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aSINTEF Ocean, Climate and Environment, Trondheim, Norway; bBioTrix, Trondheim, Norway; cResearch Infrastructure SeaLab, Faculty of 
Natural Sciences, Norwegian University of Science and Technology, Trondheim, Norway

ABSTRACT
Accidental crude oil spills to the marine environment cause dispersion of oil into the water column 
through the actions of breaking waves, a process that can be facilitated using chemical dispersants. 
Oil dispersions contain dispersed micron-sized oil droplets and dissolved oil components, and the 
toxicity of oil dispersions has been assumed to be associated primarily with the latter. However, 
most hydrophobic, bioaccumulative and toxic crude oil components are retained within the 
droplets which may interact with marine filter-feeders. We here summarize the findings of 15  
years of research using a unique methodology to generate controlled concentrations and droplet 
size distributions of dispersed crude oil to study effects on the filter-feeding cold-water copepod 
Calanus finmarchicus. We focus primarily on the contribution of chemical dispersants and micron- 
sized oil droplets to uptake and toxicity of oil compounds. Oil dispersion exposures cause PAH 
uptake and oil droplet accumulation on copepod body surfaces and inside their gastrointestinal 
tract, and exposures to high exposure (mg/L range) reduce feeding activity, causes reproductive 
impairments and mortality. These effects were slightly higher in the presence of chemical dis
persants, possibly due to higher filtration of chemically dispersed droplets. For C. finmarchicus, 
dispersions containing oil droplets caused more severe toxic effects than filtered dispersions, thus, 
oil droplets contribute to the observed toxicity. The methodology for generating crude oil disper
sion is a valuable tool to isolate impacts of crude oil microdroplets and can facilitate future research 
on oil dispersion toxicity and produce data to improve oil spill models.

Introduction

Crude oil is an extremely complex mixture of 
hydrocarbons and heterocyclic compounds with 
large variations in hydrophobicity, molecular 
weight and solubility (Booth et al. 2007; Hughey, 
Rodgers, and Marshall 2002; Nelson et al. 2019; 
Sutton, Lewis, and Rowland 2005). When spilled 
in the marine environment, the spilled crude oil 
goes through physical, chemical, and biological 
processes, referred to as weathering process, 
which continuously change the composition and 
properties of the oil. One of the most important 
weathering processes to oil spilled in the marine 
environment is dispersion. This process, which 
occurs naturally due to turbulence generated by 
waves, breaks up surface oil into oil droplets 
which are transported into the water column. 
Large droplets will resurface and coalesce forming 
thin oil films, while smaller droplets in the micron- 

range will have lower resurfacing velocity and will 
thus passively drift in the water column. Dispersion 
increases the surface-to-volume ratio of the oil and 
facilitates dissolution and degradation (Daling et al.  
2014; NRC 2005; Tarr et al. 2016). To enhance this 
process chemical dispersants are sometimes 
included as an emergency response action to facil
itate the breakup of the oil into small droplets. The 
dispersant acts as a surfactant lowering the inter
facial tension between oil and water and thereby 
reducing the energy (turbulence) needed to dis
perse the oil into the water column (NRC 2005). 
During the Deepwater Horizon spill, dispersants 
were injected into the release point at the sea 
floor to disperse the released crude oil and thereby 
reduce the amount of surfacing oil (Kujawinski 
et al. 2011). Sensible use of chemical dispersants 
may reduce the overall environmental impacts of 
accidental oil spills (Lessard and DeMarco 2000).
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For marine animals, spilled oil may be toxic, but 
this depends on the exposure to bioavailable frac
tions of toxic crude oil compounds in the environ
ment. It has generally been assumed that dissolved 
compounds represent the main bioavailable and 
thereby most toxic fraction of crude oil compo
nents (Carls and Meador 2009; Carls et al. 2008; 
Olsvik et al. 2011). Polycyclic aromatic hydrocar
bons (PAHs) are usually analyzed in water samples 
(and sometimes in biota) from experiments study
ing crude oil toxicity because they are resolvable 
using gas chromatography (GC). They are toxic to 
marine organisms, but they only represent a small 
fraction of the total concentration of compounds 
found in crude oils, and the toxic potential for the 
non-PAH fraction is rarely considered (Meador 
and Nahrgang 2019). All bioavailable crude oil 
compounds will contribute to overall toxicity 
(Booth et al. 2007; Meador and Nahrgang 2019; 
Melbye et al. 2009; Sørensen et al. 2019). The con
centration of a crude oil compound (such as 
a PAH) dissolved in the water depends on its 
molar fraction in the crude oil, the oil to water 
loading, and its solubility. The equilibrium distri
bution of a chemical between water and organic 
phases (e.g., body lipid or crude oil) is closely 
related to its hydrophobicity, and a widely used 
proxy for hydrophobicity is the octanol-water par
titioning coefficient (Kow). For PAHs, the logarith
mic value of this coefficient (LogKow) ranges ~ 3–7, 
thus the hydrophobicity and solubility vary signifi
cantly, and a water-soluble fraction (WSF) of crude 
oils will contain more of less hydrophobic PAHs 
(lower LogKow). Acute toxicity (narcosis) increases 
with LogKow of organic compounds, like PAHs (Di 
Toro and McGrath 2000; Hendriks et al. 2001).

Accurate recreations of crude oil spill scenarios 
are impossible in the laboratory, and attempts at 
basing risk assessment on acute toxicity tests run in 
a laboratory should be done with caution. Toxicity 
threshold values (e.g., EC50) from laboratory stu
dies may display large variations for different oils, 
and even for the same oil type, and such variations 
are often caused by different methodologies used to 
prepare exposure solutions (Hodson, Adams, and 
Brown 2019; Redman and Parkerton 2015; 
Sandoval, Ding, and Gardinali 2017). Preparations 
of water accommodated fractions (WAF) is the 
most common practice used to generate crude oil 

exposure media to conduct toxicity studies to gen
erate toxicity thresholds for crude oils (Singer et al.  
2000). Depending on the energy used during pre
paration, the viscosity of the oil, and whether 
a chemical dispersant has been added, the resulting 
solution will contain dispersed oil droplets of vary
ing size distributions. Depending on the droplet 
size distribution, the residence time prior to use, 
and the exposure time utilized, droplets will settle 
toward the surface (Nordtug and Hansen 2021; 
Sandoval, Ding, and Gardinali 2017). After testing, 
the toxicity is most often expressed based on the 
sum of total PAHs (T-PAH) measured in the expo
sure solution. If the solution contains droplets, and 
they are not contributing to toxicity, reporting 
toxicity on a T-PAH basis will overestimate the 
concentration of the bioavailable fraction and at 
the same time underestimate the toxicity threshold 
(Nordtug and Hansen 2021; Parkerton et al. 2023). 
However, if the droplets are in fact contributing to 
toxicity, their presence needs to be measured, 
defined, and accounted for when generating toxi
city thresholds. This is particularly challenging for 
static experimental systems where the presence of 
droplets in the water will be declining over time 
due to droplet surfacing. In such static systems, oil 
droplets may be a source for compounds dissolving 
to the aqueous phase which may thereafter be 
depleted through uptake into test organisms 
(Parkerton et al. 2023; Sandoval, Ding, and 
Gardinali 2017). Furthermore, determination of 
toxicity thresholds using summed T-PAH concen
trations assumes equal toxic potential (EC50) for all 
individual PAHs measured. This is incorrect as this 
procedure ignores the fact that different PAHs have 
a wide range in toxicological potentials, and, as 
mentioned above, that there are thousands of 
other oil compounds that contribute to toxicity, 
not only PAHs (Booth et al. 2007; Meador and 
Nahrgang 2019; Melbye et al. 2009). Nevertheless, 
chemical verification of experiments is a necessity, 
and PAH compositions are in most cases reported.

Some papers have discussed oil droplets’ contri
bution to toxicity, and their findings vary. Carls 
et al. (2008) showed that the presence of oil dro
plets were not necessary to induce embryotoxicity 
in zebrafish (Danio rerio) during WAF exposure. 
Others have also reported neglectable contribution 
from oil droplets to PAH bioaccumulation and 
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toxicity (Nordtug et al. 2011a; Viaene et al. 2013,  
2014), whereas other studies suggest that dispersed 
oil droplets is the primary sources of toxicity 
(Bobra et al. 1989; Sørhus et al. 2021), and that 
the toxicity of the oil droplets depends on droplet 
size (Bobra et al. 1989). Ramachandran et al. (2004) 
showed that the presence of droplets enhanced 
PAH bioavailability in chemically enhanced 
WAFs (CEWAF) compared to WAFs prepared 
without dispersant application. Such contradictory 
reports emphasize the importance of establishing 
laboratory procedures for crude oil toxicity testing 
where the presence of oil droplets in the exposure 
solutions is consistent in terms of droplet concen
tration and size distribution. Indeed, a series of 
papers have been published the last few years with 
a plea to improve and standardize test protocols to 
increase relevancy and comparability between tests 
(Coelho, Clark, and Aurand 2013; Hodson, Adams, 
and Brown 2019; Parkerton et al. 2023; Redman 
and Parkerton 2015). A promising technology, the 
oil droplet generator (ODG), was developed and 
published by Nordtug et al (2011a). Using the 
ODG, oil dispersions can continuously be prepared 
with and without preincubation of the oil with 
dispersant, to produce oil dispersions containing 
oil droplets with defined and reproducible concen
tration and size distribution. Furthermore, by 
separating the dispersion in two, where one half is 
filtered and the other half unfiltered, and thereby 
exposing organisms to unfiltered and filtered dis
persions in parallel setups, the contribution of oil 
droplets to toxicity can be isolated and addressed. 
This paper provides and overview of studies con
ducted over the past 15 years using the ODG tech
nology to provide parameterized data on oil 
dispersion toxicity, focusing on the toxicological 
significance of oil droplets and chemical disper
sants on the filter-feeding cold-water copepod 
Calanus finmarchicus.

Preparation of crude oil in seawater dispersions 
using the oil droplet generator

The purpose of developing the oil droplet genera
tor (ODG) was to enable continuous production of 
defined oil dispersions in terms of oil droplet con
centration and size distributions for crude and 
refined oils that were reproducible over time. The 

ODG design was based on theoretical considera
tions using the theory of droplet formation in tur
bulent water jets (Karabelas 1978; Martı́nez-Bazán, 
Montañés, and Lasheras 2002) as described in 
Nordtug et al. (2011a). This paper also describes 
the methodology in detail. Briefly, the custom- 
made ODG is a cylindrical device consisting of 
a series of chambers inter-connected with small 
nozzles, and water and oil is pumped into the first 
chamber through separate inlets. Water is pushed 
through the chambers by a water pump and oil is 
added using a syringe pump via a capillary in front 
of the first nozzle. The oil is subjected to repeated 
turbulence through the nozzles between each 
chamber which breaks up the oil into micron- 
sized droplets to produce a continuous flow of 
stable oil dispersions in terms of oil droplet con
centration and size distributions for crude and 
refined oils. Differently weathered crude oils vary
ing in physio-chemical properties (e.g., viscosities 
and weathering degrees) have been used success
fully (Hansen et al. 2018; Nordtug et al. ,2011a), but 
highly viscous weathered field-collected oil emul
sions are not dispersible using the ODG. 
Generation of chemically enhanced dispersion of 
oils can also be made in the same manner, by 
premixing the dispersant into the oil prior to gen
eration of the dispersion. Identical dispersions 
(droplet size distributions and concentrations) 
can be prepared with and without dispersant to 
do side-by-side comparative toxicity testing of 
naturally and chemically dispersed oil where the 
only difference is the presence of the chemical 
dispersant (Hansen et al. 2012, 2019; Nordtug and 
Hansen 2021). Furthermore, to assess and isolate 
the contribution of oil droplets to toxicity, the 
dispersion(s) can be separated into two, where 
one half is filtered and the other half is not filtered. 
Then, side-by-side exposures to dispersions with 
and without oil droplets can be conducted in par
allel setups. Dilution series of dispersions are pre
pared using several computer-controlled solenoid 
valves to accurately dilute a parent dispersion with 
various amounts of clean water before the (diluted) 
dispersions are fed into appropriate vessels for 
exposing marine organisms.

Oil droplets have a positive buoyancy and 
tend to adhere to surfaces, which is a problem 
when performing toxicity testing of oil 

JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART A 3



dispersions in small exposure vessels under static 
or semi-static conditions. Oil dispersions are 
generated by the ODG at a flow rate of typically 
150–200 mL/min, being optimal for connections 
to flow-through systems. Although the exposure 
vessels regularly used in connection with the 
ODG are large in volume (minimum 5 L for all 
toxicity tests performed on copepods) and they 
have flow-through, serious considerations have 
been made to the design of whole exposure ves
sel system. To reduce immediate surfacing of oil 
droplets and to keep homogenous dispersions in 
the exposure vessels, a balance between turbu
lence and droplet size distribution must be 
obtained. Adhesion of oil droplets to wetted sur
faces can be minimized by the system design, 
choice of materials and by reducing volume-to- 
surface ratios (Nordtug et al. 2011a). The oil 
droplet mean volumetric size range used in 
most studies using the ODG has been 10–15  
µm, but studies have also been done using 
mean droplet sizes up to 30 µm (Brakstad, 
Nordtug, and Throne-Holst 2015). Adjustment 
of concentrations and droplet sizes can be 
achieved by manipulating the oil and/or water 
flow through the generator or by adding chemi
cal dispersants to the oil prior to generation of 
the dispersion (Nordtug and Hansen 2021; 
Nordtug et al. 2011a).

Compared to conventional methods for gener
ating oil-in-water dispersions (e.g., WAF sys
tems), the ODG system can produce dispersions 
of consistent and defined concentrations and 
droplet size distributions over time. This system 
thus has a better potential for performing experi
ments that can enable research on the contribu
tion of droplets to oil dispersion toxicity, and, 
since exposure concentrations are stable over 
time, can produce more reliable toxicity thresh
olds for crude oil dispersions to marine organ
isms to be used in oil spill models.

The ODG has been used for assessing toxicity of 
crude oil dispersions on the filter-feeding copepod 
Calanus finmarchicus which is a key ecological 
species in the Northern Atlantic Ocean and 
Barents Sea. A summary of the experiments, 
including details about the treatment, measured 
water chemistry and toxicologically significant 
endpoints measured are given in Table 1.

Partitioning of PAHs between crude oil 
microdroplets and seawater

According to the principles of Raoult´s law 
(Guggenheim 1937), the equilibrium partitioning 
of a chemical compound between oil and water is 
determined by the product of the (supercooled) 
solubility in water and its molar concentration in 
the oil phase (Cline, Delfino, and Rao 1991; Lee 
et al. 1992; Lee, Rao, and Okuda 1992). This implies 
that during dilution of oil in water, the most solu
ble components will initially be depleted in the oil 
due to dissolution. Components with low solubility 
will to a larger extent be retained in the oil. The 
result is that the water concentration of the most 
soluble components may decline almost linearly 
with the dilution factor whereas the less soluble 
substances will remain at almost at the same (low) 
concentrations over a large range of dilutions. 
Under the assumption that the oil components in 
micro-sized oil droplets equilibrate fast between 
the oil and water phases, the oil dispersion gener
ated using the ODG can be filtered to produce an 
equilibrated water-soluble fraction (WSF). This 
WSF can be used in direct comparison to the unfil
tered dispersion to isolate the contribution of oil 
droplets to dispersion toxicity (Nordtug et al.  
2011b). PAH distribution between the oil and 
water phase has been characterized for most 
experiments performed using the ODG (e.g., 
Hansen et al. 2018), and an example is given in 
Figure 1a. The two curves illustrate that the com
ponents with low solubility (i.e., high Kow) predo
minantly reside in the oil phase, and most 
components with high solubility (low Kow) are dis
solved in the water phase. At the highest dilution 
(0.7 mg oil/L. the curve is shifted to the right rela
tive to the lowest dilution indicating a larger frac
tion of compounds with low solubility (high Kow) 
in the water phase. Comparing identical crude oil 
dispersions (same droplet size distribution and 
concentration) with and without the addition of 
chemical dispersion demonstrated insignificant 
effects of the dispersant on the distribution of 
components between oil and water (Figure 1b) 
(Nordtug and Hansen 2021).

According to dilution theory, the concentration 
(and toxicity) of the WSF of a dispersion can only 
decrease during dilution. However, the reduction 
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in toxicity is less than the dilution factor because 
the dilutions contain a larger fraction of hydropho
bic oil components which have a higher potential 
for bioconcentration and higher acute toxicity per 
mass unit than less hydrophobic compounds.

The non-linear dissolution of oil compounds at 
different oil-to-water ratios has some important 
implications for toxicity testing. When using con
ventional testing of toxicity for dispersions or WSF 
´s of different oil loadings to generate toxicity 
thresholds like effect concentrations (EC50) or 
lethal concentration (LC50), the WSF at low oil 
concentrations may appear more toxic (lower 
EC/LC50) than higher concentrations. Assuming 
that the toxicity is mainly caused by dissolved 
components, this reflects that the specific toxicity 
(per mol or weight unit) of the quantified compo
nents is higher in the diluted dispersion. This is 
simply an indication that the more soluble and less 
toxic components have been depleted and not an 
indication that the exposure medium has become 
more toxic. Mass specific toxicity thresholds 
(LC/EC50) do not account for the loss of mass 
during the dilution process. The actual toxicity of 
a water volume can be estimated by calculating the 
toxic unit (TU) which is the total water concentra
tion divided by a defined effect concentration (for 
instance LC50) for individual compounds mea
sured (Di Toro, McGrath, and Stubblefield 2007). 
The TU thus indicates how much the solution must 
be diluted (or concentrated) to cause a defined 

effect. However, for oil dispersions estimating 
TUs are not straightforward due to the problems 
of determining the biological relevant concentra
tion which may be the toxicity of the dissolved 
fraction (WSF) plus a potential contribution of 
the oil droplets (Redman et al. 2012).

Partitioning of PAHs between crude oil 
dispersions and copepods

Interactions between oil droplets and biota may 
occur through direct fouling of an organism 
(Sørhus et al. 2015) or through ingestion or filtra
tion of oil droplets from the water (Lee, Koster, and 
Paffenhofer 2012; Conover 1971; Gyllenberg 1981; 
Rodrigo et al. 2014). To investigate the partitioning 
of PAHs between crude oil dispersions and bio
mass, Hansen et al. (2018) exposed C. finmarchicus 
to dispersions (with droplets) and filtered disper
sions (WSF, without droplets) for 96 hours 
(Figure 2). Experiments were conducted by expos
ing the copepods in a flow-through system with 
three dispersion concentrations containing oil dro
plets with a mean spheric size of 10–14 µm and 
their corresponding in-line filtered WSFs (Hansen 
et al. 2018; Nordtug et al. 2011a). Three oils, classi
fied as paraffinic, naphthenic, and waxy (Daling 
et al. 1990), respectively, were tested at comparable 
oil loadings and oil droplet sizes. Further details are 
given in Table 1. Figure 2 shows the bioconcentra
tion factors (for WSFs) and accumulation factors 
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FIGURE 1. Fraction of individual PAH’s retained in the oil phase (droplets) of crude oil dispersions in sea water as a function of the Log 
Kow of the PAHs. A: at different dispersion concentrations, i.e., at oil loadings of 0.7 (grey) and 4.1 (black) mg oil/L seawater. B: for 
dispersions generated with (green) and without (blue) addition of chemical dispersant (4% Dasic NS) at identical oil loading (20 mg/L). 
Solid lines generated by a three-parameter non-linear dose-response (min/max restrictions: 0–1). Data replotted for a naphthenic 
crude oil from Hansen et al. (2018) (A) and Nordtug and Hansen (2021) (B).
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(AFs for dispersions) of PAHs as the concentration 
measured in the biomass relative to that of the 
water phase. The curve showing partitioning 
between WSFs and copepods (Figure 2a) is based 
on WSFs filtered from dispersions with oil loadings 
in the range between 0.5 and 7 mg/L from all three 
oils (150 data points). The lipid solubility, i. e. 
hydrophobicity, of a component has traditionally 
been related to its octanol/water partition coeffi
cient (Kow) with the assumption that octanol is 
a suitable proxy for lipids in organisms which 
would display a linear relationship between Log 
bioconcentration factor and Log Kow. It is evident 
from Figure 2a, and from theoretical and empirical 
studies (e.g., Connell and Hawker 1988; Seto and 
Handoh 2009), that the most hydrophobic PAHs 
deviates from linearity. This may be related to 
insufficient time (4-day experiments were con
ducted) to attain steady state concentrations for 
the most hydrophobic oil compounds, or it may 
be related to steric hindrance of larger molecules 
that may severely hamper their diffusion through 
biological membranes resulting in reduced uptake 
rates and long equilibrium times (Øverjordet et al.  
2018; Sujit and Baughman 1991). Limited duration 
of the exposure may therefore underestimate the 
potential bioaccumulation of these components.

When comparing the accumulation factors from 
dispersions with the corresponding BCFs from 

WSFs (Figure 2b) it is apparent that the trajectories 
of the accumulation factors deviate from BCFs of 
the WSF above approximately 103.5 and 104.2 for 
the high and medium dispersion, respectively. 
According to Figure 1 this corresponds to the lower 
Kow limits of the range where about 25–100% of the 
individual PAHs are retained in the oil droplets. 
PAHs contained in oil droplets in the water phase 
will contribute to the analytical concentrations of 
the exposure solutions and reduce the apparent 
accumulation factor for the biomass. Contrary to 
this, the oil droplet associated with the biomass, 
whether they are associated with the copepod sur
face or consumed/filtered, will contribute to 
a higher accumulation factor.

In contrast to the reduced accumulation factors 
compared to the WSF exposure, the corresponding 
total PAH concentration associated with the cope
pods was higher by a factor of 1.6 (medium load
ing) and 2.6 (high loading) in the dispersion (data 
from Hansen et al. 2018). This increase in body 
residue is partly related to oil droplets associated 
with the biomass (Figure 3), but may also to some 
extent be caused by increased tissue uptake due to 
direct contact with the oil droplets, as shown for 
fish embryos (Sørensen et al. 2019; Sørhus et al.  
2021). According to Figure 1, PAHs in the Kow 
range 106 to 107 will initially almost exclusive be 
found in the oil phase and may therefore 
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FIGURE 2. Partitioning of PAH between water and biomass for WSFs (A) and dispersions (B) where the copepod C. finmarchicus was 
exposed to WSF (at different loadings, average ± STDEV) (A) or oil dispersions (B) of a paraffinic crude oil for 4 days and analyzed for 
PAH body burden. Bioconcentration/accumulation factors for PAHs calculated as the ratio between body burden (cb) and water 
concentration (cw) are plotted as a function of the Log Kow of the PAHs. A: for water soluble fraction of a (filtered) dispersion (data 
from different oil loadings and oil types, mean values for n = 6). B: for dispersions at two different oil-to-water loadings (1.2 (grey) and 
7.0 (black) mg crude oil/L). The WSF line from a is inserted into the figure for comparison. Curves are fitted by a bilinear model (Kubinyi  
1977), and data and figures are adapted from Hansen et al. (2018).
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potentially be used as a proxy for the partitioning 
of oil droplets between water and biota (Nordtug 
et al. 2011b, 2015). This, however, assumes that 
these PAHs are far from an equilibrium where 
their concentration in the body lipid according to 
chemical partitioning theory is expected to be 
almost equal to that of the oil. Modelling of uptake 
from oil WSFs based on 45 days uptake/depuration 
study with stage C5 Calanus hyperboreus (average 
weight 12,5 mg and 28% lipid content) estimated 
the time to reach 50% of the equilibrium concen
tration (T1/2) for uptake of 6 PAHs with Kow above 
105.7 to be on average 40,1 (±6.6) days (Øverjordet 
et al. 2018). The corresponding T1/2 for the C3 
stage (average weight 0,5 mg and 5% lipid content) 
was 2.4 (±0.4) days. The large differences in uptake 
kinetics illustrate one of the challenges in deter
mining the relative contribution of oil droplets and 
uptake from dissolved components in short expo
sure studies.

Clearly, oil droplets interact with copepods 
during exposure, as body burden analysis of 
hydrophobic PAHs, associated primarily with oil 
droplets, are measured in exposed copepods 
(Figure 2). Fluorescence microscopy imaging 
validated oil droplet presence on copepod sur
faces (Figure 3). However, oil droplet accumula
tion is reduced as a function of concentration, 
suggesting reduction in oil droplet filtration at 
high concentrations (Nordtug et al. 2015). 
Furthermore, filtration of oil droplets appears to 
be somewhat higher during application of chemi
cal dispersant to disperse the crude oil (Nordtug 
et al. 2015).

Toxicity of crude oil dispersions

Oil exposure may cause toxic effects to marine 
biota, from microbial communities (Harayama, 
Kasai, and Hara 2004) to large sea mammals 
(Rainer Engelhardt 1983). Experiments using 
ODG-generated crude oil dispersions for toxicity 
testing have been conducted primarily using cold- 
water marine copepods, which are summarized in 
this review) and early life stages of marine fish (e.g. 
Olsvik et al. 2011; Sørhus et al. 2015).

Exposure of the copepod C. finmarchicus to 
crude oil dispersions caused impaired feeding 
behavior (algae filtration), development, reproduc
tive effects and mortality. Being a highly efficient 
filter-feeder (Meyer et al. 2002), this copepod spe
cies has been shown to filter, ingest and egest oil 
droplet (Hansen et al. 2009, 2017; Olsen et al.  
2013). Dispersion exposure (0.1–5.6 mg oil/L, 4  
days) caused a concentration-dependent reduction 
in feeding activity, measured as algae uptake, gut 
filling (examples visualized by fluorescence micro
scopy in Figure 3) and fecal pellet production 
(Hansen et al. 2017). Two different crude oils 
were tested, and reduced feeding activity was com
parable for both. Compared to starved controls, 
copepods fed algae and exposed to oil dispersions 
simultaneously displayed similar starvation-type 
responses such as reduced metabolites (homarine, 
acetylcholine, creatine and lactate) (Hansen et al.  
2017). Acute toxicity, measured as mortality after 
four days exposure, was high (>75%) after exposure 
to 2.7–2.8 mg oil/L (53.8–60.4 µg/L TPAH), and an 
estimated LC50 based on TPAH was 16.1 (13.5– 
19.1) µg/L for mechanically dispersed oil and 

FIGURE 3. Side view of copepods (Calanus finmarchicus) imaged using fluorescence microscopy. A: image of an unexposed (control) 
copepod: B: copepod exposed to water-soluble fraction of crude oil (filtered dispersion, 5 mg crude oil/L). C: copepod exposed to oil 
dispersion (5 mg crude oil/L). The red square in B and C shows the areas where oil droplets on the copepod prosome surface are visible 
as yellow dots. This is not visible in the WSF-exposed copepod. Ingested food (algae) is visible as red fluorescence in the intestines of 
control (A) and WSF-exposed copepod (B), but not in the dispersion-exposed copepod (C). Images taken by Dag Altin (BioTrix) for 
experiments described previously (Hansen et al. 2018).
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slightly lower for chemically dispersed oil (10 (8.4– 
12.8) µg/L) (Hansen et al. 2012). Interestingly, in 
a different study, exposure to oil dispersions up to 
5 mg/L oil (78 µg TPAH/L) caused no significant 
differences in mortality compared to control 
(Hansen et al. 2015). A difference between these 
two studies were that in the first study (Hansen 
et al. 2012), copepods were lean due to being fed 
lower amounts of algae prior to the exposure, 
whereas in the second study (Hansen et al. 2015), 
the copepods were fed well and therefore lipid-rich 
at onset of the experiment. In both experiments, 
copepods were fed algae during exposure. Thus, 
pre-exposure feeding conditions and lipid content 
of exposed copepods are important aspects to con
sider when conducting toxicity testing of these 
copepods. Studies also show that lipid-rich cope
pods survive longer than lipid-poor copepods dur
ing exposures to WAFs of crude and refined oils 
(Hansen et al. 2011, 2013). These observations 
suggest that low lipid status caused higher oil sen
sitivity and/or that higher lipid content somehow 
protects against acute toxicity of oil exposure. 
A modeling approach to identify possible toxicoki
netics differences between lipid-rich and lipid-poor 
copepods showed that although a large lipid sac 
might retard toxicokinetics, the differences in 
lipid volumes could not completely explain differ
ences in toxicity (Hansen et al. 2016). In a different 
study, exposing stage copepodite 3 (C3) and C5 of 
Calanus hyperboreus to WSFs of crude oil, signifi
cant differences were found between the two stages. 
At stage C3 (with very low lipid sac), the animals 
were significantly more sensitive to acute exposure 
than C5 (with large lipid sacs) (Øverjordet et al.  
2018), and comparable to what was observed in 
C. finmarchicus (Jager et al. 2016). Of course, 
some of the differences may be attributed to stage- 
specific differences observed in C. hyperboreus, e.g., 
intrinsic sensitivity, body size and swimming activ
ity, but lipid-rich copepods were shown to have 
lower elimination rates, thus reaching steady state 
more slowly, a process that might cause a delay in 
the onset of toxic effects (Øverjordet et al. 2018). 
A long retention time for PAHs in lipid storage of 
late copepodite stage (C5) could have implications 
during diapause and gonad maturation when the 
lipid store is utilized for maintenance and repro
duction, respectively. This could involve maternal 

PAH transfer into eggs and subsequent impacts on 
offspring (Hansen et al. 2017; Toxværd et al. 2019). 
Reproductive effects were observed in 
a concentration-dependent manner for 
C. finmarchicus females exposed for four days to 
oil dispersions ranging 1.8–16.5 mg oil/L (Olsen 
et al. 2013). Significant reduction in reproduction 
rates shortly after dispersion exposure were, how
ever, compensated by higher reproduction rates 
after 14 days recovery suggesting that although 
short-term exposure can temporarily suspend 
reproduction, copepods may recover and still pro
duce viable offspring after recovery in clean water 
(Olsen et al. 2013). Similar observations were 
observed in a later study, where C. finmarchicus 
were exposed to oil dispersions in the range 1.0– 
5.4 mg oil/L for four days exhibited delayed initia
tion of reproduction. These also displayed com
pensatory reproduction during the last 10 days of 
a 25-day recovery period reaching control level 
fecundity (Hansen et al. 2015).

Exposure of C. finmarchicus to oil dispersions 
causes acute toxicity (mortality), reduction in feed
ing and reproduction, however, such effects occur 
at relatively high dispersion concentrations (in mg/ 
L range), and for impacts on feeding and reproduc
tion, compensatory mechanisms have been dis
played during recovery.

Contribution of chemical dispersants to crude 
oil dispersion toxicity

The use of chemical dispersants can in some cases 
be an effective spill response option to prevent oil 
from reaching shorelines as these chemicals facil
itate dispersion of spilled oil to the water column. 
However, by preventing surfacing of the spilled oil 
using dispersants inevitably increases the risk of 
exposure of pelagic biota. Dispersants alone display 
low acute toxicity compared to the oil itself, with 
4-day LC50 values above 10 mg/L reported for the 
chemical dispersants Dasic NS, Corexit 9500A and 
Gamlen OD4000 (Hansen et al. 2014).

To compare the aquatic toxicity of oil with and 
without dispersant application, several studies have 
utilized CROSERF-methodology and compared 
conventional WAFs generated with and without 
dispersant application (Singer et al. 2000; 
Gardiner et al. 2013; Ramachandran et al. 2004). 
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This method is based on stirring a water volume 
with a defined amount of oil added on top in 
a closed bottle for a defined time and collecting 
the water phase after a settling period. When using 
the same stirring velocity to generate WAFs with 
dispersant application (chemically enhanced WAF; 
CEWAF), the solution will inevitably contain 
a much higher proportion of microdroplets that, 
due to their low surfacing velocity, tend to reside in 
the water phase. Thus, despite using the same oil to 
water loading, the droplet concentrations and dro
plet size distributions in the compared WAF and 
CEWAF will be different and will vary over time 
(Sandoval, Ding, and Gardinali 2017). Making con
clusions on the contribution of chemical disper
sants to dispersion toxicity using such 
experimental designs needs to be done with cau
tion as both the physical and chemical properties as 
well as temporal changes of the two solutions are 
different. Comparing the toxicity of the two solu
tions reveals the effects related to the different 
physical properties of the solutions, but provides 
little or no information about the potential toxicity 
of the dispersant itself. Using the ODG system, 
however, it is possible to generate oil dispersions 
that are comparable in terms of oil loading and 
droplet size range with and without the application 
of a chemical dispersant (Hansen et al. 2012, 2016; 
Olsvik et al. 2012). Figure 1b shows the comparable 
distribution of PAHs between oil and water for 
dispersions generated with a loading 20 mg oil/L 
with and without the use of dispersant when the 
ODG has been used. Thus, the two dispersions are 
identical except for the presence of the dispersant, 
and potential differences in toxicity can be assigned 
to the dispersant.

In exposure, experiments with C. finmarchicus 
using the ODG to generate dispersions, comparable 
oil dispersions (similar oil droplet concentrations and 
size ranges) were used with dispersants (chemically 
dispersed – CD) and without dispersants (mechani
cally dispersed – MD) to isolate the potential impact 
of chemical dispersant to crude oil dispersion toxicity 
(Hansen et al. 2012, 2015; Nordtug et al. 2015). For 
C. finmarchicus, acute 4-day-exposure to mechani
cally dispersed (MD) and chemically dispersed (CD, 
with 4% Dasic) oils provided a slightly lower (1.6 fold) 
LC50 for CD compared to MD suggesting a slight 
contribution of dispersant to oil dispersion toxicity 

(Hansen et al. 2012). Reduced feeding was also 
observed as a function of dispersion concentration, 
but not significantly different between MD and CD 
(Hansen et al. 2012). In a follow-up study, Nordtug 
et al (2015), studied filtration rates in C. finmarchicus 
exposed to three concentrations of oil dispersions 
ranging from 0.25 to 5.6 mg/L with a constant supply 
of microalgae for a period of 4 d. Filtration rates, as 
well as accumulation of oil droplets, decreased with 
increasing exposure concentration, thus resulting in 
higher amount of oil associated with the copepod 
biomass for the two lowest exposures compared to 
the highest exposure. Furthermore, exposure to the 
two lowest concentrations resulted in higher oil 
uptake in CD compared to MD. After exposure, 
reproductive output was monitored for 25 days in 
pre-exposed copepods, and although lower initial 
production of eggs/nauplii for both MD and CD 
exposures was observed for the two highest concen
trations, copepods exposed to MD exhibited compen
satory reproduction during the last 10 days of the 
recovery period, and the cumulative egg and nauplii 
production reached control levels at the end of the 25- 
day reproduction period. Interestingly, the copepods 
exposed to CD did not display this compensatory 
effect and never reached the same cumulative egg/ 
nauplii production as the MD-treated copepods 
(Hansen et al. 2015).

Studies comparing toxicity of mechanically and 
chemically dispersed crude oil have shown 
a dispersant-dependent increase in acute toxicity 
and reproductive toxicity (at high oil loadings), 
which may be attributed to higher oil droplet fil
tration during exposure to oil dispersions contain
ing dispersant.

Contribution of oil droplets to crude oil 
dispersion toxicity

Using the ODG, parallel filtered and unfiltered 
dispersions were used to assess the contribution 
of oil droplets to dispersion toxicity in four sepa
rate studies on copepods (Hansen et al. 2009, 2017,  
2017, 2018). Expression of glutathione 
S-transferase (GST) and cytochrome P450 330A1 
following exposure of lipid-poor and lipid-rich 
copepods to an artificially weathered naphthenic 
crude oil, suggested that that the lipid-content of 
the copepods was more important for transcription 
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of these genes than the presence of droplets 
(Hansen et al. 2009). While GST expression was 
comparable with and without the presence of dro
plets regardless of copepod lipid content, 
CYP330A1 exhibited opposite concentration- 
dependent responses for lipid-rich and lipid-poor 
copepods in the presence of oil droplets, i.e., upre
gulation in lipid-poor copepods and down- 
regulation in lipid-rich copepods. While GST is 
involved in the xenobiotic biotransformation pro
cesses (Roncalli et al. 2015), the CYP330A1 gene, 
being induced by ecdysone in shore crab (Carcinus 
maenas) (Rewitz, Styrishave, and Andersen 2003), 
probably has a function in the molting process 
(Hansen et al. 2008). Somewhat higher mortality 
was observed in the highest dispersion concentra
tion compared to the corresponding WSF, which 
may have been caused by adhesion of oil droplets 
to filtering apparatus and other copepod surfaces 
(Hansen et al. 2009). Although cold-water cope
pods like C. finmarchicus can survive prolonged 
periods without food, e.g., during diapause 
(Hirche 1996), even short-term (days) food depri
vation affects their GST gene expression (Soloperto 
et al. 2022), metabolism (Hansen et al. 2017; 
Helland et al. 2003), development (Campbell et al.  
2001) and reproductive potential (Niehoff 2000). 
Exposure to parallel treatments of dispersions (ran
ging 0.08–5.6 mg oil/L) and corresponding WSFs 
showed a clear concentration-dependent effect of 
the presence of droplets for algae filtration, gut 
filling and fecal pellet production, and impacts on 
food consumption was observed at dispersion con
centration as low as 0.08 mg oil/L (Hansen et al.  
2017). These effects were only observed in the pre
sence of droplets, i.e., not observed for filtered 
dispersions (WSFs). The same study also included 
a non-feed starved control, and comparable effects 
on gut filling were observed between starved cope
pods and copepods subjected to 0.7–0.8 mg oil/L 
(see examples in Figure 3). Using metabolomics to 
assess molecular impacts of oil exposure, verified 
a starvation-like response (loss of metabolites and 
free amino acids) in the presence of oil droplets. 
These effects were shown for two different oil 
types, suggesting the responses not to be oil type 
specific (Hansen et al. 2017) which is in line with 
observations for PAH partitioning between water 
and copepods (Hansen et al. 2018).

The presence of oil droplets on feeding appen
dages and inside the gastrointestinal tract may 
facilitate uptake of oil components into tissues, 
and subsequent partitioning into organs rich in 
lipids like the lipid sac and gonads, but the long- 
term effect of such accumulation is unknown. 
Pyrene exposure during simulated overwintering 
conditions caused reduced survival, reproductive 
output and strong delayed effects on grazing rate 
and lipid accumulation in C. hyperboreus (Toxværd 
et al. 2019). In an exposure experiment where 
C. finmarchicus females were exposed to an oil 
dispersion (1 mg oil/L) and the corresponding 
WSF for four days followed by recovery for 8  
days, hatching of eggs were significantly delayed. 
48 h after eggs were laid, 94% of controls were 
hatched, whereas for eggs from mothers exposed 
to oil dispersion only 86% were hatched. After 96 h, 
there were, however, no significant differences 
between controls and the dispersion treatment. 
Nauplii of mothers from the three treatments (con
trol, dispersion and WSF) were subjected to RNA 
extraction and transcriptomics analyses, revealing 
differentially expressed genes through pairwise 
comparisons between treatments. Some of the dif
ferentially expressed genes have known roles in 
responses to chemical stress including xenobiotic 
metabolism enzymes, antioxidants, chaperones, 
and components of the inflammatory response. 
This suggests that maternal transfer of oil com
pounds cause transgenerational effects. However, 
the impact of droplets were somewhat unclear, and 
a relatively small number of DEGs suggested 
a minor long-term effect on offspring following 
maternal exposure (Hansen et al. 2017).

In summary, the studies focusing on isolating 
potential contribution of oil droplets to toxicity 
states clearly that the oil droplets are interacting 
with copepods through adhesion and filtration 
causing an increase in mortality, altered gene 
expression, reduction in feeding and show poten
tial for reproductive effects and maternal transfer 
of oil compounds. As mentioned above, dispersion 
concentrations causing toxic effects in copepods 
are high compared to observations in cold-water 
marine fish eggs where presence of oil droplets 
appear to be a key driver for embryotoxicity 
(Hansen, Sørhus, and Nordtug 2023; Sørhus et al.  
2015, 2021).
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Concluding remarks and suggestions for future 
research

The ODG technology is capable of generating oil- 
in-water dispersions of controlled oil concentra
tions and droplet size distributions for use in flow- 
through exposure experiments. Comparable dis
persions can be made with and without disper
sants, making direct comparisons between 
mechanically and chemically dispersed oil possible, 
thus isolating the potentially added contribution of 
a dispersant to dispersion toxicity. The methodol
ogy can also be used to isolate the contribution of 
oil droplets to uptake and toxicity by preparing 
parallel dispersions with inline filtration (and dilu
tion) steps. In total, the ODG has proven 
a promising alternative to conventional methods 
to assess crude oil toxicity (Parkerton et al. 2023).

In this mini review, we have summarized the 
findings from studies using the ODG to assess 
bioavailability and toxicity of crude oil dispersions 
on the filter-feeding copepod Calanus finmarchicus 
which is a key species in the ecosystems of the 
Northern Atlantic Ocean and Barents Sea and 
a representative model species for marine filter- 
feeding organisms.

Clearly, oil droplets interact with copepods dur
ing exposure, as evidenced through uptake of 
hydrophobic PAHs and fluorescence microscopy 
imaging validating presence of oil droplets on 
copepod surfaces and within their gastrointestinal 
tract. However, oil droplet accumulation is reduced 
as a function of concentration, suggesting 
a reduction in oil droplet filtration at high concen
trations. Reduced algae filtration was also clearly 
shown with increasing dispersion exposure. 
Furthermore, accumulation of oil droplets appears 
to be somewhat higher during application of che
mical dispersant, which may be the reason for 
increased mortality during exposure to chemically 
dispersed oil than mechanically dispersed oil. This 
may also be the reason why compensatory repro
duction was only observed after exposure to 
mechanically dispersed crude oil. As dispersants 
alone have very low toxicity (>10 mg/L) in this 
species, and dispersant to oil ratios used were low 
(1:25), the added toxicity observed in chemically 
dispersed oil (compared to mechanically 

dispersed oil) are probably attributed to indirect 
effects of dispersants (increased filterability of che
mically dispersed microdroplets of crude oil) rather 
than direct effects. Importantly, however, toxic 
effects were observed at high dispersions concen
trations (mg/L range), suggesting that 
C. finmarchicus is less sensitive to exposure than 
fish eggs, which has been shown to be affected at oil 
concentrations in the µg/L range. Limited toxicity 
was observed for filtered dispersions (WSFs) com
pared to dispersions containing oil droplets clearly 
showing that presence of oil droplets is contribut
ing to the toxic responses (increased mortality, 
altered gene expression and reduction in feeding), 
and that droplet exposure is also necessary to cause 
reproductive effects and maternal transfer of oil 
compounds within the dispersion concentrations 
used in the published experiments.

The contribution of oil droplets on dispersion 
toxicity displayed from our studies on 
C. finmarchicus are important on a general basis 
for filter-feeding organisms in the marine envir
onment. As our studies have focused exclusively 
on late life stages of copepods, future work 
should focus on earlier life stages which may 
show higher sensitivity (Jager et al. 2016). As 
exposure concentrations used in our studies are 
in the high end of field measurements during 
acute oil spills, lower exposure concentrations 
should also be considered in future studies. 
Other filter-feeding organisms should also be 
considered for comparison. The same applies for 
early life stages of cold-water marine fish which 
not only have displayed high sensitivity to disper
sion exposure, but also droplet-driven dispersion 
toxicity (Hansen, Sørhus, and Nordtug 2023; 
Sørhus et al. 2021). The methodology for gener
ating dispersion described and used in the cited 
publications is a valuable tool to isolate impacts 
of crude oil microdroplets and/or chemical dis
persants on marine organisms. Data from these 
and further studies will facilitate a better under
standing of oil toxicity and produce data to 
improve future oil spill models used to assist 
environmental risk assessment, oil spill contin
gency planning, net environmental benefit ana
lyses and natural resource damage assessments.
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