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ABSTRACT

Approximately 15 % of the global anthropogenic emissions of sulfur oxides (SOx) come from shipping. To meet
sulfur emission regulations for marine vessels, many shipping companies have chosen to use exhaust gas cleaning
systems (EGCS), commonly known as scrubbers. The resulting washwater from scrubbers contains various pol-
lutants such as polycyclic aromatic hydrocarbons (PAHs), trace metals, and nitrates, is then directly discharged
into the surrounding surface water, transferring potential atmospheric pollutants to the marine environment. The
aim of this study was to investigate the impact of EGCS discharge water on blue mussels (Mytilus edulis) and sea-
urchin (Psammechinus miliaris) embryos and larvae. Chronic toxicity tests were performed using a fertilization
test and a larval development bioassay exposed to scrubber water dilutions (0.001, 0.01, 0.1, 1, 2, 5, 10, 20, 40
and 100 % of the original sample). Negative effects on fertilization success and larvae development in both
species at very low concentrations were observed (ECy9 < 1 %) indicating the severe impact of EGCS discharges
on these species. EGCS effluents showed different effects depending on the species and life stages. Sea urchin
embryos were more sensitive than the blue mussel embryos. However, blue mussel larvae were much more
sensitive than sea urchin larvae. These results emphasize the potential toxic effects of direct exposure -not di-
etary- to scrubber water discharges on marine invertebrate. EGCS discharge limits are urgent to prevent further
potentially irreversible damage to the marine environment.

1. Introduction

Marine shipping is expected to be responsible for 5-15 % of global
anthropogenic SOx emissions contributing to the release of several
airborne pollutants, such as particulate matter (PM), sulfur oxides (SOx),
and nitrogen oxides (NOx) (Viana et al., 2014; Lindstad and Eskeland,
2016; Sofiev et al., 2018; Sokhi et al., 2021). The International Maritime
Organization introduced Annex VI (air pollution) to the International
Convention for the Prevention of Marine Pollution from Ships, which
establishes limits to the sulfur emissions permitted from marine vessels
(Endres et al., 2018). To comply with these limits, marine ships can
adopt the use of low-sulfur fuel oil. However, due to the increased costs
of these higher-quality fuels, many shipping companies opt for the use of
exhaust gas cleaning systems (also known as ‘scrubbers’) that offer a
viable solution at a lower economic cost (Endres et al., 2018; Teuchies
et al., 2020). Scrubbers remove up to 95 % of SOx from the exhaust gas

before they are emitted to the atmosphere (Andreasen and Mayer,
2007). They also reduce fresh and non-volatile ultrafine particle number
(PN) and polycyclic aromatic hydrocarbons (PAHs) (Kuittinen et al.,
2024) suggesting potential benefits in terms of air quality.

Scrubbers are engineered to function in either a closed or open mode.
In the closed-loop system, more of the exhaust gas content is captured
and retained onboard the ship, with the residue discharged in port,
where it’s later integrated into cement or asphalt (Endres et al., 2018;
Teuchies et al., 2020). Conversely, the open-loop scrubber system utilize
seawater to spray exhaust gases to remove SOx, and the resulting
washwater is directly discharged into the surrounding surface water
(Comer et al., 2020; Teuchies et al., 2020; Ytreberg et al., 2019).
Considering that there was one vessel fitted with scrubbing systems in
2007, the number reached 4,737 b y 2022 and could surpassed 5,000
units by 2024 (Ship & Bunker, 2019), it could be expected that ships
fitted with EGCS will increase marginally in the coming years. On a
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global scale, most ships equipped with scrubbers utilize the open-loop
system (Endres et al., 2018; Teuchies et al., 2020), although in certain
Sulfur Emission Control Areas (SECASs), closed and hybrid scrubbers are
more prevalent.

Remnant washwater is discharged into the surrounding surface
water at a flow rate between 200 and 500L/s for a 15 MW vessel from an
open-loop scrubber, and only ~0.5-3L/s for a 15 MW vessel from a
closed-loop scrubber due to the recirculation process (Teuchies et al.,
2020). The washwater generated can contain a variety of pollutants,
including PAHs, metals and nitrates, thus displacing potential atmo-
spheric pollutants to the marine environment (USEPA, 2011; Lunde
Hermansson et al., 2021). The chemical composition and concentrations
of contaminants in discharged scrubber water vary based on factors such
as the scrubber type, design, effectiveness in removing contaminants,
fuel and lubricant oil composition, and the ship’s operating conditions
(Hassellov et al., 2020). Several PAHs - such as anthracene, phenan-
threne, naphthalene, fluorene and fluoranthene - have been identified in
multiple studies (Magnusson et al., 2018; Schmolke et al., 2020), and
may originate from the fuel itself or the fuel combustion process. Metals
are an important component of scrubber water with the highest recor-
ded concentrations reported as vanadium (V), zinc (Zn), copper (Cu) and
nickel (Ni) (Teuchies et al., 2020). Vanadium and nickel originate from,
and according to previous studies, correlate strongly with, the sulfur
content of the used fuel (Hansen and Aalborg, 2012; Teuchies et al.,
2020). Carnival corporation & PLC (2019) found similar metals in their
washwater effluents, with additional metals such as lead (Pb) and
chromium (Cr) present at lower concentrations.

Research examining the constituents of scrubber discharge indicates
that employing scrubbers directly contradicts the objectives of the Water
Framework Directive aimed at attaining a good environmental condition
in European waters (Lunde Hermansson et al., 2021). Some preliminary
studies have demonstrated that contaminants present in scrubber
discharge water could induce biological effects at low concentrations
causing lethal and sub-lethal effects (Koski et al., 2017; Magnusson
et al., 2018; Ytreberg et al., 2019). Negative effects of scrubber water
discharges on plankton have been reported with more toxic effects
compared to single compounds (Koski et al., 2017). This indicates syn-
ergistic effects of the scrubber discharge water mixture, particularly
with direct - not dietary - exposure to discharge water (Koski et al.,
2017). If this is a common situation for organisms at the basal levels of
the food web, it could have substantial consequences for the food web
structure and ecosystem functioning.

For many aquatic species, early life stages are the most vulnerable to
environmental stressors, and therefore embryos and larvae are
commonly used for toxicity tests to determine the sensitivity of organ-
isms to pollutants (Connor, 1972; Martin et al., 1981). Marine inverte-
brate larvaes are ideal test models due to their high sensitivity to
pollutants, ecological importance, vital ecological niches, susceptibility
to uptake of pollutants, and close connection with marine predators and
human health. Embryos and larvae are less tolerant to toxic compounds
than adults of the same species and therefore represent critical life stages
for toxicity tests (Connor, 1972; Martin et al., 1981). For this reason,
embryo-larval bioassays have proved to be very sensitive indicators of
seawater contamination (Annamaria et al., 2005; Bay et al., 1983;
Beaumont et al., 1987).

Despite the rapid rise in scrubber usage, the impact of scrubber
effluent on the marine ecosystem remains uncertain (Lange and Markus,
2015). Prior to the decision, there was serious neglect as no risk as-
sessments were conducted to evaluate the impact of the discharged
washwater from the scrubbers on marine ecosystems. However, evi-
dence now shows that adverse effects may be affecting marine organ-
isms exposed to these discharges. Marine invertebrates play a crucial
role in maintaining ecosystem functionality, with certain species iden-
tified as bioindicators due to their ecological significance, trophic in-
teractions, well-characterized biology, and feasibility for collection and
experimental investigation in both field and laboratory environments.
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Invertebrate larvae, alongside other taxa, constitute the foundation of
marine food webs, often occupying key positions as primary producers
and serving as essential energy sources within trophic networks. Due to
their high vulnerability to pollutants during embryonic development
and larval stages, these organisms are valuable for ecotoxicological
studies (Annamaria et al., 2005; Morroni et al., 2023) and serve as
bioindicators, as they spend a critical part of their life cycle in the water
column. To test this hypothesis, we exposed blue mussel (Mytilus edulis)
and sea urchin (Psammechinus miliaris) larvae to scrubber water from an
open-loop EGCS and assessed its effects on their development.

This study provides essential data for evaluating the ecological risks
associated with the increasing use of scrubbers, offering critical insights
into their potential impact on marine larvae and contributing to a more
comprehensive understanding of pollution-induced stress in marine
ecosystems.

2. Materials and methods
2.1. Scrubber water samples

The composition of pollutants and their concentrations in scrubber
water samples are expected to vary depending on the engine type, fuel
used, and scrubber technology employed (Achten et al., 2024; Gar-
cia-Gomez et al., 2023). For this reason, two different scrubber water
samples were used in this study.

2.1.1. DANAOS scrubber water

EGCS effluent samples were collected from the outlet of the open-
loop system on board the container ship Catherine C (owned by
DANAOS) during its journey from the North Sea to the Eastern Medi-
terranean (Jalkanen et al., 2024). The water was collected from the
outlet pipe near the discharge point, ensuring that the sampled water
was representative of what marine organisms would encounter close to
the ship. Samples for ecotoxicological tests and metal analyses were
collected directly into acid-washed 2-L amber glass bottles. One amber
glass bottle and shipped to the Catalan Institute for Water Research
(ICRA) (Spain) for PAHs analyses. All bottles were stored onboard at
4 °C in the dark. Then, samples were shipped (overnight refrigerated
shipping by delivery courier) to the National Oceanographic Centre,
Southampton (NOCS), England, for analysis, where they were kept at
4 °C in the dark until analyses.

2.1.2. Chalmers scrubber water

Natural seawater collected in the Gulf of Venice, in an area with low
maritime traffic, was used to create laboratory-generated scrubber water
effluents in a pilot-scale engine lab at the Department of Mechanics and
Maritime Sciences, Chalmers University of Technology, Sweden
(Garcia-Gomez et al., 2023). Samples for PAHs analyses were collected
into 1-L amber glass bottles and shipped to the Catalan Institute for
Water Research (ICRA) (Spain). Samples for ecotoxicological tests and
metal analyses were shipped to the NOCS and kept in acid-washed 2-L
amber glass bottles at 4 °C in the dark until analyses.

2.2. Chemical analysis

Salinity, dissolved oxygen, and pH were measured using a HACH HQ
30d digital multimeter. PAHs and metals were measured in scrubber
waters prior to the experiments. The filtration of water samples prior to
the experiments can lead to the loss of some compounds that can remain
adsorbed to the particulate matter present in the sample. Thus, PAHs
analyses were carried out in filtered and unfiltered water samples. The
16 US EPA priority PAHs and 25 representative alkyl derivatives were
analysed by ICRA using an optimized methodology following an internal
protocol.

Scrubber waters were filtered (PTFE membrane filters, 0.45 pm), and
metal analysis (V, Cr, Ni, Cu, Zn, As, Se, Cd, T, and Pb) were carried out
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in both solution and filters at the NOCS. In brief, scrubber samples were
transferred to glass vials, acidified with nitric acid and evaporated to
dryness. Approx. 0.1-1 g of solid residue remained at this stage, indi-
cating high salinity of the analysed samples. The solid residues for both
type of samples (water and filters) were re-dissolved using 3 % (v/v)
nitric acid solution and analysed using an Agilent8800 Triple Quad Mass
Spectrometer, calibrated using NIST-traceable, mono-elemental stan-
dard solutions. The instrument was configured into an MS-MS mode,
using the first set of quadrupoles as a mass filter to reduce interferences
from other elements present in the sample solution. Additionally, helium
gas was used as a collision gas to remove possible polyatomic in-
terferences, and finally a second set of quadrupoles was used to analyse
investigated elements. Signal suppression was monitored using internal
standard additions (Sc, In and Re). The obtained correction factor was
used to calculate the investigated elements’ concentrations in the ana-
lysed samples.

2.3. Biological material

Ripe M. edulis were manually collected from natural populations
around the Solent, UK, while avoiding areas near maritime ports. Mus-
sels were cleaned of all encrusting epifauna and acclimated in the lab-
oratory for up to one week in flow-through seawater tanks at 8 °C £+ 1,
with a salinity of 33.1 and a natural photoperiod (12:12 h). Adult
P. miliaris were manually collected from Torquay, UK. After collection,
the sea urchins were transported in insulated containers to the NOCS
and acclimated for up to one week in flowing seawater at 10 °C + 1,
with a salinity of 33.2 and a natural photoperiod (12:12 h).

2.4. Fertilization assay on M. edulis and P. miliaris

Toxicity testing was carried out in the aquarium facilities of the
NOCS. The tests were performed using an internal method based on ISO
17244 (ISO, 2015) for M. edulis and according to Environment Canada
(2014) for P. miliaris (see Supplementary Table S3). Animals were
induced to spawn by thermal shock and the best three females and males
were chosen according to the eggs and sperm quality determined by
visual inspection under an Olympus BH-2-RFCA microscope. Females
with eggs that were not round, immature forms or debris were dis-
carded. Sperm was collected “dry” from the gonopores of male sea ur-
chins and was kept on melting ice until use (<1 h). After checking sperm
motility, the sperm was exposed for 30 min to the different scrubber
water dilutions. Then the oocytes were added and exposed for 30 min at
room temperature. At the end of the incubation period, the 10 % neutral
buffered formalin was added to block embryonic development at an
early stage. At least 100 embryos from each replicate were scored for
percentage fertilization based on the number of cells showing cleavage.
The scrubber water dilutions tested 0.001, 0.01, 0.1, 1, 2, 5, 10, 20, 40
and 100 % of the original outlet scrubber discharge water. Five repli-
cates were used for each dilution (see Supplementary Table S3). pH
correction was made when necessary, at the beginning of the
experiment.

2.5. Larval development test on M. edulis and P. miliaris

An internal protocol based on the standard ISO 17244 (ISO, 2015)
was followed. The scrubber water dilutions tested 0.001, 0.01, 0.1, 1, 2,
5,10, 20, 40 and 100 % of the original sample. Briefly, after checking the
good quality of fresh eggs and sperm, and not later than 60 min for
M. edulis or 2h for P. miliaris of spawning, active sperm from three males
was added to the solution of fresh seawater containing eggs from three
females at ambient temperature and with continuous aeration. Fertil-
ization was accomplished at a ratio of between 100 and 200 sperm egg !
in a measuring cylinder. Once polar bodies (for M. edulis) or fertilization
ring (for P. miliaris) were detected at 20-30 min after fertilization, the
activated egg suspensions at a density of 20-200 eggs cm ™2 were
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distributed into flat-bottomed glass dishes or trays containing the test
solutions. M. edulis fertilized eggs were kept undisturbed in the dark
without aeration and food addition for up to 48 h at 16 °C. P. miliaris
fertilized eggs were kept undisturbed in the dark without aeration and
food addition for up to 72 h at 15 °C. After the incubation period a few
drops of 10 % buffered formalin were added to each vessel to fix and
preserve the larvae. Random samples of 100 larvae per replicate were
counted. For M. edulis normal larvae (D-shaped) and abnormalities
(malformed larvae and pre-larval stages) were recorded. M. edulis larvae
were considered abnormal if they present at least shell abnormality,
mantle abnormality, segmentation abnormalities, and/or empty shell.
For P. miliaris, Pluteus larvae was considered as normal growth to
distinguish it from any trochophore larvae, gastrulae, blastulae, morula,
or split egg considered as larvae with abnormal development. pH
correction was made when necessary, at the beginning of the experi-
ment. Salinity, pH and dissolved oxygen were measured at the expo-
sure’s beginning (t = 0) before the inoculation of the zygotes. The
acceptability of test results was based on negative control for a per-
centage of normal larvae >80 %. ECs is calculated based on the per-
centage of normally developed larvae. Copper sulfate pentahydrate
(CuS04-5H50) is the recommended reference substance. The test con-
centrations were included in the range 0 pg/L to 100 pg/L of
CuS04-5H70. Five replicates were used for each dilution. The test was
performed in triplicate, in three successive series, using three batches of
fertilized eggs. Values of NOEC, LOEC, ECy, and ECso were calculated in
each case.

2.6. Data analysis

Hypothesis-based toxicity data, namely the no-observed effect con-
centration (NOEC) and the lowest observed effect concentration (LOEC),
were estimated using the one-way analysis of variance (ANOVA) and the
Tukey’s HSD post hoc test (a = 0.05). The NOEC was designated as the
highest tested concentration not statistically different from the control,
while the LOEC was the lowest tested concentration statistically
different from the control. Data normality and variance homoscedas-
ticity were checked using Kolmogorov-Smirnov and Levene’s tests based
on medians, respectively. When normality and variance homoscedas-
ticity conditions were not met, the Kruskal-Wallis non-parametric test
on the ranks and Dunn’s pairwise test were performed. Statistical ana-
lyses were performed using the software package IBM SPSS Statistics
v.25. Dose-response curve (DRC) model was applied to derive effective
concentrations 10 % (EC;¢) and 50 % (ECsp). A log-normal distribution
of the observed effects was assumed.

Correlations between ecotoxicological effects and pH of the tested
concentrations were explored using the Spearman non-parametric cor-
relation (o = 0.05), using parameters

Measured at the beginning of the exposure (t0).

3. Results

The scrubber water from the DANAOS ship collected for the Solent
case study presented higher concentrations for all the 16 PAHs and 13
AlkylPAHs analysed (see Supplementary Table S1 and Table 52) than for
the Chalmers scrubber water. According to these results, PAHs and
metals are lost after the filtration process because they remain adsorbed
to the particulate matter present in the samples. For this reason, the
scrubber water used for experimental treatments was unfiltered in all
cases.

DANAOS scrubber water samples did not require any pH correction
for the ecotoxicological tests. Chalmers scrubber water was tested with
and without pH correction.

3.1. Effects of scrubber water on fertilization success

The scrubber water obtained from Chalmers and DANAOS produced
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sublethal negative effects on fertilization success in both species (Fig. 1,
Table 1). In this test, the sea urchin embryos were more sensitive (NOEC
= 0.1 %; LOEC = 1 %; EC19 = 0.12 %; ECs9 = 4.31 %) than the blue
mussel embryos (NOEC = 1 %; LOEC = 2; EC19 = 0.49 %; ECso = 156 %)
when exposed to DANAOS scrubber water. The same behaviour was
observed when the test was performed with Chalmers scrubber water
with or without pH correction. The sea urchin embryos were more
sensitive (NOEC = 0.001 %; LOEC = 0.01 %) than the blue mussel
embryos (NOEC = 0.1 %; LOEC = 1 %) when exposed to Chalmers
scrubber water. When the pH of Chalmers scrubber water was corrected,
the toxicity of the scrubber water decreased for both species (M. edulis:
Without pH correction: ECsy = 40.89 %; with pH correction: ECsy =
85.32 %; P. miliaris: Without pH correction: EC5y = 1.2 %; with pH
correction: ECs5p = 1.49 %). Spearman’s correlation showed a significant
relationship between the percentage of unfertilized eggs with pH for
P. miliaris (Spearman’s R = —0.414, p = 0.017) but not for M. edulis
(Spearman’s R = —0.137, p = 0.448). Physicochemical parameters and
fertilization success are reported in Supplementary Material Table S4.

3.2. Effects of scrubber water on larval development

The effects on early-life stages showed that larval of both species are
sensitive to low concentrations of scrubber water (Fig. 2, Table 1). After
72 h exposure, some abnormalities observed in P. miliaris larvae
included additional crossbarred body rod, missing or shorter arms, and
apically crossed body rod (Fig. 3). In M. edulis hypertrophy of the mantle
and hinge abnormality were the most common larvae abnormalities
found after 72 h exposure to both scrubber waters (Fig. 4). In this case,
blue mussel larvae were much more sensitive (NOEC = <0.001 %; LOEC
= 0.001 %; EC19 = 0.27 %; ECsgp = 9.27 %) than sea urchin larvae
(NOEC = 0.01 %; LOEC = 0.1; EC1 = 0.15 %; ECsg = 1.54 %) when
exposed to DANAOS scrubber water. The same behaviour was observed
when the test was performed with Chalmers scrubber water with or
without pH correction. The blue mussel larvae were more sensitive
(NOEC = <0.001 %; LOEC = 0.001 %) than the sea urchin larvae (NOEC
= 0.001 %; LOEC = 0.01 %) when exposed to Chalmers scrubber water

A

% Fertlization success

0 0001 001 01 1 2 5 10 20 40 100
Scrubber water (%)

% Fertlization success

0 0001 001 01 1 2 5 10 20 40 100
Scrubber water (%)
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without pH correction. When the pH of Chalmers scrubber water was
corrected the toxicity of the scrubber water slightly decreased for both
species.

Spearman’s correlation did nor evidence a significant relationship
between the percentage of abnormalities with pH for P. miliaris
(Spearman’s R = —0.174, p = 0.334) but evidence a significant
moderately high correlation for M. edulis (Spearman’s R = —0.405, p =
0.019). Physicochemical parameters and percentage of abnormalities
(shell abnormality, mantle abnormality, segmentation abnormalities,
and/or empty shell for P. miliaris, and D-shaped larvae, malformed
larvae and pre-larval stages for M. edulis) are reported in Supplementary
Material, Table S4.

4. Discussion

The exposure of M. edulis and P. miliaris embryos and larvae to
different dilutions of scrubber water showed a concentration-dependent
effect on all explored endpoints. The adverse effects on fertilization
success and larvae development were observed even at the lowest di-
lutions of scrubber water, confirming that scrubber water could present
adverse effects on the whole life cycle of the marine organisms. Similar
results have been reported in other bivalves when exposed to scrubber
water. Picone et al. (2023) found the larval development of
M. galloprovincialis was significantly delayed by exposure to scrubber
water under similar conditions to those used in this study. However,
according to NOEC, LOEC and EC values reported in that study, M. edulis
seems to be more sensitive to the exposure to scrubber water compared
to M. galloprovincialis. In the same manner, M. edulis was more sensitive
that P. miliaris larvae when exposed to DANAOS and Chalmers scrubber
water.

Marine invertebrates play an important role in the functioning of
marine ecosystems, contributing to key ecological processes such as
nutrient cycling, habitat formation, and energy transfer. Certain species
have been selected as bioindicators due to their ecological significance,
trophic position, well-documented biology, and adaptability to both
field and laboratory experiments (de Almeida Rodrigues et al., 2022;

B
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Fig. 1. Percentage of fertilization success in two species after exposure to scrubber water. M. edulis exposed to (A) Chalmers scrubber water and (B) Danaos scrubber
water; P. miliaris exposed to (C) Chalmers scrubber water and (D) Danaos scrubber water. (*) indicates significant differences compared to control. Error bars

designate standard deviations.
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Table 1
Summary of the toxicity data.
Species Endpoint Scrubber water pH corrected Lowest % dilution tested LOEC NOEC EC10 EC50
Mytilus edulis Fertilization success DANAOS No 0.001 2 1 0.49 156
Chalmers No 0.001 1 0.1 0.58 40.89
Chalmers Yes 0.001 1 0.1 0.68 85.32
Larvae development DANAOS No 0.001 0.001 <0,001 0.27 9.27
Chalmers No 0.001 0.001 <0,001 0.06 0.54
Chalmers Yes 0.001 0.001 <0,001 0.07 0.71
Psammechinus miliaris Fertilization success DANAOS No 0.001 1 0.1 0.12 4.31
Chalmers No 0.001 0.01 0.001 0.12 1.2
Chalmers Yes 0.001 0.01 0.001 0.08 1.49
Larvae development DANAOS No 0.001 0.1 0.01 0.15 1.54
Chalmers No 0.001 0.01 0.001 0.11 0.96
Chalmers Yes 0.001 0.1 0.01 0.11 1.42
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Fig. 2. Percentage of abnormal larvae in two invertebrate species after 72h exposure to scrubber water. M. edulis exposed to (A) Chalmers scrubber water and (B)
Danaos scrubber water; P. miliaris exposed to (C) Chalmers scrubber water and (D) Danaos scrubber water. (*) indicates significant differences compared to control.
Error bars designate standard deviations.
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Fig. 3. Some abnormalities observed in Psammechinus miliaris larvae at 72 h exposure to scrubber water.
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Exposed to scrubber water

7

Fig. 4. Some abnormalities observed in Mytilus edulis larvae at 72 h exposure to scrubber water. Arrows: hypertrophy of the mantle. Arrowhead: hinge abnormality.

Vallaeys et al., 2017). These characteristics make them valuable for
assessing environmental changes and anthropogenic impacts. Inverte-
brate larvae, along with other planktonic organisms, form the founda-
tion of marine food webs, serving as a critical energy source for higher
trophic levels, including fish and other marine predators. While they are
not primary producers themselves, they play an essential role in the
transfer of energy from primary producers (such as phytoplankton) to
higher consumers, reinforcing the stability and productivity of marine
ecosystems. This makes them important as they act as a food source to
numerous aquatic organisms, which in turn are eaten by larger organ-
isms further up the food chain and toxicants could be accumulated and
transferred through biomagnification process at different trophic levels
(Corsolini and Sara, 2017).

Our findings confirmed that both blue mussels and sea urchins’
larvae can be considered excellent model organisms for inclusion in
ecotoxicological assessments due to their high ecological relevance,
sensitivity to environmental stressors, and well-characterized life cycles
(Boukadida et al., 2016, 2021; Morroni et al., 2023). Their widespread
distribution in marine environments, ease of collection, and ability to be
cultured under laboratory conditions make them ideal candidates for
standardized toxicity testing. Furthermore, their early developmental
stages (fertilization, cleavage, and larval formation) provide rapid and
measurable endpoints to assess the effects of toxic substances on growth,
survival, and morphological abnormalities (Annamaria et al., 2005;
Morroni et al., 2023; Picone et al., 2023). The present study identified
the toxic potential of scrubber water discharge resulting in abnormal
development of marine invertebrates’ larvae. On a larger scale, such as
the increasing use and associated washwater discharge of scrubbers
worldwide, such outcomes have the potential to massively impact ma-
rine food webs and subsequently marine ecosystems. Even at low con-
centrations, the discharge of scrubber washwater has the potential to
effect marine organisms via the processes of bioaccumulation and bio-
magnification (Koski et al., 2017).

There is a differential sensitivity between species and life-stages to
exposure to scrubber water. Sea urchin embryos seemed to be more
sensitive to this exposure than blue mussel embryos. However, the
pelagic larvae of M. edulis was more sensitive to exposure to scrubber
water. Early life stages of fish and invertebrates have shown higher
sensitivity when exposed to contaminants than adult organisms
(Mohammed, 2013). For invertebrates, embryos may sometimes appear
to be more sensitive than larvae. Therefore, the relationship between
sensitivity and the life stage may vary by species. More comprehensive
studies on gene expression, enzymatic activity, stress response path-
ways, and detoxification mechanisms are needed to identify the un-
derlying factors driving species- and life stage-specific variations in
susceptibility in response to scrubber water exposure. Further research
incorporating transcriptomic, proteomic, and epigenetic analyses will be
essential to unravel the biological pathways underlying these differen-
tial responses.

The discharge of scrubber water has the potential to impact various
parameters of receiving waters, such as pH, dissolved oxygen levels,
concentrations of trace elements, PAHs, and other contaminants. While

the pH decrease in seawater from scrubber effluent occurs at a small
scale, localized acidification will intensify, particularly in enclosed
systems such as coastal lagoons and harbours (Lange and Markus, 2015).
Furthermore, the repeated reduction in pH from the pulsed input of
sulfuric acid from scrubber discharge, have been shown to significantly
affect plankton communities (Ytreberg et al., 2019). Studies on scrubber
water have demonstrated potential synergistic effects of contaminants
and pH on copepods (Koski et al., 2017; Thor et al., 2021). To study the
effect of scrubber water on different organisms it is necessary to consider
relevant aspects such as the pH correction, which can change the
behaviour of some compounds in scrubber water. Our findings show that
the pH correction decreased the toxicity of the scrubber water. This was
expected considering that a change in pH modifies the chemical form,
solubility, and availability of some compounds present in the mixture.

In the same manner, the filtration of scrubber water prior to the
experiments can lead to the loss of some compounds that can remain
adsorbed to the particulate matter present in the samples. Contaminants
in mixtures may be affected by bioavailability associated with sediments
that creates a situation of major concern in areas affected by heavy
maritime traffic (Merhaby et al., 2019; Valentina et al., 2021). Chemical
sequestration is a well-known process occurring in sediments and soils
that reduces the availability of hydrophobic compounds such as PAHs.
Organic matter present in sediment has an important role in the first
phase of the sorption process and it has been reported that small mol-
ecules are sequestered more rapidly than larger ones (Brion and Pel-
letier, 2005). Thus, removing particulate matter from environmental
samples to carry laboratory exposure may introduce inaccuracies into
the analysis and influence the extrapolation of potential effects associ-
ated with scrubber water exposure.

Scrubber water is known to comprise of a multitude of pollutants,
including various PAHs, metals and nitrates, and it is highly acidic
(USEPA, 2011). Concentrations of PAHs, alkylated derivatives and other
pollutants have been reported from open and closed-loop operations on
several ships (Achten et al., 2024; Garcia-Gomez et al., 2023) showing
that the discharge waters varied in concentration and can be associated
with those of the fuels used, as they mainly originate in unburnt fuel
(Achten et al., 2024). This study identified chrysene, fluorene, fluo-
ranthene, naphthalene, phenanthrene and pyrene as the priority PAHs
present in scrubber water from the Chalmers University system (see
Supplementary Table S1). This matched well with other reports per-
formed by Garcia-Gomez et al. (2023) about the occurrence of PAHs in
an open-loop scrubber system at the same University. However, this
study detected a greater variety of PAHs, including alkylated PAHs, as
well as higher concentrations in the scrubber water discharge from the
DANAOS system. The variability observed between studies and scrubber
waters in terms of pollutant types and concentrations further compli-
cates the ability to formulate general conclusions regarding the
ecological impacts of exposure to scrubber water discharges.

Despite the low concentrations of most of the PAHs and metals
analysed in Chalmers scrubber water, it showed a high potential to be
toxic for both species, either for fertilization or the larval development.
Exposure to multiple stressors has the potential to cause toxic effects,
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despite individual contaminants being below levels of concern (Beyer
et al., 2014). For example, when testing the toxicity of scrubber effluent
to copepods, none of the contaminants occurred at concentrations that
could individually explain the toxic effects observed (Thor et al., 2021).
Studies using similar species has shown some potential effects of
particular contaminants present in scrubber discharge waters, such as
vanadium or copper, that could be critical factors affecting marine in-
vertebrates’ larval development (Picone et al, 2023). However,
scrubber water toxicity cannot be predicted by comparing the concen-
trations of individual pollutants to toxicity thresholds (Magnusson et al.,
2018). Some contaminants have a similar mode of toxic action so
assumption of dose (or concentration)-additive toxicity is typically made
(Cassee et al., 1998). However, biota may exhibit unexpected responses
to contaminant mixtures due to potential interactions such as agonisms
and/or synergisms among individual contaminants, thereby altering the
overall magnitude or character of toxicity (Cassee et al., 1998; De Zwart
and Posthuma, 2005; Fleeger et al., 2007).

In addition to the effect of metal combination, there is an interactive
effect between temperature and trace metals on early life stage of bi-
valves (Boukadida et al., 2016). It has been shown that combine expo-
sure to environmentally realistic water temperature and metal pollution
could affect tolerance limits and impair development and reproduction
success (Boukadida et al., 2016). This represents an additional challenge
under the assumption of increasing temperature of the sea in future
scenarios related to the global warming.

To understand the full scrubber water toxicity we recommend
studying the combined effects of chemicals under different environ-
mental conditions and parameters such as pH and temperature. As
phytoplankton have shown to be able to adapt to prolonged exposure to
PAHs resulting in increased toxicity thresholds (Kottuparambil and
Agusti, 2018), the inclusion of long-term studies to investigate the
concept of adaptation to scrubber water exposure in different species is
recommended.

Despite economic benefits, the discharge of scrubber water con-
taining pollutants such as heavy metals and PAHs poses severe risks to
marine ecosystems. For instance, in the Baltic Sea, the study estimates a
societal damage cost of over €680 million between 2014 and 2022 due to
marine ecotoxicity (Lunde Hermansson et al., 2024). The growing
environmental concerns have led to increasing regulatory restrictions on
scrubber use in specific regions, such as the Baltic Sea and certain ports,
but the practice remains widespread globally due to economic pressures.

The current investigation offers additional evidence of the risk of
using open-loop EGCSs as an environmentally sustainable approach for
mitigating maritime sulfur emissions. The use of EGCS systems has
relocated the issue from the atmosphere to the aquatic environment, and
it has created an additional environmental stressor with the exposure of
marine biota to increasing concentrations of toxicants such as heavy
metals, PAHs, and alkylated PAHs. Consequently, efforts to decrease
emissions from maritime transportation should no longer be pursued by
equipping vessels with open-loop scrubbers. Instead, there is an imper-
ative to transition towards alternative technologies that reduce the
environmental impacts. Alternative strategies have been proposed to
reduce emissions and mitigate the environmental risks associated with
wet scrubbers (Sarbanha et al., 2023). These include the integration of
exhaust gas cleaning with carbon capture via dry scrubbers using
multifunctional sorbents, the implementation of CO, electrochemical
cells on ships as an alternative to carbon storage, and the exploration of
zero-emission fuels for ship propulsion.

5. Conclusions and recommendations

The increasing use of both closed- and open-loop scrubbers on ma-
rine vessels is leading to the discharge of large volumes of potentially
toxic wash water, posing a significant threat to marine ecosystems.
Given the significant environmental risks associated with scrubber
water discharges, and the evident hazard for marine invertebrates,
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especially in the early life stages, there is an urgent need for stronger
international regulations and enforcement mechanisms. Analysis of PAH
distribution patterns confirms that unburnt petrogenic fuel is the pri-
mary source of PAHs in discharge water, emphasizing the need for a
transition to cleaner fuels with low-PAH-content, such as MGO, LNG, or
alternative clean fuels to minimize PAH emissions. Urgent investments
in technological advancements, engine optimization, and combustion
efficiency are needed, along with the establishment of standardized PAH
monitoring programs and evidence-based discharge regulations to
mitigate pollution risks. A more comprehensive policy framework under
the International Maritime Organization (IMO) and other regulatory
bodies would help ensure that scrubber discharge management aligns
with global marine conservation efforts and emission reduction goals.
The IMO, through MARPOL Annex VI, currently regulates sulfur emis-
sions from ships, but scrubber discharge water remains largely unreg-
ulated or subject to inconsistent national and regional policies. Ship
owners should transition to cleaner fuels and closed-loop scrubbers,
policymakers must enforce stricter discharge limits, penalties for non-
compliance, and monitoring requirements, and environmental
agencies should expand water quality monitoring and assess long-term
ecological impacts. To assess the cumulative effects of scrubber dis-
charges in high-traffic areas and their long-term impacts, a multidisci-
plinary approach integrating field monitoring, ecotoxicological studies,
chemical analyses, and ecosystem modelling is necessary. Without these
proactive measures, continued scrubber discharge pollution could lead
to rapid and potentially irreversible damage to marine ecosystems.
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