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Climate change is expected to dramatically alter the distribution of many marine
megafauna, impacting the people and economies that depend upon them. We build on
the recent literature by developing a framework to describe the effects these changes
will have on marine megafauna. With the goal to assist policymakers and grass roots
organizers, we identify three illustrative pathways by which climate change drives these
range shifts: (1) effects on habitat and shelter, (2) impacts on reproduction and disease,
and (3) changing distribution of sources of food. We examine non-climate factors that
may constrain or enable megafauna to adapt, creating winners and losers both for
the species and the people dependent upon them. Finally, we comment on what
management strategies exist at international and local scales that could help mitigate
these impacts of climate change so that we, as a global community, can ensure that
marine megafauna and people can best co-exist in a changing world.
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INTRODUCTION

Megafauna are species that are much larger than the other species in their group (Ripple et al.,
2019). In marine habitats, this includes cetaceans, sharks and rays, turtles, and birds (Sievers et al.,
2019). These organisms often play outsized ecological roles (Bornatowski et al., 2014; Roman et al.,
2014), support wildlife tourism, and even some fisheries. In many places, marine megafauna are
culturally important and can be considered iconic, the embodiment of gods (Thaman et al., 2010),
symbols of power (Rudrud, 2010) or play a myriad of other roles (McDavitt, 2005; Robillard and
Séret, 2006; Deutsch, 2017).

In spite of their importance to people, marine megafauna have been particularly susceptible
to human threats, including pollution (air and water), toxins in streams and rivers, coastal
development, shipping, fishing, and hunting. Added to this, these species tend to be slow growing,
take years to reach reproductive maturity, and have low fecundity (Pistevos et al., 2015; Thomas
et al., 2016; Moore et al., 2017). Thus, they are slow to recover from harvesting, population crashes,
and persistent mortality. In order to ensure the survival of these species, it is important to address
and reduce these threats.
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Climate change will exacerbate the effects of non-climate,
human-induced stresses on ocean ecosystems. Increased
atmospheric CO2 and associated greenhouse gases are predicted
to dramatically alter the chemistry and physical properties
of the ocean (Hoegh-Guldberg et al., 2018). Even under
moderate carbon emissions scenarios, the world’s ocean
will experience significant change. Sea surface temperature
(SST) has already increased at an average of 0.11◦C per
decade since the 1970s (IPCC, 2019). Warmer waters lead
to thermal expansion, resulting in sea level rise (SLR) that
is amplified by melting land ice. Warming waters are also
linked to increased storm magnitude and shifting patterns in
the various oscillation cycles (Hoegh-Guldberg et al., 2018).
Quantities of freshwater great enough to alter local salinity
levels will be added to some coastal areas from melting glaciers
and increased precipitation (Hoegh-Guldberg et al., 2018).
Increased SST also will lead to increased stratification of the
water column, deoxygenation, and changes in patterns of ocean
circulation. Finally, as CO2 concentrations in the atmosphere
increase, the ocean absorbs more CO2 thus acidifying the water
(Hoegh-Guldberg et al., 2018).

To mitigate the effects of climate change on megafauna, and
most importantly reduce the impact on the people dependent
upon these organisms, policymakers will need to make informed
decisions quickly. Our goal here is to provide a framework
for decision makers that facilitates evidence-based decision-
making, and illustrates the role of place-based conservation
in dealing with the impacts of climate change on marine
megafauna. We build on the literature recently reviewed in
Chapter 5 of the UN Special Report on the Oceans and
Cryosphere (Bindoff et al., 2019). Specifically, we create a
more general framing of the impacts of climate change by
identifying three illustrative pathways by which climate will
affect marine megafauna in general. Most of these impacts
ultimately result in a change in species distributions due to
changes in: (1) where they can find shelter, (2) factors affecting
reproduction and disease, and (3) their sources of food. Each
category of impact determines, in part, the range of management
and adaptive responses needed to deal with these changes.
Here we examine how climate change acts through these
three pathways to affect species, using specific case studies to
highlight each (Figure 1). Species for the case studies were
selected to illustrate a wide variety of well documented climate
change impacts and provide compelling examples relevant to
policymakers and other organizers. We examine non-climate
factors that may constrain or enable megafauna to adapt,
creating winners and losers both for the species and the people
reliant upon them. Finally, we comment on what management
strategies exist at international and local scales that could help
mitigate impacts.

A CLOSER LOOK AT THE THREE
ILLUSTRATIVE PATHWAYS

Climate change will dramatically alter the distribution of
many marine megafauna, impacting people and economies

worldwide. Generally speaking, species are moving poleward as
sea temperatures rise (Polovina et al., 2011; Poloczanska et al.,
2016; Pecl et al., 2017). Not all species will succeed in shifting
their ranges - some will go extinct, either locally or globally.
Those species that do relocate will do as a result of: loss of
shelter, impacts of climate change on reproduction and disease,
and shifting food sources.

Loss of Shelter Due to Climate Change
In the marine setting, shelter refers to an ocean space that
provides the necessary conditions for physiological and physical
well-being. It is a place where a given individual is within its range
of thermal tolerance, its metabolism is efficient, and has resources
to meet its needs. A large part of what forms shelter is the
physical structure in or upon which an organism lives. Ice caps
and coral reefs are often cited as examples of critical habitat, and
thus shelter, for which climate change poses immediate threats to
megafauna. Loss of sea ice affects where seals, walruses and other
marine mammals can find shelter from the sea and predators.
Climate change will also reduce the quality of marine shelter as
winds and violent storms unearth and bury seagrass beds (Marsh
et al., 2017) and erode shoreline habitats. Escalating intensity and
possible frequency of storms (Bindoff et al., 2019) will increase the
magnitude of habitat destruction over successive weather events.
If these storms are so frequent that the habitat does not have time
to recover, neither will the local megafauna populations (Pistevos
et al., 2015; Thomas et al., 2016; Moore et al., 2017). In extreme
cases, for example species living on the melting sea ice or dying
coral reefs, some megafauna species will be left with no remaining
habitat, and thus face extinction.

Climate change will also affect the metabolic and physiological
conditions that determine where megafauna can survive. Some
marine megafauna species (e.g., sharks and rays) are limited
by the salinity of the water in which they live. Climate change
will likely freshen ocean waters in areas where freshwater run-
off is likely to increase (Doney et al., 2012). Every species has
its unique suite of thermal constraints. Ectotherms such as
fish and turtles cannot control their temperatures internally,
so must seek habitats within their thermo-neutral zone. In
regions where individuals are living at or near their thermal
limit, rising water temperatures could put organisms at risk
of overheating, causing individuals to seek out cooler waters
poleward (Dell’Apa et al., 2018). Warm-blooded, endothermic
megafauna, including mammals and birds, are also susceptible
to these physiological limitations. Male bottle-nosed dolphins
(Tursiops truncatus) are known to have trouble dissipating heat
and move into cooler waters during the warmer periods of
the year (Barbieri, 2005). In the Gulf of México, tuna and
billfish have recently been recorded at deeper than usual depths,
presumably to access cooler waters (Dell’Apa et al., 2018). Rising
temperatures also affect deep-sea species such as giant squid
(Architeuthis spp.). Studies have shown that water above 10◦C
is linked with decreased ability of squid blood to bind O2,
resulting in suffocation (Guerra et al., 2011). In the case of
the giant squid, rising acidity is also a concern. Too much
acidity causes malformations in the structures squid use to
sense their position and direction of movement, compromising
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FIGURE 1 | The effects of climate change on marine megafauna. As climate change continues to affect the world’s ocean (column 1), the combined effects will push
many species out of their current ranges (column 2) via three illustrative pathways each here represented by two case study species. From top to bottom: via loss of
shelter (polar bears and emperor penguins), via range shifts in prey (Mediterranean fin whales and whale sharks), and via changing demographics due to effects on
embryonic development (sea turtles) and increased exposure to toxins (sirenians). The third column shows some bridges and barriers that respectively facilitate or
impede range shifts in megafauna: ice melt in the arctic, changes in water temperature along migration routes, interactions with ships, tidal mills, and fishing gear.

an individual’s ability to navigate (Guerra et al., 2011). Guerra
et al. (2011) suggested that the combined physiological effects of
climate change may be responsible for the increased number of
strandings observed worldwide.

Warming waters also will allow tropical marine species to
live at higher latitudes, further contributing to a poleward shift.
Increasing numbers of tropical and subtropical fish species
recorded in the Tasmanian Sea (Last et al., 2011) and in the
North Pacific (Polovina et al., 2011) provide evidence for this
shift. Similarly, there are more frequent sightings of warm-water
cetacean species in northwestern Scotland (MacLeod et al., 2005),
while eastern Australian bull sharks (Carcharhinus leucas) have
extended their range to the south and are present for longer
(Niella et al., 2020).

The situation at the poles is even more clear-cut. As the Arctic
ice sheet diminishes, mortality in the Atlantic walrus (Odobenus
rosmarus) calves is increasing, as larger herds are being crowded
into smaller available sites for hauling out (Kovacs et al., 2015).
Likewise, ringed seals (Pusa hispida) in Svalbard, faced with a

lack of ice have changed their behavior to haul out onto terrestrial
sites, a phenomenon never before observed, with as yet unknown
consequences for the population.

Life at the Edge-Emperor Penguins
Some marine megafauna already live at their physiological limits.
Emperor penguins (Aptenodytes forsteri, IUCN- Vulnerable),
are among these species. Like many Antarctic species, emperor
penguins require large areas of sea ice for breeding- areas that
are too small have been linked to lowered breeding success
(Jenouvrier et al., 2009). Increased numbers of extreme weather
events in the Antarctic have been recorded in recent years, a
trend expected to continue under most climate change scenarios
(Jenouvrier et al., 2009; Ropert-Coudert et al., 2019). These
extreme weather events can cause sea ice to rapidly break up
and disappear, as happened during the 1970s (Jenouvrier et al.,
2009) and again in 2016 (Turner et al., 2017). Both times the
emperor penguin population crashed due to loss of breeding
grounds. Violent weather and storms can also force large icebergs
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up on the shore, blocking easy access to feeding grounds from the
nesting sites, causing longer, strenuous overland treks to ocean
access points. This has a cascade of effects starting with increased
energetic costs for the parents leading to lowered hatchling
provisioning and ultimately increased hatchling failure (Lescroel
et al., 2014). As the frequency of extreme events increases, it is not
known if emperor penguins will able to disperse to new habitats
(Ropert-Coudert et al., 2019) or where those habitats would be.

Losing the Ice Beneath Their Paws-
Polar Bears
Polar bears (Ursus maritimus, IUCN- Vulnerable) live in the
Arctic, spending the majority of their time on sea ice from which
they prey on various pinniped species. Their prey include bearded
seals (Erignathus barbatus), ringed seals, harp seals (Pagophilus
groenlandicus), and occasionally beluga whales (Delphinapterus
leucas) (Galicia et al., 2016; Durner et al., 2017). Increases in air
and water temperatures are causing a loss of sea ice affecting
both the bears and their prey (Galicia et al., 2016). Smaller pieces
of ice are more readily carried by the ocean currents (Durner
et al., 2017), requiring the bears and their young to swim more
to stay within their home ranges and to hunt (Durner et al.,
2017). Swimming requires approximately five times more energy
than walking (Lone et al., 2018), so the bears need to find
more prey to maintain their metabolism. Cubs of the year are
particularly impacted by lengthening swims; they have reduced
body fat making them more susceptible to hypothermia than
adults. Their lower muscle development and endurance put them
at increased risk of drowning, especially in rough waters (Lone
et al., 2018). Warming temperatures and reduced ice also appear
to affect the denning habits of pregnant females. Female polar
bears use dens to give birth and raise their cubs for the first
months of life. In Baffin Bay, west Greenland, females are more
frequently selecting terrestrial locations at higher elevations on
steeper slopes than in the past (Escajeda et al., 2018). Shifts
in the timing of melting sea ice and changes in suitable snow
conditions are hypothesized to be the cause of this change
(Escajeda et al., 2018). Females are also denning later, likely
due to the increased distance required to travel to these new
sites combined with the need to remain at the hunting grounds
for longer periods (Escajeda et al., 2018). The dates when the
bears emerge with their cubs have not shifted, resulting a shorter
overall denning time (Escajeda et al., 2018). The effects of
changes in denning behavior on cubs and adults is unknown
(Escajeda et al., 2018).

Impact of Climate Change on
Reproduction and Disease
The eggs and larvae of megafauna are particularly sensitive
to changing ocean conditions. Climate change will affect sea
temperature, turbidity, and marine chemical conditions (Hoegh-
Guldberg et al., 2018; Bindoff et al., 2019). Increasing SST and the
increasing inflow of freshwater from melting ice will alter water
column structure, that in turn will affect circulation patterns and
nutrient availability. Atlantic yellowfin tuna (Thunnus albacares)
in the Gulf of México preferentially lay their eggs in turbulent

waters of the loop current and its associated eddies. Instabilities
associated with climate change will create current fluctuations
which could introduce water that is too cold for tuna eggs and
larvae to survive (Dell’Apa et al., 2018). The effect on eggs
and larvae is intensified by more frequent hypoxic events and
acidification (Dell’Apa et al., 2018). Sharks eggs are similarly
affected (Pistevos et al., 2015; Rosa et al., 2017).

Extreme weather also affects reproductive success. During
very hot or stormy years, seabirds such as Magellanic penguins
(Spheniscus magellanicus) (Boersma and Rebstock, 2014),
razorbills (Alca torda) (Newell et al., 2015), and African penguins
(S. demersus) (Traisnel and Pichegru, 2018) can lose all of their
eggs, suffer massive mortalities, or forego nesting altogether,
resulting in zero recruitment for that year. Likewise, cetaceans
prefer calmer, reef protected waters for calving, presumably
because rougher, storm-blown waters are disadvantageous for
the young (Whitehead and Moore, 1982). Decreased recruitment
over successive generations puts already vulnerable species at
an even greater risk. Increases in frequency of extreme events
is predicted under all the climate change models, diminishing
the time these populations will have to recover from such events
(Vargas et al., 2005).

Warming sea temperatures also are correlated with increased
frequency of disease outbreaks and harmful algae blooms (HAB)
(Gambaiani et al., 2009; Doney et al., 2012). Increased stress, due
to the effects of climate change (deteriorating habitat, reduced
food) will cause some megafauna species to become more
susceptible to disease. Furthermore, warming climate is linked
with increased pathogen survival and transmission (Barbosa
and Palacios, 2009). Mass mortalities in arctic pinnipeds due
to pathogens and parasites have been observed after periods
of warmer than average weather when sea-ice is reduced. Less
ice results in less space at haul out sites and higher densities,
while more open water allows increased connections between
previously isolated populations, both factors that contribute to
increased transmission rates (Burek et al., 2008; VanWormer
et al., 2019). Feather loss disorder, known originally from
African penguins has spread to more poleward distributions of
Magellanic penguins in Argentina. This has been attributed to
warmer ambient temperatures allowing the pathogen’s survival
(Ropert-Coudert et al., 2019). Increased frequency of storms
and associated flooding are also hypothesized to increase
exposure to parasites and pathogens (Schumann et al., 2013 and
references therein).

Higher SST – Skewed Sex Ratios in Sea
Turtles
All sea turtles (IUCN-Vulnerable to Critically Endangered
depending on species) are long-lived, species (Hamann et al.,
2013). Sea temperature affects their metabolisms while air
temperature affects the sex-ratios of hatchlings (Hamann et al.,
2013) and thus population demographics. Warmer temperatures
feminize embryos, skewing the male to female ratio in the
population. Moreover, increasing beach erosion and destruction
yields smaller beach areas for nesting, resulting in crowding of
nests that also is linked to the increased feminization of eggs,
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and increased nest destruction as females inadvertently dig up
previously created nests when preparing their own (Katselidis
et al., 2014). Crowded nesting sites also attract predators that feed
on both eggs and hatchlings.

Predicting the turtles’ potential response to the loss of nesting
sites is complicated by their reliance on ocean currents for
migrations. Hatchlings spend approximately the first 3 years
of their lives drifting in the ocean currents. Evidence suggests
that adults base their future migration routes on the dispersal
routes they followed during this drift (Scott et al., 2014). There
is still much uncertainty about how current patterns will change
under the various climate change scenarios (Hamann et al.,
2013). Turtles have a very long life span, so any alterations in
current patterns have the potential to impair the ability of older
individuals to navigate, putting at risk their ability to return to
their breeding habitats (Hamann et al., 2013). If they do return
to their home beaches, over time they will find that some beaches
have disappeared due to climate-driven effects. It is also possible
that climate change will cause phenological changes in turtle
behavior. There is some evidence that seasonal patterns of nesting
could be shifting to cooler periods, being driven by temperature
changes in nearshore waters (Hawkes et al., 2009), but there is no
published evidence, as of yet, that female turtles will move to new
beaches (Katselidis et al., 2014).

Toxic Algae and Sirenians
The micro-organisms that can adversely affect marine megafauna
are also shifting their ranges to higher latitudes. Harmful algal
blooms (HAB) such as those of the dinoflagellate Karenia brevis,
that causes red tides, have increased in frequency and expanded
spatially over the past 20 years, as a response to warmer water
temperatures (Burek et al., 2008; Marsh et al., 2017; Martin et al.,
2017). Sirenians (manatees, Trichechus spp. IUCN-Vulnerable
and dugongs Dugong dugon IUCN-Vulnerable) are exposed to
the toxins created by HABs when they ingest toxin-laden sea
water, seagrasses, and epiphytes (Marsh et al., 2017). HAB events
are linked to mass-die offs, but even during non-significant
bloom years HAB can cause deaths in marine megafauna (Martin
et al., 2017). During years with large blooms, the baseline
mortality rate among adult manatees in southwest Florida is
estimated to increase by 7% (Martin et al., 2017). Because
sirenians are slow breeders, only attaining reproductive maturity
between 10 and 15 years of age, producing one calf at a time,
and having long periods between pregnancies (Moore et al.,
2017), repeated years of elevated mortality can lead to population
crashes. With HABs predicted to increase over the next century
under climate change (Anderson et al., 2015) sirenians are at
further risk of extinction.

Shifting Food Sources Due to Climate
Change
Climate change will affect many of the species upon which marine
megafauna rely for food. The ability of megafauna to survive
will depend on their ability to shift their ranges accordingly.
Such range shifts of megafauna, however, may be limited by the
reasons already described. For megafauna that undergo annual

migrations to feed, successful adaptation would require changes
such as the timing of migrations, an extension of time spent at
the feeding grounds (Ramp et al., 2015; Thomas et al., 2016), a
relocation of feeding grounds, and/or breeding grounds (Meyer-
Gutbrod et al., 2018). In migratory baleen whales, extended stays
at feeding grounds can have negative consequences for newborns,
if there is not enough time left prior to birth for the whales to
arrive at their breeding grounds. The risk is that newborns arrive
in rough, open ocean waters, where it is difficult for them to
breathe, rather than the calm, protected waters of their breeding
grounds. This phenomenon has already been documented in
gray whales (Eschrichtius robustus), where mothers have been
observed with newborns prior to arrival at their breeding grounds
(Thomas et al., 2016). To the authors’ knowledge, it is not yet
known how many of the calves born prior to the mothers’
arrival at the breeding grounds survive. Just in the past few
years, North Atlantic right whales (Eubalaena glacialis) were
observed feeding in the Gulf of St. Laurence, north of their usual
feeding grounds off of Maine (United States) in response to a
shift northward of the copepods upon which they prey (Meyer-
Gutbrod et al., 2018). This northward shift of feeding grounds
creates a longer migration to the breeding grounds off the South
Eastern US coastline.

Non-migrating species are also at risk. Scientists have noted
marked responses in the spatial distribution of the endangered
Māui dolphins (Cephalorhynchus hectori ssp. maui) off the West
Coast of the North Island, New Zealand during marine heat
wave years (Baker et al., 2018). This may be driven by shifting
prey distributions, given the tight spatial coupling between
Hector’s/Māui dolphins and their main prey species, and the
limited palate of prey species available to Māui dolphin (Roberts
et al., 2019). Temperature extremes are increasing in intensity
and frequency (Salinger et al., 2019), and may impede the future
recovery of Māui dolphins (Weir, 2018; Roberts et al., 2019).

In seabirds, increasing distance between the nesting sites to
the location of prey puts hatchlings at risk, as observed in
emperor and Adélie penguins (Pygoscelis adeliae) (Barbraud and
Weimerskirch, 2006; Lescroel et al., 2014), and Hawaiian seabirds
(Polovina et al., 2011). Increasing sea surface temperature since
the mid-1990s has affected the abundance and quality of prey for
yellow-eyed penguins (Megadyptes antipodes) in New Zealand,
and correlates strongly with reduction in survival rates of both
chicks and adults, and population decline (Mattern et al., 2017).
Increasing sea surface temperatures and decreases in primary
productivity in the Southern Ocean are also linked to the decline
in the populations of rockhopper penguin (Eudyptes chrysocome)
throughout most of its circumpolar breeding distribution. Stable
isotope analyses show a shift in rockhopper diet to prey of lower
trophic status over time and in warm years (Hilton et al., 2006).

Shifting Prey and Isolated Populations-
Mediterranean Fin Whales
Shifting prey could pose challenges for populations of
megafauna living in semi-enclosed and marginal seas.
Fin whales (Balaenoptera physalus, IUCN-Vulnerable) are
globally distributed, with two known restricted, non-migrating
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populations, one each in the Mediterranean Sea and the Gulf
of California (López et al., 2019). These two populations are
considered at risk from climate change primarily because
of expected impacts on the availability of their food source
(Gambaiani et al., 2009). Mediterranean fin whales eat only
krill of the species Meganyctiphanes norvegica which are at their
thermal limit (18◦C) in the Mediterranean Sea (Gambaiani et al.,
2009). These krill are susceptible to rising SST, declining pH,
and changes in the circulation patterns of the Mediterranean,
all of which will impact demographic patterns, dispersal, and
survival rates (Gambaiani et al., 2009; Constable et al., 2014). As
the effects of climate change progress in the Mediterranean, this
krill species, and thus Mediterranean fin whales, are at risk of
local extinction.

It is unknown to what degree whales can change their range
in pursuit of changing patterns of food distribution. There is
evidence that some cetacean migrations are based on culture and
knowledge passed from one generation to the next (Whitehead
et al., 2004). As the whales that know how to migrate die,
so does the knowledge in the population. Direct observation
and photographic evidence suggests that fin whales from the
North East North Atlantic population migrate annually into
the Mediterranean (Gauffier et al., 2018), yet genetic evidence
suggests that the resident population does not mix with these
itinerant whales, remaining genetically distinct (Bérubé et al.,
1998; Panigada et al., 2017). It is possible that this population
has been isolated long enough for the knowledge about migration
possibilities and routes to have been lost. If this does prove to be
the case, and if the krill species succumb to climate change, so
may the Mediterranean fin whales.

Shifting Prey and Shifting Migrations-
Whale Sharks
Whale sharks (Rhincodon typus, IUCN vulnerable), the largest
species of fish, are among those marine megafauna likely to
be affected by shifting food resources. These filter feeders
undergo long, poorly understood migrations (Hueter et al., 2013)
between sites where they aggregate and feed (Bradshaw et al.,
2008; Graham, 2015). Scientists know little about what factors,
including those related to climate, influence these migrations,
although recent studies suggest food as a likely driver (Hueter
et al., 2013; Rohner et al., 2015).

Whale sharks need to consume large quantities of prey
(Nelson and Eckert, 2007; Rohner et al., 2015), yet paradoxically,
live in nutrient-poor waters of the tropical and subtropical
oceans where large concentrations of macro-zooplankton are
generally scarce (Rohner et al., 2015). Those tropical areas that
are productive attract large aggregations of whale sharks at
predictable times throughout the year (Bradshaw et al., 2008;
Graham, 2015). Whale sharks will return to the same sites on
periodic bases (Hueter et al., 2013; McCoy et al., 2018) coincident
with blooms of their prey. Evidence indicates that juvenile
whale sharks feed on a variety of macro-zooplankton species,
including shrimp, copepods, krill and fish larvae (Nelson and
Eckert, 2007; Rohner et al., 2015), all of which will be affected
by climate change. As ocean water warms and patterns of prey

species shift, it is likely that juvenile whale sharks will attempt to
follow these prey, thus shifting their range, and the locations of
feeding aggregations.

WILL MEGAFAUNA MOVE OR GO
EXTINCT?

As climate change alters the opportunities for shelter,
reproduction, survival, and food, some marine megafauna
will undergo range shifts while others risk extinction. Those
populations for which ranges are not blocked by land or other
obstacles have the best chance to adapt to climate change.
Humpback whales (Megaptera novaeangliae) are plastic in their
habitat use, and are considered to have relatively high adaptive
capacity to ocean warming, yet modeling predicts that many
Oceania breeding grounds will become unsuitably warm for
this species (>28◦C) by the end of the twenty-first century.
Breeding grounds are predicted to move to the archipelagos and
seamounts of southern Oceania (Derville et al., 2019).

Range shifts in some megafauna taxa will be enabled via new
or existing environmental bridges – corridors that allow for the
movement from one part of the ocean to another. Some bridges
will become available due to changing climactic conditions.
Reduced Arctic sea ice is allowing access to novel feeding grounds
(e.g., bowhead whales, Balaena mysticetus in the Arctic) (McKeon
et al., 2016), while thermal isoclines in the ocean create dynamic
pathways of oceanic conditions in which fish can survive and
move (Briscoe et al., 2017).

Geographical, environmental and human-made barriers may
limit the adaptive capacity and ability for species to move. For
megafauna living in marginal seas, land masses and bathymetric
conditions make escape routes difficult to navigate. For instance,
in the Mediterranean Sea, fin whales can leave the western
Mediterranean Sea through the Straits of Gibraltar, while the
12 species of cetaceans living in the Hellenic Trench (Frantzis
et al., 2003) are surrounded by much shallower seas that
could make leaving difficult. Land masses (e.g., Asia and
the Indian sub-continent) prevent poleward range shifts for
many northern hemisphere megafauna species (Polovina et al.,
2011; Constable et al., 2014). Climate drivers already affect
the foraging distribution and success (and hence the health
and reproduction) of pinniped species in the subAntarctic and
Southern Oceans including: subAntarctic fur seals (Arctocephalus
tropicalis) (Oosthuizen et al., 2016) and southern elephant seals
(Mirounga leonina) on Marion Island (McIntyre et al., 2011),
Antarctic fur seals (Arctocephalus gazella) at South Georgia
(Forcada and Hoffman, 2014), and southern elephant seals at
Macquarie Is (van den Hoff et al., 2014). Options to shift
distributions and to find new suitable habitats are limited for
many of these populations by vast expanses of oceans and lack
of coastlines. For example, long term population decline of
the endangered New Zealand sea lions (Phocarctos hookeri) is
partly driven by nutritional stress (Roberts and Doonan, 2016;
Roberts et al., 2018). New Zealand sea lions are constrained
in their ability to follow poleward shifts in temperature and
prey. There are no new feeding grounds south from their
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home on the subAntarctic Islands, only a vast stretch of
ocean to Antarctica.

Water temperature can also be a barrier to range shifts.
Oceanic fronts of cool water that extend across equatorial
seas during La Niña events are known to prevent the normal
migration of blue marlin (Makaira nigricans) across the equator
(Briscoe et al., 2017). One species’ bridge, may be another’s
barrier. Melting Arctic sea ice allows whales to move between
the Atlantic and Pacific oceans (McKeon et al., 2016), but
the bears and pinnipeds that depend on that ice for their
habitat will find themselves with a diminishing range area and
fractured populations.

Human created barriers also exist limiting options for marine
megafauna to move. Shipping lanes and fishing grounds can be
gauntlets for many types of marine megafauna. There is a high
risk of being hit by ships, or tangled in fishing gear. Of the 70
North Atlantic right whale mortalities recorded between 2003
and 2018, 42% were due to ship strikes while 58% were due to
entanglement in fishing lines (Sharp et al., 2019). Although many
whale strikes go unreported (Jensen et al., 2004), numbers are
known to be high for numerous whale species throughout the
world (Monnahan et al., 2015; Di-Méglio et al., 2018). Moreover,
shipping lanes create concentrated areas of noise and chemical
pollution. Even though they are non-physical structures, they are
comparable to terrestrial roads, and may create the same type of
barrier (Pirotta et al., 2019).

Offshore renewable energy may also create new physical
barriers for marine megafauna. Like their wind counterparts,
numerous tide turbines will be clustered in discrete areas.
Interactions with the rotating units tend to be lethal, making
it difficult to forage around turbines (Fox et al., 2018). As
more wind, wave, and tidal energy projects are approved
and constructed, mortality of marine megafauna due to these
lethal interactions will likely increase. In a phenomenon known
as “coastal squeeze,” coastal developments, especially those
that include hard-armored shorelines, will prevent lateral and
landward shifts of critical coastal habitats such as beaches,
rocky platforms, seagrass meadows, mangroves, etc. (Katselidis
et al., 2014). Coastal squeeze could be particularly problematic
for megafauna that depend directly on coastal habitats for
nesting or nurseries and feeding areas (Gittman et al., 2016;
Sievers et al., 2019).

These bridges and barriers will shape new species assemblages
as populations and species are separated or brought together.
There will be effects on predator/prey relationships behavior,
habitat use and resource competition. Reduced sea ice in Svalbard
is separating polar bears from one prey species, ringed seals,
and bringing them into increased contact with a different
group of prey, ground-nesting birds (Hamilton et al., 2017).
Similarly, reduced sea ice is allowing orcas (Orcinus orca) more
frequent access to the Hudson Bay, where they prey on the
local populations of narwhal (Monodon monoceros) and bowhead
whales (Eubalaena mysticetus) (Higdon and Ferguson, 2009).
Recent studies of the behavior of these two prey species in the
presence of orcas suggests that this will cause changes in behavior
and habitat use, leading to increased stress and decreased fitness
(Breed et al., 2017; Matthews et al., 2020), and certainly will cause
downstream changes in the local ecosystem.

HUMAN WINNERS AND LOSERS

Climate-induced shifts in the ranges of megafauna will
undoubtedly create economic winners and losers (Pecl et al.,
2017). Tropical seas are predicted to lose biodiversity as their
water temperatures increase beyond the thermal maxima of
the species living there (Poloczanska et al., 2016) resulting in
adverse economic impacts. The subtropical zone is expected to
expand under climate change (Polovina et al., 2011), bringing
new biodiversity to people in higher latitudes and with it, new
megafauna ecosystem services. People living in the Arctic will
need to adapt to a new suite of megafauna as the species they
traditionally use are displaced or go extinct.

Many people depend on marine megafauna for their nutrition,
livelihood, and cultural well-being. This is especially true in
non-temperate coastal areas where the rural, coastal poor are
highly dependent upon the oceans for nutrition, materials, and
income (Barbier, 2015; Pecl et al., 2017; Ripple et al., 2019).
Local megafauna contribute to tourism industries (Tisdell and
Wilson, 2005; Hobday et al., 2015; Moore et al., 2017) that
are based on such opportunities as watching marine turtles lay
their eggs, swimming with whale sharks, catching marlin, and
going whale watching. Tourism is a non-negligible economic
resource for many coastal areas; exploiting opportunities for
marine megafauna-based tourism can be a particularly important
source of much needed foreign income for developing economies
(Bindoff et al., 2019, p. 110).

Marine megafauna also play an important role in the culture
and history of local communities. Cetaceans in particular have
long attracted humans’ attention. From cultures originating
around the Mediterranean, consider Jonah’s misadventures in the
Old Testament, Captain Ahab’s relationship with Moby Dick,
and the sea monsters (“Cetus”) slain by Perseus and Hercules.
Pacific Island navigators and way finders followed migrating
whales to Aotearoa-New Zealand, and whales continue to have
an important place in modern Māori culture specifically (see
following case study and Figure 2). Polynesian culture in general
has a rich and complex relationship with cetaceans, where
they are symbols of religious power, political power and honor
(Whimp, 2008). Outside the oceanic island communities, the
peoples of the Pacific Northwest have long hunted gray whales,
and continue to see this as an important part of maintaining
their cultural traditions and ties to their ancestors (Deutsch,
2017). Many coastal indigenous groups in the Arctic also
depend on marine megafauna for nutrition, cultural identity and
subsistence livelihoods.

Other groups of megafauna also figure into various cultures’
spiritual worlds. Sharks and rays symbolize bravery and tenacity
in many cultures, from Western Africa where sawfish rostra are
used as home decorations and mask decorations for rituals to
symbolize and recognize acts of bravery (Robillard and Séret,
2006), to Arnhemland in Australia where sawfish are integral to
the local tribes’ creation myths and their stories of the landscape
formation (McDavitt, 2005). Polynesian traditions, sea turtles
are considered aumakua (embodiment of ancestors) and are
symbolic of the social hierarchy, as evidenced by the complex
rules pertaining to their consumption and the wearing/use of
their shells (Rudrud, 2010).
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FIGURE 2 | Original artwork: Raoul Island Whale Survey 126, 2012 by Gregory O’Brien demonstrating the relationships between Indigenous peoples and marine
megafauna, in this case the importance of whales to Māori people of Aotearoa – New Zealand. Used with permission. ©Gregory O’Brien.

The Cultural Connection Between
People and Marine Megafauna, Example
From Ngāti Kuri and Rangitāhua
(Kermadec Islands) Ocean Mothers
Ngāti Kuri’s ancestors were Polynesian voyagers who traveled
on some of the first waka (large canoes) to arrive in Aotearoa

(New Zealand). They navigated the south Pacific using traditional
methods including winds, stars, the moon, the sun and following
migrating birds and whales via Rangitāhua (the Kermedec
Islands). Ngāti Kuri are a tribe descended from the founding
peoples of the northernmost peninsula of Aotearoa. Their
ancestors knew these animals intimately and trusted them
implicitly to show them to new lands, new lives and new
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opportunities. A saying of theirs is: “Tere Tohorahā, Tere
Tangata” (where whales travel, people follow).

Rangitāhua is an archipelago northwest of the North Island
of Aotearoa that is a point of convergence for many migratory
species, such as turtles, whales and seabirds (Clark et al., 2017).
Ngāti Kuri hold these islands sacred; for they served as a haven
on the southward migration of discovery. Today they are revered
as a nursery for all creatures. Central to our case here, they are
a place where the annual migratory pathways of several different
populations of humpback whales overlap. Individual whales stay
in these islands on average about 4.5 days, during which time they
sing and exchange songs between different populations (Owen
et al., 2019). Ngāti Kuri identify humpack whales as Ocean
Mothers – creators and guardians that protect and nurture. The
relationship between Ngāti Kuri and the humpback whales is one
of kinship, linked by genealogy, and shared ancestry. In these
family ties, there is love, respect, reverence and responsibility.
The following account, shared and written by Sheridan Waitai
of Ngāti Kuri describes some of the ancient links between
Rangitāhua, whales and people.

RANGITĀHUA-KERMADEC OCEAN
MOTHERS

Rangitāhua (Kermadec) is where the sweetest sounds are sung
by our Ocean Mothers. They are ancient hymns, like Oriori
(traditional waiata) stories, sung to their children. They tell of
journeys, geography, and whakapapa (genealogy). Their voices
mark historical events, speak of hapuatanga (pregnancy/births),
reciprocity, and retribution. They chronicle essential wisdom for
their young, so they will mind their mothers. Rangitāhua is where
Hine Rakautauri, the songstress, Hine Te Iwaiwa, the weaver,
and their sister Hinemoana reside in the moontimes of Koanga
(springtime). These are our Hines (females) who give the rhythm
and the weaving of sounds, who support the ocean mothers and
their young as they travel, so all beneath the ocean crests may savor
“Te Reo Aroha” (the language of love). Ocean Mother’s odyssey,
her song, is why Ngāti Kuri says Rangitāhua is the Kohanga of all
Kohanga (the nesting ground above all). Our beloved Rangitāhua is
the breath of heaven, the guiding light, the burning sky, flickering
in Te Moana Nui A Kiwa (Pacific Ocean) so creation may find
sanctuary to raise their young.

Like other species discussed in this paper, climate change
is affecting the distribution of humpback whales in the Pacific
Ocean in as yet unknown ways (Derville et al., 2019). If a
consequence of climate change were alterations of the migration
patterns of the whales, so they no longer came to Rangitāhua,
it would be at great cost to the Ngāti Kuri people. As Sheridan
Waitai explains- “Humpback whales are the taonga (sacred)
species of Ngāti Kuri, loss of these whales would be a personal
and emotional tragedy like the loss of a beloved grandmother, but
not just one grandmother – an entire familial line, an entire tribe.
This would be a collective tragedy to Ngāti Kuri, and a tohu – a
sign that we, all who live on earth have gone beyond the point of
return. Extinction of these sacred species would be a tear in the
fabric of life, a desecration, signaling global scale crisis.”

MANAGING AND ADAPTING TO
CHANGES IN MARINE MEGAFAUNA

While CO2 mitigation continues to be the best and most
complete solution to reduce the impacts of climate change
on marine organisms (Gattuso et al., 2018), more immediate,
regional actions, including improved regional co-operation, will
be needed to deal with the inevitable impacts of climate change
on marine megafauna, and will require a multidisciplinary
approach (Pecl et al., 2017; Bonebrake et al., 2018). Networks
of marine protected areas and other area-based management
approaches, will need to account for shifting megafauna ranges.
In many places existing marine megafauna migratory routes
traverse national boundaries and international waters. In such
areas international coordination and agreement is necessary
to improve MPAs and enforce high seas regulations (e.g.,
RFMO agreements, Harrison et al., 2018). Tagging and tracking
technology is already used to identify areas of ecological
significance for marine megafauna and to highlight potential
areas of conflict with the fishing industry (Hindell et al.,
2020). This same technology could identify areas with a high
risk of ship strikes, and over time allow managers to track
the expansion of megafauna ranges to inform regional action
plans. Increasingly sophisticated habitat models that predict
where important habitats may be in the future, can help to
“climate-proof” marine spatial planning and MPA network
design (Derville et al., 2019), and identify which nations will need
to come together in collaboration.

Similarly, managers need to begin anticipating how and where
other local measures will be needed to help megafauna thrive
in their new ranges. These local measures include reducing
pollution, protecting the integrity of the shoreline (i.e., restricting
coastal squeeze to locations where it already is), restoring
hydrological regimes, reducing overfishing, establishing more
protected areas, enforcing rules in those areas already protected
(Gattuso et al., 2018; Harrison et al., 2018), and anticipating
future conflicts between megafauna and fishing gear and ships.
These local actions could buy time for marine megafauna that will
ultimately have to shift their ranges, and also can pave the way
for healthy environmental conditions in the new ranges where
marine megafauna will live. Reducing overfishing will increase
food resources for megafauna while pollution reduction will help
prevent eutrophication and harmful algae blooms. To ensure
future options for nesting sites and breeding grounds, managers
will need to account for changing beaches and other coastal
habitats. For example, conservation managers in New Zealand
are increasing efforts to protect a newly established colony of
New Zealand sea lions on Otago Peninsula which has access to
rich foraging grounds, and is growing; compared to the declining
subAntarctic Islands populations affected by climate-driven
nutritional stress (New Zealand Department of Conservation and
New Zealand Ministry for Primary Industries, 2017). Another
example of a local-scale action mitigating the short-term effects
of climate change for megafauna is building shade to cool turtle
nests and help to keep maintain hatchling sex ratios (Saba et al.,
2012). But there will inevitably be cases where a difficult choice
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must be faced when megafauna predators move into a new range
and prey upon locally protected species.

Local action, however, often requires political will and
commitment from the people immediately affected, especially
local stakeholders (Serrao-Neumann et al., 2014). Because
climate change may bring marine megafauna to places they
were not previously found, cultural and political enabling
conditions, normally important to generate political will,
may not exist. Environmental and ocean literacy campaigns
need to start working now at the grassroots level to help
communities understand their new megafauna neighbors and
their responsibility to help them thrive.

Finally, NGO’s, aid organizations, and development agencies
need to work with local communities and economies to start
planning now for the potential loss of marine megafauna that
could affect human nutritional well-being, economic income,
livelihood support, and even lost cultural values. This means
taking action to secure alternative livelihoods, other sources
of income, and possibly nutrition. Adapting to the loss of
culturally important marine megafauna, however, will likely be
complicated. Cultural anthropologists, sociologists, Elders, and
members of the local religious communities need to be consulted
now to begin to prepare for the new reality of the local extinction
of culturally important marine megafauna.

CONCLUSION

Range shifts in marine megafauna will be an inevitable and
undeniable consequence of climate change. These range shifts
will occur due to climate driven factors that include a loss in
quality of the places where marine megafauna now live, a loss in
population resilience and growth due to impacts on reproductive
success and disease, and finally a change in the areas where food
can be found reliably and in sufficient quantity. These range shifts
will create ecological and economic winners and losers. While
we work to reduce our carbon emissions and to mitigate climate
change, shifting ranges of marine megafauna have already begun.

To help better manage the impacts of climate change on
marine megafauna, the following will be required:

(1) the tagging and tracking of more individuals of more
species over longer terms, to better understand changes
in ranges,

(2) more and better modeling to identify where to
begin planning for new protected areas, management,
and regulation,

(3) the creation of corridors and expanded zones of
management to accommodate potential range shifts,

(4) targeted social and cultural research to understand which
communities, especially those in the Arctic and tropical
regions, are most likely to be affected by range shifts and
the loss of megafauna resources, and

(5) education and outreach in the affected communities, to
help raise their awareness of what is happening, what they
can do to help prevent it, and how they can adapt to better
deal with the changes.

Even the best research and ocean literacy agenda will be
unable to completely mitigate the impacts of climate change
on megafauna and people, but starting now to develop careful,
targeted research and planning is essential to mitigate the impacts
to humans and can help create ecological room for megafauna
who will need to seek new places to live in a changing ocean.
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between Ngāti Kuri and whales. All authors contributed to the
article and approved the submitted version.

FUNDING

This work was supported by the ISblue project, Interdisciplinary
graduate school for the blue planet (ANR-17-EURE-0015) and
co-funded by a grant from the French government under the
program “Investissements d’Avenir.”

ACKNOWLEDGMENTS

We would like to thank Melanie Lancaster of WWF-Canada for
input regarding arctic species. Figure 1 was drawn by Sharon
O’Brien, and the artwork in Figure 2 provided by Gregory
O’Brien. We would also like to thank our editor and reviewers
for their invaluable commentary.

REFERENCES
Anderson, C. R., Moore, S. K., Tomlinson, M. C., Silke, J., and Cusack, C. K. (2015).

“Living with harmful algal blooms in a changing world: strategies for modeling
and mitigating their effects in coastal marine ecosystems,” in Coastal and Marine
Hazards, Risks, and Disasters, eds J. T. Ellis, and D. J. Sherman (Amsterdam:
Elsevier), 495–561. doi: 10.1016/B978-0-12-396483-0.00017-0

Baker, S., Harbers, R., Harbers, B., Hickman, G., Garg, R., and Constantine, R.
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