurements can often 

be sparse and therefore hard to interpret. Laboratory experiments are therefore 

commonly used for observing and quantifying fish behaviours in response to 

stresses such as underwater sound. Laboratory methods on their own are useful for 

understanding fish behaviour, but scaling up to real world behaviour is problematic 

due to differences in the fish status (e.g. stress levels) or the absence of important 

behavioural cues (e.g. flows, deep water, food or predators). Numerical models 

offer a way of bridging the gap between laboratory and field scale. Results obtained 

in vivo can be used to parameterise numerical agent-based models of fish behaviour 

(Benson et al., in prep.). The parameterised models may then be applied to real 

world situations to evaluate the potential impacts of acoustic emissions in order to 

help mitigate against them. Validation of such field scale models is still a difficult 

challenge, but understanding gained from the modelling process itself can, for 

example, be used to target the collection of more relevant in-situ validation data 

(such as suitable measurement locations or depths) thus minimising costs.  
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In this study, the results obtained from experimental plan in Section 3.4 of an in 

vivo experiment were applied to a numerical agent-based model of fish behaviour. 

From these data, a numerical agent-based model was developed to simulate the 

basic behaviours of the fish. The overarching aim of the work was to assess the 

behavioural changes in Sparus aurata when subjected to underwater sound at a 

range of frequencies and apply the observed behaviours to a numerical agent-based 

model. It is envisaged that the model presented here might lead to larger scale 

ecological modelling of potential impacts of anthropogenic noise for this species. 

 

4.1.1 Materials and methods: Numerical modelling methodology 

 

Fish behaviour model 

 

To obtain fish behavioural model the behavioural data obtained by in vivo 

experiment were used (see Section 3.4 for experimental plan and fishes 

manteinance). The model framework of the ABM, called HydroBoids, consists of 

two parts: a general fish tracking model and a species-specific behaviour model.  

For fish tracking, a coupled Lagrangian-Eulerian model was used which tracked the 

movement of Lagrangian particles (or fish) due to advection and dispersion by the 

flow field provided by a Eulerian framework hydrodynamic model.  No flows were 

required in the present study since the fish were in a still water tank and therefore 

the flow velocities were set to zero in the model.  

To simulate behaviour, the fish were assigned physiological traits (e.g. size and 

swim speed) and were programmed to perform particular tasks (e.g. schooling and 

vertical migration). The fish were able to make decisions based on a combination 

of their local environment (e.g. underwater sound level), their own physiology (e.g. 
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hearing threshold and frequency sensitivity) and reactional behaviour (e.g. 

changing depth and swim speed).  

 

Modelled behaviours 

 

In an initial phase prior to model development, in order to be able to transform the 

behavioural data obtained in the in vivo experiment into a numerical model, it was 

necessary to form a conceptual model of how the fish behaved when they were 

exposed to acoustic stress. This was fundamental for choosing the correct basic 

animal behaviours on which to base the numerical model. To do this, the fishes 

behavioural responses were analysed as described in Section 3.4.1 to obtain the 

numerical data relating each of the three behavioural parameters (swimming height, 

cohesion, motility). Based on these quantitative data and many hours of visual 

observations of the fish behaviour, an understanding was obtained at a conceptual 

level as to what basic behaviours the fish performed which led to the changes in the 

three measured parameters. During this process an assessment was also made as to 

whether different parameters could influence each other (e.g. if cohesion could be 

influenced by swimming speed or swimming height affected cohesion, etc.). Efforts 

were made during this process to try not to overcomplicate the model, choosing the 

fewest behaviours possible to achieve a suitable comparison with the 

measurements. The physiological characteristics and behaviours of Sparus aurata 

that were determined to be important for the current modelling work were as 

follows: 

1. Swim speed and directional error 

2. Vertical migration and holding stationary when at the bed 
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3. Schooling behaviour 

4. Swim velocity change 

 

Swim speed and directional error 

The main physiological characteristic parameterised in the model was the fish swim 

speed, which was assigned to each individual in the population from a normal 

distribution of speeds. The simulated fish then moved under their own propulsion 

according to a correlated random walk (CRW) algorithm (Codling et al., 2008; 

Willis, 2011) whereby the direction of the fish at each model time step was 

dependent on the direction at the previous time step (Fig. 56). A directional error 

term was added at each time interval chosen randomly from a normal distribution 

with a predefined standard deviation. Standard deviations were prescribed 

separately for the horizontal (azimuth) and the vertical (elevation) angles, with 

maximum limitations of 180º and 90º respectively. 

 

Fig. 56 Schematic of 2D fish movement using a correlated random walk and advection by 

hydrodynamic flows (indicated as blue vectors on at triangular mesh nodes) 
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Vertical migration and holding at the bed 

Fish within the model were assigned a preferred height above the bed, or depth 

below the surface, which they actively tried to maintain. Vertical migration 

occurred in the model simply by modifying each fish’s elevation angle (positive or 

negative swim angle from horizontal) at every model time step. Reasons for such a 

behaviour include fright response or predator avoidance (Cachat et al., 2010; 

Skilbrei & Holst, 2009) and selective tidal stream transport (Harrison et al., 2014). 

In addition, to simulate the observed fishes’ response to noise, when the fish 

reached the bed they were commanded to stop swimming horizontally so they 

remained stationary.  

 

Schooling behaviour 

Schooling behaviour was already included in the HydroBoids model and is based 

on the Boids method of Reynolds, (1987). In this method, three simple rules are 

prescribed to all the individuals to control schooling. These rules are: school 

centring (or cohesion); collision avoidance (or separation); and, velocity matching 

(or alignment). The three behaviours mean that the fish interact with their local 

neighbours by steering towards the centre of the group, but avoid contact, whilst 

also matching the groups average speed and direction. A key parameter for 

schooling was maximum school speed. This is used to limit the combined swim 

speed vectors for school cohesion, separation and alignment to a specified 

maximum magnitude, thus limiting the overall school speed. 
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Swim velocity change 

During the laboratory testing for this study, the fish were observed to change their 

swim speed and direction at seemingly random intervals. Reasons for this 

observation included behaviours not explicitly included in the model such as 

scavenging for food or aggressive behavioural interactions with nearby fish. To 

capture this behaviour, a heuristically based model was included in the ABM as 

part of this study whereby randomly selected fish (chosen according to the 

probability of velocity) changed their speed (S) and direction (θ) at time interval i 

according to the following formulae: 

(1)                                      𝑆𝑖 = max{𝑆𝑖𝑛𝑖[1 + 𝑁(0,1). 𝑈(0,1)], 0} 

(2)                                         𝜃𝑖 = 𝜃𝑖−1 + 𝑁(0,1)
𝜋

2
𝜕𝑡 

Where: 

Si , θi = speed and direction (in radians) at the present time interval (i) 

Sini = normal swim speed of the fish (initialised at the start of the simulation) 

N(0,1) = a random decimal number chosen from a normal distribution with zero 

mean and standard deviation of one.  

U (0,1) = a random decimal number between 0 and 1 chosen from a flat distribution. 

∂t = time step interval (s) 

The term 
𝜋

2
𝜕𝑡 at the end of Equation 2 resulted in a heading change with a standard 

deviation of 90 degrees in one second. 
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Decision making  

An important component of any agent-based model is the mathematical 

implementation of how individuals make decisions. In HydroBoids, at each model 

time step interval each fish decides which behaviour out of the set of defined 

behaviours to undertake. This occurs mathematically using a probability of each 

behaviour occurring (across the whole population) which is set by the user for each 

of the chosen behaviours to be modelled. The method is shown schematically in 

Fig. 56. The probability for all the behaviours is specified in such a way so that they 

sum to less than or equal to one. If less than one, the remaining fraction accounts 

for the fish not making a decision at every time interval (i.e. they continue as on the 

previous time interval). During the simulation, at each time step a random number 

is generated (represented as the spinning the arrow in Fig.57) for each fish to 

determine which activity to perform during that time step. This process is 

overridden if the fish individual finds itself in a situation involving high risk such 

as a dangerously high stimulus above a specified threshold (in this case a loud 

underwater noise level) or in the presence of a predator that is within a specified 

range. In such instances the fish is assumed to be in fright mode and the probability 

is ignored and the individual responds regardless. 
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Fig. 57 Schematic diagram of decision making by probability assuming three behaviours, 

each with a probability of 0.1 in this example. The black arrow represents a random number 

generator which is spun at each time step for each fish and points to a number between 0 

and 1 to choose a behaviour. 

 

Model setup 

A HydroBoids model was set up to mimic the experimental setup described in 

Section 3.4.1. The model results were output to computer generated video 

animations which were then manually processed in the same way as the laboratory 

camera recordings (Fig. 58). Only the first hour of sound emission was simulated 

since the recorded behavioural changes during the laboratory experiments were 

visually most pronounced during this time period. 
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Fig. 58 A single frame of the HydroBoids model output. On the right is a histogram 

indicating the height of the fish in the water column. The time in seconds is displayed in 

the top-left corner. 

 

Parameter selection 

To reproduce the behavioural patterns of the fish over the full hour of the 

observations for each treatment, the modelling was divided into four separate 

modelled periods: from zero to five minutes; from five to 15 minutes; from 15 to 

30 minutes; and from 30 minutes to one hour. These time intervals were chosen 

based on the observed changes in fish behaviour, which tended to occur more 

rapidly towards the start of the experiment and gradually reduce over time.  

Before modelling, the in vivo video recording results were first analysed separately 

for the four different time intervals to provide data on the group cohesion, motility, 

and swim height as described in Section 3.4.1. Then, starting with the control (no 

sound) condition, an iterative process was carried out whereby numerous models 

were run, modifying the model parameters each time, with the objective to obtain 

results similar to the different metrics analysed in the real videos. 
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During the in vivo experiments, it was observed that, at the start of the acoustic 

emission, the fish swam very quickly to the bottom and stopped. Therefore, a short 

initial sound reaction model, lasting just 17 seconds, was first simulated using the 

final positions of the fish from the control model at the start, to obtain the initial 

position of the fish from which to start the models of the four treatment frequencies. 

The final position of the fish from the reaction model was then taken to be used in 

the sound treatment at 63 Hz model for the period from zero to five minutes. The 

modelling was then progressed to the next time interval (five to 15 minutes) and so 

forth, each time using the final position of the fish as the start position in the next 

model. After a full set of parameterised models for the 63 Hz treatment were 

completed (i.e. covering the full period from control to 1 hour exposure), the sound 

exposure experiments were then modelled in the same manner for each of the other 

sound exposure frequencies (125 Hz, 500 Hz and 1 kHz). 

The results obtained from the elaboration of the numerical model on cohesion, 

motility and depth again were then compared to the results obtained from in vivo 

experiments. If the result was not similar to within a predefined error, the model 

was corrected and rerun. Behavioural data were again processed manually and 

compared with data obtained from the in vivo experiment. These steps were 

repeated until the results of the numerical model were comparable to those of the 

in vivo experimental plan. 

 

Statistical analysis 

The processed video and model animation data were analysed using Tukey's 

multiple comparison tests. Statistical analysis was used to evaluate the significant 
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differences between the control and each experimental treatment. For the in vivo 

experiments, the control and each individual acoustic treatment were repeated and 

analysed three times. For each individual model, only a single model was analysed 

for each treatment since the model was representative of the average behaviour in 

vivo. The results are expressed as a mean ± S.E. 

 

4.1.2 Results 

In vivo experiment results 

During the in vivo experiments, significant differences in group cohesion, motility 

and swimming height were observed in fish behaviours between each frequency 

treatment and the control during the first hour of emission. Even if results are 

relative to the Section 3.4, we subsequently report a table that resumes the data 

obtained in vivo only regard the first hour of acoustic emission, being that the 

numerical model was realized only for this part of experiment.  The behavioural 

results obtained for the control and each treatment are shown in Tab. 8. 

 

Tab. 8 The table shows the behavioural results obtained elaborating the in vivo video 

recording. The data are expressed as mean values. 

Laboratory 

measurements 

Motility 

(cm/sec) 

Cohesion  

(cm2) 

Swimming height 

(%) 

 During During zero one two 

Control 4.67 2760 55 36 9 

63Hz 2.25 2101 89   9 2 

125Hz 2.6 1938 77 15 8 

500Hz 4.41 2498 93   6 1 

1kHz 4.04 2689 80 18 2 

 

 

Group cohesion was significantly reduced with acoustic emissions of 63 Hz, 125 

Hz and 500 Hz (p<.001) with respect to the control. The cohesion value for the 
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control was 2760± 76.90 cm2 and decreased to 2101± 172.37 cm2 at 63 Hz, 1938-± 

202.2 cm2 at 125 Hz and 2498-± 195.04 cm2 at 500 Hz (Tab.8). At the frequency of 

63 Hz the fish reacted quickly to the acoustic emission and clustered close together 

at one point. Instead, at the frequency of 125 Hz, even as the levels of cohesion 

increased, the fish did not cluster at one point but close to each other at the edge of 

the basket. At high frequencies the fish reacted quickly but were more distant from 

each other 

Motility was significantly reduced during both the 63 Hz and 125 Hz acoustic 

emissions (p<.001) compared to the control. In the control experiment, the average 

fish motility was 4.67 ± 0.14 cm/s while at 63 Hz and 125 Hz it was 2.25 ± 0.11 

cm/s and 2.60 ± 0.08 cm/s respectively (Tab.8). At all frequencies emitted the fish 

remained immobile after the emission began. Among the frequencies different 

recovery times were in fact the fish began to move more quickly at high emission 

frequencies. Moreover, startle reactions have been observed mainly at the 

frequencies of 125 Hz. 

For swimming height (Tab.8) a significant increase (p<.001) in the percentage of 

fish within zone zero (near-bed) was observed during all emitted frequencies with 

respect to control conditions. In the control experiment, the percentage of fishes in 

zone zero was 55.12%. For the sound treatments, the percentage of fishes in zone 

zero was 89.3%, 76.5%, 93.6% and 80.3% for the 63 Hz, 125 Hz, 500 Hz and 1 

kHz frequencies respectively. Conversely, the percentage of fish in zone one (mid-

depth) decreased significantly (p<.001) for all emitted frequencies with respect to 

the control. In the control experiment, the percentage of fish in zone one was 35.5%. 

In the experimental condition, the percentage of fish in zone one was 8.5%, 15.4%, 
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6.0% and 17.2% for each frequency respectively. A significant reduction in the 

percentage of fish in zone two (near-surface) was observed only at frequencies of 

63 Hz (p<.01), 500 Hz (p<.001) and 1 kHz (p<.01). In the control experiment, the 

percentage of fishes in zone two was 9.4%. In the experimental condition, the 

percentage of fishes in zone two was 2.2%, 8.1%, 0.4% and 2.1% at each frequency 

respectively. The most noticeable effects observed on swimming height were 

observed at the beginning of the acoustic emission. If the fish were in the upper area 

of the water column, they reacted quickly by shedding downward at all emission 

frequencies. These effects were more evident at low emission frequencies with 

longer recovery times compared to high emission frequencies. 

 

Model results 

During the tests, it was found that some of the model parameters needed to be 

modified over time to obtain similar results to the laboratory measurements. These 

parameters were: 

• Probability of schooling (PbS) 

• Probability of velocity change (PbVC) 

• Probability of navigation to the bed (PbN) 

• Swim speed distribution (mean and standard deviation) (SSD) 

• Maximum schooling speed (MSS) 

 

Based on the in vivo  results (Tab. 8), the criteria for deciding if a good model 

calibration had been achieved was chosen as the absolute difference between the 

average model result and the data (averaged over each time interval), with values 

of: 0.4 cm/s for average swim speed; 200 cm2 for the cohesion; and 1.5% error for 

the percent of fish in each height zone. 
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Select calibration parameter values 

To obtain suitably calibrated values of cohesion, motility and swimming height 

comparable to the values obtained from in vivo experiments, the values of the 

parameters for the control model used were: 

• PbS    0.03 

• PbVC    0.04 

• PbN    0.0014 

• SSD 0.04±0.007 m/s 

• MSS 0.1 m/s 

 

The same values were used for all four control models since the behaviour of the 

fish over time did not change. 

For the numerical models of with the different applied sound frequencies, since the 

fish react differently at the beginning of the acoustic emission, three reaction 

models were carried out for the frequency of 63 Hz, 125Hz and 1kHz. For the 500 

Hz model the same reaction pattern as the 125 Hz frequencies was used because the 

fishes reacted in a very similar way. For each subsequent time interval model, the 

final positions of the fish were taken from the previous model. 

The parameters used in the four models with applied sound frequencies are shown 

in Tab. 9 to 12 for 63, 125, 500 and 1000 Hz respectively. The parameters change 

between each time interval in all models and return to values similar to the control 

at different times as observed in the in vivo results. For the each of the four 

frequencies, the time varying fish behaviours meant that it was necessary to modify 

the parameter settings between each of the four-time intervals.  
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Tab. 9 The table shows the parameters used for each of the modelled time intervals 

for the 63 Hz treatment. 

 
Parameters 

Reaction 

model 

0-5 min 5-15 min 15-30 min 30-60 min 

PbS    0.19 0.07 0.05 0.04 0.03 

PbVC    0.001 0.02 0.17 0.1 0.04 

PbN    0.8 0.003 0.003 0.002 0.0015 

SSD 0.2±0.007 0.008±0.0004 0.015±0.004 0.015±0.004 0.04±0.007 

MSS 0.2 0.01 0.01 0.01 0.1 

 

 

Tab. 10 The table shows the parameters used for each of the modelled time intervals for 

the 125 Hz treatment. 

Parameters Reaction 

model 

0-5 min 5-15 min 15-30 min 30-60 min 

PbS    0.13 0.09 0.06 0.04 0.04 

PbVC    0.01 0.1 0.09 0.08 0.06 

PbN    0.8 0.003 0.002 0.0015 0.0015 

SSD 0.2±0.007 0.004±0.0002 0.025±0.007 0.03±0.007 0.03±0.007 

MSS 0.2 0.01 0.1 0.1 0.1 

 

 

Tab. 11 The table shows the parameters used for each of the modelled time intervals for 

the 500 Hz treatment.  

Parameters Reaction 

model 

0-5 min 5-15 min 15-30 min 30-60 min 

PbS    0.19 0.07 0.05 0.03 0.03 

PbVC    0.001 0.1 0.09 0.09 0.05 

PbN    0.8 0.004 0.004 0.004 0.035 

SSD 0.2±0.007 0.004±0.0002 0.04±0.007 0.04±0.007 0.04±0.007 

MSS 0.2 0.01 0.1 0.1 0.1 

 

 

Tab. 12 The table shows the parameters used for each of the modelled time intervals for 

the 1 kHz treatment.  

Parameters Reaction 

model 

0-5 min 5-15 min 15-30 min 30-60 min 

PbS    0.13 0.04 0.04 0.04 0.03 

PbVC    0.07 0.4 0.08 0.06 0.04 

PbN    0.8 0.003 0.0025 0.0025 0.0015 

SSD 0.2±0.007 0.008±0.0005 0.03±0.007 0.04±0.007 0.04±0.007 

MSS 0.2 0.01 0.1 0.1 0.1 
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Comparison of the in vivo data with model results 

Using the calibration parameters, the model results were analysed in the same way 

as the in vivo video recordings to obtain the values of cohesion, motility and 

swimming height. As shown in Tab.13, the modelled values for each metric 

compared well with to the equivalent values obtained from in vivo camera 

recordings. 

Tab. 13 The table shows the results obtained elaborating different numerical model for the 

whole experimental hour. The data are expressed as mean values. The equivalent values 

obtained from in vivo behaviour analysis are shown in brackets. 

 

Models Data Motility 

(cm/sec) 

Cohesion  

(cm2) 

Swimming height 

(%) 

   zero one two 

Control 4.3  (4.7) 2806 (2760) 54.7 (55) 35.6  (36) 9.5  (9) 

63Hz 2.6  (2.3) 2163  (2101) 86  (89)  11.5   (9) 2.5  (2) 

125Hz 2.6  (2.6) 1999  (1939) 75.6  (76.4) 16.6  (15) 7.7  (8) 

500Hz 4.2  (4.4) 2414  (2499) 93.6  (93.6)   5.1   (6) 1.3  (0.4) 

1kHz 4.0  (4.0) 2620  (2689) 81.0  (80) 16.5  (18) 2.5  (2) 

 

The cohesion values determined using the numerical model, as found for the results 

obtained from the in vivo experiment, were significantly reduced during the tests 

with acoustic emissions at frequencies of 63, 125 and 500 Hz. The cohesion value 

in the control was 2806 ± 566 cm2 and decreased to 2163 ± 694 cm2 at 63 Hz, 1999 

± 488 cm2 at 125 Hz, 2414 ± 759 cm2 at 500 Hz and 2620 ± 720 cm2 at 1 kHz 

(Tab.13). In the numerical model, as for the in vivo results, the most evident impacts 

were observed at 63 Hz and 125 Hz. 

Motility values obtained from the numerical model, similarly the values obtained 

from in vivo experiment, significantly reduce at 63 Hz, 125 Hz compared to the 

control. For the control fish, the motility value was 4.30 ± 0.48 cm/sec while in 63 



199 
 

Hz and 125 Hz was respectively 2.57 ± 1.53 cm/sec and 2.63 ± 0.88 cm/sec 

(Tab.13).  

The values for swimming height show a significant increase in the percentage of 

fish in zone zero (near bed) at all emitted frequencies with respect to the control. In 

the control, the percentage of fishes in zone zero was 55.1%.  In the experimental 

condition, the percentage of fish in zone zero was 89.3% for 63 Hz, 75.6% for 125 

Hz, 93.6% for 500 Hz and 81.0% for 1000 Hz. Conversely, the percentage of fish 

in zone one (mid depth) decreases significantly at all emitted frequencies with 

respect to the control. In the experimental control, the percentage of fishes in zone 

one was 35.5%. In the experimental condition, the percentage of fishes in zone zero 

was 8.5% for 63 Hz, 16.6 for 125 Hz, 5.1% for 500 Hz and 16.5% for 1000 Hz. No 

significant difference was observed for the numbers of fish swimming near the 

surface (zone two). The same statistical analysis was performed for the results 

obtained from the model and the results obtained were similar as show in Tab. 14. 

 

Tab. 14 The table shows the results about statistical analysis performed using t-test on 

behavioural data and model data. 

Cohesion 63 Hz 125 Hz 500Hz 1 kHz 

Control in vivo *** (p<.001) *** (p<.001) *** (p<.001) N.S 

Control model ***(p<.001) ***(p<.001) ***(p<.001) N.S 

Motility     

Control in vivo *** (p<.001) *** p<.001) N.S N.S 

Control model ***(p<.001) ***(p<.001) N.S N.S 

Swimming height zero zone     

Control in vivo ***(p<.001) *** (p<.001) *** (p<.001) *** (p<.001) 

Control model **(p<.01) *(p<.05) ***(p<.001) ***(p<.001) 
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4.1.3 Discussion and conclusion 

Towards developing a time-varying behaviour model 

Up to this point, the modelling has focused on assessing the changes in the fish 

behaviour at discrete time intervals through the duration of the experiments. The 

main reason for this was because the manual calibration of the model was time 

consuming. In future work, it is envisaged that the empirical relationship formula 

from the fitted curves described above could be applied within the HydroBoids 

agent-based model code. In doing so, the model would be able to simulate the whole 

behaviour cycle of the fish from control conditions, to the initial reaction to the 

noise followed by the gradual habituation that was observed in the laboratory 

measurements. 

This could be achieved by deriving empirical relationships of how the parameters 

changed over time. Fig. 59 to 61 show power law curves fitted to the model 

parameters against time for the probability of navigation, schooling and velocity 

change respectively. In particular, the different trend of the curves for the different 

experimental frequencies represented in Fig.59, indicates that at the frequency of 

500 Hz the fish spent most of the time in zone zero. For other frequencies the curves 

are very similar to each other, in fact the percentage of time spent in zone zero are 

similar (see Tab.13). Furthermore, in all frequencies the curves show that after the 

first five minutes the swimming depth begins to decrease to a greater extent at 1 

kHz and 125 Hz. Overall, the fitted curves indicate that the percentage of time spent 

near the bed (in the zone zero) is higher in all cases than in the control, confirming 

an effect of the acoustic stimulus on the swimming depth of the fish. This reaction 

of swimming towards the bed could be due to anxiety situations (Israeli-Weinstein 

and Kimmel, 1998; Cachat et al., 2010; Kuwada et al., 2000; Wilson and Dill, 2002; 



201 
 

Skilbrei and Holst, 2009; Luca and Gerlai, 2012;) also observed in field studies 

(Gerlotto and Fréon, 1992; Handegard et al., 2003; Slotte et al., 2004). 

Regarding the Probability of Schooling represented in Fig.60, it is possible to 

observe that the levels of cohesion in the first five minutes are greater for the 

frequencies of 125Hz. The curves of 63 Hz and 500 Hz show a very similar trend 

with high levels of cohesion in the first five minutes but lower than the 125 Hz 

curve. These three fitted curves decrease after only the first five minutes indicating 

a recovery in the levels of cohesion faster at the frequency of 500 Hz and slower at 

125 Hz. The curve for cohesion at a frequency of 1 kHz is not very different from 

the control and maintains a constant trend over time. The differences in Probability 

of Schooling could be due to different sound sensitivities of the fish being that the 

frequency range received by most fish ranges from 50 to 1122 Hz (with an SPL of 

140-150 re 1μΡa) (Popper et al., 2003). Moreover, the recovery may be due to 

sensory adaptation or habituation (Domjan, 2010) to continuous noise (Neo et al., 

2014). 

The numerical model has also confirmed variations in the Probability of Velocity 

Change (Fig. 61). This parameter is different for the four acoustic frequencies at the 

beginning of the emission. In fact, the probability value is higher at a frequency of 

1 kHz. At 500 Hz and 125 Hz the initial value is the same. At all frequencies the 

value decreases after the first five minutes of acoustic emission. The highest three 

frequencies return to a similar Probability of Velocity Change after the first 5 

minutes, whereas at 63 Hz the value remains higher. This suggests that recovery is 

slower at 63 Hz. After an hour of acoustic emission, at all frequencies, this 

parameter returns to values similar to the control.  Also in this case, the difference 
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in the effects of different acoustic frequencies may be due to states of anxiety and 

fear of fish and to the greater quantity of C-start responses (Blaxter et al., 2009; 

Fewtrell & McCauley, 2012; Kastelein et al ., 2008; Pearson et al., 1992; Purser & 

Radford, 2011; Wardle et al., 2001). The different responsens at different 

experimental frequencies showed different sensibility of fish probably due to their 

hearing capability. Moreover, these responses can affect anti-predation and anxiety 

behaviours (Cachat et al., 2010; Eaton et al., 1977). 

In Fig. 62, another relationship is derived for the swimming speed using a 

logarithmic fit to the model parameters. The curves show that swimming speed 

levels remain high for control fish around 0.04 cm/s. The curves for all four 

frequencies are similar, in fact the swimming speed is zero at the beginning of the 

acoustic emission in all cases indicating a reaction to all emission frequencies 

perhaps caused also in this case by fear and anxiety (Cachat et al., 2010). Between 

the four frequencies the recovery time changes with respect to the control values, 

and they recover more quickly at 500 Hz and 1 kHz. In all cases the recovery starts 

after five minutes from the acoustic emission. At 125 Hz the swimming speed never 

returns to the control levels. Also, in this case, such as the probability of schooling 

the recovery may be due to sensory habituation to continuous noise (Neo et al., 

2014). 

For the maximum school speed (MSS) the relationship differed from the other 

parameters because it acted more like a switch, with the school either being 

stationary or moving (Fig.63). Hence, it was not possible to fit a curve to the data 

in this case. Instead, this could be modelled using a timer relative to the reaction 

time. Interestingly, the switch occurred after five minutes for all of the frequencies 
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other than 63 Hz, in which the switch occurred after 30 minutes. This highlights a 

significant difference in the fish behaviour at 63 Hz compared to the other 

frequencies tested, possibly indicating a more pronounced reaction to the noise at 

this frequency. 

The results obtained from the numerical model are consistent with the results 

obtained from the processing of in vivo video recordings. Furthermore, it would be 

possible to use the results obtained from the model to construct a model that changes 

over time using the different parameters shown in Fig. 59 to Fig. 63 and combining 

them together. In fact, the levels of Probability of navigation to bed and Probability 

of schooling are correlated and influenced by the levels of Probability of velocity 

change, Swimming speed and Maximum school speed. 

 

 

Fig. 59 Power law curves fitted to the model parameters against time for the probability of 

navigation, to the bed of fish 
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Fig. 60 Power law curves fitted to the model parameters against time for the probability of 

schooling of fish. 

 

 

 

Fig. 61 Power law curves fitted to the model parameters against time for the probability of 

velocity change of fish. 
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Fig. 62 Representation of relationship derived for the swimming speed using a logarithmic 

fit to the model parameters against time. 

 

 

 

Fig. 63 Representation of the maximum school speed (MSS) for each experimental 

frequencies and control.  
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How does the model help in our understanding of the fish behaviour? 

In the literature, many scientific studies have assessed acoustic impacts of several 

human activities on marine organisms at a physical, physiological and behavioural 

level. These data are useful to understand the impacts on marine biodiversity being 

that human activities in the sea have increased over time and as noise levels in the 

sea will increase in the future (Andrew et al., 2002; Hildebrand, 2009). However, 

today it is essential to have a tool that can predictions to be made of the behavioural 

responses of marine organisms to an acoustic stress, and the associated impacts, 

before they are subjected to it. An organization or an industry that plans to carry out 

activities at sea can take advantage from this numerical model, to predict the 

impacts that the acoustic emissions of their activities will cause on biodiversity. 

Knowing the frequencies and the acoustic intensities that will be emitted, and 

inserting them in the numerical model, it will be possible to understand if those 

acoustic emissions will have effect on behavioural parameters such as swimming 

speed, swimming depth or group cohesion.  

An important feature of the numerical model developed in this study is that it was 

calibrated using the behavioural responses of juvenile fish. Changes in the early 

stages of fish life can cause dramatic effects in the structure, physiology and 

behaviour of species. Moreover, the acoustic stress, which changes their sensory 

information, can negatively affect their ability to assess risk and select appropriate 

reactions. The consequences could therefore be significant, making them more 

vulnerable to predators by influencing their survival (McCormick et al., 2002; 

Nilsson et al., 2007; Munday et al., 2010, McCormick & Lönnstedt, 2013) and the 

future generations. Consequently, behavioural responses to underwater noise as 

investigated here can have important and negative effects on entire ecosystems 
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(Borsani et al., 2015) and at commercial level as it could influence the capture rates 

of the species causing their dispersal or removal from a site (Løkkeborg et al., 

2012). 

A key advantage of the numerical model approach is the possibility to predict the 

behavioural responses of a fish species over time and include any recovery or 

habituation. It should be possible to estimate if specific acoustic frequencies will 

have effects and for how long they will have negative effects. The model obtained 

showed that different frequencies can have different effects at the time of acoustic 

emission and that subsequent recoveries over time can change based on acoustic 

emission. The in vivo recordings analysis and the numerical model results highlight 

the importance that the low acoustic emission frequencies that the Marine Strategy 

Framework Directive requires to be monitored (Dekeling et al., 2014) are the most 

impacting on all behavioural parameters studied in S. aurata juvenile fishes.  

Looking forward, by including similar data as recorded here relating to other 

species that have different hearing thresholds and behavioural responses and 

implementing the numerical model, it might be possible to select the frequencies 

and acoustic emission intensities that have less impact on the species present at a 

particular the site. Such a tool would be of considerable importance for EIAs 

helping to predict noise impacts. Experiments carried out in the laboratory generally 

provide incomplete information and in-situ experiments on the other hand are 

difficult to manage (i.e. control) for testing the acoustic effects of human activities. 

In this respect the numerical model will be able to make use of existing results from 

numerous scientific studies present in the literature, making them no longer simply 
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information or dissemination of a result, to provide a real tool that can be used for 

forecasting and mitigation of the noise impact on marine biodiversity. 

In conclusion, there are few examples in the literature of numerical models of the 

behaviour of fish, in particular juveniles, that are subjected to acoustic stimuli. 

Developing such models requires observation data for calibration and validation. 

During this study, through the development of a numerical model, it has been shown 

that it is possible to use data obtained from in vivo experiments for the creation of 

a model that allows to predict the effects of the acoustic stress at a range of 

frequencies associated with different human activities on the behaviour of fish. 

These results are important as changes in fish behaviour can have important 

consequences for their survival. Furthermore, it was important to test some 

frequencies that the Monitoring Guidance for Underwater Noise in European Seas 

- Part II recommends to observe during the emissions into the sea. 

HydroBoids is an ABM that through various types of research is undergoing 

interesting developments (https://www.zsl.org/conservation/smelt-

osmeruseperlanus). Through this experimental plan, it was possible to investigate 

the interaction of marine organisms with the acoustic impact of human activities. It 

was possible to associate new algorithms to the model. 

This model could potentially be useful in the EIA process for future mining in the 

ocean depths or for predicting the impacts of other acoustic activities. In fact, this 

model allows a deepening the knowledge and the analysis on population dynamics.  

Understanding of the potential impacts of anthropogenic noise on marine species 

requires an understanding of how a species feels, what frequencies and levels of 

sound it can hear and its probable responses. To date, in the bibliography studies 
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have increased and some recent studies informing about behavioural variations are 

available (Neo et al., 2018). 

The model confirmed that behaviours change depending on the frequency of 

emission and in general at all frequencies of the experimental plan the fish prefer 

to remain in deeper waters starting to return to the surface only after the first hour 

of emission. The fish respond with a vertical and not a horizontal behaviour (Slotte 

et al., 2004; Sabet et al., 2016). This reaction was observed at all emission 

frequencies with effects more evident at 63 Hz and 500 Hz. 

The values used influenced the results of the model (Fonoberova et al., 2013; Ginot 

et al., 2006; Simons et al., 2013). In particular, the final result depends on the 

interaction of the parameters between them. 

One of the most important results of this numerical model was the need to create 

reaction models to reproduce the reaction that fish have when the acoustic emission 

begins. The fish reacted differently to the acoustic emission frequencies: or quickly 

collected in a single point or distributed to the edge of the basket at different 

distances according to the frequency of emission. Thanks to the model, it was also 

possible to confirm that depending on the emission frequency the fish can recover 

their behaviour after an hour. In fact, at the frequency of 63 Hz and 1 kHz all the 

parameters of the model return to being the same as those of the model for control. 

This confirms the possibility of fish recovery after a time interval of exposure to 

the acoustic stimulus (Holmes et al., 2018), in this case after one hour. The same 

does not happen for the frequency of 125 Hz in which the only parameters that 

return to the control values are MSS and PbN. This confirms the results obtained in 

vivo, the acoustic emission has impacts on cohesion (PbS), on the speed of change 
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of swimming direction (PbVC) and on the speed of the individual sign (SSD). The 

change in the model of the swimming direction parameter is in agreement with 

Mueller-Blenkle et al. (2010). These results confirm that acoustic impacts have 

consequences on fish startle responses (Bruintjes et al., 2016). As for the frequency 

of 500 Hz instead the only values to recover are PbS, SSD and MSS. This indicates 

and confirms that this emission has an impact on the depth of swimming and on the 

change of direction of the fish. Also, in this case the results confirm startle responses 

but which differ according to the emission frequency (Kastelein et al., 2008). 

Empirical relationships were derived from curves fitted to the time-varying model 

parameters (PbS, PbN, PbVC, SSD and MSS). This opens up the possibility to carry 

out further studies in which the HydroBoids code could be modified to simulate the 

time-varying fish behaviour observed throughout the in vivo experiments in a single 

model run. This would then form the basis for using the model in real world 

scenarios where impacts of anthropogenic noise on Sparus aurata could be 

assessed. 

The results of this research were presented (see the Chapter 7) at the 80° National 

Congress Of Italian Zoological Union (UZI).  Roma, 23 - 26 September 2019 
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5. Standard and standardization module  

For this part of study were performed six months at The Italian Institution for 

research and promotion of standardization (ENR) based in Palermo. This period 

was carried out during the second and third year of study and was divided in four 

phases: 

1) General study of the structure, writing and function of national and international 

technical rules and/or standards; 

2) Bibliographic research on technical rules and standards regarding the acoustic 

impact of marine-maritime activities; 

3) Bibliographic research on technical rules and standards regarding the acoustic 

and environmental impact of Deep Sea Mining; 

4) Final elaboration of the first technical standard concerning the acoustic impact 

of the Deep Sea Mining for the preservation of marine biodiversity. 

The time spent in this institution also allowed to follow a professional training 

course by participating in different activities and events, such as the Blue Sea Land 

Expo (Mazara del Vallo, Italy, October 2018) during which our study has been 

present in several seminars. 

Results of the studies carried out during the initial phases (1, 2 and 3) allowed to 

confirm that, today, there are no technical regulations and standards regarding the 

acoustic impact of mining activities in the ocean depths. 

Thanks to the final phase (study of scientific bibliography concerning the acoustic 

impact of different marine-maritime activity) limits and indications of use in 

elaboration of the subsequent technical standard were extrapolated.  
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A review of the scientific papers in literature, regarding noise pollution linked to 

various marine-maritime activities was used to write the subsequent technical 

standard. Relevant scientific literature has been cited in the introduction to this 

thesis.  

This Technical Standard provides an initial document from which to derive 

minimum requirements and/or recommendations of use when attempting to limit 

possible acoustic impacts of DSM activity. Whilst the acoustic frequencies emitted 

during DSM activities remain unknown, this document contributes to the 

identification of a baseline that could be followed by different stakeholders 

performing these activities.  

It is believed that following these guidelines while carrying out deep sea mining 

activities, is accordance with the precautionary principle. 

All the scientific studies that was consulted during the drafting of this standard 

highlighted the acoustic impact which occurs on biodiversity (from invertebrates to 

mammals) on a physical, physiological and behavioural level. Based on the effect 

of a sound with a known acoustic intensity and frequency, typical, for example, of 

other anthropic activities, it was possible to hypothesise the possible effects of DSM 

activities, where the noise emitted coincided with some of these frequencies and/or 

intensities. Most of the published papers concerned laboratory experiments and not 

in-situ experiments. This fact may constitute a possible limit in the establishment 

of noise emission thresholds. In this respect, we are fully aware that the two 

experimental situations do not overlap. However, it was deemed appropriate to 

provide an initial set of indications regarding the acoustic limits to be respected, 

taking into consideration the type of emission of various marine/maritime activities 
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and the possibility that DSM activities create the same frequency emissions and 

thus the same impacts. 

Although acoustic frequencies produced by mining are not known (a great deal of 

information is still lacking or not available) using knowledge on the effects of 

various types of anthropogenic noise is, undoubtedly, a satisfactory starting point 

to mitigate impacts. We remain aware of the fact that there are many scientific 

limitations; however, we are even more aware of the fact that marine/maritime 

sector activities and future mining activities in the ocean depths cannot continue 

without indications or basic limits to contain noise impact. It was this consideration 

which inspired us to propose possible noise emission limits and operational advice 

to be used during DSM activities in order to provide (as far as possible) impact 

mitigation measures.  

There is still time to provide a set of indications before DSM activities begin. 

"Prevention is better than a cure"; it is in this context that we hope to make our 

contribution. Not to stop development but to find the right balance between 

development and life in the depths of the ocean. In this contest, a multidisciplinary 

approach was recognised as providing a more useful and meaningful approach, 

given the fact that the large number of factors involved in marine noise pollution 

gives rise to a number of difficulties, such as establishing fixed and unambiguous 

parameters, and distances for safe noise monitoring. 

Scientific papers were studied and grouped in terms of emission frequencies and 

acoustic emission intensity. Subsequently, these papers were grouped in terms of 

physical, physiological and behavioural damage to marine species (from 

invertebrates to vertebrates and mammals). This allowed to obtain three acoustic 
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emission intensity ranges: serious impact, average impact and low impact.  In most 

cases, bibliographic research reported emissions expressed in dBrms re 1μPa and 

this allowed us to extrapolate limit values.  For example, levels causing severe 

animal injury appear to be much higher than 180 dB rms re 1μPa (OGP-IAGC). 

However, most of the scientific studies we studied with impacts on physiology, 

physics and animal behaviour concerned emissions ≥ 130 dBrms re 1μPa.  This has 

allowed to establish that emissions above 130 dBrms re 1μPa cause "serious 

impacts" on biodiversity, in many cases irreversible. Given the lower percentage of 

studies with an impact below 90 dBrms re 1μPa, it was decided to recommend this 

limit as a "low impact" emission on marine biodiversity. Intermediate levels, from 

90 dBrms re 1μPa to 130 dBrms re 1μPa, cover a type of impact defined as "average 

impact". These levels were selected with the ultimate aim of ensuring that the 

technical standard is not too restrictive and, therefore, unenforceable.  

The purpose of the standard is to contribute to the reduction of noise impact. 

Furthermore, the acoustic limits selected through the study of scientific literature 

were confirmed by the results of the indoor and outdoor experiments discussed 

above. A range of scientific information was taken into consideration when 

indicating emission frequencies and, for most species, sound sensitivity begins 

below 100 Hz and continues up to several hundred hertz, or several thousand hertz 

in a few species (Mann et al., 1997, 2001). Moreover, as stated in the introduction, 

the "Monitoring Guidance for Underwater Noise in European Seas - Part II" 

suggests monitoring trends linked to environmental noise levels (annual average 

values measured in RMS re 1μΡa) emitted within 1/3 octave bands with central 

frequencies of 63 and 125 Hz. Monitoring these frequencies was advised for this 
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reason. "Guidelines for the management of anthropogenic noise impact on 

cetaceans in the ACCOBAMS area" were used to indicate possible time intervals 

for the monitoring of acoustic and visual activities, which should be carried out 

throughout the duration of the noise emissions. This document also provided 

information on the professional figure of a Marine Mammals Observer (MMO). 

The Guidelines for Germany, BfN 2013:1, provided useful suggestions on 

minimum distances for monitoring and measuring noise emissions.  

There are still many gaps concerning some aspects of acoustic impacts; this 

information has been provided in the technical standard using specific 

bibliographical references. For example, data for determining distances are 

insufficient; however, in general, the closer the animal is to the source, the more 

likely it is that the high energy will have an effect (Popper et al., 2019). In this 

context, regulators need to consider noise levels at the origin and noise reception 

by animals. Regarding particle movement, the International Organization for 

Standards in ISO/DIS 1683 (2013) recommends the following values: 1pm 

(picometer) for the dislocation of sound particles, 1 nm/s for the speed of sound 

particles and 1 μm/s2 for the acceleration of sound particles.  

Noise levels from impulsive emissions have also been indicated in the technical 

standard. At present there are no national or international standards relating to the 

exposure of fish to impulsive sounds. However, information relating to the latter 

has been collected by the National Marine Fisheries Service (NMFS). Starting from 

the mortality of species that have been exposed to explosive noise (Popper & 

Hastings 2009a), NMFS developed intermediate criteria for pile driving (FHWG 

2008, Woodbury & Stadler 2008; Stadler & Woodbury 2009; Caltrans, 2009), 
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specifying a maximum SPL peak of 206 dB re 1μPa, a maximum cumulative SEL 

(Sound Exposure Level) of 187 dB re 1μPa2 s-1 for fish ≥2 gr and 183 dB re 1 μPa2 

s-1 for fish <2 gr (Carlson et al., 2007). Moreover, Halvorsen et al. (2011, 2012a, c) 

and Casper et al. (2012, 2013a, b) describe the effects of impulsive sound on 

different species by formulating the Response Severity Index (RSI). In particular, 

they determined maximum sound pressure levels associated with different RSI 

levels and found that tissue damage increases with increasing cumulative SEL and 

single shot SEL. For this reason, use of these indices was also recommended. In 

addition, the scientific research of Popper et al. (2014; 2019) was used to indicate 

emission levels. Popper et al. (2019) organize the scientific data according to 

species, type of damage detected and type of source or sound exposure. 

However, in literature, there are also other metrics for pulsed sounds: Sound 

Exposure Level (SEL) for single and cumulative sounds; Peak sound pressure level; 

Peak-to-peak sound pressure level. SEL, for example, can be considered a measure 

of the energy content of the impulse (Good Practice Guide No.133-Underwater 

Noise Measurement), although available data on this latter did not allow us to 

identify reliable sound levels. It was possible, however, to extract some useful basic 

information from other scientific documents to include in the subsequent technical 

standards. Other recommendations in the subsequent technical standard were made 

using the following bibliographic sources: in the case of SEL, significant negative 

effects already occur at levels above 120 dB re μPa2s (183 dB re: μPa2s) (Southall 

et al., 2007; Borsani & Franchi, 2011) and the threshold values at which 

physical/physiological damage to marine mammals can be observed are in most 

cases equal to or greater than 120 dB re μPa2s (Malme et al., 1983; Southall et al., 
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2007; Borsani & Franchi, 2011; Ljungblad et al., 1988; Todd et al., 1996; McCauley 

et al., 1998). Minor effects can also be observed below 120 dB re μPa2s, for which 

it is important to implement the measures reported in the technical standard 

(Madsen & Mohl, 2000; Madsen et al., 2002). In the context of drilling and piling 

activities, within the frequency bands between 10 Hz and 20 kHz, noise levels 

above 120 dB re 1 μPa2/Hz have been shown to cause adverse effects on 

biodiversity (Sabet et al., 2016; Spiga et al., 2017; Nedelec et al., 2017; Weilgart et 

al., 2018; McCormick et al., 2018b) and drilling  seems to be recommended over 

piling (Broudic et al., 2014). It is also useful to calculate peak compressional sound 

pressure levels and peak rarefactional sound pressure levels, pulse duration and 

pulse repetition frequency. The impact of these activities could be contained by 

using the "soft-start" technique (gradual start to activities), which can guarantee the 

escape of marine organisms from the areas involved in DSM activities. To minimise 

additional noise, “soft starting” should not last longer than 40 minutes (Joint Nature 

Conservation Committee). Furthermore, power increases during a soft-start 

technique should not exceed 6 dB every five minutes (Guidelines for the 

management of anthropogenic noise impact on cetaceans in the ACCOBAMS area). 

In the case of drilling for DSM activities, a reduction in drilling times could 

contribute to a decrease in acoustic impacts, taking advantage of any resting 

sessions. It is important, however, to bear in mind that the acoustic conditions and 

pressure levels may change, depending on the type of environment (modified by 

Jasny et al., 2005; modified by Borsani & Franchi, 2011; Spiga et al., 2017). The 

creation of "Areas of Particular Environmental Interest" (APEI) (Dunn et al., 2018) 

could be useful. Another way to minimise sound impacts would be to minimise 
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activities in the SOFAR channel (sound fixation and alignment) (typically at depths 

of ~1000 m). This recommendation is in line with the precautionary principle, given 

the poor and mixed understanding of the effects of noise on marine animals (Drazen 

et al., 2019). From bibliographic research, it emerged that documents such as 

Guidance for Underwater Noise in European Seas - Part II; Good Practice Guide 

No.133- Underwater Noise Measurement; Guidelines for the management of the 

impact of anthropogenic noise on cetaceans in the ACCOBAMS area; Guidelines 

for the study of anthropogenic noise introduced into the sea and inland waters 

(ISPRA, part one and part two) are useful for good monitoring. All these mentioned 

documents enabled us to extract some of the information contained in this standard. 

Despite the considerable number of variables at stake, providing information on 

possible limits regarding exposure to noise is of great importance in order to direct 

all marine and maritime activities towards greater environmental friendliness and 

eco-sustainability, and to raise awareness among all stakeholders to ensure greater 

protection of the marine environment, also from the point of view of noise impact. 

Below is proposed initial technical rules on noise pollution for Deep Sea Mining 

activities. 
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5.1 A proposal of technical rules for noise pollution of Deep Sea Mining activity 
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PREFACE 

This document (Technical standard ENR 14001:2019) has been elaborated by a special Technical 
Committee for the realization of a voluntary technical standard to define the potential minimum 
criteria of acceptability of the acoustic impact of the sea-shore activities related to Deep Sea Mining 
(DSM) 
 

1. Introduction 

 
  Anthropic noise is now considered to be a serious cause of pollution. EU Member States shall 

develop strategies to maintain good environmental status in their seas (Marine Strategy 
Framework Directive, MSFD; Monitoring Guidance for Underwater Noise in European Seas - Part 
II). 
 
In 2010 the European Commission published standards and criteria for achieving these 
objectives (Commission Decision 2010/477/EU), but to date data on anthropogenic noise are 
still incomplete. Noise has become part of the descriptors of good environmental status such as 
descriptor 11 (Noise/Energy) and in particular Indicator 11.1.1 for low and medium frequency 
impulsive sounds and Indicator 11.2.1 for low frequency continuous sounds (environmental 
noise) (Monitoring Guidance for Underwater Noise in European Seas - Part II). 
 
Given the recent increase in anthropogenic noise, it is essential to consider the acoustic impact 
of maritime-sea activities related to mining in the depths of the ocean. 
 
Noise monitoring is essential to prevent impacts on the marine ecosystem as much as possible 
and is an indispensable factor to be included in all phases of these activities. This is consistent 
with the possible balance between reducing noise impacts on ecosystems and socio-economic 
development. 
 
The drafting of the following standard takes into account the different conclusions that exist 
today between the scientific results obtained in the field and in the laboratory. It is taken into 
account that possible biological responses, obtained from scientific research in the field of "noise 
pollution", may be difficult to assess due to ecosystem variability and incomplete scientific 
information on anthropogenic noise at sea.  
 
In the standard under consideration, the difficulty of assessing acoustic impacts has been taken 
into account together with the high variability and interaction with different environmental 
aspects.  
 
It is therefore difficult to develop plans to contain anthropogenic noise given the lack of scientific 
knowledge of the sounds emitted, the exposure thresholds and any responses triggered at the 
ecosystem level by these activities. 
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Despite this, efforts are being made to develop mitigation strategies that take into account 
biological information or possible changes to sound sources in order to minimise the resulting 
noise impacts as far as possible.  

 
The multidisciplinary approach is the basis for the drafting of this standard, the result of an 
Innovative PhD course with industrial characterization PON 2014-2020 carried out at the 
University of Palermo focused on the study of acoustic impacts of the activities of Deep Sea 
Mining. 

 
The standard provides guidance on the behaviors to be implemented in all operational phases 
for the management of acoustic impact. 
 
Introduction of the Thesis contains a summary of the scientific results (bibliographic data) that 
have been taken as a reference in the drafting of this standard. 
 
The following diagram represents the description of a careful and precise analysis in order to 
carry out an efficient and effective acoustic monitoring. 
 
 

 

 

 
In this Standard, the following verbal forms are used: 
 
— “shall” indicates a requirement; 
— “should” indicates a recommendation; 
— “may” indicates a permission; 
— “can” indicates a possibility or a capability. 
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2.  

 
2. Aim and Scope of Application 

The purpose of this standard is to suggest possible ways of managing the acoustic impact of 
Deep Sea Mining (DSM) marine activities operating in the range between 10 Hz and 10 kHz. 
 
The standard aims to provide stakeholders with references and/or guidance to reduce the 
noise impact by ensuring business continuity.  
 
Interested parties may improve their environmental performance by following the minimum 
noise acceptability criteria set out in the following standard. 
 
The problem of noise pollution is now relevant in order to improve environmental 
performance; an organization that will follow the indications of the following standard can take 
it into account in the course of its activities and contain it.  
 
This standard is aimed at organizations that need a reference for noise pollution control.  
 
The ultimate aim is to carry out these activities by controlling and reducing as much as possible 
the noise emissions and therefore the environmental impacts that could result from them. It 
will therefore be possible to improve the environmental performance and achieve the 
objectives set before the start of the activities. 

 

 

3. Preliminary analysis 

 
3.1 PRELIMINARY ACTIVITY ANALYSIS (PAA) 

 
Before the start of the activities, the organization shall carry out a Preliminary Analysis of the 
Activities to be carried out (PAA). 

In the PAA, the organization shall demonstrate that it is fully aware of all activities and has taken 
into account the resulting environmental impacts. 

This will involve the analysis of some points such as:  

a) Type of activity; 
b) Technical characteristics of the equipment involved; 
c) Actions likely to have a significant environmental impact; 
d) Timing of activities; 
e) Responsibilities and risks of the different levels of activity; 
f) Type and characteristics of the environment of interest; 
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g) Structure of the ecosystem and of the biodiversity of the area, its mapping and monitoring; 
h) Methods for the assessment and analysis of environmental indicators for environmental 

monitoring; 
i) Noise emissions from machinery used before and during operation; 
j) Possible emergency situations, in particular those with an environmental impact; 
k) Environmental goals and the processes by which they are achieved; 
l) Acoustic impacts and how to mitigate them; 
m) Environmental aspects that the activities will be able to control and/or influence and those 

that they will not be able to control; 
n) Operational measures to prevent or reduce undesirable effects which may be caused by 

external environmental conditions; 
o) Expected environmental conditions throughout the period of activity and any climate and/or 

sea current changes that could affect safety conditions; 
p) Human resources involved and their training. 

 

The PAA aims to improve environmental performance by reducing noise impact. 

The results of the PAA shall be recorded; the organization involved shall therefore document and 
leave tangible traces of the preliminary analysis of the activities carried out and their final results. 

The related documents shall therefore: 

a) Be dated and signed by all the people who have attended and/or participated in the 
preliminary analysis; 

b) Provide details of all decisions taken regarding the conduct of activities and their 
management; 

c) Identify the environmental criteria used for the decisions taken; 
d) Identify the potential expected environmental impacts; 
e) Identify the environmental aspects considered; 
f) Identify which measures will be taken to reduce the impacts referred to in point (d) 
g) Identify the environmental aspects not covered and justify the choice; 

 

On the basis of the complexity of the site and the activity itself, which will be evaluated through 
the PAA, it is essential the presence of professionals with specific skills necessary for the analysis 
of the site where the activity will be carried out. Marine/biological, environmental (e.g. ecological, 
taxonomic, biological, ethological-naturalistic, geological and geochemical) and technical-acoustic 
(e.g. engineering-physical) skills are required for the monitoring of the noise emitted as per points 
2.2 and 3. Expertise in laboratory techniques and technologies is recommended 
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The professionals involved shall have skills in environmental, acoustic and conservation / 
environmental protection.  
 
It is also possible to include professionals from other sectors, not included in the list above, where 
necessary. This list can be modified according to the characteristics of the site, the area involved 
and the type of activity carried out.  
 
It is therefore essential to form a team of professionals competent in the environmental and 
engineering sectors related to the activities. 
 

The ultimate aim of the preliminary analysis is to have a picture as clear as possible of the current 
state of the underwater environment and the consequences of the activity that will be carried out 
on it. The PAA provides a snapshot of the previous status at the start of the activity and is useful 
for continuous monitoring. 
 

 

   3.2 EMITTED NOISE MONITORING PLAN (ENM) 

Taking into account all the elements mentioned in point 3.1, it will be possible to program the 
noise emitted monitoring plan (ENM). This will be essential for analyzing and monitoring the 
environmental performance of the activity carried out. 
 
The monitoring plan allows the organization not to deviate from the plans and objectives of this 
standard.  
 
The ENM shall be documented and the controls carried out shall be recorded (e.g. methods, 
periodicity, personnel involved). 
 
In the management of the ENM, it is necessary to take into account the skills required under point 
3.1. 
 
During the preparation of the ENM, the organization shall demonstrate that it has taken into 
account all environmental aspects and possible impacts by establishing analysis and monitoring 
timescales and the instruments to be used.  
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Below you can find a reference list for the preparation of the ENM: 
 

 a) The environmental objectives set shall be measurable, monitored, updated and reported; 

b) Significant environmental aspects shall be monitored during the activities; 
c) The frequency and responsibility of the planned activities shall be clearly defined; 
d) The competences necessary for the activities to be carried out shall be defined in detail, 
ensuring the competence of the professionals chosen; 
e) The type of ecosystem and the presence of any reproductive areas shall be determined; 
f) It should be assessed whether the site involved is a sanctuary of reproduction of certain 
species; 
g) The timing and type of analyses to be carried out shall be defined; 
h) Methods of acoustic measurement and analysis shall be defined; 
i) Noise emission measurements during the activities shall be carried out at a reference 
distance of 500 m. The choice of any different reference distances (not exceeding 500 m) shall 
be justified and signed by the technical staff involved. 
j) The time interval in which measurements are to be made shall be managed as above; 
k) The instruments used for the measurements shall be correctly calibrated and maintained 
by appropriate standards; 
l) The quality of water and sediment before, during and at the end of the activities shall be 
taken into account; 
m) Consideration shall be given to any contamination that may affect the noise impact;  
n) The possible presence and maintenance of endemic and bacterial species typical of the site 
in question and their maintenance shall be assessed; 
o) A census shall be made of the biodiversity, the species present and their breeding periods; 
p) Any behavioural changes in the species present shall be considered; 
q) The protection of a part of the area characterized by the same biodiversity shall be ensured 
to allow future re-colonization and gene flow; 
r) The oxygen content at different depths shall be considered; 
s) Salinity at different depths shall be assessed; 
 

The organization shall provide evidence that all measurements performed will be carried out in 
accordance with recognised international technical standards. 
 
Particular attention shall be paid to trends of environmental noise levels (annual average values 
measured in RMS re 1μΡa) emitted within the 1/3 octave bands with center frequencies at 63 and 
125 Hz.   
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Aoustic and visual monitoring activities should be carried out throughout the duration of the 
emission.  
 
Software may be required to compile a log line at regular time intervals (e.g. every 30 minutes). 
Sampling should be ensured with adequate timing. A sampling of at least six hours equally 
distributed during the 24 hours is strongly recommended. 
 
Due to the variability of the species present in the sea and the variability of their acoustic ranges, 
their anatomy and physiology, it is difficult to establish fixed and unique distances for a safe 
monitoring. However, it is recommended to monitor and measure the emission at a minimum (and 
no more than) 500 m distance from the emission source. In this context, regulators should 
consider the levels of noise source and reception by animals. 

 
The depth at which the noise measurements will need to be made: 

 
a) It will depend on the type of site and the depth of extraction;  
b) It should be assessed with the person in charge (e.g. a physicist); 
c) It shall be documented and justified;  
d) Provide information on the acoustic impact on the whole water column 
involved in the activities. 
 

It is necessary to evaluate the pressure levels and the movement of the particles of the sounds 
produced before, during and after the activities. 
The physics of sound propagation shall be taken into account in any acoustic impact assessment.  
 
It is essential to consider that any changes in pH and/or temperature may affect the propagation 
of acoustic waves (e.g. changes in the thermocline). 
 
It is necessary to measure the vibrations created in the seabed during the activities. 
 
The analysis of biological samples and the results should not exceed a time interval of ten hours. 
This will allow you to control any emergency situations that are not immediately visible. It may 
be desirable to monitor behavior and perform statistically significant random biological sampling 
(e.g. blood and/or tissue, analysis of the state of internal organs) at different time intervals for the 
evaluation of cellular and molecular stress indicators. For this type of analysis it will be necessary 
to carry out control sampling prior to the start of activities in the absence of noise emissions 
themselves. The possibility of carrying out these analyses will be evaluated by the biologist and 
the body and/or organization involved. 
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If the above analyses can be carried out, it will be necessary to evaluate also the juvenile 
individuals of the species present in order to know their impact on fitness, therefore the future 
impact on the ecosystem as a whole. 
 
It will be the type of analysis carried out and indicators studied that will determine the 
environmental value considered during the activities carried out with a view to mitigating 
anthropogenic noise. 
 
It may be necessary to continuously monitor activities to implement any mitigation actions of 
impacts caused by sudden and unexpected events. 
 
Competent personnel shall select the tools used to carry out the analyses. These may vary 
according to the environmental conditions of the site and the economic conditions of the project. 
The same applies to the monitoring times recommended in the above points. 
 
The personnel involved shall document and leave traceability of the planned monitoring plan, of 
the instruments used, of the time intervals in which the analyses have been carried out.  
 
All information shall be documented, stored and collected over time. The persons responsible for 
the different monitoring steps identified in the same documents. 
The monitoring plan may be modified for a reasonable cause on the basis of needs that may arise 
and are not foreseeable. However, it shall comply with all the controls and criteria set out in points 
3.1 and 3.2. 

 

3.3 TRAINING OF THE STAFF INVOLVED 

A proper monitoring plan shall assess the competence and training of the operators involved. 
 
Operators or professionals shall be selected on the basis of the skills required by the PAA referred 
to in point 3.1. 
 
The figures involved shall give evidence of adequate competence with respect to the requirements 
and the organization shall ensure that the competences in question are in place. 
 
Operators should be competent and aware. They should also be involved in and undergo training 
courses and their knowledge and/or preparation on the issue of environmental/acoustic impact 
shall be assessed. 
 
All operators involved should be informed about the practices and good behavior to be 
maintained to minimise acoustic impacts, promoting and encouraging continuous improvement. 
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Staff involved in activities should be fully aware of the consequences of their actions on the 
environment or of any negligence on their part; they should also be aware of the importance of 
their contribution to minimizing the acoustic impacts of the activities carried out. 
 
The organization shall monitor the constant updating of the personnel involved, verify their 
knowledge of the environmental aspects, the environmental policy, the possible impacts and the 
importance of their contribution. 

 
 

4. Monitoring of the noise emitted  

4.1 MANAGEMENT OF THE EMITTED NOISE MONITORING PLAN (ENM) 

Once the Preliminary Activity Analysis (PAA) and the Noise Emitted Monitoring Plan (ENM) 
referred to in points 3.1 and 3.2 have been carried out, it will be essential to manage the 
monitoring of the noise impact. 
 
It is a matter of implementing all the controls foreseen in the ENM, in the methodology and in the 
timing foreseen. 
 
Constant, continuous and detailed documentation of the measurements carried out according to 
the indications provided for in the ENM shall be guaranteed. 
 
It will be necessary to provide specific action plans for any unforeseeable conditions and assess 
any emergency situations. 
 
The organization shall monitor all types of non-voluntary changes through strategic mitigation 
actions. 
 
The biological and environmental parameters referred to in point 3.2 shall be monitored at 
statistically significant time intervals chosen on the basis of the machinery used, the type of 
maritime activity carried out, the type of ecosystem involved, the type of extraction and the type 
of deposit, according to the requirements of the ENM. 
 
If some parameters do not respect the biological sustainability ranges and/or in emergency 
situations, the activities shall be stopped immediately. 
 
The results obtained from the different monitoring phases shall be evaluated and compared to 
detect any changes at the end of each sampling and analysis. 
 
The results of the analyses should be: reliable, reproducible, traceable, documented and 

transparent. 
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In the case of significant changes in parameters, the actions to be taken to bring them back to the 
safe limit values should be planned. 
 
The cause of the change in parameters should be determined and, if possible, reduced or 
eliminated in future phases of the activities concerned. 
 

The organization shall plan actions to mitigate possible impacts on the environment or 
biodiversity, be able to respond to different types of emergency situations, ensure a periodic 
review of the processes carried out and the actions implemented. 
Everything shall be documented and the communication and/or information to the parties 

involved ensured. 

 

4.2AUDIT 

 
Audits shall be planned and carried out at predetermined time intervals. 
 
The purpose of the audits shall be to assess the conformity of the process with this technical 
standard. 
 
The personnel involved in the audits should have the necessary technical and scientific skills. 
 
All audit findings shall be taken into account by the competent technical staff. 
 

5. Possible reference parameters of the acoustic impact  
On the basis of the elaboration of the scientific literature, considering the frequency bands 
between 10 Hz and 10 kHz below some parameters that can be taken as reference in the 
management of the emitted noise: 

 

Severe impact 
 

• Deep sea mining and marine-sea activities carried out above 130 dBrms re 1 μPa can cause a 
serious impact on biodiversity.  

 
      Medium impact 
 

• Deep sea mining and marine-sea activities with noise levels between 90 dBrms re 1 μPa and 
130 dBrms re 1 μPa may cause an average impact on biodiversity. However, it is possible to 
limit and/or reduce the impacts as described below. 
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      Low impact 
 

• Deep sea mining and marine-sea activities with noise levels below 90 dBrms re 1 μPa can 

cause low impact on biodiversity. 

In the case of impulsive emissions, where the emissions are greater than: 

1. SPLpeak 207 dB re 1 μPa  

2. SELss 174 dB re 1 μPa2 s-1  

3. SELcum 204 dB re 1 μPa2 s-1  

 

The noise impact must be considered serious.  

The above values shall be respected within 24 hours of observation.  

 

 

Impacts can be reduced by considering the following Impact Mitigation 
Parameters (IMP): 

a) Reduce as much as possible the operating times, in the case of the drilling DSM, by taking 
advantage of any resting sessions. All this bearing in mind that the acoustic conditions and 
pressure levels depending on the type of environment may change;  

The assessment of these timescales should be considered in the monitoring plan. 
b) Minimise the time required for 24hour operation, including by using alternative technologies. 
All of this by ensuring a proper balance between the company's business and any impact on 
biodiversity; 

Break times can be reduced to a minimum only for activities with noise levels lower than 
those mentioned above. 

c) Use possible sound inhibitors (bubble curtains, blasting mats, etc.) to contain noise emissions 
in a restricted area; 
d) Evaluate the possibility of carrying out activities in the non-reproductive months; 
e) Reduce activities to a minimum number of possible months within a year so as to allow for a 
possible recovery of species and ecosystems; 
f) Assess the possibility of creating any Areas of Particular Environmental Interest (APEI); 
g) Ensure the presence of a Marine Mammals Observer (MMO) that supports the figure of the 
biologist before, during and at the end of the activities for the possible sighting of mammals. 

The MMO shall guarantee the absence of mammals at least 30 minutes before the start of 
activities within a 500 m radius. 
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h) Establish safety areas around the source where the noise emitted can be deactivated or 
reduced in case of animal sightings; 
i) Reduce noise levels to the lowest possible level, especially at night; 
j) Ensure the presence of additional professionals who work alongside the biologist and who 
can contribute to the development of work as appropriate for the protection of biodiversity 
(eg. geochemical for water analysis, ecologist for the evaluation of ecosystems); 
k) Evaluate the Response Severity Index (RSI), determining the maximum sound pressure 
levels associated with different levels of RSI. Tissue damage increases with increasing SELcum 
and SELss; 
l) Use of soft start techniques (gradual increases in energy levels); 
m) Evaluate the use of drilling compared to piling, with the latter having a greater impact. 
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6. Conclusion 

The study of scientific literature and experiments carried out during this have 

enabled us to confirm that the various anthropogenic activities that produce noise 

can negatively influence marine organisms and that an interdisciplinary approach 

could provide more solid and satisfactory interpretation of acoustic impacts. The 

main objective of this study was to investigate the acoustic pollution contributions 

by deep sea mining in the marine environment. The lack of knowledge on the 

frequencies and intensity of sounds emitted by mining activities has made it 

difficult until now to develop technical standards or guidelines aimed at reducing 

impacts on marine biodiversity and with this also the implementation of indoor or 

outdoor experiments that simulate them. Despite this, a first attempt was made 

during this PhD to provide a basis to prevent damage to ecosystems and, therefore, 

to contain the acoustic impact. Given the fact that, to date, frequencies and acoustic 

intensities emitted by mining activities have not yet been made known, we have 

shown that scientific data on acoustic impacts caused by other marine/maritime 

anthropogenic activities are an important basis in understanding possible damage 

due to DSM and the possibility and/or methods available to limit that damage. In 

the future, when frequencies and acoustic intensities are released, it will be possible 

to update and/or improve written technical standards. For this reason, this PhD 

project was inspired by scientific knowledge on the acoustic impacts of other 

human activities on biodiversity on physical, physiological and behavioural levels. 

On the basis of this, experiments were carried out to test the effects of different 

types of anthropic acoustic emissions, both indoors and outdoors, on vertebrate and 

invertebrate species. In fact, since the main criteria for acoustic emissions resulting 
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from anthropic activities have been developed to date for marine mammals 

(Southall et al., 2007; Erbe et al., 2016; NMFS, 2016) (mortality levels, lesions of 

tissues, hearing, behaviour and physiology), the PhD project was intended to 

contribute to knowledge on the effects on fish and invertebrates, which are 

important as they are the basis of the human food web and as the environmental 

bioindicators. The experiments carried out confirmed the need to increase 

knowledge on these effects (fish and invertebrates) with appropriate metrics by 

performing indoor and outdoor experiments capable of analyzing the effects of 

different frequencies on different species. Moreover, this would allow selection of 

frequencies and emission intensities which have a lower impact on marine life. For 

the first time it was possible to test acoustic impacts on echinoderms, confirming 

that responses of marine organisms vary in a species-specific way. In particular, sea 

urchins were found to be sensitive to different types of acoustic emission while sea 

cucumbers were more resistant. New matrices and new biomarkers have been 

analysed on these organisms, demonstrating their possible validity in the study of 

acoustic impact. It has been shown that cell-free coelomic fluid in echinoderms, the 

peristomal membrane in sea urchins and the digestive gland in mussels constitute 

useful matrices for the study of invertebrate response to this type of stress. The 

usefulness of different biomarkers in the study of acoustic impact on invertebrates 

(THC, protein concentration, HSP, glycogen quantity) has been confirmed while 

enzyme activities (esterase, alkaline phosphatase, peroxidase, superoxide 

dismutase) and cytotoxicity were used for the first time to study the acoustic impact. 

This PhD project also provided a contribution to understanding acoustic impact on 

the behaviour of juvenile fish individuals following exposure to four different 
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acoustic frequencies, based on which it emerged that effects depend on the acoustic 

frequency emitted and the recovery of the individuals from the time of acoustic 

emission. The results obtained are important because they allowed us to select 

frequencies with a lower impact on the behaviour of juveniles, which could affect 

the survival of the species and subsequent generations. Furthermore, the two 

frequencies that the EU directive (MSFD) asks to be taken into consideration (63Hz 

and 125Hz) were the most impactful. We believe that, given the variability in 

hearing sensitivities, further studies of this type should also be carried out on other 

juvenile fish species to understand the effects of the same frequencies on different 

species. Taking into consideration the fact that laboratory conditions and the results 

obtained do not reflect the reality of deep sea environments and the excessive 

variables involved, we analysed the effects of acoustic emissions from activities 

that could precede mining activities (watergun) during in-situ experiments. We 

showed that, this type of acoustic emission has significant effects in cortisol levels 

of fish and in enzyme activity of the peristomial membrane of sea urchins. 

However, the effects in the cell-free coelomic fluid of echinoderms were significant 

only in sea urchins and only for peroxidase activity. We have shown that, also in 

this case, effects depend on the species analysed and on the type of acoustic 

emission. Furthermore, even if not significant, changes in biochemical parameters 

were also observed long after the end of acoustic emission. These preliminary 

results allowed us to understand the trend response of different biochemical 

parameters to repeat the analyses repeating the experimental plan. Moreover, this 

type of acoustic emission probably were more impactful for sea urchins and affects 

more the antioxidant responses. Many abyssal processes are influenced by food 
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availability (Smith et al., 2008) and its distribution (Jumars, 1981), by temperatures 

(McClain et al., 2012) and by the abundance of fauna (Glover et al., 2002) and 

pressure (Childress, 1995); for this reason long-term experiments are important in 

order to learn about the recovery potential of underwater life. Despite this, the 

discovery of effects from short-term experiments on a physical, physiological and 

behavioural level is already a good baseline for future experiments and for 

understanding the impacts on biodiversity.  

There is no doubt that if future mining activities emit the frequencies and acoustic 

intensities studied in this PhD project from the start, impacts on a physical-

physiological level for echinoderms and mussels, and on a behavioural level for fish 

juveniles will be significant. Using data from scientific literature and the results of 

our experiments, we were able to determine frequencies with greater and lesser 

impact and contribute to the development of an initial technical standard for future 

mining activities in the ocean depths. The experiments carried out were useful in 

order to obtain the two most important products of the PhD course: the technical 

standard and the numerical model for the prediction of acoustic impacts on 

vertebrate behaviour. We were also able to confirm that for the development of a 

set of environmental guidelines, variability in environmental and biological 

parameters must be considered. Furthermore, a standardized method is needed for 

these new activities in order to monitor sound, calibrate the instruments and ensure 

validity of the data collected (Przeslawski et al., 2018). The written technical 

standard, therefore, proposes operational modalities that could contribute to 

containing acoustic impact. To date there is little information and many 

uncertainties about the effects of noise to be able to formulate absolute thresholds 
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for ecologically sustainable sound levels (Merchant et al., 2016); in spite of this, 

initial indications to contain impacts are, undoubtedly, of notable use. Knowing 

something is certainly more useful than knowing nothing. The results of this PhD 

course are essential to provide a baseline for knowledge on the possible acoustic 

impact of DSM given the fact that, by 2020, the mining of minerals will begin in 

the ocean depths and it is essential to understand the contribution of the sound 

source to the soundscape (Hatch et al., 2008). The ultimate goal of our work is not 

to prevent mining activities from being carried out, but to prevent them from 

starting without appropriate environmental protection measures for biodiversity. In 

fact, the results of this PhD course aim to contribute to the creation of evaluation 

procedures and a mining code to protect biodiversity and marine ecosystems, of 

which we are an integral part. We believe that our results provide a scientific and 

normative basis to further understanding of the effects of noise pollution from DSM 

activities by finding a balance between resource exploitation and maintaining the 

deep marine environment. Before new human activities with potential acoustic 

impact begin, greater knowledge and better collaboration is needed. We are still in 

time to make intelligent, reasoned decisions by evaluating the advantages of these 

activities with respect to the economic and environmental costs for ecosystems 

and/or services that probably could not be restored. It is extremely important to 

inform policy makers and develop effective management strategies and appropriate 

mitigation methods. Despite the results of this PhD course, the gaps are still 

considerable and we believe the lack of information could be due to high variability 

between species and within species, to interaction with other environmental 

variables and the lack of knowledge on the technologies that will be used. It is 
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essential to know acceptable or less harmful thresholds for biodiversity which will 

probably be produced by these activities and for this reason further experiments of 

this type should be carried out on other vertebrate and invertebrate species to 

compare their effects. It is highly likely that the consequences of the new activities 

will be irreversible if we do not try to change the direction of events and our actions. 

To do this, better communication between the interested political parties, scientists 

and industries involved is imperative. The scientific community, the mining 

industries and its regulators have the power to improve the environmental 

performance of this new sector and they must act before it is too late. 
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8. Glossary 

 
Abiotic sound: sounds generated by abiotic/natural components such as water currents, 

geophysical processes, waves, rain, ice. 

 

Acclimatization period: experimental period in which animals are allowed to acclimatize 

and then get used to the new environment. 

 
Acetylcholinesterase (AChE): is an enzyme belonging to the class of hydrolases and in 

particular of esterases. It recognizes specific substrates, in this case choline esters, and is 

important for example in the transmission of nerve impulses. It is an important biomarker 

used in environmental monitoring. 

 

Acoustic impact: typical scientific way of identifying the possible effects or “impact” of 

anthropogenic noise emissions. 

 
Acoustic source: where the acoustic field and therefore the acoustic emission is generated. 

 

Acoustic stress: shift from the equilibrium and homeostasis conditions of the organism 

due to an acoustic emission.  

 

Acoustic trauma: is an injury to the inner ear or to the other type of tissue that’s usually 

caused by exposure to a high-decibel noise. 

 
Acoustic waves:  a type of propagation of energy through a medium. An example are 

mechanical and longitudinal waves resulting from an oscillation of pressure traveling 

through a solid, liquid or gas in a wave model. Acoustic waves travel with a characteristic 

acoustic speed that depends on the medium they pass through. Some examples of acoustic 

waves are audible sound coming from a loudspeaker traveling in the air, soil movement 

from an earthquake traveling through the earth or ultrasound used for medical imaging 

traveling through the body. 

 

Adaptation: ability of living organisms to change metabolic, physiological and behavioral 

processes, in line with the new environmental conditions in which they live. 

 
Adenosine Di-Phosphate (ADP):   nucleotide deriving from adenosine triphosphate (or 

ATP) due to the loss of a group of phosphate with the consequent release of energy. It is 

produced with an exoergonic reaction and is then reused by the cell to recreate ATP with 

an endergonic reaction when energy is needed. 

 

Adenosine Mono-Phosphate (AMP): also known as 5'-adenyl acid, it is a purine 

nucleotide involved in many biochemical reactions, it is also present in DNA and RNA. It 

is composed of a phosphate, a pentose sugar (a ribose) and a nitrogenous adenine base. 

Allosteric effector in the regulation of carbohydrate metabolism and constituent of 

important coenzymes. It also performs an important function in the incorporation of amino 

acids into proteins and is the nucleotide present in RNA. 

 

Adenosine Tri-Phosphate (ATP): a triphosphate ribonucleotide consisting of a 

nitrogenous base, adenine, ribose (pentose sugar) and three phosphate groups. It is one of 

the reagents necessary for the synthesis of RNA, but above all it is the chemical link 

between catabolism and anabolism and constitutes its energetic current. It is hydrolyzed to 
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ADP which is converted back to ATP through various processes. It is the high energy 

compound required by almost all the endoergonic metabolic reactions. 

 

Adrenaline: a typical chemical mediator of the vertebrate class, a hormone and a 

neurotransmitter belonging to a class of substances called catecholamines. Plays the role 

of neurotransmitter. 

 

Agent Based Models (ABMs): numerical model that allow the simulation of anthropic or 

environmental impact on marine organisms. 

 
Agonistic behaviour: any social behaviour related to fighting. However, the term has 

broader meaning respect to "aggressive behaviour" because it includes threats, displays, 

retreats, placation, and conciliation. 

 
Airgun: technique that produce sound and that provide a better understanding of the deep 

structure of the sea floor by constructing images. Its operation is based on the use of guns 

that shoot air. Normally the frequencies emitted was <1 kHz. 

 

Alarm reactions: sudden reaction linked to the perception of a potentially dangerous 

situation. Initial phase of the body's response to stressful stimuli. 

 

Albumin/globulin ratio: amount of albumin in the serum divided by the globulins. This 

value is used to identify causes of change in total serum protein. 

 

Aldosterone: steroid hormone that regulate the levels of sodium, potassium and the volume 

of extracellular fluids. 

 
Alkaline Phosphatase (AKP): a metalloenzyme which catalyses the nonspecific 

hydrolysis of phosphate monoesters. Are involved in the degradation of foreign proteins, 

lipids and carbohydrates. Always used as biomarker to evaluate the state of health of 

organisms. 

 
Ambient noise level: is the background sound pressure level in a given position, specified 

as the reference level for studying a new intrusive sound source. It is any sound other than 

the sound being monitored and is also called background noise level, reference sound level 

or ambient noise level. 

 
Anthropic noise: unwanted sound produced by several type of anthropogenic activities. 

 
Antiprotease activity: ability to avoid the activity of the protease enzyme capable of 

catalyzing the breakdown of the peptide bond between the amino group and the carboxylic 

group of proteins. 

 
Antioxidant enzyme: enzymes that counteract the harmful action of free radicals that 

contain oxygen, exerting a protective action on cellular integrity.  

 
Area: areas located outside the national jurisdiction. Areas that belong to everyone and 

nobody. Located after the Exclusive Economic Zone. 

 
Apoptosis: form of programmed cell death and is a distinct process compared to cell 

necrosis. Under normal conditions it contributes to maintaining the number of cells in a 

system. 
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Areas of Particular Environmental Interest (APEI): o protected areas, are sites that are 

created to maintain biodiversity and allow the recolonization of the area exploited by 

mining. 

 
Auditory Brainstem Response (ABR): an auditory evoked potential extracted from 

ongoing electrical activity in the brain and recorded via electrodes placed on the scalp. The 

measured recording is a series of six to seven vertex positive waves labeled with Roman 

numerals in Jewett and Williston convention. Occur in the first 10 milliseconds after onset 

of an auditory stimulus. Is considered an exogenous response because it is dependent upon 

external factors. 

 
Auditory frequencies: indicates the range of audible frequencies. It varies according to 

the species and organism considered. 

 
Auditory sensitivity: represents the threshold of audibility. For example, in the case of 

man with the passing of the years the threshold of audible sounds decreases. 

 
Auditory threshold: the minimum sound level of a pure tone that an auditory system with 

normal hearing can hear without any other sound present. The absolute threshold refers to 

the sound that can only be heard by the body. 

 
Backscattering: reflection of matter, radiant energy, waves, particles or signals that go 

back in the same direction from which they come, but in the opposite direction. 

 
Barotrauma: tissue injury caused by the lack of balance between the air pressure of a body 

cavity and the pressure of the surrounding environment. They occur when the body moves 

suddenly from or to a condition where the pressure is higher. 

 

Benthic communities: composed of macroinvertebrates, such as annelids, mollusks, and 

crustaceans. These organisms inhabit the bottom substrates and play a vital role in 

maintaining sediment and water quality. 

 

Biochemical responses: changes in biochemical biomarkers in the presence of different 

types of stress that cause a shift from homeostasis conditions. 

 
Biodiversity: variability among living organisms from all sources, including terrestrial, 

marine, and other aquatic ecosystems and the ecological complexes of which they are part. 

Includes diversity within species, between species, and of ecosystems. 

 
Ecologically or Biologically Significant Marine Areas (EBSA): special areas in the 

ocean that have important purposes to support the proper functioning of the oceans and its 

many services. 

 

Biological rest areas: areas similar to the disturbed sites, which could then recover in the 

future their structure and biodiversity. 

 
Biomarker: or biological marker, measurable indicator of some biological state or 

condition. Measured and evaluated to examine biological processes, pathogenic processes, 

or pharmacologic responses. 

 

Biotic sound: sounds emitted voluntarily or involuntarily by organisms and by human 

activities. 
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Blood count: test that determines the amount of blood cells, the levels of the hematocrit, 

and hemoglobin. 

 
Blue Mining (2014-2018): technological project for deep-sea mineral resource. Is a part 

of the European Union’s Seventh Framework Programme and consists of 11 EU countries 

and 19 research institute and companies.  

 

Blue Nodules (2016-2020): a research and innovation project to develop a deep-sea mining 

system for the harvesting of polymetallic nodules with minimum environmental impact 

 
Buffer: solution prepared in laboratory in which another reagent was dissolved to perform 

biochemical assay. 

 
Catecholamines: secreted hormones that circulate in the blood and released by the glands 

in stressful situations. The most important catecholamines are adrenaline, norepinephrine, 

dopamine and dobutamine. They derive from the amino acid tyrosine. 

 

C-start reaction: a bending of the body that takes the form of the letter C and can change 

schooling patterns, the positions in water columns and swimming speeds. 

 

Cyclic Adenosine Mono-Phosphate (cAMP): cell metabolite produced by the adenylate 

cyclase enzyme from ATP. It is involved in signal transduction mechanisms within living 

cells in response to various stimuli, such as those that are unable to cross the cell membrane. 

 
Cardiac output: volume of blood being pumped by the heart, in particular by the left or 

right ventricle, per unit time. Is the product of the heart rate (HR), or the number of heart 

beats per minute (bpm), and the stroke volume (SV), which is the volume of blood pumped 

from the ventricle per beat 

 
Cardiorespiratory level: refers to a measure of an organism's heart and respiratory levels. 

It can be used to measure the individual's physiological state. 

 
Cell-free coelomic fluid: coelomic fluid without cells. It is obtained after centrigugation 

and is also called supernatant. 

 
Cellular lysate supernatant: obtained after destroying the cells (with the appropriate 

buffer different according to the cells and the assay to be made) and centrifuged everle. 

 
Chemosynthetic bacteria: bacteria that live without having to depend on the organic 

molecules of other living organisms. High energy inorganic substances are transformed 

into low energy substances by oxidation. 

 
CHIRP: sonar that sends a sweep of frequencies ranging from low to high offering a wider 

range of information and high-resolution images. 

 
Chronic acoustic stress: long-term loss of homeostasis due to noise emissions.  

 
Circular economy: an economic system aimed at eliminating waste and a continuous use 

of resources. It employs reuse, sharing, repair, renovation, regeneration and recycling to 

create a closed loop system, minimizing the use of resource inputs and the creation of waste 

or pollution. 
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Clarion-Clipperton Zone (CCZ): also known Clipperton fracture zone is a geological 

underwater fracture zone of the Pacific Ocean rich in mineral deposits. 

 
Clearance rates: volume of water cleared of food per unit time useful to estimated feeding 

rates. 

 
Cobalt-rich ferromanganic crusts: mineral deposits formed by the precipitation of 

minerals at depths ranging from 400 to 7000m and contain cobalt, nickel, traces of rare 

earth elements and mineral debris 

 
Coelomic fluid: fluid present inside the cavity of coelomated organisms, comparable to 

human blood and which contains coelomocytes. 

 
Coelomocyte: cellular elements found within the celomatic fluid. 

 
Commission on marine mammals: independent government agency mandated by the 

Marine Mammal Protection Act (MMPA) to promote the conservation of marine mammals 

and their environment. 

 

Common heritage of humanity (CHM): a principle of international law which maintains 

that certain territorial areas and elements of the common heritage of humanity, cultural and 

natural, are equally equal to all and should be maintained and protected for future 

generations. 

 
Community: also called biocoenosis, indicates the set of species of an ecosystem that lives 

in a given environment, or, better, in a given biotope, the area in which the physical-

chemical and environmental conditions are constant. 

 
Conceptual model: representation of a system, consisting of the composition of concepts 

that are used to help know, understand or simulate a subject or object represented by the 

model. It is therefore a set of concepts. It is formed after a process of conceptualization or 

generalization. 

 

Connectivity: the degree to which the populations present in different areas of the 

distribution of the species are linked by the exchange of gametes, larvae, recruits, juvenile 

forms, or adults. 

 
Continuous noise: further way to characterize the sound in relation to the emission modes 

of the source. A continuous sound lasts over time without significant duration pauses. 

 
Cortisol: steroid hormone, that is, deriving from cholesterol, belonging to the category of 

glucocorticoids. It is synthesized on stimulation of the adrenocorticotropic hormone 

(ACTH), sometimes associated with stress and inflammatory states. Is released in the blood 

stream, through activation of the hypothalamic-pituitary-interrenal axis (HPI), to restore 

homeostasis. Is the main biomarker which indicates the animal's state of well-being.  

 
Cytoprotective role: ability to protect against various environmental or pharmacological 

agents 

 
Cytotoxicity: effect of a chemical, physical or biological agent capable of inducing damage 

to a cell. Can be an efficient natural defence system in vertebrates and invertebrates; lysins 
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for example can be secreted in the body fluids or act at the membrane level of the effector 

cell. 

 
Cumulative Sound Exposure Level (SELcum): way to express the duration of the sound 

that should be specified because there is no accepted standard duration over which the 

summation of energy is measured. In fact, SEL can be calculated for a single pulse or signal, 

often called a single shot SEL (SELss). It can also be calculated for multiple pulses or 

signals to generate a value equivalent to a single exposure for cumulative sound energy 

(SELcum). 

 

Demersal zone: part of the sea or ocean close to the seabed and benthos. The demersal 

area is just above the benthic area. 

 
Differential Haemocytes Counts (DHC): relative percentage of each type of cells and 

also helps to reveal abnormal cell populations. 

 
Digestive gland: organ that is part of the digestive system of mussels is the main production 

center of enzymes involved in the defense mechanisms of digestion and absorption of food. 

Equipped with specialized intestinal epithelial cells involved in the production of immune 

system molecules. 

 
DISCOL (German project): a DIS-turbance and re-COL-onization experiment in a 

Manganese Nodule Area in the South East Pacific Ocean off Peru.  First large-scale 

experiment to investigate the possible impacts of manganese nodule mining from the deep 

sea. It was funded from 1988 to 1997 by the former Ministry of Science and Technology 

of the Federal Republic of Germany. During this time, a total of four cruises with the 

German research vessel SONNE were carried out to monitor the recolonization process and 

thus the recovery of the ecosystem of the previously disturbed environment. 

 
Deep Sea Mining (DSM): extraction of minerals from deposits found in ocean depths. 

 
Developmental delays: failure to achieve the goals of embryonic development in the 

expected time. 

 
Dispersion: indicated the level of fish group cohesion. 

 
Dopamine: is an organic chemical of the catecholamine and phenethylamine families. It 

functions both as a hormone and a neurotransmitter, and plays several important roles in 

body. of several type of organisms. 

 

Drilling: type of mining activities that contribute to low frequency underwater 

noise. Broadband noise generated from drilling is continuous sounds. 
 

Echolocation: also called biosonar, is a biological sonar used by some mammals. 

Basically, animals emit sounds that bounce when meeting objects and, estimating the time 

elapsed for the return of the sound, they understand the distance. 

 
Echo sounders: ultracoustic ecometer instrument used to measure the depth of the sea, 

transmitting sound impulses. 
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Echinoderms: invertebrates of the phylum of marine deuterostomes. Called in this way 

because they are often covered with limestone plates. Echinoderms are coelomated 

deuterostomes closely related to chordate and hemicordate. 

 
Ecological service: benefits arising from the ecological functions of ecosystems that 

accrue to all living organisms, including animals and plants, rather than to humans alone.  

Examples of ecological services include purification of air and water (e.g.performed by the 

filtration of marine invertebrats), maintenance of biodiversity, decomposition of wastes, 

soil and vegetation generation and renewal, pollination  and natural vegetation, 

groundwater recharge through wetlands, seed dispersal, greenhouse gas mitigation, and 

aesthetically pleasing landscapes. 

 

Ecosystems: the set of living organisms called biotic factors and non-living matter called 

abiotic factors that interact in a given environment constituting a self-sufficient and 

dynamic balance system. 

 

Ecosystem services: benefits that humans freely gain from the natural environment and 

from properly-functioning ecosystems. Such as ecosystems that provide such things like 

agricultural produce, timber, and aquatic organisms such as fishes and crabs.   

 
Electrolyte content: measurement of the level of electrolytes, minerals with an electric 

charge when they are dissolved in a liquid, such as blood. The blood electrolytes for 

example are sodium, potassium, chloride and bicarbonate which regulate the nervous and 

muscular functions and maintain, among the various functions, the water balance.  

 
Environmental Impact Assessment (EIA): process of assessing the likely environmental 

impacts of a project or development that also takes into account the interconnected socio-

economic, cultural and human health impacts, both positive and negative. 

 
Environmental impact: any change to the environment, whether adverse or beneficial, 

wholly or partially resulting from an organization's activities, products, or services. 

 
EU Habitats Directive (92/43/CEE): directive approved on 21 May 1992 by the European 

Commission which aims to promote the maintenance of biodiversity through the 

conservation of natural habitats in the European territory. 

 
Exclusive Economic Zone (EEZ): Up to a distance of 200-350 nautical miles from the 

coast, each country enjoys decision-making power over that area of water, the possibility 

of using it or exploiting it, and exercises jurisdiction over the area. This part is called the 

Exclusive Economic Zone (EEZ) for which the extension may vary for different countries. 

 
Excretion rates: measure of the levels of elimination of something from the organism. It 

is closely related to the filtration rate, the reabsorption rate and the secretion rate. An 

example is the role played by the kidneys. 

 
Exploitation: phase in which the site that has been explored is used to find what it contains. 

 

Exploration: phase in which the site to be exploited is studied and analyzed to know its 

content and properties. It precedes exploitation.  
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Exploitation authorization: written permissions, then documents, which allow you to 

exploite the mining site. Issued by ISA or state based on the part of the sea where the mining 

site is located.  

 
Exploration licenses: written permissions, then documents, which allow you to analyze 

and study the site. Issued by ISA or state based on the part of the sea where the mining site 

is located.  

 
Empirical relationships: correlation supported by experiment and observation but not 

necessarily supported by theory. 

  
Endemic species: species of living organisms that live exclusively in an area and 

characterize it. They are not found elsewhere. 

 
Energy balance: balance of energy levels entering and leaving an ecosystem. The 

evolution of the time of an ecosystem is characterized by flows of energy and matter. The 

main source of energy for any ecosystem is solar radiation which creates the conditions of 

temperature and light necessary for vital processes. This is then transmitted to subsequent 

ecosystem levels (e.g. plants and photosynthesis). 

 
Environmental Impact Statement (EIS): a document that describe the effects for 

proposed activities on the environment that is defined, in this case, as the natural and 

physical environment and the relationship of people with that environment. 

 
Esterase: enzymes of the hydrolase class that act catalyze the hydrolysis of the ester 

elgame. They are involved in digestive, inflammatory and detoxification processes of 

organisms. Esterase is one of the most common biomarkers of environmental exposure 

used in aquatic organisms and changes in esterase activity are correlated for example with 

the performance and survival of some invertebrates. 

 
FAO: United Nations Food and Agriculture Organization is a specialized United Nations 

institution with the aim of helping to increase nutrition levels, increase productivity, 

improve the lives of populations and contribute to world economic growth. 

 
Global Sea Mineral Resources: mining company's, a world leader in the highly 

specialised fields of dredging, marine engineering and environmental remediation. 

 

Glucocorticoids: a class of corticosteroids that bind to the glucocorticoid receptor that is 

present in almost every vertebrate animal cell. Glucocorticoids are part of the feedback 

mechanism in the immune system which reduces certain aspects of immune function, such 

as inflammation. An example is the cortisol, the most important human glucocorticoid that 

regulates or supports a variety of important cardiovascular, metabolic, immunologic, and 

homeostatic functions. 

 
Glucose level: parameter indicating the levels of sugar in the blood or in other biological 

matrices, in particular glucose, also known as glycose or dextrose which is an aldehyde 

monosaccharide. 

 

Glycolysis: is the process of breaking down glucose and that can take place with or without 

oxygen. It produces two molecules of pyruvate, two molecules of ATP, two molecules of 

NADH, and two molecules of water.  
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Good Environmental Status (GES): According the Marine Directive, is important to 

achieve Good Environmental Status of EU marine waters by 2020. The Directive defines 

Good Environmental Status (GES) as: “The environmental status of marine waters where 

these provide ecologically diverse and dynamic oceans and seas which are clean, healthy 

and productive” 

 
Guidelines: is a statement by which to determine a course of action and aims to streamline 

particular processes according to a set routine or sound practice. 

 

Habitat fragmentation: division of a habitat into different parts that are still difficult to 

communicate with each other. Often it is caused by impacts of anthropogenic activities. 

 
Haemocytes: cellular elements that characterize hemolymph, a fluid typical of some 

invertebrate species and comparable to blood. 

 
Hearing ability: ability to perceive sounds through an organ such as the ear, by detecting 

vibrations, changes in the pressure of the surrounding medium through time.  

 

Heart rate: speed of the heartbeat measured by the number of beats of the heart per minute 

(bpm). The heart rate can vary according to the body's physical needs. 

 
Heat shock proteins: protein synthesized when cells are exposed to high temperatures or 

high stress conditions. It protects cells from possible damage and often facilitates the proper 

folding of proteins.  

 
Hemolymph: is a fluid analogous to the blood in vertebrates that circulates in the interior 

of some invertebrate body remaining in direct contact with the animal's tissues. It is 

composed of a fluid plasma in which hemolymph cells called hemocytes are suspended.   

 
High frequency sound: the acoustic frequency is the number of complete cycles that a 

sound wave performs in one second and is measured in Hertz (Hz). The high frequencies 

are between 1,600 and 20,000 Hz. 

 
HMS Challenger expedition: expedition carried out between 1872 and 1876. It was a 

scientific program that brought many discoveries that laid the foundation for oceanography. 

These include the discovery of mineral deposits. The name derives from the name of the 

ship that was used. 

 
Homeostasis: natural tendency to achieve stability of both internal and behavioral 

chemical-physical properties. It unites all living organisms, for which this regime must be 

maintained over time, even with changes in external conditions, through precise self-

regulating mechanisms. 

 
Humoral factor: they constitute the different elements transported in the circulatory 

system (different from cells) and which play important roles in the immune defenses (e.g. 

production of antibodies). 

 
Hydrocortisone levels: measure of the active form levels of cortisone also called cortisol 

(see cortisol). It is part of the glucocorticoid class. 

 

Hydrophone: a microphone used to record or listening to underwater sound.   
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Hypothalamic-Pituitary-Interrenal axis (HPI): is a complex set of direct influences and 

feedback interactions among three components: the hypothalamus, the pituitary gland , and 

the adrenal.Normally is activated in response to most forms of stress in fishImmune 

characteristics. 

 
Immunocytes: cells responsible for the functioning of the immune system and the 

performance of defense functions. 

 
Impact mitigation: reduction of damage or effects that can be produced on an 

environment. 

 
Impulsive sounds: characterized, unlike continuous sounds, by sudden variations in sound 

level. Impulsive noise can be characterized by short pulses (e.g. hammering operations) or 

long pulses (e.g. grinding operations). 

 

Innate immunity: or nonspecific immunity, is a subsystem of the immune system. Is a 

non-specific immunity present since birth, and is not able to give specific and selective 

responses to pathogens. With limited specificity and no cellular memory. It includes soluble 

cells and molecules that defend the host (called self) from infection and colonization of 

other organisms (called non-self). 

 

Intermittent noise: characterized by interruptions that repeat at more or less regular 

intervals. 

 

International Seabed Authority (ISA): an autonomous intergovernmental body with 168 

members and was founded in 1982 by UNCLOS. is responsible for mineral resources and 

the marine environment in the Area. Moreover, has the obligation to make the CHM 

principle operational and is a judicial officer for the law of the sea. It can issue exploration 

and exploitation licenses, monitoring mining activities. 

 
International Marine Mining Society (IMMS): founded in 1987, is a professional society 

(non profit) whose members share a common interest in marine minerals as a resource for 

study and sound application to meet world demands for strategic minerals. 

 
International Organization for Standards (ISO): funded in 1947, isan international 

standard-setting body composed of representatives from various national standards 

organizations.  The organization promotes worldwide proprietary, industrial, and 

commercial standards. 

 
Interspecific relationship: interaction that takes place in a community between 

individuals of different species, within an ecosystem. 

 
Intraspecific relationship: interaction that takes place between individuals of the same 

species. 

 

Invertebrate: animals that neither possess nor develop a vertebral column derived from 

the notochord. 

 
Lactate: is a byproduct of the anaerobic lactacid metabolism. It is a toxic compound for 

cells, the accumulation of which correlates, for example, with the appearance of so-called 

muscle fatigue. 
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Lagrangian-Eulerian model: used to denote a family of modeling and simulation 

techniques wherein droplets or particles are represented in a Lagrangian reference frame 

while the carrier–phase flow field is represented in an Eulerian frame. 

 
Lateral line: sensorial system characteristic of fish, consisting of a series of receptor 

organs arranged along the sides of the animal. It constitutes a line visible to the naked eye 

that starts from the spiracles and reaches the tail and is equipped with receptors called 

neuromasts. Used for example for locating or avoiding obstacles. 

 

Legal and Technical Commission (LTC): members elected by the Council of the 

International Seabed Authority on the basis of their qualifications in the fields of mineral 

resources, oceanography, protection of the marine environment, or economic or legal 

matters relating to ocean mining.The main functions  are to review applications for plans 

of work for exploration in the International Seabed Area and to advise the Council on such 

applications, as well as to make recommendations regarding protection of the marine 

environment and monitor compliance with the rules, regulations and procedures for 

exploration and exploitation of the seabed. 

 
Low frequency sounds: frequency is the number of complete cycles that a sound wave 

performs in one second and is measured in Hertz (Hz). The low frequencies have a range 

that goes between 20 and 400 Hz.  

 
Lysozyme: also known as muramidase or N-acetylmuramide glycancanololase, is an 

antimicrobial enzyme produced by animals that are part of the innate immune system. 

Lysozyme is a glycoside hydrolase that catalyzes the hydrolysis of the 1,4-beta bonds 

between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in peptidoglycan, 

which is the main component of the gram-positive bacterial cell wall. This hydrolysis in 

turn compromises the integrity of the bacterial cell walls causing the lysis of the bacteria.  

 
Mauthner cells: pair of large and easily identifiable neurons located in the rhombus 4 of 

the navel in fish and amphibians which are responsible for a very fast escape reflex. 

 
Manganese nodules: mineral deposite formed by sedimentation processes of metals 

dissolved in sea water from the erosion of the continents or given by hydrothermal sources. 

It was at depth of approximately 3000-6000 m and are composed of manganese, iron 

oxides, rare earth metals, platinum, tellurium, and other elements 

 
Marine Strategy Framework Directive (MSFD Directive 2008/56/EC): also called 

Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 that 

establishing a framework for community action in the field of marine environmental policy. 

Is a European Directive aimed at achieving or maintaining Good Environmental Status in 

European seas 

 

Marine Mammals Observer (MMO): a professional in environmental consulting who 

specializes in whales and dolphins. 

 
Metamorphoses: functional or structural modification of an animal during development, 

in the passage from the larval to the adult phase. 

 
MIDAS: Managing Impacts of Deep-seA reSource exploitation - was a multidisciplinary 

research programme investigating the environmental impacts of extracting mineral and 

energy resources from the deep-sea environment. This included the exploitation of 



253 
 

materials such as polymetallic sulphides, manganese nodules, cobalt-rich ferromanganese 

crusts, methane hydrates and the potential mining of rare earth elements. MIDAS was 

funded under the European Commission's Framework 7 initiative from November 2013 for 

a period of 3 years, and has recently completed its programme of research. 

 

Mechanical propagation: propagation of the perturbation, acoustic waves for example,  in 

a gaseous, liquid or solid medium with the transport of energy. 

 
Metabolic rates: the amount of energy used by an animal per unit of time.  

 

Mining code: set of guidelines or rules to manage the activities of extraction of minerals 

from the deposits of the ocean depths. It is still being written by the ISA. 

 
Mining deposits: mineral deposits present in the ocean depths and created by various 

geological and chemical phenomena. 

 
National Marine Fisheries Service (NMFS): U.S. federal agency and a division of the 

National Oceanic and Atmospheric Administration and the U.S. Department of Commerce. 

It is responsible for managing living marine resources and their habitat around the U.S. 

exclusive economic zone that extends 200 nautical miles from the coast.  

 
Nautilus Minerals: underwater mining exploration company based in Toronto, Ontario, 

Canada. It is the first company to commercially explore the seabed for massive sulphide 

systems. 

 
Neptune Minerals: Underwater mining exploration company founded in January 2011 to 

explore and develop Seafloor Massive Sulfide (SMS) deposits. 

 
Neubauer chamber: is a thick crystal slide with the size of a glass slide (30 x 70 mm and 

4 mm thickness) with central area divided in several squares in which the cell counts are 

performed. It is used with microscope observation.  

 
Noise: unwanted sound that can have negative effects on the organisms that perceive it. 

 
Non Net Loss (NNL) of biodiversity: expression that refers to the possibility of 

guaranteeing the absence of biodiversity loss 

 
Noise pollution: expression that identifies the noise among the category of pollutants. 

 
Noradrenaline: hormone that is part of the catecholamine class. Among its functions it 

plays the role of neurotransmitter and is a stress hormone. Together with epinephrine, it 

provokes the attack or flight response, activating the sympathetic nervous system to 

increase the heart beat, release energy in the form of glucose from the glycogen and 

increase muscle tone. Norepinephrine is released when a series of physiological changes 

are triggered by an event. 

 
Numerical model: mathematical models that use some sort of numerical time-stepping 

procedure to obtain the models behavior over time. The mathematical solution is 

represented by a generated table and/or graph. 
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Optital Density (OD): is a measurement of a refractive medium or optical component's 

ability to slow or delay the transmission of light. It measures the speed of light through a 

substance, affected primarily by the wavelength of a given light wave. 

 
OMCO: mining project that has conducted or sponsored research on processing, waste 

disposal, and plant location. Process engineering research has been conducted since 1978. 

 
O:N ratio: atomic ratio of oxygen to nitrogen (O:N) obtained by dividing the oxygen 

consumption rate by the ammonia excretion rate correlated for example with   protein 

catabolism and to lipid and carbohydrate catabolism. 

 
Oxygen consumption: the amount of oxygen taken in and used by the body per minute; 

thus, it is the rate of oxygen use. 

 
Particle movement: a sound wave propagates because particles next to a vibrating source 

are moved backwards and forwards in an oscillatory motion; these particles then move the 

particles next to them and so on, resulting in the propagation of vibratory energy. 

 
Pelagic stages: stage of pelagic larvae that can disperse over great distances, colonize new 

territories and move away from habitats that have become overcrowded or otherwise 

unsuitable. 

 

Pellet: in this case referred to the cellular pellet obtained after centrifugation of a sample 

(e.g coelomatic fluid) and separated from the supernatant. 

 

Peristomial membrane: membrane of sea urchin located around Aristotle’s lantern. 

 
Permanent Threshold Shift (PTS): expression used when hearing loss is lost permanently 

due to strong acoustic stress. Normally caused by high intensity sound. 

 
Peroxidase: enzyme involved in disease resistance and stress response. Used by the 

organisms to defend themselves against ROS production. Peroxidase removed H2O2.  

 
Physical and physiological responses: changes in immune parameters or the state of 

tissues and organs as a result of stress or environmental changes. 

 

Physoclistosis: fish for which the swim bladder does not communicate with the digestive 

system. 

 

Piling: mining technique characterised by impulsive ad high intensity of acoustic emission. 

 
Plumes: clouds of toxic material produced by the phases of mineral extraction which can 

also be propagated for considerable distances. 

 
Precautionary approach: is a strategy for approaching issues of potential harm when 

extensive scientific knowledge on the matter is lacking. It emphasizes caution, pausing and 

review before leaping into new innovations that may prove disastrous. 
 

Prevention: prevent the occurrence or spread of unwanted or harmful environmental 

damages. 
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Prime Crust Zone (PCZ): mineral deposit of Central equatorial Pacific Ocean rich in 

cobalt-rich ferromanganese crusts. 

 

Primary response: one of the reactions of organisms to restore homeostasis. oncerns the 

sympathetic nervous system, the hypothalamic-pituitary-interrenal axis, catecholamines 

and the release of glucocorticoids. 

 
Primer: a short single-stranded nucleic acid utilized in the initiation of DNA synthesis. 

 
Prospecting: non-destructive investigation technique of the subsoil, which consists in 

measuring some physical properties of the soil that can reveal its structure, as well as the 

presence of buried objects. 

 

Projector: instrument used for playing recorded or programmed sounds. 

 
Reflected: a wave, which propagates along the interface between different media, changes 

direction due to an impact with a reflective material 

 
Refracted: deviation suffered by a wave that takes place when it passes from one medium 

to another optically different in which its propagation speed changes. 

 
Resonance: physical condition that occurs when a forced oscillating system is subjected to 

periodic stresses with a frequency equal to the oscillation of the system itself. 

 
Respiratory rates: is a number of breaths per minute.  

 
Response Severity Index (RSI): index related to the appearance of tissue damage with 

respect to noise emission levels 

 
RNA: or ribonucleic acid, is a polymeric molecule implicated in various biological roles 

of coding, decoding, regulation and expression of genes. 

 
ROS: or reactive oxygen species, are chemically reactive chemical species containing 

oxygen. The most important are the superoxide anion O2−, hydrogen peroxide H2O2 and the 

hydroxyl radical HO·. 

 

Scanning Electron Microscopy (SEM): it is an electron microscope that does not use light 

as a radiation source but an electroelectric source that is typically a tunsten filament that 

emits a flow of primary electrons concentrated by a series of electromagnetic lenses and 

deflected by an objective lens. 

 

Schooling patterns: fish interaction behavior during which group cohesion levels can 

change. 

 
SEA: or Strategic environmental assessment. Is a process aimed at integrating 

environmental considerations into development plans and programs, to improve overall 

decision-making quality. 

 
Seabed mining: other way, besides Deep Sea Mining, to identify the mineral extraction 

processes from the ocean depths. 
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Seafloor Massive Sulfide (SMS): mineral deposits formed by hydrothermal fluids (contact 

between the hot magma of active volcanic centers and the cold water of the oceanic depths) 

and mainly concentrated in the Pacific, Atlantic, Arctic and Indian Oceans. The 

composition of these deposits depends on the depth, which is between 2-3 km and 1500 m. 

Are rich in different minerals, in particular, copper and zinc, but also gold and silver. 

 
Secondary response: response of organisms to restore the homeostasis. It comes into play 

after the primary responses. It concerns physiological metabolism such as hematological 

and immune characteristics and changes in respiratory rate. 

 
Sensory hair cells: sensory receptors of both the auditory system and the vestibular system 

in the ears of all vertebrates, and in the lateral line organ of fishes. Through 

mechanotransduction, hair cells detect movement in their environment. 

 

Sydney Sustainable Futures Institute: Australian-based institute that deals with research 

in different sectors to promote sustainable development, for example in proposing other 

methods to recover minerals avoiding the exploitation of deep deposits. 

 
SOD: antioxidant enzyme that act against ROS production, in particular removing O2 and 

produces H2O2 subsequently removed by catalase or peroxidase enzymes. 

 
Soft-start technique: It is a technique that has been proposed with regard to noise 

emissions at sea which requires a particular procedure for gradually increasing noise levels 

and not suddenly. In particular power increases during a soft-start technique should not 

exceed 6 dB every five minutes. 

 
Solwara site: Seafloor Massive Sulfide (SMS) deposits of Papua New Guinea that  in 

which Nautilus Minerals won the first license in the wordl and is the owner  of the “Solwara 

Project 1”. 

 
Sonar: acronym of the English expression sound navigation and ranging. It is a technique 

that uses underwater sound propagation for navigation, communication, to detect the 

presence and position of ships or submarines, or to analyze the seabed. 

 
Sound: mechanical propagation of waves through a medium carrying energy. 

 
Sound Exposure Level (SEL): is a measure of energy that takes into account both received 

level and duration of exposure. SEL is a common metric since it allows sound exposures 

of different durations to be related to one another in terms of total acoustic energy. 

 
Sound Pressure Level (SPL): a logarithmic scale to represent the sound pressure of a 

sound relative to a reference pressure, and it's measured in units of decibels (dB).  It is a 

means of characterizing the amplitude of a sound. There are several ways sound pressure 

can be measured. The most common of these are the root-mean-square (rms) pressure, the 

peak pressure, and the peak-to-peak pressure. 

 

Soundscape: term used to indicate the natural acoustic environment. 

 

Sound frequencies:  number that defines how many times a sound wave oscillates per 

second, it is measured in cycles per second, more commonly called Hertz (Hz).  
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Sound pressure: is the local pressure deviation from the ambient (average or equilibrium) 

atmospheric pressure, caused by a sound wave. In air, sound pressure can be measured 

using a microphone, and in water with a hydrophone. The SI unit of sound pressure is the 

pascal (Pa). 

 
Spectral characteristics: spectrum gives all information about when the signal occurred 

in time. 

 
Spectrogram: graphical representation of the intensity of a sound as a function of time and 

frequency. 

 
Stakeholders: it is generally any person influential towards an economic initiative, a 

company or any other project. 

 
Statocyst: sensory balance receptor present in some aquatic invertebrates, including 

molluscs, bivalves, cnidarians, ctenophores, echinoderms, cephalopods and crustaceans. It 

is also involved in the perception of sounds or better of the movement of particles.  

 

Startle reaction: also called Startle Pattern is an extremely rapid psychophysiological 

response of an organism to a sudden and unexpected stimulus such as a loud sound or a 

blinding flash of light. 

 
Stress: disturbance of the equilibrium conditions of an organism and therefore of its 

homeostasis. 

 
Sublethal effects: capable of giving rise to pathological events or biological damage, but 

without causing death. 

 
Swim bladder: internal organ of fish which contributes to the ability to control buoyancy. 

It is used to adapt the specific weight of the fish to the environment by filling with gas, 

exploiting the Archimedes principle, so that you can swim with less energy and can make 

vertical movements without swimming. 

 
Power Spectral Density (PSD): measure of signal's power content versus frequency. A 

PSD is typically used to characterize broadband random signals. The amplitude of the PSD 

is normalized by the spectral resolution employed to digitize the signal. 

 
Technical standard: is a standard or requirement established for a repeatable technical 

activity. It is usually a formal document that establishes uniform engineering or technical 

criteria, methods, processes and practices. 

 
Temporary Threshold Shift (TTS): hearing loss for short periods of time following 

severe acoustic stress. The recovery time varies between species and depending on the 

noise emission. 

 
Tertiary response: response that plays its role after the primary and secondary response 

to reestablished homeostasis. Are relates for example to growth, behaviour, reproduction 

and survival o fthe organisms. 

 
Total Haemocytes Count (THC):  count of the total number of hemocytes present in a 

hemolyph sample. Is one of the most useful parameters used to evaluate the health of 

aquatic organisms and the effects of stressful conditions. 
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Total protein concentrations: total levels of proteins contained in a sample, generally 

measured by the Bradford method. This too is one of the most useful parameters used to 

evaluate the health of aquatic organisms. 

 
Trial: set of the number of replicas made for each experimental test. 

 
Underwater noise: unwanted or potentially dangerous sound that propagates in deep water 

different from the soundscape.  

 
Underwater sound: set of the typical and natural sounds of the deep waters, comparable 

to the soundscape. 

 
United Nations General Assembly: is one of the six principal organs of the United 

Nations (UN), the only one in which all member nations have equal representation. It is the 

main deliberative, policy-making, and representative organ of the UN. 

 

United Nations Conference on the Law of the Sea (UNCLOS): also called the Law of 

the Sea Convention or the Law of the Sea treaty, is the international agreement that resulted 

from the third United Nations Conference on the Law of the Sea (UNCLOS III), which 

took place between 1973 and 1982. It defines the rights and responsibilities of States in the 

use of the seas and oceans, defining guidelines governing negotiations, the environment 

and the management of mineral resources. 

 
Ventilation rate: is usually defined as the rate at which external air (fresh air) flows into 

the body. 

 
Vertebrate: a subphylum of corded animals characterized by a skeletal bone and / or 

cartilage structure (e.g fish). 

 
Vulnerable Marine Ecosystems (VME): areas that may be vulnerable to the impacts of 

human activities. This concept emerged from discussions in the United Nations General 

Assembly (UNGA) and gained momentum after UNGA resolution 61/105. 

 

Watergun: technique that, such as airgun, produce sound and that provide a better 

understanding of the deep structure of the sea floor by constructing images. Its operation is 

based on the use of guns that shoot water. 

 
Wavelengths: distance between corresponding points of two consecutive waves usually 

indicated with λ. 

 
World Health Organization: ONU special health agency, founded on 22 July 1946 and 

entered into force on 7 April 1948 with headquarters in Geneva. Its role is the achievement 

by all populations of the highest possible level of health, defined as a condition of complete 

physical, mental and social well-being, and not only as the absence of disease or infirmity. 

 
Zooplankton: it is one of the three types of plankton, with phytoplankton and 

bacteriumplankton. It is composed of animal organisms that are not autonomous in 

movement, but which allow themselves to be carried away by the current. 
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