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Abstract

The biological pump is a critical process in the oceanic carbon cycle, transferring organic
carbon from the atmosphere and surface waters into the deep ocean and seafloor sediments.
Organic carbon stored in living biomass can be exported into deep sea areas via deadfalls,
potentially getting stored for hundreds of years, but studies disagree on the amount of carbon
they store, and their significance towards the total carbon flux in the ocean. In this study,
organic carbon export of marine mammal deadfalls was calculated from existing data on
abundance, biomass, residency, mortality rates, and organic carbon content. This study’s area
is set in the Nordic Seas, a part of the Northeast Atlantic Ocean, and consists of three regions;
ICE (Icelandic shelf, Denmark Strait, Iceland Sea), GN (Greenland Sea and Norwegian Sea),
and BS (Barents Sea), that has been comprehensively studied for marine mammal abundance
estimates. Previous carbon export studies on marine mammals have mainly focused on baleen
whales, but the contribution of the more abundant, smaller marine mammals such as
pinnipeds and cetaceans, as well as sperm whales, may also be relevant. The total annual
organic carbon flux potential was estimated to be 2.68 x 10 Pg C yr ! (95% CI 1.23-5.23 x
107 Pg C yr '), which equals ~26 887 tonnes C yr~! for all species across the three study
regions. Fin whales (Balaenoptera physalus) were the largest single species contributor with
~8 653 tonnes C yr ! (95% CI 5 234—12 072 tonnes C yr !). Harp seals (Pagophilus
groenlandicus) were the second largest with ~5 072 tonnes C yr ! (95% CI 3 329, 6 815
tonnes C yr ') and common minke whales (Balaenoptera acutorostrata) were the third with 3
613 tonnes C yr ! (95% CI 2 252, 4 974 tonnes C yr ). The largest organic carbon flux took
place in the ICE region, with over half (51%) of the total contribution of organic carbon
located within this region. Compared to organic carbon export by dissolved organic carbon
(DOC) and particulate organic carbon (POC), the carbon flux potential derived from marine
mammal deadfalls in this study are about 0.03—0.07% and 0.019—0.042% of these values,
respectively. While regional storage potentials are low compared to other sources of organic
carbon flux, local effects on organic carbon accumilation are massive, with an increase of
~2.14x101°% per m? compared to POC export. This study provides the first estimate of
organic carbon export via marine mammal deadfalls in the Northeast Atlantic and is the first
study to consider the wide range of marine mammals, from pinnipeds and small cetaceans to
large whales, in a deadfall carbon export calculation. The study shows the importance of

understanding the role of marine mammals in the oceanic carbon cycle, and to quantify the



carbon export contribution from different components of the ecosystem in today’s climate

crisis.
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1 Introduction

The concentration of carbon dioxide (COz) in the atmosphere has increased dramatically
during the last 300 years. The success of the industrial revolution (from 1760 to around 1830)
caused large emissions of CO> and other greenhouse gases that continues to this day (Lei et
al., 2020). Ecosystems have a large role in atmospheric carbon dioxide regulation and can act
as a carbon dioxide source or sink depending on the rates of photosynthetic activity and
respiration (Martin et al., 2021). The ocean is one such important carbon sink and has
absorbed roughly 30% of anthropogenic emissions since the industrial revolution (Gruber et
al., 2019). Carbon in the ocean occurs in inorganic and organic forms, the latter referring to
carbon that is part of living or decomposing organisms (Middelburg, 2019). In the oceanic
ecosystem primary production originates from photosynthetic phytoplankton that capture
carbon dioxide from the environment and produces oxygen by photosynthesis to the
surrounding water column. This primary production is limited by the availability of nutrients,
and the most important limiting factors are nitrogen, phosphorus, and iron (Martin &
Fitzwater, 1988). These nutrients are critical for phytoplankton growth, and their availability
is regulated by seasonal variability and physical processes such as vertical mixing, upwelling,
and atmospheric deposition (Pershing et al., 2010). Upwelling brings nutrient-rich waters
from the depths to the surface, enhancing phytoplankton blooms. Conversely, nutrient
depletion can occur in areas where there is strong stratification of water layers or

overconsumption of nutrients by phytoplankton populations (Middelburg, 2019).

Carbon sequestration is the capture, removal, and long-time storage of carbon to
environmental carbon sinks (Masson-Delmotte et al., 2021). CO; is removed from the
atmosphere and kept away from the atmospheric carbon cycle, thus playing a role in
mitigating the greenhouse effect and regulating the Earth's climate (Follett ef al., 2014).
Carbon that is transferred through food webs, enter sediments, or sink below the surface layer
(photic zone or mixed layer depth, whichever is deeper) have the potential to be stored
(Pearson et al., 2022). The carbon must stay away from the atmospheric over a large
timescale (>100 years) to be considered sequestered for climate-relevant timescales (Baker et
al., 2022; Pearson et al., 2022). The deep ocean is a significant reservoir of carbon on Earth,
containing approximately 38,000 Pg C, which is roughly 15-20 times more than that
sequestered by land plants (Ricour et al., 2023). This carbon includes both particulate and



dissolved forms, with dissolved organic carbon (DOC) representing 20% of the annual
organic carbon flux to the deep seas (Carlson et al., 1994). DOC in the ocean includes a wide
range of compounds with varying biological reactivities, from very labile (quickly consumed
by microbes) to highly refractory (resistant to microbial degradation and can persist for
millennia) (Six & Maier-Reimer, 1996). The refractory fraction of DOC in the ocean, which
is biologically unavailable, is estimated to be around 660 Pg and constitutes the ocean's long-
term sequestration capacity (Hansell & Carlson, 2014). This fraction plays a crucial role in
the ocean's ability to regulate atmospheric COz levels over millennial time scales.
Understanding the dynamics of organic carbon storage in the deep ocean, including the
processes that control the accumulation and removal of DOC, is essential for accurately
modelling the global carbon cycle and predicting the impacts of climate change (Follett et al.,

2014).

The biological pump transfers organic carbon, mostly in the form of particulate organic
matter (POM) from the atmosphere and surface waters into the deep ocean and seafloor
sediments (Nowicki ef al., 2022). The global amount of organic carbon exported to the deep
seas annually is about 10 Pg C yr ! (1 Pg =1 Gt = 10" grams), while only 2 Pg C yr ! reaches
the seafloor and as little as ~0.2-0.4 Pg C yr ! gets sequestered into deep sea sediments
(Middelburg, 2019). It's important to note that these numbers come with uncertainties, and
the actual amount of carbon sequestered in deep sea sediments can vary widely depending on
numerous factors. Some examples include the efficiency of the biological pump, which is
influenced by the types of organisms involved, the water depth, the temperature and
chemistry of the ocean, the subsequent timescale of ventilation (release of the remineralized
carbon back into the atmosphere), and the region and depth at which the carbon is
remineralized (Baker ef al., 2022). Carbon burial is also more effective the more anoxic the
environment is. The lack of oxygen slows degradation of carbon and increases the likelihood

of sequestration (Barber, 1968; Middelburg, 2019).

New research suggests that large baleen whales, as well as other marine mammals, may play
an important role in the storage of organic carbon at the ocean floor (Pershing et al., 2010;
Roman et al., 2014). When marine mammals die at sea and sink to the seafloor, the organic
carbon they contain have the potential to get stored in deep sea sediments for ~100 to
potentially millions of years, as well as provide vital nutrients to deep-sea communities (Li e?

al., 2022; Smith, 1992; Smith & Baco, 2003). The carcass of a great whale is the largest form



of detritus falling from the ocean surface, and they sink rapidly compared to DOC particles,
limiting the decomposition that occurs in the upper oceanic layers (Smith, 2006). The longer-
lived and larger species of marine mammals, like the baleen whales, have a greater potential
for carbon storage considering their large body mass and long lives (~50-200 years). The
organic carbon contained within their body accumulate in substantial amounts and may be
one of the largest stable carbon pools in the pelagic ocean (Pearson ef al., 2022). The global
amount of carbon estimated to be exported annually via baleen whale falls vary between
studies and methods used. Some estimate that baleen whales store between 2.9-6.2 x 107 Pg
C yr ! (Pearson et al., 2022; Pershing et al., 2010), while others estimate as much as 2 x 1073

Pg C yr! of storage potential just in the Southern Ocean (Durfort et al., 2020).

In addition to contributing with carbon export to deeper waters, whale falls create a unique
deep-sea ecosystem and provides an abundance of important nutrients to an otherwise
nutrient-poor deep sea, supporting diverse and unique biological communities that can thrive
for decades (Li ef al., 2022; Liu, 2015; Smith & Baco, 2003; Wang, 2021). A single 30 tonne
whale fall can support the survival of more than 100 macrofauna species, where several of
them are whale fall specialists and are found nowhere else (Liu, 2015; Smith ez al., 2014). A
whale fall can support these deep-sea communities for up to 100 years and consists of
multiple decomposition stages, from scavengers feasting on soft tissues to microorganisms
breaking down bones (Smith & Baco, 2003; Smith et al., 2014). This process makes whale
falls crucial for understanding evolution, ecological succession, development of life, and

nutrient cycling in extreme deep-sea habitats (Wang, 2021).

Other marine mammals, including sperm whales, small cetaceans and pinnipeds may also
contribute to the export of carbon to deep seas via deadfalls, but their relative contribution is
unknown. One of the main challenges of studying marine mammals is the lack of precise
abundance data (Taylor ef al., 2007), which have led to their inclusion in carbon export
potential studies difficult. Despite their smaller body size compared to baleen whales, small
cetaceans and pinnipeds are often more abundant (Leonard & @ien, 2020a; Pike et al., 2019)
and should therefore not be overlooked when calculating carbon export potential of marine

mammals.
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The Nordic Seas (Iceland, Greenland, Norwegian, and Barents Seas) are a part of the North
Atlantic ocean, and consists of high latitude areas that are highly productive and energy-rich
(Skern-Mauritzen ef al., 2022). Many marine mammal species inhabit these seas, including
several baleen whale species, such as common minke whales (Balaenoptera acutorostrata),
fin whales (Balaenoptera physalus), humpback whales (Megaptera novaeangliae), and blue
whales (Balaenoptera musculus). These great whales migrate to this region to forage during
the highly productive spring and summer months before returning to breeding areas located
in warmer tropical regions during the winter (Leonard & @ien, 2020a; Moore et al., 2019).
Other species, such as sperm whales (Physeter macrocephalus), long-finned pilot whales
(Globicephala melaena) and ice-breeding seals can be found in the study area year-round
(Kovacs et al., 2009). Whale abundance surveys for commercially exploited species (e.g.
minke whales in Norway and fin whales in Iceland) have resulted in extensive studies of
valuable abundance estimates for these and other whale species (Leonard & @ien, 2020a;
Pike et al., 2019). As a results, the Nordic Seas are one of the most thoroughly surveyed areas
on the globe in terms of abundance estimates. The most abundant marine mammal species in
the Nordic Seas are the pinnipeds, with the harp seal (Pagophilus groenlandicus) constituting
a total of ~2.66 million individuals (Hammill & Stenson, 2014; ICES, 2019), followed by
hooded seals (Cystophora cristata) with 667 123 individuals, and ringed seals (Pusa hispida)
with 400 000 individuals. The baleen whales have the highest biomass in the study area, with
a total biomass of ~2.38 million tonnes for fin whales, 952 000 tonnes for minke whales, and

696 000 tonnes for humpback whales (Skern-Mauritzen et al., 2022).

To date, studies on carbon storage from marine mammal deadfalls are few and limited to
baleen whales. These studies have differing general conclusions regarding magnitude and
relative importance, and some suggests that the amount of organic carbon stored by whale
falls are substantial, especially if populations are restored to pre-whaling levels (e.g. Butman
et al., 1995; Durfort et al., 2022; Pearson et al., 2022; Pershing et al., 2010; Roman et al.,
2014). Others estimate that the amount will be relatively small, even with whale populations
are restored (e.g. Jelmert & Oppen-Berntsen, 1996; Meynecke et al., 2023; Smith, 2006).

The pre-whaling levels will depend on which whale populations are studied and how severe
their levels of depletion are. This disagreement in the scientific community shows that carbon
storage potential from whale falls is important to study further. Other marine mammal species

should also be included in such estimates, as it is currently undetermined how much organic
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carbon is exported by marine mammals other than baleen whales, and how large the regional

or global impacts are.

This thesis aims to estimate the annual flux of organic carbon exported through marine
mammal deadfalls in the Nordic Seas. Estimates are provided for both year-round residents
and migratory species of baleen whales (mysticetes), toothed whales (odontocetes), as well as
pinnipeds. Building on estimates of marine mammal abundance available for the study area
and published literature on species-specific mortality rate estimates, this thesis calculates the
expected number of individuals dying each year, their biomass, and their organic carbon
content. The importance of marine mammal deadfalls relative to other downward fluxes of

organic carbon in the Nordic Seas is also evaluated.
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2 Methods

2.1 Study area

The study area is in the Nordic Seas, a part of the Northeast Atlantic Ocean, and include three
regions: (1) the Icelandic shelf, Denmark strait and Iceland Sea (ICE), (2) the Greenland and
Norwegian Seas (GN) and (3) the Barents Sea (BS) (Figure 1). The regions are located at a
high latitude, with nutrient-rich, cold waters that include shallow shelf areas as well as deep-
sea oceanic systems. This study aims to estimate marine mammal deadfalls that sinks to the
deep ocean where they have the potential to be sequestered. The depth of the ICE region
ranges from 500 to 2000 m and has shallower shelf areas along the continental shelf as well
as deep-sea areas (Palsson et al., 2012). The Norwegian Sea consists of the continental shelf
and many deep sea areas, with an average depth of about 2000 m and some areas going as
deep as 4000 m (Blindheim, 1989). The Greenland Sea features numerous deep areas, with an
average depth of 1450 m and the deepest regions reaching approximately 4800 m (Britannica,
2024). The northern part of the Greenland Sea is covered by seasonal ice during winter and
spring. This ice are the major breeding grounds for harp seals and hooded seals in the region
(Andersen et al., 2013). The Barents Sea has an average depth of 230 meters and is a rather
shallow shelf sea. The southern part is mostly ice-free year-round due to the warm North
Atlantic drift, while the northern areas in the high Arctic consists of rapidly declining sea ice
(Mori et al., 2019), and several species of whales and pinnipeds utilise these waters either

seasonally or year-round.

The Nordic Seas are productive ocean areas with high trophic transfer rates (Moore et al.,
2019; Sundby et al., 2016; Wassmann et al., 2006). High latitude oceanic regions have high
biological production compared to lower latitude oceans, with phytoplanktonic spring blooms
that appear after the limited daylight and ice cover that prohibits primary production during
the winter months are removed. These spring-blooms are fed heavily upon by zooplankton
that serve as energy rich food packs for large quantities of fish and marine mammals, which
again serve as key food for top predators of other marine mammals as well as many seabirds

(Labansen et al., 2007; Sundby et al., 2016; Wassmann et al., 2006).
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Figure 1: Map of the study area divided into the 3 regions ICE (Icelandic shelf, Iceland sea, and Denmark Strait),
GN (Greenland and Norwegian Sea) and BS (Barents Sea). Made with Ocean Data View (version 5.7.0).

2.2 Study species

The species included in this thesis are based on the study by Skern-Mauritzen et al. (2022)
and include pinniped and whale species that occur regularly in the study area and include
both residential and migratory species. These species belong to three groups: five pinniped
species, nine odontocetes (toothed whales) and six mysticetes (baleen whales) (Table 1). Of
the 20 study species, 12 are year-round residents and eight are migrants that forage in the
study area during the summer and migrate to reproduce at lower altitudes. The 12 resident
species include ringed seals, bearded seals (Erignathus barbatus), Atlantic walrus (Odobenus
rosmarus), white whales (Delphinapterus leucas), narwhals (Monodon monoceros), and
bowhead whales (Balaena mysticetus) that live in the High arctic, the two North Atlantic
drift-ice breeding seals; harp seals and hooded seals, as well as the north temperate cetacean
species; killer whales (Orcinus orca), white-beaked dolphins (Lagenorhynchus albirostris),

Atlantic white-sided dolphins (Lagenorhynchus acutus), and harbour porpoises (Phocoena
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phocoena). Some of the year-round residents perform extensive migrations both within and
between the three study regions but do not leave the overall study area (e.g. harp seals,
hooded seals, and bowhead whales, Leonard & @ien, 2020a; Lydersen et al., 2012b; Nordey
et al., 2008; Vacquié-Garcia et al., 2017a). The eight seasonal migratory species includes five
baleen whale species; common minke whales, fin whales, humpback whales, sei whales
(Balaenoptera borealis), and blue whales (Balaenoptera musculus); and three toothed whale
species; sperm whales, long-finned pilot whales, and northern bottlenose whale (Hyperoodon

ampullatus).

Among pinnipeds, harbour seals (Phoca vitulina) and grey seals (Halichoerus grypus) are
regular inhabitants of the study area, but were not included in this study because of their
coastal affiliation. The geographical range of harbour seals include temperate and polar
coastal waters of the northern hemisphere (Teilmann & Galatius, 2018) where they primarily
use areas close to the coastline, and forage in shallow waters around 30-50 km from land
(Jones et al., 2015; Jones et al., 2017; Sharples et al., 2012; Tollit et al., 1998). Because of
this, their carcass would rarely, if at all, reach the deep ocean and be sequestered in
sediments. Grey seals take longer foraging trips than harbour seals (20-160 km), but are
typically restricted to the continental shelf, which extends from the coast out to the 500 m
depth contour (Baylis ef al., 2019; Pinet, 2019). This would rarely be deep enough to
sequester the organic carbon from deadfalls for long term storage. White-beaked dolphins and
Atlantic white-sided dolphins are grouped together in the category Lagenorhynchus dolphins.
The two species are difficult to differentiate when counting them in the field (Skern-
Mauritzen et al., 2022), therefore, to get accurate estimations of abundance, they are
considered one taxa for this study. Beaked whales of family Ziphiidae are known to inhabit
the study area but are poorly studied and lack sufficient abundance data, and therefore
excluded from the study. The exception is the northern bottlenose whale where more studies
have been conducted and abundance can be estimated (Christensen, 1973; Leonard & Qien,
2020a; Mead, 1989; Pike et al., 2019). Harbour porpoises are known to mostly inhabit coastal
regions along the continental shelf, but have been found to undertake long-range migrations
within the North Atlantic ocean, where they stayed in areas with >2500 m depth, and dove as
much as 410 m to forage for food (Nielsen et al., 2018). This suggests that harbour porpoises
traverse deeper oceanic habitats as well as coastal regions during their lifetime and will
therefore play a role in the calculation of organic carbon storage potential by marine

mammals in the study region.
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2.3 Abundance and body mass data

Abundance estimates are used to measure how large the populations of each species in each
study region (ICE, GN, and BS) are. This will give an indication on how much organic
carbon potential the populations have, and will be used, together with values of body mass,
mortality rate, residence times, and organic carbon content of biomass, to calculate the total
organic carbon flux potential for each species in the regions, and for the whole study area.
Abundance estimates used in this study (Table 1) are summarized in Skern-Mauritzen et al.
(2022), and are based on dedicated marine mammal surveys, scientific literature, or expert
estimates for populations that lack abundance numbers (see Appendix B for details). The
species-specific body mass data (Table 1) are used to calculate the mean biomass for each
species in the three study regions. They are retrieved from Skern-Mauritzen et al. (2022) and
originate from Kovacs et al. (2009); Sigurjonsson and Vikingsson (1997); and Smith et al.
(2015).

Table 1: Residency (annual number of days each species spends in each of the three study regions ICE, GN, and BS), given
as one value for all three regions or three separated values for each region. Body mass, abundance (number of individuals) in
each of the three regions, adult male and female mortality rates for each of the study species, as well as the sources used for
mortality rates. For the other values, the source is the study from Skern-Mauritzen et al. (2022) and references therein.
Coefficients of variation (CV) are provided with each abundance value in parenthesis, and a CV of 0.20 was assumed for
body mass and residency values (Smith et al., 2015). The residency includes the corrected values from Skern-Mauritzen et

al. (2022) for sei whales, narwals, and bowhead whales.

225122;31 Body Abundance  Abundance = Abundance g‘:ﬁ}h fAe(rjxl:;Ie Sources
SPECIES Y mass ICE (no.of GN (no.of  BS (no. of . . mortality
year (kg) individuals) individuals)  individuals) ~mortality — mortality | 0
ICE/GN/BS) 8 rate rate
Hoenig
(2005);
RINGED SEAL 365 75 2(000 5000)0 1?00 5000)0 1(000 5000)0 0.160 0.060 Lydersen
’ ' ’ and Gjertz
(1987)
Burns and
«» | BEARDED 20 000 10 000 10 000
a 365 250 0.096 0.096 Frost
g SEAL (0.50) (0.50) (0.50) (1979)
/4 .
z 740 000 426 808 1497 189 Winters
£ | HARP SEAL 150/365/365 120 (0.50) (0.14) (0.07) 0.115 0.115 (1976)
HOODED 593 500 73 623 Jacobsen
SEAL 30/365/0 250 ©.11) (0.14) 0 0.120 0.120 (1984)
Witting and
ATLANTIC 1429 15 000
WALRUS 0/365/365 1200 0 (0.33) (0.50) 0.060 0.060 Born
(2005)
WHITE 5000 Jacobson et
WHALE 0/0/365 1350 0 0 (0.50) 0.070 0.070 al. (2020)
2 500 6 444 3500 Garde et al.
NARWHAL 365 1300 (0.50) (0.37) (0.50) 0.005 0.005 2015)
KILLER 5478 6 154 Kuningas et
WHALE 365 4400 (0.36) (0.58) 503 (0.71) 0.029 0.023 al. (2014)
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Evans and
SPERM 4272 2708 .
WHALE 150 40 000 (0.55) (0.48) 806 (0.71) 0.022 0.022 Hindell
(2004)
Hoenig
LAGENOR- .
HYNCHUS 165 210 136 889 28 168 144 453 0.179 0.148 (2005);
DOLPHINS (0.46) (0.57) (0.55) Sergeant et
al. (1980)

» | PILOT 210 000 5000 Verborgh et

E WHALE 270/240/180 1700 (0.44) (0.50) 500 (0.50) 0.028 0.028 al. (2021)

Q

S | HARBOUR 44 821 5266 85731 Lockyer

% PORPOISE 365 33 (0.44) 0.47) (0.57) 0.133 0.133 (2003)

8 Christensen
O 6 500 g(?;?i);
BOTTLENOSE 150/150/0 6 000 617 (0.74) 0 0.084 0.148 &

(0.55) (2005);
WHALE
Mead
(1989)
MINKE 48 016 48913 47295 Pershing et
WHALE 180 6600 (0.23) (0.26) (0.30) 0.046 0.046 al. (2010)
29940 8 504 4506 Pershing et
FIN WHALE 180 55500 (0.16) (0.33) (0.54) 0.044 0.044 al. (2010)

W

= | HUMPBACK 12 523 1 808 8563 Pershing et

E WHALE 180 30400 (0.30) (0.62) (0.81) 0.043 0.043 al. (2010)

& 100 2450 Pershing ef

wn

E BLUE WHALE 180 000 (0.42) 100 (0.50) 100 (0.50) 0.045 0.045 al. (2010)

4200 Pershing et
SEI WHALE 90/90/0 17 000 (0.70) 100 (0.50) 0 0.042 0.042 al. (2010)
BOWHEAD Pershing et
WHALE 0/365/365 80 000 0 173 (0.49) 173 (0.49) 0.040 0.040 al. (2010)

2.4 Residence times

The residence times for each species in the study area are shown by days per year that the
species stays in each of the three regions (Table 1). This is an important value for the
calculations of this thesis, as some of the study species stay in the area year-round (365 days),
while others migrate for some of the year, and several species intermingle between the three
regions but do not leave the study area. Without these values, the potential for organic carbon
storage in the study area would be overestimated for migratory species. The residence times
are retrieved from the study by Skern-Mauritzen et al. (2022) and references therein (see
Appendix A for more details). Telemetry studies indicate that harp seals spend roughly 45%,
32%, and 23% of their time in the ICE, GN, and BS regions, respectively (Folkow et al.,
2004; Martin Biuw, IMR Norway, unpublished data). Harp seals that breed and molt (shed
their skin) in the White Sea area of the Barents Sea (BS), spend all their non-breeding time
within the region, while harp seals pupping off East Greenland traverse all study regions
(ICE, GN, and BS) for foraging activities. All pinniped species that breed in the study region
are year-round residents, and harp seals and hooded seals from the GN region spend some of

their time the ICE region during the summer (5 and 2 months, respectively) (Andersen et al.,

17



2013; Sergeant, 1991). Residency for harp seals in the ICE region is therefore set to 150 days.
Hooded seals spend about 2 months in the ICE region, but since some of this time is spent
moulting hauled out on pack ice (Vacquié-Garcia ef al., 2017a), only 1 month (30 days) is
included in the residency time for this species in the ICE region. Recent studies suggests that
the migration timing of blue whales, fin whales, and minke whales are variable, but generally
support the migration patterns demonstrated by Sigurjonsson and Vikingsson (1997) (e.g.
Silva et al., 2013; Vikingsson et al., 2015). There is also evidence that some individuals of
the migratory mysticetes (i. e. humpback and fin whales) stay in the ICE and BS region
throughout the winter, but the information on abundance of overwintering individuals is
limited (Jourdain & Vongraven, 2017; Magnusdottir et al., 2014; Sigurjonsson & Vikingsson,
1997). Telemetry studies indicate that bowhead whales spend their time equally between the
GN and BS region, hence the total stock and residence times were evenly distributed between
the two regions (Kit M. Kovacs and Christian Lydersen, NPI, Norway, unpublished data). A
CV value of 0.2 for residency times of all species was added to account for uncertainties,

following the method by Smith ez al. (2015).

The residence time for a few of the study species is written incorrectly in the paper by Skern-
Mauritzen et al. (2022). For sei whales the correct number should be 90 days for the GN
region. For narwhals the correct residence time is 365 days for all regions, and for bowhead
whales the correct residency for the GN region is 365 days (Mette Skern-Mauritzen, personal
communication, March 1, 2024). The correct values are provided in Table 1 and used for the

results of this study.

2.5 Mortality rates

Marine mammals generally have low natural mortality rates compared to many other oceanic
species, which leads to long lives that can span several decades and even centuries (Pershing
et al., 2010). The natural mortality rate (M) is used in this study as a proportion of a
population that dies of natural causes on an annual basis. This rate encompasses all causes of
death excluding anthropogenic factors, such as fishing, hunting, environmental stress, and
bycatches (Dimarchopoulou et al., 2024). Natural mortality rates for each of the study species
were obtained through literature searches of previously published studies (Table 1). In lack of

exhaustive life history data from the study area, mortality rates were obtained from
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populations in the whole distribution range of the species. Natural mortality rates for a single
species can vary significantly between populations of different geographical regions, and
even from one year to the next (Dimarchopoulou et al., 2024; Peatman et al., 2022). Biotic
and abiotic factors like mating behaviour, parturition, predation, habitat, migration, and diet
are some of the parameters that could impact these variations (Smith & Baco, 2003). It is
therefore recognized that the mortality rates are highly uncertain between populations, but for
the scope of this study, general estimations of average mortality from previous studies are

used.

Some of the mortality rates were calculated using an empirical method developed by Hoenig
(2005) for this study (e.g. ringed seals, Lagenorhynchus dolphins, and northern bottlenose
whales). Hoenig calculated that there is an inverse relationship between longevity and
mortality rate for several species-groups, including cetaceans, and created a general
regression equation for estimating natural mortality from maximum age (Appendix A). The
sex ratios for this study were set to 1:1 for all species based on previous studies by Fedoseev
(1975); Helle et al. (1976); Johnson et al. (1966); Lydersen and Gjertz (1987); McLaren
(1958); Oritsland (1964); Gritsland and Benjaminsen (1975); and Smith (1973). It is
recognized that some of the study species might display different sex ratios within their
populations, and that this can impact the results of this study. Nonetheless, a sex ratio of
roughly 1:1 is often displayed for marine mammal populations, and setting this ratio for the

species in this study will thus be close to their true values.

2.6 Annual organic carbon export

2.6.1 Number of individuals dying

The values from Table 1 (residence times, body mass, abundance, and mortality rates) were
used to calculate the results of this study. To estimate the total flux of organic carbon from
marine mammal deadfalls in the study area, the number of individuals dying annually from
each species and region needed to be known first. Individuals dying for each species s (before

residence times are included) was set as ND; and estimated using this equation:
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NDS = (%)XMmale-l'(%)XMfemale (1)

Where 4; , represented the abundance for each species s in the region . The number was
divided by two to separate male and female abundance values, assuming a 1:1 sex ratio for
each of the study species. Muaie and Memaie Were the annual mortality for males and females,
respectively, expressed as a proportion of the population that dies annually. The next part was

to calculate the total number of deaths (NDyw) from all regions using this equation:
NDtotal = Z NDS (2)

Where the total number of deaths (ND1ori) equals the sum of all individuals dying from each
species s (NDjy), calculated using (1). Because some species are seasonal residents, a

residency fraction (R) was calculated as:

_ Ndays
T 365 G)

Where the number of days each species is present in the study regions (Nays) were divided by
the total number of days in a year (365 days assuming a non-leap year). This residency
fraction could be used to calculate the number of individuals dying annually (ND; ) for each

species s inside a region r:

WD, = ((5) > Mmate +(5) X Mpemare) x (55) 44)

Or more simplified as:

ND;, = NDg¢ X R (4B)
Here, the number of individuals dying (NDjy) (1) was multiplied by the residency fraction R,
estimated from (3), to account for the number of days each species spends in the study region.

Finally, to estimate the number of individuals dying outside the regions (NDouside) (1.€. when

they are migrating to other geographical locations) the following equation was used:

NDoutside = NDtotal - ZNDsr (5)

20



Where ND;oi Was the total number of individuals dying (before residency), estimated from
(2), and ND,was the total number of individuals dying for each species s within each region 7,

estimated from (4).

2.6.2 Biomass export

After knowing the number of individuals dying, the amount of biomass exported from each
population upon their death will give an indication of the organic carbon contained within
their bodies. This carbon has the potential to be stored in deep sea regions as the carcass
sinks. The equation for calculating the amount of biomass export per species s in region » (B;

) Was:
B;, = ND,, X BM; (6)

Where ND;  was the total number of individuals of species s dying in region 7, and BM; was
the body mass for each species s. After this was calculated, the biomass exported outside the

study area (Bouside) could be found using:

Boutside = NDoutside X BMr (7)

Where NDouside 1s the total number of individuals dying outside the study area, estimated

from (5), and BM;is body mass for each species s.

2.6.3 Organic carbon export

The estimates of annual organic carbon export per species in each of the three study regions,
as well as outside the study area, were found using the previous calculations. Organic carbon
export was estimated by using the value for biomass export B - for each species s in region 7,
estimated from (6), and multiplying by the numerator 0.33 that converts wet weight biomass
into dry weight biomass, as the average water content of mammals is about two-thirds
(~66%) (Greenspoon et al., 2023; Williams et al., 2004). The organic carbon content of this

dry weight is around half (49%) and the conversion factor between carbon and dry weight is
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usually set as two for simplicity (Greenspoon ef al., 2023). The organic carbon exported from

the population upon the individual species’ deaths in region » (Cs ) was calculated as:

Bg % 0.33
Cyp = == (8)
2
In other to calculate the total organic carbon export outside the study area (Couside), the
estimate for biomass export outside the study area (Bouside), estimated in (7), was used:
B 1,% 0.33
Coutside = Outmd; (9)

2.6.4 Uncertainty measures

Uncertainty assessments are important to quantify the confidence in results. With uncertainty
estimates, the precision and reliability of this studys’ findings can be determined, indicating
how much the results are expected to vary if the study were repeated under the same
conditions. To provide uncertainty measures for the annual carbon export estimates,
coefficients of variation (CV) were estimated from previous CV values available from Skern-
Mauritzen et al. (2022), for the expected number of individuals dying each year (Table 2).
These estimates give an indication of variability within the dataset and provides a standard
standardized measure of variability which is useful in assessing relative variability in skewed
distributions. CVs enable comparisons across datasets with different units or scales, and
expresses the standard deviation o as a percentage of the mean p.

95% confidence intervals were estimated for expected biomass export and organic carbon
export for each species and region. Confidence intervals are used to indicate the reliability of
an estimate and provide a range around the sample value to express the degree of uncertainty

associated with the sample size used and the variability in the data.

See Appendix D for more information.

22



3 Results

3.1 Annual deaths and biomass export

Annual deaths per species in the three study regions were calculated using (4), and annual
deaths outside the study region were calculated using (5) (Appendix D). Harp seals are the
species with the most individuals dying each year in all regions, with 34 891 (CV 0.55) in the
ICE region, 49 083 (CV 0.35) in the GN region, and 172 177 (CV 0.10) in the BS region
(Table 2). The second highest number of annual deaths are from Lagenorhynchus dolphins in
the BS region (23 618 individuals, CV 0.60) and ICE region (22 381 individuals, CV 0.51),
followed by ringed seals in the ICE region (22 000 individuals, CV 1.12). The largest number
of deaths outside the study regions for migratory species are hooded seals (65 522
individuals, CV 0.12) followed by harp seals (50 209 individuals, CV 1.15), and minke
whales (3 317 individuals, CV 0.36). Sei whales and blue whales have the smallest number of
deaths, with a mean of one individual (CV 0.55) in the GN region for sei whales, and two
individuals in GN and BS regions for blue whales (CV 0.55). These results correlate with the
fact that the pinniped species have a larger abundance, higher natural mortality rates, and
therefore generally live shorter lives than the baleen whales. The abundance for sei whales
and blue whales in the study regions is also relatively low compared to many of the other

species.

The amount of annual biomass export potential for each study species in the three study
regions, and outside the study area were estimated using (6) and (7). The export potential
indicates the possible amount of biomass that can be exported to deep seas via marine
mammal deadfalls on an annual basis. Fin whales have the highest biomass export in ICE and
GN regions, with 36 557 tonnes C yr ! (95%CI 21 73258 375) and 10 383 tonnes C yr!
(95%CI 4 211-19 985), respectively (Table 2). The second highest biomass export estimate
in the ICE region is from humpback whales (8 185 tonnes C yr !, 95%CI 3 728—15 175),
followed by pilot whales (7 497 tonnes C yr !, 95%CI 2 778—16 584). In the GN region, the
second highest biomass is from minke whales (7 425 tonnes C yr !, 95%CI 3 340—12 981),
and the third is from harp seals (5 890 tonnes C yr!, 95%CI 3 301-9 120). Harp seals are the
largest contributor in the BS region with 20 661 tonnes C yr !, (95%CI 11 960-30 418),
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followed by minke whales (7 179 tonnes C yr !, 95%CI 3 105—13 342), and humpback
whales (5 597 tonnes C yr !, 95%CI 1 041-18 955).

3.2 Uncertainties on annual deaths

Common for several of the study species are high uncertainties (CVs) in abundance values
(Table 1), which will influence uncertainties for all calculations thereafter. The CV values for
number of individuals dying was estimated using (11) while individuals dying outside the
study area was estimated using (11) and (12) (Appendix D). The CV for pilot whales dying
outside the study area is extremely high (CV 2.21), indicating significant variability relative
to the magnitude of the sum of the means and the high CVs of the original values (Table 2).
The number of northern bottlenose whales dying has a very high level of variability as well,
influenced by the high CV values (CV 0.60 and 0.78), which indicates a high level of
uncertainty behind the results for this species. This also transfers to the CV of total deaths
outside the study area (CV 0.94) for bottlenose whales. Humpback whales has a very high
CV for number of deaths, especially in the GN and BS regions (CV 0.66 and 0.85
respectively). Killer whales and sperm whales have a high CV in the BS region (CV 0.75),
and sei whales in the ICE region (CV 0.74), indicating a high variability in these estimates.
For harp seals dying outside the study area, the high variability (CV 0.93) stems from both
the relative sizes of the standard deviations and the means of the original values. For hooded
seals this value is much lower (CV 0.12) due to the low CVs of the individual values and the
relatively high mean of the total number of deaths outside the ICE region (71 220) compared
to the number of deaths within the region (5 698). The species with the lowest CV values are
all species that has gotten a lot of research attention, i.e. harp seals in the BS region (CV
0.10), hooded seals (CV 0.23), fin whales (CV 0.26), and minke whales in the ICE region
(CV 0.31), that would naturally have a lower uncertainty behind the values because of the
extensive research performed. For the number of individuals dying outside the study area, fin
whales have a CV of about 0.35. This moderate CV indicates a relatively reasonable level of
variability relative to the magnitude of the combined sum of the means, demonstrating that
while each individual difference has significant variability (CV 0.41, 0.77, and 1.23), their

combined effect balances out to a more stable total.
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Table 2: The number of individuals dying each year from each study species in the three regions ICE, GN, and BS, as well as outside the study area. The amount of biomass export potential

each year in the three regions and outside the study area. The total amount of biomass export per region and outside the study area is displayed at the bottom of the table. Values are rounded to

the closest whole number, or one decimal for small numbers. CV values are provided for annual deaths, while 95% CI values are provided for biomass export (95% CI for bottlenose whales in

GN region were not available).

N of individuals N of individuals N of individuals N of individuals Biomass export Biomass export Biomass export Biomass export each
SPECIES dying each year dying each year dying each year dying each year each year ICE each year GN each year BS year outside of study
ICE GN BS outside study area | (tonnes) (tonnes) (tonnes) area (tonnes)
RINGED SEAL 22000 (1.12) 11 000 (1.12) 11 000 (1.12) 0 1 650 (539, 4 147) 825 (264, 1 991) 825 (264, 1 969) 0
2 BEARDED SEAL 1920 (1.12) 960 (1.12) 960 (1.12) 0 480 (154, 1 152) 240 (77, 557) 240 (77, 557) 0
= 4187 5890 20 661 6025
&
% HARP SEAL 34 891 (0.55) 49 083 (0.35) 172 177 (0.10) 50209 (1.15) (1 334, 9 770) (3301, 9 120) (11960, 30 418) (-5093, 17 143)
= 2209 16 381
& | HOODED SEAL 5698 (0.23) 8 835 (0.25) 0 65522 (0.12) 1 424 (867,2 076) (1 344, 3 576) 0 (8 803, 23 959)
1080
ATLANTIC WALRUS 0 86 (0.39) 900 (0.55) 0 0 103 (42, 192) (276,2 010) 0
WHITE WHALE 0 0 350 (0.55) 0 0 0 473 (308, 2 282) 0
NARWHAL 13 (0.55) 32(0.43) 18 (0.55) 0 16 (5.0, 37) 42 (15, 87) 23 (7.5,53) 0
4 KILLER WHALE 142 (0.42) 160 (0.62) 13 (0.75) 0 626 (229, 1 378) 704 (187, 1 864) 58 (10, 169) 0
g 1504 4111
=
8 SPERM WHALE 38 (0.60) 24 (0.53) 7 (0.75) 103 (0.64) (434, 3 850) 953 (318, 2 236) 284 (55, 778) (-1 252, 9 475)
= | LAGENORHYNCHUS 4700 4960
% DOLPHINS 22 381 (0.51) 4 605 (0.62) 23 618 (0.60) 0 (1651,10971) 967 (278, 2 534) (1472, 13 407) 0
g 7497 2592
© | PILOT WHALE 4410 (0.49) 92 (0.55) 7 (0.55) 1525(2.21) (2778, 16 584) 157 (52, 370) 12 (4.2,31) (-8 914, 14 098)
HARBOUR PORPOISE 5961 (0.49) 700 (0.52) 11 402 (0.62) 0 328 (120, 678) 39 (13, 80) 627 (53,1 676) 0
NORTHERN 1855
BOTTLENOSE WHALE 309 (0.60) 29 (0.78) 0 487 (0.94) (485, 4 761) 176 (N/A) 0 2923 (N/A)
7289 7425 7179 21893
MINKE WHALE 1104 (0.31) 1125(0.33) 1088 (0.37) 3317 (0.36) (3 482, 12 103) (3 340, 12 981) (3 105, 13 342) (3769, 40 017)
36 557 10 383 5502 52442
4 FIN WHALE D (219) L57((02) 2 (052 945(0.35) (21732, 58 375) (4211, 19 985) (1533,13 594) (-3 847, 108 731)
= HUMPBACK WHALE 269 (0.37) 39 (0.66) 184 (0.85) 492 (0.79 8 185 1182 (305, 3 130) 5397 14964
) ’ ' ’ (0.79) (3 728,15 175) ’ (1041, 18 955) (-19 028, 48 955)
= 5513 5963
Z
E BLUE WHALE 55(0.47) 2 (0.55) 2 (0.55) 60 (0.86) (1910, 12 062) 225 (74, 554) 225 (72, 520) (-8 716, 20 641)
SEI WHALE 44 (0.74) 1 (0.55) 0 135 (0.94) 750 (166, 2 219) 18 (5.3,39) 0 2303 (-3 755, 8 360)
BOWHEAD WHALE 0 7 (0.54) 7 (0.54) 0 0 554 (176, 1 304) 554 (176, 1 336) 0
TOTAL: 82 561 32091 48 298 129 595



3.3 Organic carbon export

The total estimation of annual organic carbon export from all three regions is 26 887 tonnes
(2.68 x 10°Pg C yr 1) (Table 3, Figure 2B). In terms of species, fin whales dominate in the
ICE and GN regions, with 44% (6 032 tonnes C yr' ") and 32% (1 713 tonnes C yr ),
respectively, of the total organic carbon in the region (Figure 2B). In fact, fin whales are the
largest single species contributor across the three study regions with ~8 653 tonnes C yr !,
roughly one third (32.2%) of the total organic carbon export. Harp seals are the biggest
contributor in the BS region, with 3 409 tonnes C yr !, about 43% of the total, and the second
largest overall contributor with 5 072 tonnes C yr!, about 19% of the total. Common minke
whales are the second largest in the GN and BS regions (1 225 tonnes C yr !, 23% and 1 185
tonnes C yr !, 15% respectively), and the third largest contributor overall (3 612 tonnes C

yr !, 13.4%). A large portion of annual organic carbon export are outside the study area for
fin whales, minke whales, humpback whales, and hooded seals (Table 2, Table 3, Figure 2).
For fin whales, as much as 8 653 tonnes C yr ! is estimated to be outside the study area,
which is half of the total contribution and resonates with the residency time of 180 days in the
study region. The mean body mass of harp seals is low (120 kg, CV 0.20) compared to the
large whale species (Table 1), but due to their high mortality rate (0.115) and large abundance
(~2.66 million) they still make the second largest contribution (5 071 tonnes C yr!) to the

total organic carbon export (figure 2B).

Table 3: Estimated annual organic carbon export per species in each of the three study regions ICE, GN, and
BS, as well as outside the study area. The total organic carbon export for all study species and regions is
presented at the last row. 95% CI are displayed in parenthesis (95% CI for bottlenose whales in GN region were

not available). All values are rounded to the closest whole number, or one decimal for the smallest values.

Organic carbon Organic carbon Organic carbon Organic carbon export
SPECIES export per year ICE export per year GN export per year BS outside study area
(tonnes) (tonnes) (tonnes) (tonnes)
RINGED SEAL 272 (89, 684) 136 (44, 329) 136 (44, 325) 0
é BEARDED SEAL 79 (25, 190) 40 (13, 92) 40 (13, 92) 0
% HARP SEAL 691 (220, 1 612) 972 (545, 1505) 3409 (1973,5019) 994 (-840, 2 829)
= HOODED SEAL 235 (143, 342) 364 (222, 590) 0 2703 (1452,3 953)
ATLANTIC WALRUS 0 17 (6.9, 32) 178 (46, 332) 0
WHITE WHALE 0 0 78 (51,377) 0
NARWHAL 2.7 (0.8, 6.0) 6.9 (2.4, 14) 3.8(1.2,8.7) 0
KILLER WHALE 103 (38, 227) 116 (31, 308) 9.5(1.7,28) 0




SPERM WHALE 248 (72, 635) 157 (52, 369) 47 (9.1, 128) 678 (-207, 1 563)
wn | LAGENORHYNCHUS
£ | DOLPHINS 776 (272, 1 810) 160 (46, 418) 818 (243,2 212) 0
=
S | PILOT WHALE 1237 (458, 2 736) 26 (8.5, 61) 2.0(0.7,5.1) 428 (-1 471, 2 326)
% HARBOUR PORPOISE 54 (20, 112) 6.4(2.2,13) 103 (8.8,277) 0
2
© | NORTHERN
O O AL 306 (80, 786) 29 (N/A) 0 482 (N/A)
MINKE WHALE 1203 (575, 1 997) 1225 (551,2 142) 1185 (512,2201) 3612 (622, 6 603)
5 FIN WHALE 6032 (3 586, 9 632) 1 713 (695, 3 297) 908 (253, 2 243) 8 653 (-635, 17 941)
B~
8 HUMPBACK WHALE 1351 (615, 2 504) 195 (50, 517) 923 (172,3 127) 2469 (-3 140, 8 078)
=
2 BLUE WHALE 910 (315, 1 990) 37 (12, 91) 37 (12, 86) 984 (-1 438, 3 406)
= | SEI WHALE 124 (27, 366) 2.9(0.9, 6.4) 0 380 (-620, 1 379)
BOWHEAD WHALE 0 91 (29, 215) 91 (29, 220) 0
. 13 622 (6 536, 52952311, 7969 (3 368,
TOTAL: 25 630) 10 013) 16 681) 21383 (-8 441, 50 241)
TOTAL ALL REGIONS: 26 887 (12 215, 52 324)
A. ; .
Fin whales ICE: 36 557
Fin whales outside study area: 52 442
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Fin whale outside study area: 8 653
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Figure 2: A. Estimated annual biomass export from each species and the three study regions ICE, GN, and BS,
as well as total biomass export outside the study area. 95% CI values are presented as error bars for biomass
export. Note that the values for fin whales in ICE and outside the study area go beyond the y-axis. B. Total
number of tonnes of organic carbon export from each species, region and outside the study area. 95% CI values
are presented as error bars for organic carbon export (95% CI values were not available for bottlenose whales).

Note that values for fin whales outside the study area go beyond the y-axis.

The ICE region is the largest contributor to organic carbon export, with over half (51%) of
the total organic carbon, while the GN region represents 20% and the BS region represents
29% of the total (Figure 3). The mysticetes constitutes 71% of the total organic carbon in the
ICE region, mostly due to the large abundance of fin whales that occupy this area (Figure 3).
They are the second largest animal on the planet, and each individual weighs on average 55.5
tonnes and contains a large amount of organic carbon (about 9 tonnes each). There is also a
large amount of minke whales in this area, and although they are the smallest mysticete in
this study (6.6 tonnes), they have the largest mysticete population. This makes their
contribution to organic carbon export large in all three areas (9% of the total in ICE, 23% in

GN, and 15% in BS).
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Figure 3: Total contribution of organic carbon export by pinnipeds, odontocetes and mysticetes in the three
study regions ICE, GN, and BS. The size of the pie chart represents the total contribution percentage of
each region, 51% for ICE, 21% for GN and 29% for BS.

3.4 Uncertainties on annual biomass and organic carbon
export

The uncertainty values for biomass and organic carbon export are relatively high for most of
the calculations. The highest uncertainty values are for harp seals in the BS region, pilot
whales in the ICE region, and humpback whales in the BS region. In addition, almost all
uncertainty estimates of biomass and organic carbon export outside the study area are high,
many of them with negative lower CI values. This in an indication of the relative
uncertainties of input values used for this study, that in most cases keeps adding up to even
more uncertain estimates. The species with the lowest uncertainties are ringed seals, harp
seals in ICE and GN regions, as well as hooded seals. These species have low uncertainty

measures for their abundance values, with reflects in the results.
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4 Discussion

To date, studies on carbon export by marine mammals have focused on baleen whale species,
and there is a general disagreement on how important marine mammal deadfalls are for the
carbon cycle. Marine mammals possess the capacity to sequester atmospheric carbon by the
organic carbon contained within their bodies. Upon their death, the carcass may descend to
deep-sea environments, where this carbon can be stored for centuries to millennia post-
mortem. This process can help mitigate the effects of climate change and give important
nutrients to deep sea communities. This study provides the first estimate of organic carbon
export via marine mammal deadfalls in the Northeast Atlantic, and the first study to cover the
full set marine mammal species, from ice-breeding seals and walruses, to odontocetes, and
baleen whales. The results in this study are indications of organic carbon export potential
from marine mammal deadfalls in the study area. The results are based on estimates of
abundance, body mass, mortality rates, as well as residency in the regions. The total amount
of carbon loss estimated in this study is ~26 887 tonnes C yr ' or 2.68 x 10> Pg C yr ! (95%
CI 12 215-52 324 tonnes C yr !). Fin whales are the largest overall contributor, with around a
third of the total organic carbon export with ~8 653 tonnes C yr !, (95% CI 5 234—12 072
tonnes C yr !). Harp seals are the second largest contributor overall, and the largest in the BS
region with ~5 072 tonnes C yr ! in total, (95% CI 3 329-6815 tonnes C yr '), while minke
whales are the third largest with ~3 613 tonnes C yr ! (95% CI 2 252—4 974 tonnes C yr ).
Most of the carbon export potential is in the ICE region, with over half (51%) of the total

carbon loss.

The results indicate that smaller marine mammals play a large role in carbon cycle estimates
and should not be overlooked when analysing organic carbon storage in deep sea areas.
Previous studies of baleen whales may therefore have underestimated the total organic carbon
potential in the region by not including these smaller marine mammal species. In addition to
harp seals, other pinniped and odontocete species (i.e. hooded seals, pilot whales, and
Lagenorhynchus dolphins) have surprisingly high rates of organic storage potential,
surpassing several of the great whale species (i.e. blue whales, sei whales, and bowhead
whales) (Figure 2B). For the BS region, as much as 47% of the total organic storage potential
comes from pinniped species, and they also have a significant contribution to the GN region

(29%) (Figure 3). In addition, odontocetes contribute a surprisingly 20% of the total
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contribution in the ICE region. These results show that if the study had been conducted with
just the baleen whale species (mysticetes), such as previous studies, the carbon export
potential would have been underestimated by 29%, 38%, and 60%, respectively, for the three
study regions ICE, GN, and BS.

4.1 Results compared to other forms of carbon storage

The Nordic Seas are major oceanic carbon sinks, and have a highly effective biological
carbon pump with large levels of carbon sequestration because of high latitude, cold waters,
and large spring-bloom events (Goris et al., 2018). The Nordic Seas are arguably one of the
most important sites for deep water formation on earth (Aagaard ef al., 1985) and contains a
high amount of dissolved organic carbon (DOC) throughout the water column (Amon &

Benner, 2003; Borsheim, 2000). Amon et al. (2003) estimated that the annual vertical DOC

export to deep seas was about 0.036 Pg C yr ! for the Nordic Seas and Arctic ocean. Carlson
et al. (2010) estimated that DOC export rate from the surface to mesopelagic (200-1000 m)
and bathypelagic zones (1000-4000 m) in the North Atlantic Ocean were around 0.081 Pg C
yr !, while Fontela ef al. (2016) estimated that the contribution of DOC to carbon
sequestration in the North Atlantic were 0.062 Pg C yr!. Considering these values (0.036 Pg
C yr'1-0.081 Pg C yr ), the results of total organic carbon export for this study (2.68 x 107
Pg C yr'!) is about 0.03—0.07% of the organic carbon contribution by DOC in the study area.

Another important aspect of the biological carbon pump is sinking particulate organic matter
(POM) that are transferred from the surface to the deep ocean. The majority of this particulate
organic carbon (POC) is remineralized by metabolic processes, but a fraction reaches the
deep ocean and gets sequestered (Nowicki et al., 2022). Estimated vertical flux of POC in the
Nordic Seas is 15-25 gC m™2 yr ! at 100 m depth, and ~2.5 gC m 2 yr'! at 2000 m depth
(Henson et al., 2012). The notation gC m 2 yr ! stands for grams of carbon per square meter
per year, and is often used in ecological and environmental sciences to quantify the amount of
carbon fixed, stored, or transferred in an area of one square meter over the period of one year.
Nowicki et al. (2022) estimated that the total amount of organic carbon sequestration by POC
and DOC in the North Atlantic is 37.7 gC m 2 yr !, and POC export accounts for ~78% of
this. When considering the estimates for DOC export from the previous studies (0.036 Pg C
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yr 1-0.081 Pg C yr ), and the percentage of contribution from POC, POC export could
contribute as much as 0.064—0.144 Pg C yr ! in the North Atlantic. Considering these values
for POC export, the result from this study is 0.019—0.042% when comparing to North
Atlantic levels. The Nordic Seas are a part of the North Atlantic Ocean but does not cover all
of it. Therefore, these percentages are overestimated and more realistic values when
considering the same study area might be less than 50% of estimated values. Despite this, any
contribution to carbon export is important under the present climate challenges. Quantifying
the contribution to carbon export from different components of the ecosystem is important,
especially for high trophic levels that have received little attention in previous contribution

estimates.

Although the estimated organic carbon fluxes in this thesis are low compared to DOC and
POC fluxes, a baleen whale fall, which covers an average 50 m? and weighs roughly 40
tonnes, will have a massive localised effect on organic carbon accumilation estimates.
Considering the results of this study and the fact that ~2.5 gC m™2 yr ! is the carbon
sequestered from POC in the study area, the carbon from a whale fall will be as much as
5.36x10% gC m2 yr ! in the same area. This reflects a tremendous increase in organic carbon

of 2.144x101° %,

4.2 Uncertainties on model inputs

This study provides an indication of expected carbon flux from deadfalls in the study area,
but as other modelling research, it is based on several assumptions and uses data with high
levels of uncertainty. Many of the variables used can be hard to quantify, e.g. abundance,
exact days spent in each region, the percentage of carcasses that sink and reach deep sea
areas, and precise natural mortality rates. Because of the uncertainty of these input
parameters, the uncertainty values (CVs and 95% CIs) for the results of this study are large
for most species. Several of the lower CI values for biomass export and organic carbon export
outside the study area (Table 2 and 3) are negative values, and they generally have a large
interval between the lower and upper CI values. This is mostly due to the multiplication and
addition of many highly variable CI values that have large standard deviations (Appendix D),

and a large difference in means.
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The current understanding of population structures varies significantly between species of
marine mammals within the Nordic Seas. While the abundance of marine mammal
populations often are difficult to assess due to insufficient survey data (Taylor et al., 2007),
the Nordic Seas has one of the most robust abundance estimates for cetacean populations in
the world (Skern-Mauritzen ef al., 2022). Some of the study species are extensively
researched, e.g. minke whales, fin whales, and harp seals (Hammill & Stenson, 2014;
Leonard & @ien, 2020a; Moore et al., 2019; Pike et al., 2019; Solvang et al., 2021; Winters,
1976), while others have a largely unknown ecology and life history, e.g. bottlenose whales,
Atlantic walrus, and narwhals (Born et al., 1995; Christensen, 1973; Garde et al., 2015;
Gowans et al., 2000; Grove et al., 2020; Mead, 1989; Witting & Born, 2005). Species that are
relevant for stock assessment regarding hunting or whaling in the study area (e.g. minke
whales and harp seals in Norway, fin whales in Iceland), have gotten more research attention
than species with low economic value, or that are hard to study due to inaccessibility or rarity.
These species lack high quality data, both for abundance estimates and mortality rates
(Bentley & Stokes, 2009). This is reflected in the uncertainty values (CVs and 95% CIs) for
many of the study species (Table 1) and provides a challenge when estimating the results for
this study, as data with moderate to high levels of uncertainty are added together, increasing
the overall uncertainty of the results. As displayed in Figure 2A and B, several of the study
species have large error bars connected to their biomass export and organic carbon export
results. The amount of organic carbon export from all species and regions is 26 887 tonnes C
yr ! and the 95% confidence interval is 12 215—52 324 tonnes C yr ! (Table 3). This
highlights a significant uncertainty, probably due to the large variability among difference

species and regions in the data.

Understanding natural mortality is essential for effective population management and
conservation efforts, as it impacts population dynamics and the sustainability of species
(Beverton & Holt, 2012). Researchers often rely on field data, historical records, and
modelling to estimate natural mortality, but it remains one of the more challenging
parameters to measure accurately due to the complexity of natural systems and variability
across different species and environmental conditions (Vetter, 1971). For this study, natural
mortality rates were not available for some of the study species, and most of the mortality
rates found were from global populations outside of the study area. As previously mentioned,
natural mortality rates might vary significantly between populations, from year to year, and

from one geographical location to the next.
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It's interesting to note that narwhals had the lowest mortality rates (0.005) of all the study
species. Although they can live very long lives of >100 years, many of the baleen whales are
long lived as well, and i.e. bowhead whales can live to more than 200 years. One would
assume that bowhead whales would be the species with the lowest mortality rates because
they have the highest maximum age of any of the study species, and although their mortality
rate is low (0.040), narwhals have a lower rate, as do sperm whales (0.022), pilot whales
(0.028), and killer whales (0.029). All mortality rates come from different studies (except the
baleen whales who all come from Pershing ef al. (2010)), each with their own approach and
method to estimate mortality rates. For instance, the mortality rate for narwhals, which was
the lowest in the study, was found analysing aspartic acid racemization of eye nuclei (Garde
et al., 2015), while the mortality rates for bowhead whales were found using a simple
population dynamics model (Pershing ef al., 2010). Had the same methods been used for both
species, or all species for that matter, the comparisons would have been easier to assess, and
results for mortality rates could have been different. Other factors than maximum age will
also affect natural mortality rates, like disease and predation. For future studies, a similar
approach should be used for all estimates of mortality to get a more solidified foundation for
comparisons between species, and to eliminate research bias towards some species. Mortality
rates should be based on disease and predation prevalence, as well as longevity, to increase
the certainty of the values. Uncertainty measures on mortality rates was not included in this
study due to their limited availability in the previously published literature. For future studies
this should be included on the basis that natural mortality rates are highly variable between

populations, years, and geographical locations (Dimarchopoulou et al., 2024).

Estimates of residency given in Table 1 are highly variable between species. There is limited
information available on timing of migrations and the overwintering populations of migratory
species, so a CV of 0.20 was set for residence times in this study to account for uncertainties,
following the studies by Skern-Mauritzen ef al. (2022) and Smith et al. (2015). A CV of 0.20
was also set for mean body mass (Table 1) to approximate typical adult size ranges (Link et

al. 2006).
This variety in scientific data quality poses a challenge in calculating the results of this thesis,

and increases the uncertainty of the calculations, but an indication of annual carbon flux in

the study area can still be derived from the results.
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4.3 Ecological factors that impact results

It is important to note that results from this study gives an export potential only, and that the
true values for organic carbon export will vary depending on how many carcasses sink to
deep oceans or gets stored in sediments. The results of this study assume that the export rates
for deadfalls to deep seas are 100%, which is a clear overestimation. Many factors play a role
when determining the export rates, including predation, strandings, as well as ocean- and

vertical mixed layer depth.

4.3.1 Predation

Predation might account for a significant portion of the natural mortalities in both seals and
dolphin species. Marine mammals that become prey will be consumed either fully or
partially, and most of the organic carbon they contain will not be stored at depths. Thus,
predation rates affect the percentage of carcasses that sink, and should be considered in
carbon storage estimates of future studies. Polar bears (Ursus maritimus) prey heavily on ice-
dependent seals (Cleator, 1996) and are the primary predators of ringed seals and bearded
seals in the study regions (Aars et al., 2017; Stirling & Archibald, 1977). Ringed seals are the
primary prey of polar bears, but bearded seals are also important due to their larger size
(Stirling & Archibald, 1977). Polar bears have also been observed to prey on harp seals,
hooded seals, white whales, narwhals, and walruses, but these instances do appear to be much
less prevalent than for ringed and bearded seals (Smith & Stirling, 2019; Thiemann et al.,
2008). In the Barents Sea (BS), although the number seals killed by polar bears was higher
for ringed seals (63% vs 13%), when looking at biomass around 55% of polar bear prey were
from bearded seals (Derocher ef al., 2002). One third of the bearded seals killed by polar
bears were pups, and pups and subadults appear to be more vulnerable to polar bear predation
than adults (Stirling & Archibald, 1977). A study by Hammill and Smith (1991) suggests that
75-100% of the polar bear predation in ringed seals in Barrow Strait, Canada were of pups,
suggesting that the predation of adult individuals might not be as prevalent. Since this study
uses adult abundance and mortality rates, polar bear predation might not impact the results of
these prey species in any significant degree but should still be considered when looking at

potential flux.
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Killer whales are another important predator for seals and small cetaceans. In the Norwegian
Sea, killer whales have been observed to feed on harbour porpoises as well as pinnipeds
(Jourdain, 2020; Jourdain et al., 2020). Although the predation rate is largely unknown for
mammal-eating killer whales, estimations have predicted it could be as high as 0.28 for
harbour porpoises as prey in local fjords (Aslein, 2023). In this scenario the killer whales
could reduce the harbour porpoise fjord population by 90% over a 20-year period, proving
that the predation most likely plays a role in harbour porpoise mortality and should be

assessed for future studies.

4.3.2 Deaths on pack ice or by strandings

Another factor that should be considered is that adult ice-breeding seals and walruses might
perish on the ice instead of open water areas. Many of the pinniped species spend a good
portion of their time on sea ice, especially during molting and breeding season (Burns &
Frost, 1979; Nordey et al., 2008; Vacquié-Garcia et al., 2017b). Deaths that occur during this
time (1-2 months a year) might not become deadfalls that sink to the ocean floor if the
carcass decomposes or is scavenged on at the surface. Therefore, the realistic amount of

organic carbon storage for these species are likely lower than assumed in this study.

Several of the study species also experience strandings, and stranded animals that die and
decompose at shore and will not account towards deep sea carbon flux estimates. Some of the
study species have common mass-stranding events (e.g. bottlenose whales, Lagenorhynchus
dolphins) (Grove et al., 2020). The cause of these mass strandings is unknown, some
researchers suggest that they follow prey towards shore, and might get stuck during low tides
(Sampson et al., 2012). Other suggests that illness could lead some individuals to swim
towards shore and that the rest of the pod might follow them (Rogan et al., 1997). Some also
suggest extreme weather, acoustic disturbance, or geomagnetic anomalies as possible causes
(NAMMCO, 2020). Harbour porpoises are frequently seen stranded, but usually strand
individually, and not in large mass strandings. Interactions with fishing gear as bycatch has
been identified as the cause of many of these strandings (47-86%) (Culik et al., 2015), where
harbour porpoises dead from entanglement are dropped from fishing boats, and later wash up
on shore. Because bycatches are anthropogenic sources of mortality, they are not included in
natural mortality estimates and strandings of harbour porpoises should therefore have little

impact on organic carbon flux for this species. Baleen whales and large toothed whales (e.g.
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sperm whales, killer whales) are also known to experience strandings, but this accounts for a
relatively small proportion of the population and will usually not have a large effect on
mortality estimates (Rugh et al., 2005; Smith, 2006). These stranding events appear to be
random or without any predictable pattern, and their frequency can be hard to estimate.
Because of this, strandings for larger whales does not seem to be of any large significance to
the results of this study, but their occurrence should be noted, nonetheless. One interesting
exception is the sperm whales. Stranding records shows that between 1-8 individuals of
sperm whales have stranded yearly in the North Sea since 2000, and in 2016 as many as 28
individuals stranded (Pierce et al., 2018; Smeenk, 1997). Considering the estimations of this
study are that 69 individuals of sperm whales die annually in the three study regions (Table
2), these strandings have the potential to account for 40% of total deaths. 2016 was a record
year for sperm whale strandings and the estimation of 40% is clearly overestimated, but
strandings they could still account for a percentage (1.5-11.6%) of sperm whale deaths in the

region every year and should be included in carbon flux estimates of deadfalls.

4.3.3 Sequestration depth and decomposition

The true amount of carbon sequestered in deep sea sediments can vary widely depending on
numerous factors. The efficiency of the biological pump is influenced various factors,
including the types of organisms involved, the water depth, ocean temperature and chemistry,
the timescale of ventilation (the release of remineralized carbon back into the atmosphere),
and the region and depth at which carbon is remineralized (Baker et al., 2022). Carbon burial
becomes more effective in anoxic environments, as the absence of oxygen slows the
degradation of carbon, thereby increasing the likelihood of its sequestration (Barber, 1968;
Middelburg, 2019). The study area encompasses a range of depths, predominantly consisting
of deep-sea regions, but also includes some shallower waters (Figure 2). In terms of
sequestration, the largest sequestration inventories and longest sequestration times are usually
found in the northern high latitudes (Nowicki et al., 2022). The sequestration depth depends
on the mixed-layer depth and can vary greatly between regions (Martin ef al., 2021). For
future studies the sequestration depth of the study regions should be included in estimates to

get more accurate values of organic carbon storage.
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One of the reasons marine mammal deadfalls have the capacity to store organic carbon is due
to their relatively rapid sinking towards the deep sea, which, compared to other vertical fluxes
of organic carbon (e.g. DOC or POC), experience little decomposition in the upper layers of
the water columns (Smith, 2006). There is also a scarcity of scavengers for whales in
midwater (Britton and Morton, 1994), and one can assume that most of the tissue is intact
when the carcass reaches the ocean floor (Smith & Baco, 2003). One notable exception to
this might be bowhead whales, as they were dubbed “right whales” by whalers due to their
natural buoyancy after death and may float in surface waters for long periods of time,
increasing decomposition from scavengers. Due to this, bowhead whales might have a lower

organic carbon flux estimate than other baleen whales.

4.4 Uncertainties estimating organic carbon content

One uncertainty in this study is that an approximation for mammalian water content is used
(66%) when calculating the organic carbon content, and the same value is used for all species.
For the results to increase in accuracy, each species’ water content and therefore organic
carbon content should be analysed individually. The study by Brodie (1975) showed that
about 50% of the body of baleen whales contains muscles, and that these contain 75% water.
In another study the blubber of stellar sea lions (Eumetopias jubatus) was showed to contain
only 24.4-24.9% water (Williams et al., 2004), showing that the calculations will depend on
the amount of muscle, blubber etc. within each of the study species. This will in turn impact
the values for organic carbon loss, and the results might have been different than the results
of this study. It is a time-consuming project to investigate the composition of each study
species, one that would be too large for the scope of this study, and it relies on the fact that
each species would have at least one published study where body composition is analysed.
The fact is that many of the study species does not have these studies conducted, and
therefore a general assumption on body composition and water content must be used instead.
You could argue that for the species that have body composition analyses published, i.e
baleen whales (Adamczak et al., 2023; Brodie, 1975; Williams et al., 2004), the accurate
values could be used, while a general assumption could be used for the rest of the species.
This is true but would again increase the scope of this study tremendously. For the future
such analyses should be performed and incorporated into the calculations. Williams ef al.

(2004) shows that marine mammals such as sea otters (Enhydra lutris), stellar sea lions, and

38



northern fur seals (Callorhinus ursinus) has a water percentage between 64.0-66.6%, which is
close to the approximate value of 66% used in this study. Although every study species will
have a unique composition of water content based on the percentage of muscle, lipids, and
bones they contain, it is safe to assume that the water content would be quite similar between
all species. Therefore, although not completely accurate, the organic carbon content estimated
in this study will be close to the true estimates, and an indication of organic carbon loss
potential can be surmised. Compared to the other uncertainties previously mentioned in this
study, the variation around water content is quite low, and will not have a significant effect on

the results.

4.5 Impacts on deep sea communities and other whale
carbon fluxes

Although the total contribution of organic carbon from marine mammal deadfalls in this
study is relatively small compared to export of DOC and POC in the study area, the local
impact on deep-sea communities are massive (Roman et al., 2014; Smith, 2006; Smith &
Baco, 2003; Smith ef al., 2014). The organic carbon that a sinking marine mammal carcass
imports to the deep sea provides a massive food fall to the nutrient-lacking deep-sea and can
sustain a large number of organisms from decades to millennia (Smith, 2006). In fact, the
sediments that lie directly underneath a sunken baleen whale carcass (which covers roughly
50 m?) experience a flux of organic carbon equivalent to 2000 years of background organic
flux from marine snow (Smith & Baco, 2003). The impacts on deep-sea ecosystems are
massive and vital to deep-sea life, and many species are dependent on the organic carbon
supply from whale falls. Several species are also whale fall specialists and found nowhere
else on earth (Smith, 1992; Smith et al., 1989). These species face extinction as the reduction
of whale-populations due to commercial whaling has reduced the number of whale falls in

several areas (Pearson et al., 2022).

Whales and marine mammals also contribute to the carbon cycle in other ways. Although not
a part of this study, the contribution of whales in fertilizing the oceans and stimulate primary
production should not be overlooked when looking at the full contribution of whales to
carbon storage. Whale excretions contain nutrients (e.g. nitrogen, phosphorus, and iron) that

are important for the photosynthetic activity of phytoplankton (Freitas et al., 2023; Gilbert et
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al., 2023). These primary producers gather carbon dioxide during this process, thus
contributing to the reduction of greenhouse gases. Much of this carbon is stored either as
living organic carbon or as particulate or dissolved organic carbon that slowly sinks to the
seafloor and can be stored at depth or in sediments (Six & Maier-Reimer, 1996). This is
another part of the biological carbon pump, often known as the whale pump, and shows that
whales and other marine mammals contribute to carbon storage in more ways than just
deadfalls. The results from this study will compliment such studies and help to provide a

holistic understanding on the contribution of marine mammals to the oceanic carbon cycle.
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5 Conclusion

There is still much we do not know about organic carbon export by marine mammal
deadfalls. This study enhances our understanding and highlights the importance of better
comprehension of the fate of marine mammal deadfalls, and improving the input parameters
to get more accurate estimates of the proportion of deadfalls that will reach the sequestration
depths of the deep ocean. This knowledge can contribute to blue carbon estimates for climate
conservation research and improve the current knowledge of the oceanic carbon cycle and its

ecological factors, which is crucial in addressing today’s climate crisis.

This study estimated a total annual organic carbon flux potential in the study area of 2.68 x
103 Pg C yr 1. Fin whales were the largest contributor to organic carbon export, followed by
harp seals and minke whales. These findings emphasize the need to include smaller marine
mammals in future studies of carbon sequestration, as, despite their small size, their
significant contribution is due to their large abundance. Compared to other forms of organic
carbon export, such as dissolved organic carbon (DOC) and particulate organic carbon
(POC), the carbon flux potential from marine mammal deadfalls in this study constitutes
about 0.03—0.07% and 0.019—-0.042% of these values, respectively. While the regional
storage potentials are low compared to other sources of organic carbon flux, the local effects
on organic carbon accumilation are substantial, with an increase of approximately 2.14x101°

% per m? compared to POC export.

This study is impacted by significant uncertainties in many of the estimated values. Improved
research on population parameters, such as abundance estimates and mortality rates,
especially for species with the highest uncertainties, is needed to refine these estimates.
Ecological factors such as predation, strandings, and depth analyses of the study area should
also be incorporated into downward flux estimates. Despite its limitations, this study provides
an indication of organic carbon flux in the study area and highlights the importance of

understanding the role of marine mammals in the oceanic carbon cycle.
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Appendix A

Table S1: Hoenig longevity calculations based on maximum age (years) to find natural

mortality rates of cetaceans. Source: Hoenig (2005).

maxage

1,00853258
1,00461596
2,02371813
2,00704936
2,48809869
2,98581124
2,97628519
2,99778988
3,98808978
3,98561669
3,98157312
4,005595
4,49707476
4,93485557
4,99458178
4,99120308
4,95372223
4,94925465
5,48048479
6,01399851
6,00518731
6,00247877
5,96009207
5,9473339
5,97984264
6,99490875
6,98938854
6,98229753
6,97285404
6,96695834
6,91607069
8,03127057
8,02810091
7,9748573
7,95105786
9,06189105

9,05933633

natmort

2,46646125

1,4695838

2,3675511
1,90457769
1,10006239
0,69536998
1,09909929
1,18471567

1,2009546
1,10579893

0,9660772

0,8895028
1,31335627
1,31275994
1,11290037
1,01706037
0,90201705
0,79996074
1,10407841

1,1035771
0,90795706

0,8550515
0,80525481
0,60546132
0,51716675
0,90049675

0,8106891
0,70825558
0,59152199
0,52854741
0,19924944
0,76867821
0,72934106
0,30085233
0,20212476
0,91295833

0,87933692

maxage
9,04096355
9,01855852
9,00585313
8,99620901
9,03365883
10,0430442
10,0091208
9,99953008
10,0638317
10,0570238
10,045121
9,96462978
9,95003045
9,99370489
9,94087002
11,0740824
10,9927824
11,0229925
11,0913734
10,8934296
12,0296205
12,0599594
11,9377146
11,9968771
13,0830924
12,98265
12,9694786
12,9344201
13,0007214
12,9626542
13,9318687
13,881678
14,9819973
14,8994291
14,9859405
14,9783367

14,9445885
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natmort
0,6711609
0,4824196
0,39989567
0,34675541
0,2492341
1,41016245
0,89892068
0,79125446
0,76783086
0,70170732
0,59939662
0,49687842
0,40880177
0,3027844
0,14954618
1,10857651
1,00556715
0,59912446
0,5641959
0,30039398
0,69585138
0,40233327
0,25076959
0,20021052
0,51133913
0,44340405
0,38737833
0,27020732
0,22064115
0,14935225
0,32099784
0,19857191
0,74367595
0,35644214
0,31848429
0,29768424

0,2204909

maxage
14,9344789
15,9512677
15,9305921
15,9896936
15,8678311
16,913794
16,9889931
18,9997994
18,9100117
18,8557048
17,9826735
19,9968724
21,9980409
21,8008616
21,7922576
22,0050716
24,7682945
25,0930501
23,1398385
25,0506346
25,0379239
24,0511834
22,9492425
27,0749031
30,731895
29,9427005
33,9060051
37,8158862
44,1602841
47,1845983
44,5488071
44,8276924
50,3677237
55,2086146
61,6375462
63,6844815

71,9541709

natmort
0,20150281
0,45645654
0,38409571
0,2599864
0,22714354
0,39272635
0,29306901
0,62505261
0,33277423
0,22695204
0,19981473
0,19971105
0,27771961
0,20264561
0,19227521
0,11983121
0,60125318
0,24065856
0,19956857
0,19214427
0,17959542
0,17043779
0,16054304
0,14881543
0,16152164
0,02962754
0,13687323
0,08399155
0,11676516
0,11498843
0,06405525
0,06077525
0,09967581
0,08574523
0,06022702
0,05628449

0,08004132



70,9335449
74,3059915
73,7729564
77,2760415
83,5252023
79,0731258
89,6978305
100,522043
110,369876
113,906633
121,728114

80,8922324

0,06993235
0,06991647
0,06486378
0,06436422
0,05022549
0,04011095
0,04008624
0,04655201
0,05015711
0,04034106
0,04063175

0,01000584
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Appendix B

Table S2: Abundances and Coefficients of Variation (CV) for marine mammal species in the three regions ICE (A), GN (B) and BS (C).

Numbers in italics represents best guesses. A CV = 0.5 has been assigned to abundances where no CV was available. Source: Skern-Mauritzen et

al. (2022)
A. ICE
Species ICE Comments Reference
Aqqalu Rosing-Asvid, Greenland Institute of
Ringed seal 200 000 (0.5) Natural Resources, pers. comm.
Aqqalu Rosing-Asvid, Greenland Institute of
Bearded seal 20 000 (0.5) Natural Resources, pers. comm..
10% of the NW Atlantic harp seal stock migrates Hammill and Stenson (2014), Mike Hammill,
"§ into the ICE area annually. Also based on newer Department of Fisheries and Oceans, pers. comm.
.g Harp seal 740 000 (0.5)  telemetry literature.
£ Hooded seal 593 500 (0.11) Hammill and Stenson (2006)
Atlantic walrus 0
White whale 0
Narwhal 2500 (0.5) Hansen et al. (2019)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Killer whale 5478 (0.36) Iceland, based on Pike et al. (2020)
. Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
£ Sperm whale 4272 (0.55) Iceland, based on Gunnlaugsson et al. (2009)
2 Pike et al. (2019); Sigurjonsson and Vikingsson
§ Lagenorhynchus dolphins 136 889 (0.46) (1997)
5 i .
O  Long-finned pilot whale 210 000 (0.44) Pike ez al. (2019)

Harbour porpoise
Northern bottlenose
whale

44 821 (0.44)

6 500 (0.55)

Re-estimated, Thorvaldur Gunnlaugsson. MFRI,
Iceland, based on Gilles et al. (2020)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Iceland, based on Pike ef al. (2019)



Mysticetes

Common minke whale

48 016 (0.23)

Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Iceland, based on Pike et al. (2019)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,

Fin whale 29 940 (0.16) Iceland, based on Pike et al. (2019)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Humpback whales 12 523 (0.30) Iceland, based on Pike et al. (2019)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Blue whale 2450 (0.42) Iceland, based on Pike ef al. (2019)
Re-estimated, Thorvaldur Gunnlaugsson, MFRI,
Sei whale 4200 (0.70) Iceland, based on Borchers and Burt (1997)
Bowhead whale 0
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. GN

Pinnipeds

Odontocetes

Mysticetes

Species GN Comments Reference
Aqqalu Rosing-Asvid, Greenland Institute of
Ringed seal 100 000 Natural Resources, pers. comm.
Aqqalu Rosing-Asvid, Greenland Institute of
Bearded seal 10 000 Natural Resources, pers. comm.
Harp seal 426 808 (0.14) ICES (2019)
Hooded seal 76 623 (0.12) ICES (2019)
Atlantic walrus 1429 (0.33) Born ez al. (2009)
White whale 0
Narwhal 6 444 (0.37) Heide-Jargensen et al. (2010)
Killer whale 6 154 (0.58) (Leonard & @ien, 2020a)
Sperm whale 2708 (0.48) Leonard and @ien (2020a)
Lagenorhynchus dolphins 28 168 (0.57) Leonard and @ien (2020b)
Long-finned pilot whale 5000 (0.5) Bjarni Mikkelsen, pers. com.
Harbour porpoise 5266 (0.47) Leonard and Qien (2020b)
Northern bottlenose Leonard and @ien (2020a)
whale 617 (0.74)

Recombination of results from survey strata, (Nils Qien, Solvang et al. (2018)
Common minke whale 48913 (0.26) IMR)
Recombination of results from survey strata, (Nils @ien, Leonard and Qien (2020a)

Fin whale 8504 (0.33) IMR)

Humpback whale 1808 (0.62) Leonard and @ien (2020a)

Blue whale 100 (0.50)  Very few individuals observed Nils @ien, IMR, Norway, pers. comm.
Sei whale 0 Very few individuals observed Nils @ien, IMR, Norway, pers. comm.

A total population of 347 shared equally between GN Vacquié-Garcia et al. (2017b)
Bowhead whale 173 (0.49) and BS regions
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C. BS
Species BS Comments Reference
Ringed seal 100 000 (0.50) Kovacs et al. (2009)
Bearded seal 10 000 (0.50) Kovacs et al. (2009)
% Harp seal 1497 189 (0.07) ICES (2019)
£ Hooded seal 0
§= Svalbard + Pechora Sea + Franz Josef Land  Kit M. Kovacs, Norwegian Polar Institute,
a9
pers. com; Kovacs et al. (2014); Lydersen et
Atlantic walrus 14 000 (0.5) al. (2012a)
White whale 10 000 (0.50) Kovacs et al. (2009)
Vacquié-Garcia et al. (2017b), Hansen ef al.
Narwhal 3 50000.50) (2019)
Killer whale 503 (0.71) Leonard and @ien (2020a)
8 Sperm whale 806 (0.71) Leonard and @ien (2020a)
S Lagenorhynchus dolphins 144 453 (0.53) Leonard and @ien (2020a)
g Few groups observed Nils @ien, IMR, Norway, pers. comm.; Bjarni
3 Mikkelsen, Natural History Museum, The
Long-finned pilot whale 500 (0.5) Faroes. pers. comm.;
Harbour porpoise 85731 (0.57) Leonard & @ien (2020a)
Northern bottlenose Very few individuals observed Nils @Qien, Insitute of Marine Research, pers.
whale 100 (0.5) comm
Common minke whale 47295 (0.30) Re-estimated, Nils Gien, IMR, Norway
Fin whale 4 506 (0.54) Leonard and @ien (2020a)
£ Humpback whale 8563 (0.81) Leonard and @ien (2020a)
f_,;’ Blue whale 100 (0.50) Very few individuals observed Nils @ien, IMR, Norway, pers. comm
f Sei whale 0
A total population of 347 is shared equally Vacquié-Garcia et al. (2017)
Bowhead whale 173 (0.49) between GN and BS regions
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Appendix C

Table S3: Mean biomass (and 95% CI) in 1000 tons of marine mammals in ICE, GN and BS regions. The columns for ICE and GN regions are
swapped in Skern-Mauritzen et al. (2022), but have been corrected in this table (pers. comm. Mette Skern-Mauritzen, 26. April 2024).

Species ICE GN BS

Ringed seal 15.4 (4.9,37.7) 7.5(2.4,18.1) 7.5(12.4,17.9)
Bearded seal 5.1(1.6,12) 2.5(0.8,5.8) 2.5(0.8,5.8)
Harp seal 89.2 (28.3,207.2) 51.6 (28.7, 79.3) 182 (104, 264.5)
Hooded seal 147.7 (90.3, 216.2) 19.2 (11.2, 29.8) 0 (0, 0)
Atlantic walrus 0 (0, 0) 1.7 (0.7, 3.2) 14.2 (4.6, 33.5)
White whale 0 (0, 0) 0(0,0) 13.5 (4.4, 32.6)
Narwhal 3.2(1,7.3) 8.3(2.9,174) 4.5 (1.5,10.5)
Killer whale 24.3 (8.8,53) 27(7.2,71.7) 2.2(0.4,6.5)
Sperm whale 172.2 (49.3, 437.5) 107.2 (36.1, 254.1) 31.4 (6.3, 88.4)
Lagenorhynchus dolphins 28.9 (10.1, 67.1) 6 (1.7, 15.5) 31.5(9, 82)
Pilot whale 350.8 (132.3, 789.7) 8.7 (2.8, 20) 0.9(0.3,2.2)
Harbour porpoise 2.4(0.9,5.1) 0.3 (0.1, 0.6) 4.9 (1.4,12.6)
Bottlenose whale 38.6 (10.2, 100.1) 0.6 (0.1, 1.8) 0

Minke whale 312.2 (151.4, 526.2) 320.1 (145.2, 564.4) 304 (135, 580.1)
Fin whale 1673.7 (987.8,2653.4)  476.5 (191.4,908.4) 250.8 (69.7, 617.9)
Humpback whale 379.4 (173.4, 705.8) 54.3 (14.2, 145.6) 268.1 (48.4, 881.6)
Blue whale 245.5 (84.9, 536.1) 10.2 (3.3, 24.6) 9.9 (3.2,23.1)
Sei whale 72.1(15.8,211.3) 1.6 (0.5, 3.7) 0(0,0)
Bowhead whale 0 (0, 0) 14.0 (4.4, 32.6) 14.0 (4.4,33.4)
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Appendix D

Estimating uncertainty measures

Standard Deviation (o):

The standard deviation is a measure of the amount of variation or dispersion in a set of
values. For population estimates, it quantifies the extent to which individual data points in the
population differ from the population mean. The standard deviation (o) for a population is

calculated using this formula:

7= JAEL G (10)

In this equation x; represents each data point in the population, u represents the mean of the

population, and N is the sample size of the population.

Coefficient of variation (CV):

The coefficient of variation (CV) is a statistical measure of the relative dispersion or
variability of data points around the mean in a dataset. The CV is defined as the ratio of the
standard deviation to the mean of a distribution, often displayed as a percentage. Hence,

CV = g where the p represents the mean and o the standard deviation (SD). The CV is used

to assess the variability of the results to estimate uncertainty in the dataset. It provides a
standardized measure of dispersion, making it particularly useful when comparing the spread
of data sets that have different units or vastly different mean values. To calculate the
coefficient of variation (CV) for the sum of several values, each with specified means and
CVs, their variances must be added together. To estimate the variances from the CV, the
standard deviation ¢ is estimated using ¢ = CV X u, and then the variance for each value is
calculated using Var = a2. The variances and the means are added together, to find the

variance and mean of the sum. The standard deviation of the sum is calculated as the square

root of the total variance using o1 , = /Var(XY). The CV of the sum is calculated by:

cy = Zsum (11)

Usum



When multiplying two random variables, each with their own mean and CV, the mean of the
product is given by u; , = p; X pp. The sum of the means gives the mean of the sum, and
the sum of the variances gives the variance of the sum, assuming independence between the

values. The variance of the sum can be calculated using:

Var(XY) = (uz Var(Y) + u2Var(X) + Var(X)Var(Y)) (12)

95% confidence intervals:

A confidence interval (CI) is a range of values, derived from the sample data, that is used to
estimate an unknown population parameter. The interval has an associated confidence level
that quantifies the probability that the parameter lies within the interval. For example, a 95%
confidence interval, which is the most common interval for scientific studies, suggests that if
the same data collection and analysis were repeated numerous times, the interval would
capture the true population parameter in 95% of those instances. Confidence intervals are
used to indicate the reliability of an estimate and provide a range around the sample value to
express the degree of uncertainty associated with the sample size used and the variability in
the data. A narrower interval reflects more certainty in the estimate of the population
parameter. Confidence intervals are commonly used in both research and statistics for
hypothesis testing and to report the robustness of experimental results. To multiply a value
with its own mean ¢ and 95%CI with a constant £, the operation affects both the mean and
the bounds of the CI in a straightforward manner. The first step is to multiply the means

Unew = k X u and then the confidence intervals:
CInew lower = k X Cllower and CInew upper — k X CIupper (13)
If & is positive, the relative positions (i.e. lower and upper bounds) of the CI remain the same,

and if k is negative, the CI bounds flip because multiplying by a negative number reverses

inequalities. Thus, the new CI would become [k X Clupper, & X Cliower].
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Appendix E

Table S4: Residency fractions for each species in the three study regions ICE, GN, and BS. Biomass multiplied by the residency fraction for

each species in the three study regions, as well as the lower and upper 95% confidence intervals.

WHALE

RESIDENCY RESIDENCY RESIDENCY BIOMASS x LOWER UPPER BIOMASS x LOWER UPPER BIOMASS x LOWER UPPER
SPECIES FRACTION FRACTION FRACTION RESIDENCY 95%CI ICE 95%CI ICE RESIDENCY 95%CI GN 95%CI GN RESIDENCY 95%CI BS 95%CI BS
ICE GN BS ICE (KG) (KG) (KG) GN (KG) (KG) (KG) BS (KG) (KG) (KG)
RINGED SEAL 1 1 1 15000000 4900000 37700000 7500000 2400000 18100000 7500000 2400000 17900000
” BESf‘ElfA‘)LED 1 1 1 5000000 1600000 12000000 2500000 800000 5800000 2500000 800000 5800000
a
=
= HARPSEAL 0.41 1 1 36408000 11603000 84952000 51216960 104000000 79300000 179662680 104000000 264500000
Z.
> | HOODED SEAL  0.08 1 0 11870000 7224000 17296000 18405750 0 29800000 0 0 0
ATLANTIC
SR 0 1 1 0 0 0 1714800 4600000 3200000 18000000 4600000 33500000
WHITE
e 0 0 1 0 0 0 0 4400000 0 6750000 4400000 32600000
NARWHAL 1 1 1 3250000 1000000 7300000 8377200 1500000 17400000 4550000 1500000 10500000
KILLER
IR 1 1 1 24103200 8800000 53000000 27077600 400000 71700000 2213200 400000 6500000
wn
=
= R 04 04 04 68352000 19720000 175000000 43328000 2520000 101640000 12896000 2520000 35360000
Q
g LAGENORHYN-
Z CHUS 1 1 1 28746690 10100000 67100000 5915280 9000000 15500000 30335130 9000000 82000000
g DOLPHINS
Qo
PILOT WHALE 0.75 0.66 05 267750000 99225000 592275000 5610000 150000 13200000 425000 150000 1100000
HARBOUR
roRboR 1 1 1 2465155 900000 5100000 289630 400000 600000 4715205 400000 12600000
NORTHERN
BOTTLENOSE 0.41 0.41 0 15990000 4182000 41041000 1517820 0 738000 0 0 0




MYSTICETES

MINKE
WHALE

FIN WHALE

HUMPBACK
WHALE

BLUE WHALE

SEI WHALE

BOWHEAD
WHALE

0.5

0.5

0.5

0.5

0.5

0.5

0.5

0.25

0.5

0.5

0.5

0.5

0

158452800

830835000

190349600

122500000

17850000

75700000

493900000

86700000

42450000

3950000

263100000

1326700000

352900000

268050000

52825000

65

161412900

235986000

27481600

5000000

425000

13840000

67500000

34850000

24200000

1600000

4400000

282200000

454200000

72800000

12300000

925000

32600000

156073500

125041500

130157600

5000000

13840000

67500000

34850000

24200000

1600000

4400000

290050000

308950000

440800000

11550000

33400000



Table S5: Biomass export for each species in the three study regions ICE, GN, and BS, as well as the lower and upper 95% confidence intervals.
Biomass export outside each study region and total biomass export outside the study area. All data values are showed in tonnes, rounded to the

closest whole number.

BIOMASS LOWER UPPER BIOMASS LOWER UPPER BIOMASS LOWER UPPER l;[)(()ll)\’([;;STS ]:;)(()%ARSFS 1;1)({)3/(1335 B’f(?l;rligs
SPECIES EXPORT 95%CI 95%ClI EXPORT 95%CI1 95%CI EXPORT 95%CI 95%ClI OUTSIDE ICE OUTSIDE GN OUTSIDE BS EXPORT
ICE ICE ICE GN GN GN BS BS BS REGION REGION REGION ST([)JI]J)’I“{SL%%A
RINGED SEAL 1650 539 4147 825 264 1991 825 264 1969 0 0 0 0
,, | BEARDED SEAL 480 154 1152 240 77 557 240 77 557 0 0 0 0
Q
=
= HARP SEAL 4187 1334 9769 5890 3301 9120 = 20661 11960 30418 6025 0 0 6025
Z
* | HOODED SEAL 1424 867 2076 2209 1344 3576 0 0 0 16381 0 0 16381
ATLANTIC
WALRUS 0 0 0 103 42 192 1080 276 2010 0 0 0 0
WHITE WHALE 0 0 0 0 0 0 473 308 2282 0 0 0 0
NARWHAL 16 5 37 42 15 87 23 8 53 0 0 0 0
KILLER WHALE 627 229 1378 704 187 1864 58 10 169 0 0 0 0
é SPERM WHALE 1504 434 3850 953 318 2236 284 55 778 2256 1430 426 4111
=
3 LAGENOR-
= HYNCHUS 4700 1651 10971 967 278 2534 4960 1472 13407 0 0 0 0
g DOLPHINS
© | PILOTWHALE 7497 2778 16584 157 52 370 12 4 31 2499 81 12 2592
HARBOUR
PORPOISE 328 120 678 39 13 80 627 53 1676 0 0 0 0
NORTHERN
BOTTLENOSE
e 1855 485 4761 176 5 86 0 0 0 2669 253 0 2923
=
E & MINKE WHALE 7289 3482 12103 7425 3340 12981 7179 3105 13342 7289 7425 7179 21893
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36557
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5513

750

21732

3728

1910

166

58375

15178

12062

2219

0

10383

1182

225

18

554

4211

305

74

176

19985

3130

554

39

1304

67

5502

5597

225

554

1533

1041

72

176

13594

18954

520

1336

36557

8185

5513

2249

10383

1182

225

54

5502

5597

225

52442

14964

5963

2303



Table S7: Organic carbon export for each species in the three study regions ICE, GN, and BS, as well as the lower and upper 95% confidence
intervals. Organic carbon export outside each study region and total organic carbon export outside the study area. All data values are showed in

tonnes, rounded to the closest whole number or one decimal for low numbers.

ORGANIC LOWER UPPER ORGANIC LOWER UPPER ORGANIC LOWER UPPER I;ZI)(()II)V([)?{STS ];I)(()ll’v(l)?sl"s I:ZI)(()II)V(I;;STS B’{gBTdiéS
SPECIES CARBON 95%CI 95%CI CARBON 95%CI 95%CI CARBON 95%CI 95%CI OUTSIDE ICE OUTSIDE GN OUTSIDE BS EXPORT
EXPORT ICE ICE ICE EXPORT GN GN GN EXPORT BS BS BS REGION REGION REGION ST%[]J)’I;{S;];];Z‘:A
RINGED SEAL 272 89 684 136 44 329 136 44 325 0 0 0 0
» | BEARDED SEAL 79 25 190 40 13 92 40 13 92 0 0 0 0
[=)
=
E HARP SEAL 691 220 1612 972 545 1505 3409 1973 5019 994 0 0 994
Z
* | HOODED SEAL 235 143 342 364 222 590 0 0 0 2703 0 0 2703
ATLANTIC
WALRUS 0 0 0 17 6.9 32 178 46 332 0 0 0 0
WHITE WHALE 0 0 0 0 0 0 78 51 377 0 0 0 0
NARWHAL 3 0.8 6.0 6.9 2.4 14 3.8 1.2 8.7 0 0 0 0
KILLER WHALE 103 38 227 116 31 308 9.5 1.7 28 0 0 0 0
w2
E SPERM WHALE 248 72 635 157 52 369 47 9.1 128 372 236 7.0 678
§ LAGENOR-
z HYNCHUS 776 272 1810 160 46 418 818 243 2212 0 0 0 0
= DOLPHINS
S
PILOT WHALE 1237 458 2736 26 8.5 61 2.0 0.7 5.1 412 13 2.0 428
HARBOUR
PORPOISE 54 20 112 6.3 2.2 13 104 8.8 277 0 0 0 0
NORTHERN
BOTTLENOSE 306 80 786 29 0.8 14 0 0 0 440 42 0 482
WHALE
=
gg MINKE WHALE 1203 575 1997 1225 551 2142 1185 512 2201 1203 1225 1185 3612
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Appendix F

A.ICE
= sei whale, 124 = ringed seal, 272 . = bearded _ = harp seal, 691
= bowhe 0_\_\ SleaL 7% “ hooded Se.a|, 235
‘ = atlantic walrus, 0\ e \whale. 0
LM killer whale, 103
\ = sperm whale, 248
= Jagenorhynchus
humpback dolphins, 776
whale, 1 351
O pilot whale, 1 237
= harbour porpoise, 54
= northern bottlenose
whale, 306
B. GN
= seiwhale, 3, = powhead whale, 91— ® ringed seal, 136
h back
wﬁgg ?85 * blue whale, 37_—& | Z‘f bearded seal, 40

O harp seal, 972

= atlantic walrus, 17
é : = white whale, 0
) = narwhal, 7
= killer whale, 116
= sperm whale, 157
~_ = lagenorhynchus
\ dolphins, 160
\- pilot whale, 26

= harbour porpoise, 6

= northern bottlenose
whale, 29




C.BS

= blue whale = sei whale = bowhead whale __ = ringed seal

37 \ /_/en/.be—arded 136
_——

0
' seal, 40
humpback
whale
923
fin whale
908
= northern

bottlenose whale\
0

= harbour— ————

O harp seal
3409

l

porpoise = pilot whale i hooded seal, 0
103 . Iagenorhynchus_z/ /R = atlantic
dolphins = sperm whale _=-Killer whale- ® narwhal = white whaleWwalrus
818 47 9 4 78 178

Figure S1: Total organic carbon export (tonnes) per species for the three study regions ICE

(A), GN (B), and BS (C).
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