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• Modelling of fish early life stages 
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• Individual concentrations have high 
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A B S T R A C T   

Laboratory experiments provide knowledge of species-specific effects thresholds that are used to parameterize 
impact assessment models of oil contamination on marine ecosystems. Such experiments typically place in-
dividuals of species and life stages in tanks with different contaminant concentrations. Exposure concentrations 
are usually fixed, and the individuals experience a shock treatment being moved from clean water directly into 
contaminated water and then back to clean water. In this study, we use a coupled numerical model that simulates 
ocean currents and state, oil dispersal and fate, and early life stages of fish to quantify oil exposure histories, 
specifically addressing oil spill scenarios of high rates and long durations. By including uptake modelling we also 
investigate the potential of buffering transient high peaks in exposure. Our simulation results are the basis for a 
recommendation on the design of laboratory experiments to improve impact assessment model development and 
parameterization. We recommend an exposure profile with three main phases: i) a gradual increase in con-
centration, ii) a transient peak that is well above the subsequent level, and iii) a plateau of fixed concentration 
lasting ~3 days. In addition, a fourth phase with a slow decrease may be added.  
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1. Introduction 

Petroleum exploitation comes with the risk of accidental oil spills in 
the marine environment (Keramea et al., 2021). Furthermore, routine 
discharges of produced water containing oil components, metals, and a 
variety of proprietary synthetic compounds represent a continuous 
contamination source (Nepstad et al., 2021). Risk assessments are car-
ried out both prior to licensing for exploration drilling and during the 
development of wells (Hodson et al., 2019). A risk assessment involves 
identification of ecologically and economically valuable marine species, 
typically including early life stages (ELS) of fish, corals, invertebrates, 
seabirds and mammals, and a quantification of individual to population 
losses under various oil spill scenarios (Hjermann et al., 2007; Beyer 
et al., 2016; Langangen et al., 2017). 

Advanced numerical models can be applied to quantify the effects of 
oil exposure on species-specific stages (Carroll et al., 2018; Carroll et al., 
2022; Vikebø et al., 2015) relying on laboratory established LC50 
thresholds (Hansen et al., 2021; Sørhus et al., 2021). Uncertainties in 
these models arise from simplifications because of our limited under-
standing of processes involved, computational limitations in resolving 
relevant processes, and limited observational data needed to initialize 
and run such models. 

Combining measured individual responses studied in laboratories 
with numerical models for population effects is not straightforward. 
Hodson et al. (2019) conclude that laboratory test methods must be 
improved, particularly regarding control of exposure concentrations and 
the particle to dissolved ratio. It is, for example, inaccurate to report a 
static or semi-static exposure regime as a fixed concentration as these 
regimes result in a time-varying concentration. And even if these chal-
lenges were resolved, e.g. with methods and protocol standardization 
(Bejarano et al., 2023), the number of replicates and variations in 
exposure trials are limited. Ideally, it would be desirable to have an 
experimental design with variation in environmental variables (e.g. 
temperature and UV radiation) and timing of exposure relative to spe-
cies stage development in addition to various exposure dynamics and 
concentrations, but this would require a significant increase of labora-
tory capacity. Hence, the quantitative results from discrete exposure 
regimes available for inclusion into impact assessment models limit our 
ability to develop accurate models for varying exposure scenarios. 

A key element of an oil spill impact assessment model is consider-
ation of exposure effects. This involves uptake kinetics, effects thresh-
olds and impacts including both lethal and sub-lethal effects. Lethal 
effects are quantified as survival probability. Sub-lethal effects may be a 
diverse composition of reduced functionalities such as the ability to 
attack prey or escape predators. Because of limited experimental data, 
parameterizations of impact assessment models extrapolate observa-
tional data for other species, stages and exposure scenarios. Carroll et al. 
(2018, 2022) is one example of this presenting a parameterization of a 
Dynamic Energy Budget model (Kooijman and Kooijman, 2010). In 
addition, the basis for most parameter sets is exposure of individuals to 
fixed oil concentrations and time durations, despite that the exposure an 
individual experiences during an oil spill may be highly dynamic. Here, 
we therefore aim at quantifying typical individual exposure histories, 
specifically for oil spill scenarios with high rates and long durations. 
Such spills are not frequent but have occurred (Deepwater Horizon 
(Incardona and Scholz, 2018; National Academies of Sciences, E. a. M, 
2020)) and should be considered in a risk assessment. It is known that oil 
in the ocean is quickly diluted and biodegraded (Lee et al., 2013; 
Bejarano et al., 2014; Nedwed et al., 2021), but large continuous spills 
may lead to extended periods of high concentrations. The results will 
contribute to an informed design of laboratory exposure trials that are 
more relevant to field exposure experienced by individuals during a 
large oil spill. This could also improve knowledge of uptake kinetics for 
dynamic exposures, where observations are scarce. 

Specifically, we address the following questions and discuss the re-
sults in the context of how to design relevant laboratory exposures for 

use in risk assessments of large oil spills:  

i. What is the typical temporal exposure of fish ELS to oil under this oil 
spill scenario?  

ii. How is the estimated impact of oil exposure on fish ELS affected by 
uptake kinetics? 

To address these questions, we run a large oil spill scenario with a 
coupled model system described in Carroll et al. (2018, 2022) including 
model components for the ocean, oil spill and fate, and fish ELS. Note 
that caution is required when drawing conclusions based on numerical 
replicates of reality, where especially small-scale processes are typically 
not resolved by the spatial and temporal model resolution. 

2. Materials and methods 

We simulated an exposure scenario where ELS of Northeast Arctic 
cod (NEA cod, Gadus morhua) experience a large oil release in the 
Lofoten area of northern Norway during their spawning season. The 
focus is on the dynamic exposure characteristics during the early life 
stages to support a discussion on experimental exposure design. More 
specifically, we focus on the water concentrations of dissolved total 
polycyclic aromatic hydrocarbon (TPAH) as this is a commonly reported 
quantity from oil exposure experiments (Hodson, 2017). Toxicity varies 
between various PAHs (Hodson, 2017; Carls and Meador, 2009), but 
water concentration of TPAH correlates well with toxicity of TPAH and 
is a good proxy for oil induced toxicity (Hodson, 2017; Aranguren- 
Abadía et al., 2022; Sørhus et al., 2023). 

Observations of body burden in Aranguren-Abadía et al. (2022) were 
compared to modelled uptake kinetics to evaluate if the model enables 
us to assess the potential of kinetics to buffer transient peaks in expo-
sure. This was done by reproducing the lab exposure with models using 
two different parameterizations and is relevant since harmful internal 
concentrations are caused by interaction between exposure and uptake. 

2.1. Scenario 

Oil is released in the Lofoten region of northern Norway concurrent 
with the spawning season of NEA cod. The release site is at 10.841 E, 
67.700 N (Fig. 1), the same as used in Carroll et al. (2018, 2022). The 
scenario is a surface release of 4500 m3/day with the Balder oil blend for 
90 days starting on March 1st, which is also the start date for the cod 
spawning in the model. The simulation runs for 45 days after the release, 
giving a simulation period of 135 days from Mar 1st until July 14th in 
2001. The year was chosen as this is the scenario in Carroll et al. (2018) 
with the highest oil induced cod ELS mortality. Note that we do not 
weight our results by empiric spawning intensity. This is because our 
focus is on the dynamic features of ELS exposure and uptake, and not on 
assessing the scenario-specific population impact. 

2.2. Model system 

The data is simulated using the SYMBIOSES coupled model (Carroll 
et al., 2018; Carroll et al., 2022) consisting of five modules; an ocean 
model, an oil spill and fate model, a multi-species fish ELS model, a 
C. finmarchicus full life cycle model and a multi-species fish population 
model (latter two not considered in this study). All modules are mature 
and well tested as described below. In the classification system of 
French-McCay et al. (2023) for aquatic toxicity models, SYMBIOSES is a 
Model Tier 5 with the capability to calculate population effects based on 
individual exposure histories. Fig. 1 (left panel) shows the model do-
mains and the spawning grounds of NEA cod used in the model. A model 
state (Fig. 1, right panel) consists of hydrographic conditions, an oil 
concentration field and ELS individuals, each with time-dependent po-
sitions, weights and other properties. 

The ocean model SINMOD is a primitive Navier-Stokes equation 
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model with a spatial grid resolution of 4 by 4 km and a 6 min time step 
covering the Northeast Atlantic (Alver et al., 2016; Slagstad and 
McClimans, 2005; Wassmann et al., 2006; Støle-Hansen and Slagstad, 
1991). OSCAR is a multi-phase particle based Lagrangian oil model 
(Johansen et al., 2015; Nordam et al., 2019; Barreto et al., 2021; Reed 
et al., 2004; Daae et al., 2018; Socolofsky et al., 2015) using a pseudo- 
component approach (Reed et al., 1999) forced with currents, temper-
atures, salinities and turbulence from the SINMOD ocean model. It is run 
with a 12 min time step, 302,000 oil particles and 25 oil pseudo- 
components (SM Table S1). The particles are interpolated to concen-
tration values on a grid with 1.5 km spatial resolution, which are the 
values used by the fish ELS model. 

LARMOD is an Individual Based Model (IBM) for NEA cod ELS that is 
run with a 12 min time step (Vikebø et al., 2021; Vikebø et al., 2007). A 
year class is represented by 189,000 individuals spawned at nine 
different spawning grounds from March 1st until April 30th. Individuals 
develop according to their experienced environment and are advected 
using the velocity fields of the SINMOD ocean model with a Runge Kutta 
4th order scheme. Sampling the gridded oil concentrations at the indi-
vidual positions give the complete exposure histories of all individuals. 
Note that the time steps for the oil model and fish ELS model are equal, 
so that individuals always use an updated oil state. Data for each indi-
vidual is saved every time step, i.e. every 12 min simulated time. 

2.3. Individual exposure histories 

Exposure is given by the water concentrations of dissolved oil for the 
25 pseudo-components (SM Table S1) used in the oil model. This results 
in the exposure history of an individual being 25 time series of water 
concentrations. From these, individual time series of total dissolved oil 
and TPAH are calculated as the sum of all the pseudo-components or the 
pseudo-components Naphthalenes 1, Naphthalenes 2, PAH-1 and PAH-2 
(SM Table S2), respectively. 

2.4. Characteristic exposure profile 

Having the exposure histories of all individuals, a characteristic 
exposure profile for the release scenario can be created using the 
following algorithm:  

1. Specify an exposure metric, a selection criterion, a normalization and 
a statistic.  

2. Calculate the time series of the exposure metric for each individual.  
3. Apply selection of individuals.  
4. Shift the time series in time such that the maximum occurs at relative 

time zero.  
5. Apply normalization of time series.  
6. Perform statistics to get a characteristic time series. 

Here, the exposure metric is TPAH, the selection criterion is all in-
dividuals with a non-zero exposure, the normalization is to divide by the 
individual max TPAH values, and the statistic is the median. These 
choices produce a normalized TPAH exposure profile assumed to be 
typical for the scenario. There are of course several other choices 
possible in step 1, e.g. to use total dissolved oil or toxic units as exposure 
metric, but our choice makes the profile easy to calculate and does not 
depend on specific concentration thresholds for effects. 

2.5. Internal concentrations of oil 

For every individual, a scaled internal concentration CD can be 
calculated for each of the oil pseudo-components. These are equivalent 
to water concentrations CV, but with a delay due to uptake and elimi-
nation given by the elimination rate ke using the ordinary differential 
equation 

d
dt

CD = ke⋅(CV − CD)

where CD has an analytical solution for constant CV, but is otherwise 
found numerically. This calculation is the first step in the GUTS frame-
work (Jager et al., 2011) and can be the input to a variety of effect 
models as it considers the speed at which the oil is taken up by an in-
dividual. Note that ke is a lumped parameter (Jager et al., 2011) and 
could cover different processes in different data sources. An estimate of 
the body burden that would be measured in real life is given by C = Piw⋅ 
CD where Piw is the partitioning internal-water coefficient, also called a 
bioconcentration factor (BCF). 

2.6. Kinetic parameterizations 

Values of ke and Piw depend on properties of both the oil and the fish, 
making them pseudo-component and species specific. We use two 
different functions for ke based on the octanol-water partition coefficient 
Kow and a water temperature of 7 ◦C. The first is from Klok et al. (2014), 

Fig. 1. Overview of the model domains (left) and an example of a model state (right). The oil release position has coordinates 10.841 E, 67.700 N. Dissolved oil 
concentrations are calculated within the oil domain and assumed to be zero outside. The underlying ocean model has a larger domain enabling the larvae to drift 
through the oil domain from south to north with the Norwegian Coastal Current. 1000 individuals are released from each of the nine spawning grounds every third 
day from March 1st until April 30th, giving a total of 189,000 modelled individuals. The right panel shows the complete trajectories of 18 individuals (lines) released 
March 1st together with the positions of these 18 individuals (blue dots) and the concentration field of total dissolved oil at April 15th. 
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originally from Baas et al. (2009) for fathead minnow. The second is 
from the OMEGA model (Hendriks et al., 2001) with parameter values 
from Nepstad et al. (2021) and Sørensen et al. (2016). Both elimination 
rate functions are combined with the same function for the BCFs. The 
function for Piw is from the OMEGA model (Hendriks et al., 2001) with a 
lipid fraction of 0.6 % based on Sørensen et al. (2016). 

For a complete description and numerical values of the kinetic pa-
rameters, see the Supplementary Material. This includes Fig. S1 showing 
the elimination rates as functions of Kow and Fig. S2 for uptake time. 
OMEGA predicts a much faster uptake than Klok, and the two parame-
trizations can thus be interpreted as examples of fast and slow uptake, 
respectively. This is supported by the comparison in Fig. S1 with a more 
generic formula for the elimination rates from Redman et al. (2022). For 
both parameterizations, elimination rates decrease with increasing Kow 
resulting in slower kinetics. However, BCFs increase with Kow resulting 
in a greater body burden for a given scaled internal concentration. See 
Fig. S3 for an illustration of this. 

2.7. Example of observed body burdens in NEA cod 

Species specific data sets reporting both water concentrations and 
body burdens are scarce and limited to specific exposure scenarios, 
making it hard to evaluate the kinetics. One example, however, is Ara-
nguren-Abadía et al. (2022) that report measured water concentrations 
and corresponding body burdens in Atlantic cod embryos for specific oil 
components after 72 h exposure to crude oil (Supplementary Tables S1 
and S2 in Aranguren-Abadía et al. (2022), values for no UV). We have 
chosen four of these oil components (naphthalene, fluoranthene, pyrene, 
chrysene) that roughly correspond to the four PAH pseudo-components 
based on their Kow values (retrieved from ChemSpider.com). To compare 
the observations with estimated body burdens from the model, we as-
sume constant water concentrations for three days.

3. Results 

3.1. Temporal variability in TPAH exposure 

An example of the 3-hourly mean exposure experienced by an indi-
vidual during its dispersal from a spawning ground along the Norwegian 
Coast is shown in Fig. 2. It experiences no oil for about the first 7 days of 
its life before a rapid increase when it reaches the impact region of the 
oil spill. As the egg hatches and continues to drift northwards, the 

concentration decreases slowly since the oil drifts along in the same 
direction. The total time the individual experiences a non-zero con-
centration is about 25 days, where the duration between the first and the 
last time with TPAH above the plotted threshold of 1.0 μg/L is about six 
days. For exposure statistics of the full year class, see the Supplementary 
Material. 

Fig. 3 shows the median normalized TPAH water concentration 
(black) calculated using the algorithm of Section 2.4. The highest value 
occurs as a spike with a duration on the scale of hours. After the rapid 
decline of the spike, the value decreases slowly from about 20 % of the 
spike value right after the peak to about 10 % of the spike value three 
days after the peak. 

Using the slow Klok uptake, internal concentration (blue dashed) is 
buffered by the uptake speed and stays well below the maximum water 
concentration. For the fast OMEGA uptake (orange dashed) the internal 
concentration mostly follows the water concentration except for the 
transient peak. However, the peak results in a clear response for OMEGA 
in contrast to for Klok. This can be explained by the inset of Fig. 3 
showing the maximum internal concentration as a function of elimina-
tion rate assuming the exposure profile of the main figure. For Klok, the 
PAH pseudo-components range from 2 % (PAH-2) to 12 % (Nap-1) of the 
maximum water concentration. For OMEGA, they range from 16 % 
(PAH-2) to 59 % (Nap-1). As TPAH is dominated by PAH-2 with the 
slowest uptake of the PAH pseudo-components, the internal concentra-
tions (dashed lines in the main part of Fig. 3) have maximum values 
close to the corresponding left-most (PAH-2) dots in the inset. 

3.2. Body burden modelling 

Body burden data after three days of constant exposure to crude oil 
from Aranguren-Abadía et al. (2022) are shown in Fig. 4 together with 
estimated values from the uptake model. The data follow a linear pattern 
where the slope of the fitted line increases with increasing Kow except for 
chrysene with the highest Kow. Modelled dose-response slopes, on the 
other hand, are strictly increasing with Kow. This is also illustrated in the 
right panels of Fig. S3 in the SM. Modelled values for naphthalene with 
the lowest Kow are close to or at steady-state (maximum internal con-
centration for a constant exposure), but both parameterizations are still 
below the observations. Using the slower Klok parameterization, 
modelled values for pyrene and fluoranthene are at 22.8 % and 16.1 % of 
the steady-state values, respectively, and compare well with the mea-
surements. Contrary, these components are at steady-state using the 

Fig. 2. Example time series of total dissolved oil (upper panel) and total dissolved PAH (TPAH, lower panel) experienced by an individual, and its corresponding 
spatial trajectory. The red region is from the first time the TPAH value is above the plotted threshold of 1.0 μg/L until the last time the TPAH value is above 1.0 μg/L. 
Total dissolved oil is calculated as the sum of all the pseudo-components (SM, Table S1), while the TPAH is the sum of four pseudo-components (SM, Table S2). The 
yellow background shows the duration of the egg stage. Note that the y-axes have a linear scale below 1.0 μg/L and a logarithmic scale above 1.0 μg/L. 

H.G. Frøysa et al.                                                                                                                                                                                                                               

http://ChemSpider.com


Science of the Total Environment 904 (2023) 166951

5

Fig. 3. Median normalized water concentration of dissolved TPAH (black) using the algorithm in Section 2.4. Scaled internal TPAH concentrations (dashed) are 
calculated using the elimination rates ke for 7 ◦C and the dynamic distribution of the four PAH pseudo-components. Note that the y-axis has a linear scale in contrast 
to the y-axes in Fig. 2. The inset shows the maximum normalized internal concentration as a function of elimination rate for the exposure profile of the main fig. E.g., 
the peak of the normalized internal concentration for a component with ke = 1 would be about 0.2 for this exposure profile. 

Fig. 4. Body burden as a function of water concentration for various oil components after three days exposure at 7 ◦C. Dots are measurements from laboratory 
experiments where cod embryos were exposed to crude oil (Aranguren-Abadía et al., 2022). Dashed lines are fitted to the data while solid lines are model estimates 
using the parameterizations of Section 2.6. Values in the upper right corners are the slopes of the lines. The solid lines also inform how close the model estimate has 
reached within the three days relative to the modelled steady-state as percentage. Note that the panels have axes with different scales, and that components in this 
figure are not the exact PAH pseudo-components used in the oil model (Table S2), but instead components with Kow values close to these. 

H.G. Frøysa et al.                                                                                                                                                                                                                               



Science of the Total Environment 904 (2023) 166951

6

faster OMEGA parameterization resulting in modelled body burdens 
well above the measurements. Chrysene, with the highest Kow value of 
the four components, is close to steady-state for OMEGA with 88.4 %, 
but far from steady-state for Klok with only 6.9 %, making the two lines 
for modelled body burden very different. Both modelled lines, however, 
are well above the measured values. 

4. Discussion 

4.1. Exposure dynamics and relevance to experimental oil design 

Here, we show results from a modelled relevant large oil spill sce-
nario in the Northeast Atlantic, an area where petroleum resources have 
been mapped and adjacent petroleum production sites are located. The 
scenario displays exposure dynamics of key importance to assess po-
tential effects on fish ELS according to the numerical model. The 
modelled exposure history to oil for fish ELS can be summarized in four 
phases;  

i) a slow increase in water concentrations of oil enduring for several 
days as the individual nears the oil plume  

ii) a rapid increase to a transient peak exposure as it meets the bulk 
of the oil plume, well above the levels before and after, that last 
for a few hours before rapidly decreasing  

iii) a subsequent exposure at a near constant level that endures for 
~3 days as it travels with the plume, and ends with  

iv) a decrease in concentrations as the oil plume diffuses that is 
slower than the time from the inception of the exposure to the 
peak. 

A typical design in laboratory exposure studies is a fixed exposure for 
a limited number of days. Contrary to the numerical results shown here, 
there is no gradual build-up of the oil. An individual in a laboratory 
experiment would therefore spend more time reaching an equilibrium 
between water and internal concentrations of oil than what may be 
expected in the field. Furthermore, the results shown here indicate that 
fish ELS in the field likely experience a transient high peak in water 
concentrations of oil before the above-described third phase with a near- 
fixed exposure lasting for a few days. This peak is due to individuals 
being transported through smaller areas of elevated concentrations, and 
it is not apparent what significance such a transient peak in exposure 
may have on the different developmental stages of fish ELS with stage- 
specific sensitivity. Depending on the oil components and the charac-
teristics of the individual under consideration, a peak exposure may or 
may not lead to a considerable uptake of harmful oil. There are in-
dications that a shorter exposure at higher levels has a greater effect 
than a longer exposure at lower levels (Sørhus et al., 2016). However, a 
slow uptake may protect the individual from such transient peaks. 
Finally, the long tail of exposure suggested by the numerical model may 
be below known threshold levels for effects but might still be on a level 
of significance for individuals recovering. Literature suggests that sub-
lethal effects may include behavioral changes that hamper prey and 
predator interactions at oil exposure levels below what is considered to 
result in visible malformations (Cresci et al., 2020; Heintz et al., 2000; 
Carls et al., 1999; Wang et al., 2018; Brown et al., 2016). 

Though numerical models may inform of ways to increase relevance 
of oil spill scenario design, there are still limitations to what exposure 
designs that may be implemented in the lab. A high number of eggs may 
be divided among tanks in equal numbers before introducing oil to the 
environment. Note that already here there are limitations, because 
ideally, we would like to know the effects of individual oil components 
for a wide range of covarying environmental parameters such as tem-
perature and UV radiation (Aranguren-Abadía et al., 2022). However, 
accepting that we settle with total oil or a few selected components in a 
standardized environment, the limited number of tanks available and 
the need for replicates severely limits the number of different 

concentrations that may be investigated. Furthermore, though we may 
extract individuals at different times after exposure initiation, we can 
only assess a few initiation times and durations. Thus, a standard profile 
should be established to keep the number of replicates manageable for 
dynamic exposure experiments. 

Based on our results, we suggest the experimental design presented 
in Fig. 5 to mimic the exposure of an individual during a large oil spill. 
This consists of the following modifications:  

• Begin with a gradual increase in exposure  
• Include an early peak in exposure at an order of magnitude higher 

than the fixed level  
• Allow the fixed exposure to last for up to three days  
• If possible; end with a gradual decrease in exposure 

This experimental design is of course more complicated than the 
traditional fixed exposure, but a pulsed exposure regime is used in 
previous lab studies (Sørhus et al., 2015) and can be obtained with the 
correct lab equipment (Nordtug et al., 2011). However, it could be 
beneficial to have some replicates with a standard fixed exposure as 
controls if feasible. 

Furthermore, though scenario design involves consideration of 
complex processes and dynamics, stakeholder interaction is needed to 
increase relevance and for conveying intrinsic uncertainties that should 
be taken into consideration when assessing risk based on numerical 
models versus other types of relevant knowledge. The receivers of as-
sessments need to be carefully explained what prerequisites the linkage 
between experimental exposure design and development of relevant 
models are based on. 

4.2. Uptake kinetics and importance to experimental oil design 

Kinetic parameters used here are not based on cod data, and the need 
for extrapolation in both temperature and species introduces un-
certainties. For the typical exposure of three days, the oil components in 
the model span from being close to steady-state to far away depending 
on the Kow value (SM, Fig. S3). When far from steady-state (ke⋅t≪1), the 
modelled body burden is C ≈ ke⋅Piw⋅CV⋅t such that only the product ke⋅ 
Piw is important, not the individual values of ke and Piw. Close to steady- 
state (ke⋅t≫1), the exact value of ke becomes insignificant as C ≈ Piw⋅CV. 
The components of the example data (Fig. 4) show that naphthalene 
with the lowest Kow is close to steady-state for both elimination rates, 
while the estimated body burden is too low compared to the measure-
ments. To increase the estimated body burden, one would need to in-
crease the Piw. Looking at pyrene and fluoranthene with the middle two 
Kow values, however, the estimated body burdens for the slower Klok 
parameterization fit well with the measurements, while the faster 
OMEGA parameterization predicts too high values. This could indicate 
that the uptake speed of Klok is more realistic than that of OMEGA, 
especially if the bioconcentration factors are in the lower end as indi-
cated by the naphthalene data. For chrysene with the greatest Kow value, 
both parameterizations estimate too high body burden. It is not obvious 
what the correct adjustment to the parameters is and the parameteri-
zations may be approaching an upper limit of their valid Kow range. This 
illustrates that to estimate both ke and Piw accurately, one needs 
repeated measurements in time using an experimental setup similar to 
the one of Øverjordet et al. (2018) for Calanus hyperboreus that covers 
both uptake and elimination. The data used for estimation in such an 
experiment should be measurements of body burden directly, and not 
only through survival calculated by an effects model (Jager et al., 2017). 
A complete model for uptake and elimination should also include 
growth and change in lipid content, which is considered unnecessary 
here to discuss the consequences of different uptake speeds. For a further 
discussion on elimination rates and BCFs, see e.g. Baas et al. (2015), 
Arnot and Gobas (2006) and Hendriks et al. (2001). Note, however, that 
the elimination of PAHs in the model may in reality be metabolization 
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into other toxic compounds (Donald et al., 2023; Tanabe et al., 2022) 
with an effect dependent on the development stage (Sørhus et al., 2021). 

While numerical impact assessment models often address water 
concentrations of oil components, effects are caused by body burdens 
that are a combination of exposure and uptake. As shown in Fig. 3, ac-
curate kinetics is increasingly important when exposure is highly dy-
namic. A slow uptake may buffer transient exposure events dependent 
on the large range of uptake speeds for various oil components. Hence, 
there is an urgent need to both; i) revisit exposure design for increased 
relevance according to what this looks like in the field, and ii) develop 
more data for parameterizing species, stage and oil component depen-
dent kinetics given the dynamic nature of exposure during a large oil 
spill. 

4.3. Uncertainty in methods and data 

Spatial and temporal resolution in the ocean model limits the dy-
namic scales included that may affect individual exposure history of fish 
ELS. Both the IBM for fish ELS and the oil model are Lagrangian models 
where fish and oil are represented by a limited number of particles. 
Though the particle numbers are high with 189,000 and 302,000, this 
may affect the accuracy in the modelled description of dynamic expo-
sure, probably in the direction of overestimating the maximum expo-
sure. With an increasing number of particles, distributions typically 
become smoother, which likely reduces the degree of dynamics in the 
exposure. It should also be noted that an individual could experience 
several spikes in TPAH that are smoothed out in the median calculation 
for Fig. 3, as seen for the example individual in Fig. 2. 
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