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Concern about the effects of maritime vessel collisions with marine animals is increasing
worldwide. To date, most scientific publications on this topic have focused on the
collisions between large vessels and large whales. However, our review found that at least
75 marine species are affected, including smaller whales, dolphins, porpoises, dugongs,
manatees, whale sharks, sharks, seals, sea otters, sea turtles, penguins, and fish.
Collision incidents with smaller species are scarce, likely as a result of reporting biases.
Some of these biases can be addressed through the establishment of species-specific
necropsy protocols to ensure reliable identification of collision-related injury, particularly
blunt force trauma. In addition, creating a ship strike database for smaller species can
assist in identifying the species most frequently involved in collisions, identifying high-risk
areas, and determining species-specific relationships between vessel speed and lethal
injury. The International Whaling Commission database on collisions with large whales
provides a good example of this type of database and its potential uses. Prioritizing the
establishment of a species-specific necropsy protocol and a database for smaller species
as well as the identification of high-risk areas for species other than large whales, would
be a valuable step toward the mitigation of collisions with smaller species.

Keywords: collisions, ship strikes, marine animals, injury, mortality, high-risk areas, mitigation measures,

information gaps

INTRODUCTION

A vessel collision or strike is defined as any impact between any part of a watercraft (most
commonly bow or propeller) and a live marine animal (Peel et al., 2018). Collisions often result
in physical trauma to- or death of the animal (e.g., Lightsey et al., 2006; Byard et al., 2012; Neilson
et al., 2012; Towner et al., 2012; Moore et al., 2013) and may cause serious damage to the vessel,
while people on board are at risk of injury and mortality (Neilson et al., 2012; Ritter, 2012).

Concerns about the effects of collisions on marine animals and their populations primarily
originate from the extensive and growing utilization of the world’s oceans by commercial and
recreational vessels. Between 1890 and 2018, the number of globally registered large commercial
vessels (>100 gross tonnage) increased from 11 108 to just over 94 000 (United Nations Conference
on Trade Development, 2018; Lloyds Register of Shipping 1992 in Laist et al., 2001). The largest
increase in commercial vessels took place between 1950 and 1980, which coincided with an increase
in the amount of ship strikes fatal to large whales, mainly baleen whales (Mysticeti: hereafter
referred to as whales) (Laist et al., 2001). In 2005, vessel strikes were identified as a priority by
the International Whaling Commission Conservation Committee (IWC-CC) who established the
Ship Strike Working Group (SSWG: International Whaling Commission, 2005). The main aim of
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the SSWG is to understand and reduce the threat of vessel strikes
to cetaceans, especially whales. One essential contribution has
been the establishment of an international centralized database
(ship strike database) that contains validated information on
cetacean (i.e., whales, dolphins, and porpoises) ship strikes
worldwide. Although reporting of incidents to the ship strike
database can still be improved, the collation of global data
provides valuable insight into the scale of the problem, the factors
involved in collisions, population specific vessel strike mortality,
and the identification of areas where collisions are commonly
observed (Jensen and Silber, 2003; Cates et al., 2017; Panigada
and Ritter, 2018).

To date, most scientific publications have focused on collisions
between vessels and North Atlantic right whales (Eubalaena
glacialis: e.g., Kraus et al., 2005; Parks et al., 2012; van der
Hoop et al., 2012, 2015; Davies and Brillant, 2019), fin whales
(Balaenoptera physalus: e.g., Williams and O’Hara, 2010; David
et al., 2011; Redfern et al., 2013, 2019; Sierra et al., 2014; Panigada
et al., 2017), blue whales (Balaenoptera musculus: e.g., Berman-
Kowalewski et al., 2010; Ilangakoon, 2012; Redfern et al., 2013,
2019; Priyadarshana et al., 2015), humpback whales (Megaptera
novaeangliae: e.g., Wiley et al., 1995; Alzueta et al., 2001; Neilson
et al., 2012; Redfern et al., 2013, 2019; Hill et al., 2017), sperm
whales (Physeter macrocephalus: e.g., Carrillo and Ritter, 2010;
Fais et al., 2016; Di-Méglio et al., 2018; Frantzis et al., 2019),
and Florida manatees (Trichechus manatus latirostris: e.g., Laist
and Shaw, 2006; Lightsey et al., 2006; Rommel et al., 2007;
Edwards et al., 2016). However, there is increasing evidence
that more marine species are at risk of collision, especially
within coastal areas frequented by smaller vessels. Our review
aims to provide an overview of all marine animal species
involved in collisions and evaluates whether our knowledge
of vessel strikes with whales can assist in understanding and
mitigating vessel strikes with smaller species. We conclude
with recommendations for priority actions to address essential
information gaps. It should be noted that we acknowledge all
work conducted on ship strikes by various intergovernmental
organizations [e.g., IWC, Agreement on the Conservation of
Cetaceans of the Black Sea, Mediterranean Sea and Contiguous
Atlantic (ACCOBAMS), Agreement on the Conservation of
Small Cetaceans of the Baltic and North Seas (ASCOBANS)]
from which annual-, workshop-, and technical-reports have been
produced. However, wherever possible, we referred to peer-
reviewed publications. Consequently, we do not reference reports
that discuss published work.

SPECIES OF MARINE ANIMALS
COLLIDING WITH VESSELS

One of the first collision reports dates back to 1877, when
a steamship collided with a small unidentified whale (Allen
1916 in Laist et al., 2001). The first identified species was a
sperm whale in 1908 (Laist et al., 2001), after which a gradually
increasing number of baleen whale species were identified as
struck by vessels. Collisions with smaller marine animals were
only recognized around 1980, when Hartman (1979) proposed

collisions as the most serious threat to Florida manatees in
the U.S. Around the same time, the New York State Marine
Mammal and Sea Turtle Stranding Program started a sea turtle
stranding database, revealing that 10.6% of all turtles exhibited
evidence of propeller wounds (Gerle and DiGiovanni, 1998). To
date, necropsy data, eye-witness collision reports, and anecdotal
data suggest that at least 75 marine species have been struck
by vessels (Table 1), including baleen whales, smaller toothed
whales (Odontoceti: e.g., Parsons and Jefferson, 2000; Stone and
Yoshinaga, 2000; Kemper et al., 2005; Byard et al., 2012; Lair et al.,
2014), manatees and dugongs (Sirenia: e.g., Ackerman et al., 1995;
Meager and Limpus, 2012a), carpet sharks (Orectolobiformes:
e.g., Graham and Roberts, 2007; Rowat et al., 2007; Speed et al.,
2008), mackerel sharks (Lamniformes: e.g., Speedie et al., 2009;
Towner et al., 2012), seals and sea otters (Carnivora: e.g., Kreuder
et al., 2003; Byard et al., 2012; Wilson et al., 2017), turtles
(Testudines: e.g., Gerle and DiGiovanni, 1998; Chaloupka et al.,
2008; Meager and Limpus, 2012b), penguins (Sphenisciformes:
Cannell et al., 2016), and even fish (Perciformes: e.g., Brown and
Murphy, 2010; Clarey, 2014).

Collision reports for smaller marine species are generally
scarce likely due, at least in part, to a reporting bias rather than
collisions with smaller species being less frequent. We know that
collisions between large vessels and whales may not be reported
because vessel crew are not aware of the collision (Dolman
et al., 2006). Lack of awareness of a collision is even more
likely for smaller species. In addition, fatal collisions with most
cetaceans, whale sharks (Rhincodon typus), and sea turtles likely
go unnoticed because carcasses of these species sink quickly (van
Waerebeek et al., 2007; Speed et al., 2008; Williams et al., 2011;
Nero et al., 2013). Even if carcasses float, they may be consumed
by scavengers or too decomposed to reach shore. Whether
strandings of small and large species are reported with the same
probability is also unknown. It is possible that the general public
may be less concerned about reporting smaller species, such as
penguins and sea turtles, than about reporting large whales and
dolphins. Finally, there is no global encouragement nor a global
database, like the ship strike database for cetaceans established by
the IWC, to report collisions with smaller marine species. These
factors make it even more challenging to assess the frequency
and consequences of collisions with smaller species than it is for
large whales.

POSSIBLE CONSEQUENCES OF
COLLISIONS

Collision incidents have led to concerns about animal welfare,
animal conservation, safety of people on board the colliding
vessel, and economic consequences as a result of vessel damage.
In general, three types of consequences are distinguished: direct
(i.e., consequences that are the immediate result of collision),
long-term (i.e., decrease in animal fitness over time), and
population consequences. Direct consequences can further be
categorized as injuries to the animal, injuries to vessel crew, and
damage to the vessel.
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TABLE 1 | Table of species identified as struck by vessels.

Order/common

name

Latin name Status (International Union

for the Conservation of

Nature, 2019)

Frequency Reliability References

Perciformes

Atlantic sturgeon Acipenser oxyrinchus

oxyrinchus

Near Threatened Frequent locally External examination Brown and Murphy, 2010;
Balazik et al., 2012

Sunfish Mola mola Vulnerable Rare Anecdotal (sailors) Porcasi and Andrews, 2001;
Lulham, 2006; Clarey, 2014

Sphenisciformes

Magellanic penguin Spheniscus

magellanicus

Near threatened Rare Anecdotal (unknown) Newshub, 2010

Little penguin Eudyptula minor Least concern Noticeable locally Necropsy Cannell et al., 2016

Testudines

Loggerhead sea turtle Caretta caretta Vulnerable Frequent scattered Necropsy/external
examination

Gerle and DiGiovanni, 1998;
Orós et al., 2005; Tomás et al.,
2008; Casale et al., 2010;
Cardona et al., 2012; Meager
and Limpus, 2012b; Foley et al.,
2019

Green sea turtle Chelonia mydas Endangered Frequent scattered Necropsy/external
examination

Gerle and DiGiovanni, 1998;
Davenport and Davenport, 2006;
Chaloupka et al., 2008; Meager
and Limpus, 2012b; Denkinger
et al., 2013; Work et al., 2015;
Segniagbeto et al., 2017;
Monzón-Argüello et al., 2018;
Foley et al., 2019

Kemp’s Ridley sea
turtle

Lepidochelys kempii Critically endangered Frequent scattered Necropsy Cannon, 1998; Gerle and
DiGiovanni, 1998; Witzell, 2007;
Foley et al., 2019

Olive Ridley sea turtle Lepidochelys olivacea Vulnerable Rare Anecdotal (researcher) Segniagbeto et al., 2017

Hawksbill sea turtle Eretmochelys imbricata Critically endangered Noticeable locally Necropsy Meager and Limpus, 2012b;
Foley et al., 2019

Flatback sea turtle Natator depressus Data deficient Rare Necropsy Meager and Limpus, 2012b

Leatherback sea turtle Dermochelys coriacea Vulnerable Frequent locally Necropsy Gerle and DiGiovanni, 1998;
Deem et al., 2006; Foley et al.,
2019

Carnivora

Northern sea otter Enhydra lutris kenyoni Endangered Rare Anecdotal (researcher) Neilson et al., 2012

Southern sea otter Enhydra lutris nereis Endangered Noticeable locally Necropsy Kreuder et al., 2003

Harp seal Pagophilus

groenlandicus

Least concern Rare Necropsy/clinical
examination

Swails, 2005

Harbor seal Phoca vitulina Least concern Noticeable locally Necropsy/clinical
examination

Goldstein et al., 1999; Swails,
2005; Carretta et al., 2012;
Barcenas-De la Cruz et al., 2017

Caspian seal Pusa caspica Endangered Noticeable scattered Eyewitness (researcher) Wilson et al., 2017

Gray seal Halichoerus grypus Least concern Noticeable locally Necropsy/clinical
examination

Swails, 2005

South African fur seal Arctocephalus pusillus Least concern Rare Eyewitness Wickens and Sims, 1994

Southern fur seal Arctocephalus forsteri Least concern Rare Necropsy Byard et al., 2012

Steller sea lion Eumetopias jubatus Near threatened Rare Anecdotal (unknown) Allen and Angliss, 2013

California sea lion Zalophus californianus Least concern Noticeable locally Necropsy Goldstein et al., 1999; Carretta
et al., 2012; Barcenas-De la
Cruz et al., 2017

Northern elephant seal Mirounga angustirostris Least concern Noticeable locally Clinical examination Carretta et al., 2012;
Barcenas-De la Cruz et al., 2017

(Continued)
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TABLE 1 | Continued

Order/common

name

Latin name Status (International Union

for the Conservation of

Nature, 2019)

Frequency Reliability References

Orectolobiformes

Indian Ocean whale
shark

Rhincodon typus Endangered Frequent scattered Anecdotal/pictures
(researcher)

Gudger, 1938a,b; Graham and
Roberts, 2007; Rowat et al.,
2007; Speed et al., 2008;
Ramírez-Macías et al., 2012;
Department of Parks Wildlife,
2013

Lamniformes

Basking shark Cetorhinus maximus Vulnerable Noticeable locally Anecdotal/pictures
(researcher)

Kelly et al., 2004; Speedie and
Johnson, 2008; Speedie et al.,
2009

White shark Carcharodon

carcharias

Vulnerable Rare Eyewitness Towner et al., 2012

Sirenia

Dugong Dugong dugon Vulnerable Noticeable locally Necropsy Borsa, 2006; Meager and
Limpus, 2012a; Owen et al.,
2012; Meager, 2016

American manatee Trichechus manatus Vulnerable Frequent locally Necropsy Ackerman et al., 1995;
Ávila-Canto et al., 2017; Runge
et al., 2017

Cetacea

Harbor porpoise Phocoena phocoena Least concern Noticeable locally Necropsy Jepson, 2005; Camphuysen and
Siemensma, 2011; Fenton et al.,
2017; Deaville et al., 2018

Burmeister’s porpoise Phocoena spinipinnis Near threatened Rare Anecdotal (researcher) van Waerebeek et al., 2007

Finless porpoise Neophocaena

phocaenoides

Vulnerable Rare Necropsy Parsons and Jefferson, 2000;
Jefferson et al., 2002; Morimura
and Mori, 2019

Indo-Pacific humpback
dolphin

Sousa chinensis Vulnerable Rare Necropsy Jefferson, 2000; Parsons and
Jefferson, 2000

Atlantic bottlenose
dolphin

Tursiops truncatus Least concern Noticeable locally Anecdotal/pictures
(researcher)

Lockyer and Morris, 1990;
Morgan and Patton, 1990;
Bloom and Jager, 1994; Fertl,
1994; Wells and Scott, 1997;
McFee and Hopkins-Murphy,
2002; van Waerebeek et al.,
2007; Currey, 2008; Wells et al.,
2008; Bechdel et al., 2009;
Dwyer et al., 2014; Félix et al.,
2018

Indo-Pacific bottlenose
dolphin

Tursiops aduncus Data deficient Rare Necropsy Kemper et al., 2005; van
Waerebeek and Leaper, 2008;
Byard et al., 2012

Short beaked common
dolphin

Delphinus delphis Least concern Noticeable locally Necropsy Jepson, 2005; Kemper et al.,
2005; van Waerebeek et al.,
2007; Ritter, 2012; Martinez and
Stockin, 2013; Common Wealth
of Australia, 2017; Deaville et al.,
2018

Commerson’s dolphin Cephalorhynchus

commersonii

Least concern Rare Anecdotal/picture
(unknown)

van Waerebeek et al., 2007

Heaviside’s dolphin Cephalorhynchus

heavisidii

Near threatened Rare Anecdotal/picture
(researcher)

Elwen and Leeney, 2010

Hector’s dolphin Cephalorhynchus

hectori

Endangered Noticeable locally Necropsy Stone and Yoshinaga, 2000; van
Waerebeek et al., 2007;
International Whaling
Commission, 2019b

(Continued)
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TABLE 1 | Continued

Order/common

name

Latin name Status (International Union

for the Conservation of

Nature, 2019)

Frequency Reliability References

Striped dolphin Stenella coeruleoalba Least concern Noticeable locally Anecdotal (unknown) van Waerebeek et al., 2007;
Common Wealth of Australia,
2017

Spinner dolphin Stenella longirostris Least concern Rare Anecdotal/picture
(researcher)

Camargo and Bellini, 2007

Atlantic spotted dolphin Stenella frontalis Least concern Rare Anecdotal (researcher) van Waerebeek et al., 2007;
Luksenburg, 2014

Pantropical spotted
dolphin

Stenella attenuata Least concern Rare Necropsy Obusan et al., 2016

Guiana dolphin Sotalia guianensis Data deficient Noticeable locally Eyewitness van Waerebeek et al., 2007;
Santos et al., 2010; da Costa
Toledo et al., 2017

White-beaked dolphin Lagenorhynchus

albirostris

Near threatened Rare Anecdotal (necropsy
unconfirmed)

Jepson, 2005

Peale’s dolphin Lagenorhynchus

australis

Least concern Rare Anecdotal/picture
(researcher)

van Waerebeek et al., 2007

Pacific white-sided
dolphin

Lagenorhynchus

obliquidense

Least concern Rare Necropsy International Whaling
Commission, 2019b

Atlantic white-sided
dolphin

Lagenorhynchus

acutus

Least concern Rare Anecdotal Evans et al., 2011

Risso’s dolphin Grampus griseus Data deficient Rare Necropsy Deaville et al., 2018

False killer whale Pseudorca crassidens Near threatened Rare Anecdotal (researcher) Luksenburg, 2014

Killer whale Orcinus orca Data deficient Noticeable scattered Eyewitness Visser, 1999; Ford et al., 2000;
Visser and Fertl, 2000; Jensen
and Silber, 2003; van Waerebeek
et al., 2007; Williams and
O’Hara, 2010; Carretta et al.,
2012; Weir and Pierce, 2012;
Allen and Angliss, 2013

Short-finned pilot whale Globicephala

macrorhynchus

Least concern Noticeable locally Necropsy Carrillo and Ritter, 2010; Ritter,
2012; Díaz-Delgado et al., 2018

Long-finned pilot whale Globicephala melas Least concern Rare Anecdotal (unknown) van Waerebeek et al., 2007

Beluga whale Delphinapterus leucas Least concern Noticeable locally Necropsy Neilson et al., 2012; Lair et al.,
2014

Pygmy sperm whale Kogia breviceps Data deficient Noticeable locally Necropsy Borsa, 2006; Carrillo and Ritter,
2010; Arbelo et al., 2013; Sierra
et al., 2014; Díaz-Delgado et al.,
2018

Dwarf sperm whale Kogia sima Data deficient Rare Anecdotal/picture
(unknown)

Borsa, 2006; Carrillo and
Taverna, 2011

Sperm whale Physeter

macrocephalus

Vulnerable Frequent locally Necropsy Félix and van Waerebeek, 2005;
Borsa, 2006; Abdulla and
Linden, 2008; Carrillo and Ritter,
2010; Carretta et al., 2012; Weir
and Pierce, 2012; Arbelo et al.,
2013; Sierra et al., 2014;
Nanayakkara and Herath, 2017;
Deaville et al., 2018;
Díaz-Delgado et al., 2018;
Di-Méglio et al., 2018; Peel et al.,
2018

Cuvier’s beaked whale Ziphius cavirostris Least concern Noticeable locally Necrospy van Waerebeek et al., 2007;
Carrillo and Ritter, 2010; Neilson
et al., 2012; Arbelo et al., 2013;
Sierra et al., 2014; Nanayakkara
and Herath, 2017; Deaville et al.,
2018; Díaz-Delgado et al., 2018

(Continued)
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TABLE 1 | Continued

Order/common

name

Latin name Status (International Union

for the Conservation of

Nature, 2019)

Frequency Reliability References

Stejneger’s beaked
whale

Mesoplodon stejnegeri Data deficient Rare Genetic Honma et al., 1999; Neilson
et al., 2012

Gray’s beaked whale Mesoplodon grayi Data deficient Rare Anecdotal/picture
(researcher)

Dalebout et al., 2004

Hector’s beaked whale Mesoplodon hectori Data Deficient Rare Anecdotal (unknown) van Waerebeek et al., 2007

Andrew’s beaked whale Mesoplodon bowdoini Data deficient Rare Anecdotal (unknown) van Waerebeek et al., 2007

Sowerby’s beaked
whale

Mesoplodon bidens Data deficient Rare Necropsy Deaville et al., 2018

True’s beaked whale Mesoplodon mirus Data deficient Rare Necropsy Carrillo and Ritter, 2010

Gervais beaked whale Mesoplodon

europaeus

Data deficient Rare Necropsy Moore and Barco, 2013;
Díaz-Delgado et al., 2018

Arnoux’s beaked whale Berardius arnuxii Data deficient Rare Anecdotal/picture
(researcher)

van Waerebeek et al., 2007

Blue whale Balaenoptera musculus Endangered Frequent locally Necropsy van Waerebeek et al., 2007;
Berman-Kowalewski et al., 2010;
Carretta et al., 2012; Ilangakoon,
2012; de Vos et al., 2013;
Nanayakkara and Herath, 2017;
Peel et al., 2018

Fin whale Balaenoptera physalus Vulnerable Frequent scattered Necropsy Laist et al., 2001; Jepson, 2005;
Panigada et al., 2006; Neilson
et al., 2012; Allen and Angliss,
2013; Sierra et al., 2014; Deaville
et al., 2018; Díaz-Delgado et al.,
2018; Peel et al., 2018

Gray whale Eschrichtius robustus Least concern Frequent locally Necropsy Stroud and Roffe, 1979; Rugh
et al., 1999; Laist et al., 2001;
Bradford et al., 2009; Ritter,
2012; Scordino et al., 2017

Bryde’s whale Balaenoptera edeni

brydei

Least Concern Locally frequent;
noticeable scattered

Necropsy Laist et al., 2001; Félix and van
Waerebeek, 2005; van
Waerebeek et al., 2007; Carrillo
and Ritter, 2010; de Vos et al.,
2013; Constantine et al., 2015;
Nanayakkara and Herath, 2017;
Jeri et al., 2019

Sei whale Balaenoptera borealis Endangered Noticeable scattered Necropsy Laist et al., 2001; Félix and van
Waerebeek, 2005; van
Waerebeek et al., 2007; Douglas
et al., 2008; Carrillo and Ritter,
2010; Moore and Barco, 2013;
Fais et al., 2016; Pirotta et al.,
2018

Common Minke whale Balaenoptera

acutorostrata

Least concern Noticeable scattered Necropsy Laist et al., 2001; Bogomolni
et al., 2010; Hazevoet et al.,
2010; Allen and Angliss, 2013;
Deaville et al., 2018;
Díaz-Delgado et al., 2018

Antarctic Minke whale Balaenoptera

bonaerensis

Near threatened Noticeable locally Anecdotal Borsa, 2006; Peel et al., 2018

Bowhead whale Balaena mysticetus Least concern Rare External examination George et al., 1994

(Continued)
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TABLE 1 | Continued

Order/common

name

Latin name Status (International Union

for the Conservation of

Nature, 2019)

Frequency Reliability References

Southern right whale Eubalaena australis Least concern Frequent scattered Necropsy Best et al., 2001; Greig et al.,
2001; Rowntree et al., 2001; van
Waerebeek et al., 2007;
McAloose et al., 2016; Cates
et al., 2017; Figueiredo et al.,
2017; Peel et al., 2018

Northern right whale Eubalaena glacialis Endangered Frequent scattered Necropsy Knowlton and Kraus, 2001;
Moore et al., 2004; Bogomolni
et al., 2010; van der Hoop et al.,
2015; Sharp et al., 2019

Humpback whale Megaptera

novaeangliae

Least Concern Frequent scattered Necropsy Wiley et al., 1995; Neilson et al.,
2012; Díaz-Delgado et al., 2018;
Groch et al., 2018; Peel et al.,
2018; Jeri et al., 2019

Frequency indicates whether collision reports were rare (i.e., reported for a limited number of locations with <3 reports in total), noticeable scattered (i.e., >3 reports but scattered over

several locations, with generally <3 reports per location), noticeable locally (i.e., >3 reports at one location, but not known as the most common cause of mortality), frequent scattered

(i.e., reported throughout distribution range), or frequent locally (i.e., reported as a common cause of mortality within specific areas of overall distribution). Reliability reflects the most

reliable data source for all reports: necropsy data, genetic evidence, eye-witnessed collision reports, anecdotal accounts with photographs, or pure anecdotal accounts. It should be

noted that the list of references is not exhaustive, but rather reflects the amount of literature available for each species.

Direct Consequences
Injury to the Animal
Animals incur sharp and blunt force injuries when colliding
with a vessel (Figure 1), which can be lethal immediately upon
impact as well as several hours, days, or weeks after the incident
(Campbell-Malone et al., 2008; Martinez and Stockin, 2013;
Dwyer et al., 2014). Both sharp and blunt force injuries have
been extensively described for whales and manatees. Sharp force
injuries include external gashes and severed tail stocks or fins,
mainly originating from contact with a rotating propeller (e.g.,
Beck et al., 1982; Moore et al., 2004; Lightsey et al., 2006; Rommel
et al., 2007; Campbell-Malone et al., 2008; Douglas et al., 2008;
Hill et al., 2017). Blunt force injuries predominantly originate
from contact with the bow, hull, skeg, or rudder, and are classified
as abrasions (i.e., removal of the epithelial layer of the skin),
contusions (i.e., hemorrhages), lacerations (i.e., tearing of the
skin), and bone or skull fractures (DiMaio and DiMaio, 2001;
Lightsey et al., 2006; Moore et al., 2013). Criteria to identify
vessel strikes as the cause of death have predominantly been
developed from comprehensive necropsies on whales (Moore
et al., 2013) and reliable ways to separate ante-mortem from post-
mortem injuries are becoming increasingly more established
(Sierra et al., 2014; Arregui et al., 2019). Furthermore, necropsies
and observations of whales andmanatees surviving a vessel strike
have provided information about the relationship between the
severity of injury and depth of laceration (i.e., into the skin,
blubber, or muscle), anatomical site of injury, and vessel speed
(Rommel et al., 2007; Vanderlaan and Taggart, 2007; Conn and
Silber, 2013; Wiley et al., 2016; Combs, 2018). Injured animals
experience a reduced welfare because of pain, stress, and possible
associated negative psychological states, with the extent of welfare
reduction being directly related to the type, severity, and duration
of an injury (de Vere et al., 2018).

Our knowledge of vessel strike injuries in whales andmanatees
has contributed to the identification of vessel-related sharp force

injuries in smaller species. The finding that almost every smaller
marine species listed withinTable 1 has been observed with sharp
force injury is likely a result of the relatively easy identification
of these injuries. However, there is a lack of knowledge of the
species-dependent relationship between the severity of injury
and depth as well as location of external gashes. Fatal sharp
force injuries on Florida manatees were generally deeper than
17 cm (Rommel et al., 2007), but a similar wound would be
less likely to cause fatal injury to a whale with a thick layer
of blubber. In contrast, a similar injury could easily decapitate
a fish or penguin. There is also a lack of knowledge of the
species-dependent relationship between lethality of injury and
vessel speed (see section Vessel-related factors below). Finally,
interspecific differences in bone strength may result in different
risks of incurring blunt force trauma (Clifton et al., 2008).

Injury to Vessel Crew
Crew on vessels that collide with whales may get thrown around
or thrown into the water, incur injuries, or even die (Neilson et al.,
2012; Ritter, 2012; Peel et al., 2018). Reports of these instances are
dominated by, but are certainly not exclusive to, small vessels. For
example, in March 2019, a Japanese fast ferry was said to have
collided with a whale, resulting in serious injuries to at least 13
passengers (Rahim, 2019). In contrast, vessel crew being thrown
off their feet because of collision with a smaller marine animal
has only been reported anecdotally for fast racing yachts colliding
with sunfish (Mola mola) and potentially sharks (Clarey, 2014).

Vessel Damage
Vessel damage (e.g., cracked hulls, damaged hydrofoils, rudder
damage) is commonly reported for collisions between whales and
large vessels as well as small vessels (Laist et al., 2001; Neilson
et al., 2012; Ritter, 2012). Vessel damage from collisions with
smaller marine animals is less frequently reported. However,
South African fur seals (Arctocephalus pusillus) occasionally
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FIGURE 1 | Examples of vessel collision injuries observed on live cetaceans. (Top left) Southern right whale (Eubalaena australis) with a healed propeller injury (Photo
credit: Renée Schoeman). (Top right) humpback whale (Megaptera novaeangliae) with suspected blunt force trauma (Photo credit: Titus Shaanika). (Bottom)
bottlenose dolphin (Tursiops truncatus) with suspected propeller injury (Photo credit: Michelle Caputo).

come too close to the propellers of fishing trawlers while foraging.
These close interactions can result in fur seals incurring propeller
cuts and bending or breaking the propeller (Wickens and Sims,
1994). Sunfish are well-known for their damaging effects on
sailing yachts and even a large cement carrier incurred paint
damage to the hull from colliding with this species (Porcasi
and Andrews, 2001; Lulham, 2006). It is surprising that no
vessel damage, especially propeller damage, has been reported
for collisions between small vessels and sea turtles considering
their hard carapace. As mentioned under the section “Species
of marine animals colliding with vessels", the limited number of
vessel damage reports could be due to reporting biases.

Long-Term Consequences for Individual
Animals
Long-term consequences of collisions for individual animals
are not well-understood, but several species indicate long-
term locomotive impairments and possible reduced fitness.
Locomotive impairments may result from injuries to flukes,
flippers, fins, turtle carapace, and even feather disruptions
(Jacobson, 1998; Moore et al., 2013; Cannell et al., 2016). These
impairments can potentially prevent effective foraging and could
ultimately result in death from starvation. An additional concern
is that open wounds and bone fractures increase an animal’s
energy expenditure (Robbins, 1993 in Visser, 1999; Towner
et al., 2012). Consequently, more energy is transferred toward
body maintenance, while less energy is available for growth and
reproduction, which will eventually cause a decrease in individual

fitness (Duffus and Dearden, 1993). It is difficult to assess long-
term consequences in more detail, but animal tagging as well
as photo-ID records of injured individuals could provide more
insight into long-term effects of collision injuries on behavior
and survival.

Population Consequences
The impact of collision-related mortality on species and
(sub)populations is currently not well-understood (Thomas et al.,
2016). A decrease in population growth rate can be caused
by a high mortality rate or a decline in fertile animals. The
latter is of particular concern for long-lived marine species,
which generally have low recruitment rates and an older age of
sexual maturity (Heppel et al., 1999). Over time, it is possible
that vessel-related mortality might exceed the recruitment rate,
either through contributing to a cumulative mortality rate (i.e.,
mortality from both natural and human-related causes) or on
its own (e.g., Kraus et al., 2005; Guo, 2006; van der Hoop
et al., 2013; Fais et al., 2016). For species such as North Atlantic
right whales (Moore et al., 2004), Hauraki Gulf Bryde’s whales
(Balaenoptera edeni bryde, New Zealand: Constantine et al.,
2015), North Pacific blue whales (Redfern et al., 2013; Rockwood
et al., 2017), North Pacific humpback whales (Rockwood et al.,
2017), North Pacific finwhales (Rockwood et al., 2017; Keen et al.,
2019), and Canary Island sperm whales (Spain: Fais et al., 2016),
tools like comprehensive ship strike reporting systems, stranding
databases, and modeled risk analyses have helped to identify
populations for which ship strike rates may exceed population
recruitment rates.
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The impact of mortality rates is starting to be understood for
some populations of smaller species, including the Little penguin
(Eudyptula minor) population in Perth (Australia: Cannell et al.,
2016), the sea turtle populations around Florida (U.S.: Foley et al.,
2019), and the Florida manatee (Lightsey et al., 2006). However,
for most smaller species, this impact still needs to be assessed.

THE RISK OF COLLISION

The risk of collision is defined as the probability that a collision
occurs, combined with the probability that such a collision
will lead to a serious outcome (i.e., major injury, mortality,
or damage to the vessel: International Whaling Commission,
2011). Assessing the risk of collision between animals and vessels
is an essential step toward the implementation of appropriate
mitigation measures in relevant geographical areas (Cates et al.,
2017; Crum et al., 2019). Assessments of collision risk require
information on animal and vessel distribution patterns and,
ideally, on specific vessel- (e.g., size and speed) and animal-
related factors (e.g., time spent at or near the surface and
behavioral response to vessels) (Martin et al., 2016; Crum et al.,
2019). However, this information is typically not known and
targeted research may be needed prior to assessing a species’
collision risk.

Identification of High-Risk Areas
The probability of collision between a vessel and marine animal
increases with a higher vessel and/or animal density (e.g.,
Lagueux et al., 2011; Redfern et al., 2013, 2019; Bezamat et al.,
2014; Priyadarshana et al., 2015; Nichol et al., 2017; Rockwood
et al., 2017; Di-Méglio et al., 2018). A first important step in
collision risk analyses is therefore the identification of high-
risk areas: areas where a high number of vessels (shipping
lanes, shipping routes, and port approaches) and a relatively
high number of animals (areas where a large proportion of the
population aggregates or return in high numbers on a regular
basis) converge (Cates et al., 2017). At present, 14 high-risk areas
are listed by the IWC, based on overlaps in the distribution
of large vessels (>100 gross tonnage and typically >30m) and
whales/whale strandings (Cates et al., 2017). Collision reports
between large vessels and smaller marine animals are rare
(Brown and Murphy, 2010; Balazik et al., 2012; Wilson et al.,
2017). Hence, overlap between large vessel and smaller species
distribution patterns requires further research.

Overall, there has been a focus on large vessels, because reports
have shown that these pose a higher risk to whales (Laist et al.,
2001; Jensen and Silber, 2003). While large vessels may indeed
increase the risk of lethal injury, there is sufficient evidence
that all vessels collide with whales (Best et al., 2001; Neilson
et al., 2012; Wiley et al., 2016; Peel et al., 2018) and that even
vessels <15m can cause fatal injury when traveling at high speed
(Ritter, 2012). In addition, various marine species in Table 1

frequent estuarine and coastal waters, either permanently (e.g.,
estuarine fishes, penguin species with colonies near or on a
mainland, seal species with haul-out sites near or on a mainland,
manatees, dugongs) or temporarily (e.g., marine turtles during
their nesting season, whale sharks, basking sharks, some dolphin

species, and mother-calf pairs of some whale species). Species
that occur in coastal waters are specifically at risk of collision
with small- andmedium-sized vessels that occur in high densities
near urbanized coastal regions. Efforts should therefore also be
put into the identification of high-risk areas based on small vessel
traffic, especially in areas where these dominate collision reports
(Neilson et al., 2012).

Information on small vessel distribution patterns is difficult to
obtain, compared to data on large vessels that emit regular GPS
position data and concentrate in shipping routes, shipping lanes,
and port entrances. However, simultaneous studies on animal
and vessel distribution patterns as well as local vessel registry data
have previously assisted in the identification of areas of concern
(Preen, 2000; Maitland et al., 2006; Foley et al., 2019).

Factors Affecting the Risk of Collision
After high-risk collision areas are identified, a risk-analysis can
be performed that ideally constitutes two steps: (1) modeling the
probability of a collision based on encounter rate theory and (2)
modeling the probability that the collision is fatal (Martin et al.,
2016; Crum et al., 2019). Risk analyses based on encounter rate
theory, model the probability that an animal and vessel will be
close enough in time and space for an encounter (Martin et al.,
2016). Whether an encounter (a) results in a collision and (b) is
lethal, depends on both vessel-related (e.g., speed, draft, size) and
animal-related factors (e.g., dive pattern, vessel avoidance:Martin
et al., 2016; Crum et al., 2019). However, most studies have
assessed the overlap between vessel and whale distributions to
calculate the probability of an encounter (Fonnesbeck et al., 2008;
Redfern et al., 2013; Di-Méglio et al., 2018; Pirotta et al., 2018;
Frantzis et al., 2019), or have combined overlap in distributions
with vessel speed to model probabilities of a lethal collision
(Vanderlaan et al., 2008; van der Hoop et al., 2012; Currie
et al., 2017; Nichol et al., 2017; Redfern et al., 2019). Below we
list the most important factors, discussing potential differences
between species.

Vessel-Related Factors
A broad range of vessel types are involved in collisions (Table 2).
A vessel poses a higher risk when traveling at a higher speed,
because higher speeds result in a stronger impact (i.e., higher
force) and increase the risk of serious blunt force trauma (Wang
et al., 2007). However, the relationship between vessel speed
and severity of injury is a species-dependent relationship that
varies between vessel types. For example, Vanderlaan and Taggart
(2007) found that the probability of a lethal injury for whales
decreased to <50% when large vessels slowed down to 10 knots.
Small vessels traveling at a speed of 10 knots are likely to have
an even lower probability of lethal injury for whales. In contrast,
small vessels (3–6m in length) had to slow down to at least 7.5
knots to decrease the probability of lethal injury to loggerhead
sea turtles (Caretta caretta: Work et al., 2010), highlighting
a clear difference between species. The species-dependent
relationship between vessel speed/type and lethal injury is not
well-understood and needs further investigation to support the
development ofmitigationmeasures that are appropriate for each
species. In addition to a higher probability of lethal injury, high
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TABLE 2 | Summary of vessel classes involved in collisions with marine animals, including their typical length in meters (modified after Laist et al., 2001; Lammers et al.,
2003; Neilson et al., 2012) and characteristics contributing to collision risk.

Vessel class Length Examples Characteristics contributing to collision risk

Un-motorized small <15m Canoes/kayaks/paddle skies Silent

Un-motorized medium 15–30m Medium sailing Silent, potentially high speed (racing yachts)

Motorized small <15m Commercial fishing, police, recreational high-speed,
research, and wildlife watching vessels

Coastal waters, some intentionally come close to
animals, potentially high speed, potentially erratic
movements

Motorized medium 15–30m Coast guard, commercial fishing, navy, research,
and whale watching vessels, passenger ferries

Coastal waters, some intentionally come close to
animals, potentially high speed

Motorized large 30–80m Coast guard, commercial fishing, navy, and
research vessels, passenger ferries, icebreakers,
whaling boats

Mass, potentially high speed, manoeuverability

Motorized very large >80m Aircraft carriers, coast guard vessels, container
vessels, cruise ships, dredgers, navy vessels,
passenger/car ferries (normal, jetfoils, catamaran,
trimaran), research vessels, steam ships, tankers

Mass, potentially high speed, manoeuverability

vessel speeds result in a decreased probability of detection of
marine animals by vessel operators and vice versa, resulting in
a higher probability of collision (Hazel et al., 2007; Gende et al.,
2011). Even if vessel operators are aware of an animals’ location,
the ability to avoid that animal will depend on the detection
distance, vessel speed, and vessel maneuverability (i.e., vessel
type). Small vessels may be able to move out of the way, even
when an animal is close and the vessel is going at high speed,
due to better maneuverability. In contrast, large vessels have
less maneuverability (i.e., greater response time to initiate and
adjust an avoidance maneuver and a greater turning angle) and
would need large distances to avoid an animal (Agreement on the
Conservation of Small Cetaceans of the Baltic North Seas, 2011).

Large vessels also have deeper drafts and thus, a larger strike
zone (i.e., position of animal beneath the surface at which
encounters with a vessel result in a collision). The species-specific
extent of the strike zone depth in relation to a vessels’ draft is
currently not known. Silber et al. (2010), however, conducted
limited tests of hydrodynamic effects in collisions using scale
models of a container ship and a right whale, with the whale at
depths up to two times the draft of the vessel. Over 50% of trials
resulted in propeller strikes if the whale was considered to act
as a rigid body. The effect of vessel draft on the risk of collision
needs further research as increased strike zone depths increase
estimated species mortality rates (Rockwood et al., 2017). Other
vessel-related factors that could play a role are the vessels’
acoustic signature (i.e., acoustic signal produced by a vessel
mainly from onboardmachinery and propeller cavitation), which
affects the probability that an animal will hear the upcoming
vessel (Leal et al., 2015). Hydrodynamic forces may also be
important (Silber et al., 2010; Allen et al., 2012). These forces are
likely of significance for small and slow moving species, such as
sea turtles, near large vessels and fast-moving small vessels (Work
et al., 2010).

Animal-Related Factors
Which animal-related factors (e.g., time spent at surface, type
of behavior at surface, behavioral response to vessels, hearing

capabilities) affect the risk of collision is not well-understood.
One important factor is the amount of time a species spends
at or near the surface. Surface time within species may follow
a diurnal pattern related to behavior (e.g., Izadi et al., 2018;
Keen et al., 2019), but can also vary between individuals of
different age classes (e.g., Wiley et al., 1995; Knowlton and
Kraus, 2001; Kreuder et al., 2003; Hazel and Gyuris, 2006;
Panigada et al., 2006; Carrillo and Ritter, 2010; Neilson et al.,
2012; Foley et al., 2019) and sexes (e.g., Kreuder et al., 2003;
Panigada et al., 2006). For example, Bryde’s whales in the
Hauraki Gulf (New Zealand) spent 75–100% of night-time hours
in an inactive state (i.e., resting) with dive depths of <9m
(Izadi et al., 2018). Keen et al. (2019) modeled fin whale ship
strike risk in the California Current System considering diel
patterns of surface use and found that night-time collision
risk was twice as high as the daytime risk. The dominant
behavior of North Atlantic right whale mother-calf pairs during
a calf ’s first 9 months is comprised of surface resting and near-
surface feeding behavior (45–80% of time: Cusano et al., 2019).
Similarly, lactating female humpback whales in Exmouth Gulf
(Australia) spent 53% of their time within 3m of the surface
(Bejder et al., 2019). Animals at or near the surface are at risk
of collision because they are within reach of a vessels’ hull
and propeller.

One question that remains difficult to answer is why animals
do not move out of the way of approaching vessels. Behaviors
such as resting, foraging, nursing, and socializing likely distract
animals from risk detection (Dukas, 2002). Furthermore, animals
potentially do not hear approaching vessels when near the
surface. Sound from a vessel reaches an animal via direct and
surface-reflected paths leading to constructive and destructive
interference (i.e., Lloyd’s mirror effect), with moments when
vessel noise may be inaudible to the animal (Gerstein et al., 2005;
Thorpe, 2010; Erbe et al., 2016). In addition, acoustic shadows in
which radiated ship noise levels approach or fall below ambient
noise levels, may form ahead of a vessel (Gerstein et al., 2005),
leaving that vessel undetectable to animals in its direct path,
especially when at the surface.
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As mentioned under section “Vessel-related factors,” vessels
have variable acoustic signatures and animals have variable
hearing capabilities (Ketten, 2002). Thus, the distance at which
certain vessel types can be detected acoustically likely differs
between species. However, even if animals can hear/are aware
of a vessel, they may not avoid the approaching vessel or they
may take avoidance measures that have limited or adverse effects
(Stone and Yoshinaga, 2000; Nowacek et al., 2004). A study of
tagged blue whales near shipping lanes off the coast of southern
California found that whales do not avoid areas of heavy ship
traffic (McKenna et al., 2015). McKenna et al. (2015) also found
that blue whales at the surface were limited in their ability to
avoid collisions with fast ships because individuals responded to
approaching ships with a slow descent and no lateral movement
away from the ship. There is no single factor that can tell us why
some individuals or species are more prone to vessel collisions
than others and more species-specific research is needed to
understand interspecific differences.

CURRENT MITIGATION MEASURES,
THEIR EFFECTIVENESS, AND SUITABILITY
FOR SMALLER SPECIES

A wide variety of mitigation measures that aim to reduce the
risk of collisions between vessels and marine animals exist
today (e.g., Silber et al., 2012b; Couvat and Gambaiani, 2013;
McWhinnie et al., 2018), most of which were developed with
a focus on whales. The most suitable mitigation measure(s)
depends on the geographic area, environmental conditions,
vessels involved, species targeted, time-pressure to implement a
mitigation measure, and cost of mitigation (e.g., Weinrich et al.,
2010; Silber et al., 2012a; Constantine et al., 2015; McWhinnie
et al., 2018). Below we list the mitigation measures that have been
developed today and discuss whether they have been effective in
the protection of whales as well as whether they could be applied
to smaller marine species.

Geographical Measures
Re-routing Measures
Once areas of greatest collision risk have been identified, vessel
traffic can be re-routed provided that alternative routes do
not compromise safe navigation (e.g., Vanderlaan et al., 2008;
Redfern et al., 2013, 2019; Frantzis et al., 2019). Proposals from
coastal states to establish or amend routing measures outside,
or partially outside, territorial waters need to be submitted
to and endorsed by the International Maritime Organization
(International Maritime Organization, 1986). In 2009, the IMO
published a guidance document to inform member governments
about principles to consider when developing actions to
reduce collision risk and which guidance documents should
be consulted when preparing routing proposals (International
Maritime Organization, 2009). Where routing measures fall
within territorial waters, decisions can bemade directly by coastal
states, although thesemeasuresmay also be submitted to the IMO
for revision and approval. Routing measures can be permanent

or seasonal, mandatory or recommended, and may apply to all
vessels or a sub-set of certain vessel type(s).

Permanent mandatory rerouting measures to prevent ship
strikes with whales include Traffic Separation Schemes (TSSs).
In June 2003, the TSS in the Bay of Fundy (Canada) was
rerouted around the Grand Manan Basin to reduce the risk
of lethal encounters between vessels ≥300 gross registered
tonnage and North Atlantic right whales (International Maritime
Organization, 2003; Vanderlaan et al., 2008). Since then, a
TTS has been established or amended near Boston (MA,
U.S.: International Maritime Organization, 2006, 2007a), within
the Santa Barbara Channel (CA, U.S.: International Maritime
Organization, 2012), off San Francisco (CA, U.S.: International
Maritime Organization, 2012), and in the approach to Panama
City (Panama: Guzman et al., 2012; International Maritime
Organization, 2014) to protect North Atlantic right, blue, and
humpback whales. Year-round recommended routes have been
implemented to and from the Port of Auckland to reduce
collision risks with Bryde’s whales (Ports of Auckland, 2015;
Maritime New Zealand, 2019). Seasonal re-routing measures
have also been used to protect whales. Specifically, seasonal,
voluntary two-way routes were established in Cape Cod Bay and
in coastal waters of the southeast U.S. (SEUS) to protect the
North Atlantic right whales (Fonnesbeck et al., 2008; Lagueux
et al., 2011).

Vessel traffic exclusion zones aim to reduce the number
of vessels in an area. Examples are the permanent, voluntary
Area To Be Avoided (ATBA) that was adopted by the IMO in
2017 to protect humpback whales near Costa Rica (International
Maritime Organization, 2017) and the seasonal ATBAs in the
Great South Channel (off Cape Cod Bay, MA, U.S.) and Roseway
Basin (south of Nova Scotia, Canada) to protect North Atlantic
right whales (International Maritime Organization, 2007b, 2008;
Vanderlaan et al., 2008; Vanderlaan and Taggart, 2009). A less
common rerouting measure is the establishment of Dynamic
Management Areas (DMAs) in the U.S. DMAs are temporary
(i.e., 15 days) management areas, established by the U.S. National
Marine Fisheries Service (NMFS) for the protection of North
Atlantic right whales from collisions with large vessels (Federal
Register, 2008). When a (group of) right whale(s) is sighted, a
circle providing an area of 44.5 km2 per whale (i.e., radius of circle
is adjusted for the number of right whales in the group), is drawn
around the group. Any circle or group of contiguous circles with
more than three right whales qualifies to be demarcated as a DMA
with a minimum radius of 27.8 km (Federal Register, 2008). All
vessels are asked to voluntarily avoid a DMA (or to reduce their
speed to ≤10 knots while transiting the area, see section Speed
restrictions) (Federal Register, 2008; Laist et al., 2014).

Rerouting vessel traffic around areas with known
concentrations of whales is an effective mitigation measure
(International Whaling Commission, 2014; International
Maritime Organization, 2016). The risk of collision can be
reduced by 60-95% when compliance with a routing measure is
high (e.g., Vanderlaan et al., 2008; Vanderlaan and Taggart, 2009;
Guzman et al., 2012; van der Hoop et al., 2012); which generally
seems to be the case for IMO adopted routing measures (Silber
et al., 2012b). However, compliance with voluntary routing
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measures implemented by coastal states varies. Lagueux et al.
(2011) found that compliance of tankers and cargo vessels with
recommended routes in the SEUS, increased from 51.7 to 96.2%
over the first 3 years of implementation. In contrast, compliance
with DMAs off the U.S. coast as well as a voluntary ‘No Go Area’
(NGA) in the St. Lawrence Estuary (Quebec, Canada) was low
(Silber et al., 2012a; Chion et al., 2018). It should be emphasized
that rerouting is not always feasible (i.e., safety of navigation) and
that some rerouting measures only apply to large commercial
vessels (most TSSs and ATBAs). Therefore, they do not decrease
the risk of collision with small vessels. Even if rerouting measures
apply to small vessels, it is more difficult to assess compliance
because their location and speed are challenging to monitor.
Increased compliance may require enforcement, which is
difficult to achieve when the geographic area is relatively large
(i.e., large area or multiple smaller exclusion zones spread across
a large geographic area), or when a country or state does not
have the capacity to apply enforcement actions. In addition,
several studies have indicated that rerouting measures assisting
one species could increase the risk of collision for other species,
highlighting the need for a multi-species research approach
when assessing the efficacy of rerouting measures (e.g., Redfern
et al., 2013; Priyadarshana et al., 2015; Ritter et al., 2019).

Reducing the overlap between vessel traffic and aggregations
of animals can also be a successful mitigation method for smaller
species. Rerouting TSSs is not possible for coastal species, where
most overlap will be found around port entrances. However,
vessel traffic exclusion zones can provide opportunities for risk
reduction. A small number of no-go-zones was established to
protect the Florida manatee (Florida Fish Wildlife Conservation
Committee, 2018). This type of measure can potentially be
implemented for a much wider variety of animals that aggregate
year-round or seasonally in particular areas. Vessel traffic could,
for example, be excluded year-round from important dugong
habitat in Queensland (Australia), or seasonally (March-July)
around loggerhead and green turtle (Chelonia mydas) nesting
beaches along the U.S. Florida coast (Maitland et al., 2006; Foley
et al., 2019).

Source-Based Mitigation Measures
Speed Restrictions
Implementations of vessel speed restrictions have been suggested
to provide animals and vessel crew with more time to detect
and avoid each other as well as to reduce the severity of injury
(Hazel et al., 2007; Vanderlaan and Taggart, 2007; Gende et al.,
2011; Conn and Silber, 2013). The implementation of reduced
vessel speeds was first proposed by Laist et al. (2001). Vanderlaan
and Taggart (2007) modeled the relationship between vessel
speed and probability of lethal injury from collision reports with
large whales. They found that the probability of lethal injury
decreased to <50% when vessels traveled at speeds ≤10 knots.
Conn and Silber (2013) used a slightly larger database and found
similar results. They also found that the ship strike rate went
down as vessel speed decreased. Implementation of vessel speed
restrictions to protect whales from collisions with large vessels
have been numerous, with vessel speed restrictions ranging from
≤13 to ≤10 knots (e.g., Federal Register, 2008; McKenna et al.,

2012; Ports of Auckland, 2015; Currie et al., 2017; Ritter et al.,
2019). Similar to rerouting measures, proposals from coastal
states to implement vessel speed restrictions outside territorial
waters need to be submitted to and endorsed by the IMO (Silber
et al., 2012b). Vessel speed reductions can also be voluntary or
mandatory as well as permanent or seasonal.

A reduction in vessel speed has been successful in reducing
collision risk and is the preferred measure to implement when
vessels cannot be re-routed (International Whaling Commission,
2014; International Maritime Organization, 2016). Humpback
whale surveys conducted with a small vessel traveling at speeds
between 5-20 knots revealed that whales were three times more
likely to be sighted beyond the close encounter distance of
300m when vessels traveled at speeds ≤12.5 knots (Currie
et al., 2017). In addition, the mean detection distance of
close encounters (i.e., ≤300m) increased from 190m to 211m
(Currie et al., 2017). A reduction in vessel speed is the only
mitigation measure that has been recommended for a variety
of smaller marine species, such as manatees (Calleson and
Frohlich, 2007), dugongs (Hodgson, 2004), sea turtles (Hazel
et al., 2007; Work et al., 2010), and fish (Brown and Murphy,
2010). However, compliance with vessel speed restrictions can
be low (e.g., Gorzelany, 2004; Jett and Thapa, 2010; Lagueux
et al., 2011; McKenna et al., 2012; Freedman et al., 2017). Vessels
traversing DMAs, for example, generally did not reduce their
speed to the recommended 10 knots (Silber et al., 2012a). Initial
compliance with a mandatory 10 knots speed restriction in
Seasonal Management Areas (SMAs) was also low, but improved
with targeted enforcement programs (Silber et al., 2014). Similar
boater compliance issues were found in speed restriction zones
to protect manatees; compliance varied between Sarasota and
Lee County sites as well as between vessel types, with a lower
compliance by smaller vessels (Gorzelany, 2004; Jett and Thapa,
2010). However, compliance increased in the presence of law
enforcement, highlighting that enforcement efforts are important
to assure effectiveness of speed reduction measures (Gorzelany,
2004; Jett and Thapa, 2010).

As noted under section “Vessel-related factors," there is no
known relationship between vessel speed and collision risk for
smaller marine species, mainly because the data needed to infer
such relationships have not been collected. Research on sea turtles
has indicated that individual turtles aremore likely to flee from an
approaching vessel when speeds are reduced to 2 knots, while the
probability of lethal injury decreased by 60% for vessels idling at
4 knots (Hazel et al., 2007; Work et al., 2010). Large differences
in the relationship between vessel speed and collision risk can
therefore be expected between species and more species-specific
research is needed to identify these relationships.

Animal Detection Onboard the Vessel
Collisions with animals can be avoided if animals are detected
and appropriate avoidance measures are adopted by the vessel
operator. Vessel crew are generally not trained to detect and
identify marine animals and are likely focussed on other aspects
of the voyage. Placing a trained, dedicated observer onboard
a vessel has been suggested to help increase the detection
rate of whales along a vessel’s route during day-light hours.
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The effectiveness of placing trained, dedicated observers on a
ship’s deck or bridge to detect whales has been tested for high-
speed ferries and commercial cargo vessels (Mayol et al., 2008;
Weinrich et al., 2010; Flynn and Calambokidis, 2019). Observers
were found to detect more whales than standard vessel crew and
often at larger distances from the vessel. This early detection
provides vessel crew more time to take avoidance measures.
However, as highlighted under section Vessel-related factors,
large vessels have less maneuverability and may not be able
to effectively avoid whales despite observers effectively locating
animals. In contrast, small vessels have greater maneuverability,
but observers are closer to the sea-surface reducing the effective
sighting distance. Onboard observers are therefore only suitable
for vessels that are large enough to provide observers with an
elevated platform that enables detecting animals over a sufficient
range, but small enough to effectively maneuver. Even in the
presence of trained observers, collisions with whales occur when
they are not seen or seen too late to take avoidance measures
(Wiley et al., 2016). This risk is higher for species that spendmore
time near the surface instead of at the surface.

During night hours, observers could make use of infrared
cameras that create images from infrared radiation emitted
by a whale, which is a function of both body and/or blow
temperature and spectral emissivity (Cuyler et al., 1992; Horton
et al., 2017). The effectiveness of infrared imagery has been
addressed in various studies (e.g., Barber et al., 1991; Burn et al.,
2009; Graber, 2011; Yonehara et al., 2012), but more data is
needed to assess its use for effective mitigation against collisions
with vessels (Horton et al., 2017). Woods Hole Oceanographic
Institution is currently experimenting with new automatic
infrared detection techniques (Lubofsky, 2019). Another around-
the-clock detection method for marine animals is active sonar:
a method to detect objects of various sizes by releasing
acoustic energy into the marine environment and subsequently
receiving the echoes that bounce off the object (Kozak, 2012).
However, the release of acoustic energy is of concern as
increased levels of noise are known to negatively affect all
species (Popper and Hawkins, 2012, 2016).

Animal detection measures are unlikely to result in a
significant decreased risk of collision for smaller species because
they are less easily sighted by observers at the distances needed to
implement an avoidance measure. In addition, infrared cameras
will not work on small-bodied animals, especially without the
extra cue of a large blow. The detection range of active sonars
decreases with decreasing water depth. Thus, active sonar is
unsuitable for shallow coastal areas frequented by species, such
as manatees, dugongs, and turtles (Gerstein, 2002).

Deterrent Devices
Deterrent devices can be installed directly on vessels to alert a
marine animal to- and deter them from an approaching vessel
without vessel crew needing to detect the animal.

Nowacek et al. (2004) tested the effect of an acoustic alerting
stimulus on North Atlantic right whale behavior and found that
individuals moved to the surface. This behavioral response would
increase, rather than decrease, their collision risk. Lagerquist
et al. (2013) did not observe any avoidance of an acoustic

deterrent device by Gray whales (Eschrichtius robustus) migrating
along the Oregon coast. Hence, there is currently no evidence
that acoustic deterrent devices work for whales. Gerstein and
Blue (2004) developed a Manatee Alert Device (MAD) that
sends out a low intensity, highly directional sound. Ninety-
five percent of manatees elicited an avoidance response during
test trials (Gerstein and Gerstein, 2017). In addition, manatees
avoided the active MAD at a greater mean distance (20m) in
comparison to non-active controls (6 m: Gerstein and Gerstein,
2017). Lenhardt (2002) developed an alerting device for sea
turtles that emits acoustic signals from 0.2 to 15 kHz as well
as a visual deterrent cue to a) initiate a fleeing response
and b) direct animals away from the vessel because turtles
flee in the direction that they are facing. However, there are
no data available on the effectiveness of this turtle alerting
device. There are also concerns that sounds emitted by acoustic
deterrent methods potentially cause acoustic trauma (i.e., hearing
loss), displace animals from important habitats, or affect non-
targeted acoustically sensitive marine species (Johnston and
Woodley, 1998; Morton and Symonds, 2002; Olesiuk et al., 2002;
Barlow and Gisiner, 2006). In addition, marine animals may
get habituated to the deterrent signal, which would render the
device ineffective. We therefore conclude that deterrent devices
are not an effective means of mitigating collisions with any
marine animal.

Propeller Guards
Propeller guards, such as cages and ducts, can be installed around
a propeller as a physical boundary between the propeller blades
and an animal. The use of propeller guards has not been tested
for large whales. Work et al. (2010) tested the ability of propeller
guards to protect loggerhead sea turtles from being injured by
small vessels. Propeller guards helped to reduce the risk of lethal
injury from 40 to 10% for vessels at idle speed (i.e., 4 knots), but
no reduction in risk was seen at planing speed (i.e., 22 knots),
because of an increased risk of blunt force trauma. In addition,
propeller guards of a different design were not as effective,
even at idle speed. These results highlight the need for further
research into the best designs for propeller guards. However, in
combination with a reduction in speed, propeller guards could
effectively reduce sharp force injuries.

Technological Data and Information
Systems
Technological data and information systems have primarily been
developed to aid the mitigation of collisions with large whales,
although some may also protect smaller species. In general, these
systems are used to alert mariners that they are entering an area
with a high density of animals prone to collisions (Ward-Geiger
et al., 2005), to alert mariners of recent animal sightings (National
Marine Fisheries Service, 2005; Ward-Geiger et al., 2005; van
Parijs et al., 2009; Souffleurs d’Ecume, 2012; Conserve.iO, 2019),
to gather data on vessel abundance and distribution (van der
Hoop et al., 2012), and to gather data on vessel compliance with
mitigation measures (Lagueux et al., 2011; McKenna et al., 2012;
Silber et al., 2014).
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Mandatory Ship Reporting (MSR)
There are two MSR areas along the eastern U.S. coastline that
surround critical North Atlantic right whale habitat: 1 year-
round area off the state of Massachusetts and one seasonal area
within the SEUS (Ward-Geiger et al., 2005). These measures
were adopted by the IMO in 1998 and represent the first
involvement of the IMO in implementing measures to protect
whales from collisions. The MSR system requires all ships ≥300
gross tonnage to report to a shore-based station when entering
the areas. A land-based station stores all incoming ship reports
and returns an automated message on steps to avoid collisions
with whales (i.e., keep a look-out and reduce speed) as well as
recent whale sightings.

MSR systems themselves are not an effective mitigation
measure to protect right whales from collisions, but have been
regarded as a successful method to educate mariners on ship
strike issues and measures to decrease the risk of collision
(International Whaling Commission, 2011). MSR systems also
provide the opportunity to gather ship transit data (i.e., ship
route, ship speed, and primary destinations), which can assist
with the development of mitigation measures and assessment of
compliance with mitigation measures (Ward-Geiger et al., 2005;
Silber et al., 2015). However, ship transit data can now be derived
from AIS data for large vessels. We expect the effects of MSR
systems to be similar for smaller species. Although MSR systems
can help to educate mariners, there are other, less costly ways
available to achieve education goals.

Early Warning System (EWS)
The EWS is an aerial survey network operated within the SEUS
(from Georgia, south along the coast of Florida), the Great South
Channel, and Cape Cod Bay (Boston, MA) (National Marine
Fisheries Service, 2005). The EWS was established to reduce
ship strikes with North Atlantic right whales by providing whale
sighting information to the U.S. Navy (USN), U.S. Coast Guard
(USCG), U.S. Army Corps of Engineers (USACE), harbor pilots,
port authorities, and other maritime organizations. Sighting
information is subsequently distributed to commercial and
recreational vessel crew. If the EWS sights whales near shipping
lanes, vessels are requested to reduce their speed and where
possible, to undertake avoidance measures to prevent collision
with- or serious injury to whales.

There is no evidence that this reporting system has reduced
the number of collisions with right whales along the east coast
of the U.S. (Lagueux et al., 2011). In addition, aerial surveys
are costly as well as restricted to good weather conditions.
Furthermore, communication of animal sightings to smaller
vessels is challenging because they are often less well-equipped
for radio communication. Hence, despite many smaller marine
animal species also being visible from aerial surveys (e.g.,
dolphins, dugongs, manatees, sharks, and even sea turtles:
Irvine and Campbell, 1978; Preen, 2000; Kessel et al., 2013;
Martins et al., 2013), we do not recommend that these systems
are specifically implemented to mitigate vessel collisions. An
EWS may work when aerial surveys are already flown for
other research purposes. However, solving the issue regarding
communication with smaller vessels will require development of

alerting systems, such as mobile phone apps (see section Recent
mobile phone alerting systems).

Passive Acoustic Buoy Systems
Passive acoustic buoy systems can be used to improve the
detection of marine animals. The Cornell Laboratory of
Ornithology and Woods Hole Oceanographic Institution in the
U.S. developed a real-time passive acoustic buoy system that
specifically recognizes North Atlantic right whale calls (van Parijs
et al., 2009). One of these systems is moored to the seafloor along
the TSS approaching Boston harbor, where large tankers cross a
primary right whale feeding habitat. The buoys listen to whale
calls and communicate their data to a shore-based laboratory
for whale call verification. All information is forwarded to the
right whale Sighting Advisory System (SAS); a multi-institutional
effort to monitor right whale populations within northeast U.S.
waters. The SASwill alert mariners to the presence of right whales
via verbal updates to commercial vessels, 24-h radio broadcasts,
and postings on several websites (van Parijs et al., 2009).

Similar to the EWS, there is currently no evidence that
passive acoustic buoy systems help to reduce collision risk. In
addition, vocalizations for some species have strong temporal
patterns or depend on an individuals’ behavior, resulting in
inconsistent acoustic detection probabilities (e g., Baumgartner
and Fratantoni, 2008; Feng and Bass, 2016; Webster et al., 2019).
Furthermore, the detection range of vocalizations is reduced
for vocalizations at a higher frequency, thereby reducing the
potential effective mitigation range for Odontocete species. For
other species, we lack knowledge of their acoustic repertoire
(Ferrara et al., 2014). Buoy systems also come at a cost and require
regular maintenance to prevent deterioration. Considering these
constraints, we recommend that further research be conducted to
determine the utility of passive acoustic buoy systems in reducing
collision risk.

Real Time Plotting of Cetaceans (REPCET)
REPCET is a software system developed to reduce ship strikes
with whales in the Pelagos Sanctuary (Mediterranean Sea: Mayol
et al., 2008; Mayol, 2012) and can be installed on commercial
as well as recreational vessels. Once an animal is sighted, the
observer inserts the GPS position in the REPCET system, which
subsequently transmits the sighting data to a shore-based station.
From the shore-based station, the information is sent to other
ships equipped with a REPCET system within the sighting
area. The onboard receiver automatically processes the data and
displays the sightings on a digital map, including an associated
risk zone. Each vessel with REPCET will automatically receive a
warning signal upon entry of a risk area.

To date, the effectiveness of REPCET in the prevention of
collisions has not been verified (Couvat and Mayol, 2014).
However, although designed to protect large whales, the system
appears to function well in distributing sighting information of
both large and small cetaceans to mariners (Couvat and Mayol,
2014). We think it will be valuable to evaluate the effectiveness
of REPCET in reducing collision risk with whales and smaller
cetaceans, as animal positions are relayed in a seemingly faster
manner then viaMSR, the EWS, or passive acousticmethods. The
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illustrative display of sightings and automated warning signal
may also be an easier and more effective way to encourage
mariners to slow down, be cautious, and undertake an avoidance
maneuver. However, we are concerned with the use of such
systems on small recreational and commercial vessels. These
smaller vessels are often attracted to or even specifically aim
to view charismatic species (e.g., whale- and dolphin-watching
vessels, ecotour vessels, sunset cruises), and may use REPCET to
find and potentially harass these animals.

Recent Mobile Phone Alerting Systems
Mobile technology continuously progresses and has been used
to spread information on mitigation measures and animal
sightings since 2012. The app “Whale Alert” was the first
mobile technology to provide the U.S. shipping industry with
information on North Atlantic right whale management areas,
required reporting areas, recommended routes, and ATBAs. It
also provides near real-time warnings of right whale detections
from the passive acoustic buoy system near the Boston TSS
(Conserve.iO, 2019). At present, the app is being diversified to
include warnings for multiple whale species and to cover a larger
geographical area. The sister app “Manatee Alert” alerts boaters
to manatee management areas and provides a means to easily
report an injured or distressed manatee. In recent years, several
other apps (e.g., SpotterPro, Seafari, WhaleReport) have become
available that allow people to log marine animal sightings directly
from their mobile phone. These applications could potentially be
converted into similar alerting systems as “Whale Alert.”

At present, it is unknown whether “Whale Alert” or “Manatee
Alert” have helped to reduce collision risks with whales and
manatees. However, reporting apps do have the potential to
aid in voyage planning and to provide information about
animal distribution patterns via public reporting (i.e., citizen
science). Citizen science data is often characterized by challenges,
such as misidentification of species and the absence of effort
data. These challenges can be overcome by applying sighting
selection criteria (e.g., photo of species, detailed description of
species) to decrease species identification biases and by applying
background sampling techniques (e.g., including a proxy of
human densities) to account for effort biases (Derville et al.,
2018). Thus, reporting apps may be useful to identify species
hotspots and therefore, assist in the identification of potential
high-risk areas. In addition, apps can provide an easy means to
report marine animal strandings or sightings of injured animals.

Education and Awareness
As mentioned under section Mandatory Ship Reporting (MSR),
one of the earliest efforts to educate and create awareness
with mariners about collision risks was the broadcasting of
messages via the MSR system. Since then, education and
creating awareness initiatives have been started globally. Global
efforts have been undertaken by the IMO, who published a
collision guidance document that member governments were
encouraged to circulate further to stakeholders and interested
parties (International Maritime Organization, 2009). The IWC is
putting continuous efforts into global public outreach initiatives,
which have been a topic of attention since the start of the

SSWG (International Whaling Commission, 2007). While global
efforts will ensure that mariners receive consistent information
about collision risks, it can take a considerable amount of time
to compose and distribute internationally relevant data. Hence,
local efforts to educate mariners on the risk of collision with
a specific species or within a specific area are a faster way to
create awareness and help mitigate collisions in local hotspots.
An example of a more localized effort is the development of an
education module for maritime academies, as well as certification
and licensing courses, by the New England Aquarium under
a contract issued by the NMFS in 2003. This module aims to
educate vessel officers and crew about the potential for vessel
strikes with North Atlantic right whales and the regulatory
measures in place to protect these whales (Knowlton et al., 2007).
The merchant marine trainer module has been introduced to
various marine academies in the U.S. as well as to international
maritime schools that are likely to train mariners who transit
the east coast of the U.S. and Canada (Knowlton et al., 2007).
Identifying and evaluating these types of programs for use on a
wider scale or for other marine user groups is included in the
latest IWC strategic plan (Cates et al., 2017). In New Zealand,
a special Bryde’s whale ship strike working group has been
established to investigate and share information on the cause of
ship strikes with Bryde’s whales as well as to develop and discuss
feasible mitigation measures (Constantine et al., 2015). This
working group includes individuals from industry, government,
academic institutions, non-government organizations, and local
Mãori tribes. During a joint ACCOBAMS/Pelagos workshop,
shipping company representatives highlighted the importance
of educating captains and vessel crew on the risk of collision
(Weinrich et al., 2005).

Education is the fundamental basis for the implementation
of mitigation measures and for compliance with regulations,
because people need to understand the risk to animals, vessels,
and vessel crew as well as the locations where vessel crew are
likely to encounter marine animals, and what they can do to
avoid a collision (Ritter, 2012; Flamm and Braunsberger, 2014). It
is difficult to assess quantitatively how education and awareness
reduce collision risk, but it is generally known that education
leads to active engagement. We therefore suggest that more effort
is dedicated to creating awareness about collision risks with
marine animals, regardless of species. Whether education efforts
are developed globally or locally should depend on factors, such
as the species distribution, number of locations in which a species
is at risk of collision, and types of vessels involved in collisions.

ISSUES AND KNOWLEDGE GAPS

Assessing the Extent of Collision
Incidences
A total of 75 marine species have been identified to collide with
marine vessels, which illustrates that collisions with marine life
may comprise a much larger problem than initially thought.
However, for most smaller species, we know little about the
extent of collision incidences. This knowledge gap should be
addressed. Most collision reports involving smaller species were
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based on signs of sharp force trauma. Although differences in
the most prevalent trauma may exist between species, it is highly
unlikely that smaller marine species are not subject to blunt
force injury. The absence of blunt force trauma suggests that the
information needed to identify this type of trauma in smaller
species may be absent, which would result in an underreporting
of collision incidents. Detailed criteria have been developed for
the identification of both sharp and blunt force trauma in whales
and manatees as well as for sharp force injuries in dolphins, seals,
and sea turtles (Moore et al., 2013; Foley et al., 2019). However,
there is a need to develop species-specific necropsy protocols that
will allow for the identification of collision-related blunt force
trauma in smaller species.

The next step is to establish an international collision database
for smaller marine species, as has been done by the IWC for
whales. The IWC database has been shown to be a valuable
tool for identifying the species most affected, vessels involved
in collisions, and correlations between vessel speed and collision
risk (Jensen and Silber, 2003). Hence, establishing a database for
other marine species could provide similar valuable information.
Unlike large whales, many populations of smaller species are
at risk of collision within smaller geographic regions. We
therefore think that the establishment of a database for small
species will work best via mandatory and standardized reporting
protocols that are implemented and managed by government
authorities. Local databases should then annually be submitted
to an international database.

Long-Term Consequences of Collisions
Injuries relocate energy from growth and reproduction to body
maintenance (van der Meer, 2006), but there is a lack of
information on how non-fatal injuries affect individual fitness
over prolonged timeframes. In addition, for many populations
it is unknown how collision-related mortality contributes to
the overall mortality rate. There is an urgent need to move
beyond the quantification of the type of injury and to assess
population level consequences. Once we can begin to assess
population consequences, we will then be able to consider how
these consequences affect ecosystem structure, function, and
stability (Wong and Candolin, 2015).

The Risk of Collision
The identification of high-risk areas is an important step toward
the implementation of mitigation measures, but has so far
focussed on whales. In addition, the identification of high-risk
areas is likely biased because of global information gaps on vessel
as well as animal abundance and distribution. The distribution
and abundance of smaller vessels is poorly understood because
they do not have to use designated shipping lanes and are not
required to carry an AIS transponder that transmits their position
(Lagueux et al., 2011). A lack of data on small vessel distribution
patterns prohibits the identification of high-risk areas for coastal
species. A long-term option to trace small vessels could comprise
mandatory installation of simple, cost-effective, GPS-tracking
systems on small vessels to monitor general movement patterns.
However, implementation of such a system will take time. A
quicker solution could be to start simultaneous surveys on animal

and small vessel distribution patterns in areas where collisions are
frequently reported or in coastal areas where species aggregations
are known to overlap with vessel traffic. Identified Important
Marine Mammal Area’s (IMMAs: discrete portions of habitat,
important to marine mammal species, that have the potential
to be delineated and managed for conservation) may be a good
starting point to identify high-risk areas for smaller marine
mammals (International Whaling Commission, 2019a).

As mentioned under section “Assessing the extent of collision
incidences", assessment of the extent of collision events and
factors affecting the risk of collision can be facilitated by an
international database (Jensen and Silber, 2003). Currently there
is not enough information about smaller marine species to
model collision risk as a function of vessel speed and to assess
which types of vessels collide with smaller species. However,
it should be highlighted that collisions with large vessels are
unlikely to be reported, regardless of the establishment of a
comprehensive database, because crew on these vessels will be
unaware of collisions with smaller species. Reporting biases
should be considered when making inference from a collision
database (Peel et al., 2018).

Mitigation Measures
Two mitigation measures have been identified to successfully
mitigate collisions with whales: re-routing of vessel traffic around
areas of greatest relative risk and a reduction in vessel speed.
Similar mitigation measures will be effective for the protection
of other marine species. Several studies have highlighted the
non-compliance of smaller vessels with mitigation measures
unless there is enforcement (Gorzelany, 2004; Jett and Thapa,
2010). Successful mitigation of collisions with smaller species
therefore requires careful consideration of methods to ensure
that compliance is high. Education and enforcement are key to
compliance. Education can start with handing out information
brochures when issuing skippers tickets or permits to operate in
specific areas.

It should be highlighted that animals may change their
distribution, timing of migration, expand their range etc. Thus,
a constant re-evaluation of implemented mitigation strategies
is important (Record et al., 2019). More information is needed
about unintended consequences as well as potential benefits
associated with the implementation of specific mitigation
measures. A reduction in vessel speed, reduces the risk of lethal
injury, greenhouse gas emissions, and noise at low frequencies
(10-100Hz) (Joy et al., 2019; Leaper, 2019). However, lower
speeds also result in increased transit times and may result in
a higher probability of a collision for species that do not avoid
vessels (Gerstein et al., 2005; Martin et al., 2016). In addition,
reduced vessel speeds reduce noise at higher frequencies (10–
100 kHz) less effectively and may therefore result in prolonged
exposure with consequent negative effects on species sensitive to
high frequency noise (Joy et al., 2019). There is also a paucity
of information on how mitigation measures implemented to
protect one species affect other species within the same area. Re-
routing vessel traffic around one species habitat, for example, may
increase risk to a different species (Redfern et al., 2013; Ritter
et al., 2019).
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Which mitigation measures should be applied depends on
the species involved, other species within the area, vessel
traffic (i.e., predictability and manageability), the geographic
and environmental features of the area, and the economic
impacts of the mitigation measure (Laist and Shaw, 2006;
Couvat and Gambaiani, 2013; Constantine et al., 2015). The
effectiveness of mitigation measures depends on their design and
the level of compliance. Selection of effective mitigationmeasures
requires a multi-species approach and active interactions
between relevant stakeholders so that individual priorities can be
identified and addressed (Constantine et al., 2015; Redfern et al.,
2019).

CONCLUSIONS

To date, most scientific publications on collisions have focused
on the interactions between large vessels and large whales.
Consequently, over the years we have gained valuable insights
on the risk of collision to large whales as well as how to
effectively mitigate collisions with large whales. Our review
found that at least 75 marine species, including smaller whales,
dolphins, porpoises, dugongs, manatees, whale sharks, sharks,
seals, sea otters, turtles, penguins, and fish have collided with
vessels. To date, data on collisions with smaller marine species
is scarce, which is likely more a result of reporting biases than
a reflection of the true extent of the collision problem. Reliable
reporting requires the establishment of species-specific necropsy
protocols to accurately identify collision-related injury and

mortality, especially for blunt-force trauma. The establishment of
an international standardized database, like the IWC database for
large whales, could aid in filling information gaps on frequency
of collisions, vessels involved, and potential high-risk areas for
smaller species. In addition, technology and research are needed
to estimate risk in areas used by smaller vessels, smaller species,
and less well-studied species. Prioritizing these three areas
(i.e., species-specific necropsy protocols, a database for smaller
species, and identification of high-risk areas for smaller species)
would be a valuable step toward the mitigation of collisions with
species other than large whales.
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