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Whales as marine ecosystem engineers

Joe Roman'’, James A Estes?, Lyne Morissette’, Craig Smith?, Daniel Costa?, James McCarthy’, JB Nation®,
Stephen Nicol’, Andrew Pershing®’, and Victor Smetacek'®

Baleen and sperm whales, known collectively as the great whales, include the largest animals in the history of life
on Earth. With high metabolic demands and large populations, whales probably had a strong influence on
marine ecosystems before the advent of industrial whaling: as consumers of fish and invertebrates; as prey to
other large-bodied predators; as reservoirs and vertical and horizontal vectors for nutrients; and as detrital
sources of energy and habitat in the deep sea. The decline in great whale numbers, estimated to be at least 66%
and perhaps as high as 90%, has likely altered the structure and function of the oceans, but recovery is possible
and in many cases is already underway. Future changes in the structure and function of the world’s oceans can be
expected with the restoration of great whale populations.
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here is mounting evidence that apex predators play

important roles in the workings of natural ecosys-
tems (Estes et al. 2011; Smith et al. 2013). Ocean science
has been slow to embrace this view for at least three
interrelated reasons: (1) following World War II, when
oceanographic research gained new impetus, most whale
populations had been depleted or were in steep decline,
so that ocean scientists had little opportunity to study
oceans with natural stocks of large predators, especially
great whales; (2) there are logistical and operational chal-
lenges in studying large mobile animals on the high seas,
with manipulative experiments being all but impossible
(Bowen 1997); and (3) the prevailing focus of ocean sci-
ence has been on bottom-up controls, such as resource
limitation and physical factors such as temperature
(Baum and Worm 2009). This review synthesizes our

In a nutshell:

e Commercial whaling dramatically reduced the biomass and
abundance of great whales and, until recently, we have lacked
the ability to study and directly observe the functional roles
of whales in marine ecosystems

e Whales facilitate the transfer of nutrients by releasing fecal
plumes near the surface after feeding at depth and by moving
nutrients from highly productive, high-latitude feeding areas
to low-latitude calving areas

e Whale carcasses sequester carbon to the deep sea, where they

provide habitat and food for many endemic invertebrates

The continued recovery of great whales may help to buffer

marine ecosystems from destabilizing stresses and could lead

to higher rates of productivity in locations where whales
aggregate to feed and give birth
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emerging understanding of the ecological role of great
whales, a group — largely defined by size and commercial
history — that includes all baleen whales (Mysticeti) and
the sperm whale (Physeter macrocephalus). The terms
whales and great whales are used interchangeably in this
text. Even though the large body size, great historical
abundance, high metabolic demands, and broad global
distribution of whales is well known, we propose that the
ecological role of these animals has been undervalued
because we have underestimated the degree to which the
depletion of great whales caused by a worldwide commer-
cial harvest has altered marine ecosystems.

The earliest records of commercial whaling date from
approximately 1000 CE, when the Basque people began
hunting North Atlantic right whales (Eubalaena glacialis). In
the millennium that followed, whaling systematically
depleted coastal whale species, followed by reductions of
pelagic species as well (Tgnnessen and Johnsen 1982).
Although the overall level of reduction is still debated,
experts agree that tens of millions of whales were killed dur-
ing the thousand-year period of commercial whaling.
Estimates of numerical declines range from 66% to 90% of
populations, and total whale biomass may have been
reduced by an estimated 85% (Branch and Williams 2006;
Christensen 2006). For many species, population reductions
were even more extreme: blue whales (Balaenoptera muscu-
lus), for example, have been reduced to 1% of their historical
numbers in the Southern Hemisphere (Christensen 2006).
Analyses of genetic diversity suggest that historical popula-
tions of several species, including North Atlantic humpback
whales (Megaptera novaeangliae) and fin whales (Balae-
noptera physalus), in addition to Pacific gray whales
(Eschrichtius robustus), were larger than previously supposed
(Roman and Palumbi 2003; Alter et al. 2007; Ruegg et dl.
2013). This genetic approach indicates that the depletion of
the great whales may be in the range of 90% or greater.

Whales were once almost exclusively valued as goods to
be removed from the ocean: for meat, oil (fuel, lubrica-
tion, and the manufacture of nitroglycerine), baleen (or
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Figure 1. Examples of the influence of whales on diverse ecosystem functions. Black bars
represent estimated pre-whaling contributions; gray bars show contributions from currently
estimated populations. Data for gray whales (Eschrichtius robustus) (“Sediment suspension”),
“Whale pump” (N released at the surface in the Gulf of Maine), and “Whale falls” (C exported
to sea floor) are from original sources (Alter et al. 2007; Pershing et al. 2010; Roman and
McCarthy 2010). Predation pressure is measured as the biomass of killer whales per umit
biomass of available marine mammal prey, calculated from estimates of abundance for all
available marine mammal prey, including great whales, small cetaceans, pinnipeds, and sea
otters for the North Pacific Ocean and Bering Sea before and after industrial whaling (Pfister and
DeMaster 2006) and assuming that killer whale numbers have remained the same. As a result of
these changes in abundance, the risk of predation has increased for great whales and prey
availability has declined for killer whales. Although standard errors are not available for these
estimates, there is uncertainty in the number of whales before and after commercial exploitation

and the contribution of N and C for the whale-pump and whale-fall calculations.

ocean retention of nutrients
(Roman and McCarthy 2010).
Although as an endotherm a
whale’s total metabolic rate is
high, one consequence of its
immense size is a low mass-specific
metabolic rate relative to smaller
animals. The amount of food
required to sustain one blue whale
could support seven smaller minke
whales (Balaenoptera acutorostrata)
or 1500 penguins, but the higher
metabolic rates of these smaller
animals would limit their collec-

whalebone, prized for its flexibility and strength), and
spermaceti (a waxy substance found in the head cavities
of sperm whales that was used in candles, ointments, and
industrial lubricants). They are now increasingly valued
for the many ecosystem services they provide. Great
whales can exert major trophic influences on marine
ecosystems and also act as ecosystem engineers (Jones and
Gutierrez 2007), influencing material fluxes and species
diversity and causing physical changes to the ocean envi-
ronment (Table 1). These functions will become increas-
ingly relevant to ocean restoration and management as
great whale populations continue to recover in the post-
whaling era (Magera et al. 2013; Roman et al. 2013).

In this paper, we describe and discuss four mechanisms
or ecological pathways by which whales influence marine
ecosystems — as consumers, prey, detritus, and nutrient
vectors (Figure 1) — and identify the associated ecosystem
services.

M Whales as consumers

Whales can exert strong pressures on marine communi-
ties through direct predation and indirect food-web inter-
actions. At a regional scale, the potential influence of

tive biomass to just 50% or 8%,
respectively, of a blue whale’s biomass. With primary pro-
duction held constant, reducing baleen whale popula-
tions lowers the potential for marine ecosystems to retain
carbon (C), both in living biomass and in carcasses that
sink to the ocean floor (Pershing et al. 2010).

As major predators in many marine ecosystems, whales
can influence the ecological and evolutionary dynamics of
prey populations, with effects propagating through food
webs and biogeochemical cycles, such as the transport of
nitrogen (N) and iron (Fe). Predation by baleen whales,
for example, may have been an important evolutionary
force on Calanus copepods in the Arctic, selecting for
shorter life spans, smaller size, and higher growth rates;
now that whales are functionally extinct in much of this
region, selection is favoring longer-lived, larger copepod
species (Berge et al. 2011). The near-extirpation of whales
from the Southern Ocean in the 20th century may have
released other krill predators, such as penguins and
Antarctic fur seals (Arctocephalus gazella), from competi-
tion (Ballance et al. 2006).

Whales and other marine mammals have often been
implicated in declines in fish populations, resulting in
conflicts with human fisheries (Lavigne 2003), yet there is
limited direct evidence for such competition. In the
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Caribbean, for instance, whales and humans consume
largely different resources. Furthermore, in ecosystem
models where whale abundances were reduced, fish stocks
showed appreciable decreases, and in some cases the pres-
ence of whales in these models resulted in improved fish-
ery yields (Morissette et al. 2010). Consistent with these
findings, several models have shown that alterations in
marine ecosystems resulting from the removal of whales
and other marine mammals do not lead to increases in
human fisheries (Morissette et al. 2012). Rather than
reducing fishery yields, the presence of some species, such
as blue whales in the Southern Ocean, promotes produc-
tivity through the defecation of nutrient-rich feces
(Lavery et al. 2014).

Apollonio (2002) postulated that the presence of K-
selected species, which tend to be long lived and density
dependent, can provide stability in the system; whales, as
one of the longer-lived species in marine systems, can
dampen the frequency and amplitude of oscillations
caused by perturbations in climate, predation, and pri-
mary productivity. As density-dependent species have
been removed from marine communities, there is evi-
dence that systems dominated by r-selected species, or
those that are short lived and density independent, are
less predictable, more vulnerable to exogenous stressors,
and more difficult to manage (Apollonio 2002).
Although whales themselves may be expected to increase
stress on prey during years of low primary productivity,
they will also likely move to other feeding areas.

When foraging, whales can influence the ocean’s local
physical environment. Diving and surfacing whales can
enhance the upward transport of nutrient-rich deep water

as they pass through density gradients during feeding ses-
sions (Dewar et al. 2006). Humpback whales create spiral
flow features using underwater exhalations to concentrate
their prey; these “bubble nets” may be the most ephemeral
of engineered physical constructs (Hastings et al. 2007).
Humpback whales also intentionally disturb the sand and
shell-hash (a mix of mud, sand, and broken shells) sea bot-
tom to flush sand-lance prey from their burrows (Hain et
al. 1995). The plowing of meter-wide gouges in the Bering
Sea floor by gray whales foraging for amphipods can affect
benthic topography for centuries (Nelson and Johnson
1987). This bottom-feeding behavior also causes substan-
tial amounts of sediment and nutrients to become sus-
pended in the water column, enhancing nutrient recy-
cling and bringing some benthic crustaceans to the ocean
surface, an activity that provides food for surface-feeding

seabirds (Alter et al. 2007).

B Whales as prey

Whales, by virtue of their large size, concentrate energy
and nutrients in ocean environments where these
resources are otherwise highly dispersed and often limit-
ing. Although very large body size is a deterrent to preda-
tion in most ecosystems (Sinclair et al. 2003), the marine
realm contains species of large predators that are fully
capable of subduing great whales. Examples from earlier
times include Carcharocles megalodon, a giant shark with
serrated teeth, and large raptorial cetaceans (Lambert et
al. 2010). Numerous historical accounts, artistic repre-
sentations, and contemporary reports of killer whales
(Orcinus orca) attacking great whales, and the high fre-

Table 1. Mechanisms by which whales can alter and engineer marine ecosystems

Mechanism

Result

References

Physical engineering
eg benthic plowing by gray whales;
diving to feed at or beneath the thermocline;
humpback whales making bubble nets

* Enhanced benthic—pelagic coupling (eg nutrient
regeneration); altered seafloor microtopography
(timescale: up to hundreds of years)

* Ocean mixing (timescale: hours)

* Ephemeral alteration of water column
(timescale: seconds)

Nelson and Johnson (1987);
Dewar et al. (2006);
Hastings et al. (2007)

Vertical and horizontal nutrient transfer
Whale pump: Fe released in fecal
plumes, N released in urine and fecal plumes;
Great whale conveyor belt: nutrients transferred
through urea, carcasses, and placenta from
areas of high to low productivity during whale
migration

* Enhanced productivity and abundance of prey;
extended phytoplankton blooms; C sequestration

* Transfer of nutrients from areas of high to low
productivity

Lavery et al. (2010);
Roman and McCarthy (2010)

Food-web interactions, including trophic
cascades

* The loss of great whales precipitated a trophic cascade
that affected many species, including sea otters, kelp
forests, fish nurseries, and birds of prey

Springer et al. (2003);
Reisewitz et al. (2006);
Wilmers et al. (2012)

Hierarchical ecosystem structure

* Enhanced stability and predictability of the ecosystem

Apollonio (2002)

Whale falls and strandings

* Whale falls (a) provide a massive pulse of organic
enrichment to the deep sea, typically greater than
2000 years of average C flow to sediments
underlying the carcass; and (b) provide habitat
structure and food resources for many endemic
species, including chemosynthetic bacteria and
invertebrate hosts

« Stranded whales can subsidize terrestrial food webs

Chamberlain et al. (2005);
Smith (2006)
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include other prey species (Estes et al.
2009). In the North Pacific Ocean, killer
whales purportedly began to feed more
extensively on smaller marine mammals,
such as harbor seals (Phoca vitulina),
Steller sea lions (Eumetopias jubatus), and
sea otters (Enhydra lutris), with conse-
quent decreases in these populations
(Springer et al. 2003, 2008). The loss of sea
otters released herbivorous sea urchins
(the otter’s preferred prey) from limitation
by predation, causing an increase in their
rate of herbivory and a decline of coastal
kelp forests (Estes et al. 1998). Based on
evidence obtained from the Aleutian
archipelago and elsewhere in the North
Pacific Ocean, kelp forest declines led to
reductions in primary productivity, coastal
fish populations, and a decrease in the

marine sequestration of C (Reisewitz et al.

(b)

2006; Markell 2011; Wilmers et al. 2012).
Follow-on effects from the pinniped
declines are less well known; pinnipeds in
the North Pacific Ocean prey on finfish
such as cod (Gadus spp), which themselves
prey on smaller forage fish and neritic and
benthic crustaceans. The pinniped col-
lapse may have caused or contributed to an
ecosystem shift — from crustacean domi-
nance before to finfish dominance after
the collapse (Estes et al. 2013). Of course,
other forces were in play as well, including
otter harvesting for the fur trade, but
clearly the interaction between killer
whales and their great whale prey influ-
ences the structure and function of ocean

Figure 2. Whales provide highly mobile nutrient subsidies in the oceans, both (a)
vertically and (b) horizontally, and on local and global scales. (a) Dive pattern

ecosystems in diverse and often unex-
pected ways.

for a blue whale in the North Pacific Ocean, based on Croll et al. (2005). Inset

at top, blue whale feces; photo courtesy of H Ryono/Aquarium of the Pacific. (b)
Representative global migration patterns for humpback whales, exhibiting the

M Whales as vectors of nutrient and
material flux

movement (red arrows) from high-latitude feeding grounds (green ovals) to low-

latitude breeding grounds (blue owvals). Feeding and breeding areas are
approximate and do not include all groups. Distribution of humpback whales is

based on Reilly et al. (2008).

Several papers contend that whales and
other air-breathing vertebrates contribute to
primary production through the vertical

quency of scrapes and rake marks on the flukes of most
large whale species, affirm a long-standing and wide-
spread utilization of whales as prey (Springer et al. 2003).

Because whales are important prey for killer whales,
the removal of great whales likely had a broad array of
indirect effects. Approximately 10% of the estimated
50000 killer whales worldwide today appear to feed
exclusively on marine mammals (Forney and Wade
2006; Reeves et al. 2006). Following the depletion of
great whales, their killer whale predators must have
either declined in abundance or expanded their diet to

mixing, horizontal transfer, and recycling of
C and limiting nutrients in the ocean (see Figure 2; Lavery
et al. 2010; Roman and McCarthy 2010; Smith et al.
2013). When diving to feed, whales contribute mechani-
cal energy to the ocean (Dewar et al. 2006); this mixing
effect can be especially important in stratified conditions
or when there is little wind. Whales can also transport
nutrients to surface waters by releasing fecal plumes and
urine in their feeding areas, as they respire, digest, metab-
olize, or rest at or near the ocean surface (Roman and
McCarthy 2010). This “whale pump” likely plays a role in
enhancing productivity in biological hotspots (ie regions
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of high primary productivity that are associated with rich
and diverse upper trophic levels). Field examinations in
these regions will be especially valuable in determining
the relative contribution of whale activity in comparison
to other processes, such as upwelling and nutrient flux due
to wind mixing and internal, or gravity, waves that occur
beneath the ocean surface.

In many marine systems, N is the primary limiting
macronutrient (Rabalais 2002). Studies in the Gulf of
Maine show that cetaceans and other marine mammals
deliver large amounts of N to the photic zone by feeding
at or below the thermocline and then excreting urea and
metabolic fecal N near the surface (Roman and
McCarthy 2010). Ammonium concentrations in fecal
plumes are several orders of magnitude higher than ambi-
ent levels in surrounding waters; Roman and McCarthy
(2010) hypothesized that this released N enhances local
plankton productivity.

In the Southern Ocean, primary production is limited
by Fe availability (Smetacek et al. 2012). Sperm whales,
feeding on deep-living prey and defecating at the surface,
facilitate the upward transport of Fe into the photic zone.
When producing blubber, whales assimilate little of their
dietary Fe, and their fecal plumes have an Fe concentra-
tion at least 10 million times greater than ambient levels
(Nicol et al. 2010). If the resulting new primary produc-
tion is transported to the deep sea by sinking phyto-
plankton blooms, one study suggests that this could result
in the export of at least 200000 tons C yr' from the
atmosphere to the deep ocean (Lavery et al. 2010). This
study used a population size of 12 000 sperm whales in the
Southern Ocean, which may be an underestimate
(Whitehead 2002). More whales would mean more Fe
released at the surface. Current populations of krill con-
tain about 24% of the total Fe in the upper 200 m of the
Southern Ocean (Nicol et al. 2010). These crustaceans
are strong swimmers with long lives (5-7 years); unlike
detritus and inorganic particles, which tend to sink, krill
can act as a buoyant reservoir of Fe.

Contrary to the expectation that krill stocks would
increase with the decimation of Southern Ocean whale
populations, many areas of the ocean have shown no
noticeable increase, and stocks may even have declined
in some locations (Lee et al. 2010). The lack of increase
could have been caused or facilitated by the reduction of
whale-contributed Fe fertilization needed for primary
productivity, a condition that may in turn hinder the
recovery of some whale populations through negative
feedbacks. A recent study of the growth response of three
species of marine phytoplankton to pygmy blue whale
(Balaenoptera musculus brevicauda) feces demonstrated
clear dose-dependent stimuli to photosynthesis and
increased growth rates for two phytoplankton species,
supporting the role of whales in marine nutrient cycling
(Smith et al. 2013).

Great whales may also figure in the horizontal transport
of limiting nutrients and other essential materials across

large ocean areas. The migration of baleen whales
between high-latitude feeding and low-latitude calving
grounds is among the farthest annual movements of
mammals (Rasmussen et al. 2007). For example, hump-
back whales in the Northern Hemisphere migrate from
feeding grounds along the coastal regions of Alaska to
breeding grounds near Hawaii and Mexico; in the
Southern Hemisphere, they migrate from feeding grounds
off Antarctica to calving grounds off the coasts of
Australia, the South Pacific islands, South America, and
Africa (Figure 2b). Whales usually fast while in these
winter calving grounds and use up lipid reserves for main-
tenance metabolism and, in the case of females, for milk
production; they release N in the form of urea into typi-
cally oligotrophic tropical or subtropical waters. Using an
analogy from other marine mammals (Costa 2009) and
assuming that protein catabolism scales to metabolic rate
as mass’"’, we estimate that a fasting 105-ton blue whale
excretes 450 ¢ N day ™, and a lactating female of similar
size excretes 3300 g N day ™' (see WebPanel 1). Employing
pre- and post-whaling abundances and population size
structures from Pershing et al. (2010) and assuming 15%
of the animals were lactating, we estimate that blue
whales currently transport ~88 tons N yr' to their low-
latitude calving grounds. Before commercial whaling
began, blue whales would have transported ~24 000 tons
N yr' from the N-rich Southern Ocean to the compara-
tively nutrient-poor lower-latitude oceans, potentially
allowing phytoplankton to fix an additional 140 000 tons
C yr''. This extra N could have increased primary pro-
ductivity in a hypothetical ~6000-km’ calving ground by
26 ¢ Cm™ yr', a 15% increase above the ~150 ¢ C m™
yr' average for subtropical waters (Yool et al. 2007).
Considering that many other baleen whale species con-
duct similar reproductive migrations, the transfer of N, in
the form of excreted urea and other nutrients in placentas
and carcasses, forms a “great whale conveyor belt”, which
might substantially enhance productivity in lower-lati-
tude breeding areas as whale populations recover.

M Whale falls

The carcasses of great whales are the largest form of detri-
tus to fall from the ocean surface (Smith 2006).
Consisting largely of proteins and lipids, dead whales typ-
ically sink to the seafloor, yielding massive pulses of
organic enrichment to a realm that is often nutrient and
energy impoverished. A 40-ton gray whale, for instance,
contains approximately 2 million g C, equivalent to
>2000 years of background C flux to the area underlying
the carcass (Smith 2006).

Whale falls influence the deep-sea floor in a manner
analogous to tree falls in forests, by altering local food avail-
ability, providing habitat structure, and supporting diverse
biotic assemblages (Lundsten et al. 2010). Carcasses in the
North Pacific typically undergo ecological succession, pass-
ing through the following stages: (1) a mobile-scavenger
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anthropogenic species extinc-
tions in the ocean may have
occurred because of habitat
loss for obligate whale-fall
species (Figure 3). Less com-
mon species are likely to go
extinct as a result of major
reductions in whale carcass
abundance because their eco-
logical characteristics — such as
reproductive output, dispersal
and colonization ability, and
susceptibility to competitive
exclusion — may require a
higher abundance of whale
falls. In regions such as the
North Pacific, where whale
depletions have been more

Figure 3. Extinction surface of macrofaunal species dependent on whale falls, based on Levins
metapopulation model and the proportion of whale falls occupied before whaling; a species falling
on or below the surface goes extinct (see WebPanel 1, Whale-fall extinctions). Species that did
not occupy at least 80% of carcasses prior to whaling are likely to go extinct after intense
commercial whaling, assuming whale populations have been reduced by 66% (a conservative or
low estimate) and mean whale body size reduced by 10%. (If populations were reduced by 90%,
the number of extinctions is higher.) Species with low whale occupancy rates prior to whaling

(blue) are at highest risk of extinction.

recent, the extirpation of
whale-fall specialists may be
less advanced. Even maintain-
ing great whale populations at
the sustainable vyield levels
determined by the Interna-
tional Whaling Commission

(IWC) is likely to cause whale-

stage, during which soft tissues are consumed by sharks,
hagfish, and other necrophages; (2) an enrichment-oppor-
tunist stage, in which heterotrophic infauna exploit organi-
cally enriched sediments and lipid-rich bones; and (3) a
sulphophilic stage, which can last for decades, during which
sulfides derived from anaerobic decomposition of the
remaining skeleton support free-living and endosymbiotic
chemoautotrophic bacteria (Smith 2006; Lundsten et al.
2010; Amon et al. 2013). More than 200 macrofaunal
species can inhabit a single skeleton during the sulphophilic
stage (Baco and Smith 2003; Lundsten et al. 2010).

The persistent, food-rich conditions and widespread
occurrence of whale falls has led to ecological and evolu-
tionary opportunity on the deep-sea floor, in a manner
similar to that of hydrothermal vents and cold seeps
(Smith 2006). In the North Pacific, more than 60 macro-
faunal species have been associated only with whale falls
(WebTable 1). Although pelagic whaling may have ini-
tially increased the number of carcasses reaching the deep-
sea floor (Tgnnessen and Johnsen 1982), later onboard-
ship processing and serial depletion of populations have
resulted in a reduction in numbers of such remains (Smith
2006). In the North Atlantic, where great whales have
been commercially hunted for a millennium, whale popu-
lations appear to have been reduced to <25% of pre-
whaling levels (Roman and Palumbi 2003), with species
such as bowhead (Balaena mysticetus) and right whales
becoming functionally extinct in many areas; some
specialized whale-fall species probably went extinct as a
result of commercial whaling. Indeed, some of the earliest

specialist extinctions.

Molecular and morphological studies indicate that
whalebone fauna, including clams in the family
Vesicomyidae, mussels in the genus Bathymodiolus, and
worms in the family Siboglonidae, have also been found in
hydrothermal vents and cold seeps (Glover et al. 2005).
Given that cetacean carcasses create sulfidic conditions
similar to other chemosynthetic habitats, the evolution of
whales may have facilitated the dispersal and radiation of
deep-sea fauna. About 25% of seep genera first appeared in
the Eocene along with the earliest oceanic whales (Kiel
and Little 2000).

Because of their large body size and low mass-specific
metabolism, in addition to the large number of sunken car-
casses, great whales can efficiently transfer C from surface
waters to the deep sea. Whale falls currently transfer an esti-
mated 190000 tons C yr' from the atmosphere to deeper
waters (Pershing et al. 2010). The restoration of whale pop-
ulations to historical numbers would lead to an increase in
C export comparable in magnitude to the hypothetical
Fe-fertilization (climate engineering) projects intended to
mitigate climate change (Pershing et al. 2010).

Not all whale carcasses sink to the seafloor after death.
Some are stranded on coastlines, thereby transporting
marine biomass to the sea—land interface. Although the
number of stranded whales is small as compared with
those that sink (Smith 2006), carcasses can attract and
nourish large terrestrial consumers, including bears and
other predatory mammals and scavenging birds, as well as
invertebrates such as flies and intertidal amphipods.
Historically, these strandings were important to the diets
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Table 2. Ecosystem services provided by whales

Service Mechanism

Enhanced primary productivity

* Whale pump delivers limiting nutrients (Fe and N) to ocean surface, increasing photosynthesis

(eg Lavery et al. 2010; Roman and McCarthy 2010)
* Migrating whales bring nutrients in urine, carcasses, and placentas, from nutrient-rich temperate—subpolar
areas to the more oligotrophic regions where they breed

Enhanced biodiversity and
evolutionary potential
(Smith 2006)

* Whale falls provide habitat and nutrients for endemic and deep-sea species
* Whale falls also provide connectivity for hydrothermal-vent and cold-seep communities in the deep sea

Climate regulation

* Whale pump delivers limiting nutrients (Fe and N) to ocean surface, increasing C fixation

* C is sequestered through whale falls (Pershing et al. 2010)

Culture and conservation

* Whales were among the first marine species to be protected by national and international laws,

establishing precedents for ocean and endangered species legislation (Roman et al. 2013)
* Whales are valued for their cultural importance and distinctive features such as whale songs
* Stranding and fisheries-disentanglement responses promote stewardship and concern for the marine

environment at large

* Research and management programs provide seasonal industries in many communities
* Conflict over whaling has promoted a culture of protest and defiance (eg Greenpeace and Sea Shepherd)

Tourism

* Whale watching is a global industry, valued at ~US$2 billion per year (O’Connor et al. 2009)

Provisioning

* Aboriginal and commercial whaling

of California condors (Gymnogyps californianus) and per-
haps extinct scavengers. Today, with fewer whales and
fewer available carcasses, the California condor has
shifted to terrestrial food sources (Chamberlain et al.
2005), and this shift has contributed to its decline by
reducing available resources and increasing the risk of
poisoning from lead ammunition in game killed and lost
or abandoned by hunters (Finkelstein et al. 2012).

B Whale recovery and ocean restoration

Katona and Whitehead (1988) posited the question,
“[would] the extinction of all cetaceans ... create any
noticeable difference in ecosystem function”? We believe
the evidence is now sufficient to confidently answer
“yes”. This warrants a shift in view from whales being
positively valued as exploitable goods — or negatively val-
ued because they compete with people for marine fish —
to one that recognizes that these animals play key roles in
healthy marine ecosystems, providing services to human
societies (Table 2). Although the contribution of whales
to global fluxes of C and nutrients is relatively small,
their effects on nutrient levels can be important to
ecosystem function on local and regional scales: a pattern
consistent with our emerging understanding of the role of
animals in the C cycle (Schmitz et al. 2014). These (and
very likely other) ecosystem services have been severely
degraded by commercial whaling; recovering whale popu-
lations would help to restore them. As whale numbers
rise, we may also see increased conflicts with human
activities, such as predation on aquaculture and competi-
tion with fisheries, though a recent investigation of four
coastal ecosystems has demonstrated the potential for
large increases in whale abundance without major
changes to existing food-web structures or substantial
impacts on fishery production (Ruzicka et al. 2013).

What are the prospects for whale recovery? Current
laws such as the US Marine Mammal Protection Act and
the widespread reduction of commercial whaling have
helped to achieve population increases in several whale
species (Magera et al. 2013; Roman et al. 2013). Some
populations, such as North Pacific humpbacks and south-
ern right whales, are well on their way to recovering from
industrial whaling. Others, such as North Atlantic right
whales and Antarctic blue whales, were so reduced that
they may be suffering from Allee effects, with individual
fitness lowered because of small population size. Even
without these effects, it could take decades or centuries
for these species to return to historical abundances, if
they ever do. In addition, modern oceans are changing in
other ways that may affect recovery. Natural climate
cycles have undoubtedly contributed to population fluc-
tuations in the past, and while the future impact of such
changes on particular whale species is difficult to predict,
shifts in temperature and productivity are likely to influ-
ence all great whale populations. The suitable Arctic
habitat of bowhead whales, for example, is predicted to be
almost halved by the end of the 21st century, which will
surely influence future population dynamics (Foote et al.
2013). And although most countries have discontinued
commercial whaling, many still effectively “whale”
through direct impacts such as ship collisions and fishing-
gear entanglements and the indirect effects of ocean
noise, loss of prey base, and the spread of disease
(Davidson et al. 2012).

As some whale populations approach pre-harvest lev-
els, we can expect to see a rise in associated ecosystem
services along with conflicts, real and perceived, with
human activities such as commercial fisheries. New field
observations and an increased understanding of historical
population dynamics are likely to provide evidence of
undervalued whale ecosystem services. Expanded efforts
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in this area of research will improve estimates of the ben-
efits — some of which, no doubt, remain to be discovered
— of an ocean repopulated by the great whales.
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WebPanel 1. Great whale conveyor belt calculations

We calculated the transport of nitrogen (N), in the form of urea,
by estimating the percentage of the blue whale population that is
known to migrate to lower latitudes and the fraction of that pop-
ulation that comprises lactating females. Elephant seals (Mirounga
spp) have a similar life history to large whales, notably a long
period of fasting, so we used measurements of N excretion by
fasting and fasting-while-lactating elephant seals to estimate
excretion rates for blue whales (Adams and Costa 1993; Crocker
et al. 1998; Houser and Costa 2001).We assumed that N excre-
tion rates followed the same three-fourths-power allometric
relationship as other metabolic processes.We then applied these
functions to the mean masses of blue whales from Pershing et al.
(2010). To compute the total equator-ward N flux by Southern
Ocean blue whales, we assumed that the population migrating
northward spends 25% of the year on the calving grounds. We
then assumed that pregnant females account for 15% of the pop-
ulation. This follows from a 50:50 sex ratio and an estimated calv-
ing rate of one calf every 3.3 years.We then estimated the total
carbon that could be produced from this N, assuming Redfield
ratios. Current population estimates and prewhaling estimates
were taken from Pershing et al. (2010).

Whale-fall specialist extinctions

Despite very limited sampling of whale falls worldwide, more
than 60 previously unrecognized species of organisms have been
found on lipid-rich whale skeletons and in no other habitat. Thus,
there is evidence of an important suite of whale-fall specialists
that require carcasses to complete their life cycles. There are at
least two major consequences of whaling that are relevant to
these specialists: a vast reduction in the abundance of live whales
and hence the potential for whales to die and sink to the deep-
sea floor to provide habitats, and a reduction in the mean size of
great whale species as a result of the removal of the largest
species (for example, blue whales and the largest individuals
within species). Ve use a variation of the Levins metapopulation
model to explore how changes in whale sizes and abundances
could influence the likelihood of persistence of whale-fall special-
ists, in particular species with planktonic larvae living as adults on
lipid-rich skeletons (Levins 1969).

Our equation is:

() &=q(F-0)-@OF

where

* O is the number of sites occupied by our species;

* q is the probability that a given unoccupied site will become
occupied in a given year;

* F represents the total number of non-depleted whale-fall
sites available;

* @ represents the probability that a site that is PT years old has
been occupied by our particular species, where PT denotes
the mean persistence time of a habitat; and

* DF is the annual number of new whale falls.

The last term has been modified from the standard model to
account for the fact that, because whale-fall habitats last for a rel-
atively long period of time, an older site that is becoming
depleted is much more likely to be occupied than an average site.

Our eventual goal is to describe the portion of available sites
that should be occupied by a particular species to ensure sur-

vival, in terms of the population of living whales and their mean
length, so we introduce these variables:

* Pis the fraction of the non-depleted sites that are occupied

by our particular species (ie P =2) .

* N is the number of living whales.

» [ denotes the mean length of a whale carcass.

We need three parameters; the equations will be explained
below.

* m is the annual mortality rate for whales.

* ais a constant such that PT =a x L.

* d is a parameter for the colonization rate.

Our analysis considers potential equilibrium situations, pertain-
ing to either pre-whaling or post-whaling time periods. The num-
ber of live whales, mortality rate, annual number of whale falls,
and number of nondepleted sites are related in a rather straight-

forward way: DF < N
=m

F=DF X PT.

There is an implicit assumption that a large number of detriti-
vore species inhabit each site, so persistence time does not
depend on whether the site is occupied by a particular species.
Since whale bones are consumed by bacteria and bone borers (eg
Osedax) degrading the bone from the surface area inward
(Schuller et al. 2004), we assume that the rate of bone degrada-
tion is proportional to bone surface area (ie L*). The amount of
degradable bone resources (lipids, collagen, etc) is proportional
to bone volume (ie L*), so we assume that the persistence time PT
of a mature wzhale skeleton harboring whale-fall specialists is pro-
portional to%= L.Thus, for some constant a, we obtain PT = al;
for our simulations, we used the estimate a = 3 years per meter.

Populations of whale-skeleton colonists are concentrated on
the skeleton surface, so we assume that population sizes of
whale-skeleton specialists are proportional to L% With that in
mind, q(t) is proportional to the total surface area of the occupied
sites and the production of larvae per unit area by the existing
colonies. As q(t) is a probability, it has a maximum value of |.
Introducing a proportionality constant, we can write

g=min (dI*0, ).
The constant d depends on the rate of production of larvae per
unit area of colony, but also on the spacing of the occupied whale
falls, which may vary from basin to basin.

The crucial term ¢ can be determined by considering the
probability s(t) that a given whale fall is occupied by our species
after t years. This satisfies the differential equation

dy
F=a(-4) ¢@-=o.
Regarding g as a constant (at equilibrium), the solution is
g =1-¢e"

so that

o=y (PN =1 -
Now we rewrite the original differential equation (}):

do F
G -9(F-0)-¢pr.

At equilibrium, we set % to zero, and solve to obtain
=0 0
&  P=F=l-Z5F

Let us assume that q <I, so that g = dI’0.We can rewrite every-
thing in terms of a single variable y = g * PT,and use these expres-
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WebPanel 1. — continued

sions to determine a criterion for survival of the species.
First, substituting the expression for ¢ into () yields
*
p= q*PT— | + e d A
q#PT
Then, substituting for O in the left-hand side and simplifying yields
gPT— |+ 0 PT

® L =PF ( P
) qFPT  (g*PT)
ST T T

There are two things we can learn from this equation. Note that,
since q is proportional to O, our species survives if and only if
g > 0 .From the above equation, this happens when

T CF>%.

Substituting F = PT * DF = al. * mN and rearranging yields that the
species survives if

I'xN>

ma’d

Thus, qualitatively, survival depends on the number of live whales
and the fourth power of their mean length.

Let us use q,, L, F,, etc for the pre-whaling values,and q,, L, [Fip
etc for the post-whaling values. Because the left-hand side |/ad
of equation (§) is a constant, we have that

i (q*PTy— 1 + e_qo*PT°) _

A5 q *PT -1+ 9P,
ofo % 2 I FI( )
(9% PTy)

(q*PT))’

To get the extinction criterion, set g, = 0 and rearrange:

Go*PTo— | + e %*PT, _! <£_|>3 (F_I)
(%*PTO)Z 2 ’:o Fo

As before, this can be converted to

Q@ PTy— | + ™o _ ! <A£|_)4 <I\i|_>
(90*PTy)’ 2 io N,

Solve this last equation for q,* PT, numerically. Then, to find the
value of the occupancy ratio P, needed for survival, we substitute
the value obtained into
p Qo PTy— | + e do*PT,
0 =
0™ PT,

to obtain the condition for survival:

*) P> 90 *PT, (L_)" (M)
0 2 L, Ny/ .

Figure | uses the equation (*) to estimate, for various values of
L/Ly and N,/N,, the minimum proportion of whale-fall habitats
that a species must have occupied prior to whaling to allow
metapopulation survival after post-whaling reductions in whale
abundance and mean body size.

The model illustrates that the persistence of whale-fall species
after whaling (and hence the chance of whale-specialist extinc-
tions) is (a) sensitive to reductions in the number of living whales,
and (b) extremely sensitive (to the fourth power) to reductions in
the mean size of whales.

Thus, the metapopulation model suggests that by drastically
reducing the number and size of whales sinking into the deep sea,
whaling could easily be causing major species extinctions at the
deep-sea floor.The overall decline in whale biomass has been con-
servatively estimated at 81% globally, since the beginning of com-
mercial whaling; for some species declines have been as high as
99% (Christensen 2006). Notably, maintaining great whale popula-
tions at the International Whaling Commission (IWC) sustainable
yield levels of 54% of pre-whaling population sizes still appears
likely to cause whale-specialist extinctions, requiring pre-whaling
occupancy of more than 85% of lipid-rich skeletons at the seafloor
at the current value L,/L, = 0.8.This is a very high habitat-island
occupancy rate for a metapopulation, and many whale-fall special-
ists may not have been able to maintain this occupancy rate.
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WebTable 1. Species (n = 74) first recorded at large whale falls

Known Estimated
Higher level only at  population size
classification Species whale falls per whale Location References
Mollusca
Gastropoda Pyropelta wakefieldi X >100 California McLean (1992)
Cocculina craigsmithi 300-1100 California McLean (1992)
Paracocculina cervae New Zealand Marshall (1994)
Osteopelta praeceps X >200 New Zealand Marshall (1994)
Osteopelta ceticola Iceland Warén (1989)
Osteopelta mirabilis X New Zealand Marshall (1987)
Protolira thorvaldsoni Iceland Warén (1996)
Bruciella laevigata X New Zealand Marshall (1994)
Bruciella pruinosa X New Zealand Marshall (1994)
Xylodiscula osteophila X New Zealand Marshall (1994)
Hyalogyrina sp nov California JH McLean pers comm;
A Warén pers comm
Rubyspira osteovora X California Johnson et al. (2010)
Rubyspira goffrediae X California Johnson et al. (2010)
Bivalvia
Bathymodiolinae  Idas (Adipicola) pelagica X South Atlantic; Dell (1987); Warén (1993)
North Atlantic
Myrina (Adipicola) pacifica X Japan, Hawaii Dell (1987)
Adipicola (Idas) arcuatilis New Zealand Dell (1995)
Adipicola osseocola New Zealand Dell (1995)
Idas ghisottii North Atlantic Warén (1993)
Vesicomyidae New species (?) X California Baco et al. (1999)
Thyasiridae Axinodon sp nov X California P Scott pers comm
Aplacophora New genus X California A Scheltema pers comm
Arthropoda
Anomura Paralomis manningi X California Williams et al. (2000)
Annelida
Polychaeta
Polynoidae Harmathoe craigsmithi X California Pettibone (1993)
Peinaleopolynoe santacatalina X California Pettibone (1993)
Chrysopetalidae  Vigtorniella flokati X 1000-100 000 California Smith et al. (2002);
Dahlgren et al. (2004)
Ampharetidae New genus X >10 California B Ebbe pers comm
Asabellides sp nov X >10 California B Ebbe pers comm
Anobothrus sp nov X California B Ebbe pers comm
Siboglinidae Osedax rubiplumus X > 1000 California Rouse et al. (2004)
Osedax “Santa Cruz” X > 1000 California Glover et al. in prep
Osedax “green palp” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “nude palp A” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “nude palp B” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “nude palp C” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “nude palp D” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “nude palp E” California Vrijenhoek et al. (2009);

Lundsten et al. (2010);

Rouse et al. (201 1) continued
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Known Estimated
Higher level only at population size
classification Species whale falls per whale Location References
Osedax “nude palp F” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “orange collar” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “white collar” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “yellow collar” X California Vrijenhoek et al. (2009);
Lundsten et al. (2010)
Osedax “spiral” X California Vrijenhoek et al. (2009)
Osedax “yellow patch” California Vrijenhoek et al. (2009);
Lundsten et al. (2010);
Rouse et al. (201 1)
Osedax roseus California Vrijenhoek et al. (2009);
Lundsten et al. (2010);
Rouse et al. (2011)
Osedax mucofloris X >100 Sweden Glover et al. (2005)
Osedax japonicus X Japan Fujikura et al. (2006)
Osedax deceptionensis X Deception Island  Glover et al. (2013)
Osedax antarcticus X West Antarctica  Glover et al. (2013)
Peninsula
Osedax nordenskjoeldi X West Antarctica  Amon et al. in press
Peninsula
Osedax “jumbo spiral” X West Antarctica
Peninsula K Halanych pers comm
Osedax 5 new spp X Japan F Pradillon pers comm
Dorvilleidae Palpiphitime sp nov X >10 000 California B Ebbe pers comm
Dorvilleidae sp nov X California B Ebbe pers comm
CRS Dorvilleidae sp 2; X California B Ebbe pers comm
Parougia sp B, sp nov
CRS Dorvilleidae sp 15,spnov =~ X California B Ebbe pers comm
CRS Dorvilleidae sp 27,sp nov =~ X California B Ebbe pers comm
CRS Dorvilleidae sp 28; X California B Ebbe pers comm
Parophryotrocha sp A, sp nov
CRS Dorvilleidae sp 28; X California B Ebbe pers comm
Parophryotrocha sp A, sp nov
CRS Dorvilleidae sp 39,spnov X California B Ebbe pers comm
CRS Dorvilleidae sp 42,sp nov =~ X California B Ebbe pers comm
CRS Dorvilleidae sp 42,sp nov X California B Ebbe pers comm
Ophryotrocha batillus sp nov California Wiklund et al. (2012)
Ophryotrocha craigsmithi sp nov. X Sweden Wiklund et al. (2009)
Ophryotrocha eutrophila sp nov Sweden Wiklund et al. (2009)
Ophryotrocha flabella sp nov X California Wiklund et al. (2012)
Ophryotrocha langstrumpae California Wiklund et al. (2012)
Ophryotrocha magnadentata California Wiklund et al. (2012)
Ophryotrocha nauarchus sp nov. X California Wiklund et al. (2012)
Ophryotrocha scutellus sp nov Sweden Wiklund et al. (2009)
Sipuncula Phascolosoma saprophagicum X >20->200 New Zealand Gibbs (1987)
Cnidaria Anthosactis pearseae X California Daly and Gusmao (2007)
Cephalocordata Asymmetron inferum X >100 Japan Fujiwara et al. (2007);

Kon et al. (2007)

Notes: Higher level classifications include traditional phyla in bold and classes or families in roman.The 62 species marked as “known only at whale falls” have been found in
no other habitat.Where available, estimated population sizes on whale falls are given. Note that more than half of these species have been collected from southern California,
suggesting that whale-fall habitats in other regions may be grossly undersampled. Updated from Smith and Baco (2003). Because of the high rate of discovery of putative new
species at whale falls, the numbers here are lower bounds for species first known from whale falls in late 2013.
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