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Abstract

This paper aims to review and evaluate published literature on the impact of anthropogenic sound on marine mammals.
A systematic method was utilized to access research works of literature on “Impact of Anthropogenic Sound on Marine
Mammals”. A total of seventy-seven (77) research papers published between the years 1959 to 2022 were accumulated
and used for this review. A subjective approach was used to select the topics: impact of anthropogenic sound and marine
mammals. In this paper, six (6) detrimental impacts of anthropogenic sound on marine mammals were evaluated and
presented. Anthropogenic sounds originate from a variety of sources such as explosions, commercial shipping, seismic
exploration, sonar, research sound source, acoustic deterrent devices and pingers, polar icebreakers, industrial
activities, offshore drilling, construction, small ships, boats, and personal watercraft. Among the main impacts identified
were that anthropogenic sounds affect marine mammals by causing hearing loss, masking, change in behavior,
habituation shift and mass stranding. A mini checklist of several species of marine mammals and different types of
anthropogenic noise that affect them are presented. Marine mammals are capable of self-generating their own sounds
and they are also affected by anthropogenic sounds that are not native to their natural environments. The published
literature that was reviewed established that the global marine mammal population dynamics, abundance, distribution,
navigation, ecology and behavior are all affected by anthropogenic sounds. This review highlights the fact that more
extensive studies on the impact of anthropogenic sound on marine mammals should be done in neotropical countries
since there are gaps of such information on research and published data in these biodiversity-rich regions.
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1 Introduction

1.1 Anthropogenic sound

Oceanic background noise currently includes a significant amount of human activity in the maritime environment.
Anthropogenic sounds in the marine environment are a major problem in and one that has been identified as being
responsible for a range of negative effects on marine ecosystems and taxa [66] [162].

The following are some general categories into which anthropogenic sound sources can be divided:

e explosions
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large commerecial ships

air guns and other seismic exploration devices
military sonars

navigation and depth-finding sonars

research sound sources

acoustic harassment devices (AHDs) and pingers
e polaricebreakers

e offshore drilling and other industrial activity; and
e small ships, boats, and personal watercraft [66].

1.1.1  Explosions

Nuclear and chemical explosions are two types of man-made explosions that produce loud noises in the ocean. Tests of
nuclear devices have been conducted on oceanic islands, in the atmosphere above the ocean, and underwater. All
nuclear-armed governments agreed to cease testing their bombs underwater when they signed the Limited Test Ban
Treaty in 1963. In 1996, the major nuclear countries signed the Comprehensive Test Ban Treaty, which committed them
to ending all nuclear testing. The most recent maritime experiments were carried out in the South Pacific at the islands
of Fangataufa and Mururoa by France between 1995 and 1996. While the likelihood of nuclear device testing in the
water is now minimal, geopolitical developments in the upcoming years or decades could cause this to alter [66].

One of the most potent sources of underwater sound is nuclear explosions. With fission devices producing the
equivalent of tens to hundreds of kilotons and fusion devices producing the equivalent of tens of megatons, their source
levels are stated as an equivalent weight of chemical explosives. Although there are no data on marine mammal
monitoring or stranding, previous testing most certainly had a significant effect on marine mammals nearby the test
locations. A worldwide monitoring system, comprising a number of sea hydrophones and terrestrial (island) seismic
sensors to detect high-intensity sounds, is being implemented to verify compliance with the Comprehensive Test Ban
Treaty [66]. The International Data Center receives this data in real time, and analysts there search for any signs of
potential nuclear explosions. Because of the physical characteristics of the oceans, the noises of these explosions can
travel over very great distances with minimal energy loss. A limited number of stations are used to monitor a huge
portion of the world's oceans. There are currently eleven stations in the network intended for ocean monitoring, most
of which are situated in the Southern Hemisphere [66].

Chemical explosions are more transportable and simpler to execute in an oceanic environment; they have been
employed in construction, military testing, and oceanic research. Underwater explosions were recorded in the North
Pacific in the 1960s at a startlingly high rate (between 300 and 4,000 a month) [66] [132]. Airgun arrays, which offer a
more dependable source signature, have supplanted chemical explosions as a popular method for marine seismic
investigation. Undersea constructions are still being built and taken down using chemical explosions, mostly by the oil
sector, though it is likely that fewer explosions have occurred in recent years [66].

To ascertain their capacity to tolerate explosions, new classes of military vessels are put through testing known as
shipshock trials [26] [66]. In a ship-shock trial, hull stress is measured in the vicinity of the vessel's hull after a sizable
chemical explosion (10,000 kg, for example) is set off. Other Navy operations involving underwater explosions include
the "Sinkex" operation, which uses chemical explosives or torpedoes to sink retired ships; testing of weaponry in
development; and testing of operating stocks to ensure they are combat ready. In the course of the most recent conflict
in Iraq, twelve 500-pound sea mines that had been captured from the Iraqi navy were destroyed by Navy SEALS. The
explosions occurred simultaneously in the Persian Gulf, producing a sound that could be heard in Kuwait from 50 miles
away [34] [66].

1.1.2  Commercial shipping

The main cause of low frequency (5-500 Hz) background noise in the world's oceans is commercial shipping [66] [67].
Large geographic areas are affected by ship noise, and in distant vessel traffic, individual vessel noises are frequently
indistinguishable in both space and time. Because the marine sound channel—the zone of greatest effective sound
propagation—reaches the surface in high latitudes, vessel traffic noise travels exceptionally well across great distances
[66] [133] [162].

Propulsion machinery, hydraulic flow over the hull, and propeller activity are the main sources of noise aboard ships.
Cavitation [66] [124] [125] [133] [162] is the formation of voids from zones of pressure lower than the ambient water
pressure, and it is linked to propeller noise. Sound is produced as these apertures collapse. Due to its ability to be
manipulated by blade-passage frequencies and their harmonics—referred to as the blade lines in a spectrum—
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cavitation produces both broadband and tonal sounds. Eighty to eighty-five percent of the noise emitted by ships comes
from the wideband and tonal components created by cavitation [66] [124] [133] [162]. Unsteady propeller blade-
passage forces can also produce propeller noise, and ship propulsion machinery can produce extra noise [66] [133]
[162].

Specific vessels have distinct sound signatures that can be identified by their frequency bands and source levels. These
acoustic signatures frequently exhibit sharp tone peaks caused by spinning and reciprocating machinery, such as
pumps, fans, blowers, diesel engines, diesel generators, hydraulic power plants, and other auxiliaries. Particularly at
higher ship speeds, hydrodynamic flow over the hull and hull appendages is a significant process for producing
wideband sound. The ghostly features of individual ships are visible at comparatively close ranges and in remote
locations. Many ships add to the background noise at remote ranges in the open ocean, and the combined effect of
numerous distant sources results in large spectral peaks of noise in the 5-500 Hz band [66] [133] [162].

The U.S. Navy has created models for representative sound spectra for several ship types. The broadband (5-500 Hz)
spectrum level for different classes of vessels is determined by the research ambient noise directionality (RANDI) model
[18] [66] [129] [133] [148] [162] using ship length, speed, and an empirically established power law. Peak spectral
densities for individual commercial ships vary from 140 dB re pPa2/Hz at 1 m for small fishing vessels to 195 dB re
puPa2/Hz at 1 m for supertankers cruising at 20 knots or faster. For the majority of the world's big commerce fleet,
source-level models have also been built for the propeller tonal blade lines, which occur at 6-10 Hz, and their harmonics
[62] [66] [133] [162].

The distribution of shipping vessel traffic is not constant. In order to reduce journey time, the main commercial shipping
channels adhere to coasts or great circle routes. The bulk of traffic is handled by dozens of large ports, or "mega ports,"
although smaller amounts of traffic are handled by hundreds of tiny harbors and ports. In its catalog of commercial and
transportation marine traffic, the U.S. Navy identifies 3,762 traffic lanes and 521 ports [40] [66] [133] [162]. Fishing
vessels, military ships, scientific research ships, and leisure craft are among the vessels that are located in places outside
of major maritime channels; the latter are usually found nearshore [66] [133] [162].

The Lloyd's Register of the World's Commercial Fleet for the year 2001 included 92,817 vessels recorded in the world’s
ocean [66][109] [110]. The main categories (with their respective numbers in parenthesis) are offshore supply (3,139),
fishing (23,841), towing/ dredging (13,835), bulk dry transport (6,357), oil tankers (10,941), and cargo/passenger
transport (34,704). However, gross tonnage might be a more significant indicator of sound production than vessel
counts. Accordingly, less than 19% of all vessels are vessels, whereas oil tankers and bulk dry transport vessels account
for approximately 50% of total tonnage [66].

According to Mazzuca (2001), vessel operation statistics show a consistent increase in vessel traffic over the previous
few decades. Both the quantity of cargo shipped and the number of vessels has increased. For instance, over the previous
20 years, the number of products shipped by the U.S. Maritime Transportation has increased by 30% (both in terms of
volume and ownership) [66] [146]. Large amounts of commodities and resources are transported throughout the world
effectively via oceanic transportation. Long-distance transportation is becoming more and more necessary for the
transportation of finished goods and raw materials due to the globalization of the economy. There are significant
financial benefits to maritime shipping, and there is now no practical substitute for moving heavy loads of goods long
distances [66].

Few ports handle the majority of the waterborne trade in the United States. According to U.S. Maritime Administration
(2003), for example, the combined California ports of Los Angeles and Long Beach handle 37 percent of the world's
trade in 20-foot-equivalent containers. This focuses shipping noise into the areas around these ports and their
approaches within the U.S. Exclusive Economic Zone. There are also notable hubs for shipping traffic in New York (13%)
and the Puget Sound region of Washington (8%) [66].

Commercial waterborne transportation that does not cross an ocean is known as short sea shipping. This alternate
mode of transportation for goods moves cargo from large domestic ports to its final destination via inland and coastal
waterways. The growth of short sea shipping is being actively supported by the European Commission and the U.S.
Maritime Administration in an effort to relieve freight congestion on national rail and highway systems. Compared to
44% by road and 8% by rail, short sea shipping already makes up 41% of the entire European goods transport sector
[47] [66]. Because short sea commerce occurs near coasts, it is especially problematic for marine mammals and shipping
noise [66].
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1.1.3  Seismic Exploration

High-intensity sound is used in seismic regression profiling to create images of the Earth's crust. It is widely employed
by the fossil fuel extraction industry as the main method for locating and tracking reserves of natural gas and oil.
Researchers from universities and the government also utilize it to collect data for their studies on the tectonic history
and origins of the Earth [66]. The sound-producing components in seismic reconstruction profiling are arrays of air
guns [36] [37] [66]. By releasing a certain amount of air under high pressure, air guns produce a sound pressure wave.
This is caused by the air bubble expanding and contracting. A coherent pulse of sound is produced by firing many air
guns at precisely the same time in order to achieve high intensities. Oil industry air gun arrays usually consist of twelve
to forty-eight individual guns that are dispersed across an area of twenty-by-twenty meters and are trailed around 200
meters behind a vessel. The guns operate at pressures of 2,000 psi [66].

An air gun array's pressure output is a function of its operating pressure, the quantity of air guns it has, and the cube
root of the total gun volume. Air gun-array source levels are back-calculated to an analogous source concentrated into
a 1-m-radius volume in order to maintain consistency with the underwater acoustic literature. This results in source
levels as high as 259 dB peak re 1 pPa at 1 m output pressure [63] [66]. Although the highest-pressure levels in the near
field are restricted to 220-230 dB peak re 1 pPa, the effective source level forecasts pressures in the array's far field. An
air gun array's far-field pressure is concentrated vertically, with a vertical strength that is roughly 6 dB more than that
of anormal array's horizontal direction. Industry arrays have peak pressure values between 5 and 300 Hz [66]. Air guns
are usually fired every ten seconds and are towed at a pace of approximately five knots. A seagoing seismic-
reconnaissance operation involves six to ten seismic receiving streamers (hydrophone arrays) and many parallel
sweeps through a region by a vessel towing an air gun array. Repeated seismic reconstruction surveys, or "4-D" surveys,
are being used more and more for "timelapse" monitoring of oil fields that are producing. Worldwide, there are more
than 90 seismic vessels accessible [66] [128] and roughly 20% of them are working in the field at any given moment
[66] [141].

Activities related to offshore oil and gas exploration and development take place near continental borders. The United
States and Mexican Gulf of Mexico, Venezuela, Brazil, West Africa, South Africa, North Sea, Middle East, northwestern
Australia, New Zealand, southern China, Vietnam, Malaysia, Indonesia, and the Sea of Okhotsk are among the regions
where activity is currently taking place. Deep water West Africa and the U.S. Gulf of Mexico are two new exploration hot
spots that have experienced an increase in activity over the last five to ten years [66]. Air gun activity around the
continental margins may propagate into the deep ocean and contribute significantly to low-frequency noise, according
to a recent study of ambient noise in the North Atlantic [66] [111]. Throughout the summer, air gun sounds were
captured nearly nonstop at places more than 3,000 kilometers away from the hydrophones that recorded them [66].

1.1.4 Sonar

In order to explore the water, sonar systems deliberately produce sonic energy. They look for details about items in the
sediment, at the bottom of the sea, or in the water column. High-intensity acoustic energy is emitted by active sonar,
which then receives reflected and/or scattered energy. There are several different types of sonar systems in use for
both military and civilian purposes. Sonar systems can be divided into three categories for discussion: low-frequency
(<1 kHz), mid-frequency (1-20 kHz), and high-frequency (>20 kHz) [66].

Target detection, localization, and classification are done with military sonars. They are used in both war and training
operations, and they typically have larger source levels and a wider frequency range than civilian sonars. Military sonar
may be employed primarily in training exercises because training takes place over a considerably longer period of time
than battle. Wide-ranging monitoring is possible using low-frequency active (LFA) sonars, which can follow submarines
over distances of several hundred to thousands of kilometers. LFA sonars, which are made up of arrays of source
elements suspended vertically below the ship, are deployed by specialized support ships. An array of eighteen
projectors operating in the frequency range of 100 to 500 Hz, with a 215 dB re 1 pPa at 1 m source level for each
projector, is used in the U.S. Navy's surveillance towed array sensor system (SURTASS) LFA sonar [66] [74]. The
effective source level of an LFA array, when seen horizontally, can be 235 dB re 1 pPa at 1 m or higher. These systems
are made to project energy beams in a horizontal direction. With a bandwidth of roughly 30 Hz, the signal consists of
both frequency-modulated (FM) and constant-frequency (CF) components. A ping sequence can have a duration of 6 to
100 s, with a typical duty cycle of 10-15% and intervals of 6 to 15 minutes. For days or weeks at a time, structured
sequences of signal transmissions are released [66].

Tactical antisubmarine warfare (ASW) sonars operating at mid-frequency are intended to identify submarines across

distances of several tens of kilometers. Surface combatants that hunt submarines, such destroyers, cruisers, and frigates,
have them integrated into their hulls. Currently in use, 117 of these sonars are aboard U.S. Navy ships, and comparable
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systems in other navies—such as the British, Canadian, and French—bring the total number of these sonars in use
globally to roughly 300 [66] [159]. The U.S. Navy's most sophisticated surface ship ASW sonar, the AN/SQS-53C,
produces FM pulses in the 1- to 5-kHz band with a period of 1-2 s and source levels of 235 dB re 1 pPa at a height of 1
m or more [48] [66]. This sonar is pointed 3° down from the horizontal and has a nominal 40° vertical beam width
(depending on frequency). The purpose of the AN/SQS-53C is to carry out direct-path ASW search, detection,
localization, and tracking using a hull mounted transducer array consisting of 576 units housed in a bulbous dome
beneath the ship's bow waterline. Both surface and subsurface vessels can be tracked by these systems, which can
frequently identify surface ships farther away than conventional radar systems [66].

The Navy uses additional mid-frequency sonars for device activation, platform-to-platform communication, and depth
sounding. Mine countermeasures and antitorpedo devices are examples of weapon countermeasures that use high-
frequency sonars. Weapons include mines and torpedoes. Their intended operating range is between a few hundred
meters to a few kilometers. For mine detection, mine-hunting sonars operate at tens of kilohertz, and for mine
localization, above 100 kHz. These sonars use pulsed waves and are very directed. Side-scan sonar, which is typically
used at frequencies close to 100 kHz for imaging the bottom, is another type of high-frequency military sonar [66]. The
U.S. Navy has been emphasizing training missions in coastal and shallow-water environments for the last ten years.
Shallow-water training ranges are now being planned for the East and West coasts of the United States [66].

Commercial sonars are intended for sub-bottom profiling, depth sounding, and fish finding. They usually produce sound
between 3 and 200 kHz, with each sonar system producing a very specific restricted frequency range. At 1 m, source
levels vary between 150 and 235 dB re 1 pPa. The majority of commercial flush finders and depth sounders are made
to concentrate sound into a downward beam. The purpose of depth sounders and sub-bottom profilers is to identify the
sea floor and explore beneath it, respectively. They are mostly used in shallow, nearshore areas. Both shallow and deep
waters require the usage of fish finders [66].

Since small-scale commercial sonars are restricted by a number of important physical qualities, it is doubtful that their
acoustic characteristics would change much in the future. They are constrained by the transducers' physical dimensions
at low frequencies (about 3 kHz). They are restricted by considerable sound attenuation at the high frequency end (200
kHz). Similarly, cavitation limits the maximum power level (200 dB re 1 pPa at 1 m) that a single transducer can emit at
shallow operating depths. More power levels can be attained by mounting sensor arrays on the ship's hull [66]. For
accurate depth sounding, multibeam echo-sounding devices (like SeaBEAM or Hydrosweep) produce narrow, directed
beams of sound (1° beam width, for instance). These systems, which use hullmounted arrays of transducers, may attain
235 dB re 1 pPa at 1 m source levels; in deep water, they are usually operated at frequencies between 12 and 15 kHz,
and in shallow water, at higher frequencies up to 100 kHz. They might ensonify a few tens of kilometers along the ship's
path [66]. Sonar is a very effective tool for depth sounding and sub-bottom profiling. Commercial sonar is present in
almost all of the 80,000 commerecial ships in the world's fleet as well as many of the 17 million small boats owned in the
US. New applications could cause these systems to become even more widely used. It's probable that the limited range
of these systems will partially counterbalance the impact of their widespread use [66].

1.1.5  Research Sound Sources

Sound is frequently used in research related to acoustical oceanography and underwater acoustic propagation. The
Office of Naval Research funds nearly every program in the US, and the data gathered is useful for enhancing military
sonar technology. The sound sources utilized in these investigations are either transducers that are readily available on
the market or systems that are especially made to satisfy certain study needs. During these initiatives, a large range of
signals, bandwidths, source levels, and duty cycles are conveyed. Most experiments have a spatial scope of tens of
kilometers, but there have also been basin-scale initiatives like the Acoustic Thermometry of Ocean Climate (ATOC)
program [66].

Fearing that its sound source might have an adverse effect on marine mammals, regulatory bodies, the public, and the
scientific community paid close attention to the ATOC (later renamed the North Pacific Acoustic Laboratory [NPAL])
project, which was started in the early 1990s to investigate ocean warming [7] [66]. Both of the National Research
Council's (NRC) 1994 and 2000a reports included in-depth discussions of this program. At 939 meters, close to the deep
sound channel's axis, the ATOC source is installed and has a 195 dB re 1 pPa at 1 m level [66] [70]. With the noises being
picked up by the U.S. Navy's fixed hydrophone arrays, it is intended to explore the whole North Pacific basin. With a
bandwidth of 37.5 Hz, the transmitted signal is centered at 75 Hz. With a 5-minute "ramp-up" period and a 20-minute
full-power signal length, it broadcasts every 4 hours. One of the main factors raising concerns about this experiment's
possible effects on marine mammals was how long it was run [66] [118].
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Another study using sonar at the basin size makes use of drifting sources, known as SOFAR floats [66] [126]. These
devices drift at depth and periodically emit a continuous signal at 185-310 Hz for 120 s or longer, or a high-intensity
tone (195 dB re 1 pPa at 1 m) that is frequency swept at 200-300 Hz. The sounds serve as a stand-in for deep currents
since distant listeners may detect them and use their timing to infer the location of the float and, consequently, its drift
[66].

1.1.6  Acoustic Deterrent Devices and Pingers

Sound is used by acoustic deterrent devices (ADD) to try and keep marine mammals away from fishing operations.
These gadgets are designed to deter animals by producing a nearby audio disturbance or warning signal. In certain
fisheries, pingers are utilized to warn marine mammals about the existence of nets or other entangling objects and to
eject them from the area. ADDs of this type are usually low-power, with source levels between 130 and 150 dB re 1 pPa
at 1 m. The use of acoustic harassment devices (AHDs) lessens the number of fish that are depredated by marine
mammals that are trapped or raised. With source levels of 185-195 dB re 1 pPa at 1 m, these are powerful devices.
Pingers and AHDs produce pulses that last between two and two thousand milliseconds, and their frequencies fall
between five and 160 kHz. A single device may transmit with multiple wave shapes and time intervals to lessen
habituation [66].

According to studies conducted by Kraus et al. (1997), Culik et al. (2001) and Bordino et al. (2002), pingers have been
demonstrated to be successful in minimizing bycatch, at least for certain species of marine mammals. A study conducted
in 2003 by Barlow & Cameron examined the effectiveness of pinger utilization in the drift gillnet shark and swordfish
fishery in California. The results indicated that the entanglement rate for both sharks and cetaceans in nets equipped
with pingers was reduced to a third compared to nets without devices. Further, according to Larsen (1997) and Vinther
(1999), pinger trials conducted on a broad scale in Danish gillnet fisheries resulted in a decrease in harbor porpoise
bycatch [66].

According to Morton & Symonds (2002) and Oleskiuk et al. (2002), there is a concern that the use of AHDs in aquaculture
facilities may cause marine mammals, such as killer whales and harbor porpoises, to be unintentionally relocated near
salmon farms in British Columbia. In a similar vein, there are worries that the extensive usage of AHDs would force
porpoises out of crucial feeding areas [77]. Marine mammals that come into close contact with AHDs may suffer hearing
impairments because to their high source levels [66].

1.1.7  Polar Icebreakers

In the arctic regions, noise pollution originates from ice-breaking ships [42] [66]. Propeller cavitation noise and bubbler
system noise have been identified as the two types of noise associated with ice breaking. Certain ice-breaking vessels
are outfitted with a bubbler mechanism, which propels air at high pressure into the surrounding water to dislodge
floating ice. The noise has a broadband spectrum below 5 kHz and is constant while the bubbler system is in use. For
bubbler system noise, a source level of 192 dB re 1 pPa at 1 m in one-twelfth-octave bands has been reported. The sound
of the icebreaker propeller cavitating is caused when the ship rams the ice while its propeller is spinning quickly.
Propeller cavitation noise has a source level of 197 dB re 1 pPa at 1 m and a broadband spectrum up to at least 20 kHz
[66].

1.1.8  Industrial Activities, Offshore Drilling, and Construction

Underwater noise can be caused by building and industrial activity both in the ocean and near the coast. Coastal power
plants, pile driving, dredging, tunnel boring, wind mills that produce electricity, and canal lock operations are a few
examples [63] [66] [133]. It is not well understood how these sounds are coupled into the marine environment;
however, it is generally more effective at lower frequencies. In order to extract seabed resources, reclaim land, and
deepen channels and harbors, marine dredging is frequently carried out in coastal seas. For one third-octave bands with
peak intensities between 50 and 500 Hz, reported source levels for dredging operations range from 160 to 180 dB re 1
pPaat 1 m [63] [66] [133].

Drilling, the installation and removal of offshore structures, and related transportation are among the oil and gas
production activities that produce noise in the maritime environment. Drilling is connected with the highest sound
pressure levels, with a maximum broadband (10 Hz-10 kHz) energy of roughly 190 dB re 1 uPa at 1 m. Both the drilling
equipment and the propellers and thrusters employed for station maintaining produce drill-ship noise. Platform drill
rigs are the next most popular type of offshore drilling equipment, after jack-up rigs. Ancillary noise is produced during
drilling by the motion of support aircraft and supply boats. Large, heavy structures are transported from the point of
manufacturing to the location of emplacement by means of strong support boats, which causes temporary localized
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noise [66] [133]. This could be a few-week long event that happens eight to ten times a year globally. The following
activities related to oil production provide additional noise: drilling, grouting, perforating, pumping, installing pipes,
driving piles, and providing ship and helicopter support. Source levels as high as 195 dB re 1 yPa at 1 m with peak
frequencies at 40-100 Hz are suggested by Greene & Moore (1995) who state that production operations can produce
received levels as high as 135 dB re 1 pPa at 1 km from the source [66] [133].

Production of oil and gas is shifting from shallow water environments to depths of up to 3,000 meters. Because drill
ships and floating production facilities are used in deep water drilling and production, noise levels associated with these
activities may be higher than in shallow-water production. Furthermore, for long-range propagation, noise produced in
deep water may be easier to couple into the deep sound channel. Although the number of offshore mobile drill rigs in
use varies globally based on business conditions, the number of drill rigs on the market has increased by about 10%
over the last five years [66] [133].

1.1.9  Small Ships, Boats, and Personal Watercraft

Small boats may be substantial local sound generators, especially in coastal environments, but they do not make a large
contribution to the global ocean sound environment. Whale-watching boats can have sound levels as high as 115-127
dBre 1 pPa at 1 m for one-third-octave bands [2] [66] and as high as 145-169 dB re 1 pPa at 1 m for one-twelfth-octave
bands [42] [66]. Peak spectral levels in the 350-1200 Hz region is estimated to be 145-150 dB re 1 pPa2/Hz at 1 m,
according to a recent study on noise levels from small powerboats [11]. In the United States, there are approximately
17 million small boats owned, although the exact number of recreational vessels in use is not well documented [66]
[108]. Outboard (8.4 million), inboard (1.7 million), stern drive (1.8 million), sailboats (1.6 million), personal watercraft
(1.4 million), and miscellaneous (2.5 million) are the different vessel classifications. According to the U.S. Fish & Wildlife
Service (2001), there are around a million recreational boaters registered in Florida's inshore waters. Seasonally, an
influx of boats from out of state increases the total number of boats in use [66].

1.2 Comparison of Anthropogenic Sound Sources

The individual source elements for sources made up of arrays of elements (such military sonars and air guns) can be
widely dispersed. To standardize the calculation, the source level in this instance is provided for a range of 1 m; however,
in actuality, the levels encountered close to the source are never as high as those shown. Rather, at longer ranges—
where the distance to the source is significantly more than the source dimensions—these levels are employed to
precisely calculate what the source level is. In actuality, another crucial factor to take into account is how sensitive
marine mammals are to different types of sound [66].

The highest overall sound pressure levels are produced by underwater nuclear testing and ship-shock experiments;
however, as these are uncommon occurrences, it is reasonable to conclude that their total influence is minimal. High
SPLs are found in both military SURTASS-LFA sonars and large-volume air gun arrays. LFA sonars have higher total
energy levels because to their lengthy ping durations and high duty cycles; the SURTASS-LFA and air gun arrays have
higher energy at low frequencies, which is where long-range propagation is most likely to occur. Mid-frequency military
sonars, like the SQS-53C, operate at middle frequencies, which limits their range. They also have shorter ping durations
and more moderate duty cycles. Local environments are the focus of concern for these sonars' effects [66].

With over 10,000 vessels in operation worldwide, commercial supertankers are undoubtedly the most nearly
ubiquitous producers of high-intensity emissions. The busiest shipping lanes and the areas closest to large ports are the
areas where people are most concerned about these noise sources. Despite having a short duty cycle, the ATOC project's
moored research sound source has a source level comparable to that of a supertanker. The source levels of AHDs are
high, while those of ADDs are comparatively moderate. Although multibeam hull-mounted echo sounders have high
source levels, their range and the area they ensonify are limited by their narrow beam widths and middling frequencies.
Research acoustic floats (RAFOS) are operated at a very low duty cycle, yet they emit a somewhat high source level.
Fishing boats may be at least a local source of acoustic annoyances due to their modest source levels [66]. Figure 1.
compares the spatial extent and duration of different sound sources.
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Figure 1 (A) The spatial extent and duration of different sound sources (Harding & Cousins, 2022)

1.3 Long term trends in ocean noise

There are non-anthropogenic and anthropogenic components to the overall trends for the sea level of sound. For
example, there is evidence that elevated sea states as a result of global climate change may have increased background
noise levels [6] [61] [66]. However, it's possible that anthropogenic noise increases have become more noticeable over
the last few decades. The anthropogenic causes most likely to have contributed to increased noise include, in order of
significance, offshore drilling and oil and gas exploration, commercial shipping, and navy and other sonar applications
[66].

The waters surrounding Australia are isolated from the majority of commercial shipping, making it possible to
distinguish between the effects of man-made and natural noise. Australian research indicates that ocean noise levels at
low frequencies (100 Hz) could be as low as 50 dB re 1 uPa2 /Hz, which is roughly 30-40 dB lower than values in North
American and European seas [24] [66]. These data also imply that, contrary to the deepwater curves established from
Northern Hemisphere data [66] [160], wind/wave noise increases at low frequencies. The challenge of distinguishing
between wind- and wave-generated noise and shipping noise in North American datasets was highlighted by The
National Research Council (2003).

Ocean noise levels may have grown by 10 dB or more between 1950 and 1975, according to trends in background noise
and anthropogenic activity levels [66] [124] [125]. Increases in commercial shipping are thought to be the cause of these
changes, which are most noticeable in the eastern Pacific and eastern and western Atlantic. Three to five decibels can
be explained by doubling the number of ships, and an extra six decibels could be explained by higher average ship
speeds, engine power, and propeller tip speeds [66].

The comparison of contemporary recordings made along North America's west coast with historical U.S. Navy acoustic

array data [66] [161] provides additional information on long-term noise trends [1] [66]. At a location off the coast of
central California, a 33-year rise in low-frequency noise was detected by 10 dB. The growth in both the number of ships
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and the gross tonnage of commercial shipping accounts for the noise increase observed in this band. Global ship
numbers climbed from roughly 57,000 to 87,000 between 1972 and 1999, while total gross tonnage rose from 268 to
543 million gross tons [66].

In order to determine that low-frequency noise increased by an average of 16 dB between 1950 and 2000, Mazzuca
(2001) examined the findings of Wenz (1969), Ross (1987), and Andrew et al. (2002). For the previous 50 years, this
translates to a doubling of noise power (3 dB) every ten years, or a 7% yearly increase in noise. Within this time frame,
the global fleet grew by three times (from 30,000 to 87,000 ships) and by 6.5 times (from 85 to 550 million gross tons)
[100] [109] [110].

2 Material and methods

The topic of “impact of climate change on marine mammals” was the subject of a systematic review using “Google
Scholar,” a web-based search engine which provides a quick and easy way to search and access published literature
from articles, journals and books. Thematic search terms such as impact, sources, anthropogenic sound and marine
mammals were used in the search.

The subjects evaluated in this research were chosen using an approach that involved assessing at the related works of
literature. Publications between the years 1959 to 2022 were acquired for this review. However, not all of the articles
that were reviewed, were used in this study because the major objective was to assemble data from recent research
(past 10 to 20 years) on impact of anthropogenic sound on marine mammals. However, papers that contained relevant
literature from as far back as the 1900’s and the 2000’s were also utilized for this review. One hundred twenty-seven
(127) research articles were retrieved and included in this review and literature from seventy-seven (77) papers
published between the years 1959-2022 were presented in this paper.

The search yielded different results: Some articles had all the thematic keywords and some were obtained that were
specific to legislation measures and management approaches to protect marine mammals against anthropogenic sound,
while others were specific to anthropogenic sound affecting fishes, marine mammals threatened with oil spills and
marine mammals’ responses to environmental stressors.

3 Results

When searching "Google Scholar" for information on the impact of anthropogenic sound on marine mammals, a total of
99,400 was retrieved. Among the results obtained from the search, a total of 21,900 were published within the years
2000-2023, 22,800 were published between the years 2010-2023 and 21,500 were published within the years 2015-
2023. 21,200 publications between 2010 and 2023 reviewed the impact of anthropogenic sound on marine mammals.

However, not all the results retrieved for this research focused on the impact of anthropogenic sound on marine
mammals. Some focused solely on anthropogenic sound on marine mammals, others examined legislation measures
and management approaches to protect marine mammals from the impact of anthropogenic sound and some were
specific to anthropogenic sound affecting fishes, marine mammals threatened with oil spills and marine mammals’
responses to environmental stressors. Further, some papers focused on checklists sources of various anthropogenic
sounds affecting specific species of marine mammals.

4  Discussion

4.1 How sound affects marine mammals

Numerous factors influence how marine mammals react to sound, such as (a) the sound pressure level and other
characteristics like frequency, duration, novelty, and habituation; (b) the animals' physical and behavioral conditions;
and (c) the surrounding acoustic and ecological aspects of the environment. The responses of marine mammals to
various sound sources were reviewed by Richardson et al. (1995). However, the current knowledge of marine mammals'
sound responses is insufficient to make accurate predictions of their behavioral reactions to either prolonged increases
in ambient background noise or loud noises [66].

Human perception of sound intensity is influenced by a variety of psychological and physiological elements in addition

to hearing sensitivity [14] 66]. A loudness-level scale, known as the phon (in dB), was created through extensive testing
in which a human subject evaluated the relative loudness of two sounds. For example, the phon compares the loudness
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level of tones with different frequencies to a reference tone at one kHz. In actuality, a sound's degree of discomfort is
determined by a variety of variables other than its volume, such as how often it occurs; sporadic sounds are more
bothersome than continuous ones. There are significant differences in the role of sound in sensing the marine and
terrestrial environments, and the ambient and biologically significant sounds, like those of predators, differ in each
setting. It is therefore uncertain to what extent research on humans and terrestrial animals can be reliably extrapolated
to marine mammals [66].

4.2 Marine mammal sound production

The range of noises that marine mammals find significant either coincides with or surpasses the frequency band in
which they generate sounds (Figure 2). According to Watkins & Wartzok (1985), the frequency of calls made by marine
mammals is often inversely correlated with body size, with Mysticetes having larger bodies and lower call frequencies
than Odontocetes [66].

The low frequency range of 10-2,000 Hz is where Mysticetes produce the majority of their sound [66] (Edds-Walton,
1997). Mysticete sounds are produced either as isolated calls or integrated into patterned sequences or songs. They can
be broadly classified as (a) tonal calls, (b) FM sweeps, (c) pulsed tonals, and (d) broadband gruntlike sounds. The mid-
frequency and high-frequency range of 1-200 kHz is where Odontocetes produce the majority of their sound [66] [97].
Odontocetes produce three types of sounds: (a) burst-pulse click trains; (b) broadband clicks with peak energies ranging
from 5 to 150 kHz, depending on the species; and (c) FM or tonal whistles with a frequency range of 1 to 25 kHz.
Breeding pinnipeds on land have a narrow range of barks and clicks, from less than 1-4 kHz. During the breeding season,
those animals that mate in the water create intricate vocalizations. Sound is used by all pinnipeds, sea otters and
manatees to form and preserve the mother-young link, particularly during post-separation reunions [65] [66] [127].

Richardson et al. (1995) have documented that at least thirteen Odontocete species possess the ability to employ self-
generated noises, sometimes known as echolocation, to gather information about objects and aspects of their
surroundings. Echolocation clicks have been seen in every known species of Odontocete, and none has been
demonstrated to be incapable of doing so. By acting as acoustic lenses, certain fats in the forehead (melon) emit these
echolocation sounds in beams that are directed forward. Certain Odontocetes species have peak spectra above 100 kHz
and little to no whistles or very high frequency clicks. The Amazon River dolphin (Inia geoffrensis) [66] [112] and the
harbor porpoise (Phocoena phocoena) are two such species [66] [79].

Other Odontocetes routinely use whistles and generate clicks with peak spectra below 80 kHz. The pantropical spotted
dolphin (Stenella attenuata), which frequently inhabits offshore seas, and the coastal bottlenose dolphin (Tursiops spp.)
are two examples. Only clicks have been reported from deep-diving odontocetes, including beaked whales (Ziphiidae)
and sperm whales (Physeter macrocephalus) [66] [68] [76] [104]. According to Caldwell & Caldwell (1965), certain
odontocete whistles are considered to be "signature” cries that serve as personal identification. The patterned "coda"
clicks sequences emitted by sperm whales exhibit geographic variation [66] [119], and killer whale sounds are known
to be group specific [56] [66] [143].

According to reports, the source levels of odontocete clicks can reach up to 228 dB re 1 pPa at 1 m for bottlenose
dolphins echolocating in noisy environments [4] and false killer whales (Pseudorca crassidens) [66] [137]. For male
sperm whales, the source levels can reach up to 232 dB re 1 uPa at 1 m [104]. These echolocation clicks have a short
duration (50-200 ps), which indicates that even if their source levels are high, their overall energy is low (197 dB re 1
puPa2-s). Less than 110 dB re 1 pPa at 1 m for the spinner dolphin (Stenella longirostris) [66] [153] to 169 dB re 1 pPa at
1 m for bottlenose dolphins [66] [72] are the lower source levels of odontocete whistles than their clicks. Odontocete

whistles and clicks have a detection range of roughly 5 km, while reports have also indicated larger detection ranges
[10] [60] [66] [87].

Long distances can be used to identify Mysticete calls [66] [116]. For example, low-frequency (10-100 Hz) sounds from
blue whales (Balaenoptera musculus) have estimated source levels of 185 dB re 1 pPa at 1 m [66] [101]. Depending on
the acoustic propagation, these calls can be detected at distances of up to 100 km. According to Richardson et al. (1995),
the majority of big Mysticetes, including gray, blue, fin, bowhead, right, humpback, Bryde's and minke whales, are known
to vocalize at frequencies lower than 1 kHz, with source levels reported to reach as high as 185 dB re 1 pPa at 1 m.
Estimates of source levels and frequencies have been made for the underwater calls of various pinniped species.
Examples are the Ross seal (Ommatophoca rossii), which generates calls at 1-4 kHz [66] [152], and the Weddell-seal
(Leptonychotes weddellii), which produces calls from 148 to 193 dB re 1 pPa at 1 m at frequencies of 0.2-12.8 kHz [66]
[137]. Both in the open ocean and beneath ice, these cries can be heard at several-kilometer distances [66] [155].
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4.3 Marine mammal hearing

Underwater sound travels quickly, and marine mammals' ability to detect sounds is demonstrated by the fact that they
have evolved hearing ranges that are wider than those of terrestrial mammals. Of the approximately 127 marine
mammal species, audiograms have been developed for eleven Odontocetes species and nine pinniped species [66] [106]
[150]. All of the hearing data are from small species to be kept in captivity. For species that are not easily examined
using standard audiometric techniques, direct hearing data are not available. In the case of the latter, audiograms have
to be calculated using mathematical models derived from ear anatomy or deduced from field-exposure tests and the
sounds they make [66] [150].

The functional hearing range of Delphinids is believed to be 200 Hz to 100 kHz, with some smaller species having the
ability to hear sounds up to 200 kHz. Thus far measured delphinid audiograms exhibit modest sensitivity at 1-2 kHz and
peak sensitivity between 20 and 80 kHz. When odontocetes hear and echolocate at high frequencies, they may be able
to escape low-frequency background noise because ambient noise reduces at these frequencies. The ambient sound of
inshore and riverine settings is another feature that benefits certain odontocetes at high frequencies. Although they
have a shorter propagation distance, higher frequencies also offer superior spatial resolution [66].

Hypothetically, Mysticete hearing falls between 20 Hz and 20-30 kHz, based on modeling but lacking measured
audiograms. Infrasonic (down to about 10 Hz) frequencies are suspected to be used for hearing in some bigger species,
including fin and blue whales. They have optimal hearing between 1 and 20 kHz, according to pinniped audiogram data.
Unlike fur seals and sea lions (otariids), true seals (phocids) have higher-pitched underwater hearing. While some
pinnipeds have slightly superior hearing in the air than in the water, others are more suited for underwater hearing.
The most marine-adapted hearing, with good sensitivity below 1 kHz, is possessed by elephant seals, while sea lions
have the most terrestrially adapted hearing [66] [80].

Although the hearing of marine mammals is suited to an aquatic environment, their anatomy came from terrestrial
ancestors. The external ears, which are lacking in the majority of marine mammal species, and the middle ears, which
are significantly altered in marine mammals, are where the differences in hearing physiology between terrestrial and
marine mammals are most noticeable. Marine animals may have evolved robust defenses against hearing loss because
ambient noise levels in the water can vary by many orders of magnitude due to storms and other natural events. Other
than in general, the effects of high-intensity noises on marine mammals' hearing cannot be predicted based on current
research [66]. Table 1. emphasizes on the impacts of anthropogenic sound on different marine mammal species.

Table 1 Impact of anthropogenic sound on marine mammals

Effects Description of impacts Author(s)

(Ketten et al,
1993); (Ridgway
al, 1997);
(Finneran et al,
2002); (National
Research Council,
2003);
(Hildebrand,

Hearing losses |High-intensity sound exposure can lower hearing thresholds. Temporary
threshold shifts (TTS) and permanent threshold shifts (PTS) are two categories
for hearing losses. A threshold shift is an increase in the minimum sound level | et
required for human hearing. PTS is assumed to result from repeated TTS. The
time of exposure, hearing sensitivity, and sound power spectrum all affect how
much hearing is lost. An abrupt, high-intensity blast can cause ear injury to
cetaceans. Hearing loss can lead to unpredictable behaviour in migratory,

mating, and stranding, as well as a reduction in communication range,

interference with feeding ability, and increased vulnerability to predators. Both
TTS and PTS should be taken very seriously since cetaceans rely heavily on their
sense of hearing. Information about hearing loss in marine mammals is
somewhat scarce. According to experiments conducted on captive bottlenose
dolphins, TTS are detected at 193-296 dB re 1 pPa when the dolphins are
exposed to 1-s tones at 20 kHz. Research utilizing impulsive sources, such as
seismic water guns, indicates that beluga whales (Delphinapterus leucas)
experience TTS when exposed to sound pressure levels of 217 dB re 1 pPa and
total energy fluxes of 186 dB re 1 pPa2-s. According to one theory, animals are
most susceptible to TTS at or close to the frequencies where their hearing acuity
is highest. This indicates low-frequency sensitivity for baleen whales and mid-
and high-frequency sensitivity for smaller cetaceans. As both the tonal and
impulsive sounds that marine mammals create can be similar in sound intensity
to those reported to induce TTS in the previously mentioned controlled tests, it

2005); (Standoff,
2013); (Peng et
al, 2015); (Erbe
et al, 2018);
(Harding &
Cousins, 2022)
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also begs the question of why, it seems, they do not cause hearing impairment
through their own sound production. It is believed that an animal may be
shielded from its own vocalizations by internal systems.

Masking

Acoustic signals are distinguished from background noise in the environment. An
animal's capacity to recognize significant sound may be diminished by increasing
background noise; this phenomenon is known as masking. When noise is present
in the crucial band (CB) of frequencies surrounding the target signal, it can
effectively hide the signal. The critical ratio (CR) is the degree to which a pure
tone must surpass the noise spectral level in order to be perceived. The
bandwidth (CB) within which background noise impairs an animal's hearing is
related to the CR. Odontocetes and pinnipeds kept in captivity are used to
estimate the CBs and CRs of marine mammals. The CB stated as a percentage is
narrower at medium and high frequencies (1-3 kHz) and broader at low
frequencies (25-75% at 100 Hz) for all species. This implies that low frequencies
are better covered by band-limited noise than by middle and high frequencies.
By distinguishing between the various directions in which the signal and the
noise propagate, an animal's directional hearing talents may aid it in avoiding
masking. For bottlenose dolphins, a directivity index of up to 20 dB has been
measured. Pinnipeds have less acute directional hearing. Erbe and colleagues in
the years 1998 and 2000 have built software to simulate the masking of beluga
whale sounds by icebreaker noise in their study. Masking was achieved at noise-
to-signal ratios of 15-29 dB by icebreaker noise from ramming, ice cracking, and
bubbler systems. Forty kilometers was the expected masking zone for beluga
sounds from ramming noise. When beluga whales are relocated to areas with
increased background noise, their vocal output varies. An animal may be trying
to avoid or overcome masking when it hears low-frequency sounds by increasing
the sound pressure level and vocalization frequency. In response to boat noise,
beluga whales have also been seen to raise their call frequencies and increase
their call rates. Similarly, it has been hypothesized that when whale-watching
boats are nearby, killer whales adjust the frequencies at which they call.

(Au & Moore,
1984); (Au et al,
1985);

(Richardson et al,,
1995); (Erbe &
Farmer, 1998);
(Erbe et al,

1999); (Lesage et
al,, 1999); (Erbe &
Farmer, 2000);
(National
Research Council,
2003); (Foote et
al., 2004);
(Hildebrand,
2005); (Peng et
al, 2015); (Erbe
et al, 2018);
(Harding &
Cousins, 2022)

Nonauditory
sound impacts

The way that sound interacts with the physiology of marine mammals is known
as nonauditory effects. In addition to the previously stated impacts on hearing,
sound has been shown to have both direct and indirect physiological effects on
mammals. These physiological impacts can cause minor disruptions, stress,
injuries, and even death. Marine mammals have a physiology that is especially
suited to living underwater. Deep-diving species, for instance, possess unique
pulmonary and cardiovascular systems that enable breath holding and pressure
adaptation. Marine mammals may be more susceptible to sound exposure due to
the same physiology that enables them to dive deep and stay underwater for
extended periods of time. Their physiological reactions to this exposure may also
be different from those of humans and other terrestrial mammals. Studies
conducted on captive marine mammals, laboratory-bred terrestrial species, and
human divers indicate that exposure to submerged sound can have physiological
effects that are not auditory. Numerous potential effects could arise, such as
physiological stress, neurosensory effects, vestibular response effects, acoustic
resonance-induced tissue damage, gas bubble formation and/or development in
tissues and blood, and blast-trauma injuries. Physiological alterations in the
immunological and neuroendocrine systems that happen after being exposed to
a stressor are referred to as stress. Although physiological stress responses
remain incompletely understood, marine mammals have shown signs of noise-
induced stress. For example, when exposed to sound, dolphins' heart rates
fluctuate. A beluga whale that was exposed to more sound had higher levels of
the stress hormones dopamine, adrenaline, and norepinephrine. Long-term
noise-induced stress has been shown to cause debilitation in certain fish and
invertebrates, including diminished growth, pathological alterations in the
reproductive and digestive systems, and sterility. There have been reports of
neurologic disturbances in human divers exposed to high underwater sound
levels (160-180 dB re 1 pPa for 15 minutes). During exposure, symptoms

(Banner & Hyatt,
1973), (Fletcher
et al, 1976);
(Erlich & Lawson,
1980);
(Lagardere,
1982); (ter Harr
et al, 1982);
(Ketten et al,
1993); (Greene &

Moore, 1995);
(Clark et al,
1996); (Crum &
Mao, 1996),

(Bauman et al,
1997); (Jackson &

Kopke, 1998);
(Cudahy &
Ellison, n.d.);

(Cudahy et al,
1999), (Steevens
et al, 1999);
(Martin et al,
2000); (Houser et
al,, 2001); (Miksis
et al, 2001);
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included dizziness, headaches, sleepiness, and difficulty focusing. Days to weeks
following exposure, these divers experienced repeated symptoms, which
included, in one instance, a partial seizure 16 months following the first
exposure. Marine mammal effects of this kind have not yet been investigated.
Humans exposed to sound may have a vestibular reaction or dizziness at
thresholds as low as 101-136 dB re 1 pPa, a condition known as the Tullio
phenomenon. Transient effects were noted as soon as the human diver's
vestibular function was evaluated both before and after being exposed to
underwater sound—160 dB re 1 pPa for 15 minutes. Similar to this, rats exposed
to 180 dB re 1 puPa for 5 min showed a slight, temporary impairment in vestibule
motor function, and guinea pigs subjected to 160 dB re 1 pPa for 5 min
underwater sound exposure showed vestibular effects. Mammalian air cavities
can experience an increase in pressure in reaction to sound due to acoustic
resonance. Since the vibration amplitude is highest at resonance at any given
amount of excitation, lung and other air cavity resonance is crucial for
determining injury thresholds. A damage threshold of 180-190 dB re 1 pPa is
supported by in vivo and theoretical investigations on tissue injury. Based on
extrapolation from in-air data and underwater observations of terrestrial
mammals, including humans, these studies also establish a link between
resonance and body mass. According to Finneran's (2003) direct measurements,
the resonance frequencies of the lungs of bottlenose dolphins and beluga whales
are at low frequencies (30 and 36 Hz, respectively). The resonance's tuning or
amplification impact is a crucial consideration for resonance effects. The degree
of tuning (defined as Q, where a higher Q denotes a sharper tuning) in the lungs
of humans and pigs has been measured in vivo; in the case of beluga whales and
bottlenose dolphins, the corresponding values are 2.5 and 3.1. This implies that
resonance frequencies experience a moderate level of amplification (a factor of
three). In mammalian tissues, sound can enhance the existence of gas bubbles,
particularly in cases where dissolved gasses are plentiful due to frequent dives.
While deep-diving marine mammals have evolved a way to prevent
decompression sickness during their regular diving activity, human divers are
required to decompress carefully after dives in order to prevent bubble
formation. Strong sound causes bubbles to form (in vivo cavitation) and
encourages bubble expansion (rectified diffusion). The likelihood of clogged
arteries rises with the expansion of bubbles. Air-filled cavities, like the lungs,
sinuses, ears, and intestines, can sustain harm from high pressures originating
from sources like explosions. An abrupt reduction in pressure, like that caused
by blast waves, can lead to the rupture of air-filled organs. The mechanical effect
of a brief pressure pulse (positive acoustic impulse), according to studies on blast
damage in animals, appears to be most closely associated with organ damage. In
rats, air-filled intestines are perforated and haemorrhaged at peak pressures of
222 dB re 1 pPa. In sheep, arterial gas embolisms, bleeding, pulmonary
contusions, and barotraumas are caused at lethal peak pressures of 237 dB re 1
pPa. After a 5,000-kg explosion nearby, two deceased humpback whales were
discovered, and analysis of the temporal bones in their ears indicated significant
blast trauma.

2003); (National
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(Harding &
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Impact of noise
on marine
mammal
behaviour

It is unclear how marine mammals respond to noise in terms of behaviour. The
presence of offspring, age, sex, behavioural condition, habituation or
desensitization, exposure location, and proximity to a shoreline are some of the
factors that may influence a response. They can take many different forms, from
mild adjustments to surfacing and breathing patterns to vocalization cessation
to active avoidance or flight from the area with the highest sound levels. For
example, research indicates that bowhead whales exposed to anthropogenic
noise, even at moderate received levels (114 dB re 1 pPa), exhibit a pattern of
shorter surfacing, shorter dives, fewer blows per surfacing, and longer intervals
between blows. Reduced or stopped vocalization is another common response
pattern. Examples of this include right whales reacting to boat noise, bowheads
to industrial sounds played back, sperm whales responding to acoustic pinger
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pulses and military sonar, and sperm and pilot whales (Globicephala spp.)
responding to an acoustic source for oceanographic research. In addition,
humpback whales prefer to stop vocalizing when they approach boats, lengthen
their song cycles when exposed to the LFA source, and avoid mid-frequency
sonar. In the midst of increased background noise, beluga whales modify the
frequencies and source levels of their echolocation clicks. Air gun noise elicited
an avoidance reaction in gray whales (Eschrichtius robustus), and the response
was stronger when the source intensity went from 164 to 180 dB re 1 pPa.
Additionally, they avoided LFA transmissions that were directed landward.
There have been reports of marine mammals responding either minimally or not
at all to certain anthropogenic sounds. For instance, when sperm whales came
across echosounders or were subjected to sound levels of 180 dB per 1pPa from
a detonation, they kept phoning. There was the sound of a container ship, but the
fin whale (Balaenoptera physalus) did not alter its calling in terms of frequency,
volume, or rate. The two main determinants of noise sensitivity are age and
gender. For example, young and pregnant Steller sea lions (Eumetopias jubatus)
are more prone than territory-holding males and females with young to flee a
haul-out site in reaction to aircraft overflights. When exposed to sounds from
aircraft or vessels, walruses (Odobenus rosmarus) may momentarily abandon
their calves or undergo a stampede that results in their crushing. Cow-calf pairs
in gray whales are thought to be more susceptible to disturbance from whale-
watching boats than other age or sex classes, and humpback groups with one or
more calf appear to be more susceptible to vessel traffic than groups without calf.
The context of the exposure, such as the source's location in relation to the
animal, its mobility, and the source's initiation and repetition (random versus
periodic and predictable), appears to have an impact on marine mammal
reactions as well. Fin whales can tolerate a stationary source better than a
moving one. When a source comes in slowly, humpback whales are more likely
to respond than when it comes in suddenly. When dragged out of a ship,
California sea lions (Zalophus californianus) and harbour seals (Phoca vitulina)
react at a greater distance; the same is true for walruses. When in shallow water,
bowheads react more quickly to aircraft overflights. When slow-moving boats
are around in the St. Lawrence River, beluga whales are less likely to alter their
swimming and diving habits than when fast-moving boats are there. In Alaska,
noise from small boats can cause beluga whales feeding on river salmon to halt
and move downstream; noise from fishing boats generally has little effect on
them. In Bristol Bay, beluga whales may withstand intentional disturbance in
order to maintain their feeding behaviour even while encircled by fishing vessels.
When tiny boats approached bottlenose dolphins in Sarasota Bay, their pauses
between breaths were longer. As the number of boats in Kings Bay, Florida,
increased, so did the manatees' utilization of boat-free sanctuaries. Few research
has documented the long-term responses of marine mammals to human sound,
suggesting in certain cases habitat desertion. Gray whales may have left Guerrero
Negro Lagoon in Baja California throughout the majority of the 1960s due to
shipping and dredging related to a salt works. Following the cessation of these
actions, the lagoon was once again inhabited, initially by lone whales and then by
pairs of cow-calf. Between 1993 and 1999, the Broughton Archipelago was home
to killer whales (Orcinus orca) in the British Columbia region. During this time,
acoustic harassment devices were being used on salmon farms.
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Habituation and
tolerance of
noise

The gradual lack of sensitivity to noise is known as habituation. Over time, the
animals may become less receptive because they have grown acclimated to the
signal and no longer feel threatened by it. On the other hand, despite the noise's
irritating quality, animals could decide to return to the noisy place due to its
significance. The greatest proof that marine mammals have become accustomed
to loud noises comes from attempts to keep them away from fishing gear and
aquaculture facilities by using acoustic harassment devices (AHDs). Evidence
suggests that harbour seals, for example, adjust their swimming behaviour to
keep their heads out of the water when they are in high-intensity sound fields,

(Jones & Swartz,
1984); (Watkins,

1986); (Mate &
Harvey, 1987);
(Ketten et al,

1993); (Jefferson
& Curry, 1994);
(Todd et al,
1996); (Cox et al,,
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which may help them become accustomed to AHDs. It has also been observed
that harbour porpoises require ten or eleven days to acclimate to gillnet pingers.
Responses to other boats and whale watching have also been observed, which
points to some degree of noise acclimatization. The common minke whale
(Balaenoptera acutorostrata) on Cape Cod shifted from being drawn to boats to
appearing largely disinterested; humpback whales went from mixed, but
typically strongly negative, to strongly favourable reactions; and fin whales went
from flight reactions to disinterest. As the season goes on, gray whales at San
Ignacio Lagoon in Baja California are less likely to jump from whale-watching
boats. The absence of hearing loss or harm from loud noises does not imply that
habituation has occurred. In Newfoundland, humpback whales continued to eat
close to the seafloor blasting location. Based on the size of the explosive charges,
it was assumed that the source levels were between 295 and 300 dB re 1 pPa at
1 m. The received sound pressure levels at 1 mi from the explosions were
typically 145-150 dB re 1 pPa at 240-450 Hz. The behaviour, movement, and
residence time of the whales did not exhibit any discernible response to the
blasting. However, after the blast exposure, there was a rise in unintentional
trapping in nets. Furthermore, following a 5,000-kg explosion, two whales were
discovered dead, and an analysis of the temporal bones in their inner ears
indicated severe blast injuries. This event emphasizes how challenging it is to
track the impact of noise or high-intensity sound on marine mammals via overt
behavioural reactions.

2002); (National
Research Council,
2003);
(Hildebrand,
2005); (Standoff,
2013); (Peng et
al., 2015);
(Williams et al,
2015); (Erbe et
al,, 2018);
(Harding &
Cousins, 2022)

Incidence of
mass stranding
associated with
high-intensity
sound

The use of air guns during seismic reconstruction profiling and high-intensity
sonar during naval operations have been linked to multiple-animal strandings,
or "mass strandings."” These instances are notable for primarily involving beaked
whales, namely Cuvier's beaked whales (Ziphius cavirostris). It was not believed
that the Cuvier's beaked whale was the most prevalent cetacean species in many
of the locations where these incidents took place. It is known that odontocetes
mass strand, or arrive at the shore in groups consisting of two or more animals.
However, beaked whale mass strandings are not common. A global catalogue of
Cuvier's beaked whale strandings involving two or more animals has been
compiled by the National Museum of Natural History, Smithsonian Institution (J.
Mead pers. comm.). There are no reports of multiple-animal strandings until
1963, with the exception of a solitary incident involving two individuals in 1914.
Three to ten mass strandings of Cuvier's beaked whales were documented every
decade between 1963 and 2004, while the rising number of mass stranding
incidents observed in recent decades may be explained by improved reporting.
Simmonds & Lopez-Jurado (1991) made the first documented correlation
between beaked whale strandings and naval activities. They reported three multi
animal strandings in the Canary Islands in 1985, 1988, and 1989 that were linked
to naval operations. They also reported two more mass strandings of beaked
whales in the Canary Islands in 1986 and 1987. These authors linked the large
strandings of beaked whales to the presence of nearby naval operations rather
than to the use of ASW sonar. The introduction of midfrequency ASW sonar has
been linked to an increase in the number of multi animal beaked whale stranding
incidents. First tested in 1957, hull-mounted ASW sonar prototypes (such as SQS-
23 and 26) were installed on a variety of US and foreign navy vessels, including
destroyers, cruisers, and frigates, starting in the early 1960s. This time aligns
with an upsurge in reports of Cuvier's beaked whale mass strandings. Of the
thirty-two known mass strandings of these whales, eleven have been linked to
ongoing naval operations. The past few decades have seen a global increase in
the effort to record marine mammal strandings; hence, increased reporting
efficiency could contribute to the higher numbers that have been reported. It
might be possible to clarify the connection between the occurrence of high-
intensity sound and these mass strandings by looking into the circumstances
around them. Thorough investigative reports have been produced on two of
these strandings: the May 1996 incident in the Greek island of Kyparissiakos Gulf
and the March 2000 incident in the Bahamas. Analyzing further beaked whale

(Gerken,
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1998); (Evans &
England, 2001);
(Walsh et al,
2001); (National
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2005); (Peng et
al, 2015); (Erbe
et al, 2018);
(Harding &
Cousins, 2022)
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mass strandings offers more insight into the variety of sound
surroundings, and circumstances connected to these occurrences.

sources,

The effects of anthropogenic noise on marine life have emerged as one of the most significant research areas as a result
of humans' increasing use and exploration of the ocean. Table 2. And Figure 3. provides an overview of how the effects
of anthropogenic noise on marine organisms vary depending on the species under investigation and the amount of both
stationary and impulsive noise.

Type of effect

Physiological stress response

Behavioral response
Temporary threshold shift

Limit of
Audibility

P noise source

Range
from

Figure 3 Range of noise source and the type of effect (Erbe et al.,, 2018)

Table 2 Mini Checklist on Effects of different types of anthropogenic noise on some marine mammal species

Scientific name | Common name Type of | Effects

anthropogenic noise

References

Acoustic communication and physiological hearing system

Mirounga Northern elephant |Increased ambient | Constrains acoustic | (Southall et al, 2003);
angustirostris seal noise communication (Pengetal., 2015)
Phocoena Harbor porpoise Seismic air-gun | Shifts the hearing | (Lucke et al.,, 2009); (Peng
phocoena shooting threshold etal, 2015)
Tursiops Common Experimental  noise | Shifts  the hearing | (Nachtigall et al, 2004);
truncatus bottlenose emanating device threshold (Pengetal., 2015)

dolphin/ Atlantic

bottlenose dolphin

Individual behaviour
Megaptera Humpback whale |ATOC (Acoustic | Increases distance and | (Frankel & Clark, 2000);
novaeangliae Thermometry of|time intervals between | (Mijller, 2000); (Peng et al.,
Ocean Climate) sound |successive surfacing 2015)
Sonar Modifies courtship calls

Tursiops Common Pile driving noise Modifies sound | (David, 2006); (Peng et al.,
truncatus bottlenose producing 2015)

dolphin/ Atlantic

bottlenose dolphin
Eubalaena North Atlantic | Vessels’ noise Modifies calling | (Parks etal., 2007); (Peng et
glacialis right whale behaviour al, 2015)
Eubalaena Southern Right | Vessels’ noise Modifies calling | (Parks etal., 2007); (Peng et
australis Whale behaviour al, 2015)
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Mesoplodon Blainville's beaked | Mid-frequency sonar |Disrupts foraging and|(Tyack et al., 2011); (Peng
densirostris whale induces avoidance | et al., 2015)
behaviour
Population distribution and abundance
Ziphius Cuvier's  beaked | Naval sonar Causes mass strandings | (Frantzis, 1998); (Jepson et
cavirostris whale/ Goose- al.,, 2003); (Fernandez et al.,
beaked whale 2005); (Cox et al, 2006);
(Pengetal., 2015)
Orcinus orca Orca/ Killer whale |High-amplitude Induces emigration (Morton, 2002); (Penget al.,
acoustic  harassment 2015)
devices
Phocoena Harbor porpoise | Pile driving noise Induces emigration (Carstensen et al, 2006);
phocoena Wind farm noise Alters vertical | (Thompson et al, 2010);
distribution (Peng et al.,, 2015)
Tursiops Common Pile driving noise Induces emigration (Klima et al, 1988);
truncatus bottlenose Underwater Mass strandings (Thompson et al, 2010);
dolphin/  Atlantic| gxplosives (Peng et al, 2015)
bottlenose dolphin
Mesoplodon Blainville's beaked | Naval sonar Mass strandings (Jepson et al, 2003);
densirostris whale (Fernandez et al, 2005);
(Cox et al., 2006); (Peng et
al,, 2015)
Mesoplodon Gervais'  beaked | Naval sonar Mass strandings (Jepson et al, 2003);
europaeus whale (Fernandez et al, 2005);
(Cox et al., 2006); (Peng et
al, 2015)
Physiological impacts
Delphinapterus |Beluga whale Seismic air-gun | Increases  metabolism | (Romano et al, 2004);
leucas shooting and decreases immunity | (Lyamin et al.,, 2011); (Peng
Increases heart rate etal, 2015)
Experimental  noise
emanating device
Tursiops Common Seismic air-gun | Increases  metabolism | (Romano et al, 2004);
truncatus bottlenose shooting and decreases immunity | (Peng et al.,, 2015)
dolphin/ Atlantic
bottlenose dolphin

5 Conclusion

Marine mammals contribute to maintaining the health of ecosystems and at the same time act as sentinel species, or an
early warning system, for when ecosystem health is declining. Since marine mammals are consumers at different trophic
levels, their place in the trophic hierarchy directly influences the dynamics of both predators and prey, which in turn
affects marine biodiversity and the cycling of nutrients. Additionally, humans benefit from "ecosystem services"
provided by marine mammals. These services include carbon sequestration, greater ocean productivity in some areas,
and tourism income. Anthropogenic sounds originate from a variety of sources such as explosions, commercial shipping,
seismic exploration, sonar, research sound source, acoustic deterrent devices and pingers, polar icebreakers, industrial
activities, offshore drilling, construction, small ships, boats, and personal watercraft. Marine mammals are capable of
self-generating sounds and they are also affected by anthropogenic sounds that are not native to their natural
environments. The published works of literature established that global marine mammal population dynamics,
abundance, distribution, navigation, ecology and behavior are all affected by anthropogenic sounds. Further,
anthropogenic sounds affect marine mammals by causing hearing loss, masking, change in behavior, habituation shift,
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mass stranding and they are also affected by nonauditory sound. Many of the published pieces of literature that were
reviewed provided information on countries external to the neotropics. There is a need for more research on the impact
anthropogenic sound on marine mammals since there is a paucity of data in this biodiversity-rich region.
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