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This paper investigates the linkage between the acute impacts on apex marine mammals with polar cod responses
to an oil spill. It proposes a Bayesian network-based model to link these direct and indirect effects on the apex
marine mammals. The model predicts a recruitment collapse (for the scenarios considered), causing a higher risk
of mortality of polar bears, beluga whales, and Narwhals in the Arctic region. Whales (adult and calves) were
predicted to be at higher risk when the spill was under thick ice, while adult polar bears were at higher risk when
the spill occurred on thin ice. A spill over the thick ice caused the least risk to whale and adult polar bears. The
spill’s timing and location have a significant impact on the animals in the Arctic region due to its unique sea ice
dynamics, simple food web, and short periods of food abundance.

1. Introduction
The Arctic is melting and becoming more attractive and accessible to
human activities. The relatively pristine Arctic region is open to ship
ping and oil and gas exploration activities (Hoop et al., 2011; Chapman
and Riddle, 2003; Gardiner et al., 2013). Accidental oil spills may occur
during these activities and impose severe impacts on the Arctic aquatic
ecosystem (Lee et al., 2015; Helle et al., 2020; Nevalainen et al., 2017).
There is an urgent need to assess the potential impacts these activities
will have on the Arctic apex aquatic mammals and the food web of those
animals. The challenges and knowledge gaps in oil spill ecological
impact assessment in the Arctic region can be categorized broadly as the
following:
• Lack of knowledge in oil spill fate and transport modeling in iceinfested waters: The presence of sea ice and its uncertainties ham
pers the clean-up in ice infested waters (Afenyo et al., 2017). Studies
such as Sorstrom et al. (2010), Dickins et al. (2011), and Singsaas
et al. (2020) have conducted field and laboratory-scale experiments
to study the oil spill fate and transport in ice infested waters. Afenyo
et al. (2015) has described the oil spill transport process in iceinfested water in terms of spreading, dispersion, advection, sedi
mentation, and encapsulation. The presence of ice cover significantly

impacts the weathering and transport processes in the Arctic region.
Sea ice either could impede or facilitate the oil exposure to marine
animals, based on the location of an oil spill and other environmental
conditions (Fahd et al., 2019).
• Lack of aquatic toxicity data on Arctic species: Toxicity data for
Arctic marine species is limited (Fahd et al., 2019). Toxicity data,
such as the No Observed Effects Concentration (NOEC) of crude oil to
various species, is based on experimental studies or modeling based
on a surrogate species. The knowledge gap in the toxicity data of
Arctic species is also filled by using temperate fish data. Fahd et al.,
2017, 2019, 2020 proposed that Arctic marine species toxicity data
could be estimated based on the probability of cellular damage and
metabolite interactions in the organism. The metabolite interactions,
quantified by ecotoxicological biomarkers, are represented in causal
relationships using a Bayesian Network (BN). Fahd et al. (2019,
2020) demonstrated the BN model by estimating mortality for Bor
eogadus saida (Arctic cod) populations for various assumed oil spill
scenarios.
• Unique features of the food chain and the feeding behaviors of the
marine species: The Arctic food web is comparatively simple.
Therefore, the impact on one trophic level develops cascading effects
on other trophic levels (Nevalainen et al., 2017). Apart from the
animals’ susceptibility to oil exposure, the non-availability of prey
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level Arctic marine animals is crucial to predicting risks to the polar bear
and beluga whale populations and essential for efficient conservation
strategies (Chevalier et al., 2018). Identifying susceptible concentrations
of PAH to individual Arctic mammals and the probability of exposure of
the distribution of animals provides little insight unless they are com
bined with cascading effects in the marine food web. Overall impacts on
the ecosystem are evaluated. Modeling studies, such as Carroll et al.
(2018) and Gallaway et al. (2017), simulated impacts on polar cod and
northeast Arctic cod fisheries. Studies such as Nevalainen et al. (2017)
and Helle et al. (2020) have linked the susceptibility and vulnerability of
polar bears (individual and population) to the exposure of oil spills. No
study has considered synergistic effects of prey availability changes in
the food web with oil spill impact on apex marine mammals. Polar cod,
an endemic Arctic keystone species (Cusa, 2016; Huserbraten et al.,
2019), is selected. Its responses to oil spills are used to predict the
mortality in polar cod populations. The cascading impacts of the
changing polar cod populations in the Arctic apex marine mammals’
food web is then studied.
Fig. 2 presents the framework of the model developed in this study.
Oil spill conditions and environmental conditions are used as model
input to check for the immediate risk of an oil spill to the Arctic animal
species. To measure the indirect risk (i.e., from changing prey avail
ability), prey requirement and availability are estimated for each trophic
level in the food web based on their annual energy requirements. The
species in the higher trophic level are assessed for immediate risk and
impact on their food abundance.
The cascading effects in food chain as shown in Fig. 2 are estimated
based on the following step-by-step methodology:

further compounds the population dynamics of the animals in the
region. The availability of prey also impacts the ability to reproduce
offspring; thus meeting energy requirements for the apex predators
plays a significant role in their thriving. Arctic animals are overdependent on one animal as a major source of energy. For
example, a major part of the whale diet comprises of small fish, such
as polar cod and capelin, while the seals are pivotal to the survival
and reproduction energy requirement of polar bears. Studies such as
Amstrup et al. (2008) have reported reduced body condition,
reproduction, and survival for polar bears in ranges where sea ice
reduction was observed. Sea-ice by itself may not be directly related
to the population density. However, sea ice is an indicator of seals’
presence, which forms a main source of nutrition for the polar bear.
Across the range of the polar bears, the relationship between ringed
seals and polar bears is such that an abundance of ringed seals ap
pears to regulate the density of the polar bears in the region.
This study has attempted to tackle the above challenges and fill the
knowledge gap by developing a Bayesian network (BN)-based approach
for ecological risk assessment of oil spills’ impact on Arctic animals. The
objective of this research is to develop a novel and comprehensive ma
rine risk model for apex species combining the effects from exposure to
oil spill and ripple effects through the food chain from decreased prey
availability. This research develops on the previous work from the au
thors estimating the dose response and risk to polar cod from similar oil
spill scenarios considered in this study.
The BN is based on the current understanding of the Arctic food
chain and also takes into account foraging and other behavioural aspects
of the marine species in consideration. The rest of the paper is organized
as follows. Section 2 presents the Arctic food chain first, based on which
the BN-based ecological risk assessment approach is proposed. In Sec
tion 3, this method is applied to a hypothetical oil spill near Svalbard.
This is followed by results and discussions in Section 4. Finally, Section 5
concludes the study.

1. Estimate the population of polar cod
2. Determine the population of seals and the quantity of fish (as food)
required for such seal population (see Section 3.3.2)
3. Determine the ratio of step 1 and step 2.
4. Based on the step 3 and the information of any alternate seal food
source availability, a quantitative assessment of seal prey abundance
is made.
5. Estimate the population of polar bears and calculate the number of
seals required for survival of such polar bear population (see Section
3.3.2).

2. The proposed methodology
The Arctic food web was developed based on Steiner et al. (2019),
Amstrup et al. (2008), and Bluhm and Gradinger (2008), as shown in
Fig. 1. Understanding the idiosyncratic responses of the lower trophic

Fig. 1. Food chain of apex marine mammals.
Note: Dashed line represents alternate food options. Grey colored boxes are out of the scope of the study but used to present the completeness of the food web.
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Fig. 2. Framework for the BN model of Arctic marine mammals’ survival and population growth.

6. Based on step 4 and step 5, a quantitative assessment of risk is made
using the BN model. See Supplementary document for more infor
mation on probabilistic modeling and BN.

2013).
Many studies, such as Hoyle and Maunder (2004) and Marcot et al.
(2001), used BN to model population dynamics in protected species. BN
is especially used in studies where data can be used in conjunction with
reliable field observations and beliefs. BN is ideal for developing
frameworks of models with complexities in the data availability and
uncertainty in the causal process in models.
Two separate BNs were developed for the two tiers of the study. The
first tier assesses the impact of oil spill using the current stock of polar
cod in the assumed area. The second tier of the study assesses the pre
dicted recruitment in the fish stock due to oil spill exposure and evalu
ates the impact on the apex predators. The adult polar cod mortality to
oil spill scenarios was estimated using the results of the BN model of
Fahd et al. (2019, 2020). The probability of acute impact to polar bears
and whales, i.e., the direct risk from oil spill exposure, was estimated
and modified for current scenarios based on expert opinions from
Nevalainen et al. (2017) and Helle et al. (2020). Assumptions were used
by the researchers to approximate for scenarios considered; with new
information on animal behaviour, the probability tables can be updated
in the BN model.

The direct and indirect risk from oil spill exposure is defined as:
Risk (Direct oil spill exposure) = ƒ (exposure, susceptibility)
Risk (Direct and indirect) = ƒ (exposure, susceptibility, change in
food abundance)
The changes in the food availability along with the acute impact of
oil spills for apex Arctic mammals are modeled using a Bayesian network
(BN). A BN represents the causal dependence between the nodes con
nected by arrows. The parent nodes are the nodes with no incoming
dependence from other nodes. The probabilities of these parent nodes
are the prior probabilities. The prior probabilities are calculated based
on expert elicitation or based on the frequency of occurrence of the
evidence. The intermediate nodes are nodes that have a parent node and
further influence other nodes (child nodes). Intermediate nodes are
described by conditional probability tables (CPTs). An advantage of the
BN in such modeling is that with new knowledge/data, conditional
probabilities can be updated for updated results from the model. The
three main components of a BN are the structure of the network, data
discretization, and data parametrization (Pitchforth and Mengersen,
3
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3. Case study

laced rock columns into the tanks holding polar cod. The crude oil spill
simulation used in the experiments was 3, 6, and 12 g crude oil kg− 1
gravel corresponding to low, medium, and high treatments. The corre
sponding total PAH concentrations calculated for each treatment were
15 μg/L, 18 μg/L, and 40 μg/L PAH concentration in water, respectively.
Establishing a context in terms of the field oil spill for the considered
exposure concentrations in this paper, the spill conditions leading to
such a PAH concentration in the ocean are 15,000 t, 18,000 t, and
40,000 t for low, medium, and high PAH concentrations. Assuming 3.9%
weight of PAH in crude oil (Huesemann et al., 2002) and considering a
hypothetical spill area (780 km2) and 50 m dissolution in the water
column, the spill in tonnes was calculated. This case study estimates the
probabilities of acute impact or mortality to the polar bears and whales
for spills in different seasons based on the probabilities reported by Helle
et al. (2020).
Apart from the spill size (spill volume and PAH concentration), the
initial spill scenarios considered in the study relate to sea ice and season.
These factors also play an essential role in the life cycles of marine
species such as polar cod, seals, polar bears, and whales.
The sea ice scenarios considered were as follows:

3.1. Geographical context of the study
A hypothetical spill is assumed near Svalbard. As shown in Fig. 1,
polar cod is a keystone Arctic species of fish and serves as the primary
energy source to many of the top predators in the region (Gallaway et al.,
2017). Previous studies have investigated the impact of sea ice and
recruitment in the polar cod stock (Huserbraten et al., 2019). The Arctic
cod eggs and larvae in the Barents Sea region drift with the ocean cur
rents to the spawning assemblages around the Svalbard Island as
modeled by Huserbraten et al. (2019). A spill around the spawning as
semblages can prove detrimental to the recruitment of polar cod stock.
The hypothetical spill area is shown in Fig. 3. The line in Fig. 3 repre
sents the spill along the coast, while ‘+’ in the figure represents the
spawning assemblages around Svalbard. The area of a hypothetical spill
is selected around the spawning assemblages near Svalbard Island to
model the worst-case scenario.
3.2. Hypothetical spill conditions

▪ Spill over thick ice
▪ Spill under thick ice
▪ Spill over thin ice

The spill area is selected as the coastline of Svalbard Island, as shown
in Fig. 3. The length of the coastline along the spill was calculated to be
about 780 km using QGIS software. The hypothetical spill conditions,
such as spill volume of 42,000 m3 of crude oil, in the current research
were like those assumed by Helle et al. (2020). A uniform spread of 1 km
along the coastline was assumed. Based on this, the spill area was
calculated to be 780 km2. It is also assumed that a uniform dissolution of
PAH occurs for 50 m in the water column. The spill size was determined
based on the experiments conducted by Nahrgang et al. (2009, 2010,
2016, 2019) wherein filtered seawater was passed through crude oil

3.3. Developing the Bayesian network (BN) model
3.3.1. The model
The BN is developed for the spill scenarios based on Figs. 1 and 2 for
the current stock of fish (Tier 1) and shown in Fig. 4A. The Bayesian
Network for recruitment fish stock (Tier 2) is presented in Fig. 4B.

Fig. 3. Hypothetical spill area assumed for the study (source: Google Map). The orange color line represents the extent of the hypothetical spill spread. Purple color
‘+’ sign represents the polar cod spawning areas around Svalbard Is. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. A: BN for the apex marine mammals oil spill impact using current fish stock
B: BN for the apex marine mammals oil spill impact using recruitment fish stock.
Note:The teal colored nodes are the parent nodes or nodes representing initial spill conditions, environmental conditions and animal behavioural conditions. Blue
colored nodes are intermediate nodes and pink colored nodes present the outcome of the model. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

3.3.2. Data discretization and parametrization for the model
Data for the BN risk model for the apex marine species is based on
expert opinion, available literature studies, and some assumptions.
The nodes in the network shown in Fig. 4A and B could have two or
more states. The discretization of the data refers to converting the
continuous data sorted into different intervals or ordinal groups defining
the states of a node in the network. The states of the BN nodes are based
on information on the lifecycle, habitat, and feeding behaviors of the
species considered. Parameterisation refers to adding values to each
state of the nodes in the network. The animal lifecycle, behavioural, and
fecundity data is discussed below. Discretization and parametrization
for each node in the network are accomplished based on these data. The
CPTs for each of the nodes are detailed in the Supplementary data
document.

transferring the energy from the planktons to the apex marine mammals
(Steiner et al., 2019; Parker-Stetter et al., 2011). The Arctic cod act as a
high-energy prey, due to their high lipid content, for the upper trophic
levels in the Arctic food web. The polar cod is a major food source of
marine mammals such as the ringed seals, narwhals and beluga whales
(Hop and Gjosaeter, 2013). The standing biomass of the Arctic cod in the
Barents Sea varies between 0.5 and 1.5 million tonnes (Hop and Gjo
saeter, 2013). From 1986 to 2016, the yearly variations in the polar cod
stock in the Barents Sea region is provided by MOSJ (2019). The Arctic
cod has a life span of 7 years, with maturity at about 3 years. The Arctic
cod spawns only once during its lifetime (FAO, 2015). While there are
fish stocks in the Barents Sea area, the Svalbard region is identified as
one of the spawning assemblages for the Arctic cod. The spawning
usually occurs in January and February, with an incubation period
varying between 30 and 60 days (FAO, 2015). The relationship of the
Arctic cod with sea ice is significant. Polar cod mainly feeds on the
amphipods. Ice algal bloom causes an increase in amphipods, which feed
on them. Although the Arctic cod are present in the ice-covered areas of
the ocean, only the larval and juvenile stages of the fish are directly
associated with the ice for food and protection.
The node ‘Baseline Arctic cod’ has an interval of 0.3 million tonnes of

3.3.2.1. Polar cod. Polar cod is a fish associated with cold sub-zero
Arctic waters. Arctic cod is a small fish with lengths up to 300 mm
and in some cases, up to 460 mm have been recorded. Arctic cod is the
most abundant and circumpolar distributed fish in the region. The polar
cod plays a major role in the energy transfer in the Arctic food web by
5
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Fig. 4. (continued).

fish stock between its states, which vary from 0.5 to 1.5 million tonnes.
The relative frequency of occurrence, i.e., probability, for each of the
states of the node ‘Baseline Arctic cod’ is calculated based on MOSJ
(2019). The first tier of apex mammals risk assessment is accomplished
using the oil spill induced mortality in the current stock of Arctic cod, as
shown in node ‘Adult cod mortality’. The prior probabilities for the node
are influenced by the season, size, and location of the spill. These
probabilities are obtained from the results of Arctic cod toxicity
modeling by Fahd et al. (2020). The second tier of apex marine mam
mals’ assessment combines the probabilities of ‘Egg and larval mortal
ity’ and ‘Juvenile cod mortality’ to determine the recruitment in the
Arctic cod population and subsequent risk to apex mammals. The ‘Egg
and larval mortality’ and ‘Juvenile cod mortality’ nodes are assigned the
following states: baseline, low, medium, and high mortalities.
The baseline mean of instantaneous mortality rates in eggs and larval
stages of northeast Arctic cod (Gadus morhua) were estimated to 0.17
d− 1, with a 95% confidence interval between 0.15 and 0.19 d− 1 (Lan
gangen et al., 2014). An instantaneous mortality rate of 0.19 d− 1 was
used for Arctic cod (Boreogadus saida) in this study. Nahrgang et al.
(2016) conducted experiments on the eggs and larvae hatching and
survival for 3 g/kg gravel (low spill concentration) was 39% and for 6 g/
kg gravel (Medium spill concentration) was 24%. The experiment by
Nahrgang et al. (2016) did not investigate the effects of what could be
considered as high spill concentration, which is 12 g/kg gravel crude oil.
An assumption of 10% survival for 12 g/kg gravel of crude oil was made
for this study. Based on the experimental data (Nahrgang et al., 2016),

instantaneous mortality rates in Arctic cod eggs and larvae for low,
medium, and high spill concentration were established as 0.204, 0.217,
and 0.230 d− 1. The baseline mortality rate for juvenile cod is reported as
0.009 d− 1 (Gallaway et al., 2017). Based on the experimental data from
Nahrgang et al. (2016), the mortality rates for juvenile Arctic cod are
estimated to be 0.015, 0.03, and 0.04 d− 1 for low, med, and high states
of the node ‘Juvenile mortality’.
3.3.2.2. Seals. Six species of seals live in the Arctic, namely, ringed,
bearded, spotted, hooded, harp, and ribbon seals. As denoted by the
node ‘Baseline seal quantity’, the seal population considered in this
study varied between 0.5 million, 0.75 million, and 0.9 million for low,
medium, and high states of the node (Laidre et al., 2015). The seal
population was estimated based on the population studies from the
Barents Sea. In the absence of such data, the populations of seal species
in the Greenland Sea were used (Laidre et al., 2015). The birthing season
for the seals is in spring, ranging from February to April (NSIDC, 2020).
Some seal species depend entirely on the sea ice for survival. Many seals
birth their offspring on ice and nurse them on ice around the breathing
holes; the seals forage for food along the ice edge and under the ice for
fish such as polar cod and shrimp (NSIDC, 2020). Therefore, changing
ice conditions, especially in spring could impact the presence of the seals
in the region and subsequently also impact the food availability of polar
bears in the region. The conditional probabilities of ‘seal prey avail
ability’ and ‘polar bear food abundance’ is detailed in the Supplemen
tary data document. Understanding the role of the predator in the
6
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ecosystem depends on identifying and quantifying its diet (Ryg and
Øritsland, 1991). The annual energy budget of the ringed seals was
calculated by Ryg and Øritsland (1991) and it was observed that the
food consumption rates varied seasonally. The energy requirements
calculated by Ryg and Øritsland (1991) considered the maintenance,
growth, and feeding of the offspring. The annual gross energy con
sumption of the females exceeds the energy consumption of the male
seals in the experiments. It was also observed that average energy con
sumption was three times the energy required to basal metabolic rate
(BMR). The average consumption per individual in the seal population
was calculated to be 4.6 × 109 joules gross energy per year (Ryg and
Øritsland, 1991). Assuming the 1 kg of fish to produce 810 kJoules gross
energy (Dyck and Kebreab, 2009), the quantity of fish consumption for
the seal population is estimated. This data is further used to obtain the
probabilities of the node ‘Seal prey availability’.

around 4.5% of their body weight. While the belugas around 1400 kg ate
1.2% of the body weight. Calving time for belugas could occur in late
spring or early summer. The peak of the calving season is observed to be
mid-June to early July. The information on the relationship between the
whale species and sea ice was used to develop the CPTs for the nodes
‘Adult whale spill impact’ and ‘Whale offspring spill impact’ nodes.
4. Results and discussion
4.1. Oil spill initial conditions
Sea ice is a ubiquitous geophysical feature in the Arctic region with a
crucial role in the foraging, resting, and breeding behaviors of marine
mammals. The spill scenarios were selected to reflect several possibil
ities of spill in ice infested waters, such as spill over and under thick sea
ice and spill over thin ice. The oil spill release quantities considered in
this study are 15,000, 18,000, and 40,000 t of crude oil in the polar cod
spawning areas around Svalbard Island. The results from all scenarios
are presented in the Supplementary data document. The best- and worstcase scenarios of each of the species of food web are discussed in this
section.

3.3.2.3. Polar bear. Polar bear is an apex predator in the Arctic marine
food web. Polar bears birth their cubs in winter, mostly in Decem
ber–January. Polar bears primarily prey on ringed seals and bearded
seals resting on the sea ice. Polar bears turn hyperphagic in spring when
there is plenty of young seal pups (Dyck and Kebreab, 2009). In the
regions where little to no sea ice is present in the summer, polar bears
prefer to spend the time onshore foraging for land-based food sources.
These include berries and fruits, some nesting birds and eggs, small land
animals, and river fishes in some cases (Dyck and Kebreab, 2009). The
energy requirements and budget of the polar bear with different body
masses were studied using three diets: berries, Arctic charr, and seal. The
energy budget calculations assumed that the polar bears were restricted
to land. The gross energy content from ringed seal raw blubber was
calculated to be 34,430 kJ per 1 kg. The diet (kg) required to cover the
daily energy loss was calculated for polar bears with masses varying
from 100 kg to 650 kg. The data was used to predict the probabilities in
the nodes ‘Polar bear food abundance’. A 500 kg polar bear would need
to consume 1 kg of seal blubber or 4 kg of fish to maintain its body mass
(Dyck and Kebreab, 2009). Hilderband et al. (1999) reported that
captive brown bears consumed an average of 10.8 kg of fish per day and
estimated that a polar bear of up to 650 kg would have energy surplus
and gain mass in such a scenario. The polar bear population in the
Barents Sea is estimated to be about 2644, with a 95% confidence in
terval between 1899 and 3592 (Laidre et al., 2015). The states of the
node ‘Baseline polar bear quantity’ are defined based on the population
data from the Barents Sea.

4.2. Impact on the current polar cod stock
It is reasonable to assume that a percentage of the fish stock in the
region was exposed to the spill instead of all the fish stock in the region.
The node ‘fish stock affected’ in the model has probabilities assigned
showing 99% of the probability the spill causes less than 20% of the
stock to be affected. The mortality in exposed adult cod was lowest when
the spill occurred over thick ice and for the low spill volume and was
highest when the spill occurred under the ice. However, for the given
best and worst scenarios for polar cod, the change in its population and
subsequently the increased risk was not drastic.
4.3. Recruitment stock impact
The significant factors affecting the recruitment are average fecun
dity in each female cod, mortality in egg and larval stages, and juvenile
cod mortality. The spill scenario causing the least mortality in juveniles
and eggs/larvae occurs for the spill over thick ice, and the scenario with
the highest risk is when the spill is under the ice. A variation in the
average fecundity from low (9000 eggs per female) to high (25,000 eggs
per female) causes a significant increase in the recruitment stock. Low
eggs per female resulted in lower fish stock (in million kg) than the
baseline stock, while medium fecundity resulted in increased fish stock
compared to the baseline fish stock. An average of 25,000 eggs per fe
male increases the stock from 500 million kg to 2100 million kg. Such
drastic changes in the fish have previously been reported in the region of
study. Refer to the Supplementary data document for the baseline stock
variation in the last two decades.

3.3.2.4. Whales. Three whale species, Delphinapterus leucas (Beluga
whale), Monodon monoceros (Narwhal), and Balaena mysticetus (bow
head whale), are endemic to the Arctic region all year. Beluga whales are
the most abundant whales in the Arctic waters and only they were
considered in this study (Kastelein et al., 1994). The lifespans of the
belugas range from 15 to 30 years; they attain sexual maturity at the age
of 5–7. Belugas give birth every three years on average. The habitat of
beluga whales varies seasonally. As sea ice breaks up, beluga whales
swim along the ice edges and also penetrate the leads. When the sea ice
becomes sparse or disappears during summer, belugas are found along
the coastline and in shallow waters and river estuaries. In autumn
months, they move to locations of feed in deep waters. In winter, they
prefer the sea ice areas. From mid-August, the belugas move back to the
deep waters. The belugas were observed to be in polynyas and loose
pack ice. The aerial survey also observed that the belugas preferred ice
cover of 4/10 to 8/10 concentration. Barber et al. (2001) observed that
the belugas avoided ice cover of 10/10 concentration. Belugas have the
lowest body fat content in summer. In late summer, intensive feeding
increases their blubber content. Arctic cod is the main diet of belugas
along with other fishes such as capelin and saffron cod. The amount of
food consumption depends on the sex, sexual activeness and age group
of the belugas. Kastelein et al. (1994) found belugas of about 200 kg ate

4.4. Risk to apex predators
The species in the higher trophic level are assessed for direct risk and
impact on their food abundance. The conditional probabilities for the
direct risk, given spill size, location, and season, were based on expert
opinions and assumptions. The risk from only the oil spill is termed as
the baseline risk. This case study also aims to investigate the additional
risk due to changes in the prey availability in the food web.
4.4.1. Direct risk/baseline from oil spill
4.4.1.1. Impact on whales. The baseline risk from the oil spill for whales
is presented in Table 1. The worst-case scenario for both the adult whale
species and their offspring is a high-volume spill under thick ice. The
7
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Table 1
Baseline risk from oil spill for whales.

Spill size

High

Spill

Risk to adult

Risk to whale

location

whales

offspring

Risk to polar bear

Risk to polar bear
offspring

Under
ice

Low

Under
ice

High

Over
thick ice

Low

Over
thick ice

High

Over
thin ice

Low

Over
thin ice

next worse case is a spill over thin ice. The scenario of spill over thick ice
showed the least baseline risk in the whale species. Comparing the
baseline risks in the adults and offspring shows that the predicted risk for
adult whale species for all the spill scenarios was higher. Beluga whales
are known to inhabit the areas of thin and thick ice as well. The risk from
spill over thick ice, although less compared to other scenarios, could be
due to the frequent visits to the breathing holes by whale species. As the
whale forage for food under the ice, the spill under thick ice causes the
highest exposure and, subsequently, higher risk to both the adults and
offspring.

are spill over thick ice, followed by a spill over thin ice, and finally a spill
under thick ice. It is estimated that adult polar bears would avoid the
spill over the thick ice; however, they can be exposed to a spill under the
ice due to their hunting habitat around the ice edge. It is also observed
that the polar bears prefer thick ice as habitation and hunt the seals on
thin ice floes. Based on such observations, the risk from a spill on thin ice
is predicted to be higher than a spill under the ice. The polar bear cubs
are housed in the ice caves on thick sea ice. Polar bear cubs’ behaviour in
their habitat could potentially expose them to a spill over thick sea ice.
Since the cubs do not hunt seals along the ice edge, the scenario of spill
under the ice is predicted to be of least risk.

4.4.1.2. Impact on polar bear. Direct risk assessed for adult polar bears
indicated the worst-case scenario is a high volume of spill over thin ice,
followed by a spill under thick ice, and lastly, the scenario of a spill over
thick ice. The scenarios posing a higher direct risk to polar bear offspring

4.4.2. Indirect risk from cascading effects of oil spill
The indirect risk from the synergistic effects of decreasing food
availability with the risk from oil spill exposure follows similar trends as
the direct risk discussed previously, albeit with higher risk probability.
8
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Table 2
Additional risk from cascading effects of the oil spill in food web.

Spill

Spill

Risk to adult

Risk to polar

Risk to adult

Risk to whale

location

size

polar bear

bear offspring

whales

offspring

Tier 1
Over thick

High

ice

Under ice

High

Over thin

High

ice

Tier 2
Over thick

High

ice

Under ice

High

Over thin

High

ice

Table 2 presents the risk for the high-volume crude oil spill with varying
spill locations on the sea ice. The CPTs for these outcome nodes (adult
polar bear impact, polar bear offspring impact, adult whale impact, and
whale offspring impact) are presented in the Supplementary data
document.
Using the Tier 1 of the BN toxicity model, the risk to adult and
offspring polar bear and whales was estimated to be higher than the risk
from the baseline oil spill scenario. In Tier 2 of the toxicity model, the
risk to adult and offspring apex marine species was even higher than the
risk estimated from the Tier 1 model (Table 2).
The probability of the polar bear food availability to be lower than or
up to minimum maintenance was estimated to be 54% for current stock.
The same probability was 75% for recruitment stock. Subsequent mor
tality risks to polar bear cubs were predicted to be higher in the Tier 2
recruitment model. However, the risk for the adult polar bear showed a
marginal increase in risk for the recruitment model.

4.4.3. Sensitivity analysis
The sensitivity analysis is performed using the software developed by
Bayesfusion (Bayesfusion, n.d.). The factors affecting the probability of
risk to apex predators are the presence of sea ice, season, quantity of
Arctic cod, alternate food availability, and location of the spill with
respect to sea ice. The sensitivity of the outcome nodes ‘adult whale
impact’ and ‘whale offspring impact’ shows that the nodes that have
maximum effect on the outcome are ‘whale food abundance’, ‘spill size’,
and ‘location of spill’. To further study the relationship between these
sensitive factors and risk, the BN model was set with 50% risk to target
species as evidence. The resulting changes in probabilities, i.e., posterior
probability of the sensitive nodes was back calculated by the BN model
as shown in Figs. 5 and 6.
Sensitivity analysis of the risk to the polar bears and their offspring
shows that the kind of prey availability and quantity of food availability
plays a significant role in determining risk. The location of the spill is
9
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Fig. 5. (A) The prior probabilities of sensitive nodes for polar bear; (B) posterior probabilities of sensitive nodes when the 50% of polar bear population at risk is set
as evidence.
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Fig. 6. (A) The prior probabilities of sensitive nodes for whales; (B) posterior probabilities of sensitive nodes when the 50% of whale population at risk is set
as evidence.
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also a factor in determining the total risk to polar bears. Comparing the
risk sensitivity of the apex predators shows that the food availability
node has a greater influence on the risk of polar bears than whales. This
observation further emphasizes the importance of seals availability to
polar bear survival.
To observe the sensitivity of the fish stock’s presence to the apex
predators, the node ‘stock after recruitment’ was set to 300 million
tonnes and 1900 million tonnes, and the results were compared. Lower
fish stock elicited a higher risk of mortality to polar bears. The risk
increased significantly for polar bear offspring, as presented in Table 3.

serve as a comprehensive marine risk model from an oil spill. In future,
more factors such as Arctic peoples hunting behaviors and yearly fish
catch quantities could also be included in the BN model to get a more
realistic impact on the apex marine species populations. Such studies
could help in creating measured and regulated anthropogenic activities
in this sensitive region.
Notable findings from this study are:
1. A spill at an Arctic cod spawning assemblage could lead to recruit
ment collapse in fish stock and subsequent increased risk to polar
bears and whale species.
2. The non-availability of food to apex predators or imbalance in the
food web could lead to drastic changes in the survival of polar bears
and whale species. Among the apex predators, the effect on polar
bear could be more devastating than whale species.
3. The risk to survival for whale and polar bear offspring is lower than
their adults when cascading effects in the food web are taken to
account.

5. Conclusions
This study develops an approach to quantitatively assess the com
bined effects of oil spill impacts to apex marine species and its cascading
effects on the food web. Such a comprehensive insight into the impacts
in the region could facilitate the identification of significant lower tro
phic species, and enhanced conservation methods for apex marine
predators. Arctic Council, an intergovernmental forum, addresses the
common concerns and challenges and enhances cooperation in the eight
Arctic-rim states. The strategy adopted by the Arctic Council is pub
lished as the ‘Arctic Environmental Protection Strategy’ (AEPS), a
multilateral and non-binding agreement among the eight Arctic states.
This model could contribute to the Arctic environmental protection and

Limitations of the study:
The probabilities considered for the nodes did not take gender of the
polar bears into account. The sex of polar bears determines different
exposure probabilities based on hunting cub rearing activities. The
probabilities used for various nodes were based on literature or expert

Table 3
Affect of varying fish stock on the risk to apex predators.

Fish stock

Risk to adult

Risk to polar

(million tonnes)

polar bear

bear offspring

300

700

1100

1500

1900

12

Risk to whales

Risk to whale
offspring

Marine Pollution Bulletin 166 (2021) 112164

F. Fahd et al.

opinions, however, some assumptions were also made of the conditional
probabilities in this study. The advantage of using a BN model is that
with the availability of new information, these probabilities could be
easily adjusted in the model to generate new risk probabilities in apex
predators.
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