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ABSTRACT: While mercury occurs naturally in the environment,
human activity has significantly disturbed its biogeochemical cycle.
Inorganic mercury entering aquatic systems can be transformed into
methylmercury, a strong neurotoxicant that builds up in organisms
and affects ecosystem and public health. In the Arctic, top predators
such as beluga whales, an ecologically and culturally significant
species for many Inuit communities, can contain high concentrations
of methylmercury. Historical mercury concentrations in beluga in
the western Canadian Arctic’s Beaufort Sea cannot be explained by
mercury emission trends alone; in addition, they could potentially be
driven by climate change impacts, such as rising temperatures and
sea ice melt. These changes can affect mercury bioaccumulation
through different pathways, including ecological and mercury
transport processes. In this study, we explore key drivers of mercury bioaccumulation in the Beaufort Sea beluga population
using Ecopath with Ecosim, an ecosystem modeling approach, and scenarios of environmental change informed by Western Science
and Inuvialuit Knowledge. Comparing the effect of historical sea ice cover, sea surface temperature, and freshwater discharge time
series, modeling suggests that the timing of historical increases and decreases in beluga methylmercury concentrations can be better
explained by the resulting changes to ecosystem productivity rather than by those to mercury inputs and that all three environmental
drivers could partially explain the decrease in mercury concentrations in beluga after the mid-1990s. This work highlights the value
of multiple knowledge systems and exploratory modeling methods in understanding environmental change and contaminant cycling.
Future work building on this research could inform climate change adaptation efforts and inform management decisions in the
region.
KEYWORDS: mercury, bioaccumulation, Arctic, beluga, ecosystem modeling, climate change, Beaufort Sea

1. INTRODUCTION
In the Arctic, methylmercury (MeHg) concentrations in recent
decades have changed significantly in top predators, including
beluga whales (Delphinapterus leucas).1,2 These changes have
implications for the ecosystem and Inuit communities who rely
on such species for nutritional, cultural, and economic well-
being.3,4 In the Canadian Beaufort Sea, average mercury levels
in older and larger whales of the Eastern Beaufort Sea (EBS)
beluga population, tracked in muscle and liver tissues,
significantly increased in the 1990s but declined in the
2000s.5 While changes in mercury emissions could contribute
to observed beluga MeHg concentrations, observed increases
in beluga mercury concentrations during the 1970s and 1980s
differ from most other long-term mercury trends in biota and
mercury emission trends.6 Further, Loseto et al.5 examined
mercury emissions to the atmosphere (as presented by
Muntean et al.7) in relation to beluga mercury and found

that they could not alone explain declining concentrations in
the 2000s, when mercury emissions were increasing.8 Mercury
trends in beluga may, however, be driven by the impacts of
climate change, including rising temperatures, higher fresh-
water flow from the Mackenzie River, increasing coastal
erosion, accelerating sea ice melt and permafrost thaw, and
increasing storms.9−13 To add further complexity, the EBS
beluga stock, numbering around 40,000 individuals, is
migratory, spending May to late June in the Canadian Beaufort
Sea and wintering in the Bering Sea.14 As a result, climate
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impacts on the population are not limited to the Beaufort Sea,
although that is the focus of this study.
Environmental change in the Beaufort Sea has been

monitored by researchers since the latter half of the 20th
century15,16 and by Inuvialuit (Inuit of Canada’s western
Arctic) communities for millennia.17 Rapid changes in the
Arctic have been reported, including a shifting sea ice
environment, increasing erosion and permafrost thaw, warming
sea surface temperatures, and the impact of such changes on
hunting and access to traditional foods.18,19 Indeed, from 1990
to 2013, parts of the Beaufort Sea experienced an increase in
mean surface air temperature by roughly 1 °C per decade.20
From 1979 to 2012, the Beaufort Sea also experienced
significant negative trends in sea ice concentration between
June and October, and in 2012, it became ice free for the first
time in the observational record.21 In the Canadian Subarctic,
changes have also been reported: For instance, from 1964 to
1984 in the Mackenzie Highway region, the southern limit of
the discontinuous permafrost zone, where permafrost occurs
over 50 to 90% of the land area, migrated northward by about
120 km, which coincided with a general warming trend.22

Many of these same changes can have impacts on the biotic
aspects of the ecosystem, such as microbial productivity, that
can then affect MeHg bioaccumulation in diverging ways.23

For instance, Stern et al.24 detail that climate-driven changes
such as enhanced nutrient inputs (from rivers, for example)
and higher temperatures can promote microbial activity and
thus increase methylation rates; however, other changes, such
as decreasing sea ice cover, can increase demethylation rates
via photodegradation.
While many effects of climate change on MeHg in the food

web are still unclear and highly uncertain, ecosystem modeling
can be used to explore hypotheses about how different
environmental changes might impact bioaccumulation in the
real world.25−27 These studies have highlighted that environ-
mental change-mediated shifts in mercury biogeochemical
cycles and ecosystem structure can have significant impacts on
biotic MeHg concentrations and that interpreting changes in
biotic mercury therefore requires attention to both anthro-
pogenic and environmental drivers.11 An ecosystem model that
can be used for this kind of investigation is Ecopath with
Ecosim (EwE), which layers temporal dynamics (Ecosim) on
top of a mass-balanced model (Ecopath).28 Since Ecopath’s
original inception in the 1980s29 and its subsequent develop-
ment in the 1990s,30,31 other modules have been added, such
as Ecotracer, a contaminant module that allows the user to
assess how contaminants like polychlorinated biphenyls and
MeHg flow through the food web.27,32−34 In the Canadian
Beaufort Sea, EwE has been used to better understand
ecosystem structure and function35 and climate change effects
on various species groups.36 These past applications of EwE for
the Beaufort Sea suggest that changes to the ecosystem were
driven more by reductions in sea ice and increases in sea
surface temperature (SST) compared to the harvest mortality
impact35 and that ecosystem stability (indicated by the trophic
structure) has remained relatively stable over time.36 Li et al.34

developed an Ecotracer model to simulate MeHg bioaccumu-
lation in the Canadian Beaufort Sea Shelf, which was able to
capture real-world MeHg biomagnification patterns in the food
web.
This study examines the effect of several historical

environmental change scenarios on MeHg trends over time
in the Beaufort Sea Shelf ecosystem, focusing on EBS beluga

(hereafter referred to as beluga). It aims to advance
understanding of how environmental change has affected
mercury cycling in the food web through both ecological and
mercury transport pathways using exploratory modeling with
EwE. First, we review Western Science and Inuvialuit
Knowledge literature to select three environmental drivers
for further study (freshwater discharge, sea ice cover, and SST)
and input these into EwE using time series data from 1970 to
2012 to force primary production and MeHg inputs into the
system. We then use segmented regression to examine how
modeled beluga MeHg trends compare to one another and to
observed data.

2. METHODS

2.1. Study Area
The model area is the Canadian Beaufort Sea Shelf (BSS) (Figure 1).
It is the largest North American shelf in the Arctic, though most of the

BSS is shallower than 200 m.37 The Mackenzie River, the longest river
system in Canada with the second largest drainage basin of any river
in North America (and the 13th largest in the world), flows into the
BSS.38 Importantly, the BSS is also within the homeland of the
Inuvialuit and lies in an area of the Northwest Territories recognized
today as the Inuvialuit Settlement Region (ISR), designated with the
modern land claim, the Inuvialuit Final Agreement.39 While the BSS
model area is in the Northwest Territories, the ISR itself spans both
the Northwest Territories and the North Slope of the Yukon
Territory.40 There are six Inuvialuit communities in the region:
Aklavik, Inuvik, Tuktoyaktuk, Paulatuk, Sachs Harbour, and
Ulukhaktok, which lie either directly on the BSS coastal area or
harvest from the region.
The marine ecosystem is home to several migratory mammals,

including beluga, as well as various fish species, many of which are
diadromous.37 More detail on EBS beluga biology is included in SI
Section 1. Sea ice plays an important role in the ecosystem, governing
the inflow of river water into the BSS, phytoplankton blooms, and
predation.41 Like many other regions in the Arctic, the BSS has
experienced a multitude of climate-related changes, including rising
temperatures, decreasing sea ice extent, more erratic storms and
winds, and increased coastal erosion and permafrost thaw.42

Figure 1. BSS model area, outlined in black. The stars indicate the
location of the Inuvialuit communities in the region. Note that an
additional community, Ulukhaktok, does not lie directly on the BSS
but does harvest from the region. Reprinted or adapted with
permission under a Creative Commons BY 4.0 from Hoover et al.35

Copyright 2021 The Authors.
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Mercury data in the region are available for seawater,43

producers,44 zooplankton,45 benthic species,46 many fish species,47

and ringed seals,48 but by far, the most extensive data pertain to
beluga.5 Mercury levels have been monitored in beluga for roughly
four decades via a collaborative community-based monitoring
program led by the Fisheries Joint Management Committee
(FJMC), Fisheries and Oceans Canada (DFO), and local Hunters
and Trappers Committees. The FJMC is a regional comanagement
body with members appointed by both the Inuvialuit Game Council
(IGC), a body representing Inuvialuit interests regarding wildlife and
wildlife habitat, and DFO, a department of the Canadian federal
government.39 We engaged all boards with this paper, described in
Section 2.3.

2.2. EwE and Ecotracer Model Description
EwE is a widely used trophodynamic ecosystem model that can
simulate mass and energy flows in the food web. The model uses
information on biomass, production, consumption, and mortality rate
of different species functional groups to represent a mass-balanced
ecosystem structure, in which the biomass flows into a group via
reproduction and immigration and flows out of a group via mortality
(harvest and natural) and emigration.28

EwE has previously been used to represent the BSS ecosystem in
the form of a model with a range of different functional groups in the
ecosystem, including detritus, primary producers, zooplankton, fish,
marine mammals, and birds,37 with 33 functional groups in all. While
some functional groups include multiple species, others comprise a
single species. Figure 2 shows a graphical representation of groups in
the BSS EwE model. Hoover et al.37 provided more information on
the types of organisms that comprise each functional group.
The Ecopath module within EwE represents a mass-balanced food

web at a single point in time, whereas the Ecosim module adds time
dynamics to the simulation.28 Other modules can also be used on top
of the base Ecopath food web representation to add specific layers of

capabilities. Here, we use Ecotracer for modeling contaminant
bioaccumulation, using the Ecotracer module for the BSS developed
by Li et al.,34 which itself built on the EwE model previously
developed for the BSS.37 In Ecotracer, the amount of MeHg in each
functional group is based on predator−prey interactions, direct uptake
of MeHg from seawater, internal metabolism, internal decay, and
harvest (mortality). At a steady state, intake of MeHg (eq 1) must be
equal to loss (eq 2).49

= +
=

B C Q Cintake AEi i i i
j

ji jo
prey (1)

where Co is the seawater MeHg concentration (t/km2); for group i, Bi
is the biomass (t); μi is the direct absorption rate of MeHg from water
(km2/(t year)); AEi is the assimilation efficiency (unitless). Qji is the
consumption rate (t/year) of prey j by predator i, and Cj is the MeHg
concentration in prey j (t of MeHg/t of biomass).

i

k
jjjjjjj

y

{
zzzzzzz= + + +

=

Q
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k

ik

i
i i i i i

predator (2)

where Qik is the rate of consumption (t/year) of group i due to
predation by k and Q

B
ik

i
is the fraction of group i consumed by predator

k (unitless), Hi is the mortality rate due to harvests (/year), MOi is
the natural mortality rate (/year), and Ei is the elimination rate
(/year).
In this study, we apply a version of the EwE model that was

previously parametrized for the BSS.37 To parametrize Ecotracer, we
used a version of the EwE BSS model developed by Sora et al.,36

representing the average food web structure and dynamics between
2008 and 2012. This version was created by using a balanced model
for 1970 (presented by Hoover et al.37) and running it forward in

Figure 2. Graphical representation of the functional groups in the BSS EwE model. The size of circles represents biomass of each group, lines
between circles represent flows of biomass, and the vertical axis represents the trophic level. The position on the horizontal axis is for visibility only.
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time based on a fitted Ecosim model. The Ecotracer parametrization
process was fully documented by Li et al.34

2.3. Development of Model Scenarios
Selection and development of historical environmental change
scenarios were informed by a review of Western Science1 (WS)
and Inuvialuit Knowledge2 (IK) literature. To confirm appropriate
sources of previously documented IK for use in this research, we
engaged with the IGC, FJMC, the Hunters and Trappers Committees
(HTCs) of the ISR, and the Joint Secretariat Traditional and Local
Knowledge staff. We focused on using previously documented IK
sources to reduce research fatigue and engagement burdens, as
knowledge holders in the North experience numerous and sometimes
duplicative demands for their expertise.52 In March 2022, this paper’s
lead author (E.J.G.) attended a meeting of the IGC, who
recommended that the research team verify that the HTCs from
each of the six communities in the ISR were comfortable with the
sources being drawn upon. E.J.G. then contacted each HTC and
received feedback and approval on selected sources from Aklavik
HTC via Zoom meeting in June 2022, from Paulatuk HTC via phone
call in July 2022, from Olokhaktomiut HTC via phone call in July
2022, from Sachs Harbour HTC via email in August 2022, and from
Tuktoyaktuk HTC via Zoom meeting in August 2022. E.J.G. was not
able to receive feedback from Inuvik HTC; thus, our review of sources
from that community is limited. Please note that when we use the
word “community” in this study, we are referring simply to
community representatives with whom we engaged, rather than the
entire community.
Key Inuvialuit Knowledge published sources included those from

the communities of Aklavik, Inuvik, Paulatuk, Sachs Harbour,
Tuktoyaktuk, and Ulukhaktok (e.g., refs 19 and 53−71). Meanwhile,
key WS sources included those from various scientific disciplines,
including marine ecology, mercury biogeochemistry, atmospheric
sciences, and polar ecology (e.g., refs 9, 24, 27, 41, 72−83). A table
summarizing the key environmental changes drawn from the literature
review is presented in Table S1 in the SI.
The literature review highlighted sea ice cover, SST, and freshwater

discharge as key historical changes with linkages to temporal mercury
variability in the region. For instance, in the case of sea ice, modeling
suggests that the ice volume could decline in the Arctic Ocean at a
rate of 11% per decade over the period from 1979 to 2069.85

Meanwhile, Inuvialuit communities have reported observations of
later ice freeze-up and earlier breakup, thinner ice, and more open
water in the winter.19 Sea ice melt is a central element of Arctic
ecosystems and is important for mercury cycling in several ways: For
instance, it affects net deposition and evasion of mercury,72,86

promotes primary productivity,87 and drives photodemethylation.88

SST was selected as another driver of interest because it, along with
air temperature, has been increasing over the past few decades in the
region.54 In the Beaufort Sea, warmer SSTs in the summer have led to
delayed freeze-up in the fall, along with large surface air temperature
anomalies.82 Inuvialuit communities have linked observed changes in
fish and primary producer populations to increases in water
temperature.89 In addition, higher temperatures stimulate microbial
activity, thus increasing mercury methylation.90

Finally, freshwater discharge was selected as a driver given the
important role of rivers as a source of mercury to the Arctic
Ocean.13,91 The Mackenzie River, Canada’s longest and largest river
system, empties into the Beaufort Sea.38 The Mackenzie is also the
largest source of sediment and fourth largest source of freshwater of
any Arctic river to the Arctic Ocean,92 and its flow has been variable
over the past four decades due to climate variation.93 River discharge
from the Mackenzie River transports enormous amounts of carbon,
mercury, nutrients, and heat to the BSS, affecting mercury
concentrations, biota, and sea ice cover.41 This has also been seen
in other regions. For instance, nutrient inputs can increase
phytoplankton productivity, in turn affecting mercury: A study
comparing Atlantic Ocean and Mediterranean Sea marine sites found
that lower primary producer biomass in the Mediterranean increased
mercury biomagnification, while higher primary producer biomass in

the Atlantic decreased mercury biomagnification, a phenomenon
known as biodilution.94 Similarly, a study on MeHg in black-legged
kittawakes in Svalbard, Norway found that chlorophyll a (an indicator
of primary productivity) was tightly related to MeHg.95

As sea ice cover, SST, and freshwater discharge were highlighted by
the literature review and implementable as scenarios in EwE, they
were selected as the drivers of interest for this study. We then
designed simplified model scenarios to investigate the influence of the
three selected environmental drivers of food web MeHg. The primary
aim of these exploratory scenarios was to examine biotic MeHg trends
in beluga, including the direction and timing of any changes, rather
than the absolute magnitude of the MeHg concentrations themselves.
Other groups were also examined to help understand the trends seen
in beluga.

2.4. Implementing Scenarios in EwE
We implemented historical environmental change scenarios from
1970 to 2012, beginning with a version of the BSS EwE food web
structure for the initial year (1970) and simulating changes forward.
We use this time period to compare modeled MeHg concentrations to
observed data presented by Loseto et al.,5 in which beluga MeHg
concentrations were measured until 2012. Ecotracer parameters for
the BSS model (uptake rate, elimination rate, and assimilation
efficiency) are described by Li et al.34 We adjusted the initial MeHg
concentration conditions in Ecotracer to reflect 1970 conditions, the
starting point of the simulation. We set the initial concentrations for
each group according to the concentration output from a para-
metrized model run at a steady state with the estimated 1970
environmental (i.e., water) concentration. The 1970 seawater
concentration was estimated following a methodology used by
Schartup et al.26 and used historical MeHg concentrations in the
subsurface Arctic Ocean.96 Briefly, we applied the percent change in
historical seawater MeHg concentration in 2010 compared to 197096

to back-calculate the 1970 seawater concentration based on the
seawater MeHg level in 2010 from Li et al.34 The base case Ecotracer
parametrization and inputs are summarized in Tables S2 and S3 in the
SI.
2.4.1. Scenarios. We implemented a range of scenarios

representing individual environmental drivers and change pathways
and combinations thereof. In this study, we focus on two pathways
through which these environmental change drivers could influence
beluga MeHg:1 methylmercury inputs into the ecosystem and2

primary production. Other potential pathways for change related to
these drivers, such as dietary shifts,97 are explored in Section 3.3. The
scenarios are outlined below, and the assumptions and associated
uncertainties are outlined in greater detail in Table S4 in the SI.
The three time series used as the basis for the environmental

change scenarios are sea ice cover, freshwater discharge, and SST. All
time series are on a monthly scale, from January 1970 to December
2012. Information on the time series data and their sources is
provided in brief below, with more detail in SI Section 4.
Sea ice cover and SST were both extracted from the HadISST1

global data set, which combines in situ and satellite-derived
observations.98,99 Time series data for the 1° × 1° cells contained
in the BSS model area were extracted and averaged across the model
area.37 Values for sea ice are presented as monthly average values of
sea ice concentration (0−1) at a 1° latitude−longitude (1° × 1° cells)
resolution, while values for SST are presented as monthly average
values of SST (°C) at a 1° latitude−longitude (1° × 1° cells)
resolution. We selected this data set because it provides sufficient
spatial resolution to capture variations in both sea ice extent and SST
trends between Arctic sub-basins (described by Steiner et al.100) and
used a consistent interpolation methodology across the multidecadal
study period. However, changes in data sources over this time period
(e.g., incorporation of satellite data after 1982) and more limited data
in polar regions, particularly presatellite, are noted limitations.101

More information on how both data sets were created can be found in
Rayner et al.'s work98 and in SI Section 4. The two time series have
been used in previous BSS EwE studies: by Suprenand et al.104 to fit
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the BSS EwE model and by Sora et al.36 to run historical climate
change scenarios in the same model.
Freshwater discharge was extracted from Environment Canada’s

historical hydrometric data, sampled at several stations in the
Mackenzie River near the Beaufort Sea.105 The forcing function was
created from data from the Mackenzie River (East Channel) at Inuvik.
Values for freshwater discharge are presented as monthly mean values
of freshwater discharge in m3/s. We assumed that this time series was
representative of all inflow into the Beaufort Sea, and this data input
would be better constrained with additional station data. However,
this time series, which showed an overall increasing trend, was
comparable to broader freshwater discharge trends in the region. For
instance, from 1984 to 2018, annual discharge rates from North
American basins into the Arctic Ocean showed an overall increasing
trend, though rates varied regionally.106 In addition, Rood et al.38

reported increasing annual discharge rates at several locations along
the Mackenzie River between 1940 and 2014.
Overall, freshwater discharge (m3/s) increased between 1970 to

2012 at a rate of 0.25 m3/s per month (p = 1.1 × 10−4) (see Figure
S1), assessed via the seasonal Mann−Kendall trend test and Theil−
Sen slope,102 as implemented by Hussain and Mahmud.103 Mean-
while, annual sea ice cover (% of the model area) showed no
statistically significant trend over the whole 1970 to 2012 period,
though a significant decreasing trend (−0.18% per month, p = 6.4 ×
10−4) was apparent after 2000, with sea ice cover reaching its lowest
point (0%) in 2012 (see Figure S2). Finally, SST (°C) increased
between 1970 and 2012 (p = 2.6 × 10−9, Figure S3); though with

many data points at the freezing point of seawater, this significant
trend yielded a Theil−Sen slope estimate of 0 °C/month.
In the baseline scenario, we include changes over time related to

yearly subsistence harvesting (relevant for marine mammals like
beluga) and biomass accumulation (relevant for bowhead whales,
which encountered a massive population rebound after the 1970s),37

but no other environmental forcings. The scenarios are summarized in
Table 1. The model runs and their scenario names are outlined in
Table 2.

2.4.1.1. Production Scenarios. The primary production scenarios
were implemented using Ecosim environmental response functions.
Briefly, an environmental response function relates environmental
variables in the form of forcing functions to effects on biota. The user
can define a relationship based on available data and assumptions so
that each value of the forcing function has a defined effect on the
relative foraging rate (for a consumer) or production rate (for a
producer).
We used minimum and maximum thresholds of 0.5 and 1.5 times

(respectively) the baseline level of producer biomass to make
temporal changes in production more consistent with modeled
estimates of biomass variability in the region and understandings of
producer dynamics.111 A completely linear response is often
unrealistic as there can be threshold effects in primary producer
biomass dynamics, where perturbations above and below an optimal
zone have smaller effects.112 We based the 0.5 and 1.5 thresholds on
the simulated variability in phytoplankton biomass for pelagic
producers and ice algae between 1979 and 2015 by Steiner et al.111

Table 1. Summary of Environmental Change Scenarios

environmental
change EwE scenario type implementation

increasing freshwater
discharge

primary production Pelagic producer biomass is linked to carbon and nutrient inputs, which are linked to freshwater discharge,107 with upper
and lower bounds.

mercury inputs Freshwater inputs are linked to increased MeHg inputs due to increased inorganic Hg and increased dissolved organic
carbon, increasing methylation.108 Terrestrial permafrost thaw could also contribute to increased mercury sources from
freshwater inputs.72

increasing sea ice
melt

primary production Pelagic producer biomass is linked to light availability, which is in turn linked to ice cover,109 with upper and lower bounds;
ice algae are proportional to sea ice,110 with an upper bound.

mercury inputs Sea ice cover decreases atmospheric deposition96 but also limits evasion from seawater;75 light availability, linked to ice
cover, also affects inorganic mercury redox reactions at the air water interface.84 Thus, decreases in ice cover are assumed
to decrease mercury inputs.84

increasing sea sur-
face temperature
(SST)

primary production The pelagic producer biomass production rate is linked to SST,109 with a separate effect from sea ice melt, with upper and
lower bounds.

mercury inputs SST increases the microbial activity and methylation rate of inorganic mercury to MeHg.90

multiple (e.g., SST
and freshwater
discharge)

primary production Multiple environmental drivers force pelagic producer biomass (and sympagic producer biomass, if sea ice cover is included
as a driver in the scenario).

multiple (e.g., SST
and freshwater
discharge)

mercury inputs Multiple environmental drivers force mercury inputs.

one or multiple multiple (e.g., primary
production and mer-
cury inputs)

One or multiple environmental drivers force both production and mercury inputs.

Table 2. Model Runs and Associated Scenario Names, Including Combinations of Different Environmental Driver Pathways

run scenario name

base run base run
MeHg inputs driven by freshwater discharge freshwater-MeHg
pelagic production driven by freshwater discharge freshwater-PP
pelagic production + MeHg inputs driven by freshwater discharge freshwater-combined
pelagic and sympagic production driven by sea ice cover sea ice-PP
MeHg inputs driven by sea ice cover sea ice-MeHg
pelagic and sympagic production + MeHg inputs driven by sea ice cover sea ice-combined
pelagic production driven by SST SST-PP
MeHg inputs driven by SST SST-MeHg
pelagic production + MeHg inputs driven by SST SST-combined
production driven by sea ice cover + freshwater discharge + SST PP-combined
MeHg inputs driven by sea ice cover + freshwater discharge + SST MeHg-combined
production + MeHg inputs driven by sea ice cover + freshwater discharge + SST all-combined
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We used this logic to bound the production scenarios (i.e., to set the
threshold values) for pelagic phytoplankton and ice algae so that the
functional response varies by 50% from the baseline. When we
assumed a simple linear relationship between each of the environ-
mental drivers and production, the variability of biomass was much
larger than this. Thus, in the absence of other data, we selected ±50%
as realistic thresholds of relative primary production. Each of the
production-forced scenarios, outlined below, are bounded by these
thresholds.

1. Sea Ice Cover Forces Small and Large Pelagic Producer
Biomass. Increases in pelagic producer biomass are linked to
light availability, which is in turn associated with sea ice
cover.109 We assumed that as relative sea ice cover increases
from 0.5 to 1.5, there is a corresponding proportional decrease
in the environmental response of primary production; that is, if
relative sea ice cover is 0.7 (a 30% reduction from its 1970
value), then the environmental response of relative primary
production is 1.3 (a 30% increase relative to the base level of
primary production). If sea ice cover was less than 0.5 (that is,
the relative monthly sea ice cover has experienced over a 50%
decline relative to 1970), we assumed that the environmental
response of pelagic production does not rise above 1.5;
similarly, if sea ice cover is more than 1.5 (that is, the relative
monthly sea ice cover has experienced over a 50% increase
relative to 1970), we assumed that the environmental response
of pelagic production does not fall below 0.5 (Figure S4 in the
SI).

2. Sea Ice Forces Ice Algae Biomass. Ice algae are producers
found within the sea ice, and as sea ice is necessary for at least
part of their life cycle,110 sea ice cover can be correlated with
ice algae abundance. Therefore, ice algae were assumed to have
a linear relationship with sea ice, consistent with previous EwE
modeling efforts in the BSS.37 We assumed that as relative sea
ice cover increases from 0 to 1.5, there is a corresponding
proportional increase in the environmental response of primary
production; unlike for pelagic producers, we assume that if sea
ice cover falls below 0.5, the environmental response of ice
algae production will continue to decline linearly because of
their heavy reliance on sea ice (Figure S5 in the SI).

3. Freshwater Discharge Forces Small and Large Pelagic Producer
Biomass. We assumed that more freshwater outflow from the
Mackenzie River into the Beaufort Sea increases the
production rate of small and large pelagic producers. Primary
producer growth is controlled not only by light (which
controls the timing of the blooms) but also by nutrient
availability (which controls their abundance).41 The Mack-
enzie River is an important source of heat,113 inorganic
sediment,114 and dissolved organic carbon, nutrients, and
mercury.115 We assumed that as relative freshwater discharge
increases from 0.5 to 1.5, there is a corresponding proportional
increase in the environmental response of primary production,
using the same rationale for the thresholds as previous primary
production scenarios (Figure S6 in the SI).

4. SST Forces Small and Large Pelagic Producer Biomass. We
assumed that higher SST increases the production rate of small
and large pelagic producers. As outlined by Hoover et al.,37

increases in SST have been associated with less sea ice and
higher phytoplankton biomass in the open water season.109

Declines in pelagic producer biomass have been linked to light
availability, which have the same peak and decline patterns as
SST.109 We assumed that as relative SST increases from 0.5 to
1.5, there is a corresponding proportional increase in the
environmental response of primary production (Figure S7 in
the SI).

2.4.1.2. Mercury Scenarios. The mercury (MeHg-forced) scenarios
were implemented using the environmental inflow forcing function in
Ecotracer.

1. Sea Ice Forces MeHg Base Inflow. Higher sea ice cover
decreases the amount of mercury deposited from the
atmosphere but also increases the amount of mercury in the
seawater due to decreased evasion to the atmosphere.110 Sea
ice cover, through its impacts on light availability, may also
affect reduction and oxidation of inorganic mercury (with
implications for evasion)84 and methylation.86

Following Schartup et al.,84 we assumed that as relative sea
ice cover increases, MeHg base inflow increases via the
following relationship:

+ × C1 (SI )A (3)

where SI is the percent change in sea ice cover and CA = 0.2 is
the contribution of atmospheric net deposition to the total flux
of total mercury (THg) into the Arctic Ocean.116 In the
absence of other data, we assumed that MeHg fluxes are
proportional to THg fluxes. This assumption is commonly
made in bioaccumulation modeling studies, such as that of
Schartup et al.26 Because of the diverging effects on net
deposition, there is high uncertainty in this scenario, not only
in the form but also in the direction of the relationship. We
address this uncertainty through an alternative functional form
for eq 3, discussed as a sensitivity scenario.

2. Freshwater Discharge Forces MeHg Base Inflow. Higher
freshwater discharge increases MeHg through two mecha-
nisms: increased dissolved organic carbon inputs, thus
increasing methylation,79 and increased THg inputs, thus
increasing the amount of THg available for methylation and
the amount of MeHg entering the model area.117 Permafrost
thaw can also contribute to increased mercury sources from
freshwater inputs and so is indirectly accounted for in this
scenario.72 We assumed that as relative freshwater discharge
increases, MeHg base inflow increases via the following
relationship:

+ × C1 (FW )FW (4)

where FW is the percent change in freshwater discharge and
CFW = 0.25 is an estimate of the contribution of riverine
sources to Arctic Ocean methylmercury.116 Dastoor et al.116

included glaciers and snowpack melt in this flux, which are not
as influential for the Mackenzie River. However, we used this
value as a means of also accounting for a potential pathway
through increased carbon inputs and methylation.

3. SST Forces MeHg Base Inflow through Impacts on
Methylation. We assumed that higher SST increases the net
methylation rate of THg into MeHg primarily because it
increases microbial activity.90 While SST has other potential
effects on MeHg concentrations, for instance, via its correlation
with sea ice melt (discussed above) and mercury deposition,
here, we focus just on the SST methylation pathway. Thus, we
assumed that as relative SST increases, MeHg base inflow
increases via the following relationship:

+ × C1 (SST )ME (5)

where SST is the percent change in SST and CME = 0.4 is an
estimate of the contribution of in situ methylation to the Arctic
Ocean MeHg pool.96 It should be noted that this mass balance
study focused on the Arctic Ocean as a whole, rather than the
BSS specifically; in reality, the multiplier likely depends on the
context of a particular ecosystem.

2.5. Comparative Simulation Metrics
We ran segmented regressions on both observed beluga mercury time
series and the modeled beluga MeHg time series to highlight the
overall trends and breakpoints at which the slopes change. More detail
on the regression analysis is provided in SI Section 5. We compared
the modeled MeHg time series for beluga across scenarios and to
observed mercury data. Beluga are culturally and ecologically
important to Inuvialuit communities,71 and there are extensive time
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series for beluga mercury in the Beaufort Sea;2,5 thus, beluga are the
focus of the trend analysis, though other groups were also examined to
help interpret the trends in beluga.
The observed MeHg time series data in beluga come from Loseto

et al.,5 in which the authors present temporal trends of THg in beluga
liver and muscle from 1981 to 2012. The study analyzed 379 beluga
(64 females and 315 males). As there were no significant differences
in liver THg between male and female beluga, males and females were
grouped together in the original study for the statistical analyses and
are likewise here. While Loseto et al.5 present two size groupings for
their muscle THg trends, a medium size class (380 to 420 cm) and a
large size class (above 420 cm), they also provide the mercury mean
and standard deviation across all individuals for each year, which is
what we based our segmented regression analysis on. Thus, our
presentation of observed mercury trends is not divided into age nor
size classes. This is consistent with how the beluga group is presented
in the EwE model. In addition, although the two time series (in both
the liver and muscle) show similar trends, we chose to focus the
comparison between observational data and modeled concentrations
on just the observed muscle trends, as most of the mercury in the liver
is inorganic.118 In contrast, the majority of mercury in the muscle is
MeHg, making for a better comparison to the simulated
concentrations. In addition, liver Hg has been shown to have a
much longer half-life than muscle Hg and so does not accurately
represent recent exposure.118

For comparing simulated time series against historical data, we
focused on the following metrics: the direction of trends, assessed via
the sign of the slope/linear regression coefficient; trend breakpoints,
assessed via segmented regression; and, to a lesser extent, the
magnitude of change, assessed via the magnitudes of regression
coefficients. We also use these metrics and interannual variability (via
calculating the coefficient of variation, or the variance between yearly
averages) to compare the relative effect of modeled environmental
change scenarios to each other.

3. RESULTS AND DISCUSSION
In this study, we use an EwE model of the BSS ecosystem to
explore historical drivers of MeHg bioaccumulation in the

Beaufort Sea food web, particularly in beluga. We compare the
effect of SST, sea ice cover, and freshwater discharge on
temporal trends of beluga MeHg via two pathways: ecological
(in which the environmental driver forces primary production)
and mercury transport (in which the environmental driver
forces MeHg inputs to the system). We note that results from
this study represent initial, exploratory estimates, which are
primarily focused on examining the direction of change in
MeHg rather than the magnitudes. As such, the functional
form of the relationship between the environmental driver and
MeHg concentrations is less emphasized than the direction of
the correlation. Future work should explore this in more detail.
3.1. Comparing the Influence of Different Environmental
Change Driver and Pathway Scenarios on Beluga MeHg

3.1.1. Comparing Primary Production and Mercury
Transport Pathways. We find that the same environmental
driver could yield diverging effects in simulated beluga MeHg
concentrations, depending on whether it was forcing primary
production or MeHg inputs. Figure 3 shows observed mercury
concentrations in beluga (left) and modeled concentrations
under each driver-pathway pairing (center) and combined
driver-pathway pairings (right), where drivers are freshwater
discharge, sea ice cover, and SST, and pathways are MeHg
inputs (MeHg) and net primary production (NPP, hereafter
expressed as simply PP, shorthand for primary production).
When driven by the same environmental driver, production
pathways and MeHg input pathways often led to diverging
trends in beluga MeHg. For instance, Figure 3 illustrates that
for freshwater discharge, the production pathway led to
increasing beluga MeHg concentrations until 1985 before
decreasing, while the MeHg input pathway led to the opposite
pattern: decreasing beluga MeHg until 1988 followed by an
increasing trend. Freshwater discharge decreased over the first
part of the time series, which led to declines in primary

Figure 3. Observed and modeleld beluga MeHg. Left: Observed beluga MeHg (taken from muscle), using data from Loseto et al.5 Bars represent
the standard deviation. Center: Modeled beluga MeHg under each driver-pathway pairing, where drivers are freshwater discharge, sea ice cover, and
SST, and pathways are MeHg inflow and primary production (PP). Right: Modeled beluga MeHg for combined scenarios. Combined scenarios for
drivers (freshwater, sea ice, and SST) are the combination of MeHg and primary production pathways for that driver. Combined scenarios for
pathways (MeHg and PP) are the combination of that pathway across a given environmental driver. The all-combined scenario represents the
combination of all pathways and drivers. In all plots, the black dashed line represents the significant breakpoint year (1997) in the observed data at
which point beluga MeHg concentrations began to decrease. The Y-axis scale differs between the left plot and center/right.
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production (and subsequently more MeHg bioaccumulation)
and declines in MeHg inputs. Meanwhile, over the second part
of the time series, freshwater discharge increased, driving
higher primary production (and subsequently MeHg bio-
dilution) and higher MeHg inputs. Overall, changes in MeHg
concentrations under the freshwater-MeHg scenario were
positively correlated with the freshwater discharge time series,
while changes in MeHg concentrations under the freshwater-
PP scenario were negatively correlated with the freshwater
discharge time series.
When comparing the combined effect of all three environ-

mental drivers through either the production (PP-combined,
see Table 2) or mercury transport pathway (MeHg-
combined), simulations suggest that these environmental
changes resulted in modest increases in beluga MeHg through

the transport pathway during the majority of the study period,
while the production pathway contributed more substantially
to decreases in beluga MeHg. Figure 3 (right) shows modeled
beluga concentrations for combined scenarios, for drivers
(freshwater-combined, sea ice-combined, and SST-combined)
and pathways (PP-combined and MeHg-combined). For the
MeHg-combined scenario, beluga mercury concentrations
were increasing for 35 of the 42 modeled years: 7.81 × 10−3

ppm/year from 1970 to 1979 and 4.34 × 10−3 ppm/year from
1988 to 2012 (see Table 3). In contrast, the PP-combined
scenario estimated decreasing beluga mercury concentrations
for 27 of 42 years: −3.00 × 10−3 ppm/year from 1985 to 2000
and −1.41 × 10−2 ppm/year from 2000 to 2012.
Overall, production and MeHg input pathway scenarios

exhibited similar magnitudes of the coefficients estimated in

Table 3. Segmented Regression Results (Beluga MeHg against Time) of Selected Scenario Runsa

Scenario Segment Slope estimate (ppm/yr) SE (ppm/yr) CI (2.5%) (ppm/yr) CI (97.5) (ppm/yr) BP 1 (year) BP 2 (year)

Base run 1 1.00 × 10−02 8.98 × 10−04 8.18 × 10−03 1.18 × 10−02 1975 1982
2 4.16 × 10−03 4.38 × 10−04 3.27 × 10−03 5.04 × 10−03

3 1.39 × 10−03 5.99 × 10−05 1.27 × 10−03 1.51 × 10−03

Freshwater-MeHg 1 7.81 × 10−03 8.65 × 10−04 6.06 × 10−03 9.56 × 10−03 1979 1988
2 -1.03 × 10−02 8.65 × 10−04 −1.21 × 10−02 −8.58 × 10−03

3 8.54 × 10−03 1.86 × 10−04 8.18 × 10−03 8.94 × 10−03

Freshwater-PP 1 1.67 × 10−02 9.09 × 10−04 1.49 × 10−02 1.85 × 10−02 1985 2002
2 -1.10 × 10−03 9.09 × 10−04 −2.95 × 10−03 7.41 × 10−04

3 -6.64 × 10−03 1.60 × 10−03 −9.89 × 10−03 −3.39 × 10−03

Freshwater-Combined 1 1.26 × 10−02 1.08 × 10−03 1.05 × 10−02 1.47 × 10−02 1984 1989
2 -7.99 × 10−03 4.96 × 10−03 −1.80 × 10−02 2.04 × 10−03

3 4.45 × 10−03 4.64 × 10−04 3.53 × 10−03 5.40 × 10−03

Sea Ice-PP 1 7.92 × 10−03 4.45 × 10−04 7.04 × 10−03 8.83 × 10−03 1979 1996
2 5.73 × 10−04 2.20 × 10−04 1.27 × 10−04 1.02 × 10−03

3 -2.52 × 10−03 2.01 × 10−04 −2.93 × 10−03 −2.12 × 10−03

Sea Ice-MeHg 1 8.50 × 10−03 4.85 × 10−04 7.52 × 10−03 9.49 × 10−03 1978 1994
2 1.71 × 10−03 2.25 × 10−04 1.26 × 10−03 2.17 × 10−03

3 -1.06 × 10−04 1.58 × 10−04 −4.38 × 10−04 2.14 × 10−04

Sea Ice-Combined 1 8.47 × 10−03 6.46 × 10−04 7.15 × 10−03 9.78 × 10−03 1980 1995
2 2.35 × 10−04 3.19 × 10−04 −4.02 × 10−04 8.83 × 10−04

3 -3.65 × 10−03 2.91 × 10−04 −4.38 × 10−03 −3.18 × 10−03

SST-PP 1 1.14 × 10−02 1.14 × 10−03 9.13 × 10−03 1.37 × 10−02 1977 1994
2 3.06 × 10−03 4.02 × 10−04 2.24 × 10−03 3.87 × 10−03

3 -1.37 × 10−03 3.10 × 10−04 −2.00 × 10−03 −7.41 × 10−04

SST-MeHg 1 1.00 × 10−02 1.07 × 10−03 7.88 × 10−03 1.22 × 10−02 1976 1996
2 1.70 × 10−03 2.18 × 10−04 1.26 × 10−03 2.14 × 10−03

3 5.37 × 10−03 3.06 × 10−04 4.75 × 10−03 5.99 × 10−03

SST-Combined 1 1.18 × 10−02 1.40 × 10−03 8.94 × 10−03 1.46 × 10−02 1977 NA
2 2.42 × 10−03 1.19 × 10−04 2.18 × 10−03 2.66 × 10−03

PP-Combined 1 1.65 × 10−02 7.08 × 10−04 1.50 × 10−02 1.79 × 10−02 1985 2000
2 -3.00 × 10−03 7.77 × 10−04 −4.56 × 10−03 −1.42 × 10−03

3 -1.41 × 10−02 1.09 × 10−03 −1.62 × 10−02 −1.18 × 10−02

MeHg-Combined 1 7.81 × 10−03 5.37 × 10−04 6.75 × 10−03 8.91 × 10−03 1979 1988
2 -2.74 × 10−03 4.56 × 10−04 −3.65 × 10−03 −1.79 × 10−03

3 4.34 × 10−03 1.23 × 10−04 4.09 × 10−03 4.60 × 10−03

All-Combined 1 1.51 × 10−02 8.80 × 10−04 1.34 × 10−02 1.69 × 10−02 1984 2000
2 -1.17 × 10−03 6.57 × 10−04 −2.52 × 10−03 1.57 × 10−04

3 -1.06 × 10−02 1.11 × 10−03 −1.28 × 10−02 −8.03 × 10−03

Observed Muscle 1 4.45 × 10−02 1.19 × 10−02 1.86 × 10−02 7.08 × 10−02 1997 2009
2 -4.93 × 10−02 2.19 × 10−02 −9.71 × 10−02 −1.61 × 10−03

3 9.78 × 10−02 1.20 × 10−01 −1.64 × 10−01 3.60 × 10−01

aNegative slopes are in bold. Scenarios that exhibited the same trend as the observed data�an increase in MeHg followed by a decrease�are
highlighted in light blue, while scenarios that exhibited the same trend as the observed data and at the closest breakpoint to the observed data are
highlighted in dark blue.
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the segmented regression analysis, emphasizing the importance
of considering both changes to contaminant loading and
ecosystem productivity when assessing the impacts of climate
change on bioaccumulation. The biomass in BSS lower trophic
levels also increased over time (from 1970 to 2010), largely
due to increases in primary production.36 While climate-
induced impacts on mercury loading are critical to consider,
these results suggest that additional attention to ecosystem
productivity and methylation processes, both of which are
poorly understood in the context of mercury,11 is needed to
understand historical and future climate impacts on biotic
mercury concentrations.
3.1.2. Comparing Environmental Change Driver

Scenarios. In the segmented regression analysis (Table 3),
freshwater discharge consistently led to greater magnitudes of
change in MeHg than other scenarios. The freshwater-PP
scenario exhibited the greatest rate of change (slope = 1.67 ×
10−2 ppm/year, p = 3.57 × 10−20) followed by the PP-
combined scenario, from 1970 to 1985 (slope = 1.65 × 10−2

ppm/year, p = 1.09 × 10−23), and the all-combined scenario,
from 1970 to 1984 (slope = 1.51 × 10−2 ppm/year, p = 4.42 ×
10−18). Sea ice cover, on the other hand, consistently led to
lesser magnitudes of change.
Overall, scenarios driven by freshwater discharge also

showed higher interannual variability than other drivers. For
instance, for individual MeHg scenarios, the coefficient of
variation of the MeHg concentrations under the freshwater-
MeHg scenario was 2.95, but it was 2.25 and 1.34 under the
SST-MeHg and the sea ice-MeHg scenarios, respectively. The
coefficient of variation under the individual production
scenarios followed the same order (freshwater-PP = 3.56;
SST-PP = 1.72; sea ice-PP = 1.12). Indeed, Arctic rivers have
been highlighted as an important driver of mercury in Arctic

marine ecosystems.119 The Mackenzie River dominates the
supply of inorganic sediment to the Beaufort Shelf, which has
implications not only for productivity but for mercury
inputs.108,114 In other regions of the Arctic, flooding associated
with hydroelectric development has been found to drive
increases in biotic MeHg concentrations as a result of
increasing stratification, likely an impact of increasing fresh-
water discharge and sea ice melt.80 A study in Antarctica found
that MeHg biomagnification increased at sites nearer to
freshwater inputs.120 Overall, freshwater discharge is important
to consider moving forward, particularly as a driver of primary
productivity.
3.2. Comparing Modeled Beluga MeHg Trends to
Observed Data

For comparison between observed and modeled concen-
trations, we also performed segmented regression analysis on
the observed data. Based on the segmented regression analysis
(Table 3 and Figure 4), observed THg in the beluga muscle
increased from 1981 to 1997 (slope = 4.45 × 10−2 ppm/year, p
= 2.85 × 10−3); from 1997 to 2009, it decreased at a
comparable slope (slope = −4.93 × 10−2 ppm/year, p = 2.68 ×
10−3); finally, from 2009 to 2012, it increased again. However,
this increase was not significant (slope = 9.78 × 10−2 ppm/
year, p = 0.25). Thus, to compare the observed trends against
the modeled ones, we chose to focus on the first breakpoint
year (1997), rather than the second (2009).
Several scenarios showed a first breakpoint in the 1970s

followed by a second in the 1980s or 1990s (and sometimes as
late as 2001). Below, we highlight the scenarios that showed a
breakpoint close in time to the observed breakpoint (1997)
with the same change in direction as the observed 1997
breakpoint: an increase until the breakpoint followed by a
decrease. Scenarios exhibiting this trend are highlighted in light

Figure 4. Comparison of regression coefficients from segmented regression (beluga MeHg against time) of selected scenario runs and observations.
Two breakpoints were identified in segmented regression of observed beluga MeHg concentrations, yielding three segments on the right panel, gray
bars). The regression coefficient (slope, ppm/yr) of each segment for observations and modeled scenarios is shown in bars, with standard error in
the left panel.
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blue in Table 3; those exhibiting the trend at a breakpoint
closest to that of the observed data are highlighted in dark
blue. The freshwater-PP, sea ice-PP, sea ice-MeHg, sea ice-
combined, SST-PP, PP-combined, and all-combined scenarios
exhibited this trend; these scenarios were mainly production-
driven, although all sea ice scenarios were able to replicate the
increasing and decreasing trend. When we examined the timing
of changes in the modeled trends, all scenarios had second
breakpoints between 1988 and 2001; in other words, all
scenarios had a breakpoint within 9 years of 1997. While some
MeHg-forced scenarios had breakpoints that were very close to
1997, only one of them showed a change in direction that was
consistent with the observed data: the sea ice-MeHg scenario
(BP = 1994). Two production-driven scenarios showed this
trend, with breakpoints close to 1997: the sea ice-PP scenario
(BP = 1996) and the SST-PP scenario (BP = 1994). The last
scenario to exhibit this trend was when both production and
MeHg inputs were driven by sea ice cover in the sea ice-
combined scenario (BP = 1996). Out of the four scenarios that
best matched the observed trend, three were driven by sea ice
cover. Three other scenarios showed increasing to decreasing
trends at earlier breakpoints and then a second breakpoint that
led to a sharper decrease: the freshwater-PP scenario (BP 1 =
1985, BP 2 = 2002), the PP-combined scenario (BP 1 = 1985,
BP 2 = 2000), and the all-combined scenario, in which both
production and MeHg inputs were driven by all three
environmental drivers (BP 1 = 1984, BP 2 = 2000).
Production pathway scenarios were more reflective of the

timing of observed MeHg trends in beluga than MeHg input
pathway scenarios, given that production pathway scenarios
generally exhibited increases in MeHg followed by decreases,
while MeHg input pathway scenarios typically exhibited
statistically significant increasing trends only, as shown in
Figure 3. The MeHg input pathway scenarios that reflected the
observed beluga MeHg trends were driven by sea ice cover.
Though there are limited time series data for other high

trophic species in the Beaufort Sea, some comparisons can be
made between beluga MeHg trends and those of other
predators. For instance, McKinney et al.121 observed a
decreasing trend in southern Beaufort Sea polar bear hair
THg from 2004 to 2011, which overlaps with the period of
decrease for beluga, attributed largely to changes in foraging
ecology. These changes in foraging ecology may also be linked
to some of the environmental drivers explored in this study,
such as sea ice cover. Kannan et al.122 also found a decreasing
trend in liver mercury (Hg) in polar bears in Alaska from 1993
to 2002. Liver Hg in ringed seal in the Beaufort Sea exhibited
no significant trend from 1973 to 2007,42 though muscle Hg in
Eastern Beaufort Sea seals has shown decreasing levels after
2009.2

In all, these results suggest that both production-driven
effects and changes in mercury inputs related to changes in sea
ice cover, SST, and freshwater discharge could contribute to
observed increases in beluga MeHg up until year 1997 and
decreases after 1997. In both cases, sea ice cover appears to be
an important driver of the timing of observed trends, though
freshwater discharge and SST resulted in greater magnitudes of
change. These study results highlight the importance of food
web effects but show that mercury inputs still play an
important role. Indeed, a single driver is unlikely to be the
sole cause of the changes in beluga MeHg. A 2002 workshop
pointed to the Arctic Oscillation and potential atmospheric
depletion events that might have led to increases in beluga

mercury in the 1990s, but the workshop participants could not
agree on a single driver that might be affecting beluga
mercury.123 Loseto et al.5 contemplated the Pacific Decadal
Oscillation as a possible driver, and other recent studies also
highlight the importance of Pacific-based processes as
important influences on EBS beluga.34,124 Suprenand et al.104

modeled the BSS ecosystem from 1970 to 2014 and
highlighted a potential climatological tipping point in 1993
followed by a biological tipping point in 1998, in which
biodiversity values preceding that year were significantly
different to biodiversity values after. This coincides with our
breakpoint year of 1997, when beluga mercury started to
decrease (Figure 3).
None of the modeled scenarios capture the magnitude of

change that was seen in the observed data. For instance, the
modeled scenarios that were closest to capturing the observed
magnitude of change were the freshwater-PP scenario and the
combined-PP scenario, both of which exhibited a 12.8%
increase in concentration, from 1.88 ppm in 1970 to a
maximum of 2.12 ppm in 1985 and 1987, respectively.
Meanwhile, the observed data exhibited a 98.8% increase in
concentration, from 0.82 ppm in 1981 to 1.62 ppm in 1995.
Some possible explanations are discussed below in the
Limitations and Future Work section.
3.3. Limitations and Future Work

We simulated sensitivity scenarios to assess the potential
impact of uncertainty about (1) the strength of the relationship
between environmental change drivers (freshwater discharge,
SST, and sea ice cover) and MeHg inputs and primary
production (see SI, Figures S8 and S9) and (2) the direction of
the relationship between sea ice cover and MeHg inputs, given
the uncertainty associated with the relationship between sea ice
cover and MeHg inputs84,116 (see SI, Figures S10 and S11).
More information on the sensitivity analyses is provided in SI
Section 6.
Capturing the observed magnitudes of mercury concen-

trations was challenging largely because the EwE representa-
tion of the food web does not capture certain important
dynamics, such as beluga migration into and out of the system,
and because Ecotracer is unable to capture the complexities of
the mercury cycle, such as methylation rates from inorganic
mercury to MeHg. Parameter and structural uncertainty for
this model was addressed by Li et al.,34 who showed that
MeHg concentrations in beluga were overestimated in the
model, likely because the model does not account for beluga
migration and feeding in different Arctic areas. The Bering Sea
exhibits higher productivity than the Beaufort Sea,5 which
could lead to biomass dilution of MeHg in this beluga
population’s wintering habitat. Indeed, organisms like ringed
seal, beluga, and polar bear in the Beaufort Sea have been
found to have higher concentrations of mercury than
organisms elsewhere in the Arctic,1 and common prey items
of beluga, such as Arctic cod and Pacific herring, are 2 to 2.7
times lower in the Bering Sea than in the Beaufort Sea.34

Further refinements to this study’s modeling efforts could lie in
creating multiple spatially explicit models in Ecospace to
account for the beluga stock’s migration.
To assess parameter uncertainty in the base Ecopath model,

Hoover et al.35 compared modeled trophic levels with those
derived from nitrogen stable isotope modeling and found that
EwE performed well for most groups, though performance was
worse for species groups representing broad taxonomic levels,
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groups with poorly documented diets, and anadromous fish.
Meanwhile, Suprenand et al.104 conducted sensitivity analysis
of the Ecosim model via Monte Carlo analysis, examining how
initial species group biomass estimates impacted the
ecosystem’s stability over time. They concluded that the
model was robust for temporal analysis.104 Scenario
uncertainty could have originated from data limitations and
assumptions. For instance, research has shown that the
bioavailability of dissolved mercury is higher than that of
particulate-bound mercury;79 however, there were not enough
observed data on this subject nor was there a specific
mechanism in which to model this in Ecotracer. In addition,
the environmental response functions were limited by our
understanding and measurement of sympagic and pelagic
primary production.125,126

While this study’s selected drivers can indeed explain some
aspects of the variability seen in beluga MeHg, other drivers
not examined here could also contribute to observed changes.
For instance, dietary shifts are important to consider for
changing bioaccumulation trends, especially given that the
Arctic is seeing climate-driven species invasions that often
lengthen food chains and thus have the potential to increase
bioaccumulation, particularly in apex predators.97 Beluga in the
Beaufort Sea primarily feed on Arctic cod, a species that is
highly sensitive to climate change.127 Prey item analysis in the
region indicates that decreasing consumption of Arctic cod by
beluga, and increasing consumption of another prey source,
capelin, coincided with a decline in beluga condition.127 While
we did not examine dietary shifts and their effect on beluga
mercury, we note that it should be prioritized for further study,
especially given observed declines in the Bering Sea and
possible impacts on beluga condition.124 We also recommend
that future studies prioritize erosion and permafrost thaw,
which were raised as points of concern during our meetings
with the IGC and HTCs in the ISR. Erosion has been
increasing in the region10,128 and has been shown to increase
mercury inputs to aquatic systems.129 Thawing permafrost,
too, releases nutrients and organic carbon, which can stimulate
methylmercury production, as well as primary production.130

We do not consider the impact of anthropogenic activity on
MeHg inputs to the ecosystem, though human emissions also
varied substantially during the modeled period. Estimates vary
across studies; there is debate on global emission trends
depending on the emission inventory.6 For instance, a 1970−
2008 trend analysis by Muntean et al.7 estimated that global
Hg emissions to the atmosphere increased steadily after 1970,
rising to an estimated 1287 tons in 2008, 61% higher than in
1970. In an 1850−2010 decadal trend analysis, Streets et al.131
estimated that global Hg emissions to the atmosphere
increased from approximately 1.2 Gg/year in 1970 to 1.9
Gg/year in 2010, roughly 58% higher than in 1970. They
estimated a slight decrease between 1990 and 2000 before
emissions rose again.131 Meanwhile, Streets et al.132 estimated
that global Hg releases to air, land, and water decreased slightly
from 1970 to 2010.
Further, human emissions of mercury are estimated to be a

key driver of Arctic Ocean mercury concentrations in the
future, even when compared to the impact of climate-induced
effects.84 Thus, we recommend considering the combined
impact of mercury emission scenarios and climate drivers in
future studies.

4. CONCLUSIONS
Exploratory modeling of MeHg trends in beluga, as well as in
other species in the Beaufort Sea, suggests that climate-induced
impacts on primary productivity and prey rather than mercury
inputs alone play a larger role in explaining historical MeHg
trends. Production scenarios overall were able to better
represent trends in beluga, particularly the declining trend in
MeHg after 2000, and beluga MeHg was more sensitive to
changes in freshwater discharge than any other environmental
driver. That said, all three drivers could play a role in
explaining beluga mercury over time, with sea ice cover driving
trends closest to that of observed data.
We prioritized environmental drivers based on findings from

both Western Science and Inuvialuit Knowledge. We found
that the two knowledge systems supported one another,
focusing on different yet complementary parts of the system.
We hope that this study has provided space for Inuvialuit
Knowledge in codesign and has shown the importance of
considering IK more broadly when using ecosystem models.
This research would have benefited from additional oppor-
tunities to cointerpret model outputs with Inuvialuit Knowl-
edge holders; we recommend funding opportunities to support
these activities for model-based investigations. For future work
on environmental change and contaminant cycling in the
Beaufort Sea, the FJMC recommended conducting similar
engagement with Gwich’in harvesters in the region. Environ-
mental changes in upstream territories (e.g., permafrost thaw)
can also have important implications for the BSS, which further
emphasizes the importance of wider engagement. Other
opportunities for future work could lie in studying the drivers
of the region’s primary producers, which are important for
explaining beluga MeHg trends but are also associated with
uncertainty. Understanding climate-driven impacts through the
beluga winter habitat in the Bering Sea and other Pacific
influences are also critical next steps.
This exploratory modeling exercise demonstrated that

Ecotracer is a useful tool for exploring the effects of
environmental change on contaminant cycling and bioaccu-
mulation. While not as complex as other contaminant models,
its simplicity makes it well-suited to understanding the
ecosystem processes that underlie bioaccumulation to begin
with. Future development and work with Ecotracer could
include building in methylation processes, multiple contami-
nant species, and environmental inflow forcing functions for
not only the environmental compartment but for functional
groups, too. EwE and Ecotracer could also be coupled to more
quantitative models (e.g., using primary producer biomass time
series from climate model outputs as inputs to EwE scenarios).
Additional laboratory, mesocosm, and in situ field studies, as
well as ecotoxicological tests applied to Arctic species, would
support this model development. As shown here, modeling is a
powerful tool, but it is all the more powerful when it informs
and is informed by real-world monitoring and data collection.

■ ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are openly available in Zenodo
at 10.5281/zenodo.7013095. The Ecopath with Ecosim
modeling software suite is available at https://ecopath.org/
downloads/.
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■ ADDITIONAL NOTES
1Here, we use a definition of Western Science from the
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services (IPBES): “Western Science (also called
modern science, Western scientif ic knowledge, or international
science) is used...as a broad term to refer to knowledge typically
generated in universities, research institutions, and private f irms
following paradigms and methods typically associated with the
“scientif ic method” consolidated in Post-Renaissance Europe on the
basis of wider and more ancient roots. It is typically transmitted
through scientif ic journals and scholarly books. Some of its central
tenets are observer independence, replicable f indings, systematic
scepticism, and transparent research methodologies with standard
units and categories”.50
2The Inuit Circumpolar Council defines Indigenous Knowl-
edge as “a systematic way of thinking applied to phenomena across
biological, physical, cultural, and spiritual systems. It includes
insights based on evidence acquired through direct and long-term
experiences and extensive and multigenerational observations,
lessons, and skills. It has developed over millennia and is still
developing in a living process, including knowledge acquired today
and in the future, and it is passed on from generation to
generation”.51 Here, Inuvialuit Knowledge is used to refer
specifically to knowledge from the Inuvialuit People.
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(77) Niemi, A.; Bednarsěk, N.; Michel, C.; Feely, R. A.; Williams,
W.; Azetsu-Scott, K.; Walkusz, W.; Reist, J. D. Biological Impact of

Ocean Acidification in the Canadian Arctic: Widespread Severe
Pteropod Shell Dissolution in Amundsen Gulf. Front. Mar. Sci. 2021,
8, No. 600184.
(78) Niemi, A.; Michel, C.; Hille, K.; Poulin, M. Protist Assemblages
in Winter Sea Ice: Setting the Stage for the Spring Ice Algal Bloom.
Polar Biol. 2011, 34 (12), 1803−1817.
(79) Obrist, D.; Kirk, J. L.; Zhang, L.; Sunderland, E. M.; Jiskra, M.;
Selin, N. E. A Review of Global Environmental Mercury Processes in
Response to Human and Natural Perturbations: Changes of
Emissions, Climate, and Land Use. Ambio 2018, 47 (2), 116−140.
(80) Schartup, A. T.; Balcom, P. H.; Soerensen, A. L.; Gosnell, K. J.;
Calder, R. S. D.; Mason, R. P.; Sunderland, E. M. Freshwater
Discharges Drive High Levels of Methylmercury in Arctic Marine
Biota. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (38), 11789−11794.
(81) Sora, K. J.; Wabnitz, C. C. C.; Steiner, N. S.; Sumaila, U. R.;
Hoover, C.; Niemi, A.; Loseto, L. L. L.; Giang, A.; Gillies, E.; Cheung,
W. W. L. Historical Climate Drivers and Species’ Ecological Niche in
the Beaufort Sea Shelf and Slope Food Web. ICES J. Mar. Sci. 2024,
No. fsae062, DOI: 10.1093/icesjms/fsae062.
(82) Wood, K. R.; Overland, J. E.; Salo, S. A.; Bond, N. A.; Williams,
W. J.; Dong, X. Is There a “New Normal” Climate in the Beaufort
Sea? Polar Res. 2013, 32 (1), 19552.
(83) Zhang, Y.; Yamamoto-Kawai, M.; Williams, W. J. Two Decades
of Ocean Acidification in the Surface Waters of the Beaufort Gyre,
Arctic Ocean: Effects of Sea Ice Melt and Retreat From 1997−2016.
Geophys. Res. Lett. 2020, 47 (3), No. e60119, DOI: 10.1029/
2019GL086421.
(84) Schartup, A. T.; Soerensen, A. L.; Angot, H.; Bowman, K.;
Selin, N. E. What Are the Likely Changes in Mercury Concentration
in the Arctic Atmosphere and Ocean under Future Emissions
Scenarios? Sci. Total Environ. 2022, 836, No. 155477.
(85) Long, Z.; Perrie, W. Impacts of Climate Change on Fresh
Water Content and Sea Surface Height in the Beaufort Sea. Ocean
Model. 2013, 71, 127−139.
(86) Beattie, S. A.; Armstrong, D.; Chaulk, A.; Comte, J.; Gosselin,
M.; Wang, F. Total and Methylated Mercury in Arctic Multiyear Sea
Ice. Environ. Sci. Technol. 2014, 48 (10), 5575−5582.
(87) Ji, B. Y.; Sandwith, Z. O.; Williams, W. J.; Diaconescu, O.; Ji, R.;
Li, Y.; Van Scoy, E.; Yamamoto-Kawai, M.; Zimmermann, S.; Stanley,
R. H. R. Variations in Rates of Biological Production in the Beaufort
Gyre as the Arctic Changes: Rates From 2011 to 2016. J. Geophys. Res.
Oceans 2019, 124 (6), 3628−3644.
(88) Point, D.; Sonke, J. E.; Day, R. D.; Roseneau, D. G.; Hobson, K.
A.; Vander Pol, S. S.; Moors, A. J.; Pugh, R. S.; Donard, O. F. X.;
Becker, P. R. Methylmercury Photodegradation Influenced by Sea-Ice
Cover in Arctic Marine Ecosystems. Nature Geosci. 2011, 4 (3), 188−
194.
(89) Huntington, H. P.; Quakenbush, L. T.; Nelson, M. Evaluating
the Effects of Climate Change on Indigenous Marine Mammal
Hunting in Northern and Western Alaska Using Traditional
Knowledge. Front. Mar. Sci. 2017, 4, 319.
(90) Ullrich, S. M.; Tanton, T. W.; Abdrashitova, S. A. Mercury in
the Aquatic Environment: A Review of Factors Affecting Methylation.
Crit. Rev. Environ. Sci. Technol. 2001, 31 (3), 241−293.
(91) Åkerblom, S.; Zdanowicz, C.; Campeau, A.; Soerensen, A. L.;
Hewitt, J. Spatial and Temporal Variations in Riverine Mercury in the
Mackenzie River Basin, Canada, from Community-Based Water
Quality Monitoring Data. Sci. Total Environ. 2022, 853, No. 158674.
(92) Millot, R.; Gaillardet, J.; Dupré, B.; Alleg̀re, C. J. Northern
Latitude Chemical Weathering Rates: Clues From the Mackenzie
River Basin, Canada. Geochim. Cosmochim. Acta 2003, 67 (7), 1305−
1329.
(93) Yang, D.; Shi, X.; Marsh, P. Variability and Extreme of
Mackenzie River Daily Discharge during 1973−2011. Quat. Int. 2015,
380−381, 159−168.
(94) Chouvelon, T.; Cresson, P.; Bouchoucha, M.; Brach-Papa, C.;
Bustamente, P.; Crochet, S.; Marco-Miralles, F.; Thomas, B.; Knoery,
J. Oligotrophy as a Major Driver of Mercury Bioaccumulation in

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.3c00072
ACS Environ. Au XXXX, XXX, XXX−XXX

O

https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e274528c179bf7b311b59be/1579632184779/2016-Paulatuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e274528c179bf7b311b59be/1579632184779/2016-Paulatuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e274528c179bf7b311b59be/1579632184779/2016-Paulatuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e274528c179bf7b311b59be/1579632184779/2016-Paulatuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e2f2b5058c98526e5a69f9c/1580149613890/2016-Sachs-Harbour-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e2f2b5058c98526e5a69f9c/1580149613890/2016-Sachs-Harbour-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e2f2b5058c98526e5a69f9c/1580149613890/2016-Sachs-Harbour-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e2f2b5058c98526e5a69f9c/1580149613890/2016-Sachs-Harbour-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e262a8ae3c0a94c0a8ffa4a/1579559611016/2016-Tuktoyaktuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e262a8ae3c0a94c0a8ffa4a/1579559611016/2016-Tuktoyaktuk-Community-Conservation-Plan-R.pdf
https://static1.squarespace.com/static/5e2093a7fd6f455447254aff/t/5e262a8ae3c0a94c0a8ffa4a/1579559611016/2016-Tuktoyaktuk-Community-Conservation-Plan-R.pdf
https://doi.org/10.1139/as-2017-0046
https://doi.org/10.1139/as-2017-0046
https://doi.org/10.1007/s10584-006-9064-z
https://doi.org/10.1007/s10584-006-9064-z
https://doi.org/10.1007/s10584-006-9064-z
https://doi.org/10.14430/arctic484
https://doi.org/10.14430/arctic484
https://mspace.lib.umanitoba.ca/handle/1993/1940
https://mspace.lib.umanitoba.ca/handle/1993/1940
https://doi.org/10.1139/as-2022-0016
https://doi.org/10.1139/as-2022-0016
https://doi.org/10.1139/as-2022-0016
https://doi.org/10.1139/as-2017-0034
https://doi.org/10.1139/as-2017-0034
https://doi.org/10.1139/as-2017-0034
https://doi.org/10.1016/j.scitotenv.2022.153715
https://doi.org/10.1016/j.scitotenv.2022.153715
https://doi.org/10.1021/es305071v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es305071v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4060/ca8185en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4060/ca8185en?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1242838
https://doi.org/10.1126/science.1242838
https://doi.org/10.1021/es7024388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es7024388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es7024388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmars.2021.600184
https://doi.org/10.3389/fmars.2021.600184
https://doi.org/10.3389/fmars.2021.600184
https://doi.org/10.1007/s00300-011-1059-1
https://doi.org/10.1007/s00300-011-1059-1
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1073/pnas.1505541112
https://doi.org/10.1073/pnas.1505541112
https://doi.org/10.1073/pnas.1505541112
https://doi.org/10.1093/icesjms/fsae062
https://doi.org/10.1093/icesjms/fsae062
https://doi.org/10.1093/icesjms/fsae062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3402/polar.v32i0.19552
https://doi.org/10.3402/polar.v32i0.19552
https://doi.org/10.1029/2019GL086421
https://doi.org/10.1029/2019GL086421
https://doi.org/10.1029/2019GL086421
https://doi.org/10.1029/2019GL086421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2019GL086421?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2022.155477
https://doi.org/10.1016/j.scitotenv.2022.155477
https://doi.org/10.1016/j.scitotenv.2022.155477
https://doi.org/10.1016/j.ocemod.2013.05.006
https://doi.org/10.1016/j.ocemod.2013.05.006
https://doi.org/10.1021/es5008033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es5008033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/2018JC014805
https://doi.org/10.1029/2018JC014805
https://doi.org/10.1038/ngeo1049
https://doi.org/10.1038/ngeo1049
https://doi.org/10.3389/fmars.2017.00319
https://doi.org/10.3389/fmars.2017.00319
https://doi.org/10.3389/fmars.2017.00319
https://doi.org/10.3389/fmars.2017.00319
https://doi.org/10.1080/20016491089226
https://doi.org/10.1080/20016491089226
https://doi.org/10.1016/j.scitotenv.2022.158674
https://doi.org/10.1016/j.scitotenv.2022.158674
https://doi.org/10.1016/j.scitotenv.2022.158674
https://doi.org/10.1016/S0016-7037(02)01207-3
https://doi.org/10.1016/S0016-7037(02)01207-3
https://doi.org/10.1016/S0016-7037(02)01207-3
https://doi.org/10.1016/j.quaint.2014.09.023
https://doi.org/10.1016/j.quaint.2014.09.023
https://doi.org/10.1016/j.envpol.2017.11.015
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.3c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Medium- to High-Trophic Level Consumers: A Marine Ecosystem-
Comparative Study. Environ. Pollut. 2018, 233, 844−854.
(95) Tartu, S.; Blévin, P.; Bustamante, P.; Angelier, F.; Bech, C.;
Bustnes, J. O.; Chierici, M.; Fransson, A.; Gabrielsen, G. W.; Goutte,
A.; Moe, B.; Sauser, C.; Sire, J.; Barbraud, C.; Chastel, O.; et al. A U-
Turn for Mercury Concentrations Over 20 Years: How Do
Environmental Concentrations Affect Exposure in Arctic Seabirds?
Environ. Sci. Technol. 2022, 56 (4), 2443−2454.
(96) Soerensen, A. L.; Jacob, D. J.; Schartup, A. T.; Fisher, J. A.;
Lehnherr, I.; St. Louis, V. L.; Heimbürger, L.; Sonke, J. E.;
Krabbenhoft, D. P.; Sunderland, E. M. A Mass Budget for Mercury
and Methylmercury in the Arctic Ocean. Global Biogeochem. Cycles
2016, 30 (4), 560−575.
(97) McKinney, M. A.; Chételat, J.; Burke, S. M.; Elliott, K. H.;
Fernie, K. J.; Houde, M.; Kahilainen, K. K.; Letcher, R. J.; Morris, A.
D.; Muir, D. C. G.; et al. Climate Change and Mercury in the Arctic:
Biotic Interactions. Sci. Total Environ. 2022, 834, No. 155221.
(98) Rayner, N. A.; Parker, D. E.; Horton, E. B.; Folland, C. K.;
Alexander, L. V.; Rowell, D. P.; Kent, E. C.; Kaplan, A. Global
Analyses of Sea Surface Temperature, Sea Ice, and Night Marine Air
Temperature since the Late Nineteenth Century. J. Geophys. Res.
2003, 108 (D14), 4407.
(99) Hadley Centre for Climate Prediction and Research. Met Office
HadISST1.1 - Global Sea-Ice Coverage and Sea Surface Temperature
(1870−2015); NCAS British Atmospheric Data Centre. 2006. http://
catalogue.ceda.ac.uk/uuid/facafa2ae494597166217a9121a62d3c (ac-
cessed 2024−04−23).
(100) Steiner, N.; Azetsu-Scott, K.; Hamilton, J.; Hedges, K.; Hu, X.;
Janjua, M. Y.; Lavoie, D.; Loder, J.; Melling, H.; Merzouk, A.; Perrie,
W.; Peterson, I.; Scarratt, M.; Sou, T.; Tallmann, R. Observed Trends
and Climate Projections Affecting Marine Ecosystems in the
Canadian Arctic. Environ. Rev. 2015, 23 (2), 191−239.
(101) National Center for Atmospheric Research Staff (Eds). The
Climate Data Guide: SST data: HadiSST v1.1. https://
climatedataguide.ucar.edu/climate-data/sst-data-hadisst-v11 (ac-
cessed 2024−04−22).
(102) Hirsch, R. M.; Slack, J. R.; Smith, R. A. Techniques of Trend
Analysis for Monthly Water Quality Data.Water Resour. Res. 1982, 18
(1), 107−121.
(103) Hussain, M.; Mahmud, I.; et al. J. Open Source Softw. 2019, 4
(39), 1556.
(104) Suprenand, P. M.; Ainsworth, C. H.; Hoover, C. Ecosystem
Model of the Entire Beaufort Sea Marine Ecosystem: A Temporal Tool for
Assessing Food-Web Structure and Marine Animal Populations from
1970 to 2014; Marine Science Faculty Publications, University of
South Florida. https://digitalcommons.usf.edu/msc_facpub/261 (ac-
cessed 2024−04−19).
(105) Daily Discharge and Water Level Data Availability for
Mackenzie River (East Channel) at Inuvik (10LC002). Historical
Hydrometric Data. Water Office, Environment and Climate Change
Canada. n.d. https://wateroffice.ec.gc.ca/report/data_availability_e.
html?type=historical&station=10LC002&parameter_type=
Flow+and+Level (accessed 2014−09−18).
(106) Feng, D.; Gleason, C. J.; Lin, P.; Yang, X.; Pan, M.; Ishitsuka,
Y. Recent Changes to Arctic River Discharge. Nat. Commun. 2021, 5
(7), 499−504.
(107) Terhaar, J.; Lauerwald, R.; Regnier, P.; Gruber, N.; Bopp, L.
Around One Third of Current Arctic Ocean Primary Production
Sustained By Rivers and Coastal Erosion. Nat. Commun. 2021, 12,
169.
(108) Leitch, D. R.; Carrie, J.; Lean, D.; Macdonald, R. W.; Stern, G.
A.; Wang, F. The Delivery of Mercury to the Beaufort Sea of the
Arctic Ocean by the Mackenzie River. Sci. Total Environ. 2007, 373
(1), 178−195.
(109) Brugel, S.; Nozais, C.; Poulin, M.; Tremblay, J.; Miller, L.;
Simpson, K.; Gratton, Y.; Demers, S. Phytoplankton Biomass and
Production in the Southeastern Beaufort Sea in Autumn 2002 and
2003. Mar. Ecol.: Prog. Ser. 2009, 377, 63−77.

(110) Horner, R.; Ackley, S. F.; Dieckmann, G. S.; Gulliksen, B.;
Hoshiai, T.; Legendre, L.; Melnikov, I. A.; Reeburgh, W. S.; Spindler,
M.; Sullivan, C. W. Ecology of Sea Ice Biota: 1. Habitat, Terminology,
and Methodology. Polar Biol. 1992, 12 (3−4), 417 DOI: 10.1007/
BF00243113.
(111) Steiner, N. S.; Cheung, W. W. L.; Cisneros-Montemayor, A.
M.; Drost, H.; Hayashida, H.; Hoover, C.; Lam, J.; Sou, T.; Sumaila,
U. R.; Suprenand, P.; et al. Impacts of the Changing Ocean-Sea Ice
System on the Key Forage Fish Arctic Cod (Boreogadus saida) and
Subsistence Fisheries in the Western Canadian Arctic�Evaluating
Linked Climate, Ecosystem and Economic (CEE) Models. Front. Mar.
Sci. 2019, 6, 179.
(112) Coello-Camba, A.; Agustí, S. Thermal Thresholds of
Phytoplankton Growth in Polar Waters and Their Consequences
for a Warming Polar Ocean. Front. Mar. Sci. 2017, 4, 168.
(113) Nghiem, S. V.; Hall, D. K.; Rigor, I. G.; Li, P.; Neumann, G.
Effects of Mackenzie River Discharge and Bathymetry on Sea Ice in
the Beaufort Sea. Geophys. Res. Lett. 2014, 41 (3), 873−879.
(114) Macdonald, R. W.; Solomon, S. M.; Cranston, R. E.; Welch,
H. E.; Yunker, M. B.; Gobeil, C. A Sediment and Organic Carbon
Budget for the Canadian Beaufort Shelf. Mar. Geol. 1998, 144 (4),
255−273.
(115) Mu, C.; Zhang, F.; Chen, X.; Ge, S.; Mu, M.; Jia, L.; Wu, Q.;
Zhang, T. Carbon and Mercury Export from the Arctic Rivers and
Response to Permafrost Degradation. Water Res. 2019, 161, 54−60.
(116) Dastoor, A.; Angot, H.; Bieser, J.; Christensen, J. H.; Douglas,
T. A.; Heimbürger-Boavida, L.-E.; Jiskra, M.; Mason, R. P.; McLagan,
D. S.; Obrist, D.; et al. Arctic Mercury Cycling. Nat. Rev. Earth
Environ 2022, 3 (4), 270−286.
(117) Lehnherr, I. Methylmercury Biogeochemistry: A Review with
Special Reference to Arctic Aquatic Ecosystems. Environ. Rev. 2014,
22 (3), 229−243.
(118) Ewald, J. D.; Kirk, J. L.; Li, M.; Sunderland, E. M. Organ-
Specific Differences in Mercury Speciation and Accumulation across
Ringed Seal (Phoca hispida) Life Stages. Science of The Total
Environment 2019, 650, 2013−2020.
(119) Fisher, J. A.; Jacob, D. J.; Soerensen, A. L.; Amos, H. M.;
Steffen, A.; Sunderland, E. M. Riverine Source of Arctic Ocean
Mercury Inferred from Atmospheric Observations. Nature Geosci
2012, 5 (7), 499−504.
(120) Chiang, G.; Kidd, K. A.; Díaz-Jaramillo, M.; Espejo, W.;
Bahamonde, P.; O’Driscoll, N. J.; Munkittrick, K. R. Methylmercury
Biomagnification in Coastal Aquatic Food Webs from Western
Patagonia and Western Antarctic Peninsula. Chemosphere 2021, 262,
No. 128360.
(121) McKinney, M. A.; Atwood, T. C.; Pedro, S.; Peacock, E.
Ecological Change Drives a Decline in Mercury Concentrations in
Southern Beaufort Sea Polar Bears. Environ. Sci. Technol. 2017, 51
(14), 7814−7822.
(122) Kannan, K.; Agusa, T.; Evans, T. J.; Tanabe, S. Trace Element
Concentrations in Livers of Polar Bears from Two Populations in
Northern and Western Alaska. Archiv. Environ. Contam. Toxicol. 2007,
53, 473−482.
(123) Rosenberg, D. M. Mercury in Beluga Whales in the Canadian
Beaufort Sea: Causes, Consequences, and Potential Research; Canada/
Inuvialuit Fisheries Joint Management Committee Technical Report
2003−2; Fisheries Joint Management Committee, Inuvik, NT,
Canada, 2003.
(124) MacMillan, K.; Hoover, C.; Iacozza, J.; Peyton, J.; Loseto, L.
Beluga Whale Body Condition: Evaluating Environmental Variables
on Beluga Body Condition Indicators in the Tarium Niryutait MPA,
Beaufort Sea. Arct. Sci. 2023, 9 (3), 678−688.
(125) Lee, Y. J.; Matrai, P. A.; Friedrichs, M. A. M.; Saba, V. S.;
Antoine, D.; Ardyna, M.; Asanuma, I.; Babin, M.; Bélanger, S.; Benoît-
Gagné, M.; et al. An Assessment of Phytoplankton Primary
Productivity in the Arctic Ocean from Satellite Ocean Color/in Situ
Chlorophyll- a Based Models. J. Geophys. Res. Oceans 2015, 120 (9),
6508−6541.

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.3c00072
ACS Environ. Au XXXX, XXX, XXX−XXX

P

https://doi.org/10.1016/j.envpol.2017.11.015
https://doi.org/10.1016/j.envpol.2017.11.015
https://doi.org/10.1021/acs.est.1c07633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c07633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c07633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/2015GB005280
https://doi.org/10.1002/2015GB005280
https://doi.org/10.1016/j.scitotenv.2022.155221
https://doi.org/10.1016/j.scitotenv.2022.155221
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
https://doi.org/10.1029/2002JD002670
http://catalogue.ceda.ac.uk/uuid/facafa2ae494597166217a9121a62d3c
http://catalogue.ceda.ac.uk/uuid/facafa2ae494597166217a9121a62d3c
https://doi.org/10.1139/er-2014-0066
https://doi.org/10.1139/er-2014-0066
https://doi.org/10.1139/er-2014-0066
https://climatedataguide.ucar.edu/climate-data/sst-data-hadisst-v11
https://climatedataguide.ucar.edu/climate-data/sst-data-hadisst-v11
https://doi.org/10.1029/WR018i001p00107
https://doi.org/10.1029/WR018i001p00107
https://digitalcommons.usf.edu/msc_facpub/261
https://wateroffice.ec.gc.ca/report/data_availability_e.html?type=historical&station=10LC002&parameter_type=Flow+and+Level
https://wateroffice.ec.gc.ca/report/data_availability_e.html?type=historical&station=10LC002&parameter_type=Flow+and+Level
https://wateroffice.ec.gc.ca/report/data_availability_e.html?type=historical&station=10LC002&parameter_type=Flow+and+Level
https://doi.org/10.1038/s41467-021-27228-1
https://doi.org/10.1038/s41467-020-20470-z
https://doi.org/10.1038/s41467-020-20470-z
https://doi.org/10.1016/j.scitotenv.2006.10.041
https://doi.org/10.1016/j.scitotenv.2006.10.041
https://doi.org/10.3354/meps07808
https://doi.org/10.3354/meps07808
https://doi.org/10.3354/meps07808
https://doi.org/10.1007/BF00243113
https://doi.org/10.1007/BF00243113
https://doi.org/10.1007/BF00243113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF00243113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmars.2019.00179
https://doi.org/10.3389/fmars.2019.00179
https://doi.org/10.3389/fmars.2019.00179
https://doi.org/10.3389/fmars.2019.00179
https://doi.org/10.3389/fmars.2017.00168
https://doi.org/10.3389/fmars.2017.00168
https://doi.org/10.3389/fmars.2017.00168
https://doi.org/10.1002/2013GL058956
https://doi.org/10.1002/2013GL058956
https://doi.org/10.1016/S0025-3227(97)00106-0
https://doi.org/10.1016/S0025-3227(97)00106-0
https://doi.org/10.1016/j.watres.2019.05.082
https://doi.org/10.1016/j.watres.2019.05.082
https://doi.org/10.1038/s43017-022-00269-w
https://doi.org/10.1139/er-2013-0059
https://doi.org/10.1139/er-2013-0059
https://doi.org/10.1016/j.scitotenv.2018.09.299
https://doi.org/10.1016/j.scitotenv.2018.09.299
https://doi.org/10.1016/j.scitotenv.2018.09.299
https://doi.org/10.1038/ngeo1478
https://doi.org/10.1038/ngeo1478
https://doi.org/10.1016/j.chemosphere.2020.128360
https://doi.org/10.1016/j.chemosphere.2020.128360
https://doi.org/10.1016/j.chemosphere.2020.128360
https://doi.org/10.1021/acs.est.7b00812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00812?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00244-007-0018-x
https://doi.org/10.1007/s00244-007-0018-x
https://doi.org/10.1007/s00244-007-0018-x
https://doi.org/10.1139/as-2021-0026
https://doi.org/10.1139/as-2021-0026
https://doi.org/10.1139/as-2021-0026
https://doi.org/10.1002/2015JC011018
https://doi.org/10.1002/2015JC011018
https://doi.org/10.1002/2015JC011018
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.3c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(126) Tedesco, L.; Vichi, M.; Scoccimarro, E. Sea-Ice Algal
Phenology in a Warmer Arctic. Sci. Adv. 2019, 5 (5), No. eaav483.
(127) Choy, E.; Giraldo, C.; Rosenberg, B.; Roth, J.; Ehrman, A.;
Majewski, A.; Swanson, H.; Power, M.; Reist, J.; Loseto, L. Variation
in the Diet of Beluga Whales in Response to Changes in Prey
Availability: Insights on Changes in the Beaufort Sea Ecosystem. Mar.
Ecol.: Prog. Ser. 2020, 647, 195−210.
(128) Overeem, I.; Anderson, R. S.; Wobus, C. W.; Clow, G. D.;
Urban, F. E.; Matell, N. Sea Ice Loss Enhances Wave Action at the
Arctic Coast: Sea Ice Loss Enhances Erosion. Geophys. Res. Lett. 2011,
38 (17), No. L17503, DOI: 10.1029/2011GL048681.
(129) Saniewska, D.; Bełdowska, M.; Bełdowski, J.; Jędruch, A.;
Saniewski, M.; Falkowska, L. Mercury Loads into the Sea Associated
with Extreme Flood. Environ. Pollut. 2014, 191, 93−100.
(130) MacMillan, G. A.; Girard, C.; Chételat, J.; Laurion, I.; Amyot,
M. High Methylmercury in Arctic and Subarctic Ponds Is Related to
Nutrient Levels in the Warming Eastern Canadian Arctic. Environ. Sci.
Technol. 2015, 49 (13), 7743−7753.
(131) Streets, D. G.; Devane, M. K.; Lu, Z.; Bond, T. C.;
Sunderland, E. M.; Jacob, D. J. All-Time Releases of Mercury to the
Atmosphere from Human Activities. Environ. Sci. Technol. 2011, 45
(24), 10485−10491.
(132) Streets, D. G.; Horowitz, H. M.; Jacob, D. J.; Lu, Z.; Levin, L.;
Ter Schure, A. F. H.; Sunderland, E. M. Total Mercury Released to
the Environment by Human Activities. Environ. Sci. Technol. 2017, 51
(11), 5969−5977.

ACS Environmental Au pubs.acs.org/environau Article

https://doi.org/10.1021/acsenvironau.3c00072
ACS Environ. Au XXXX, XXX, XXX−XXX

Q

https://doi.org/10.1126/sciadv.aav4830
https://doi.org/10.1126/sciadv.aav4830
https://doi.org/10.3354/meps13413
https://doi.org/10.3354/meps13413
https://doi.org/10.3354/meps13413
https://doi.org/10.1029/2011GL048681
https://doi.org/10.1029/2011GL048681
https://doi.org/10.1029/2011GL048681?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envpol.2014.04.003
https://doi.org/10.1016/j.envpol.2014.04.003
https://doi.org/10.1021/acs.est.5b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202765m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es202765m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b00451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/environau?ref=pdf
https://doi.org/10.1021/acsenvironau.3c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

