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ABSTRACT

A simulation model framework (SYMBIOSES) that includes a 3-dimensional ocean physics and biology model and a model for transport and fate of oil was
used to investigate the potential for bioaccumulation and lethal/sublethal effects of oil components in the copepod Calanus finmarchicus in the Lofoten—Vesterélen
archipelago of Norway. The oil model is coupled with the biology model by way of a bioaccumulation model, from which mortality and reduction in reproduction
are calculated via a total body burden (TBB). The simulation results indicate that copepod body burden levels are affected by the spill type (surface spill, subsea
blowout) and the spill timing (spring, autumn). The effects of oil component bioaccumulation on the copepod population for all scenarios are small, though
greatest in the subsea blowout scenarios. We attribute this to the limited spatial and temporal overlap between copepods and oil in the environment simulated
by the model. The coupling of the processes of oil transport, bioaccumulation/excretion and the associated effects are discussed in the context of the model
framework and with a view towards applications for Ecological Risk Assessment (ERA).

1. Introduction

Copepods are a ubiquitous and integral part of marine ecosystems
and food webs. In the North Atlantic, the zooplankton copepod Calanus
finmarchicus is important both as a food source for higher trophic
levels (Helaouét and Beaugrand, 2009) and as part of cycling and
vertical transport of carbon in the ocean through seasonal vertical
migration (Jénasdottir et al., 2015). Any large-scale anthropogenic
perturbation of the C. finmarchicus population may pose a risk to the
stability of the marine ecosystem. Relevant stressors include harvesting
of Calanus spp, climate change with implications for ocean warming and
acidification, and potentially also marine oil spills.

The Norwegian shelf region off the Lofoten—Vesteralen archipelago
(LoVe) (Fig. 1, archipelago within the yellow box) is an important
breeding ground for Northeast Arctic cod, whose larval stages depend
on C. finmarchicus nauplii for food (Misund and Olsen, 2013). This
region is further of great importance for the entire production in the
Arctic Ocean (AO) because a significant part of the primary and sec-
ondary production necessary to sustain the AO ecosystem is advected
past LoVe and into the Barents Sea and AO (Wassmann et al., 2019;
Vernet et al., 2019).

C. finmarchicus has a life cycle of six naupli (NI to NVI) and six
copepodite (CI to CVI) stages. Overwintering copepodites, mainly stage
CV (Conover, 1988), overwinter in deep trenches, fjords and off the
shelf. They begin an upward migration to the sea surface in late winter,
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molt into adults (CVI) and subsequently spawn. The rates of C. fin-
marchicus development depend on temperatures and food availability.
In the LoVe region the new CV stages start their descent for diapause in
early summer (Melle et al., 2014). The C. finmarchicus biomass varies
significantly from one year to another (Alver et al., 2016; Weidberg
and Basedow, 2019), and the population is heterogeneously distributed
on the LoVe shelf (Slagstad and Tande, 2007; Weidberg and Basedow,
2019).

The distribution of the C. finmarchicus population results from the
interactions between diurnal and seasonal migration patterns and a
complex oceanographic system (Fig. 2). Two major ocean current sys-
tems enter LoVe from the south: The Norwegian Coastal Current (NCC),
driven by brackish outflow from the Baltic and freshwater runoff along
the Norwegian coast, and the North Atlantic Current (NAC). The NCC
splits into two branches at around 67° N, one following the 200-
300 m depth contours (Sztre, 2007), the other one flowing along
the coast, continuing southwards along the northern side of the Vest-
fjord (Mitchelson-Jacob and Sundby, 2001). The branches meet again
outside the westernmost island group in the Lofoten archipelago. Tidal
currents push water back and forth through channels separating the
Lofoten islands, creating eddies and generating internal waves. Outside
Lofoten there are several bank regions and canyons along the slope that
further influence local circulation patterns. The narrowing of the shelf
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Fig. 1. SINMOD and OSCAR model domains used in the simulation scenarios are outlined in blue and red, respectively. The colors within the blue rectangle indicate bathymetry.
The larger rectangle with a green boundary indicates the larger 4 km model domain that generated boundary conditions for the blue model domain. The discharge point (67.7° N,
10.84° E) is indicated by a white dot. The yellow box indicates the seas around the Lofoten-Vesterdlen (LoVe) region. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

outside Vesteralen results in high current speeds in the NCC and the
NAG, leading to frontal instabilities. Eddies formed in the area transport
pockets of coastal water out into the Lofoten basin (Gascard et al., 2004;
Isachsen, 2015).

In the present paper we study the interactions between dispersal of
dissolved oil and the copepod Calanus finmarchicus using the ecosys-
tem effects model framework SYMBIOSES (Carroll et al., 2018). The
framework couples physics, biology, oil dispersal, bioaccumulation and
effects models. Processes such as oil uptake and retention, transport,
and the overlap of oil and C. finmarchicus in space and time (match—
mismatch) are considered. Different oil spill scenarios were run for a
single location on the shelf in order to contrast surface and sea bed
(blowout) releases in spring and autumn.

The key questions that we address are:

» What is the relationship between the type of discharge and the
bioaccumulation of oil components in the population of C. fin-
marchicus?

» What is the relationship between the timing of oil release and
bioaccumulation?

» How do these factors relate to the acute lethal and sub-lethal
effects of oil components bioaccumulated in copepods?

The results from the simulations are discussed in the context of the
processes resolved by the model system. They are further discussed
with a view towards the use of spatially resolved simulation results in
ecological risk assessment tools.

2. Materials and methods
2.1. SYMBIOSES model framework

The SYMBIOSES model framework is described in Carroll et al.
(2018) (and references therein). It contains several model compo-
nents: a 3D coupled hydrodynamics and lower trophic levels model
system (SINMOD) including a stage structured population model for
the copepod Calanus finmarchicus; the oil transport and fate model
OSCAR,; an individual-based model (IBM) for cod larvae; and a forward-
simulation model of fish population dynamics (Globally applicable
Area-Disaggregated General Ecosystem Toolbox (GADGET)) to simulate
cod adults and juveniles from age 1 year (Howell and Bogstad, 2010).

2.1.1. Hydrodynamics—ecosystem model

SINMOD is a coupled 3D hydrodynamic biogeochemical model
system (Slagstad and McClimans, 2005; Wassmann et al., 2006) of the
North Atlantic and Arctic Oceans (Lee et al., 2016). The hydrodynamic
model component uses z-layers, i.e. all but the top and bottom vertical
layers have fixed thicknesses. A hydrostatic approximation is applied
(the pressure at a given depth equals the sum of the atmospheric
pressure and the weight of the water above). The food-web model for
the lower trophic levels includes states for nutrients, the bacterial loop,
phytoplankton, ciliates and zooplankton, represented here by Calanus
finmarchicus.

The 4 km resolution model domain used in the present study was
nested (receiving boundary conditions) from a larger 4 km model
(Fig. 1), in turn nested from a 20 km model domain, covering the
Norwegian Sea, the Barents Sea and the Arctic (Alver et al., 2016). The
depth layers used ranged from 10 m near the surface to 500 m at greater
depths. Bathymetry data for the model was provided by the Norwegian
Mapping Authority (www.kartverket.no) with additional data from the
International Bathymetric Chart of the Arctic Ocean (www.ibcao.org).
The 20 km model was forced with tidal components M,, S,, K;, and
N, at the open boundaries with data on global ocean tides imported
from the TPXO 6.2 model (http://www.coas.orgeonstate.edu/research/
po/research/tide/global.html). Atmospheric forcing was applied us-
ing ERA-Interim data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Dee et al., 2011). Freshwater runoff
from rivers and land was supplied by the Norwegian Water Resources
and Energy Directorate (www.nve.no). The simulation time step was
360 s according to standard numerical stability criteria. The larger
4 km model from which the present model simulations were nested,
was subject to a spin up period of ~20 years prior to the simulation
start. The model has been shown to resolve the circulation dynamics
at the Norwegian Shelf off Northern Norway (Slagstad et al., 1999;
Skardhamar and Svendsen, 2005; Anon, 2011).

2.1.2. Oil dispersal and fate model

The OSCAR model simulates transport and fate of the oil spilled,
based on a Lagrangian particle formulation (Reed et al., 2004; Pan
et al., 2020). Oil is represented using 25 pseudocomponent groups
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Fig. 2. Depth integrated (entire water column) simulated biomass of C. finmarchicus in the baseline scenario (no oil effects) on March 15 (top), May 31 (middle), and August 15
(bottom). The gray curves indicate 200, 300, and 500 m isobaths. The coastline of part of Nordland county is indicated, as are the Lofoten (L) and Vesterdlen (V) archipelagos.
The main flows of the Norwegian Coastal Current (NCC) and the North Atlantic Current (NAC) are indicated. They are transport pathways into the Arctic, splitting up into a
Northern and an Eastern branch into the Barents Sea (BS). The red dot indicates the discharge point used in the oil dispersal scenarios (Table 2).

with different chemical properties, and is tracked across surface slick,
droplet and dissolved phases. Oil droplets tend to have lower bulk
density than the surrounding water, and will rise to the surface with
a speed determined by their relative density and diameter, see Eq. 4
in Rye et al. (2008), while also undergoing transport with the prevailing
currents. Dissolved oil is transported as a tracer, while surface oil
also experiences wind drag, in addition to breakup by wind-wave
action, resulting in entrained oil droplets. Subsea blowouts generate
a plume which is modeled by an integrated multiphase plume model,
accounting for bulk buoyancy and effects of entrainment (see Johansen
(2000) for details).

The pseudocomponent approach assumes that individual hydrocar-
bon constituents in a given group behave similarly (i.e., have similar
distributions and fates in the environment). Each Lagrangian oil parti-
cle contains a time-dependent amount of each pseudocomponent, and
these are transported together. Weathering processes operate on indi-
vidual pseudocomponents and include surface evaporation, biodegra-
dation and emulsification. Generally, the lighter components (e.g. Ben-
zene) evaporate, dissolve and biodegrade faster than the heavier com-
ponents (e.g. PAHs). More details of the pseudocomponent properties
are given in Reed et al. (2000), Pan et al. (2020). Current and wind forc-
ing fields are input to OSCAR, and are provided by the hydrodynamic
model through the SYMBIOSES model coupling interface (Carroll et al.,
2018).

OSCAR uses a geographical coordinate system, which is different
from the polar stereographic grid used by the circulation model. In
the present simulation, OSCAR has been set up in a 1.3 km horizontal
resolution using 30 m vertical layers between 0 and 300 m water depth
(red region in Fig. 1). The grid is used to reconstruct the concentration
fields for each pseudocomponent, in turn used by the exposure and
effect models.

2.1.3. Calanus finmarchicus model

The C. finmarchicus model is a stage structured dynamical popula-
tion model. The version used here has 29 mathematical compartments
for the physiological CI-CVI stages (Fig. 4). The physiological stage
CVI (females) is further subdivided into 12 mathematical stages. Thus,
the total number of mathematical compartments for the copepodite
stages used here is 40. In addition there is an egg compartment and 8
mathematical compartments for the nauplii stages NI-NVI. The model,
coupled with the basic food web model, has previously been applied
to studying the dispersal and direct toxic effects of produced water
in the Lofoten-Vesterélen region (Broch et al., 2013), though without
inclusion of a model for oil fate, bioaccumulation and effects.

The individual carbon content (ngindividual‘l) for each mathe-
matical level follows an exponential law:

C(j)=ebcUD j=1,...,28; C(29) = 131; @
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Fig. 3. The main model components and how they interact with one another. The main
equation connects some of the main processes to the stage-distributed C. finmarchicus
biomass C through advection and diffusion, growth, bioaccumulation and excretion, and
mortality. Here the terms “Birth" and “Mortality" include the added effects from the
bioaccumulated oil components. The body burden of component number i is denoted
by B;, while accumulation and excretion of each body burden is denoted by a; and
b;, respectively. See Table 1 for the definition of all variables and parameters used.
The absorption and attenuation with depth of the shortwave radiation depends on the
chlorophyll concentration. This affects the water temperature, so that there is two-way
coupling between the ecosystem/lower trophics and the physics modules.

(Alver et al., 2016; Carlotti et al., 1993); Fig. 4. The value of b is
recorded in Table 1. Growth rates are calculated from food availability
(ciliates and diatoms, c.f. Wassmann et al. (2006)) and temperature.
The non-diapausing copepod levels for C. finmarchicus are assumed to
be distributed in the depth range from 10 to 50 m (Conover, 1988).
The overwintering population (CV stages) is assumed to be normally
distributed with a mean depth of 800 m (¢ = 300), limited of course by
the bottom depth and the surface at the pertinent location.

Ascent from diapause is assumed to start on January 1 and continue

Marine Environmental Research 162 (2020) 105184

The details of the model, including all parameters for develop-
mental-, feeding-, and spawning rates, are provided in Slagstad (1981)
and Alver et al. (2016). In Alver et al. (2016) a partial validation, in
particular for stages CII and CIII, is also made.

2.1.4. Bioaccumulation and effects models

Bioaccumulation of oil components in the C. finmarchicus module
is handled by the Optimal Modeling for Ecotoxicological Assessment
(OMEGA) model implemented following Hendriks et al. (2001) and
described in DeHoop et al. (2016). Dilution of the body burdens (BBs)
is handled by the growth calculation in the C. finmarchicus model
and there is no transfer of oil components from phytoplankton to
C. finmarchicus. There is one internal BB for each of the 25 OSCAR
pseudocomponents (Section 2.1.2), denoted B;,i = 1,...,25, for each
mathematical C. finmarchicus level. Thus, there are individual uptake
and retention dynamics for each of the 40 x 25 BBs, depending on the
octanol-water partition coefficient (Kow) for the specific components
and the lipid content of the mathematical Calanus levels, in addition
to the internal and external concentrations and the wet weight of the
animals (Hendriks et al., 2001).

A fixed lipid content (unit: pg) for each mathematical C. finmarchicus
level has been introduced, following the equation:

L(j)=age’tl, j=1,...,28; L(29) = 65.5, @

where again j = 29 represents the 12 CVI stages. The values of the
parameters a; and b;, are recorded in Table 1. We assume the wet
weight W, used in the bioaccumulation model (OMEGA) to be

W () =10C(@), j=1,...,29. 3)

This is similar to the relation used in Coyle and Gibson (2017).

Increased mortality m and the reproduction fraction r due to the
level of the total body burden are calculated from the Total Lipid
Specific Body Burden (TBBlip) following DeLaender et al. (2011) as
follows:

gradually until April 1. Most of the copepods completing the CV stage TBBy, \"\
before August 1 are assumed to enter the overwintering population m(T'BBy;p) = log <1 +< LBB ) >Tc>cp’ “)
and start the descent, while the remaining copepods continue devel-
opment and may contribute to a second spawning cycle. After August and
1, all copepods completing the CV stage are assumed to enter the TBBy;, \” -
overwintering population. H(TBByp) = <l * <ql *"IBB > ) ®)
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Fig. 4. Relationships between mathematical compartments (1 to 29), individual weights (ugC, blue curve; equation (1)) and physiological stages (CI to CVI, indicated by different
shades of gray) in the C. finmarchicus model. The fixed lipid content of each mathematical level is also indicated (orange curve (pglipid), Eq. (2)). The parameters for the curves
are recorded in Table 1. (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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List and explanation of the main abbreviations, notation, variables and parameters used. The numerical values of certain parameters are included where relevant.

Model or subject Symbol/ Definition Numerical value References and remarks
concept and/or unit
Ocean-ecosystem-Calanus A; Abundance of C. finmarchicus ind m™2 Alver et al. (2016)
model mathematical compartment number j
C C. finmarchicus individual carbon content pg Cind™! Alver et al. (2016)
be C. finmarchicus stage-carbon relation 0.1806 stage™! Alver et al. (2016)
parameter in Eq. (1)
L C. finmarchicus individual lipid content pg lipidind™! This paper
w C. finmarchicus individual wet weight pgind~! This paper
ay C. finmarchicus stage-lipid content 0.119 pg lipidind™ This paper
relation parameter in Eq. (2)
b, C. finmarchicus stage-lipid content 0.2319 stage™" This paper
relation parameter in eq (2)
A Advection operator Wassmann et al. (2006)
D Diffusion operator Wassmann et al. (2006)
Bioaccumulation and m Added mortality due to toxicity day™ DeLaender et al. (2011) and DeHoop et al. (2016)
effects model
r Reproduction fraction due to toxicity Dimensionless DeLaender et al. (2011) and DeHoop et al. (2016)
LBB Lethal body burden 83.76 mmol (kglipid)'l DeLaender et al. (2011) and DeHoop et al. (2016)
TBB Total body burden mmol (kg lipid) ™ DeLaender et al. (2011) and DeHoop et al. (2016)
y Slope of effects curve 5.36 DeLaender et al. (2011) and DeHoop et al. (2016)
s Lethal-sublethal ratio 1.14 DeLaender et al. (2011) and DeHoop et al. (2016)
Texp Experimental exposure time 10 days DeLaender et al. (2011) and DeHoop et al. (2016)

The T BBy, is calculated following DeHoop et al. (2016) and has the
unit of mmol (kg lipid)~! in this context. Thus, the effect of the bioac-
cumulated oil components is to reduce the reproduction rate (number
of eggs laid per unit time; Alver et al. (2016)) by a fraction 1 — r.
The mortality rates were added to the basic mortality rates, e.g. those
applied when there are no effects of accumulated oil components.
The basic mortality rates lie in the range 0.025 to 0.055 d~! for the
CI to CV stages and in the range 0.013 to 0.039 d~! for the adult
females (Slagstad and Tande, 2007; Alver et al., 2016). The mortality
for the overwintering CV animals is generally low, but is increased for
animals residing in shallow waters (Alver et al., 2016). The parameter
values used in the lethal and sub lethal effects Egs. (4), (5) are recorded
in Table 1 and are based on average species sensitivity (DeHoop et al.,
2016).

For comparison between external an internal concentrations of the
oil components, we use the wet weight specific body burden for cope-
podite stages / € {LIL II, IV, V, VI} (T BB,,,) given for each horizontal
location (x, y) by:

25 lyp
YD B, YW (A (x,y)
i=1 j=[low

TBB,,(x,y) = , (6)

lup

Y WA, y)

J=low

with unit pg kg~!. Here I, and lyp denote the lower and upper math-
ematical indices of physiological stage / (Fig. 4). A (%, ) denotes the
depth integrated abundance (ind m~2) of mathematical compartment j
in horizontal position (x, y). We also calculate a total body burden for
all the stages in a position (x, y) combined:

25 29

3N B )W (A (x.5)
TBB,(x.) = —— . -

D WA, (x,5)

Jj=1

Finally, we calculate a Total Population Body Burden T'BB,,, for
a spatial region €, as the total concentration of dissolved pseudo

components in the entire population:

25 29
/ (Z 2 B W (DA, (x, y)) dm
e\o <
T8 Bpop(€2) = - 129 . 8)
/ <ZW(1>A,(x,y)>dm
e \i=Z

We similarly compute area-averages for each physiological stage.

The growth dynamics, absorption and elimination of BBs, birth and
mortality and physical advection are all linked through the equation
presented in Fig. 3. See also (DeHoop et al., 2016).

2.2. Simulations and oil release scenarios

The simulation scenarios described here were started on March 1
and August 1, 1995. These start times represent the beginning of the
spring bloom and late in the summer when biological production is
waning. The hydrodynamic and ecosystem modules were started from
pre-computed initial fields from simulations that had been run over
~20 years’ simulated time. While there may be significant local and
short-term variation in the ocean currents in the region studied here,
due to wind patterns, stratification, and topographic influences, the
direction of the two main current systems, NAC and NCC, remain the
same (Skardhamar and Svendsen, 2005). The four oil release scenarios
include both surface spills and subsea blowouts (Table 2). In addition
a baseline scenario without any oil release was run. An oil release was
initiated at the start of the simulation and lasted for 90 days in all
cases. The total simulation time was 180 days. A release duration of
90 days is considered to be a severe oil spill event, comparable to the
duration of the Deepwater Horizon (DWH) spill release. However, oil
release rates are controlled by reservoir characteristics (Carroll et al.,
2018). Based on expert knowledge of our study location, we selected
a release rate of approximately half the volume of the DWH oil spill,
or 4500 m3/d. This release rate is also the P90% oil spill release rate
estimated by the Norwegian Petroleum Directorate for this region, and
is thus representative of a “worst case" scenario. The bottom depth at
the release point is representative of the depth of the shelf around the
LoVe region (200-300 m, Fig. 2).
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Fig. 5. Global normalized mass balance of oil, showing the total relative mass of oil in a given compartment (see figure legend) over time. The different scenario parameters are
described in the text and in Table 2. The vertical, black lines indicate the time when the oil release ended.

Table 2

Summary of the most important features of the oil release scenarios simulated. A subsea
blowout is initiated at the sea bed, and generates a positively buoyant plume which
rises towards but does not reach the surface. A surface release is at the water surface,
initially forming a slick which over time is broken up into droplets and mixed into
water column by wind-waves.

Scenario A Scenario B Scenario C Scenario D
Oil type Draugen Draugen Draugen Draugen
Release type Surface Surface Blowout Blowout
Release rate (m?/d) 4500 4500 4500 4500
Release duration (days) 90 90 90 90
Release start March August March August

3. Results
3.1. Baseline C. finmarchicus distribution and temporal development

In the baseline scenario without oil release, the simulated distribu-
tion of C. finmarchicus on the Norwegian shelf followed an expected
seasonal pattern. At the beginning of the simulation period (March,
Fig. 2, top panel), the highest concentrations of C. finmarchicus were
found off the continental shelf (bottom depth > 500 m) and on the shelf
offshore Central Norway in the southern part of the model domain.
The biomass further north at this time occurred due to advection into
the region rather than local production (Wassmann et al., 2019). As
primary production and temperatures increased further north, so did
the local production of C. finmarchicus.

Later (May, Fig. 2, middle panel) there was higher biomass of C.
finmarchicus along the Nordland coast, particularly in a ribbon along
the NCC. At this time, there was a relatively high biomass on the shelf
further north, and some transport of C.finmarchicus both eastward in
the direction of the Barents Sea and northward, both routes into the
Arctic (Fig. 2). This was more pronounced in August (Fig. 2, bottom
panel). By August much of the adult population had entered diapause,
descending to greater depths in the trenches along the shelf break off
Lofoten and Vesteralen. Note that the biomass concentrations on the

shelf were relatively low compared to the concentrations outside the
shelf throughout the entire simulation period.

3.2. Oil spill patterns

The Draugen oil type contains a large fraction of lighter oil com-
ponents, resulting in a high percentage of oil removal by evaporation
according to the simulation results, as shown in mass balance Fig. 5.
The Draugen scenarios also result in a large fraction of dissolved oil
components, particularly for the subsea blowouts. A subsea blowout is
initiated at the sea bed (183 m water depth), and generates a positively
buoyant plume which rises towards but does not reach the surface;
after approximately 10 min it is trapped at 53 m depth, after which the
plume phase terminates, and oil is released to the far field where trans-
port and weathering occurs on the oil-containing individual Lagrangian
particles. Oil droplets will continue to rise towards the surface with
speeds determined by their diameter and relative density. A surface re-
lease occurs at the sea surface, initially forming a slick which over time
is broken up into droplets and mixed into water column by wind-waves.
Between 43-62 percent of discharged oil is lost through the processes
of biodegradation and evaporation combined (Fig. 5). Biodegradation
removes more oil for subsea discharges compared to surface, while
the opposite is true for evaporation. While the simulated dissolved
oil component concentrations are similar for comparable surface and
subsea scenarios, subsea discharge scenarios exhibit significantly more
dissolved oil as well as higher maximum and mean concentrations
relative to surface scenarios. The composition of dissolved oil also
differs. For surface releases, PAH-type compounds dominate while for
subsea releases, light/medium saturates dominate (data not shown).
There was greater differences in the horizontal distribution patterns of
oil between the March and August simulations than between the surface
spill and subsea blowout simulations (Table 2, Fig. 6). This difference
was caused by differing current and wind patterns between the two
simulation periods. There was some mixing southward in the March
simulations but not in the August simulations as seen from the gray
regions in Fig. 6.
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Fig. 6. Dissolved oil concentrations, summed over all pseudocomponents, and with the maximum value taken over the whole oil simulation tracking period (120 days) and depth.
A logarithmic color scale is used, showing concentration values from 1-3000 pg L~'; the gray areas indicate where oil may occur during the simulation period, below these
concentrations. The outline of the oil spill model grid is shown (dashed red line), as well as the ocean model grid (blue line), while the black-and-white circle indicates the
discharge point. The different scenario parameters are described in the text. (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. 7. Horizontal maximum of dissolved oil concentration at different depths and times, summed over all pseudocomponents. Only concentrations > 1 pgL™' are shown. The
different scenario parameters are described in the text. The end of the discharge after 90 days is indicated by the vertical red lines. The dashed, blue lines in the left panels
(March simulations, scenarios A and C) indicate the depth distribution of the C. finmarchicus copepodites during this period. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

The vertical profiles of oil concentrations (horizontal maximum)
differed more between the surface spill and subsea blowout scenarios
than between the March and August scenarios (Fig. 7).

3.3. Bioaccumulation of oil components in C. finmarchicus

The maximum 7T BB, over time (all stages combined, Eq. (7)) was
spatially distributed in a pattern similar to that for the concentrations of
oil pseudocomponents (Figs. 6 and 8). There were differences between
all four scenarios (2 release depths, 2 start times) on the one hand, and
similarities between the groupings of simulations on the other (March
vs. August, surface spill vs. subsea blowout). In the March scenario
results (Figs. 8A, C) there was a band of relatively high T BB,, outside
the shelf break that was not present in the August scenario results
(Figs. 8B, D). In the blowout scenarios (Figs. 8C, D) the regions with

the highest TBB,, were larger than in the surface release scenarios
(Figs. 8A, B).

The maximum values of the population TBBs (TBBPOP, Eq. (8)) over
time were similar in the March and August scenarios (Fig. 9), while in
the blowout scenarios the maximum T BB,,,, was almost twice as high
as in the surface release scenarios (Fig. 9). The highest values of TBByqp
were achieved in the March blowout scenario (Scenario C, Table 2)
during the period from late April to early June.

Comparing the TBB and the oil component concentrations by model
grid cells (a point-by-point Pearson correlation for the SINMOD do-
main) (Figs. 6, 8), there was no direct relation between the TBB and the
concentrations of oil components. This illustrates the combined effects
of bioaccumulation of oil components and advection of the BBs. It hints
at the importance of sampling the biota in addition to the water for
information on the severity and history of an oil spill.
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Fig. 8. Spatial plots of the time-maximum T BB,, (over all stages, Eq. (7)) in scenarios A, B, C, and D. The colors indicate the TBB in pg (kg wet weight)~'. Note the logarithmic
color scale. Only values above 10° pg (kg we weight)~! have been plotted. The gray curves indicate the 200, 300, and 500 m isobaths. The region covered is indicated by the
yellow rectangle in Fig. 1. The red dot indicates the discharge point used in the oil dispersal scenarios (Table 2). (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. 9. Top: Volume of water where oil concentration exceeds 0.1 pg L7}, integrated over the top 50 m of the water column (the oil that is available for bioaccumulation in C.
finmarchicus. Bottom: time series of oil in the total C. finmarchicus population for the year 1995 (i g oil components (kg wet weight)™!). The thick, gray curve represents the total
simulated depth and stage integrated C. finmarchicus biomass within the yellow box in Fig. 1 in the baseline (no oil) scenario. The blue curves represent the March oil release
scenarios (A, surface spill and continuous line; C, subsea blowout and dashed line), while the maroon curves represent the August scenarios (B, surface spill and continuous line;
D, subsea blowout and dashed line). See Table 2. The light blue (resp. pink) shaded region indicate the period of the March (resp. August) release scenarios. (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. 10. Time series for the total concentration of oil components (ug (kg wet weight)™!) in C. finmarchicus stages CI-CVI in scenarios A to D (Table 2). The concentration is
calculated as a spatial average over the model subdomain indicated by a yellow rectangle in Fig. 1. The simulated depth integrated average abundances of the CI-CVI stages in
the baseline (no oil) scenario are displayed in the bottom panel. The shaded blue and red regions indicate the periods of the March and August oil release, respectively. The
symbols (o, o, []) indicate some observed mean values for C. finmarchicus stage CV abundance for the region studied here. The symbols have been placed within the relevant
month, but are not from the year (1995) simulated here. o: Halvorsen et al. (2003) (average values for January-February, 2000, 2001, 2002); o: Helle (2000) (July 1989, two
different regions); [J: Melle et al. (2014) (mean values from October to February for the Salten fjord). (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

Both blowout scenarios led to a much higher average population
BB than the surface releases (Fig. 9, bottom). Although there was no
direct “local correlation” between T BBy, and external oil concentra-
tions (Fig. 9), on a larger spatial scale the larger volumes of high oil
concentrations lead to higher T BB,,s. This is consistent with Fig. 7.
In all scenarios the TBB decreased consistently after the oil release
stopped.

The stage CV copepods were present in great abundances from June
onwards (Fig. 10, bottom panel). Despite a higher lipid content they did
not stand out among the CI-CVI stages in terms of TBB (Fig. 10, top and

middle panel) in Scenarios B and D (August).
3.4. Lethal and sub lethal effects

On a population scale the effects of the oil release on C. finmarchicus
in terms of increased mortality and reduced reproduction were minor.
Mortality and reproduction reduction (m and 1 — r in Egs. (4) and (5))
reached high values near 0.5 d~! (m) and low values near 0.1d™! (1-r)
for some copepodite stages. Values of m above 10~3 occurred in 10%
of the instances where m > 0, while the median value of the same set
was 7 x 107° (supplementary figures S1 and S2).

Scenarios C and D (subsea blowouts) resulted in the highest impacts
on total mortality and reproduction. The biomass on the shelf around
the release point (shelf region within yellow box in Fig. 1) was reduced
by a fraction of 10~* to 10~3 from the baseline scenario (Fig. 11).
The impact of the oil release on the biomass peaked from early May
into early June in Scenario C and the end of September in Scenario D
(Fig. 11) and then slowly decreased. At the maximum effects, the total

biomass was 130 (resp. 160) t carbon lower in Scenario C (resp. D) than
in the baseline scenario, corresponding to a wet weight loss of about
1300 (1600) t C. finmarchicus (cf. Eq. (3)). Biomass losses due to the oil
release were considerably lower in the other scenarios (A, B).

Effects on egg production rates occur at lower TBBs than for mor-
tality (Egs. (4) and (5), supplementary Figs. S1 and S2). In general, the
effects of oil exposure on egg production were low in all scenarios.

4. Discussion

The simulation results described here indicate that there are a
number of factors interacting to potentially cause damage to the C.
finmarchicus population in the case of an oil spill or a subsea blowout.
We delve into these next when we discuss the results from each of the
results Sections 4.1-4.3 and go into some aspects of match-mismatch
between the C. finmarchicus population and the dissolved oil 4.4. A final
Section 4.5 discusses the ramification and validity of the approach in a
greater context.

4.1. Oil spill patterns

In the present case, the energetic blowout conditions generate
strong turbulence near the release point. This produces smaller oil
droplets which stay submerged and dissolve more rapidly than larger
droplets produced from wind-wave induced breakup of a surface oil
slick. A recent review provides more detail on the processes governing
oil droplet formation, and the modeling of these processes Nissanka and
Yapa (2018). In addition, the blowout plume was trapped at around
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Fig. 11. Time series for the total biomass (gray curve) of C. finmarchicus in the shelf part (depth < 500 m) of the yellow box in Fig. 1 in the baseline scenario and the differences
in total biomass between the oil release scenarios and the baseline scenarios. The red curves represent the difference in biomass between the scenario without any oil release and

Scenarios C and D (red curves; left ordinate axis) over the same region. The yellow curves represent the differences between the scenario without any oil and Scenarios A and B
(yellow curves; left ordinate axis) over the same region. The shaded blue and red regions indicate the periods of the March and August oil releases, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

60 m depth, which further promoted submerged droplets (Fig. 7). The
surface scenarios displayed variable mixing depths, caused by wind and
wave action, with the highest concentrations near the surface, and with
low oil concentrations below 50 m. In the blowout scenarios the highest
concentrations occurred near the trapping depth (60 m), with mixing
both upwards and downwards from this depth, and generally higher
concentrations.

4.2. Bioaccumulation

The highest content of oil components in the C. finmarchicus pop-
ulation in May (Fig. 9), was due mainly to the retention by stages
CIV-CVI (Fig. 10). In Scenarios B and D (August) stages CI-CIV had the
highest concentrations while the CV stages dominated the population.
The reason for this was that many of these CV copepods had reached,
or were reaching, diapause and moved towards the bottom on the shelf
(200-300 m depth) and deeper wherever possible, and thus resided
below the main oil plume (Fig. 7).

4.3. Lethal and sub lethal effect

Many aquatic organisms experience mortality at TBBs of nonpolar
organic compounds at 50 mmol (kg lipid)~! and above (Meador et al.,
2011). In the present simulations (Table 1, supplementary figures S1,
S$2) this corresponds to m = 6 x 1073, The present (dynamical) model
uses mortality rates rather than mortality (LC50 values), linked through
Eq. (4) (DeLaender et al., 2011). This means that even low TBBs lead to
some animals dying. This is justified because the number of individuals
within a single model grid cell is very large even at low concentrations,
accounting for some natural individual variation in the responses to
accumulated oil components.

The effect of the accumulated oil components on the C. finmarchicus
population (Fig. 11) was diluted after the oil release stopped. This
dilution was due to advection of the animals into and out of the shelf
part of the yellow region in Fig. 1. In Scenario D (August, subsea
blowout), the dilution started before the oil release stopped. This was
caused by the gradual descent of the overwintering CV animals under
500 m depth, and also the fact that the mortality for the overwintering
CV animals is higher in the relatively shallow waters on the shelf (c.f.
the gray curve in Fig. 11).

The main loss in biomass was connected to stage CV animals (Fig. 4)
which had the highest TBB (T BB, y) in scenario C and an increase in
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abundance coinciding with the mortality effect. In the present simula-
tions this can be linked to the relatively high lipid content (and total
weight, Fig. 4) of stage CV, with correspondingly higher bioaccumula-
tion than the other stages. The CVI stage also had high TBBs (T BB, v;)
at the end of May (Fig. 4), but the number of stage CVI copepodites
were few at this time. Thus, a combination of developmental stage,
timing of the oil release, place and properties of the animals leads to
the simulated large scale effect on the population. The effects were
most noticeable after almost three months of oil release in the March
scenarios (A, C) (Fig. 11) and after two months in the August scenarios
(B, D). CV animals were descending and entering diapause at this time
(May-June). The slow “dilution” of the mortality effects in both the
March and the August release scenarios are a consequence of the loss
of mainly CV animals that are in or entering into diapause, and the
limited potential for biological production to compensate for oil related
mortality losses during this time of the year.

The cause of the minor effects of the accumulated oil on the egg
production was a large fraction of the reproductive females (stage
CVI) being advected from the South or onto the shelf and hence were
exposed to little or no oil before producing eggs. The T BB, cy; were
relatively low and similar in both Scenarios A and C until the beginning
of May (Fig. 10).

4.4. Match-mismatch

We identify three types of match-mismatch between the oil released
and the C. finmarchicus population related to space, time, and popula-
tion structure. In some cases, a combination of two or three of these
factors operate simultaneously.

A main cause of mismatch is the physical oceanography of the
LoVe region. The NAC and the NCC systems represent natural transport
barriers along the shelf break. Because of this barrier, animals living off
the shelf will be minimally exposed to oil released from an oil discharge
point located on the shelf (here defined to be the region with bottom
depth < 500 m). However, the barrier effect caused by the interplay of
the two current systems is not the only factor that results in the limited
oil exposure of C. finmarchicus seen from the simulation results (Fig. 8).

In the simulations, the C. finmarchicus copepods occupy the water
column from 10 to 50 m depth (see also Conover (1988)). In our
surface releases (Scenarios A, B; Table 2) the highest oil concentrations
occurred in the uppermost layers, mostly above 25 m depth (Scenarios
C, D; Fig. 7), but in the subsea blowouts the maximum concentrations
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occurred mostly below 50 m depth due to plume trapping. Thus for
the subsea releases, copepods were not exposed to the highest water
concentrations of oil.

A combination of temporal, spatial and population structure mis-
match occurred in the August release scenarios (scenarios B, D). Both
the shelf and the deep trenches along the Lofoten-Vesteralen shelf
break lie a lot deeper (>200-300 m) than the main oil plume ( 25 to
100 m) in these scenarios (Fig. 7). By August, a large part of the C.
finmarchicus population and biomass is in, or is going into, diapause
and reside below the oil plume, causing limited exposure for the most
abundant stage (CV) and hence less bioaccumulation in this stage than
in the March simulations. See also (Broch et al., 2013). However, the
August subsea blowout the effect on the C. finmarchicus population is
still the most severe in terms of the absolute biomass affected (Fig. 11)
because the population is dominated by the CV stage at this time. This
suggests a potential for even more severe effects with an oil plume
positioned at greater depths.

In March and April there was a mismatch between the presence of
oil (released off Lofoten/Nordland, Fig. 1) and the main part of the C.
finmarchicus biomass (consisting of stage VI copepodites) that resides
further south at this time (Fig. 2, upper panel). However, by the end
of April, the younger calanus developed into the larger, more lipid-rich
stage CV and the relation between total C. finmarchicus biomass and the
TBB,,, was almost reciprocal (Figs. 9, 10). These, more lipid-rich CV
calanus are more prone to bioaccumulation (Hendriks et al., 2001).

An additional example of the match-mismatch effect between oil
and calanus is observed in the March blowout scenario (scenario C).
This scenario is the best example of a match between the presence
of oil and calanus on the shelf. Here we observe a (relatively) high
mortality in the CV stages. This is relevant because we expect that a
high mortality in the CV stages will propagate to an impact on the size
of the overwintering population (Fig. 11).

These examples of the interplay of temporal, spatial, and popula-
tion structure features in determining the effects of oil spills on the
population of C. finmarchicus in the LoVe region underscore that for
Ecosystem Risk Assessment it is essential to have available modeling
systems that can address complex, interacting physical and biological
features in three dimensional space and time.

4.5. Model validity and uncertainty

Full validation of the simulation results and the model system is
infeasible. However, we have assimilated and applied available scien-
tific knowledge to make the model a valid tool to support hypothesis
development. The results point towards several interesting phenomena
related to the interactions between space, time, and the demograph-
ics of the C. finmarchicus population. While more specialized models
without spatial resolution (“box model”, or 1D models) may be more
appropriate in some settings, they will necessarily produce different
results from spatial models (DeHoop et al., 2016).

4.5.1. Model resolution

The present simulations applied a coarse horizontal resolution of
4 km, a compromise to allow for longer simulation scenarios and to
cover a greater geographical region. Higher spatial resolution provides
a more ‘“dynamical" picture of e.g. the C. finmarchicus biomass and
greater spatial heterogeneity (Broch et al.,, 2013) due to better res-
olution of oceanographic features, but at the disadvantage of higher
computational cost. Even the fairly large model domain used in the
present study seems too small to fully track the oil components in the
biota.
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4.5.2. Bioaccumulation model OMEGA

The uptake of oil components in the OMEGA model is sensitive to
the lipid content of the organism (Hendriks et al., 2001). The lipid
content in C. finmarchicus is highly variable even within the same
stage in the same field sample (Bergvik et al., 2012). The values from
(Eq. (2)) correspond well with the total lipid content recorded in Falk-
Petersen et al. (2009) (10 -39 p g ind~! in the model against 20 pg
ind~! for stage CIV, 49 —79 against 40 pg ind~! for stage CV, and 66
against 85 pg ind~! for stage CVI), but not so well for the CV content
reported in McKinstry et al. (2013) (109-181 pg ind~!). OMEGA is
further sensitive to the log Kow of the oil compounds. Since the present
model uses pseudocomponents, representing groups of components,
this is another source of uncertainty.

4.5.3. Toxicity parameters

De Hoop et al. (2017) found that the calculations of the lethal effects
from the TBB of oil components (Egs. (4), (5)) in fish and crustaceans
by the OMEGA model were both over (after short time exposure) and
under (after longer time exposure) estimated. The toxicity parameter
values used here (Table 1) were based on average species sensitivi-
ties (DeHoop et al., 2016). Some of the results presented in DeHoop
et al. (2016) were based on the SYMBIOSES model system with a
slightly different oil release point and different oil composition than
the ones used here. More severe (LBB = 12.3, y = 5.36, ¢, = 1.06,
and Texp = 10 in Eq. (4)) toxicity parameters manifested themselves
in higher mortality and lower C. finmarchicus biomass than by using
the present parameters. The effects of increasing the toxicity of the oil
components were severe (up to a 80% lower biomass than the baseline)
in a single model grid cell close by the release point (for the year 2001).
The average reduction in biomass from the baseline over a greater
region (~100 x 100 km) was at most about 5%. A simulation study
with a higher resolution (800 m) model domain covering approximately
the region considered in the present paper (yellow box in Fig. 1)
revealed that “killing" all C. finmarchicus within one model grid cell (an
extreme worst-case acute effects scenario) led to a simulated decrease
in biomass in that region by 0-1% (Broch et al., 2013).

In all the simulations the mortality effects were diluted with time as
the oil release stopped and new animals were advected into the region.

4.5.4. Consequences for starvation of cod larvae and other fish species

The reduction in spawning due to the accumulated oil components
did not, on average, significantly reduce the number of eggs and nau-
plii. While cod larvae initially feed mainly on nauplii of copeods, large
phytoplankton may also be included in the diet, and later stages feed
on zooplankton copepodites; see Ottersen et al. (2014) and references
therein. Thus, the impact of the oil accumulation in C. finmarchicus on
the survival of cod larvae would have been minor. Similarly, for other
species feeding on either C. finmarchicus nauplii or copepodites, the
effects on survival would have been minor, as the maximum reduction
in C. finmarchicus biomass in Scenario C over the selected area (yellow
box in Fig. 1) was 0.05%. Due to the coarse model resolution, very
local effects could have been more severe. Effects were over all less
noticeable in spring than in summer.

4.5.5. Trophic transfer of oil components

Trophic transfer to or from C. finmarchicus were not taken into
account in the present simulations. Combined laboratory and kinetic
modeling experiments have indicated that dietary exposure to dis-
solved oil components through phytoplankton may be as important
as aqueous exposure for Acartia erythraea (Wang and Wang, 2006),
but little information on Calanus is available for oil components. Oil
component bioaccumulation may have detrimental effects on the phy-
toplankton, depending on the species (Bretherton et al., 2018). The
presence of phytoplankton and protozoa following an oil spill may
however reduce the potential for PAH bioaccumulation in zooplankton.
Protozoa may egest oil components that are subsequently excreted in
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fecal pellets (Almeda et al., 2014), thus contributing to the formation
of marine snow (Brakstad et al., 2018) and to vertical export of the oil
components.

Herring fed a C. finmarchicus diet containing up to 9x10° pg crude
oil kg WW~1 (9 times the high end of the scale in Fig. 8) showed signs of
sublethal (transcriptional) effects after 2 months’ exposure time (Olsvik
et al., 2011). Such concentrations for a similar time period seem to be
unrealistic in the present scenarios.

4.5.6. Transfer of oil components to offspring, diapause, and long term
effects

Transfer of bioaccumulated oil components to eggs has not been
considered. There are indications that this has a minor long term effect
on the nauplii (Hansen et al., 2017), with a potential for further transfer
to, e.g, cod larvae. Long term effects of oil exposure to copepodites
during diapause through winter may lead to decreased survival, re-
duced egg production in C. glacialis (Toxvard et al., 2018), and delayed
surface migration in C. finmarchicus (Skottene et al., 2019). In the
present simulations, the mortality effect is taken into account, but the
long term sublethal effects are not. Although there is a clear indication
of bioaccumulation of oil components, the present results indicate that
a surface oil spill or a subsea blowout on the shelf may have a minor
impact only due to limited vertical overlap between the dissolved oil
components and the diapausing CV stage.

5. Conclusions

We found differences in the bioaccumulation of oil components in
Calanus finmarchicus to oil spills occurring in the Lofoten-Vesterélen
archipelago with discharge type (surface or subsea blowout) and time
of spill occurrence (spring, late summer). Differences were related to
the varying degrees of overlap between oil and C. finmarchicus in space
and time. With respect to time of release, bioaccumulation was lowest
for the late summer scenarios. At this time much of the adult population
has already descended to deeper along the shelf break making them less
likely to encounter oil released from a spill. With respect to discharge
type, blowout scenarios led to higher average body burdens for the
population compared to surface scenarios. In blowouts, turbulence at
the release point leads to smaller oil droplets which stay submerged
and dissolve more rapidly than droplets produced from wind-wave
induced breakup of a surface oil slick. The highest bioaccumulation of
oil components in the zooplankton occurred for the blowout scenario
in spring.

Because the NCC and NAC are partially functioning as transport
barriers along the outer part of the Lofoten—Vesteralen archipelago,
the exchange of oil off the shelf region is limited. As a result, there
was minimal bioaccumulation of oil components in zooplankton found
in waters beyond the shelf region. For all combinations of discharge
type and time of spill occurrence, the effects of oil on egg production
and mortality on C. finmarchicus populations were minor, but with
a greater impact in the subsea blowout scenarios than in the sur-
face release scenarios. Combinations of match/mismatch mechanisms
involving spatial, temporal and population structure features of the zoo-
plankton population tend to limit the overlap of oil and C. finmarchicus
in the environment. And as a result, effects at the population level are
minor. While acute and short-term effects were found to be small, we
cannot rule out the potential for more significant long term, chronic
effects. Further knowledge combined with modeling investigations will
be needed to address how the population responds to long term, chronic
effects.
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