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Propositions:

1. Exhaust gas becomes invisible when released underwater, but its impact cannot be hidden.
(this thesis)

2. CO2 is not always the “culprit” to the environment as long as you identify and utilise it in a
positive way.
(this thesis)

3. An environmental impact study is only valuable when input on local conditions is updated
on a regular basis.

4. What brings us closer to the fact/truth is the discussion of a scientific article, not the results
or conclusion.

5. A PhD program is more about self-cultivation than about becoming an academic specialist.

6. The impact of quarantine on working efficiency follows the same trend as the impact of
elevated CO concentrations on microalgae growth.

7. Assumptions are useful in scientific studies, but harmful in human interaction.

Propositions belonging to the thesis, entitled
‘The potential impact of underwater released exhaust gas from innovative ships on the marine
ecosystem’.

Yuzhu Wei
Wageningen, 20 January 2021.
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Chapter 1

1.1 Air pollution by ship traffic

Maritime transportation, as one of the cheapest ways of moving large volumes of cargo over
long distances, is the backbone of international trade (Christiansen et al., 2007). More than
80% of global trade by volume and over 70% by value is carried by ships (UNCTAD, 2018).
In line with developments in the world economic recovery, population growth and
elimination of trade barriers, the total volume of global seaborne transportation reached 10.7
billion tons in 2017 (UNCTAD, 2018) . This volume is expected to be continued to rise at an
annual growth rate of 3.8% between 2018 and 2023 (UNCTAD, 2018). With increasing
numbers of ship operations and the, in general, low quality of operated marine fuel, the
stresses on the human and environmental health became a well-known concern (J Chen et
al., 2019; Nunes et al., 2017; Williams et al., 2015). The maritime emission accounts for
about 15%, 4 — 9% and 3% of the global anthropogenic emission of NOy, SOx and Green
House Gas (GHG), respectively (Nunes et al., 2017; Song, 2014) (J Chen et al., 2019;
Psaraftis &Kontovas, 2013). The released pollutants can cause severe health issues, such as
lung cancer, cardiovascular and asthma (Nunes et al., 2017). Thus, eco-efficiency of marine
transportation becomes more urgent, especially in risk characterization and management of
marine emission.

1.1.1 Marine exhaust gas

The most widely adopted ship propulsion system is the heavy fuel oil powered main diesel
engine, which generates large amount of pollutants in the emission (Nunes et al., 2017). The
composition of maritime exhaust gas is very complex, which includes, but is not limited to,
polycyclic aromatic hydrocarbons (PAHs), fine particles, NOy, SOx, O, CHs, CO and CO»
(M Anderson et al., 2015; Sippula et al., 2014). In addition, the amount and composition of
the emission vary based on multiple factors, such as the size and load of the ship and the type
and power of the engine. Typically, the exhaust gas consists of 1 - 10% v/v CO,, 50 - 700
ppm CO, 200 - 1500 ppm NO, 20 - 1000 ppm SO», and 50 - 400 ppm volatile organic
compounds (in which PAH is about 1%) (EPA, 2000).

The emitted pollutants from maritime transportation accelerate climate change and adversely
affect environmental health even at low concentrations in several ways (Corbett et al., 2007;
Fuglestvedst et al., 2009). In the short-term, the present-day shipping already impacted local
areas with busy shipping intensity. For instance, local maritime traffic increased the ozone
and, particulate matter (e.g. PM>s) levels along the Norwegian coast and is contributing to
Arctic warming (Law et al., 2017). As early as 2012, the international shipping emitted an
estimated 796 million tonnes of CO,, which accounts for about 2.2% of the total global
anthropogenic CO; mission (IMO, 2015). The amount of emitted CO, in 2020 was estimated
to be around 870 million tonnes (Sofiev et al., 2018). This substantial amount of CO; is likely
to lead to long-term consequences, such as ocean acidification and global warming
(Mathesius et al., 2015) (Section 1.4 and 1.5). Under the pressure from maritime emission to
both human and environmental health, numerous strict international regulations on marine
fuel and emission are in place to date.
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1.1.2 IMO regulations for maritime transportation

The regulations of marine fuel and emission from an environmental and public health
perspective are issued by the International Maritime Organization (IMO), which was
formally established in 1948 in Geneva. IMO is a united nation specialized global standard-
setting authority for developing international shipping in all aspects including safety,
security, efficiency and environmental performance (IMO, 2019). In the past decades, IMO
authorized and adopted several regulations, which guide and support the maritime operation
towards more efficiency and environmental friendliness. Regarding fuel regulations, IMO
decided the sulphur content in marine fuel had to be reduced to 0.5% m/m (mass/mass) in
January 2020 against current global limits of 3.5% m/m (IMO, 2016a). The implementation
of this landmark decision forced a stop of using non — desulfurized heavy fuel oil in the
shipping industry. In addition, IMO adopted new requirements in October 2016 for collecting
fuel consumption data of 5000 gross tonnage and above ships, which account for about 85%
of CO; emissions from international shipping (IMO, 2016b). This collected data will provide
important insights on ship energy efficiency and GHG emission management for the
authorities. This is not the first time that IMO regulates maritime emissions. The limits for
nitrogen oxides (NOx) and sulphur oxides (SOy), the latter regulated via sulphur content in
marine fuel oil emission, were started as early as 1997. The NOx emission standards are
commonly referred to as Tier I, II and III standards, which targeted ships that were
constructed after 2000, 2011 and 2016 respectively (IMO, 1997a). In those standards, a
stricter limit of NOx was applied to high-speed engines than low-speed ones.

Besides the emission regulations, Emission Control Areas (ECA) were designated by IMO
to protect vulnerable areas from maritime emission. The selection of ECAs follows multiple
criteria, such as population and environmental risk, critical habitats, water characterization
and economic impact (Okada, 2019). Within these ECAs (Baltic sea, North sea, the north
American area and the Unites states Caribbean sea), stricter emission rules are applied
compared to other areas (Fagerholt et al., 2015). For example, in sulphur ECAs, only 0.1%
m/m sulphur content in fuel is allowed from January 2020, while a maximum of 0.5% m/m
sulphur content in fuel is applied outside those areas (IMO, 1997b). Current ECAs focus on
NOx and SOx emissions and are designed under MARPOL (Stand for Marine Pollutions,
which refers to the international convention for the prevention of pollution from ships) Annex
VI (Zhen et al., 2018). Besides environmental benefits, these regulations also bring economic
benefits, e.g. from positive health impact due to cleaner air. Nitrogen ECAs in Baltic and
North Sea are estimated to be on average € 1007 million/year benefits against € 230
million/year cost for conforming these regulations in 2030 (Astrém et al., 2018).

1.2 Marine fuels
1.2.1 Fuel oils

Crude oil is refined via a complex boiling process called distillation into two basic types of
marine fuels: distillate oil and residual oil (Figure 1.1) (Kotwzan &Narewski, 2012).

Distillate fuel oil has a low viscosity and flashpoint. Marine Gas Oil (MGO) and Marine

Diesel Oil (MDO) belong to this group (Figure 1.1) (Latarche, 2017). It is generally cleaner
and thus produces fewer polluting emissions than Residual Fuel Oil (RFO). Distillate fuel oil
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is commonly applied in high and medium-speed engines, such as city buses and private
vehicles, but little applied in marine transportation due to the high cost (Winnes &Fridell,
2009) (EIA; Latarche, 2017). Residual Fuel Oil (RFO) is a general classification for the
heavier oil (Figure 1.1). It is the remained mixture after refinery consisting of heavy
hydrocarbons and metals in oil-soluble form (Ali & Abbas, 2006; EIA, 2019). Heavy Fuel
Oil (HFO), also known as Marine Fuel Oil (MFO), is pure or nearly pure residual oil and
consists of more pollutants from the crude oil than the DFO does. In the exhaust gas, usually,
a higher amount of SO, and NOy is produced from HFO powered ships than DFO powered
ships (Table 1.1). HFO is more famous in the maritime field as ‘Bunker C fuel oil’ and ‘NO.6
fuel oil’, since commonly used in cargo shipping and the cruise line industry (EIA, 2019).
Although Marine Diesel Oil (MDO) belongs to DFO, it contains some HFO. Therefore, the
exhaust gas from MDO combustion showed higher pollutant factors (e.g. SO) comparing
with MGO (Table 1.1). In order to reduce harmful exhaust gas emission and meet regulations,
a possible alternative resource is Liquified Natural Gas (LNG) (M Anderson et al., 2015;
Burel et al., 2013).

Marine Gas Oil (MGO)

Distillate Fuel Oil (DFO)

Marine Diesel Ol (MDO) |
4

Distillation

Residual Fuel Oil (RFO) | —+{ Heavy Fuel Oil (HFO) |

Figure 1.1 A scheme of fuel types for marine use. Marine Diesel Oil (MDO) is a mixture of Distillate
Fuel oil (DFO) and Heavy Fuel Oil (HFO). Thus, a dash line was added from HFO to MDO.

Table 1.1 Emission factors for NOx, CO, CO:2 and SO for different marine fuels at 90% of maximum
continuous rating (MCR) load from measured exhaust gas (Winnes &Fridell, 2009). Exhaust gas was
generated via a four-stroke main engine tanker (11,000 tones deadweight) IMOZ with 4500 kw installed
power.

Fuel Type NOx Co Co: SO2
(g/kWh) (g/kWh) (g/kWh) (g/kWh)
MGO 9.6 0.3 607 0.1
MDO 9.6 0.3 645 1-4.1
HFO 10.7 0.3 607 4.6

1.2.1 Liguified Natural Gas

Natural gas contains many different compounds, with the largest component being methane
(CHa, 87 - 99 mol %) (M Anderson et al., 2015). For easier shipping and storage, natural gas
is cooled to a liquid state and it becomes Liquefied Natural Gas (LNG) (EIA, 2018). The
emission of LNG powered ships holds significantly lower amounts of NOx, PM and SO,
compared with marine fuel oil powered ships. Following the sulphur content regulation and
other emission management by IMO, an increasing number of newly constructed vessels are
operated by natural gas. Especially with the growth in natural gas infrastructure and with the
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price of conventional marine fuels rising, while the regional price of natural gas declines
(Fullenbaum et al., 2013; Schinas & Butler, 2016). The number of LNG powered ships,
however, is only slowly increasing.

Globally, there are 125 ships using LNG with between 400 - 600 expected to be delivered by
2020 (Saul & Chestney, 2018). In comparison with over 60,000 commercial ships in the
world, the transition towards LNG seems slow. This is likely due to the unsolved challenges
of'this less pollutant energy source operation. For example, for the same energy content, LNG
takes about twice the volume of space compared to diesel oil. This large space requirement
not only reduces the carrying ability of a cargo ship but also brings up a safety challenge for
LNG tank installation (Burel et al., 2013). Additionally, the environmental concern of
unburnt methane is addressed in multiple expert forums, since methane has a much higher
global warming potential than CO, (Commission, 2016). A novel high-efficiency gas engine
ship which breakthrough those LNG operation challenges is required to apply this energy
source further in maritime shipping. The GasDrive project aims to develop such an innovative

LNG powered ship.
1.3 GasDrive project

The NWO funded GasDrive project aims to develop LNG powered ships with more than 50%
reduced fuel consumption by using a new generation of fuel cells in combination with
turbocharged gas engines. In addition, it is planned that this innovative ship releases exhaust
gas under water along the ship’s hull as air lubrication to reduce the water resistance of the
vessel. In this way, the total emission of GasDrive ships is expected to be significantly less
compared to the present ships.

1.3.1 Air lubrication and underwater released exhaust gas

Air lubrication is one of the commercially available technologies in drag reduction of ships,
which is categorized in Bubble Drag Reduction (BDR) and Air Layer Drag Reduction
(ALDR) (S H Park & Lee, 2018). Bubble Drag Reduction (BDR) initially was reported in
1973 (McCORMICK &Bhattacharyya, 1973). The injected air forms bubbles near the liquid
turbulent boundary layer beneath the flow surface, which leads to approximately 10 - 15%
of total resistance reduction of ships (Ceccio, 2010). This method was further developed by
increasing the injected gas flux, which results in the bubble coalescence of a thin air layer. It
is estimated that this air layer could be able to steeply increase drag reduction up to over 80%
(S H Park & Lee, 2018). However, optimization of the distribution and stability of the air
layer in drag reduction of ships is currently still under research (Ceccio, 2010; S H Park &
Lee, 2018).

Different from the traditional air lubrication technologies, GasDrive proposes to inject
exhaust gas instead of pumping air along the ship’s hull. The advantage of this change is not
only improving the air quality of the deck by zero direct releasing exhaust gas to the
atmosphere, but also saving 3 - 10% of the total energy that consumed by air bubble generator
(Kumagai et al., 2015). Moreover, studies suggested that the drag reduction decreases in
traditional air lubrication technologies, due to the discharge of gas bubbles from the boundary
layer (Elbing et al., 2008; Kumagai et al., 2015). To overcome this challenge, GasDrive
learned from emperor’s penguin, who dive with air in their plumage. The trapped air is
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released as fine bubbles over their bodies to form a smooth air layer, which reduces the drag
force from water and increases their swim speed (Davenport et al., 2011). In GasDrive, a
nanostructured ship’s hull is designed to capture the released exhaust gas bubbles and form
a smooth air layer around the ship with reducing 20% water resistance in theory. Because of
the low water resistance, the total fuel/LNG consumption will decrease as well, which is
followed by a reduction in overall exhaust gas emission, especially at global level. On the
other hand, the nano laminate increased the dissolving time for the captured exhaust gas,
charged with CO,, NOy, SOy, etc., in water and its impact on the local marine ecosystem is
unknown. Therefore, the GasDrive proposal includes the work package of studying the
environmental impact of underwater release exhaust gas, which is also the aim of the
presented PhD project.

1.4 Potential environmental consequences of sub-surface released exhaust gas

Several components in the maritime exhaust gas can impact marine ecosystems although they
are less water-soluble compare with CO,, for instance, PAHs and SO. PAHs are ubiquitously
introduced to the environment by human activities, as they are present in petroleum and
incomplete combustion products, e.g. exhaust gas. PAHs are nonpolar and lipophilic, thus
hard to dissolve in water. However, they still have been detected in marine water (Hylland,
2006) and even drinking water (Karyab et al., 2013). PAHs are taken up by organisms via
water and especially diet. They accumulate in fat tissue of the organisms due to their
lipophilic properties and when high concentrations are reached it can affect the immune
system and inhibit development, although varied responses between species were observed
(Hylland, 2006; Nerregaard et al., 2015). SOy, another compound of exhaust gas with low
solubility may impact the marine ecosystem. SOy can cause “acid rain”, which in turn
acidifies both marine and freshwater systems (Jagerbrand et al., 2019). The emitted SOx
usually form into H,SOj4 in the atmosphere before dissolving in water (Hunter et al., 2011).
It means SOy emission causes ocean acidification by directly adding H* ions to the water,
decreasing the ocean alkalinity with negative impact on calcifying organisms (Hunter et al.,
2011; Jagerbrand et al., 2019).

CO; is the most dissolvable gas compared with other components in the exhaust gas. The
biological impact of elevated CO» concentrations on marine organisms has been well studied
in the past decades due to climate change concerns and related ocean acidification. However,
most available studies only address the expected future atmospheric CO; levels (Currie et al.,
2017; Vaqué et al., 2019). While the underwater released CO> may rapidly lead to exceed
estimated future global CO, levels around the ship’s hull, and its impact is still unclear.
Therefore, the environmental impact of underwater released exhaust CO, remains the
primary concern in the presented thesis. Although other components in the exhaust gas are
less soluble in water compare with CO,, it is still important to check whether they have an
additional impact on marine organisms by discharging to the water beside the impact caused
by CO; alone.

1.4.1 Ocean carbonate system and acidification

Approximately one-third of the anthropogenic emission of CO; is absorbed by the ocean
(Sabine et al., 2004). The amount of dissolved CO; gas in aquatic (aq.) follows Henry’s law
(eq 1) with Ko representing the proportionality factor between the aquatic and its particle
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pressure above the liquid, in this case, the atmosphere (at.) (eq. 1). The proportionality factor,
also called the solubility coefficient, is constant when the temperature, total pressure and
salinity of the aquatic remain stable (Markou et al., 2014). With increasing water temperature
or salinity, the CO; solubility in water decreases. While, more CO; dissolves in water with
higher total pressure (Markou et al., 2014).

Ko
CO2 ) © CO2 (aq) (eq. 1)

After CO, gas dissolves in water, it follows a series of chemical reactions (eq 2): CO; reacts
with water and forms H,COs, which further dissociates into HCOs™ and H'. The free hydrogen
ion can decrease not only the pH of the seawater but also the concentration of carbonate
(CO5%) by forming bicarbonate (HCO3") due to the high affinity between H and COs? ions
(eq. 2) (Zeebe & Wolf-Gladrow, 2001). Therefore, additional dissolved CO; in water will
eventually result in a low pH, low free CO3* ions and high HCOj3 condition (Figure 1.2). In
normal situation (pH 8.2, 35%o salinity, 25 °C and 1 atmosphere pressure), the average surface
ocean carbonate system consists of 86.5% bicarbonate (HCO5"), 13% carbonate (CO5%) and
0.5% dissolved CO;) (Zeebe & Wolf-Gladrow, 2001). The inorganic carbon sources can
directly be used by photosynthetic organisms such as microalgae as nutrients (mainly in form
of CO»), and calcifying organisms as skeleton ingredients (mainly in form of COs%, HCO5"
as alternative). The consumption of CO, during photosynthesis forces equation 2 to move
toward the left side, which means less free H" ions are available and results in a pH (pH = -
log10[H"]) increase.

CO2 + H20 « H2CO3 «» HCO3 + H' «» CO3> + 2H* (eq.2)

log [concentration (mol kg]

Figure 1.2 The composition of carbonate species, CO2 (pink line), HCO3" (yellow line) and COs> (blue
line), in water under different pH levels (35%o salinity, 25 °C and 1 atmosphere pressure). The dash line
represents the average surface ocean pH condition, pH 8.2. Figure is based on Zeebe and Wolf-Gladrow
(2001).

Additional dissolved CO; in the water will shift equation 2 towards the right side and lead to
a decrease in pH level and interfere with the ocean carbonate system by decreasing CO3>
availability and increasing HCOs3™ concentration. This ongoing process is known as ocean
acidification (OA) (Doney et al., 2009). It is usually a long-term process due to the slow
transfer of CO» from gas phase/the atmosphere to the liquid phase (Markou et al., 2014; Zeebe
& Wolf-Gladrow, 2001). In the past decades, the increase in anthropogenic CO, emission
has exacerbated the concentration difference between gas and liquid phases. It, in turn,
accelerates the transfer velocity of CO, toward the water (Markou et al., 2014). It is estimated
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that the pCO» in the atmosphere will reach 760 ppm in 2100 (while currently around 410 ppm
in 2020) with 0.3 - 0.4 units of ocean pH decrease, if the annual anthropogenic CO, emission
remains as the present amount (IPCC, 2007).

The GasDrive project aims to reduce the overall CO; emission from shipping and thus to
reduce the global ocean acidification. However, in the GasDrive concept the remaining CO»
will be emitted under water along the ship’s hull which results in suddenly, but locally
elevated CO, concentrations in the water column.

1.4.2 Comparison underwater released exhaust CO; with traditional ocean
acidification

There are several differences between the exposure of underwater released exhaust CO, and
traditional OA, including the path, time, area and dose (Table 1.2). In general, underwater
released exhaust CO; from ships can be expected to be an acute and high dose exposure
process for a limited part of a local marine ecosystem. Conversely, traditional OA usually
represents a long term ongoing absorbing CO, via atmosphere at global level. The extended
time period of exposure of traditional OA may provide an adjusting period for the organisms
to the additional CO; condition. It has been shown that certain organisms, such as mussels
(Mytilus edulis), that have been pre-exposed to elevated CO, concentrations are able to
tolerate higher concentrations than organisms that miss this pre-exposure history (Thomsen
et al,, 2010). In the case of underwater released exhaust CO,, the organisms will not
experience any pre-exposure, but will be directly exposed to high CO; concentrations. Thus
“shock” effects resulting from acute exposure are necessary to be included when evaluating
the impact of underwater released exhaust gas. Due to these differences in exposure
characterization, available studies that concern ecological impact and risk assessment of
traditional OA may not be able to represent the potential impact of underwater released
exhaust CO» from the ship’s hull. It is important to choose experimental exposure regimes
that match exposure conditions that will occur with under water exhausted CO..

Table 1.2 Different exposure characterization (path, time, area and dose) of OA and underwater exhaust
COz.

OA Underwater exhaust CO2

Exposure path Uptake from atmosphere Directly injected from ship’s hull

Int tedly (wh Drive shi
Exposure time Continuously for decades nterruptedly (w. en GasDrive ship

passing by)
Exposure area Globally, the entire ocean Locally, near the shipping lanes
Equivalent with atmosphere, .
o . t \ th

Exposure dose Estimation: around 760 ppm pCOz in Can (temporarily) exceed the

2100 (IPCC, 2007) atmospheric equivalent

1.5 Potential ecological consequences of underwater exhaust CO;
Transforming inorganic carbon (e.g. CO,, HCO; and CO;%) to organic matters using light

(photosynthesis) or chemical energy is an essential reaction for all organisms on earth (Cole,
2012). Changes in the amount of available carbon sources can have severe ecological
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consequences. For example, CO» is an essential nutrient that can stimulate algal development,
while elevated CO, concentration caused acidification negatively affects calcifying
organisms.

The direct impact of additional CO», pH, light intensity, temperature and salinity on marine
invertebrates vary between species (Ries et al., 2009; M K Thomas et al., 2012). In many
cases, such as bivalve responses to salinity levels, the vulnerability even can be life stage-
specific (Peteiro et al., 2018). The differences in vulnerabilities lead to a series of
consequences, such as a shift in community composition followed by a decrease in
biodiversity and indirectly impacting other species via the food web. A good example is given
by a mesocosm experiment of elevated CO, concentration (approximately 760 patm pCO,)
treated plankton communities from Taucher et al. (2017). They found nanophytoplankton
blooms to results from additional CO; stimulation (direct impact) together with top-down
control of large copepods on their feed competitor microphytoplankton (indirect impact).
This bloom in nanophytoplankton further bottom-up (indirect impact) stimulated an increase
of the density of small (not large) copepods due to the higher feed availability. Moreover, a
continuous development of large copepods was absent, because the bloomed
nanophytoplankton was too small for large copepods to keep sufficiently nourish (indirect
impact) (Taucher et al., 2017).

Besides species specific, local condition is another factor that impact on the ecological
consequences of underwater released exhaust CO,. For instance, different local areas are
expected to be exposed to different concentrations of CO,, due to varied shipping intensity.
Therefore, when carrying out the risk assessment of underwater released exhaust CO, from
marine shipping, it is important to consider the local conditions, specifically nutrients level,
alkalinity and shipping intensity of the ecosystem.

1.5.1 Photosynthetic organisms

Photosynthetic organisms, like microalgae, use solar energy and convert inorganic carbon
into biomass and produce oxygen. CO; is the main form of carbon during photosynthesis,
and therefore an essential nutrient for primary production. Some organisms are able to use
the alternative source of HCOs™ as well (Hussner et al., 2016).

Around 45% of photosynthesis on earth occurs in the aquatic environment and it plays a
critical role in shaping the entire ecosystem and biogeochemistry on earth (Falkowski
&Raven, 2013). The consumption of CO, for photosynthesis leads to an increase in pH of
water surrounding those photosynthetic organisms (Section 1.4.1). The development of
submerged aquatic photosynthetic organisms can be limited by CO; availability, due to the
low diffusivity of dissolved CO» in water (Markou et al., 2014). The situation of being CO,
limited likely occurs in algae bloom areas, where the algae consume CO> in water at a faster
rate than the CO; transfer velocity from the atmosphere into the water (Hussner et al., 2016).
During such CO; limited condition, underwater released CO;, can overcome the carbon
shortage and stimulate further development of the algae, which may trigger a long period of
algae blooms or even harmful algae blooms. On the other hand, if the development of algae
is limited by other factors (e.g. other nutrients or light intensity) instead of carbon availability,
then additional CO; injection will not impact the growth of algae. Therefore, the stimulation

17

Chapter 1



Chapter 1

of underwater released exhaust CO, on photosynthetic organisms is dependent on local
environmental conditions.

1.5.2 Calcifying organisms

Marine calcifying organisms are animals, such as molluscs, coccolithophores and crustaceans
the excrete calcium carbonate (CaCOs3) skeletons (rigid structures or shell) via extracellular
calcifying fluid (Fassbender et al., 2016). This physiologically controlled CaCO3 production
is known as biogenic calcification (eq. 3). The mechanism behind this complex process is
still not fully understood (Cyronak et al., 2015).

Ca?* +COs> «> CaCO; (eq.3)

The stability of CaCOs3 minerals in water is indicated by the saturation state of carbonate
minerals () (eq. 4), where K, is the soluble product of CaCO3; minerals (Brockmann
&Janse, 2008). Therefore, the precipitation of CaCOs is likely occurring in high Q condition
(> 1) and dissolution occurs when Q < 1 (Zeebe & Wolf-Gladrow, 2001).

_ [ca][cos]

Q
Ksp

(eq-4)

There are two polymorphs of CaCOs, aragonite and calcite. In general, aragonite is more
soluble in water than calcite. Therefore, calcifying organisms with aragonite shells, e.g. clam
and conch, are more vulnerable for Q < 1 conditions than calcite organisms, e.g. oyster and
barnacles (Ries et al., 2009). The formation of these two types was traditionally believed to
be controlled by the ratio of Mg : Ca in the surrounding water and water temperature (Morse
etal., 2007). However, the following studies suggested that the number of influencing factors
of the formation process are underestimated (Bots et al., 2011; C E Miller, 2018). Especially
global warming and ocean acidification (OA), may become more and more dominant
impactors on CaCOs3 formation than the ratio of Mg : Ca (C E Miller, 2018). Every year,
CO;* concentration in the ocean measurably decrease due to OA, which may inhibit biogenic
calcification and threaten the life of calcifying organisms (Albright et al., 2016). However, it
is acknowledged that HCO; can be a resource in calcification as well (Bertucci et al., 2013;
Herfort et al., 2008) (eq. 5).

Ca?* +HCO5 <> CaCOs + H* (eq.5)

Thus, CO;* f is unlikely to be the only stressor for calcifying organisms in elevated CO»
concentrations. Indeed, the high hydrogen ion (H") in the seawater is suggested to be the
main threat (Cyronak et al., 2015). During acidification, the calcifying organisms up-regulate
the pH level of calcifying fluid for carbonate equilibrium composition shifting in favour of
COs* (McCulloch et al., 2012). To maintain intracellular pH level, H' is actively removed
from calcifying fluid towards the external water column. Therefore, more energy is required
for the pH up-regulation when H™ concentration in the water column is higher (Cyronak et
al., 2015). Energy limitation may occur during long periods of high energy demand (the
critical period duration depends on the species), and likely will inhibit calcification. On the
other hand, this theory also suggests that acidification may stimulate calcification, if the
organism is able to increase energy production and continuously transport H" out of the
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calcifying fluid (H L Wood et al., 2008) e.g. via increasing temperature (Navarro et al., 2016).
However, Clements and Darrow (2018) found that multiple marine calcifying invertebrates
experienced a decreased feeding rate and low energy under elevated CO, conditions. Both
up-regulation pH and energy gain (e.g. feeding rate) regulation are species specific (H L
Wood et al., 2008).

Some water conditions have a higher capacity to resist changes in pH than others. The ability
of such resistance is indicated by alkalinity. Alkalinity is derived from titration with a strong
acid, thus also known as titration alkalinity (TA) (Millero et al., 1993). It tracks the charge
balance of water (eq 6) and indicates the capacity of water to resist changes in pH (Zeebe &
Wolf-Gladrow, 2001). The higher the alkalinity, the higher the resistance of the water is to
change in pH level.

TA = [HCO3] + 2 [CO3*] + (B(OH)4) + [OH"] - [H']r + minor components  (eq 6)

Where, (B(OH)y) is boric acid and [H"]r is the free concentration of hydrogen ion. The
COs* is counted twice due to its double negative charge.

The calculated global annual ocean average TA was 2298.9 + 200 pmol/kg (based on SST =
12.5+ 15°C and SSS =34.6 £ 5) in 2014 (Rana A Fine et al., 2017).

Adding CO; to the seawater itself will not change the alkalinity level, because the reaction
(eq. 2) produces equivalent amount of positively (H") and negatively charged ions (HCO3
and/or CO3*). However, CaCOs formation, such as biogenic calcification (eq 3), will result
in alkalinity decrease for 2 units, because of the usage of double negative change ion (COs?)
(Zeebe & Wolf-Gladrow, 2001). The other way around, decalcification will lead to an
increase in alkalinity. Therefore, injecting CO,, e.g. via GasDrive ships, in a high-density
area of calcifying organisms is expected to indirectly increase local alkalinity by
decalcification.

1.5.3 Sessile organisms

Sessile animals, such as barnacles and sessile algae attach and grow on a solid substrate, like
rock and seabed. They rely on water flow and turbulence to bring nutrients and carry off their
wastes and offspring (Koehl, 1982). Thus, very little energy is required for food collection
and digestion, and a high energy budget can be used for growth and reproduction (Haris,
1990; Koehl, 1982). This sessile lifestyle leads to a relatively simple body structure compare
with mobile animals (Haris, 1990). Their tissues are usually directly in contact with water,
thus being additionally vulnerable to specific water conditions as they cannot avoid exposure
by relocation, except some species that temporarily avoid exposure by closing their valves
(Haris, 1990).For example, the shell thickness and feeding rate of mussel (Mytilus edulis) are
reduced in elevated CO, concentration (2100 pCO,) (Sadler et al., 2018), and the negative
impact was accelerated when combined with hypoxia condition (Sui et al., 2016).

“Biofouling” is commonly defined as sessile animals attaching and growing on artificial
substructures and may result in harmful consequences (Benson et al., 1973). The biofouling
process starts from organic material accumulating on submerged surfaces in the sea, which
further develop into bacterial colonization and attracts other marine invertebrates (Armstrong

19

Chapter 1



Chapter 1

et al., 2000; Callow & Callow, 2002). Biofouling can occur on ship hulls and lead to high
frictional drag of the ship and increase as much as 40% fuel consumption (Champ, 2000). In
GasDrive, the attached sessile organisms on ship’s hull will be the first organisms to be
exposed to underwater released exhaust gas and surrounding exhaust gas enriched water.
Therefore, it is essential to include these organisms in the presented study for evaluating the
environmental impact of the underwater releasing exhaust system (Chapter 3).

Besides the environmental perspective, the impact of exhaust gas on fouling organisms may
also be an additional property of the GasDrive ships toward energy efficiency via an
antifouling aspect. Antifouling has been a non-stop “battle” between human and fouling
organisms in the past decades. The most common antifouling strategy is applying biocides in
antifouling coatings. Unfortunately, most available antifouling coatings are harmful to non-
target marine species as well (Amara et al., 2018). Therefore, developing an efficient and
eco-friendly antifouling solution remains a challenge (Cyronak et al., 2015). The potential of
applying underwater released exhaust CO, as an antifouling strategy is therefore proposed
and studied in Chapter 3. On one hand, the presented thesis evaluates the environmental risk
of underwater released exhaust gas on local marine ecosystem. On the other hand, it
addressed the eco-friendly property, e.g. anti-fouling, of GasDrive ships as well. These
contradicting properties are further evaluated and discussed in Chapter 6 and based on which
the use of GasDrive is predicted.

1.6 Aim and outline of this thesis

This thesis aims to assess the potential environmental impact of underwater released exhaust
gas and evaluate safe application strategies of this technique based on local environmental
conditions.

The thesis has four main research questions:

1. What is the no-effect concentration of CO, to marine organisms?

2. Is CO; the main environmental impact driver in the exhaust gas of maritime shipping?

3. Where are vulnerable areas to underwater released CO; from maritime shipping located
based on environmental conditions?

4. Could underwater exhaust system be applied safely from an environmental perspective?

Chapter 2 describes the impact of a wide range of CO; concentrations (pH 8.6 — pH 5.8),
which may result from the underwater released exhaust CO,, on marine invertebrate
communities in a mesocosm. This acute exposure study included not only the direct impact
of additional CO; but also indirect impact on varied species via food chain.

Chapter 3 addresses the biological impact of additional CO, on sessile microorganisms
(biofilm) and barnacles. Biofilm formation is one of the initial steps of the biofouling process.
Barnacles are common fouling organisms and the final step of the biofouling process.
Therefore, it is important to evaluate the impact of elevated CO, on the development of
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biofilm and the growth of barnacle for judging the potential of applying CO; as an antifouling
strategy.

Chapter 4 includes the impact of actual exhaust gas from a diesel engine on a simple
plankton community consisting of an microalgae and a rotifer species. To observe the
additional impact of other components in the exhaust gas, elevated CO, concentrations were
used as a comparison group in this study.

A preliminary risk assessment of global underwater released exhaust CO; is presented in
Chapter 5. Relative risks between 262 marine ecoregions were characterized by plotting
their increased DIC levels, causing by maritime shipping emitted CO», against vulnerability
scores.

Finally, Chapter 6 presents the summary of results from chapter 2 to chapter 5 and further
discusses CO» and exhaust gas impacts on marine ecosystems. Here, the crucial question
‘Could underwater exhaust system be applied safely from an environmental perspective?’ is
discussed. Future perspectives for applying GasDrive ships globally are addressed.
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Abstract

Liquefied Natural Gas
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exhaust gas to the local
ecosystems are still
unknown. Especially
the CO, levels will
locally exceed
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levels, therefore higher
exposures than that
were included. The
response of a marine
community to a wide | * Glass slides for periphyton to settle (unreachable by periwinkles);
range of CO, dosages | ** Planktonic ploychaetes; *** adult polychaetes

resulting in pH 8.6 -

5.8 was studied for 49 days. The zooplankton and benthic community were adversely affected
by high CO; exposure levels. Between pH 6.6 and pH 7.1, polychaetes dominated the benthic
community and their larvae became the dominant zooplankton group. Due to the reduced
grazing pressure and the flux of nutrients from decaying organic material phytoplankton
stared blooming at the highest exposure level. The periphyton community was not able to
take advantage under these conditions. Periwinkles’ shell damage and high mortality were
observed at pH < 6.6. However, the growth of the surviving periwinkles was not directly
related with pH, but was positively correlated with the availability of periphyton and
negatively correlated with the polychaete density that most likely also used the periphyton as
food source. The impact of underwater exhaust gasses depends on various factors including
local biological and abiotic conditions. Future research of this subject will assess the
boundaries, where the advantages of underwater exhaust gasses as ship hull lubricant can be
applied with minimum impact on the marine ecosystem.

2.1 Introduction

The marine transport sector has been a fast-growing sector of the global economy and it
contributes significantly to anthropogenic air pollution. In the period of 2007 to 2012, on
average, shipping emission accounted for about 2.8% of annual greenhouse gas emission
(IMO, 2014). The emitted air pollution contributes to climate change and adverse impacts on
human and environmental health in several ways (Corbett et al., 2007; Fuglestvedt et al.,
2009). The International Maritime Organization (IMO) thus implemented several regulations
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to reduce the Sulfur oxides (SOy) content in the fuel and nitrogen oxides (NOx) emissions
from shipping operations to the air (IMO, 1997a; b). The European Commission's white paper
2011 “Roadmap to a Single European Transport Area” described the goal of reducing
shipping carbon emissions by 40% by 2050 in the European Union area (Commission, 2011).

To comply with the regulations of reducing NOy, SO« and CO, emissions all together, the
interest in using Liquefied Natural Gas (LNG) engines in ships has been rising (Semin, 2008).
LNG consists mainly of methane, which seems promising to meet the gas emissions limits
(except carbon), and also reduce fuel consumption up to 15% (Burel et al., 2013). Besides
shifting to LNG powered ships, in order to lower the direct emissions to the atmosphere, the
maritime industries tend to apply underwater exhaust systems to minimize pollution on
working decks (H Sapra et al.,, 2017; Van Biert et al., 2016). However, the impact of
underwater exhaust gas from LNG powered ship on the marine ecosystems is largely
unknown. Apart from inert nitrogen gas, hydrocarbons and nanoparticles, exhaust gas from
LNG powered engines contains substantial amounts of CO, (M Anderson et al., 2015).

The underwater CO, emission may significantly increase the locally dissolved CO, level and
could exacerbate local ocean acidification. Ocean acidification is predicted to have both
direct and indirect effects on habitat-forming organisms, which in turn mediate biodiversity
shifts, such as lower the species diversity in coral reefs, mussel beds and some macroalgal
habitats (Sunday et al., 2017).

The majority of biogenic carbonate precipitation is carried out by planktonic microorganisms
(Milliman, 1993). Several studies have focused on the direct effects of CO, on plankton
(Kurihara et al., 2004; Rost et al., 2003). A recent study showed that elevated CO,
concentrations (up to 1,296 patm pCO;) has no significant effects on the nutritional
composition of dinoflagellates, and in turn has minimal impact on the fecundity and hatching
success of the calanoid copepods that feed on them (Isari et al., 2016). While Taucher et al.
(2017) found that the biomass of copepods increased with 30-40% in high CO;
concentrations (up to 760 patm pCO») as a result of increased primary production. These test
concentrations, however, are lower than the potential local levels reached with underwater
exhausted CO,.

Most available studies only concern the effects of expected future atmosphere CO; levels
may have on the marine ecosystem (de Vries et al., 2013; Fabry et al., 2008; Wittmann &
Portner, 2013). Unfortunately, these studies often were limited to one or two elevated CO,
concentrations, which makes it hard to quantify a (no) effect level (de Vries et al., 2013;
Wittmann & Portner, 2013). Therefore, more information about the direct and indirect
responses of marine communities to a wider range of CO; levels is needed to assess the risks
of locally highly elevated CO, for marine organisms.

Here, we present a mesocosm study including plankton and benthic communities under a

wide range of CO» dosages resulting in a pH range of 8.6 — 5.8. The lowest pH level that can
be reached by directly injecting CO; into seawater in our mesocosms.
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2.2 Material and Method
2.2.1 Experimental Set-up

Fourteen mesocosms were provided with fixed CO, fluxes resulting in seven pH levels
ranging from 8.6 to 5.8 (Table 2.1) for 49 days (June 12" to July 31% 2017). The mesocosms
(600 1) were filled with about 8 cm natural sandy sediment that was collected from the coastal
North Sea and natural seawater collected from the Eastern Scheldt, the Netherlands. This site
is often used as a reference site in marine ecotoxicological studies in the Netherlands (e.g.
(Foekema et al., 2012; Kuiper et al., 2007)). After installation, the mesocosms were allowed
28 days to stabilize while the water was circulated through all mesocosms until the start of
the CO; exposure. Each mesocosm was covered with a transparent lid as a defense against
rainfall, birds and litter. Evaporation losses were replenished with demi-water to maintain
salinity at 32 £ 1%o throughout the study.

Table 2.1 The mesocosm number with treated fixed CO> flow rate, the calculated pCO2 values and the
mean pH level of the treatments. The mean pH levels were used to define different treatments in the
result figures.

Fixed CO2
Mesocosm flow rate Mean pCO: Mean pH level
nr. (ml/min) (natm)
M6 M13 0 114 8.6 (control)
M2 M14 1 1410 7.8
M5 M11 5 3032 7.4
M8 M10 10 6678 7.1
M1 M7 20 29653 6.6
M3 M12 73 79954 6.2
M4 M9 310 179013 5.8

Phyto- and zooplankton and small benthic invertebrate species were naturally introduced to
the mesocosm with water and sediment. Additionally, from relatively pristine field locations,
identical number of macro invertebrates, periwinkle (Littorina littorea), mud snail (Peringia
ulvae) and mud shrimp (Corophium volutator) were introduced into each mesocosm (Table
2.2) during the first days of the establishment phase. They were representatives from various
taxonomic classes that are commonly present in shallow soft sediment coastal ecosystems.
Of each macroinvertebrate species that was introduced a representative sub-sample was
stored at -20 °C for determination of initial size and biomass at a later stage.

Table 2.2 Species and number of macro invertebrate introduced to each mesocosm.

Group species Common name Nr. per mesocosm
Mollusc Littorina littorea Periwinkle 20
Mollusc Peringia ulvae Mud snail 40

Crustacean Corophium volutator Mud shrimp 300
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2.2.2 COz-application

The water column of each mesocosm was continuously aerated with 1300 ml/min
compressed air in the center of the mesocosm at about 10 cm above the sediment, to ensure
gas exchange and sufficient mixing of the water column. At the start of the exposure phase,
the treatments were created by additional bubbling of CO, (Foodgrade, supplier Linde Gas
BV, Netherlands) from the same position at six different fixed flow rates (Table 2.1 and
Figure 2.1). Subsequently, a range of pH in steps of about 0.4 could be attained in the water
column from the lowest attainable pH of 5.8 to a natural pH level of 8.6. Treatments were
assigned randomly over the mesocosms (Figure 2.1).
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Figure 2.1 Schematic of the experiment setup. Fourteen mesocosms (M) are connected with both air
pump and COz tank (a). The treatment of each mesocosm is randomly selected. The mesocosms are
filled with about 8 cm natural sandy sediment and natural seawater (b). Both CO2 and compressed air
are continuously injected in the center of the mesocosm at about 10 cm above the sediment.

2.2.3 Water Analysis

Water temperature, oxygen saturation level, salinity and alkalinity were measured weekly
starting at 9 a.m. (local time) by submerging electrodes (Hach LDO101, LDO101 and
CDCA401 respectively) and alkalinity test kit (Hach model AL-DT). The pH level was
measured daily by electrode pH meter (Hach PHC101) at 10 a.m. (local time) at half water
depth. In the present study the so-called Seacarb package (Lavigne & Gattuso, 2010) in R
(Team, 2013) was used to express all exposures as pCO> in micro atmosphere (patm) based
on alkalinity, pH, salinity and temperature values. On day 0 and 49 water samples were
collected for analyzing nitrite, nitrate, ammonia, silicate and ortho-phosphate level by means
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of a Aquakem Autoanalyzer with spectrophotometric detection, following Netherlands
standard NEN-6604 (NEN, 2007).

2.2.4 Sampling and Analysis

Phytoplankton samples were taken on every Monday at 10 a.m. (local time) at approximately
30 cm below water surface. Phytoplankton biomass was measured in these samples as
chlorophyll-a concentration by means of a 1Hz-kuvetten Fluorimeter (BBE-Moldaenke
AlgaeLabAnalyser BG43000).

The development of sessile algae (periphyton) was monitored on four glass microscope slides
(76 x 26 mm). These slides were introduced in vertical position facing south at ca.10 cm
below the water surface in the mesocosm on the day the CO; application started. In order to
avoid grazing by periwinkles the microscope slides were located about 3 cm away from the
wall of the mesocosms. The chlorophyll - a fluorescence on these slides was measured during
the experiment period, on day 2, 8, 17, 31, 43 and 49, by a microtiter plate reader (BioteK
FLx800). As a proxy of the availability of periphyton throughout the study the area under the
curve of the periphyton development was calculated.

For determination of the zooplankton community, a core sampler was used to collect 10
subsamples of 1 L each at 10 different positions in each mesocosm. From these sub-samples
zooplankton was collected using a 55 pm-plankton net and the composite sample was
preserved in a formaldehyde solution until visual microscopic analyses. This sampling was
performed 4 times during the experiment period, on day 0, 7, 15 and 49.

In order to avoid disturbance of the systems, the introduced macroinvertebrates were only
sampled on day 49. The alive and dead periwinkles were counted separately. Not all
introduced periwinkles could be recovered from the mesocosms at the end of the study. Some
individuals have climbed out of the mesocosms during the experiment period. Therefore, the
mortality of the periwinkles was calculated based on the ratio of dead (empty shells) and total
recovered periwinkles. The recovered periwinkles (both alive and dead) from each mesocosm
were rinsed with demi water to wash away the sand, grouped and pictured to be able to
compare the color and condition of the shells between treatments. The living periwinkles
were dried overnight at 103 °C to determine the dry weight, and subsequently transferred to
450 °C oven for 4 hours to determine the ash weight. The flesh dry weight was calculated by
subtracting the ash weight from the dry weight, while the ash weight was used as a proxy for
shell weight.

The benthic invertebrates were sampled also on day 49. For this, two PVC tubes each with a
surface of 0.07 m? (30 cm diameter) were pressed in the sediment surface before the water
was fully pumped off. The sediment and water within each tube was collected and sieved
(500 um). The sediment sample on the sieve was preserved in a formaldehyde solution until
further analysis.

The relation between treatment and abundance on day 49 of total zooplankton, adult
polychaetes and planktonic polychaetes larvae were analyzed with a Generalized Additive
Model (GAM, (S N Wood, 2006)). A GAM fits a smoothing function of potentially relevant
explanatory variables (in this case, CO, enrichment causes pH reduction) to the density data
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in order to describe the number of organisms in relation to the variables. All GAM analyses
in our study were implemented using the Mixed GAM Computation Vehicle (mgcv) package
(SN Wood, 2011) in R (Team, 2013).

GraphPad Prism 7 was used to draw graphs and perform statistical analysis using one-way
or two-way ANOVA with Dunnett’s multiple comparison post-test. The result was
considered significant when p < 0.05.

2.3. Results and Discussion

During the 49 days with elevated CO» concentrations several effects were observed. In the
highest CO, treatment, the invertebrate community collapsed and phytoplankton bloomed.
In contrast to their planktonic equivalent, the sessile microalgae (periphyton) were not able
to increase biomass. At lower concentrations of CO,, more subtle changes were observed. In
pH 7.1 and 6.6 treatments, high numbers of planktonic polychaete larvae appeared,
corresponding with high numbers of sedentary adult polychaetes in these treatments. The
periwinkles clearly suffered directly from the treatments as was illustrated by affected shells
at pH 7.1 and below, and increasing mortality with higher CO, dosage. The development of
their individual total biomass however was not directly related to the CO» treatment level,
but more indirectly via the availability of their major food source, periphyton.

2.3.1 Water Parameters

The study was conducted during early summer (June 12" and July 31% 2017). Water
temperatures in the mesocosms ranged between 16 °C at the start and 22 °C maximum. The
pH in the untreated controls was 8.3 at the start and increased to over 9 at the end of the study.
These values are relatively high compared to the global open ocean mean of pH 8.07 (in
2010) (Hofmann et al., 2011). In more shallow and productive areas, however, pH levels can
increase to over 9 as well, as a result of primary production (Verspagen et al., 2014). The
high pH in our controls can also be attributed to primary production. In the CO, treated
mesocosms the pH rapidly decreased after the start of the CO, application, and then stabilized
within the next 2 days at the target value (S 2.1a). The treatments followed a mean pH level
gradient and were significantly different from each other: pH mean values of 8.6 (control),
7.8,74,7.1, 6.6, 6.2 and 5.8 (Table 2.1 and S 2.1b). The mean pH level of each treatment
was used to define different treatments in the results. The salinity of all the mesocosms
remained in the range of 31%o — 34%o (S 2.2). The alkalinity level increased along with the
pH level decrease, from about 2.7 meq/1 in the controls to the highest 6.4 meq/l in the pH 5.8
mesocosms (S 2.2).

The solubility of CO» is dependent on the temperature, pressure and the composition of the

aqueous solution (Al-Anezi et al., 2008; Duan & Sun, 2003). Besides the widely studied and
modelled CO; solubility in the CO; - H>O system and in single or a mixed - salt aqueous
system, CO; solubility in natural seawater is hard to predict due to the complicated chemical
composition of the natural seawater (Duan & Sun, 2003; Zhao et al., 2015). Therefore, we
could not calculate the exact solubility level of CO; in our mesocosms. In our study, the
lowest pH level that could be reached by continuously adding CO, was pH 5.8. From this we
assume that the maximum CO; saturation level was reached and maintained in our highest
treatment level.
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As the temperature, depth, pressure and composition of the seawater were identical in all
mesocosms, the solubility of CO; and thus the maximum saturation level must have been
similar as well. The CO, particle pressure in water (pCO- in patm) was different between
mesocosms due to the different CO» flow rates (Table 2.1). pCO; values were estimated based
on pH, total alkalinity, salinity and temperature and were 114 patm in the controls and
extremely high (up to 1.7x10° patm) in the highest treatment groups. The low pCO; in the
controls were in accordance with the high pH levels that increased during the study period
from 8.6 to over 9, due to primary production, as can also be expected in shallow productive
areas (Verspagen et al., 2014). The pCO; in seawater of global oceans is higher and varies
seasonally about 60% below and above the current atmospheric pCO> level of about 360
patm (Takahashi et al., 2002).

In presence of sufficient carbonate sources increasing CO, levels will result in increasing
alkalinity. In the marine aquarium technology, a calcium reactor is used to raise alkalinity for
coral cultivation (Brockmann & Janse, 2008). Our mesocosms contained calcium carbonate
(shell fragments) rich sediments. This explains the rapid increase in alkalinity with elevated
CO; concentration, resulting in a total alkalinity that was 1 to 5 times higher in the treated
mesocosms than in the controls (S 2.2). This process was facilitated by the relatively high
sediment surface-water volume ratio and lack of water replacement or exchange. These
conditions represent a worst-case situation that could occur in isolated shallow water
ecosystems. In a real situation where underwater release of exhaust gas is applied, CO»
injection will appear near the water surface. This will probably lead to less harmful exposure
conditions, especially in deeper water where only the upper part of the water column will be
affected. On the other hand the mesocosms did not contain early life stages of calcifying
species that are regarded most sensitive to elevated CO» concentrations (Kurihara, 2008).

The oxygen saturation level in the controls remained over 96% during the whole study. The
lowest oxygen saturation level in all CO»-treated mesocosms was observed in the replicated
pH 5.8 treatments, namely 75% (S 2.2). This probably was related to high oxygen
consumption by biodegradation of dead organisms (see next section). Other treatments
remained above 85% (S 2.2). These values are all well above the levels where biological
effects due to lack of oxygen will occur. Nutrient levels for P (PO4) and N (NO3 + NHy) were
not significantly different between treatments on the last day of the experiment, while SiO»
levels were below detection limits (0.3 m/l) in all treated mesocosms, but around 0.8 mg/l in
control groups (S 2.2).

2.3.2 Phytoplankton and Zooplankton

The chlorophyll-a concentration, a proxy for phytoplankton biomass in the controls remained
below 20 pg/l during the whole experiment. The CO; treated groups showed similar
development as the controls, except for the pH 5.8 treatment. The presence of planktonic
grazers (e.g. zooplankton) at the moderate pH levels could explain why the chlorophyll - a
concentrations in these mesocosms remained relatively low (Table 2.3). In the pH > 7.1
mesocosms, the total abundance of zooplankton was increased at the beginning of the
experiment. This increase was slightly slower in the CO, treated groups compared to the
control (most cases > 500 ind./) (Table 2.3). In addition, the development of chlorophyll-a
concentration, could have been restricted by phosphorous availability, since the dissolved
phosphorous concentrations in all our mesocosms were below the detection limit on day 49.
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Although, the inorganic nutrients were limited, the chlorophyll-a concentration of the pH 5.8
mesocosms increased up to about 60 pg/l, which is more than 9 times higher than in the
controls (Figure 2.2). Similarly, Bach et al. (2017) observed a positive CO, effect on
chlorophyll-a build-up in their 50 m® mesocosms when the inorganic nutrient concentrations
were close to the detection limit. This indicates that fluxes of inorganic nutrients that became
available from decaying organic material were immediately used by developing
phytoplankton, resulting in a continuously low nutrient concentration in the water column.
In our pH 5.8 mesocosms, degradation of dead zooplankton and benthic organisms that did
not survive the high CO, exposure, must have resulted in a flux of inorganic nutrients to the
water column. For example, in pH 5.8, the total zooplankton abundance decreased from over
500 individuals per liter (ind./I) on day O to 3 ind./l on day 49 (Table 2.3). The high mortality
amongst organisms (e.g. zooplankton) that feed on phytoplankton, subsequently reduced
grazing pressure and provided inorganic nutrients, which resulted in the algae bloom that was
observed in the pH 5.8 mesocosms.

The biodegradation of the organic material that become available in the high dosed
mesocosms due to the increased mortality of invertebrates lead to higher oxygen
consumption. This result in a concentration of dissolved oxygen in our pH 5.8 mesocosms
that was about 15% lower than in the controls. The lowest observed oxygen concentration of
75% of the maximum saturation level is not that low as to have cause additional mortality
among the organisms living in these mesocosms. The indications for reduced abundance or
increased mortality of the zooplankton and benthic organisms in the mesocosms with higher
treatment levels are therefore considered as a direct effect of the elevated CO» levels.

The high tolerance of phytoplankton to elevated CO, conditions may result from the
utilization of different forms and amount of dissolved inorganic carbon. For example,
microalgae are able to take up HCOs', the dominant carbon form when pH is between 6.5 and
10, as well as free CO, and H>COj3, the predominant form when the pH is lower than 6.5
(Markou et al., 2014). Since the utilization of the carbon form is species specific (Camiro-
Vargas et al., 2005), it is likely that there were different dominant microalgae species in the
different treated mesocosms in our study. The fluorescent data indicated that green algae
dominated the phytoplankton community throughout the whole study in each treatment
(Figure 2.2 and S 2.3), but further identification of algae species was not performed.

At the start of the exposure the zooplankton community was already dominated by copepods,
and the relative and absolute abundance of these crustaceans strongly increased during the
first week application in all mesocosms with pH > 7.1 (Table 2.3 and S 2.4). In these
mesocosms the copepods remained the dominant zooplankton group until the end of the study
on day 49. In mesocosms with pH 6.2 and pH 5.8, a strong decline of the copepod density
was observed during the first week of CO, application, and the densities further declined until
the end of the study. Such a clear decline was also observed in mesocosms with pH 6.6,
although here the copepod population still showed some increase during the first week. It is
clear from this data that the copepod community suffered directly from the elevated CO,
concentrations. In our mesocosms it were thus not the copepods that took advantage of the
elevated CO, concentrations as was described by Taucher et al. (2017), but it were the
polychaete worms. The planktonic larvae of polychaete worms were almost absent in the
control mesocosms, but reached high numbers and were the dominant zooplankton group in
the pH 7.1 and 6.6 mesocosms at the end of the study (S 2.4). At the highest two treatment
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levels, pH 6.2 and 5.6 even the polychaete could not maintain their position, and at the end
of the study zooplankton was only present in extremely low numbers in these mesocosms.

The positive impact of the intermediate CO; levels on the development of the polychaete
worms was also reflected by the numbers of adult worms, and affected other organisms, as
will be discussed in the following sections.

pHB86 -~ pH66

604 -+ pH78 - pHGE.2

- pH74 -# pHb5.8

Days

Figure 2.2 Development of phytoplankton under seven different pH conditions (pH 5.8- pH 8.6) from
28 days before starting the treatment to 49 days after. The result is expressed as chlorophyll-a
concentration (ug Chl-a/l). Error bars represent the standard deviation of the 2 duplicate mesocosms.
COz-application started on day 0.

Table 2.3 The average density of total zooplankton (ind./l) in the duplicate mesocosms under 7 different
pH conditions (pH 5.8 - pH 8.6) on day 0, day 7, day 15 and day 49. COz-application started on day 0.
The number in the bracket indicate the average density of copepod (ind./l). The average density of
copepod was calculated by sum of the density of Nauplii, Calanoide, Harpacticoide and Cyclopoide in
the mesocosms.

Ind./1 pH86 | pH7.8 | pH74 | pH7.1 | pH6.6 | pH62 | pHS5S
day 0 111 372 102 105 177 59 517
(55) (81) 33) (74) (45) (53) (116)
day 7 702 396 507 432 86 14 12
(604) (310) (381) (356) (72) (11) (8)
day 15 733 427 754 288 43 17 11
(591) (285) (382) (131) 22) (11) )
day 49 208 264 185 237 177 6 3
(199) (248) (148) (133) ) 4) Q)

2.3.3 Polychaetes and Periphyton

Development of sessile algae (periphyton) biomass on the glass slides that were introduced
on day 0 was first detectable after 14 days. This time lag can be explained by the fact that the
colonization of a new surface takes time since the algae adherence depends on the bacterial
colonization and its secreted organic matrix which may take from days to weeks (Azim &
Likens, 2009). After 14 days, a strong development of periphyton was observed in the control
and most CO, treated groups, except at pH 6.6 and pH 5.8 (Figure 2.3a). In the pH 6.6
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treatment, the chlorophyll-fluorescence, a proxy for periphyton biomass stayed below 300
units for the entire experiment period. It was similar to or lower than (e.g. on day 15) in the
pH 5.8 treatment (Figure 2.3a). The integrated chlorophyll concentrations, a proxy for the
general presence (availability) of periphyton biomass during the course of the study was
lower in the pH 6.6 and pH 5.8 treatments than in the control. However, in the intermediate
treatment (pH 6.2), the periphyton was able to develop and reached levels similar to the
controls (Figure 2.3b). Thus, it is unlikely that the elevated CO; concentration on itself was
responsible for the poor periphyton development in the pH 6.6 treatments. The main drivers
in the development of periphyton biomass are growth (primary production) and grazing.

In our study, the glass slides that were used for the monitoring of the periphyton development
were exposed out of reach of gastropods (periwinkles and mud snails) and the benthic
invertebrates that all consume (benthic) periphyton. However, it cannot be excluded that
planktonic polychaetes were able to colonise the glass slides as small juveniles and feed on
the sessile algae. These planktonic polychaete larvae became especially abundant in the pH
6.6 mesocosms where the polychacte worms became the most dominant benthic group,
reaching significantly (p = 0.0194) higher densities than in the controls on day 49 (Figure
2.4a). They produced substantial amounts of offspring as reflected by the significant (p =
0.0299) higher numbers of pelagic polychaete larvae in the plankton samples in pH 6.6
(Figure 2.4b). With decreasing pH the relative abundance of the polychaete larvae increased
until it comprised over 85% of the total zooplankton community in treatments pH 7.1 and pH
6.6 (Figure 2.4b and S 2.4). The reduced periphyton biomass in the pH 6.6 mesocosms might
thus be the result of additional grazing by larvae of polychaete worms.

This hypothesis is also corroborated with the finding of increasing biomass of periphyton in
the pH 6.2 treatment, where the polychaetes were no longer able to take advantage and their
larvae were only present in low numbers, as were the other primary consumers. As the glass
slides were only analysed for fluorescence to determine periphyton biomass, no observations
of other organisms were made that could test this hypothesis.

In the highest CO, treatment, pH 5.8, the development of periphyton was inhibited despite
the virtual absence of polychaete larvae, and potential other grazers. These results indicate
that sessile algae (periphyton) are less resilient to extreme CO, concentrations than
planktonic algae (phytoplankton) that were able to bloom in the pH 5.8 mesocosms. The
acidic condition may disturb the colonization process of bacteria and/or the attachment of the
periphyton itself. Currently, little is still known about how exactly physical disturbance
events in the environment influence periphyton attachment and development (Azim &
Likens, 2009).
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Figure 2.3 Development of periphyton on glass slides under 7 different pH conditions (pH 5.8- pH 8.6)
in the mesocosms from day O to day 49, expressed as chlorophyll-a fluorescence units (a). CO2-
application started on day 0. The area under the curves of periphyton development in Figure 2.3a is
calculated and represent the presence (availability) of periphyton biomass in the mesocosms under
different pH conditions (b). Error bars represent the standard deviation of the 2 duplicate mesocosms.
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Figure 2.4 Generalized Additive Modelling results: the observed adult population (black dots) of
polychaetes in sediment (ind./m?) (a) and the observed density (black dots) of planktonic polychaetes
(ind./1) (b) under 7 different pH conditions (pH 5.8- pH 8.6) on day 49 in all the mesocosms. CO>-
application started on day 0. The solid line represents a fit smoothing function of potentially relevant
explanatory variables (in this case, enriched CO2 caused pH reduction) to the observed density data.
The grey area indicates the 95% confidence interval of the smooth function.

34



Impact of underwater released exhaust CO, on invertebrate communities

2.3.4 Periwinkles and Other Benthic Organisms

During the final sampling the Peringia ulvae (mud snail) and Corophium volutator (mud
shrimps) numbers showed a high variation between duplicated mesocosms, which hampered
the detection of subtle effects. None the less, it was clear that survival of both benthic species
was strongly reduced to almost absent in treatments pH 6.2 and 5.8 (S 2.5).

The appearance of the periwinkle’s shells showed the direct impact of the elevated CO,
concentrations. A clear trend of the shell colour changing with increasing CO, concentration
was observed. Starting from a normal dark shell (pH 8.6 - pH 7.4) via half shell dark and half
shell bleached in the pH 7.1 treatments, to the entire shell bleached in the pH 6.6 treatment,
eventually with shell damage (pH 6.2 - pH 5.8) (S 2.6). The shell calcification rate of
periwinkles is reported to be negatively affected by elevated CO; concentrations (Ries et al.,
2009). When the organisms are not able to compensate the dissolution rate of shells in acidic
condition with a higher calcification rate, shell bleaching and damage occurs. Although the
major part of the shell is covered by an external organic layer, the protection is not sufficient
to fully protect against to elevated CO, (Ries et al., 2009). It is possible that the first bleaching
indicates the erosion of the external organic layer.

Besides the color changes, the mortality of periwinkles also significantly increased (p =
0.0011 in pH 6.2; p=0.0007 in pH 5.8) with increasing CO, concentrations. In pH 6.2 and
pH 5.8 treatments, where the shell damage occurred, the mortality was as high as 85% (Figure
2.5 and S 2.7). However, the CO, induced pH decrease had no significant effect on the
biomass of surviving periwinkles (Figure 2.6a). In comparison to the periwinkles at
introduction, both flesh and inorganic weight (shell weight) in the control groups increased
with 31% and 20%, respectively. While in the most extreme treatment, pH 5.8, the flesh and
shell weight did not change relative to the initial weights (Figure 2.6a and S 2.7). In addition,
both weights showed no direct relation with CO, concentration. The weights, however,
showed a significant positive correlation with the total periphyton biomass available (Figure
2.6b), which forms the periwinkles main food source. As discussed above the development
of the periphyton biomass was indirectly affected by the CO, concentration through the
increasing abundance of polychaete larvae at intermediate CO; levels (pH 6.6), and directly
affected by higher CO; levels. The periwinkles are thus indirectly affected by these complex
interactions that consider their main food source.
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Figure 2.5 Mortality of recovered periwinkles under seven different pH conditions (pH 5.8- pH 8.6) in
the mesocosms on day 49. Error bars represent the standard deviation of the mortality between the 2
duplicate mesocosms. Statistical difference between the CO: treated groups and control (pH 8.6): **, p
<0.01; *** p <0.001. COz application start on day 0.
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Figure 2.6 The average initial shell (empty blue circle) and flesh (solid blue dot) weights of periwinkle
and the average shell (empty black square) and flesh (solid black square) weight of surviving
periwinkles under seven different pH conditions on day 49 (a); the average shell (empty square) and
flesh (solid square) weight of surviving periwinkles under different periphyton availabilities (b). Error
bars represent the standard deviation of the mortality between the 2 duplicate mesocosms. CO2
application start on day 0.

2.4 Conclusion

During the 49 days with elevated CO, concentrations several effects were observed. In the
highest CO, treatment, the invertebrate community collapsed and phytoplankton bloomed.
In contrast to their planktonic equivalent, the sessile microalgae (periphyton) were not able
to increase biomass. At lower concentrations of CO,, more subtle changes were observed. In
pH 7.1 and 6.6 treatments, high numbers of planktonic polychaete larvae appeared,
corresponding with high numbers of sedentary adult polychaetes in these treatments. The
periwinkles clearly suffered directly from the treatments as was illustrated by affected shells
at pH 7.1 and below, and increasing mortality with higher CO, dosage. The development of
their individual total biomass however was not directly related to the CO» treatment level,
but more indirectly via the availability of their major food source, periphyton. As the
periwinkles shared this food source with the polychaete worms their biomass was affected
by the increasing densities of these worms with increasing CO» levels. This mesocosm study
shows the importance of species interactions in the response of an ecosystem to elevated CO»
concentrations. It illustrates that the environmental impact of underwater release of exhaust
gasses depends on various factors including the composition of the gas, the shipping
intensity, the volume of the receiving water body, and local environmental conditions. The
relative importance of these factors is subject of future research that will be used to assess
the boundaries where the advantages of underwater release of exhaust gasses can be applied
with minimum adverse impact on the local marine ecosystem.
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S 2.1 pH levels of mesocosms over the experiment period, 49 days (a), COz-application started on Day
0. Box & whiskers of measured pH in the mesocosms express CO2 flux (b). The mesocosms were
randomly chosen for expressing certain consistent CO2 flux (duplicate study). COz-application started
on Day 0.
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S 2.2 Average values of water parameters measured in the water columns of the mesocosms and the
nutrient level on day 49 of the experiment. Initial values were measured just before starting the
treatment (averages of all mesocosms). For the treatment phase, the average values of the duplicated
treatment are presented. The standard deviation between the duplicate groups is indicated by “+”.

pH | pH | pH | pH | pH | pH | pH | pH | pH | pH | pH | pH | pH | pH
86 |86 |78 |78 |74 |74 |71 |71 |66 |66 |62 |62 |58 |58
Iiti | M6 | M1 [ M2 [ MI [ M5 [ M1 [ M8 [ M1 [ M1 [ M7 [ M3 [ M1 [ M4 | M9

al 3 4 1 0 2
Temp. 16.6 | 20. 19. 20. 19. 19. 19. 19. 19. 19. 20. 19. 19. 19. 19.
0 + 0 3 0 7 8 8 6 7 9 0 9 8 5 7
0.3 + + + + + + + + + + + + + +

2.1 2.1 2.1 2.2 2.0 2.0 2.1 2.1 2.1 2.1 2.0 2.1 2.1 2.0
Salinit 30.8 | 32. 32. 33. 30. 32. 31. 32. 32. 32. 32. 32. 32. 32. 33.
¥ (%o) + 05 65 34 97 86 50 42 36 25 53 52 17 40 43
0.6 + + + + + + + + + + + + + +
0.7 0.9 0.9 1.1 0.8 0.9 1.0 0.8 0.9 0.9 0.9 1.0 0.8 1.2
Oxyge 96.7 | 97. 98. 98. 98. 99. 96. 95. 97. 95. 93. 85. 91. 76. 75.
n (%) + 7 9 5 3 0 1 0 1 4 7 8 1 8 8
0.6 + + + + + + + + + + + + + +

Alkali 2.5 2.6 2.8 3.0 29 29 3.1 3.4 3.4 5.1 5.7 5.8 5.1 5.3 6.4

nity + + + + + + + + + + + + + + +
(megq/1) 0.1 0.5 0.4 0.2 0.3 0.3 0.4 0.4 0.5 1.7 1.7 2.1 1.4 1.7 1.8
NH4 0.48 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4 0.4 0.5
(mg 8 1 8 7 3 2 4 5 9 4 8 9 7 5
N/

NO; 02 < < < < < < < < < < < < < <
(mg 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
N/

PO4 0.03 < < < < 0.0 < < < < < 0.0 < < <
(mg 0.0 0.0 0.0 0.0 2 0.0 0.0 0.0 0.0 0.0 6 0.0 0.0 0.0
P/l) 2 2 2 2 2 2 2 2 2 2 2 2
SiOz 2 0.9 0.8 < < < < < < < < < < < <
(mg 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Si/l)
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S 2.3 Development of green algae under seven different pH conditions (pH 5.8 - pH 8.6) from 28 days
before starting the treatment to 49 days after. The result is expressed as chlorophyll-a concentration
(ng/l). Error bars represent the standard deviation between the 2 duplicate mesocosms. COz-application

started on day 0.

S 2.4 The density (ind./l) of total zooplankton and 9 different identified zooplankton species in

Impact of underwater released exhaust CO, on invertebrate communities

individual mesocosms on day 49.
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pH 8.6 pH pH pH pH pH pH pH pH pH pH pH | pH pH
8.6 7.8 7.8 7.4 7.4 7.1 7.1 6.6 6.6 62 | 62 | 58 | 58

Ind./1 M M M M M M M8 | MI0 | M M M3 | M M4 | M9

6 13 2 14 5 11 1 7 12
Total 171 244 | 148 | 381 | 168 | 201 | 90 384 153 | 201 | 7 6 1 5
zooplankton
Nauplii 92 91 | 77 318 | 102 | 20 42 164 1 5 3 2 0 4
Harpacticoide | 69 16 21 1 12 11 7 6 0 5 1 0 0 1
Calanoide 2 26 14 0 0 152 | 24 22 0 0 1 1 0 0
Cyclopoide 1 0 6 0 0 0 0 1 0 0 0 0 0 0
Rotifera 0 0 3 1 8 0 0 1 0 0 0 0 0 0
Gastropoda 0 4 17 1 4 5 4 4 34 1 0 0 0 0
Polychaeta 1 0 8 2 0 14 12 156 117 ] 186 | 1 1 0 0
Bivalvia 3 5 0 0 2 0 0 0 0 0 0 0 0 0
Nematoda 3 2 1 0 5 0 0 0 0 4 1 2 0 0
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S 2.5 The population of benthic Peringia ulvae (a, separated in 2 groups: length > 3 mm (black bar)
and length < 3 mm (blue bar)) and Corophium volutator (b) under seven different pH conditions on
Day 49 in all the mesocosms. Error bars represent the standard deviation between the 2 duplicate
mesocosms.COz-application started on day 0. * indicates statistically significant difference from control
(pH 8.6) at p < 0.05. COz2 application start on day 0.

S 2.6 The pictures of periwinkles under four different pH conditions, pH 8.6 (a), pH 7.1 (b), pH 6.6 (c)
and pH 5.8 (d) in the mesocosms on day 49. CO: application start on day 0. Starting from a normal dark
shell (a, pH 8.6) via half shell dark and half shell bleached in pH 7.1 (b), to the entire shell bleached in
pH 6.6 (c), eventually with shell damage (d, pH 5.8)
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g 1dex)

S 2.7. The periwinkle data per mesocosm and the initial two groups of 20 periwinkles that were stored in -20 °C fridge on day 0 as reference. The number of
introduced and recovered periwinkles on day 0 and 49, respectively. The number of alive periwinkles on day 49. The total dry weight, shell and flesh weight
of the initial periwinkles and the alive periwinkles on day 49.

Initial | Initial pH pH pH pH pH pH pH pH pH pH pH pH pH pH
8.6 8.6 7.8 7.8 7.4 7.4 7.1 7.1 6.6 6.6 6.2 6.2 5.8 5.8
Replicate 1 2 M6 MI13 M2 M4 M5 Mil M8 M10 Ml M7 M3 MI12 M4 M9
Introduce Nr. 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Recover Nr. 20 20 13 16 16 16 15 18 13 18 20 16 17 18 16 11
Alive Nr. - - 13 16 15 15 11 16 7 16 16 10 3 4 4 1
13773 13428 9538 14586 10358 13255 8815 15890 6374 12214 8817 5955 2420 2919 1698 802
Total dry
weight (alive
periwinkles)
(mg)

Total shell 12904 12548 8970 13448 9810 12414 8238 14650 5914 11401 8259 5619 2308 2738 1609 758
weight (alive
periwinkles)

(mg)

Total fresh 869.6 879.1 568.4 1138.4 547.8 840.3 576.4 1239.3 459.3 812.8 557.1 336.3 112.1 180.6 89.2 43.1
weight (alive
periwinkles)

(mg)

41



CHAPTER 3




Environmental impact of underwater
exhausted CO, from ships and its
potential as antifouling strategy

Yuzhu Wei?, Yuekai Xu?, Luna M. van der Loos?, Reindert Nijland?,
Albertinka J. Murk?, Edwin M. Foekema?®

*Marine Animal Ecology group, Wageningen University, PO. box 338,
6700 AH Wageningen, The Netherlands

>\Wageningen Marine Research, PO. Box 57, 1780 AB Den Helder, The
Netherlands




Chapter 3

Abstract

Several engineering

projects have studied the

application of underwater : :

exhaust systems as air 7

lubrication to reduce the /
water resistance of ships. - EEEE '
The  system  would ’ ‘ E
increase  the  energy : 2 ik

efficiency and as such oo ——- 4
reduce ships emissions on

a global scale. At local

scale however, the ‘ ‘ .’
underwater released

exhaust gas, and especially the CO; in it, may significantly acidify the water with unknown
impact. Most available biological impact studies reflect the expected chronic future ocean
acidification, which does not represent the rapid and high dose of CO> from an underwater
exhaust system. Therefore, we assessed the impact of high CO; concentrations (resulting in
pH 7.8 to 6.3) on developing microbial biofilms and barnacles. With decreasing pH to 6.3,
the development of biofilm biomass was significantly reduced and a shift in taxonomic
composition occurred. The barnacles tolerated acidic conditions up to pH 6.8 for 25 days
although their feeding activity and growth rate decreased, and high mortality occurred in the
pH 6.3 group. Moreover, we found over 50% of the barnacles in the pH 6.3 group was
removed by the water force generated by 12 km h'! sailing for 15 min. This suggests that
COs-induced acidic conditions around the ship’s hull may increase the anti-fouling property,
which could be an added benefit of underwater exhaust systems on ships.

3.1 Introduction

In an effort to reduce noise, harmful emission on working decks, and risk of hotspot detection
for naval ships, maritime industries tend to release exhaust gas underwater (H Sapra et al.,
2017). In addition, an underwater emission system could be used for air lubrication, which
could reduction of ship’s total resistance with approximately 10 - 15% (Ceccio, 2010).
Several technical research projects were funded to focus on combining underwater exhaust
systems with new generation fuel cells and turbocharged gas engines to further enhance fuel
efficiency and decrease overall emission (H Sapra et al., 2017; H D Sapra et al., 2019; Van
Biert et al., 2016; Van Biert et al., 2018). This development would increase the energy
efficiency and so reduce the ship emissions on a global scale. Effects on a local scale,
however, are yet unknown.

Releasing exhaust gas containing CO, may significantly acidify the surrounding water,
creating a low pH condition around the ship’s hull. Most available studies on biological
impact of elevated CO, levels in seawater applied pH levels reflecting expected future
atmosphere CO; concentrations, which are estimated to be around 936 ppm in 2100, and are
thought to maximally represent a 0.5 unit decrease in global average ocean pH (Wittmann &
Portner, 2013). This narrow range of elevated CO» concentration does not represent local
conditions where the CO, from underwater released exhaust gas may cause a rapid decrease
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of the pH to much lower levels. Therefore, more information about how marine organisms
respond to a wider range of CO> levels is needed.

When an underwater exhaust system is applied, fouling organisms living on the ship’s hull
are acutely exposed to a high dose of exhaust gas. Biofouling initiates from a biofilm (an
accumulation of organic material, bacterial colonisation and some unicellular algae)
(Armstrong et al., 2000; Callow & Callow, 2002), which is followed by the settlement and
development of sessile marine invertebrates (Chambers et al., 2006; Hadfield, 2011). Studies
have shown that elevated CO, concentrations impact marine fouling animals, such as
barnacles (Campanati et al., 2015; Findlay et al., 2010a). Campanati et al. (2015) suggested
that early-life stages of barnacles developed less and/or weaker calcified structures under low
pH (pH 7.6) and oxygen (3 mg/l) conditions.

Regardless to the protection of marine ecosystems, the battle between human and fouling
organisms has continued for decades. Due to biofouling, fuel consumption is known to
increase as much as 40% (Champ, 2000), as it increases hull roughness and wall shear stress,
which in turn raises frictional drag. For example, a layer of calcarcous fouling is able to
increase the resistance penalty of a frigate from 34% to 86% (Schultz, 2007). Unfortunately,
most commercial antifouling coatings contain biocides and these toxicants are harmful to
non-target marine species as well (Dafforn et al., 2011; K Thomas & Brooks, 2010). Besides
the environmental contamination risk, coating deterioration over time also decreases the
shipping efficiency. Limited coating deterioration leading to an equivalent of only 100 pm
height sand roughness, may already significantly increase the resistance penalty of a ship’s
hull with approximately 11% (Schultz, 2007). Therefore, antifouling paint requires frequent
maintenance, which is costly and time consuming. A nontoxic silicone oil lubricant combined
with a nanostructured wrinkled surface is developed to reduce the attachment of fouling
organisms. However, the efficiency of this antifouling technology decreases too fast because
the silicone oil depletes over time (Ware et al., 2018). Thus, there is still a need for an
environmentally friendly yet also efficient antifouling strategy.

As far as we are aware of no studies to date have examined the application of elevated CO»
concentrations for antifouling purposes. Therefore, besides understanding the impact of
elevated CO, on fouling organisms, the presented study also addressed the potential of using
underwater emission in anti-fouling.

Accordingly, the present study focused on the impact of a wide range of CO, dosages
resulting in a pH range of 7.8 - 6.3 (equivalent to 784 - 23,189 patm pCO;) on the
development of microbial biofilms and on previously settled barnacles, Balanus crenatus. In
addition, the potential of underwater exhaust systems for antifouling purposes was evaluated
by testing the resistance of the pre-treated barnacles against the water force generated by
sailing at a relatively low speed of 12 km h!:

3.2 Materials and methods
3.2.1 Microcosm set-up

Fifteen glass microcosms (35 cm x 30 cm x 25 cm), each with individual water pumps for
internal circulation, were installed in a temperature-controlled room (approximately 13.5 -
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14 °C, Wageningen, the Netherlands) and filled with artificial seawater. The artificial
seawater (Tropic Marin®, Zoo mix) was adjusted to an alkalinity level of 2.42 meq/l, which
is in the same range as the water at the location where the PVC plates were exposed to collect
the barnacles (see below). After the barnacles and the substrates for biofilm development
(day 0, see details below) were introduced, all microcosms except 3 controls, were provided
with CO, fluxes (day 0). The CO; flux, and hence the pH level was maintained in each
microcosm via a pH controller (Milwaukee, MC125). The target pH level of each microcosm
was reached within 3 hours after the CO» flux started (triplicate study) (Table 3.1). Half of
the seawater was refreshed every 2 - 3 days, after which the target pH level was reached again
within | hour.

Temperature, dissolved oxygen saturation level, salinity, alkalinity, NH4+" and NOy
concentrations of the seawater in the microcosms were measured before and after each water
change. The pH level was measured twice a day with an electrode pH meter (Hach PHC101),
around 10 am and 2 pm.

In the present study, the so-called Seacarb package (Lavigne & Gattuso, 2010) in R (Team,
2013) was used to express all exposures as pCO, in micro atmosphere (patm) based on
alkalinity, pH, salinity and temperature values. Conditions in the control groups mimicked
the pH, salinity and alkalinity measured in the local seawater at the barnacle collection point.

Table 3.1 The microcosm number with the mean pH level of the treatments and the calculated pCO2
value.

Microcosm number Mean pH Mean pCO2 (patm)
1,10, 15 7.8 784
2,12, 14 7.6 1104
4,8, 13 72 2488
6,9,11 6.8 7445
3,57 6.3 23189

3.2.2 Biofilm biomass and biodiversity

The biomass development and taxonomic composition of the biofilm were monitored on 8
glass microscope slides (76 x 26 mm) per microcosm, which were hung in horizontal position
at a water depth of approximately 20 cm in the centre of each microcosm. Two slides were
taken out from each microcosm on day 10, 17 and 24 of the experiment. Of these two slides,
one was used for biofilm quantification and the other was sampled for DNA analyses.

To quantify biofilm biomass, the slide was stained using 5 ml of 0.5% crystal violet (CV)
solution for 20 min. Unbound CV stain was removed by rinsing the glass slide with artificial
seawater until no more CV was observed to dissolve in the water. The glass slides were air
dried. Subsequently, 5 ml of 96% ecthanol containing 2% acetic acid (v/v) was used to
dissolve the bound CV stain from the glass slide. Adsorption at 595 nm was measured using
a Filter Max F5 multiple - mode microplate reader (Molecular Devices, USA), and the data
was analysed in Microsoft Excel. The absorbance by the dissolved biofilm-bound CV was
used to indicate the biofilm biomass.
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To analyse bacterial taxonomic composition and biodiversity, the biofilm on the second slide
was carefully collected with cotton swabs (COPA150C, VWR International B.V.) and stored
in 2 ml Longmire’s buffer (Longmire et al., 1997) at - 20 °C for later gene analysis.

Bacterial genomic DNA was extracted from the Longmire’s preserved cotton swabs after
thawing the samples at room temperature. Tweezers were used to carefully break off and
remove the stick of the cotton swabs and return the tip of the swab to the Longmire buffer.
The tube was vortexed vigorously for 30 seconds and 3 pl antifoam (Reagent DX, Qiagen)
was added to each sample. The sample was sterilely transferred to a 15ml tube with
approximately 200 pl of 100 um zirconia beads and vortexed for 10 min. 50 pl Protease K
was added, and samples were incubated at 56 °C for 20 min. Next, 3 ml
Phenol/Chlorophorm/IAA (P/C/1, 24: 24: 1) was added to each sample, and samples were
vortexed for 10 seconds and then rotated for 10 min. Tubes were centrifuged at 5000 rpm for
10 min before transferring the aqueous phase to clean 15 ml tubes. A second P/C/I clean up
step was performed as above. 250 ul of 3 M NaAcetate and 5 ml of ice cold 100% ethanol
were added to the final aqueous phase of the sample. The samples were inverted gently,
placed on ice for 10 min and centrifuged for 10 min at 5000 rpm in 4 °C to precipitate and
collect the DNA. The resulting DNA pellet was washed twice using 1 ml 70% ethanol. The
pellet was air dried for 25 min and dissolved in 50 ul TE. DNA was quantified using a
Nanodrop microvolume spectrophotometer (Thermo Fisher) and checked for size using
agarose gel electrophoresis. An isolation control using a clean swab in buffer solution
collected during original sampling was included.

The 16S rRNA genes of the extracted DNA sample were amplified by PCR using the
27F BCtail-FW (TTTCTGTTGGTGCTGATATTGC AGAGTTTGATCMTGGCTCAG)
and 1492R BCtail-RV
(ACTTGCCTGTCGCTCTATCTTC CGGTTACCTTGTTACGACTT) primers with added
barcoding attachment sequences. 0.5 pl of isolated DNA was used as a template in a 20 ul
PCR volume with the Thermo Scientific 2X Phire Tissue Direct PCR Master mix. For the
thermocycling conditions see Table S 3.1. 1ul of PCR product from the first round of
amplification was used a template in the barcoding PCR, using the PCR Barcoding expansion
1 - 96 Kit (EXP -PBC096) (Oxford Nanopore Technologies, Oxford, UK) according to
manufacturer’s instructions. Barcoded PCR products were sequenced according to the
Ligation Sequencing Kit 1D (SQK-LSK108) (Oxford Nanopore Technologies, Oxford, UK)
protocols. Negative PCR controls were included in the sequencing to check for contamination
(the samples contained low levels of handling and/or kit contamination; those OTUs were
removed from the dataset).

The Fastq 16S workflow revision 3.1.0 with the 16S classification version 2.1.1 were used
on the Oxford Nanopore Epi2me platform (Metrichor, Oxford, UK) to classify raw
sequences. A total of 264,722 reads were obtained, of which 253,153 reads were successfully
classified and passed quality filtering (Q score threshold > 8). A taxonomic hierarchy of all
the classified taxa was obtained using the Entrez Taxonomy NCBI database and the taxize
package in R (Chamberlain & Szocs, 2013; Team, 2013), which was used to generate an
OTU table on genus level. Data visualisation and statistical tests were performed using the
vegan (Oksanen et al., 2018), ggplot2 (Wickham, 2016) and phyloseq (McMurdie & Holmes,
2013) packages. To test for differences in alpha diversity (within-sample diversity; observed
OTU richness) between pH levels and days, a generalized linear mixed model was used with
a random intercept for microcosm to correct for repeated measures. A Tukey post - hoc test
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was performed for pair-wise contrasts. To asses differences in beta diversity (between-sample
diversity) with pH levels and days, the weighted Unifrac (Lozupone et al., 2007) and Bray -
Curtis (Bray & Curtis, 1957) dissimilarities were calculated. These metrics were then
visualised with a Principal Coordinates Analysis (PCoA) plot and compared in a
permutational analysis of variance (PERMANOVA) with 9,999 permutations (the
permutations within the microcosms were constrained). The dataset passed the tests for the
underlying assumption of a PERMANOVA, i.e. that the multivariate spread is equal among
groups (M J Anderson, 2014). Genera that showed significant differences in abundance
between pH treatments and days were determined using the DESeq2 package (Love et al.,
2014) with Benjamini - Hochberg corrected p - values.

3.2.3 Barnacle collection and exposure

Balanus crenatus were collected by allowing them to naturally settle on 20 roughened PVC
plates (7.5 cm x 7.5 cm) that were exposed for 25 days (28" May - 21% June 2018) at
approximately 40 cm depth of seawater in the harbour of Den Helder, in the northwest of The
Netherlands. The plates were checked weekly for barnacle settlement, and all other
observable organism species were manually removed. On collection, the plates contained
barnacles ranging from newly settled cyprids to 4 weeks old post-larvae. Water samples (500
ml) were taken from the same location for later water parameter analysis.

After transporting the PVC plates to the laboratory facilities in Wageningen, the Netherlands,
the barnacles were allowed to acclimatise to the artificial seawater for 72 hours. The number
of barnacles on each of the 20 PVC plates was counted and 15 plates that contained at least
450 individuals were selected. After the buoyant weight of these selected plates was
determined, they were placed in one of the microcosms (1 plate per microcosm). During the
exposure period that lasted 25 days, the barnacles were fed with a commercially available
mixed microalgae diet (Isochrysis T-ISO (33%) / Nannochloropsis (31%) / Tetraselmis
(18%) / Phaeodactylum (18%); Easybooster, Easyreefs) at 1 x 10° cells/ml, and
approximately 100 Artemia nauplii per barnacle per day.

3.2.4 Barnacle growth and feeding activity

The buoyant weight of barnacles on each PVC plate was measured to calculate the biomass
development of the barnacles. The density of the barnacle’s soft tissue is expected to be
almost similar to that of seawater, thus may not be included in the buoyant weight. Since the
ratio of the weight of organics to the weight of shell is consistently less than 3% (Bourget,
1987), buoyant weight is a good approximation of the total biomass of barnacles.

Before barnacle collection, the 20 empty PVC plates (7.5 cm x 7.5 cm) were incubated for 2
days in artificial seawater in the experimental room (about 13.5 — 14 °C) to avoid possible
water uptake caused by the material interfering the buoyant weight result of barnacles. All
plates were brushed before the buoyant weight measurement to minimise the effects of
biofouling on total weights. Buoyant weight was measured by the method as described by
Schutter et al. (2008). The PVC plate was suspended on a hook in a defined volume of
seawater at a constant depth. Seawater was maintained at 15 °C and 34%o salinity. The hook
was attached to an underweighting analytical balance (Kern&Sohn D - 72458 Albstadt, type
870 - 13) using a thin nylon string (Osinga et al., 1999).
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The same conditions and procedures were followed to measure the buoyant weight of
barnacles attached to the PVC plates on a weekly basis during the exposure in the
microcosms. All buoyant weights were corrected for the original empty PVC plate weight.
Changes in barnacle covered area on each plate were recorded weekly with a digital camera
(Nikon, D5200). The photographs were analysed for percentage cover with software ImageJ.

On day 20, the feeding behaviour of the barnacles in the microcosms was recorded on video
(Olympus Tg - 5). The recording started 1 minute after injecting 2ml Artemia nauplii (3,000
individual/ml) into the microcosm and stopped after 1.5 - 2 min of recording. Eight barnacles
were randomly selected from each video, 30 feeding movements of individual barnacles were
counted and the required time for these movements was recorded for feeding speed analysis.
Each feeding movement was counted from the moment the barnacle extended its cirri from
the shell until the cirri were completely back in the shell. Eventually, the average feeding
speed of 8 barnacles in each microcosm was calculated as the average time required for one
feeding movement.

3.2.5 Barnacle attachment strength

After 25 days of exposure in the microcosms, the PVC plates with barnacles were transported
back to the harbour (Den Helder, the Netherlands). Here, first photos were taken of the
individual plates which were subsequently fixed at the rear of a vessel (military Ops
Landtdiep). The vessel sailed for 15 min at 12 km h!. After sailing, photos were taken from
the individual plates for later determination of the barnacle cover percentage using Imagel.
The impact of faster sailing speed could not be tested due to limitations of the technical set

up.
3.2.6 Barnacle data analysis

GraphPad Prism 7 (Graphpad Software Inc., CA, USA) was used to make the figures and
perform statistical analyses. One-way or Two-way ANOVA (time and pH level) with
Dunnett’s multiple comparisons test were used to test the significant difference between the
CO; treated groups and the control. P values < 0.05 were considered statistically significant
in all the statistical analysis. All data presented here are expressed as means with standard
deviation, unless stated otherwise.

3.3 Results
3.3.1 Water parameters

The pH of the seawater in the controls initially was 8.2 and stabilized after one day at an
average pH of 7.8. In the treatment groups, pH rapidly decreased after the start of the CO»
application, and then stabilized within one day at the target value (S 3.2a). The treatments
followed a pH gradient with mean pH levels that were significantly different from each other
ranging from 7.8 to 6.3 (lowest pH treatment) (Table 3.1). These mean pH levels are used
here to indicate the different treatments. The corresponding pCOs levels of the groups are
ranging from 784 patm (control) to 23189 patm (Table 3.1; S 3.2b; S 3.3).
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The salinity, temperature and oxygen saturation level of all the groups remained at 33%o,
13°C and over 90%, respectively (S 3.3). The alkalinity level slightly increased along with
the pH level decrease, from about 2.4 meq/1 in the controls to a maximum of 2.6 meq/l in the
pH 6.3 treatments (S 3.3). Conversely, the NO, concentration decreased with pH level
decrease, and was below 1 mg/l for all experimental groups. The concentration of NH4"
remained 0.01 mg/l throughout the experimental period (S 3.3).

3.3.2 Biomass and biodiversity of the biofilm

The biomass of the biofilm increased from day 17 to day 24 in all the groups, with highest
biomass in the control on day 24 (Figure 3.1). This increase over 1 week, however, was not
statistically significant, and due to technical problems, no data were available for day 10.
With decreasing pH, the biomass was significantly less relative to the controls (Figure 3.1).

The number of observed genera per biofilm sample ranged from 40 - 139. There were no
differences in alpha diversity between the pH treatments on either day 10, 17 or 24. The alpha
diversity of the biofilm was higher at day 24 at pH 6.8 (p = 0.01) and pH 7.6 (p < 0.0001)
compared to day 10, and at pH 7.8 compared to day 17 (p <0.001). The PCoA plots reflecting
the PERMANOVA results (Bray - Curtis; Figure 3.2, Weighted UniFrac; Figure S 3.4) show
that both day and pH had a significant effect on genus composition (Bray-Curtis; p = 0.0001,
Weighted UniFrac; p = 0.001) and no interaction effect between day and pH was observed
(Bray - Curtis; p=0.113, Weighted UniFrac; p=0.131). Post-hoc tests showed that the genus
composition on day 10 significantly differed from the composition on day 17 and 24 (Bray -
Curtis & Weighted UniFrac; p = 0.003, both comparisons). Additionally, genus composition
at pH 6.3 was significantly different from pH 7.6 and 7.8 (Bray-Curtis; p = 0.01 for all
comparisons, Weighted UniFrac; p = 0.04 for all comparisons), but not from pH 6.8 and 7.2
(Bray - Curtis; p=0.10 and p = 0.13; Weighted UniFrac; p =0.49 and p = 0.79) (Figure 3.2).
Furthermore, 20 genera showed significant differential abundance between pH 7.8 (control)
and pH 6.3. Of these, 9 genera were more abundant at high pH and 11 were more abundant
at low pH (Figure 3.3). Raw sequence data and a list with the observed taxa have been
uploaded and are publicly available in the European Nucleotide Archive, accession number
PRJEB35703.
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Figure 3.1 Biomass of biofilm (absorbance units) developed on microscope plates (n = 3) under pH 6.3
— 7.8 treatments on day 17 and day 24. The biomass was stained with crystal violet and quantified as
Abs595 nm. Differences were assessed between the treated group and the control group on the same
day only (*, p <0.05; ** p <0.01; *** p <0.001). CO2 application start on day 0.
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Figure 3.2 Biofilm genus composition on microscope slides incubated in artificial seawater of pH 6.3
— 7.8 on day 10, 17 and 24. Principal coordinates analysis (PCoA) plot is based on a Bray - Curtis
dissimilarity index. The genera explaining most of the variability are labelled in each plot. CO2
application start on day 0.
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Figure 3.3 Heatmap of the twenty significantly differential abundant (read count) genera of biofilm on
microscope slides incubated in artificial seawater of pH 6.3 and 7.8 on day 23. Each colored box
represents the abundance of a single microcosm (triplicates of day 10, 17 and 24). The heatmap is based
on Benjamini - Hochberg corrected p-values.

3.3.3 Mortality and feeding activity of barnacles

All barnacles in the controls survived until the end of the experiment, and mortality was less
than 5% in all CO; treated groups except pH 6.3, where it was significantly higher (27%;
Figure 3.4). Besides survival, the feeding activity was barely impacted by the elevated CO»
in the pH > 6.8 groups. At pH 6.3, the feeding movements of the barnacles were significantly
slower with 0.5 - 1 s activity™!, which is twice as long as for the other groups (Figure 3.5).
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Figure 3.4 Mortality of barnacles (% of > 450 barnacles per plate, n = 3) after 23 days of exposure to
pH 6.3 - 7.8 treatments. Differences were assessed between the treated group and the control group
only (***, p <0.001).
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Figure 3.5 Time required for a barnacle per feeding movement (s activity’'), Imin after injecting
Artemia to the microcosm on day 20 (8 barnacles per plate, n = 3). Differences were assessed between
the treated group and the control group only (**** p <0.0001).

3.3.4 Growth of barnacles

The biomass of barnacles per plate linearly increased with time in all treatments with pH >
6.8. On day 23 the biomass increase ranged from 120% (pH 6.8) to 200% (control) (Figure
3.6). With decreasing pH from 7.6 to 6.3, the growth rate (slope) reduced and it was
significantly less in pH 6.3 relative to the control. Although the growth rate of the pH 6.8
groups was not statistically significant different from the controls for the duration of the
whole experiment, significant differences developed from day 16 onwards. In the pH 6.3
groups this difference from the controls already started on day 9, and instead of increasing
like the other groups, the biomass decreased with 20% since the start of the CO, exposure
(Figure 3.6). Consistently, a trend of less biomass per barnacle with lower pH treatment was
observed, although within the experimental period, significant differences with the controls
were only reached in the pH 6.3 groups (S 3.5).

Similar to biomass changes, the area of the PVC plates that was covered with barnacles
linearly increased with more than 50% over 23 days in the pH > 6.8 groups (Figure 3.7). In
these groups, the barnacle covered area increased more with decreasing pH level (slope =
2.66 £+ 0.33 in control and slope =4.23 £ 0.14 in pH 6.8). In pH 6.8, the increase of covered
area was significantly higher than in the controls on day 16 and 23 (Figure 3.7). On those
days, a significant decrease of the covered area was observed in the pH 6.3 groups (Figure
3.7; S 3.6).
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The increase in barnacle biomass and covered area in the control group and decrease in
number and size of barnacles in the pH 6.3 group were visible from the pictures from day 0

(Figure 3.8a) to day 25 (Figure 3.8b). The pictures of other experimental groups are given in
Figure S 3.9.
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Figure 3.6 Change in barnacle biomass (% compared to day 0) on day 0, 9, 16 and 23 under pH 6.3 -
7.8 treatments. Linear regression was showed as dash line. Differences were assessed between the
treated group and the control group on the same day only (ns, no significance; *, p < 0.05; ***, p <
0.001; **** p <0.0001). CO2 application start on day 0.
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Figure 3.7 The change of barnacle covered area (% compared to day 0) on day 9, 16 and 23 under pH
6.3 - 7.8 treatments. Linear regression was showed as dash line. Differences were assessed between the
treated group and the control group on the same day only (¥, p < 0.05; **, p < 0.01; *** p < 0.001;
*¥*%% p <0.0001). The significance day was indicated in bracket.
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Figure 3.8 Pictures of plates with barnacles exposed to pH 7.8 (control) and pH 6.33 on day 0 (a) and
day 25 (b).

3.5. Detachment of barnacle after sailing

The water force that was created by sailing for 15 min at 12 km/h was not sufficient to remove
barnacles from the plates that had been exposed in the pH > 6.8 groups (S 3.7). From the
plates incubated at pH 6.3 however, more than 50% of the barnacles were removed during
this sailing activity (S 3.7; S 3.8).

3.4 Discussion

This study investigated the impact of elevated CO, concentrations, resulting in a pH level
range of 7.8 - 6.3, on biofilm formation and the growth and attachment strength of barnacles.
Biofilms developed in all treatments, and the increase in biomass was significantly less with
decreasing pH. The alpha diversity of the microbial community did not differ between pH
levels, while the beta diversity at pH 6.3 distinctly differed from other exposure groups.

The barnacles were able to tolerate high acidic conditions as low as pH 6.8. However, at pH
6.3, the mortality was significantly higher and feeding activity and growth were significantly
lower than in the other groups. In addition, 50% of the barnacles that had been kept at pH 6.3
for 25 days were not able to resist the water force created by sailing for 15 mins at 12 km/h.
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3.4.1 Water parameters

The target pH levels were reached within one day in all the CO, treated groups. Therefore,
limited time was provided for the barnacles to acclimate to the treatment. The dramatic
decrease in pH level may have had a shock effect on the barnacles, especially for pH 6.8 and
6.3 treatments. Both of the CO, treatments’ possible shock effect represent the actual
condition that underwater exhaust gas may create to the sessile organisms, in this case the
barnacles.

Although in the present study half of the water was refreshed with artificial seawater (about
pH 8.1) every 2 - 3 days, the mean pH level in the control became lower than anticipated.
The pH in controls was relatively low compared to the global open ocean mean pH of 8.07
(in 2010). The pCO:s levels in this study calculated based on pH, total alkalinity, salinity and
temperature, was 784 patm in the control. The pCO; in seawater of global oceans varies
seasonally about 60% below and above the current atmospheric pCO> level of about 415
patm. The low pH level in the control is most likely caused by the respiration of the barnacles
and the Artemia nauplii that were applied as food, and the absence of primary production or
aeration. This is also reflected in the maximum 95% O, saturation levels in the microcosms
(S 3.3). Although survival of barnacles in the controls was 100%, it cannot be excluded that
the pH 7.8 in the control already affected the organisms thus reducing the difference with the
exposure groups. However, as significant effects were only observed in the higher treatment
levels, this seems unlikely.

3.4.2 Growth and taxonomic composition of biofilm

Elevated CO; concentrations inhibited the development of the biofilm. In addition to the total
biofilm biomass, the bacterial genus composition was distinctly different between the lowest
pH and the other treatments. For example, Ahrensia, Celeribacter, Thalassotalea and
Flavobacterium dominated at low pH (6.3), while Leisingera, Octadecabacter, Ruegeria and
Roseovarius were more common at higher pH levels. The genus composition likely reflects
the tolerances of species to grow at low pH levels. For instance, Leisingera
methylohalidivorans is known to have an optimum growth at pH 7.7, and rapidly decreases
below pH 7.3 (Schaefer et al., 2002). On the other hand, Ahrensia kielensis has a wide
tolerance to low pH level (pH 7.0) (J Liu et al., 2016). As the biofilm forms the initial phase
of the succession process of fouling (Bressy & Lejars, 2014; Wahl, 1989), this impact on the
biofilm development could affect the further development of biofouling.

The composition of the biofilm influences the settlement of larvae from marine organisms
including barnacles, which can be an inhibiting effect (e.g. (Lau & Qian, 2000; Maki et al.,
1988; Mary et al., 1993)) or a stimulating effect (e.g. (Qian et al., 2003; Thiyagarajan et al.,
2006; Wieczorek et al., 1995)), e.g. through the production and release of signal molecules
(Hadfield, 2011). The type of influence is highly connected to the taxa present in the biofilm:
Holmstrom et al. (1992) found that certain bacterial isolates (designated D2 CCUG 26757)
displayed non-pH-dependent inhibitory effects on settlement of larvae of the barnacle
Amphibalanus amphitrite, whereas other taxa has been reported to promote cypris larval
settlement of the barnacle Amphibalanus improvisus (Tait & Havenhand, 2013) through the
production of N-acylhomoserine lactones (AHLs). In addition, some research suggests that
the age and size of the biofilm may also play a role, although the results are not congruent.
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Wieczorek et al. (1995) reported that barnacle larvae prefer older biofilm (in their case 18
days), while Olivier et al. (2000) suggested that other things than age, e.g. species
composition, are more important in determining suitability of a particular settlement site for
barnacle juveniles. A positive correlation between biofilm biomass and larval settlement has
also been found for other invertebrate fouling species such as Mytilus edulis (Toupoint et al.,
2012) and Crassostrea virginica (Campbell et al., 2011).

3.4.3 Mortality and growth of barnacles

The barnacles (Balanus crenatus) showed high tolerance to acidic conditions but mortality
increased to nearly 30% when the pH level became as low as 6.3. This is in line with the
findings by Findlay et al. (2010b), who reported that the survival rate of another barnacle
species (Semibalanus balanoides) did not differ between juveniles grown at pH 7.3 and at
the control level (pH 8.1). However, another study from Findlay et al. (2009) showed
increased mortality of S. balanoides when exposed to pH 7.7 - 7.8. The different mortality
results between studies may be attributed to the varied abilities of the barnacles to maintain
their energetic balance. The energetic cost of calcification is suggested to increase with higher
pCO; conditions (Clements &Darrow, 2018). Besides the increase in energy demand,
multiple studies with bivalves have shown significantly reduced feeding rates at pH
conditions < 7 (R Bamber, 1990; R N Bamber, 1987). The present study shows this is also
the case for barnacles. Low feeding speed may lead to the inability to support energy
demands, in turn negatively impacting core functions, such as survival, growth and immune
response (Bouchard et al., 2014; Hernroth et al., 2012).

The reduced feeding speed must directly have inhibited the growth of the barnacles in the
present study, as is reflected in the poor development of the biomass and covered area in pH
6.3 groups. However, the feeding speed seems not the only limiting factor for barnacle
development, since a reduced growth rate was already found in higher pH conditions than
pH 6.3, for which feeding speed was unaffected. This suggests that for the barnacles the
energetic cost increase with increasing CO» concentrations. The extremely slow feeding
speed also suggested that the barnacles in pH 6.8 treatment experienced energy exhaustion.
Another, perhaps additional explanation is the suffocation effect on the organisms, as
elevation of CO; in water reduces the outward diffusion of CO, from water-breathing animals
(Ishimatsu et al., 2005). Another crustacean, the lobster Homarus americanus, showed
increased susceptibility to diseases in high CO, conditions (pH 7.7), which significantly
negatively affected its probability of survival (McLean et al., 2018).

Nardone et al. (2018) found a 20% increase of base plate area of the barnacle Amphibalanus
amphitrite in their CO; treated groups (pH 7.78 and pH 7.40 compared to pH 8.01 in the
controls). In addition, they claimed that neither the height or the thickness of the shell was
affected by exposure to pH 7.5 for 13 weeks. Instead, the size of the calcite crystal of the
barnacle shells was dramatically increased to nearly twice as large as in pH 8.01 (Nardone et
al., 2018). Larger basal shell diameter also was observed in McDonald et al. (2009)’s study.
They suggested the calcium carbonate production raised in lower pH levels cause the increase
in basal shell diameters, which was proved by the higher basal shell ash level in low pH (pH
7.4) cultivation. Both two studies focused on 4. amphitrite at 25 °C. None such alterations of
the shape of the barnacles were observed in our study. The different species of barnacles (B.
crenatus, in the present study) and culture conditions (13 °C, in the present study) may have
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led to these different results. Especially raising the temperature 4 - 5 °C is suggested to reduce
the net calcification rate of barnacles in elevated CO» concentration (Findlay et al., 2010a).

3.4.4 Attachment of barnacles

The adhesive system of the barnacles does not seem to be very sensitive to the pH of the
seawater. Nardone et al. (2018), already concluded that the adhesive system of barnacles is
not affected by seawater pH as low as 7.4, and in our study none of the barnacles that had
been exposed to a pH as low as 6.8 were removed from the plates after sailing 12 km/h for
15 min. Only the barnacles from the pH 6.3 groups were not able to resist the water pressure
related to this sailing speed.

3.4.5 Potential as anti-fouling strategy

The presented results suggest that if exhaust gas would be released underwater and is
subsequently able to lower the water pH near the ship’s hull to at least 6.3, attached barnacles
could be removed from the ship’s hull during sailing, thus cleaning the ship’s hull. In practice
it will most likely not be possible to maintain the pH around the ship’s hull as low as 6.3 for
25 days, which hampers the direct application of the present findings for anti-fouling
purposes. However, it opens some perspectives. Barnacles may be less vulnerable to
acidification than other fouling organisms like molluscs, as the exoskeletal CaCO;3 of
barnacles mostly consists of calcite, which is less soluble than the aragonite that is present in
molluscs (BoBelmann et al., 2007; Whiteley, 2011). Additionally, the tested speed (12 km h"
1) in the present study is relatively low for commercial ships. With higher sailing speed, more
water resistance will create a higher ‘swapping’ force to remove the attached barnacles and
other fouling organisms. Finally, exhaust gas will have a higher temperature that may also
strengthen the anti-fouling effect in practise.

Even when these factors are not sufficient to remove attached fouling organisms from the
ship’s hull, underwater released exhaust gas might be able to reduce the development of a
biofilm. The presented results show that the development of the fouling microbial community
is affected already at relatively low CO, concentrations. If this results in an unattractive
biofilm composition for the larvae of larger fouling organisms deserves further study. In
addition, underwater released gas may also directly prevent larvae to settle in the area, either
because the pH is too far from the organisms optimum or the high CO; level affects the
respiration.

3.5 Conclusion

The aim of this study was to assess the impact of CO, from underwater released exhaust gas
on fouling organisms and perform a first evaluation of its anti-fouling property. The results
clearly indicate that elevated CO, concentrations inhibit the development of a microbial
biofilm, which could have implications for the settlement of fouling invertebrates like
barnacles and mussels. Once settled, barnacles can tolerate relatively high CO»
concentrations, but at the highest exposure condition (equivalent to pH = 6.3) feeding activity
and growth were negatively affected and mortality increased. Our results indicate that the
impact of underwater released CO- depends on various factors including the reduced pH level
by the exhaust gas and the duration of such acidic conditions. The relative importance of
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these factors is a subject for future research based on the composition of the gas, the shipping
intensity and the local environmental conditions. The water force of 12 km h'!' sufficiently
removed over 50% of the attached barnacles that had been exposed to the highest CO,
concentrations (pH 6.3). Based on physiological features, it is to be expected that smaller
animals, new larvae and fouling molluscs will be more sensitive. These findings suggest that
CO; released along a ship’s hull can negatively impact on fouling organisms and thus has
potential as new anti-fouling strategy. It is interesting to further study the role of CO, in the
anti-fouling mechanism in addition to acidification.
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3.6 Supplementary material for Chapter 3

S 3.1 Thermocycling conditions used for PCR amplification.

Cycle step Temp. Time Cycles
Initial denaturation 98 °C 3 min 1
Denaturation 98 °C 8 sec
Annealing 58 °C 8 sec 30
Extension 72 °C 30 sec
Final extension 72 °C 3 min 1
Hold 12 °C
a b
9- 91
—— M1 ——M9
—— M2 —— M10
—— M3 —— M11 8
—— M4 M12 1 § ? +
M5 —— M13
~—M6 M4 B * + 'I'
—— M7 —— M15
—~— M8 74 %

RN A S R RN NS

S 3.2 The pH levels of microcosms from day -1 to 25 (COz-application started on day 0) (a); Box &
whiskers of measured pH in the microcosms (b). The microcosms were randomly chosen for reaching
designed pH levels by expressing additional CO: (triplicate study).
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S 3.3 Water parameter of the microcosms. Mean + standard deviation (of the triplicate plates) are given
for pH, pCOz, temperature (°C), salinity (%o) oxygen saturation level (%), NO2™ concentration (mg/1)
and NH4" concentration (mg/1) in each microcosm.

oH (pCOz Temp. Salinity Alkalinity Sgt’:‘ryif:n NOy NH.*

patm) (°c) (%o) (meq/1) level (%) (mg/1) (mg/l)

MI 7(';?8; 807+ 55 13(’)"7331 * 330'_223i 242016 | 9480+4.17 O(ffgi 0(‘)‘_)3;
M10 7(')5%8* 759 + 57 1%‘296* 3%36* 240+0.18 | 95.96+2.75 O(fff %‘?&;
MI5 7&3; 787+ 55 13(’)‘3? 330'_3257i 242017 | 9449396 0(‘)"‘15; 0‘0‘_)01;
M2 7(')6_11f 1220 + 103 1%‘_72(‘))* 330'?21)* 234020 | 91.98+431 0(')?;‘8* 0(')“)16;
M12 7(')6'3; 1074 = 75 136%1 330'_‘25; 2394017 | 92.73+3.55 0(‘)"‘25; 0‘0‘_)16;
M14 7:3; 1019 + 80 136;? 330'_228; 2444019 | 9228+3.76 0(‘)"‘?; 0‘0‘_)16;
M4 7(')2;; 2202 + 104 1%‘_6265* 330"32351 246=0.11 | 90.95+4.76 0(')‘_‘118* 0(')“)168*
M8 7(')%177i 3216+ 230 13(’)"7137i 330'_‘31# 248+0.18 | 92.06+4.05 0(‘)3";1; 0(‘)‘_)16;
MI3 7(')2;; 1958 = 102 13(’)‘351 * 330'_3301 = 2432013 | 92312389 0(‘)"‘?; 0‘0‘_)16;
M6 6(';?;; 6900 + 350 13(’)‘2? 330"‘;2; 251013 | 93.25+3.09 062-;111 0(‘)“)16;
M9 6(;;126* 8097 + 283 13()"71(;* 330'_31591 2.50£0.09 | 92.75+3.60 0(%6* 0(')‘_)16;
M1 6(';_;;‘ 6i 7338 + 300 13(’)‘2? 33‘;? 249+0.10 | 93.98+2.79 0(‘)2_;1; 0(‘)“)16;
Lo | | o [ e [ | 0 |
o o | | [ oo [ | |
ok |7 | | B | e e | 0 |
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S 3.4 Biofilm genus composition on microscope slides incubated in artificial seawater of pH 6.3 — 7.8
on day 10, 17 and 24. Principal coordinates analysis (PCoA) plot based on a weighted Unifrac
dissimilarity index. CO: application started on day 0.
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S 3.5 Biomass per barnacle (%) on day 0 and 23 under pH 6.3 — 7.8 treatments. The biomass on day 0
was set as 100%. Statistical difference (*, p < 0.05; ***, p <0.001) were compared treated group with

the control on day 23 only.
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day 0 and 23 under pH 6.3 — 7.8 treatments. The biomass on day

0 was set as 100%. Statistical difference (¥, p <0.05; ***, p <0.001) were compared treated group with

the control on day 23 only.
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S 3.7 The average of detached barnacles on each plate (%) after 12 km/h sailing for 15min. These plates
(n = 3) were cultured in pH 6.3 — 7.8 treatment for 23 days before sailing. Statistical difference (**, p
< 0.01) were compared with the control group only.
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S 3.8 Cover area (cm?) of barnacles on each plate before and after 12 km/h sailing for 15mins. These
plates were cultured in pH 6.3 — 7.8 treatment for 23 days before sailing.
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pH 6.8

day 25
S 3.9 Pictures of plates with barnacles exposed to pH 6.8 — 7.6 treatment on day 0 (a) and day 25 (b)
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Chapter 4

Abstract

Submerged discharge of exhaust gas from ships is considered for its potential to reduce drag
force. However, multiple compounds in the exhaust gas can negatively impact marine
organisms, while on the other hand the CO;is an essential nutrient for photosynthetic
organisms like microalgae. The combination of stimulated algal growth and negative effects
on algal consumers could facilitate the development of algal blooms. To study this,
experiments were performed in which the microalgae Isochrysis galbana alone or in
combination with rotifers (Brachionus plicatilis) that feed on them, were exposed to seawater
pre-treated with diesel engine exhaust gas and seawater pre-treated with pure CO,. Since
CO; concentrations in exhaust gas can vary, a wider range of CO; concentrations (resulting
in pH 5 to 8) were tested in separate experiments with the same species combination, but also
with Dunaliella salina as algal species that is more resistant to low pH levels. We found no
indications that the mixture of compounds from underwater released exhaust gas stimulates
the development of an algal bloom through a combination of negative impact of toxic
compounds on zooplankton, and a stimulation of algal development by CO,. All observed
effects were caused by CO; only. The impact of other compounds like NOx and PAHs was
not evident. Repeated injection of CO,, which might occur at busy shipping lanes when
underwater gas release systems are becoming more popular could however locally extend the
algal bloom period and induce a shift in plankton community composition.

4.1 Introduction

Maritime emissions contribute to approximately 2.2% CO,, 15% NOx and 5 - 8% SOy of
global anthropogenic emissions (Corbett et al., 2007; UNCTAD, 2018) which threatens both
environmental and human health (Brandt et al., 2013). As one of the least regulated emission
sources and with increasing ocean transportation, the weight of shipping emissions in total
anthropogenic emissions is expected to rise further (EEA, 2013; UNCTAD, 2018). In an
effort to reduce emissions, the International Maritime Organization (IMO) issued several
regulations in the past two decades. For example, the global limit of sulphur in fuel oil used
by board ships has to be reduced to 0.5% in 2020, while it was 4.5 % before 2012 (IMO,
1997b). More and more strict controls also applied to NOx emissions, which were separated
into Tier I, II and III regulations and came into effect in 2000, 2011 and 2016 respectively
(IMO, 1997a). These regulations stimulated manufacturers to invest in techniques that
improve energy efficiency and reduce emissions.

Applying underwater released exhaust systems as ‘air lubrication’ along the ship’s hull is
proposed by maritime industries to reduce the water resistance and the related energy demand
hence the total marine emission (H Sapra et al., 2017; Wei et al., 2019). Although this novel
approach seems promising to reduce global emissions, an impact on the local marine
ecosystem is to be expected but unknown. The composition of exhaust gas includes, but is
not limited to, polycyclic aromatic hydrocarbons (PAHs), NOy, SOy, and CO, (M Anderson
et al., 2015; Sippula et al., 2014). Carcinogenic PAHs are known to accumulate in sediment
and biota, posing risks for long-term effects on ecosystems (Hylland, 2006). Both dissolved
NOx and SOy can decrease the water’s total alkalinity (Doney et al., 2007; Hunter et al., 2011),
and as such reduce the capability of water to resist changes in pH and become more
vulnerable in the ocean acidification (Doney et al., 2007). CO, is one of the most water-
soluble gases in the exhaust gas of combustion engines. Releasing CO; directly into the ocean
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will decrease the pH and CO;* level in seawater (Doney et al., 2007). Reduced pH and CO;>
concentrations will have a negative impact on the calcification rate of calcifying organisms,
that need CaCOj to construct shells and skeletons (Ries et al., 2009). Long-term exposure, or
acute exposure to a high dose of CO, will damage shells, reduce animal survival and can
cause community shifts (Ries et al., 2009; Wei et al., 2019). In contrast to the adverse impact,
CO; also is an essential nutrient for photosynthetic organisms including microalgae. A
growth stimulating effect on microalgae combined with a negative effect on algae consumers
could potentially result in algal blooms (Wei et al., 2019). To study this potential in a plankton
community, experiments were conducted with microalgae and rotifers feeding on them.
Microalgae and rotifers are popular model organisms for microscale aquatic toxicity tests due
to their high sensitivity and cost-efficiency (Bautista-Chamizo et al., 2019; Seoane et al.,
2017; P G Wells et al., 1997). Both groups are ecologically important as food source for other
aquatic organisms, such as copepods and fish larvae, effects could thus influence the entire
food web (Nagata et al., 2006; P G Wells et al., 1997).

The presented study aimed to study the effect on the simple plankton community of the
complex mixture of compounds that dissolve in seawater when it is bubbled with diesel
engine generated exhaust gas, and to compared this with the effect of seawater that is treated
with pure CO> to reach the same initial pH level (6.8) as the exhaust gas enriched water.

The algae Isochrysis galbana alone and combined with the rotifer Brachionus plicatilis were
exposed to the treatments for 7 days. Subsequently, a wide range of initial CO, concentrations
(resulting in pH-8.0 — pH-5) was applied in a separate experiment to represent the varied CO,
concentrations in the exhaust gas under different powered fuel types and operating
conditions. For this study the more CO, resistant algae Dunaliella salina were used to better
study potential algal blooms at pH < 6.

4.2 Materials and methods
4.2.1 Pre-cultivation of studied organisms

Marine algae, Isochrysis galbana (NIVA-4/91) and Dunaliella salina were purchased from
NORCCA (The Norwegian Culture Collection of Algae, Norway). The algae were further
cultivated in 250 ml Erlenmeyer flasks with 150 ml F2 medium (Guillard’s Marine Water
Enrichment solution, Sigma Aldrich) in artificial seawater (Tropic Marin®, Zoo mix). The
initial pH, salinity and alkalinity of the culture were approximately 8.1, 31.5%o and 2.2 meq/I,
respectively (measured by pH meter Hach PHC101, electrode Hach CDC401 and Salifert
alkalinity test kit, respectively). The algae were cultured in a 20 °C climate room with
approximately 2916 lux light density (16/8 h, light/dark cycle) without shaking.
Approximately 10 ml of algae culture was transferred to a new medium weekly to maintain
an exponential growth phase. The same culture conditions, seawater and equipment were
used in all experiments in this study unless stated otherwise.

Mixed-age rotifers, Brachionus plicatilis, were kindly provided by CARUS (Wageningen
University, the Netherlands). The rotifers were allowed to adjust to feeding on the algae
species for 7 days, before used in the experiments. Algae densities were D. salina, ~1.0 x 10*
cells/ml or 1. galbana, ~ 1.0 x 10° cells/ml before the experiments started. The culture
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conditions for the rotifers were the same as for the algae, except that F2 medium was excluded
from the culture.

4.2.2 Enrichment and analysis of ‘Gas-enriched-seawater’ and ‘CO2-enriched-
seawater’

The exhaust gas was generated with a diesel engine (MAN, 4-stroke-41.20/27 engine) in the
laboratory of the Dutch Royal Navy (Den Helder, the Netherlands). Exhaust gas was
collected from the main flow and injected with 6 I/min into 30 | artificial seawater stored in
a stainless steel container. The composition of the exhaust gas was measured semi-
continuously and was on average 5.6 vol % CO», 14.6 vol % O, 0.14 mg/l CO, 2.77 mg/I
NOy and 0.14 mg/l SO». In the meantime, the pH, temperature and O, level of the seawater
were measured with a submerging electrode Hach LDO 101 (Online Resource 1). When the
monitored parameters stabilized after about 1.5 h, it was assumed that the saturation level of
dissolving exhaust gas in the seawater was reached and the injection was terminated. The
stainless steel container with the ‘gas-enriched-seawater’ was then closed airtight and
transported to the laboratory of Wageningen Marine Research (Den Helder, the Netherlands)
for further analysis and experimenting.

In the laboratory, about 2.5 1 of gas-enriched-seawater was forced through a C18 column
(Sep-Pak® Vac 6¢cc, Waters, USA) to extract dissolved compounds. The extracted compounds
were then collected in 5 ml methanol by washing the column. This 5 ml methanol sample
was stored in a dark glass vial at 4 °C for later analyze of PAH concentrations. This whole
extraction procedure was performed three times to obtain independent triplicate samples.
Similar extractions were performed with ‘control-seawater’ not treated with exhaust gas. The
nitrite (NO,), nitrate (NO3), ammonium (NH4") and phosphate (PO4*) concentration of the
gas-enriched seawater and the control-seawater were measured with test kits (Hach Model
NI-11, NI-12, NI-SA and PO-23).

4.2.3 Experimental set-up

Thirty-six identical 250 ml Erlenmeyer flasks were prepared to create three conditions:
control-seawater, gas-enriched-seawater and CO2-enriched-seawater. All flask were filled
with 139 ml control-seawater or gas-enriched-seawater with F2 medium. Subsequently, the
1.51of the I. galbana culture was concentrated by centrifugation (Allegra® X — 12 Centrifuge,
Beckman Coulter, USA) at 1500 rpm for 3 min into a 20 ml concentrated algal sample. A 1
ml of the concentrated algae sample was transferred to each flask resulting in a final density
of £ 1.2 x 10° cells/ml (Biirker hemocytometer, Thermo Fisher Scientific, US) in each flask.

In half of the flasks, the ‘algae + rotifer group’ approximately 150 individuals of the rotifer
B. plicatilis were introduced with 10 ml of control-seawater, after quantification under a light
microscope (ZEISS, Germany) using Sedgewick Rafter Counting Chambers (Pyser - SGI
Limited, the UK). The other flasks formed the ‘algae alone’ group, and received 10 ml of
control-seawater without rotifers. Therefore, the final volume of the culture in each flask was
about 150 ml.

At the start of the experiment (day 0) the pH of the gas-enriched-seawater in each flask was
6.8. The same pH was created in all CO;-enriched-seawater flasks by injecting pure CO,
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(Linde gas, the Netherlands) directly into the Erlenmeyer flasks. The initial pH, oxygen
saturation level and salinity of each flask were measured after introducing the organisms and
applying treatment. Then, half of the flasks (open) were covered with cotton to allow air
exchange, while the rest (closed) were covered with parafilm and aluminum foil to minimize
air exchange. All flasks were placed randomly on a table in the climate room with the
conditions as described in 2.1. The flask locations were randomly shifted every day to avoid
structural variation in light intensity between the flasks.

Table 4.1 Experimental set-up for comparing the impact of exhaust gas-enriched with pure COa-
enriched seawater on Isochrysis galbana (algae) and Brachionus plicatilis (rotifer). Control: only
artificial seawater with F2 medium. Open: air exchange was possible; the flask was only covered with
cotton wool; Closed: the flask was closed with parafilm and aluminum film to minimize air exchange.

Flask Nr. Condition Organisms lrg;l[al Open/closed
1-3 Control Algae alone 8.1 Open
4-6 Control Algae alone 8.2 Closed
7-9 Exhaust gas Algae alone 6.8 Open

10-12 Exhaust gas Algae alone 6.8 Closed
13-15 CO2 Algae alone 6.8 Open
16 - 18 CO2 Algae alone 6.8 Closed
19-21 Control Algae + Rotifer 8.1 Open
22-24 Control Algae + Rotifer 8.1 Closed
25-27 Exhaust gas | Algae + Rotifer 6.8 Open
38-30 Exhaust gas | Algae + Rotifer 6.8 Closed
31-33 CO2 Algae + Rotifer 6.8 Open
34-36 CO2 Algae + Rotifer 6.8 Closed

4.2.4 Sampling and analysis

The experiment lasted for 7 days in total. The salinity of all experimental groups remained in
arange of 29.5 - 31.5%o during the study period. The water pH and oxygen saturation levels
were measured on day 0 - 5 and day 7. On the same days, a 10 ml sample was taken from
each flask after gently mixing the culture. The living and dead rotifers were visually counted
under a microscope. Individuals were classified as dead if no movement was observed within
5 seconds. The counted samples were filtered through a 10 pm-plankton sieve to remove the
rotifers from the sample before performing algae analysis. For algae biomass analysis of all
groups, the chlorophyll-a concentration was measured with a 1Hz-cuvette Fluorimeter (BBE-
Moldaenke AlgaeLabAnalyser BG43000). After that, the samples were preserved in a 5%
lugol solution for later visual counting under a microscope.

4.2.5 Testing a wide range of CO; concentrations
To test the dose-related impact of CO, in the exhaust gas on the plankton community,
Lgalbana alone or I. galbana with B.plicatilis were exposed to a wide range of initial pH

levels: 5.0 - 8.0 (control) (Table 4.2) induced by pure CO; injection as described above
(Section 4.3) and only closed flasks were used in this experiment (Table 4.2). Furthermore,
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the water parameters (pH and O») were measured and samples were taken daily in the same
way as described in 2.3. The salinity and alkalinity of each flask were measured on the first
and last day of the test, and remained 32%o and 2.2 meq/l respectively. For algac biomass
analysis, only the chlorophyll-a concentration was measured in this test.

To test the impact of a more extreme CO» concentration on the plankton community, the
more CO; resistant algae D. salina was used to replace I.galbana. D. salina alone and in
combination with B.plicatilis were exposed to an initial pH-8 (control) or CO; induced initial
pH-6 (Table 4.3). Only duplicate closed flasks were used in this 5 days study. The
experimental set-up was the same as described in 2.3 with the exception of a lower starting
density (on day 0) of D. salina (~2 x10° cell/ml, measured with a coulter counter, Beckman
Coulter ® Inc., USA) because of its higher growth rate. The pH level of each flask was
measured daily. A 2 ml sample was taken every day for measuring the algae chlorophyll-a
concentration using the fluorimeter (in /. galbana experiment) or algae cell counting via the
coulter counter (in D. salina experiment). A 7 ml sample was taken on day 2,4 and 5 for
rotifer counting under a microscope. The oxygen saturation level was not measured, and the
salinity and alkalinity were measured on days 0 and 5. The salinity and alkalinity of each
flask were 31.5%o and 2.4 meq/l respectively, both on the first as well as the last day of the
experiment.

Table 4.2 Experimental set-up of the impact of COz-enriched artificial seawater with F2 medium, with
exposure resulting in pH 5.0 - 8.0). Organisms exposed were Isochrysis galbana (algae) and Brachionus
plicatilis (rotifer). Control: only artificial seawater with F2 medium. All flasks were closed with
parafilm and aluminum film to minimum air exchange.

Flask Nr. Initial pH Organisms
1-3 8.0 (Control) Algae alone
4-6 7.0 Algae alone
7-9 6.0 Algae alone

10-12 5.0 Algae alone

13-15 8.0 (Control) Algae + Rotifer
16 - 18 7.0 Algae + Rotifer
19-21 6.0 Algae + Rotifer
22-24 5.0 Algae + Rotifer
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Table 4.3 Experimental set-up of an extreme COz-enriched (pH 6.0) impact study with Dunaliella
salina (algae) and Brachionus plicatilis (rotifer). Control: only artificial seawater with F2 medium. All
flasks were closed with parafilm and aluminum film to minimum air exchange.

Flask Nr. Initial pH Organisms
1-2 8.0 (Control) Algae alone
3-4 6.0 Algae alone
5-6 8.0 (Control) Algae + Rotifer
7-8 6.0 Algae + Rotifer

4.2.6 Data analysis

GraphPad Prism 8 (Graphpad Software Inc., CA, USA) was used to draw graphs and perform
statistical analysis. Two-way ANOVA (time and treatment) with a Tukey multiple
comparison post-hoc test was used for testing the significant difference between 1) the CO,,
exhaust gas treated groups and the control and 2) the elevated CO, concentrations treated
groups and the control. Multiple t-test was used for testing the significant difference between
algae alone and algae with rotifer at the same sampling time and with the same treatment.
The results were considered significant when p < 0.05. All data presented here are expressed
as means with standard deviation unless stated otherwise.

4.3. Results
4.3.1 Exhaust gas vs. pure CO;

Impact of exhaust gas on water chemistry

During the injection of exhaust gas into 30 | seawater, the water temperature remained at
20°C, while the oxygen saturation level and pH dropped from approximately 95% and 8.5 to
62% and 6.5 respectively and stabilized at these levels (S 4.1). On the experiment starting
day (day 0), the dissolved oxygen was about 100% of saturation and pH had increased to 6.8
(Table 4.1 and S 4.2). The fluorene and phenanthrene levels in control-seawater were 1.12 +
0.16 ng/l and 2.37 + 0.24 ng/l respectively, the rest of PAHs were < 0.87 ng/l (Table 4.4).
Concentrations of most measured PAHs in the gas-enriched-seawater were below the limit
of quantification, except phenanthrene (4.25 + 0.47 ng/l), fluoranthene (1.66 + 0.59 ng/l),
pyrene (2.25 + 0.89 ng/l) and benzo(a)anthracene (1.18 + 0.40 ng/l) (Table 4.4). Higher
Nitrite (4.66 + 0.031 mg/L) and Nitrate (15.80 + 0.26 mg/1) concentrations were detected in
the gas-enriched-seawater compared to the control-seawater (0.32 mg/l and 5.75 mg/l
respectively) (Table 4.4).
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Table 4.4 The composition of exhaust gas enriched seawater (EGES) and unexposed artificial seawater
with F2 medium (Control). The concentration of nitrite, nitrate, ammonium are in mg/l and of the 14
PAHs in ng/l. The EGES was sampled and measured 3 times, while the artificial seawater alone was
sampled and measured twice. The standard deviation between the triplicate/duplicate groups is
indicated by “+ .

EGES Normal seawater

Nitrite (mg/1) NO2 4.66 +0.031 0.32+0.01

Nitrate (mg/1) NO:s 15.80 £0.26 5.75+0.02

Ammonium (mg/1) NH.* 0.06 £0.00 Not detected

Phosphate (mg/1) PO4* 0.09 +0.00 Not detected
Acenafteen (ng/l) Ciz2Hio <1.36 <0.87

Fluorene (ng/1) CisHio <0.98 1.12+0.16

phenanthrene (ng/l) CisHio 4.25+0.47 2.37+0.24
Anthraceen (ng/l) Ci4Hio <0.98 <0.87
Fluoranthene (ng/1) Ci6Hio 1.66 £ 0.59 <0.87
Pyrene (ng/1) CisHio 2.25+0.89 <0.87
Benzo(a)anthraceen (ng/1) CisHiz 1.18 £0.40 <0.87
Chryseen (ng/l) CisHiz <1.36 <0.87
Benzo(b)fluoranteen (ng/1) CaoHi2 <1.36 <0.87
Benzo(k)fluoranteen (ng/1) C20H12 <1.36 <0.87
Benzo(a)pyreen (ng/l) C20H12 <1.36 <0.87
Dibenz(a,h)anthracee (ng/1) C2His <1.36 <0.87
Benzo(g,h,i)peryleen (ng/l) Cx2Hi2 <1.36 <0.87
Indeno(1,2,3-cd)pyre (ng/l) Co2Hiz <1.36 <0.87

Water parameters during the test

The initial pH was 6.8 for all treatments. In all open flasks pH values increased to 9.5 during
the first 3 days and remained at that level until the end of the experiment (Figure 4.1a and
Figure 4.1c). A similar pH increase was observed in the closed flasks but here stabilization
took place at a higher pH level of 9.8 (Figure 4.1b and Figure 4.1d). These maximum pH
values were only affected by the ‘open’ or ‘closed’ condition, but showed no differences
between Controls, CO;-enriched-seawater or Gas-enriched seawater.

The dissolved oxygen concentrations continued to increase during the entire experimental
period in all open flasks (S 4.2e and S 4.2g). In the closed flasks however, the oxygen
concentrations only increased until day 1 in the Controls and until day 2 in the CO,-enriched-
seawater or the Gas-enriched seawater. Maximum oxygen concentration in both enriched
groups were similar and higher than in the Controls (S 4.2f and S 4.2h). After reaching the
highest level, the oxygen in all closed flasks started to decrease and stabilized at 100 % on
day 4 (S 4.2f and S 4.2h).
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Figure 4.1 The pH of the control, exhaust gas- and COz- treated flasks during the 7 days experimental
period with algae (1. galbana) alone or in combination with rotifers (B. plicatilis). Four conditions are
included in this figure: an algae alone open flask; b algae alone closed flask; ¢ algae with rotifer open
flask and d algae with rotifer closed flask

Impact on plankton

With air exchange (open flasks), the density of I galbana increased during the entire
experiment and in the flasks without rotifers the final algal density was between 6 x 10° and
8 x 10° cell/ml. In presence of rotifers the development of the algal density slowed down after
day 4 resulting in a final density of 4 x 10°cell/ml on day 7 (Figure 4.2a and Figure 4.2b).
No statistically significant difference was observed between the algae development in CO,
and exhaust gas treated groups. In the (closed) flasks with minimum air exchange, the algae
did not reach higher densities than 3.1 x 10° cell/ml regardless of the presence of rotifers
(Figure 4.3a and Figure 4.3b). In both CO, and exhaust gas exposed flasks, algal densities at
the end of the test were significantly higher than in the controls. In absence of rotifers this
difference was more pronounced in the exhaust gas groups than with the CO, groups.

Rotifer densities increased in all conditions, which especially became clear after day 4
(Figure 4.4a and Figure 4.4b). In the closed flasks the rotifer population was significantly
smaller at the end of the test (day 7) in CO; -enriched-seawater than in the Controls and the
Gas-enriched-seawater (Figure 4.4b). In the open flasks these differences were not significant
(Figure 4.4a). The mortality of rotifers remained under 10% in all conditions (S 4.3). The
presence of rotifers reduced the chlorophyll-a concentrations in all conditions (Figure 4.5),
although this was not significant in the CO, treated open flasks (Figure 4.5¢, p = 0.073)
probably due to the relatively large variation between replicates in the algae-rotifer group.
On an absolute scale, the impact of the rotifers on the algal density was more pronounced in
the open than in the closed flasks.

b

-0~ Control
O~ Exhaust gas
-0~ Co,

a

—e— Control
-0~ Exhaust gas
CO,

]

Control vs. CO»

Figure 4.2 The density of algae (cell/ml) in the control, exhaust gas- and CO:- treated flasks (starting
pH 6.8) with air exchange during the 7 days experiment with algae (/. galbana) alone or with rotifers
(B. plicatilis). an algae alone and b algae with rotifers. Differences between groups were assessed on
the same day only and listed in the inserted table (*: p < 0.05).
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4x10%q a

4x10%7 b
=&~ Control =O- Control
~®— Exhaust gas ~O- Exhaust gas
3x1064 - CO, 3x1064 o co,
E E
= 2x10° = 2x10°4
s B}
1x106% 1><106§
0 T T T 1 0 T T r "
0 2 4 6 8 0 2 4 6 8
Day Day
a__Algae alone day2 | day 7 b Algae + Rotifers day 2 | day 4 | day 7
Control vs. CO, * * Control vs. CO, * * **
Control vs. exhaust gas | ns ** Control vs. exhaust gas | ns ns **
Exhaust gas vs. CO» * * Exhaust gas vs. CO» * ns ns

Figure 4.3 The density of algae (cell/ml) in the control, exhaust gas- and CO:- treated flasks when
minimum air exchange during the 7 days experiment with algae (I. galbana) alone or with rotifers (B.
plicatilis). an algae alone and b algae with rotifers. Differences between groups were assessed on the
same day only and listed in the inserted table (ns, not significant, *: p < 0.05; **: p <0.01).

20 2 207 v
-O- Control -O- Control
O~ Exhaust gas =O- Exhaust gas
15 CO, 154 -O- co,
E
=
=
=
=

Figure 4.4 The density of rotifers (Ind./ml) in the control, exhaust gas- and CO:- treated flasks during
the 7 days experiment with algae (I. galbana) alone or with rotifers (B. plicatilis). an algae with rotifers
open flask and b algae with rotifers closed flasks. Differences between groups were assessed on the
same day only and listed in the table (*: p <0.05; **: p <0.01).
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0 2 4 6 8 0 4 6 8 0 2 4 6 8
Day Day Day
8x1031 d 8103 € 8x1037 f
=~ Control (algac alone) ~&-  Exhaust gas (algae alone) ~8- CO, (algae alone)
-0~ Control (+ rotifer) O~ Exhaust gas (+ rotifer) -O- €O, (+ rotifer)
s 6x103 6x103 6x10%
= =
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2x10%4 2103 4 2100
L
0 T T T | 0 T T T | 0 T T T .
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

Figure 4.5 Development of chlorophyll-a concentration in the control (a, b), exhaust gas- (b, e) and
CO2- (¢, f) treated flasks during the 7 days experiment with algae (/. galbana) alone or with rotifers (B.
plicatilis). a - ¢ open flasks and d - f closed flasks. Differences between groups were assessed on the
same day only (*: p <0.05; **: p <0.01; ***: p <0.001).

74



Impact of underwater released exhaust gas on algae-rotifer

4.3.2 Testing a wide range of CO. concentrations using Isochrysis galbana

Water parameters

The pH of all control and pH-7 groups increased in the first 3 days to around pH 9.6 and
overlapped from day 2 on (Figure 4.6a and Figure 4.6b). The pH of the pH-6 and pH-5 groups
increased during the entire experimental period and reached the same pH as the controls and
pH-7 groups on day 14. In the algae alone group, the development of the pH in pH-5 and pH-
6 hardly differed (Figure 4.6a), while, in the presences of rotifers, the pH of the pH-6 group
remained significantly higher than that of the pH-5 group (Figure 4.6b). The dissolved
oxygen level of all Control and pH-7 groups increased on the first day to about 150% of
saturation, then returned to about 100% for the rest of the experiment (Figure 4.6¢ and Figure
4.6d). The dissolved oxygen level in pH-5 flasks decreased to about 50% of saturation on
day 1, and returned to around 100% on day 4. In the pH-6 group it only changed in the
presence of rotifers, and the pattern resembled more the Control and pH-7 group, but with
one day delay.

b

+ rotifer

a
10+ algae alone 10

X =
- S

64 -@~ pH-8 (Control) 6 -O- pH-8 (Control)
® pH.7 -O- pH-7
- pH-6 -O- pH-6
- pH-5 -O- pH-5

4 T T T T T T 1 4 T T T T T T 1

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Day Day
c
200 #lgae alone 200 * rotifer
1504 A 150
\ )
o e
g 100+ ;~ 100+
-8 pH-8 (Control)

50 o Ph7 50- -_8_— sg:{;(Conlrnl)
—- pH-6 -O- pH-6
~®- pHS -O- pH-5

0 T T T T T T 1 0 T T T T T T 1

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Day Day

Figure 4.6 Development of pH and oxygen saturation in closed flasks with four different initial CO2
treatments: pH-5 - 8 (control) over 14 days (triplicate study). Two conditions are included: algae alone
(a, ¢) and algae with rotifer (b, d). All flasks are closed. The studied algae is /. gal/bana alone and studied
rotifer is B. plicatilis.

Impact on plankton

Without rotifers, the chlorophyll-a concentrations sharply increased during the first 4 days in
the control and pH-7 groups (Figure 4.7a). Maximum concentrations for these groups were
roughly between 1500 and 2000 pg/L with the highest values in the pH-7 treatments. In the
pH-6 and pH-5 groups the algal densities declined from the start of the test. After day 4, a
strong decline was also observed in the Control and pH-7 groups, resulting in an almost
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complete absence of chlorophyll in all flasks without rotifers on day 9. This situation more
or less continued, although some indications of a slight recovery of the algal community were
observed at the end of the test on day 14, especially in the pH-7 groups.

In the presence of rotifers the development of the chlorophyll concentration in the Control
and pH-7 groups was topped off after day 2 at concentrations below 1500 pug/L, before it
collapsed after day 4 (Figure 4.7b). In the pH-5 group the chlorophyll concentrations declined
from the start of the test, similar as in the situation without rotifers. The chlorophyll
concentration in the pH-6 group with rotifers showed on average an increase until day 4,
however with a very large variation between replicates. After day 4, the chlorophyll-a
concentration decreased in all groups followed by a slight increase after day 9, except in the
rotifer pH-5 flasks.

Similar to the algal development, the rotifer density in the control and pH-7 groups
overlapped (Figure 4.8), increasing until day 7 after which it dropped to zero individuals on
day 9. The rotifer density in the pH 5 group decreased to zero at day 4, and the numbers in
the pH-6 groups were in between the control (and pH-7) and the pH-5 groups.

a b
2500 algae alone 2500 + rotifer
—-@— pH-8 (Control) -O- pH-8 (Control)
-~ pH-7 -O- pH-7
2000+ - pH-6 2000 -O- pH-6
= &~ pH-5 S -O- pH-5
2 1500~ 2 1500
1 7
S 1000 = 1000
° S
500 500
0 5 10 15 0 5 10 15
Day Day

Figure 4.7 The development of chlorophyll-a concentration of algae (I. galbana) alone or with rotifers
(B. plicatilis) under four different initial pHs (pH-5 - 8 (control)) over the 14 days experimental period
(triplicate study). Two conditions are included: an algae alone and b algae with rotifer. All flasks are
closed.

pH-8 (Control)
pH-7

Q0%

pH-6
pH-5

Ind./ml
-

15
-2

Day

Figure 4.8 The development of rotifer density (individuals/ml) under four different initial pH treatments
(pH-5 - 8 (control)) over the 14 days experimental period (triplicate study). All flasks were closed. The
studied algae is I. galbana and the studied rotifer is B. plicatilis.
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Testing an extreme CO; concentration using Dunaliella salina

Regardless of the initial pH of 6 or 8 (controls) the pH rapidly increased in all flasks during
the first 2 days. From then on it more or less stabilized at pH 9.8 and pH 9.0 for flasks without
and with rotifers respectively (Figure 4.9).
Without rotifers the population density of the algae Dunaliella salina increased during the
first 2 days and then more or less stabilized at 8 x 10° cell/ml in pH-8 (control) and at a
significantly higher level of 1.5 x 10° cell/ml in pH-6 (Figure 4.10a). In the presence of
rotifers, the maximum algal densities were significantly lower, but also here, significantly
higher algal densities were observed in the pH-6 groups compared to the pH-8 groups. In
contrast to the flasks without rotifers, the algal densities were not maintained until the end of
the test in presence of rotifers, but gradually became depleted towards the end of the test.
The densities of rotifers in both pH levels increased from 1 to on average 5 (in pH-6) or 6 (in
pH-8) individuals/ml until day 4. During the final sampling on day 5 rotifer densities were
significantly lower than on the day before (p = 0.038) in the pH-8 group, and more or less
stable in the pH-6 group (Figure 4.10b).
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pH-8 (algae alone)
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pH-6 (+ rotifer)
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Figure 4.9 The pH development of initial pH-8 (control) and CO: induced initial pH-6 groups,
containing algae (D. salina) with or without rotifers (B. plicatilis). The flasks were closed during the 5
days experimental period.

x106= 2 b
210 —@- pH-8 (algae alone) 8 -O- pH-8
-O- pH-8 (+ rotifer) -O- pH-6
=@~ pH-6 (algae alone)
1.5x106- -O- pH-6 (+ rotifer) 6
E E
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3 E
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Day Day
day1 |day2 [day4 | day5
pH-8 (algae alone) vs. pH-6 (algae alone) | ns * * Hkk
pH-8 (+ rotifer) vs. pH-6 (+ rotifer) ns * ns ns
pH-8 (algae alone) vs. pH-8 (+rotifer) ns * * **
pH-6 (algae alone) vs. pH-6 (+rotifer) ns * * *

Figure 4.10 The development of algae (D. salina) (cells/ml) (a) and rotifer (B. plicatilis)
(individuals/ml) (b) density in the control (pH-8) and CO»- treated groups (pH-6) for 5 days. Error bars
represent the standard deviation between the duplicate flasks. Differences between groups in (a) were
assessed on the same day only and listed in the inserted table (ns, not significant, *, p < 0.05; **, p <
0.01; *** p <0.001). There is no significant difference in (b).
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4.4 Discussion

The main aim of this study was to compare the impact a mixture of compounds from
underwater released exhaust gas, with that of one of the main components, CO; on a simple
community of marine algae and their consumers (rotifers). In both cases the pH of the water
was substantially lowered by the treatments, which is a well-known effect of CO, addition.
In our experiments additional CO, was rapidly taken up by the developing algae, resulting in
CO; depletion within a few days. Direct and indirect effects on rotifer and algae became
apparent below pH 6, and the pH sensitivity differed among the used two algal species.
Additional effects of other compounds from the exhaust gas on the plankton community were
not found.

4.4.1 Representativeness of the exhaust gas treated water

After the seawater had been injected with exhaust gas, it took for practical reasons about 6
days before the experiment was started. Although the water was stored in a closed stainless
steel container placed in a cool room, oxygen concentration and pH increased during storage,
most likely caused by the O, and CO, exchange between the air-liquid interface within the
30 1 tank (Zeebe & Wolf-Gladrow, 2001). Thus, the initial pH of the treatment groups in this
experiment was 6.8 instead of 6.5, as it was directly after gas injection. The effect of the 0.3
difference in exposure on the outcome of the experiment is probably ignorable, since due to
primary production the pH of all experimental groups increased to about 9.0 in already 2 days
(Figure 4.1).

Given the storage conditions and the fact that artificial seawater without notable biological
activity was used, it seems unlikely that substantial changes occurred with the compounds
that were absorbed from the exhaust gas. We therefore believe that the treated water we used
for our tests formed a good representative for the actual water quality that could occur when
exhaust gas from a diesel engine is released sub-surface in sea.

4.4.2 Potential impact of compounds in exhaust gas, other than CO,

Exhaust gas of combustion engines always contains CO, among many other compounds. We
found elevated levels of PAHs, nitrite and nitrate in our gas-enriched-seawater (Table 4.4)
but observed no differences between the impact of this seawater on the studied plankton
community compared with seawater treated with CO; only. Therefore, we conclude that CO,
was the main impactor in the exhaust gas in our experiments.

This is in line with the fact that all detected PAHs in the gas-enriched-seawater were
significantly lower than their reported no-observed-effect-concentration (NOEC) for aquatic
ecosystems. For instance, as NOECs of Pyrene and Phenanthrene 1,670 ng/l and 32,000 ng/1
are indicated respectively (Wang et al., 2014; Wu et al., 2011), while only 2.25 ng/l of Pyrene
and 4.25 ng/l of Phenanthrene was present in our gas-enriched-seawater. Thus, it is also
logical that no impact of dissolved PAHs on the studied plankton community was found.

Nitrogen concentrations in the form of nitrite and nitrate were substantially elevated in the

gas-enriched-seawater. Algae can use both forms as a nitrogen source and also excrete nitrite
during nitrate assimilation (Malerba et al., 2012). In our study, the development of algae in
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the gas-enriched-seawater was not stimulated by the additional nitrogen compared to the
control-seawater or CO»-enriched-seawater groups. This was because nitrogen was never
depleted in any of the flasks. Instead, carbon shortage already occurred between day 2 and
day 3, as indicated by the maximum pH that is then reached (Figure 4.1).

Nitrite is known to be toxic at higher concentrations for aquatic animals. Rotifers, however
seem not particularly sensitive. W Chen et al. (2011) reported a NOEC for reproduction and
growth of freshwater rotifers of 19.7 mg/l NO,, being four times higher than the initial level
in the gas-enriched-seawater. Fish are much more sensitive to high nitrite concentrations, that
can result in a large variety of physiological disturbances (Kroupova et al., 2005). Usually a
significant impact was caused by > 20 mg/l NO> to adult freshwater fish (Kroupova et al.,
2005; Martinez & Souza, 2002) and > 40 mg/l to adult marine fish (Grosell & Jensen, 2000).
Thus, the NO, concentration in our gas-enriched-seawater was still too low to cause such
effects. However, nitrite can also be accumulated in the body fluids of fish. Longer exposure
to concentrations above 0.5 mg/l NO; can in this way result in negative effects (Kocour
Kroupova et al., 2018). Therefore, the impact of nitrite in exhaust gas enriched water on fish
cannot be ruled out.

4.4.3 Responses of the algae and rotifers to the elevated CO; concentrations

Due to the algae development and related CO, consumption, the pH levels rapidly increased
in all groups in the first 3 days of the experiments until reaching the highest level above 9,
that was maintained for the remaining experimental period. In the closed flasks without
rotifers also the algal density stabilised after day 3, apparently limited by the depleted CO,.
In the open flasks in-flux of additional CO, facilitated further development of the algal
density after the pH reached its maximum value. The stabilized pH level after day 3 suggests
that the algal development was limited by the CO; transfer velocity between air - liquid
interface (Esters et al., 2017; Markou et al., 2014). Our observations are also in line with
Verspagen et al. (2014) who showed that a dense algal concentration (algal bloom) can
deplete the dissolved CO» concentration in water and raise the pH level sometimes even over
10, after which the algal growth is inhibited by carbon limitation. They also state that the
potential of carbon limitation strongly depends on the water alkalinity. Owing to the high
inorganic carbon availability in high alkalinity water (> 3 meq/1), carbon limitation is unlikely
to occur during algal development (Verspagen et al., 2014). In the presented study, the
alkalinity was stabilized at 2.4 meq/l in the entire experiment, and carbon limitation caused
algae growth termination was observed on day 2.

Although some air exchange could not be avoided during sampling, the carbon source for
algal development in the closed flasks mainly consisted of the initial CO; level of the water.
Significantly higher algal densities than in the controls were expected in the CO, and exhaust
gas treated closed flasks due to the higher initial carbon concentrations. The dissolved oxygen
concentrations that reached higher concentrations in the flasks enriched with CO, and exhaust
gas than in the controls indeed suggest a higher primary production. This was however not
reflected by significantly higher algal densities in the treated flasks. Apparently, the absolute
amount of additional CO; that was present in the closed flasks in the experiment with exhaust
gas to reach the initial pH value of 6.8 was too low to result in a noticeable increase of the
density of the algal species I. galbana. Higher initial CO, concentrations resulting in pH 6 or
below turned out to have a negative impact on this algal species. In the final experiment when
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D. salina, an algal species that is more tolerant to low pH levels was used, the positive impact
of an elevated initial CO, concentration resulting in pH-6 was demonstrated.

An initial pH level of 5 caused rotifer mortality from day 1 onwards in our test, but the
organisms survived pH levels as low as 6.0. Arnold et al. (2010) already reported that pH 6.8
does not significantly impact the mortality of B plicatilis, and our results indicate that this
species can still reproduce at that pH level.

4.4.4 Plankton community response to underwater released exhaust gas

The aim of our study was to test the hypothesis that the mixture of compounds that is absorbed
from sub-surface released exhaust gas has a strong potency to cause algal blooms, due to
negative effects of toxic compounds on organisms that feed on phytoplankton in combination
with a stimulating effect of CO; on algal growth rates.

Although water concentrations of some potentially toxic compounds were indeed elevated
after exposure to exhaust gas, the concentrations were too low to cause toxic effects during
the test. All observed effects could be attributed to the elevated CO, concentrations only. As
the rotifer we used were capable of coping with high CO, concentrations, situations where
negative impact on rotifers were combined with positive effect on algal growth rates were
never reached. In general, the algal species I. galbana showed higher sensitivity to low pH
levels than the rotifers. As long as the initial pH was 6.0 or higher the rotifers were able to
increase in numbers and their grazing clearly reduced the algal density. At lower initial pH
levels 1. galbana did not survive, and the rotifers died either from the low pH or from
starvation.

In our experiment with the more CO, resistant algal species D. salina, the impact of CO»
propagated up the food web was observed. The stimulated algal density in pH-6 was almost
depleted by the growing rotifer population on day 4 and the development of rotifers followed
the trend of algal development Taucher et al. (2017). and Alguer6-Muiliz et al. (2019) also
reported that the increased abundance of zooplankton under high CO, concentration occurred
as a response to the phytoplankton bloom (Taucher et al., 2017). also found that the dominant
zooplankton species mainly depended on the size of blooming algae in the high CO,
treatment (~ 760 patm pCO,, ~pH 7.4), since different zooplankton species have different
suitable feed size and nutrients. Such interaction between species was not included in the
presented study, since our experiments focused on a single phytoplankton species-rotifer
community. It would be interesting to study the impact of additional CO, exposure on the
species developments in more diverse plankton communities with different sizes as they
occur in real-world situations.

In a previous mesocosm study, a complex plankton community (in combination with a
benthic community) was exposed to continuously elevated CO, concentrations (resulting in
a range of pH values from 8.6 to 5.8) for 49 days (Wei et al., 2019). At the end of the study
zooplankton was almost absent in both pH 6.2 and pH 5.8 treatments, while an algal bloom
occurred. This indicated that the collapse of the zooplankton population was directly caused
by the high CO; concentration, and that at least some of the algal species present were able
to take advantage of the new situation, with low predation pressure and high CO; availability.
Such a strong response was not found in the present flask study. Besides species-specific
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responses to elevated CO, concentrations, the different results can be attributed to the fact
that the rotifers in the flask experiments only experienced the elevated CO, concentration for
a short period, since the high algal growth rate raised the pH rapidly when the CO, became
depleted. This rapid CO, depletion also limited the possibility for algal development in our
flask experiments. To overcome this, future experiments should be performed with repeated
CO; application to extend the exposure period and so to mimic the situation in frequently
used shipping lanes. In addition, a more complex plankton community should be involved,
so that the potential of underwater released exhaust gas to induce a plankton community shift
can be predicted.

4.5 Conclusions

We found no indications that the mixture of compounds from underwater released exhaust
gas stimulates the development of an algal bloom through a combination of negative impact
of toxic compounds on zooplankton, and a stimulation of algal development by CO,. All
observed effects were caused by CO- only. The impact of other compounds like NOx and
PAHs on the studied marine plankton was not evident. Repeated injection of CO,, which
might occur at busy shipping lanes when underwater gas release systems are becoming more
popular could however still stimulate the primary production locally and induce a shift in
plankton community composition.
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4.6 Supplementary materials for Chapter 4
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S 4.2 The development of salinity (%o, a - d) and oxygen saturation level (%, e - h) of the control,
exhaust gas- and COz»- treated flasks during the 7 days experimental period with algae (I. galbana)
alone or in combination with rotifers (B. plicatilis). Control: only artificial seawater with F2 medium.
(a and e) algae alone open flask; (b and f) algae alone closed flask; (c and g) algae with rotifer open
flask and (d and h) algae with rotifer closed flask.

20+ (a)

Mortality %
"
<

Day

w==  Control
p==  Exhaust gas
= CO,

201

(b)

wm=  Control
p==  Exhaust gas
m= CO,

S 4.3 The mortality of rotifers (%) in the control, exhaust gas- and COz- treated flasks during the 7 days
experimental period with algae (1. galbana) alone or in combination with rotifers (B. plicatilis). Control:
only artificial seawater with F2 medium. The initial pH of the exhaust gas- and CO;- treated flasks is
6.8. (a) open flasks with algae and rotifer and (b) closed flasks with algae and rotifers.
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Chapter 5

Abstract

Applying underwater released exhaust gas as ‘air lubrication’ along the ship’s hull to reduce
the energy consumption is under development. However, this direct emission to the water
could pose a risk to the local marine environment, especially in shipping-dense areas.
Specifically, CO,, a dominant component in the exhaust gas, has the potency to enhance algal
blooms and cause acidification. This study provides the first relative risk assessment of ships
with underwater release exhaust gas systems on a global scale, taking into account local water
conditions and shipping intensity. Risk was characterized for 262 marine ecoregions by
plotting the expected CO, emission from ships to water against the estimated vulnerability to
acidification and algal blooms. The vulnerability of each ecoregion was assessed based on
background dissolved inorganic carbon (DIC) level, chlorophyll-a concentrations and total
alkalinity. The results reveal that areas with relatively high vulnerability are mainly located
above 30° N latitude. The Yellow Sea, Southern China Sea, and North Sea come out as
relatively high-risk areas. Looking in more detail to European high-risk ecoregions, the
highest risk levels are found in areas with dense shipping lanes and maritime chokepoints,
e.g. the Strait of Dover and the Strait of Gibraltar. This was the first attempt to make such a
risk assessment and the outcome is only indicative. In a next phase additional parameters,
such as water currents and biological composition of the ecosystem should be included.

5.1 Introduction

Underwater released exhaust gas systems as ‘air-lubrication’ of ship hulls are under
development and expected to reduce the drag force, in turn reducing the fuel consumption
and total emission of global shipping activities (H Sapra et al., 2017; Van Biert et al., 2016).
Additionally, it improves the air quality on working decks (H Sapra et al., 2017). These
advantages make the system attractive, especially under the more strict maritime emission
regulation (H Sapra et al., 2017; Van Biert et al., 2016), e.g. the nitrogen oxides (NOy)
emissions control (IMO, 1997a). However, such an application implies concentrated input of
exhaust gas in the local marine ecosystem and may pose a serious risk, especially in the case
of intensively used shipping lanes. Specifically, CO,, one of the main components in the
exhaust gas (M Anderson et al., 2015), could enhance algal bloom and cause acidification,
depending on the local environmental conditions.

For photosynthetic organisms, dissolved CO> is one of the essential nutrients (together with
N, P, Fe, etc.). CO» is continuously exchanged between the atmosphere and seawater phases,
which provides carbon nutrients to these aquatic primary producers, like microalgae (Markou
et al., 2014; Zeebe & Wolf-Gladrow, 2001). In the case of high algal densities, the mass
transfer of CO, from the atmosphere to the liquid state can be slower than the algal uptake
rate (Markou et al., 2014; Zeebe & Wolf-Gladrow, 2001). As long as other nutrients are still
available, CO, availability will then become the factor determining further algal growth
(Markou et al., 2014). In such conditions, underwater released exhaust CO, may relieve this
carbon resource limitation and stimulate further development of algae densities potentially
resulting in an algal bloom or extending the blooming period.

After release, CO; dissolves in water and increases the Dissolved Inorganic Carbon (DIC)

level (Zeebe &Wolf-Gladrow, 2001). With increasing DIC levels, the seawater becomes
acidified, as indicated by a reduction of the pH value. This acidification may e.g. inhibit the
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calcification process of organisms such as corals and mussels (Kurihara, 2008; Sunday et al.,
2017). The inhibition of the calcification process hampers the organism’s ability to form
calcium carbonate (CaCQOs) structures like skeletons and shells (Fassbender et al., 2016) with
negative impact on growth and survival (Kurihara, 2008; Wei et al., 2019). The capacity of
seawater to resist a decrease in pH with increasing CO, concentrations mainly depends on
the amount of anions present (e.g. COs> and HCO5") (Zeebe & Wolf-Gladrow, 2001) and is
indicated by Total Alkalinity (TAlk). Waters with a higher TAlk have stronger acid-
neutralizing capacity and can absorb larger amounts of CO, before the water pH drops
(Omernik &Powers, 1983). The sensitivity of marine regions for enhanced CO, exposure
therefore will depend on the local TAlk level and nutrient levels, information that can be
derived from data described for global marine ecoregions (Spalding et al., 2007) and can be
used in ArcGIS to combine different conditions.

Both, stimulation of the algae density growth and inhibition of the growth of calcifying
organisms, can be devastating for local marine ecosystems. Of course, the intensity of the
CO; exposure as well as the sensitivity of the receiving marine ecosystem will determine the
eventual risk for adverse effects to develop. The present study aims to assess for ecoregions
the relative risk that projected underwater released exhaust CO, will cause algal blooms or
acidification.

5.2 Materials and Methods

To be able to assess the risk of underwater exhausted CO; for the local marine environment,
both the exposure, as well as the vulnerability to CO, needed to be quantified and compared
for each ecoregion (Figure 5.1) (Section 5.2.4). The exposure level was assessed from the
reported CO» emission from maritime traffic in 2018 in combination with the assumed
saturation level of DIC in seawater (Section 5.2.2). Quantification of the vulnerability to CO»
was based on two indicators: 1) TAlk level as a measure of resistance to acidification, and 2)
chlorophyll-a concentration as a measure of eutrophication (Section 5.2.3).

Relative risk assessment

DIC exposure assessment Vulnerability assessment ecoregions
Ship traffic data
SSS SST
Amount of emitted Size of impacted
ize ol impacte Chlo. + background DIC TAIk
Co, area

DIC exposure Map global Vulnerability assessment
relative risk
(262 ecoregions)

Areas with high -
DIC exposure level Map high

P

ecoregions
relative risk

Figure 5.1 Workflow diagram of the relative risk assessment of underwater released exhaust CO2 from
maritime shipping for global and local ecoregions. Dissolved inorganic carbon (DIC) exposure
assessment of CO2 emitted from maritime shipping and vulnerability assessment of algal bloom
(indicated as Chlo. + original DIC level) and acidification (indicated as TAlk level) were considered in
risk characterization for global and local ecoregions to CO2 emitted by underwater exhausts. SSS:
seawater surface salinity; SST: seawater surface temperature; Chlo.: chlorophyll-a; TAlk: Total
Alkalinity.
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5.2.1 Data collection, representation and projection

All pre-processing and spatial analyses were performed in ESRI ArcGIS 10.6.1 unless
described otherwise. All datasets were converted to the Compact Miller projection prior to
further analyses.

Global ocean map data collection

The coastlines of the global map were created using the land-sea mask dataset and methods
as described by Halpern et al. (2008). The land-based data that in reference to this data mask
occurred within the ocean, or ocean based data that occurred on land were clipped and
removed to ensure consistency across all data used in our analysis (Halpern et al., 2008). All
data were represented at 1 km? resolution. For the collected data that was only available at a
coarser native resolution, it was assumed that the coarse-scale value was evenly distributed
across all 1 km? cells within that region (Halpern et al., 2015). This essentially maintains the
coarse-scale pattern while the finer resolution information is preserved when it is available.
For the gaps in datasets, the null values were filled with a 5 x 5 focal mean filter (Sharma et
al., 2010; Tomlin, 2016). It was specified that only cells containing values were used to find
the focal mean of the target cell. This means that a null value will be ignored when it exists
within the neighbourhood of the focal mean filter. Thus, this process removed gaps while
minimizing unjustified smoothing effects of missing data on the dataset (Sharma et al., 2010;
Tomlin, 2016). The filter was run multiple times from the edge of each gap until all
encapsulated null values were filled (i.e. null values surrounded by values). Very large data
gaps occurred in areas with sea ice. These data gaps were not filled due to their large size.
Instead, ice masks were created to indicate where scores are less certain. Ice masks were
created to indicate where scores are less certain. To indicate which areas are counted as sea
ice, the daily fractional ice cover data from 2012 were obtained via the Advanced Very High
Resolution Radiometer (AVHRR) Pathfinder Version 5.2 (Casey et al., 2011). The daily
fractional ice cover data were then averaged by meteorological season and converted to
binary terms: either the cell has ice, or the cell has no ice. Grid cells that contained an average
sea ice fraction greater than 0.15 were considered to have ice, and were thus included in the
ice masks.

Ecoregions

The global ocean was divided into 262 ecoregions by taking two steps: 1) the coastal and
shelf waters shallower than 200m were divided into 232 ecoregions based on biogeographic
patterns (Spalding et al., 2007), and 2) all remaining open oceans were divided into 30
ecoregions following similar classifications as the coastal and shelf water areas (Spalding et
al., 2012). Each ecoregion consists of relatively homogeneous species composition that is
distinct from adjacent areas (Spalding et al., 2007). The datasets were collected via the Nature
Conservancy’s Geospatial Conservation Atlas (Atlas, 2019) and UNEP’s Ocean data viewer
(Conservancy, 2012).

As Europe was later indicated to be continent that experiences the highest DIC exposure, the
15 marine ecoregions around Europe (S 5.1a) were subdivided into ecologically relevant
classes based on ocean floor depth (Waller, 1996): the epipelagic zone (0 — 200 m), the
mesopelagic zone (200 — 1,000 m), the bathypelagic zone (1,000 — 2,250 m), the
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abyssopelagic zone (2,250 — 4,500 m), and the hadopelagic zone (4,500 — 11,500 m). To
show variation in risk level between coastlines and open seas, the epipelagic zone was
arbitrarily sub-divided into five depth classes, resulting in a total of 9 depth classes (S 5.1b).
Dividing the 15 European ecoregions by depth class resulted in a total of 114 European sub-
ecoregions that were labelled according to the ecoregion code (same as the global ocean code)
and depth class.

Chlorophyll-a concentration and DIC

Nutrient concentrations in seawater are regularly measured on a local scale, but a dataset with
global coverage that met our needs was not available. As an alternative, the chlorophyll-a
concentration was used as an indicator for algal biomass, since the chance that additional
DIC will promote further algal development is greater at higher algal density. The
chlorophyll-a dataset was collected from NASA’s Aqua-MODIS satellite (NASA Goddard
Space Flight Center, 2018) for each calendar month of 2018 and aggregated to seasonal
means (December - February, March - May, June - August, and September - November). The
yearly average DIC concentrations of the ocean were collected from the GLODAPv2 dataset
(Lauvset et al., 2016; Olsen et al., 2016).

Talk

As the vulnerability indicator for acidification, TAlk was calculated based on sea surface
temperature (SST) and sea surface salinity (SSS) by following the equation described by Lee
et al. (2006). The SSS and SST data for each calendar month of 2018 were collected from
NASA’s JPL SMAP satellite (Nasa/Jpl, 2019) and NOAA’s Coral Reef Watch satellites
(Watch, 2018, updated daily) respectively.

5.2.2 DIC exposure assessment
Maritime CO; emission

To assess the DIC exposure level caused by underwater released exhaust CO,, the amount of
maritime emitted CO> has to be estimated. For this, a 2013 shipping intensity dataset was
collected from the Knowledge Network for Biocomplexity (Halpern et al., 2015). This
dataset contains the registered number of ships in each 1 km? grid cell (X) in alog[X + 1]
transformed and rescaled (between 0 and 1, with the highest per-pixel transformed value =
1) form. The emission factors for each ship class were collected from the literature (ECTA,
2011; McKinnon & Piecyk, 2010; Otten et al., 2017).

Shipping intensity and the amount of emitted CO>
To calculate the number of ships in each grid cell (X), the rescaling of the collected shipping
intensity dataset (occurring in a rescaled log[X + 1] form) was reversed first using the

following formula (eq.1):

Y =Y Xmax — Xmin) + Xmin (eq.1)
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Here Y’ is the log [X+1] transformed data, Y is the collected data and Xumin and Xmax are the
minimum and the maximum number of registered ships in each grid cell. The collected
dataset contains zero, which is the result of ‘log 1°. Thus, Xmin is zero. The unknown Xmax
was estimated by log[X + 1] transforming the raw ship traffic dataset from Halpern et al.
(2015)’s study. This raw dataset contains the number of ships in each grid cell, but also
includes invalid and cross land routes. Finally, the number of registered ships in a grid cell
(X) of 2013 was calculated by the exponential of the log transformed data (eq.2).

X=Exp(Y)—1 (eq.2)

Next, the calculated data were multiplied with the 8.16% growth rate (from 2013 to 2018) in
the global merchant fleet to project the ship traffic intensity for 2018 (UNCTAD, 2018). The
presented study focused on maritime shipping in 2018, because that was the most recent and
reliable maritime shipping information available from the United Nations annual review of
maritime transportation, when this study was carried out. This adaption also created a worst-
case-scenario as it assumes that all vessels are merchant ships.

Finally, the total amount of emitted CO, per ship per grid cell (Er) is quantified by
multiplying the proportional share (P;) of each i... m vessel class, the amount of emitted CO»
per km (K;) of each i... m vessel class, and the average travel distance of a ship to pass a 1
km? grid cell: 0.7 km (S 5.2) (eq.3). To consider the worst-case-scenario, K; was determined
based on the highest emission factors in Table 1. An emission factor of the ‘other ships’ class
was not available because of the broad definition of this class (including all liquefied
petroleum gas tankers, ferries, cruises, etc.) by UNCTAD (2018). Therefore, the emission
factor of ‘other ships’ was assumed to be in the same range as ‘general cargo’, since both
classes share a similar average deadweight tonnage (dwt) and short-sea shipping function
(Table 5.1).
Er =37, P, x K; X 0.7 (eq.3)

Table 5.1 The number of global maritime merchant ships in each purpose class (nr. ship), the mean
deadweight tonnage (dwt) of each ship in 2018 (UNCTAD, 2018), the corresponding CO2 emission
factors (ECTA, 2011; McKinnon & Piecyk, 2010; Otten et al., 2017), as well as the mean kg CO2
emitted per traveled km per ship.

. Mean Emission factors (lower
Mercclizrslg ship Nr. ship dwt/ship and upper leve(ls) emit tl;%l /EI(I:/ZShi 4
(tonnes) (g CO /ton/km?) P

Qil tankers 10,420 53,839 10.3-15 807.6
Bulk carriers 11,125 73,618 7-11.9 876.1
Container ships 5,164 48,993 8.4—12° 587.9
General cargo 19,613 3,773 13.9-21 79.2
Other vessels 47,847 4,535 13.9-21¢ 95.2

aUnit defining transport performance. An output of one is reached when one ton is transported one km.
"Emission factors of container ships based on twenty-foot equivalent units (TEU’s) instead of dwt.
‘Emission factors are assumed to be the same as for ‘general cargo’ due to their similar mean dwt and
short-sea shipping function.

dCalculated as: (mean dwt per ship x emission factor) / 1000.
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Emitted CO; induced DIC exposure

For the risk assessment, we assumed that all CO; produced by the ships is emitted underwater.
The water DIC level is determined by the amount of dissolved CO; instead of the total emitted
CO, (Figure 5.1). Potentially, all CO, can dissolve in water and change the carbon
composition in water. However, when the saturation of DIC is reached (depending on e.g.
temperature, salinity and pressure), additional CO, will not dissolve in the water anymore
(Zeebe & Wolf-Gladrow, 2001) and will “escape” to the atmosphere. In addition, the
dissolved CO; continually exchanges with the CO; gas in the atmosphere, which eventually
leads to an equilibrium. Due to the saturation of DIC in water and the equilibrium of CO,
concentrations between water and atmosphere, increasing the amount of injected CO; in DIC
saturated water does not raise the exposure of the local marine ecosystem further. Therefore,
the saturation level of DIC and the equilibrium of CO, concentrations in water and
atmosphere phases determine the maximum exposure level caused by underwater released
exhaust CO,.

Determination of the DIC saturation level

We determined the maximum saturation level of DIC in seawater and the time required to
reach this in a laboratory experiment. For this, a flow of air (flow rate 148 ml/min) with 5%
CO; was continuously injected into 150ml of artificial seawater (sea salt Marine Zoomix®;
temperature 20 °C; salinity 31.7%o; alkalinity 2.07 mmol/l and background pH 8.1). The
uptake of CO; in the water was reflected by the lowering of the pH. The injection was
terminated when the water pH level did not further decrease indicating that the maximum
saturation was reached. After terminating the CO, supply, the water pH level started
increasing as the surplus CO; from the water escaped to the atmosphere. The water pH was
continually measured until the pH was stable, and the equilibrium of CO, in the water and
atmosphere was re-established. The DIC concentrations in the water were calculated based
on temperature, salinity and pH level of the water using the Seacarb package in R (Team,
2013). The DIC data was plotted against time.

Based on the outcome of the experiment, the increased average DIC level was calculated for
the number of ships passing a 1x1 km grid during 24 hours. In this model, we assumed 1) all
CO; produced by a ship is emitted underwater and immediately dissolves; 2) the background
and saturated DIC levels of the local water are the same as in the laboratory test, 2.07 mmol/l
and 3.97 mmol/l respectively; 3) the temperature condition is the same as in the laboratory
test, 20 °C, and 4) after a ship passed, the DIC concentration returns to the atmospheric
equilibrium in the same time as in the laboratory test. The relationship between the average
increased DIC and the number of ships in 24 hours was applied to the ship traffic dataset for
creating a global DIC exposure map.

In the actual shipping condition, the CO» will be injected along the ship’s hull instead of in
the entire grid cell (1 km x 1 km). Therefore, the actual size of the exposure area was
estimated by assuming 1) the injected CO» impacts a Sm depth of water column, and 2) the
DIC saturation level (3.97 mmol/l) has to be reached before additional CO, could impacts a
larger waterbody. Finally, the impacted surface area (DIC saturated area) of a grid cell was
calculated by dividing the DIC saturated water volume by the impacted depth (5 m).
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5.2.3 Vulnerability assessments of ecoregions
Vulnerability for CO; induced algal blooms

From the collected chlorophyll-a concentration dataset, 5000 random data points were plotted
against their background DIC levels (Figure 5.2). The plot shows no relation between DIC
and chlorophyll-a at DIC levels above 1840 pmol/kg. At lower DIC levels, the lower limits
of the plot show a negative correlation between DIC and chlorophyll-a. This suggests
depletion of DIC by primary production, thus a situation where additional CO, can facilitate
further algal development. As 1 mg/m® chlorophyll-a is considered as the low limit of a
“productive area” for microalgae (Demarcq et al., 2007; Nixon & Thomas, 2001), situations
with < 1 mg chlorophyll-a /m3, that only occur at DIC > 1840 umol/kg are unlikely to be
limited by DIC. This condition was therefore assigned as having low vulnerability for CO»-
induced algal blooms (score 0 - 0.2) (Table 5.2). In order to derive a relative vulnerability
score for situations with Chlorophyll-a > 1 mg/m3, the background DIC levels of the 5000
random data points (Figure 5.2) were divided into 4 ranges with DIC = 1840 umol/kg as
median value. Vulnerability scores for chlorophyll-a > 1 mg/m?® situations were then defined
as ‘0.2-04’,04-0.6". ‘0.6 - 0.8” and 0.8 — 1, when 1060 < DIC < 1460 pmol/kg, 1460
< DIC < 1840 pmol/kg, 1840 < DIC < 2100 umol/kg and 2100 < DIC < 2347 pmol/kg,
respectively (Table 5.2). Here, a range of vulnerability scores was given instead of a
categorical score, because continuous values of vulnerability generate a map with gradual
changes, which better represents reality. Within each vulnerability range, a high vulnerability
score was given to the place with a relatively low background DIC level as a relatively small
addition could be enough to facilitate an algal bloom in a situation with enough nutrients.

vl O
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Chlorophyll-a (mg/m?)

1000 1500 2000

Dissolved Inorganic Carbon (umol/kg )

Figure 5.2 Chlorophyll-a concentration (mg/m?) and the yearly average DIC level (umol/kg) of 5,000
random sample points of the NASA’s Aqua-MODIS satellite dataset in 2018 (NASA Goddard Space
Flight Center, 2018). Sample points with 1 mg chlorophyll-a/m* and DIC with 1840 pmol/kg are
indicated as red and black dash line, respectively. 1 mg/m?® chlorophyll-a was reported as the threshold
value to define the low limits of a “productive area” for microalgae (Demarcq et al., 2007; Nixon
&Thomas, 2001). The linear correlation between chlorophyll-a concentration and DIC level is not
observed when DIC > 1840 umol/kg in this figure.
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Table 5.2 Relative vulnerability classes for elevated CO: concentrations assigned to local water
conditions indicating sensitivity for COz induced algal bloom or acidification. The criteria include the
chlorophyll-a concentration (mg/m?®) as a measure for nutrient availability, dissolved inorganic carbon
(DIC) concentration (umol/kg), and Total Alkalinity (TAlk) levels (umol/kg).

Vulnerability range and conditions
0-0.2 0.2-04 0.4-0.6 0.6 -0.8 08-1
Chlorophyll-a <l& >l & >1& >1& >1&
(mg /m*) 1,840 -2,347 | 2,100-2,347 | 1,840—2,100 1,460 — 1,840 | 1,060 — 1,460
& DIC (umol/kg)
TAlk umol/kg) 2,450 -2,400 | 2,400-2,350 | 2,350-2,300 2,300 —2,250 | 2,250 — 2,200

Vulnerability to acidification

The derived monthly TAlk values were aggregated to seasonal mean (same season as
chlorophyll-a concentration) levels. A TAlk level around the global mean, 2,300 — 2,350
pmol/kg, was classified as ‘medium’ vulnerability to acidification with a score range ‘0.4 —
0.6’. TAlk values below this range have a lower acid-neutralizing capacity and therefore the
vulnerability score increased with increments of 50 pmol/kg to a maximum score of 1.0 at
TAlk 2,200 umol/kg. The same approach was followed in the opposite direction, where the
vulnerability score was reduced with increments of 50 pmol/kg to a minimum vulnerability
score of 0 at 2,450 umol/kg (Table 5.2).

Vulnerability assessment

The vulnerability to algal bloom (chlorophyll-a and DIC) and acidification (TAlk level) were
given equal weights (0.5). The final per-pixel (1x1 km) vulnerability score (Overall Vuln)
could be computed by summation of the weight (0.5) of each indicator (TAlk and Chlorophyll
combined with background DIC level (Chlo. DIC)) multiplied by the vulnerability score (S)
of each indicator, as (eq.4):

Overall Vuln = S(TAlk) x 0.5 + S(Chlo._DIC) x 0.5 (eq.4)

5.2.4 Relative risk assessment

The relative risk level of each ecoregion to acidification and algal bloom was characterized
by plotting the DIC exposure level via maritime shipping against the vulnerability score. The
ecoregions with relatively high increased DIC concentrations and higher vulnerability scores
are considered as higher risk than the ecoregions with lower increased DIC concentrations
and vulnerability scores.

The 262 global ecoregions and 144 European sub-ecoregions were mapped and assigned with
code numbers. On this map, the layer with the average DIC exposure level via maritime
shipping and the average seasonal vulnerability to algal bloom and acidification of each
region were mapped. Also, the specific DIC exposure level and vulnerability scores for algal
bloom and acidification of individual ecoregion can be found via their code numbers.
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5.3. Results
5.3.1 Ship intensity and emitted CO;

The worldwide total CO, emission via marine transportation in 2018 was estimated at 1,389
million tonnes under a worst-case-scenario (based on the upper emission factor from Table
5.1) (Figure 5.3). The emissions per grid cell were relatively low in the open sea due to the
high dispersion of shipping lanes. Contrastingly, high emissions per grid cell were found at
dense shipping lanes in coastal areas. Between 1,549 and 12,734 tonnes of CO; were emitted
per grid cell in the top 5% busiest ship areas (Figure 5.3). The highest CO, emission per grid
cell was estimated for the Strait of Gibraltar at 12,734 tonnes, closely followed by other
maritime chokepoints such as the Panama Canal, the Malacca Strait, the Strait of Hormuz
and the Danish Straits (Figure 5.3).

Figure 5.3 The estimated total amount of COz (tonnes) emitted from shipping in 2018. The estimation
was based on a worst-case-scenario by using the upper emission factors from Table 5.1. Colours
indicate the estimated CO2 amount emitted in each 1 km? grid cell.

5.3.2 DIC exposure assessment

The background and saturated DIC concentrations in this study were set at 2.07 mmol/l and
3.97 mmol/l respectively and the temperature was set at 20 °C. Thus, a maximum of 1.90
mmol/l DIC can be added via CO; exposure. The estimated added DIC concentration steeply
went up with increasing number of ships per 24 hours until after the ninth ship the
concentration reached 1.61 mmol/l, so still below the maximum level of 1.90 mmol/l) (Figure
5.4). From then on, the added DIC concentration levelled off at around 1.61 - 1.90 mmol/l
regardless of the shipping frequency. Therefore, we assumed that after 9 ships, more volume
of water started to experience an increase in the DIC level. With less than 9 ships passing by,
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the volume of impact water remained < 17 m? of the grid cell (Table 5.3). In the highest
shipping intensity grid cell (134 ships/24 hours), 228 m? water of the 1 km? grid cell (0.023%
of the grid cell) reached a saturated DIC level.

Approximately 70% of the grid cells (with registered ships) in the open sea experienced a
DIC increase between 0.15 - 0.22 mmol/l, corresponding to less than one ship per 24 hours,
since 1 ship/24 hour already can increase 0.51 mmol/l DIC level (Figure 5.5). High average
DIC exposure (0.52 — 1.9 mmol/l, were located along with European, Chinese and North
American coastlines. Eventually, ecoregions along European coastlines were selected to run
a zoomed-in local relative risk assessment (Section 5.3.4).

Table 5.3 The relationship between the number of ships (nr. ships) passing through a 1km? grid cell
during 24 hours and the part (total m? and %) of the 1 km? grid cell that will be completely DIC
saturated. The total impacted area will be larger (not fully DIC saturated).

Ships nr. <9 10 20 30 60 90 120 134

DIC saturated area (m?) <17 19 34 51 102 153 204 228

% of 1 km? grid cell 0.002 | 0.002 | 0.003 | 0.005 | 0.010 | 0.015 | 0.020 | 0.023

N
2]

N
o
®
(]
[ ]

Increased in DIC (mmol/l)
& 5

g
°

0 50 100 150
ship nr.

Figure 5.4 The correlation of increased in DIC level (mmol/l) and the number of ships (ship nr.) passing
through a 1 km? grid cell during 24 hours. Assumptions: 1) all CO2 produced by the ship(s) is emitted
underwater and immediately dissolves and 2) the background and saturation DIC levels of the local
water are 2.07 mmol/l and 3.97 mmol/l, respectively, therefore the maximum increase in DIC level is
1.90 mmol/l.
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Figure 5.5 Estimated dissolved inorganic carbon (DIC) exposure (mmol/l) per 24 hours from global
shipping, assuming 100% underwater exhaust emission. The scale maximum is restricted by the
maximum dissolved CO; saturation level. Colours indicate DIC exposure level in each 1 km? grid cell.

5.3.3 Vulnerability assessment

The spatial distribution of global ocean vulnerability to algal blooms in 2018 was studied
based on chlorophyll-a concentration with the background DIC level, and its vulnerability to
acidification was evaluated based on the TAlk level. For the ‘chlorophyll-a and background
DIC’, almost all vulnerability score > 0.5 areas were located around the coastal lines of the
Northern Hemisphere (S 5.3 and S 5.4). Contrastingly, almost the entire Southern
Hemisphere showed a vulnerability score < 0.2, except the coastline along with Argentine
with scores between 0.5 - 0.6 (S 5.3 and S 5.4). For the TAlk level, areas with > 2,500
pmol/kg TAlk were found in the Atlantic Ocean (S 5.5). While the Pacific Ocean, especially
along its coastlines, showed a lower TAlk level (higher vulnerability) compared with other
oceans. More seasonal variation seems to occur in the Northern Hemisphere than it does in
the South.

After combining all the vulnerability scores, the high vulnerability areas to both acidification
and algal blooms were mainly found in coastal areas and above 30° N latitude till the ice edge
(Figure 5.6). The sea ice areas (polar zone) are not being considered in discussion and
conclusion due to the missing data in the input datasets (Figure 5.6). A seasonal impact on
the results was observed within the same region, with higher vulnerability scores in the warm
season than for the cold season (Figure 5.6 and S 5.6).
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(a) June - August (b) December - February

High [
- Ice covered area ! T ' ' ' ' _ Low
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Figure 5.6 Spatial distribution of vulnerability to algal blooms and acidification in surface layers of the
global oceans in June — August (a), and December - February (b) of 2018. Colours show gridded values
based on a merge of three vulnerability indicators, chlorophyll-a & DIC and TAlk as presented in Table
5.2.

5.3.4 Relative risk assessment

Over 90% of the global ecoregions showed a DIC exposure level < 0.48 mmol/l and a
vulnerability score to acidification and algal blooms < 0.5 (Figure 5.7). The Yellow Sea and
Southern China Sea showed relatively higher risk than other areas in all seasons (Figure 5.7,
S 5.7,S 5.8 and S 5.9). Next in line is the North Sea, which is exposed to over 0.95 mmol/l
DIC by maritime emissions, and a relatively highly vulnerable score close to 0.5 especially
during June — August. Seasonal variation in shipping intensity was not included in this study.
Therefore, the DIC exposure level of each region was consistent over the year. The seasonal
variation of global risk was therefore only influenced by the seasonal vulnerability score
(Figure 5.6 and Figure 5.7).

When looking at a more detailed level to Europe, it becomes clear that the relatively high risk
that was predicted for this ecoregion only concerns areas with dense shipping lanes and
maritime chokepoints, such as the Strait of Dover and the Strait of Gibraltar (Figure 5.8). The
biggest seasonal increase in the relative risk could be observed in coastal areas of the Celtic
Seas, the Saharan Upwelling, and the South European Atlantic Shelf in spring and summer
(Figure 5.8, S 5.10, S 5.11 and S 5.12).
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(a) June - August (b) December - February
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048 095 142  1.90 0.00
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Figure 5.7 Plot of the vulnerability scores of 262 global maritime ecoregions to algal blooms and
acidification and the estimated DIC exposure (mmol/l) by shipping in June - August (a) and December
— February (b). Assumption: all ships would be equipped with underwater exhaust systems. The colour
intensity indicates the vulnerability score (blue) and increase in DIC level (red) combined into a relative
risk level from low (light grey) to high (blue/red).

(a) June - August (b) December - February
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Figure 5.8 Spatial distribution of the relative risk for algal blooms and acidification in the 15 European
marine ecoregions (global ecological codes: 17, 24, 33, 151, 165, 215, 216, 225, 226, 227, 228, 229,
230,231, and 260 (Spalding et al., 2007) in June — August (a), and December — February (b). Colours
show gridded values from plotting vulnerability scores against DIC exposure caused by maritime
shipping emitting CO2 underwater. The vulnerability score and DIC exposure level of each ecoregion
are presented in the separate table (S 5.12). The colours in this map are corresponding with the colours
in Figure 5.7. Thus, the colour intensity indicates the vulnerability score (blue) and increase in DIC
level (red) combined into a relative risk level from low (light grey) to high (blue/red).
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5.4. Discussion

In the presented study an assessment was made of the relative risk that a local marine
environment is negatively impacted by the application of underwater released exhaust gas as
‘air lubrication’ along the ship’s hull. High nutrient availability potentially inducing algal
blooms or low buffering capacity potentially resulting in acidification were used as indicators
of environmental vulnerability. Following a worst-case exposure scenario, it is assumed that
all ships will be equipped with underwater exhaust systems and that all emitted CO, is
absorbed by the water. Based on this a first-tier risk environmental assessment was performed
for 262 ecoregions.

5.4.1 Shipping emitted CO;and DIC exposure

The worldwide CO; emission from marine shipping was extrapolated from data of 2013 to
be 1,389 million tonnes in 2018. This number can be considered as the worst case, as current
developments suggest a lower growth of CO, emission. IMO predicted the CO, emission to
grow 50% - 250% (to 1,194 — 2,786 million tonnes) by 2050, but estimated that emission <
900 million tonnes CO; in 2018 (IMO, 2015). In our study, we also used the upper emission
factors from Table 1 which also contribute to a worst-case-scenario of the emitted CO,
amount. If the amount of shipping emitted CO, would continue to increase in the future as
predicted, the DIC exposure (concentration and surface size) via underwater exhaust gas will
increase as well. For the amount of emitted CO, in an individual grid cell, our calculation
used the average travel distance in that cell (0.7 km). This was not according to a worst-case-
scenario, since the longest travel distance to pass a 1 x 1 km grid cell is over its full diagonal,
so 1.41 km. Using the average travel distance in the calculation leads to the amount of CO,
emission per grid cell closer to the real conditions, especially from the ecoregion perspective,
which consists of many grid cells.

In this study, we excluded the effect of water currents, and thus the transport and dilution of
the dissolved CO, that result from that. It can therefore be assumed that our calculations
overestimate the volumes of water where the maximum area DIC saturation level will be
reached while we underestimate the volume of water that is exposed to lower (diluted) CO»
concentrations. We also assumed that all emitted CO, will be completely dissolved in the
water, whereas in reality it may be expected that some will escape to the atmosphere. The
maximum DIC exposure levels calculated here are worst-case estimations. These and several
other aspects need to be taken into account in further refinement of the exposure assessment
for areas where the DIC levels are indicated to become a potential problem. Especially the
size of the impacted area with water currents, the ship’s speed, the water mixing depth (here
set at 5 m depth) and the extent to which the underwater released exhaust CO; is likely to
fully dissolve in the water or will partially immediately escape to the atmosphere with gas
bubbles. The dissolving of CO, gas in water phases involves a series of reactions (Zeebe &
Wolf-Gladrow, 2001) , which takes time and has a saturation level assuming a static situation.

For refining the exposure assessment, also the assumed DIC saturation level should be further
fine-tuned. The current exposure assessment is based on a single water condition (20 °C,
31.7%o salinity and 2.07 mmol/l alkalinity) without primary production. The background and
saturation level of DIC, however, are influenced by the water conditions, such as temperature,
salinity, and algal productivity (Markou et al., 2014; Zeebe &Wolf-Gladrow, 2001). If a
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specific water condition is known, a prediction of the DIC exposure level can be made based
on the presented approach. For example, between July - August, Chukchi Sea shelves
experience relatively high-water temperature (-1.5 to + 7 °C) and phytoplankton production.
Thus, it is expected that the background DIC level in this area is lower than in the cold season
and also than the background DIC level assumed in this study. Indeed, the reported
background DIC level in part of this area is even below 0.6 mmol/l DIC in July — August
(Bates et al., 2005).

5.4.2 Vulnerability assessment

Areas vulnerable to acidification and algal blooms are mostly the subtropical ecotypes,
especially near coastal regions and in warm seasons (e.g. East China seas in June - August
and south coastline of Argentina in December — February). This distribution can mostly be
attributed to the high vulnerability for algal blooms around nutrient rich nearshore areas (S
5.3). Algal blooms are shown to exacerbate in eutrophic areas during seasonal warming (Lee
et al., 2006; J K Moore & Abbott, 2000). Anthropogenic nutrients input along the coastline
and at large river mouths, e.g. from aquaculture, runoff, sewage and other point-source
pollution, is the main driver to create those eutrophic conditions (Halpern et al., 2015).

Other areas with high vulnerability scores (> 0.7) are mainly located above 30°N latitude. L
Q Jiang et al. (2015) reported similar results when they identified the vulnerability of the
global oceans to acidification via aragonite saturation state, which decreased toward higher
latitude after 40°. They attribute this latitudinal gradient to the water temperature influenced
change in TAIlk/DIC ratio. In our study, the overall high vulnerability scores above 40°
latitudes are mainly caused by the low TAlk level in those regions, thus high vulnerability to
acidification as well. TAlk is mainly reflected by SSS (sea surface salinity) changes instead
of SST (sea surface temperature) (Lee et al., 2006). Low TAlk usually results from low large
influxes of freshwater through ice melting (sea ice edge) and through river outflows (e.g. the
Amazon, the Congo River and the Bay of Bengal), or where precipitation exceeds
evaporation (Buis et al., 2011). Therefore, TAlk levels generally are lower at higher altitudes
and usually show high seasonal variation. Another seasonal variable in TAlk was found in
the Northern Hemisphere more than in the Southern Oceans (Rana A. Fine et al., 2015),
namely due to high salinity variability and active water currents that resulted in upwelling of
water enriched in alkalinity during winter and autumn (Z P Jiang et al., 2014). Such a
difference in seasonal impact between north and south was not found in the overall
vulnerability distribution map that combines the TAlk with ‘chlorophyll -a and background
DIC’ indicators.

It is important to be aware that the vulnerability of areas may change with time due to changes
in anthropogenic activities and also due to climate change, especially towards the current ice-
covered areas. Halpern et al. (2015) reported that a significant amount of ice was lost over
the 5 years period of their study of the human impact on the world’s oceans, demonstrating
that the water conditions near the polar zone are rapidly changing with time. Likewise, the
estimation of vulnerable areas in the present study will be influenced by such large scale
changes.
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5.4.3 Potential impact assessment of underwater released exhaust CO;

Ecoregions with a high estimated DIC exposure and vulnerability to algal blooms and
acidification would be at risk according to our tier 1 relative risk assessment when all ships
would be equipped with underwater exhaust systems. Globally, the Yellow Sea and the
Southern China Sea were identified as the ecoregions with the relatively highest risk
(relatively high exposure and vulnerability) in those 262 ecoregions, closely followed by the
North Sea. There clearly would be hotspots of exposure in the busiest shipping traffic grid
cell (134 ships/24 hours) in the Yellow Sea, Southern China Sea and the North Sea.). Based
on this first tier potential impact assessment it cannot yet be concluded whether there will be
a relatively small area with very high exposure or a larger area with a lower exposure but a
greater total DIC increase. But in general terms, it is clear that in these ecoregions the relative
risk via high exposure concentration and vulnerability score is high.

The European marine ecoregion risk assessment revealed high local exposure conditions. The
result supports the conclusion of the global relative risk assessment that especially dense
shipping lanes and maritime chokepoints determine the potential impact of the entire
ecoregion. In the more detailed relative risk assessment, seasonal variation in risk was more
apparent than in the global assessment. The seasonal variation in the European ecoregions
can be attributed to the increased algal density during the warming period (March-August)
(Lee et al., 2006; J K Moore & Abbott, 2000), as well as elevated TAIlk concentrations in the
North Sea and the Celtic Seas from February through May. The result suggests that risk
assessment on smaller ecoregions can reveal specific local conditions that would be
unnoticed at the global ecoregions level.

Further fine-tuning still can be achieved for the vulnerability assessment and potential impact
assessment. For example, both global and local risk assessments in this study assume a linear
response of the ecosystem to increased exposure level and vulnerability scores. However,
most marine ecosystems exhibit synergistic and antagonistic responses to stressors instead of
additive (Crain et al., 2008), which creates a nonlinear relationship of risk to exposure and
vulnerability level. Also, the biological composition of each ecoregion would be relevant to
consider, something we did not include in this study. Some nearshore locations dominated
by coral reefs, such as the Australian Great Barrier reef, scored low on vulnerability or risk

in this study but are quite vulnerable for elevated CO; concentrations (Ainsworth et al., 2016).

Therefore, it is recommended to perform local risk assessments for specific ecoregions, also
including the unique biological composition and water conditions of the studied regions to
identify specific exposure-response relationships.

5.5. Conclusions

In this study, we carried out a first-tier relative risk assessment of potential future underwater
released exhaust CO; from merchant ships on marine ecosystems. The relative risk of 262
marine ecoregions for enhanced algal blooms and acidification based on specific water
conditions was combined with the predicted additional DIC exposure level for each ecoregion
from the extra CO, exposure. Globally, relatively high-risk ecoregions were mainly located
in the Northern Hemisphere, especially along coastlines, such as in the North Sea and
Southern China sea. Those regions combine high shipping frequencies with high
vulnerability to CO, induced algal blooms and acidification. In this study, worst-case

101

w
-
)
-
=
]
=

]

<




Chapter 5

exposure-scenarios were applied, that need to be refined to better assess the impacted water
volume and area and the maximum DIC level that could be reached. Furthermore, this study
paves the path for ongoing risk assessment of underwater released exhaust CO, when more
information becomes available. In addition, this approach could be used for sensitivity
assessment of ecoregions for future elevated CO, levels, and can be further refined by
including additional important parameters, such as the biological composition of the
ecosystem and the magnitude and influence of water mixing. For sure it already indicates
areas that deserve further attention.
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5.6 Supplementary material for Chapter 5

S 5.1 The 15 marine ecoregions of Europe (a) and their bathymetry depth classes (b).

European ecoregions Depth classes
« % FE E & T

Ecoregion ID-code and name Depth (m) classes (a - i)
I 225: Adriatic Sea [l 33: Celtic Seas 151: Saharan Upwelling

— a:0-5 d: 50-100 : 1000-2250
I 229: Aegean Sea [l 228: lonian Sea [ 165: South Euro. Atl. Shelf - l:l - g

|10 230: Alboran Sea 226: Levantine Sea I 216: Southern Norway - b: 5-15 - e:100-200 - h: 2250-4500
I 17:Baltic Sea  [JI 260: North Atlantic Trans. [l 227: Tunisian Plateau l:] ¢ 15-50 - £ 200-1000 - i 4500-11500

[ 24:BlackSea || 215: North Sea 177 231: Western Mediterranean

S 5.2 The average travel distance of a ship through a 1 km? grid cell

Given the large distances that ships travel and the assumption that mariners prefer great circle distances
(Halpern et al., 2015), it was assumed that ship routes were straight from their entry point in a grid cell
to their exit point in that grid cell. With straight routes, the maximum distance a ship could travel to
pass through a grid cell (1 km x 1 km) is the maximum diagonal distance, so about 1.4 km. A random
float number between 0 and 1.4 was generated for each vessel (94169 total). The mean of the randomly
generated numbers is 0.7, which represented the average distance a ship travels to pass through a grid
cell.
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S 5.3 Distribution of global chlorophyll-a concentration (mg/m?) in four seasons. Colours indicate the

values of the chlorophyll-a concentration in each 1 km? grid cell.

September-November March-May

December-February June-August

Chlorophyll-a (mg/m3)
. 5

1
- 0.01

S 5.4 The global yearly average dissolved inorganic carbon (DIC) background concentration (pmol/kg)

indicated with colours per 1 km? grid cell.

104



Relative risk assessment of underwater released exhaust CO,

5.5 Distribution of the global total alkalinity (TAlk) level (umol/kg) in four seasons, indicated with
colours per 1 km? grid cell.

September-November March-May

s

Total alkalinity (pmol/kg)
- 2500
2300

-,

S 5.6 Global distribution of vulnerability to algal blooms and acidification in four seasons. Colours
show gridded values based on a merge of three vulnerability indicators, chlorophyll-a & background
DIC and TAlk.

September-November March-May
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S 5.7 Plot of the vulnerability of 262 global ecoregions for algal blooms and acidification following
predicted extra DIC exposure (mmol/l) from maritime shipping with underwater released COz, in four
seasons. The colour intensity indicates the vulnerability score (blue) and increase in DIC level (red)
and risk from low (light grey) to high (blue/red). The data underlying these plots can be found in Table
S5.9.
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¢ 1a1dey)

S 5.8 Map of the vulnerability of 262 global ecoregions for algal blooms and acidification following predicted extra DIC exposure (mmol/l) from maritime
shipping with underwater released CO,, in four seasons.
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S 5.9 Predicted extra DIC Exposure level and vulnerability scores of the 262 global ecoregions in four
seasons. The risk for adverse effects from maritime shipping with underwater released CO», as also
presented in Figures S 5.7 and S 5.8, can be calculated by multiplying exposure with vulnerability.

DIC Vulnerabilit}{ tg algz}l blooms and
Code Ecoregion exposure acidification
(mmol/l) Sep. - Mar. - Jun. - Dec. -
Nov. May Aug. Feb.

1 Agulhas Bank 0.1821 | 03371 | 0.2977 | 03153 | 0.3023
2 Aleutian Islands 0.1822 | 05338 | 04626 | 0.5124 | 0.4496
3 Amazonia 0.1607 | 0.2385 | 0.2768 | 02710 | 0.2574
4 Amsterdam-St Paul 0.0479 | 02730 | 0.2635 | 02713 | 0.2721
5 Amundsen/ g:;lingsmusen 0.0135 | 0.0018 | 0.0407 | 0.0000 | 0.0845
6 Andaman and Nicobar Islands 0.1063 0.4714 0.5086 0.4944 0.4935
7 Andaman Sea Coral Coast 0.0904 0.3930 0.5202 0.4756 0.5254
8 Antarctic Peninsula 0.0509 | 0.0249 | 0.1829 | 0.0003 | 0.1921
9 Arabian (Persian) Gulf 0.5160 | 02117 | 0.1340 | 0.1447 | 0.2223
10 Araucanian 0.1559 | 0.4964 | 04960 | 0.4959 | 0.4587
1 Amhe%;;:ﬁ:;ﬁfulf of 1 01249 | 03701 | 04866 | 04317 | 04188
12 Arafura Sea 0.0834 | 05334 | 0.5745 | 0.5992 | 0.5399
13 Auckland Island 0.0384 | 03280 | 03472 | 03231 | 0.3534
14 Azores Canaries Madeira 0.2562 0.0992 0.1385 0.1127 0.1190
15 Baffin Bay - Davis Strait 0.0920 | 0.4000 | 0.0000 | 0.3560 | 0.0000
16 Bahamian 02534 | 0.1301 | 0.1156 | 0.1264 | 0.1200
17 Baltic Sea 0.8491 | 0.1896 | 0.1898 | 0.1895 | 0.0902
18 Banda Sea 04112 | 04112 | 04880 | 04734 | 0.4563
19 Bassian 0.1018 | 03106 | 0.3046 | 0.2880 | 0.3065
20 Bea‘ﬁgﬁﬁggﬁii?gi?um 0.0069 | 0.0294 | 0.0000 | 0.0310 | 0.0000
21 Bea“t?(ﬁie;n'dcs‘;gl?emal 0.0154 | 0.0886 | 0.0000 | 0.0804 | 0.0000
22 Bermuda 0.0884 | 0.0884 | 0.0909 | 0.1054 | 0.0872
23 Bismarck Sea 0.1321 | 03997 | 0.3935 | 0.3802 | 0.4005
24 Black Sea 0.5963 | 0.0943 | 0.0833 | 0.0697 | 0.1065
25 Bonaparte Coast 0.1399 | 0.4064 | 04955 | 0.4658 | 0.4534
26 | Bountyand Antipodes Island | 0.0372 | 0.3239 | 0.3525 | 0.3209 | 0.3618
27 Bouvet Island 0.0403 | 0.1693 | 0.3241 | 0.2800 | 0.3135
28 Campbell Island 0.0746 | 03289 | 0.3554 | 0.3159 | 0.3553
29 Cape Howe 0.1921 | 02928 | 0.2544 | 0.2680 | 0.2492
30 Cape Verde 0.1703 | 0.1513 | 0.1790 | 0.1423 | 0.1759
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Cargados Carajos/Tromelin

31 ol 0.1156 | 0.2912 | 03451 | 03191 | 0.3061
32 Carolinian 0.3027 | 0.1873 | 0.1712 | 0.2023 | 0.1627
33 Celtic Seas 04201 | 03115 | 03670 | 0.3486 | 0.2867
34 Central Chile 0.1759 | 03623 | 03383 | 0.3482 | 0.3521
35 Central Kuroshio Current 04310 | 04358 | 03927 | 0.4185 | 0.4087
36 Central New Zealand 0.1420 | 03565 | 03430 | 0.3286 | 0.3351
37 Central Peru 0.1455 | 0.2887 | 03447 | 0.2605 | 0.3286
38 Central Somali Coast 0.1026 | 0.2598 | 0.2395 | 0.2633 | 0.2143
39 Chagos 0.1192 | 03260 | 03569 | 0.2993 | 0.3846
40 Channels and Fjords of 0.0688 | 0.3861 | 03580 | 0.3418 | 0.3827
Southern Chile
41 Chatham Island 0.0732 | 03236 | 03261 | 0.3039 | 0.3208
42 Chiapas-Nicaragua 0.1734 | 0.5314 | 0.4300 | 04679 | 0.5185
43 Chiloense 0.0834 | 0.4856 | 0.4680 | 0.4651 | 0.4549
44 Chukchi Sea 0.0383 | 03632 | 0.0671 | 0.2267 | 0.0000
45 Clipperton 0.1474 | 0.5073 | 0.4388 | 0.5031 | 0.4900
46 Cocos-Keeling/Christmas 0.1290 | 0.3859 | 0.4050 | 0.4144 | 0.3964
Island
47 Cocos Islands 0.1449 | 0.5076 | 0.5170 | 0.5073 | 0.5079
48 Coral Sea 0.1628 | 0.2519 | 02919 | 0.2667 | 0.2989
49 Cortezian 0.1180 | 03426 | 03424 | 0.3335 | 0.3864
50 Crozet Islands 0.0300 | 03561 | 0.3545 | 0.3374 | 0.3590
51 Delagoa 0.1529 | 02772 | 0.2334 | 02645 | 0.2555
52 East Caroline Islands 0.1175 | 04292 | 03890 | 0.4347 | 0.3888
53 East Antarctic Enderby Land 0.0533 0.0005 0.2073 0.0000 0.2144
54 East Antarctic Wilkes Land | 0.0278 | 0.0084 | 0.1167 | 0.0010 | 0.1498
55 East Aﬁgﬁ?ﬁ;ﬁ’“ni“g 0.0323 | 0.0012 | 0.1449 | 0.0000 | 0.1490
56 East China Sea 0.7312 | 0.5451 | 0.5287 | 0.5127 | 0.5014
57 East Greenland Shelf 0.0985 | 03614 | 0.1594 | 02622 | 0.1413
58 East Siberian Sea 0.0017 | 0.1319 | 0.0000 | 0.1196 | 0.0000
59 Easter Island 0.0388 | 0.1959 | 0.1695 | 0.1957 | 0.1710
60 Eastern Bering sea 0.1348 0.5900 0.6094 0.6147 0.3546
61 Eastern Brazil 0.1935 | 0.0233 | 0.0271 | 0.0278 | 0.0292
62 Eastern Caribbean 0.2043 | 03217 | 0.1996 | 0.3285 | 0.1866
63 Eastern Galapagos Islands 0.1394 0.3635 0.3806 0.3386 0.4215
64 Eastern India 0.1430 | 04471 | 0.4882 | 0.5083 | 0.5336
65 Eastern Philippines 0.1541 | 03707 | 03796 | 0.3923 | 03913
66 Exmouth to Broome 0.1850 | 0.3473 | 03492 | 0.3574 | 0.3480
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67 Faroe Plateau 0.1880 | 02715 | 0.2754 | 0.3527 | 0.1573
68 Fernando de Naronha and 0.1655 | 0.1481 | 0.1759 | 0.1676 | 0.1483
Atoll das Rocas
69 Fiji Islands 0.1243 | 03076 | 0.3297 | 0.3122 | 0.3200
70 Floridian 03541 | 02605 | 0.1796 | 02577 | 02173
71 Gilbert/Ellis Islands 0.0473 | 03058 | 03121 | 0.3056 | 0.3122
72 Great Australian Bight 0.1041 | 02474 | 02174 | 02246 | 0.2186
73 Guayaquil 03737 | 03737 | 04469 | 0.3464 | 0.4546
74 Guianan 0.1583 | 0.4361 | 0.5010 | 0.4980 | 0.3460
75 Gulf of Aden 02138 | 02213 | 0.1442 | 0.1133 | 0.1965
76 Gulf of Alaska 0.1847 | 0.5476 | 0.5039 | 0.5413 | 0.4218
77 Gulf of Guinea Central 0.1834 | 03949 | 04054 | 03792 | 0.3123
78 Gulf of Guinea Islands 0.1543 | 03520 | 0.4159 | 0.3745 | 0.4616
79 Gulf of Guinea Upwelling 0.1766 | 03451 | 0.3464 | 0.3290 | 0.3400
80 Gulf of Guinea West 0.1851 | 03676 | 0.3081 | 0.3143 | 0.3961
81 Gulf of Maine/Bay of Fundy | 0.2555 | 0.5379 | 0.5717 | 0.5259 | 0.4889
82 Gulf of Oman 04581 | 02150 | 0.2379 | 0.0831 | 0.2731
83 Gulf of Papua 0.0891 | 0.4640 | 0.5081 | 0.4790 | 0.5125
g4 | Oulfof St Lawrence -Eastern | 5140 | (4350 | 05541 | 04328 | 0.4267
Scotian Shelf
85 Gulf of Thailan 0.5160 | 0.5160 | 0.5347 | 0.5467 | 0.5491
86 Gulf of Tonkin 02662 | 0.5603 | 0.5166 | 0.5300 | 0.5556
87 Halmahera 0.1424 | 03969 | 04526 | 0.4375 | 0.4406
88 Hawaii 0.1539 | 03114 | 03180 | 0.3175 | 0.2978
89 | Heard and Macdonald Islands | 0.0189 | 0.3411 | 03524 | 03612 | 0.3600
90 Houtman 0.1941 | 02546 | 0.2466 | 02541 | 0.2364
91 Hudson Complex 0.0580 | 03013 | 0.0087 | 0.2095 | 0.0001
92 Humboldtian 0.1533 | 0.2826 | 0.2824 | 02766 | 0.2937
93 Juan Fernandez and 0.0972 | 0.3460 | 03307 | 0.3495 | 0.3373
Desventuradas
94 Kamchatka Shelf and Coast 0.1430 0.5569 0.4477 0.5293 0.3902
95 Kara Sea 0.0262 | 02701 | 0.0011 | 0.2652 | 0.0055
96 Kerguelen Islands 0.0365 | 03729 | 03737 | 0.3554 | 0.3875
97 Kermadec Island 0.1160 0.2247 0.2252 0.2364 0.2142
98 Lancaster Sound 0.0472 | 0.0287 | 0.0000 | 0.0458 | 0.0000
99 Laptev Sea 0.0000 | 0.2569 | 0.0000 | 0.2925 | 0.0000
100 Leeuwin 0.1495 | 0.2590 | 0.2432 | 0.2582 | 0.2461
101 Lesser Sunda 0.1533 | 0.4258 | 04551 | 04738 | 0.4303
102 Line Islands 0.1117 | 03052 | 02761 | 02928 | 0.2784
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103 Lord Howe and Norfolk 0.1597 | 02247 | 02214 | 02272 | 0.2156
Islands
104 Macquarie Island 0.0234 | 03023 | 03433 | 03071 | 0.3407
105 Magdalena Transition 0.1981 0.3782 0.4161 0.4472 0.3691
106 Malacca Strait 0.5285 | 0.4980 | 0.5413 | 0.5516 | 0.4962
107 Maldives 0.1525 | 0.2336 | 03262 | 0.2699 | 0.3208
108 Malvinas/Falklands 0.0685 | 04532 | 0.4164 | 03739 | 0.4801
109 Manning-Hawkesbury 0.2400 | 0.2537 | 0.2481 | 0.2555 | 0.2399
110 Mariana Islands 0.1626 | 0.3584 | 03432 | 0.3746 | 0.3380
111 Tuamotus 0.0852 | 0.1726 | 0.1775 | 0.1671 | 0.1812
112 Marshall Islands 0.1065 | 03973 | 03576 | 0.3856 | 0.3545
113 Mascarene Islands 0.1466 | 0.2876 | 03117 | 0.3060 | 0.2912
114 Mexican Tropical Pacific 0.2025 0.4304 0.3716 0.4086 0.4048
115 Namaqua 0.1701 | 03355 | 03076 | 0.3102 | 0.3221
116 Namib 0.1506 | 0.3507 | 0.3308 | 0.3490 | 0.3237
117 Natal 0.1859 | 0.2927 | 0.2490 | 0.2808 | 0.2656
118 New Caledonia 0.1459 | 0.2652 | 02900 | 0.2720 | 0.2810
119 Nicoya 0.1910 | 0.4508 | 0.4955 | 0.5197 | 0.4967
120 Ningaloo 0.1815 | 0.3047 | 03035 | 0.3081 | 0.2862
121 North ‘;i‘ﬁ)iglc::dpwﬁc 0.1828 | 0.5195 | 0.4615 | 0.5067 | 0.4046
122 North Greenland 0.0161 | 0.0287 | 0.0000 | 0.0509 | 0.0000
123 North Patagonian Gulfs 0.0815 | 0.6040 | 0.5640 | 0.5149 | 0.5707
124 Northeast Sulawesi 0.0082 | 0.4875 | 0.4912 | 0.5056 | 0.4810 N
125 Northeastern Brazil 0.1884 | 0.1015 | 0.1053 | 0.1137 | 0.0947 ¥
126 Northeastern Honshu 0.3092 | 04799 | 0.4601 | 0.4540 | 0.4223 E
127 Northeastern New Zealand 0.1439 0.2699 0.2538 0.2734 0.2416 -
128 | Northern and Central Red Sea | 0.2581 | 0.0164 | 0.0163 | 0.0134 | 0.0248
129 Northern Bay of Bengal 0.0648 | 0.2385 | 0.5231 | 04022 | 0.3177
130 Northern California 04516 | 04463 | 0.4319 | 04704 | 0.4158
131 Northern Galapagos Islands 0.1441 0.4640 0.4985 0.4434 0.4907
132 Northern Grand Banks 0.1619 | 0.4840 | 03574 | 0.4958 | 0.3898
133 Northern Gulf of Mexico 0.2384 | 02707 | 0.2302 | 0.2857 | 0.1951
134 Northern Labrador 0.1244 | 04523 | 0.0625 | 0.3905 | 0.0699
135 Ogasawara Islands 0.1653 0.3399 0.3111 0.3332 0.3261
136 Van?gi%(:; gofsl:i:ﬁ%oghel ¢ | 03703 | 05406 | 04868 | 05462 | 0.4660
137 Oyashio Current 0.1903 | 0.5696 | 0.4664 | 0.4803 | 0.4498
138 Palawan/North Borneo 0.1622 | 04968 | 0.4542 | 04750 | 0.4931
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139 Panama Bight 0.1600 | 03804 | 0.5450 | 0.5263 | 0.5725
140 Papua 0.1001 | 04221 | 04221 | 04272 | 0.4248
141 Patagonian Shelf 0.0758 | 0.5259 | 0.4936 | 0.3936 | 0.5975
142 Peter the First Island 0.0169 | 0.0160 | 0.2466 | 0.0000 | 0.3105
143 Phoenix/ T(’Ck:;z“m"”hem 0.0716 | 0.2487 | 0.2648 | 02570 | 0.2484
144 Prince Edward Islands 0.0465 | 03541 | 03349 | 0.3226 | 0.3345
145 Puget Trough/Georgia Basin 1.1013 0.0973 0.0982 0.0977 0.0995
146 Rapa-Pitcairn 0.1041 | 0.2003 | 0.1877 | 0.1979 | 0.1913
147 Revillagigedos 0.1637 | 03931 | 03656 | 0.3746 | 0.3814
148 Rio de la Plata 03433 | 0.1422 | 0.1403 | 0.1432 | 0.1390
149 Rio Grande 0.1624 | 03256 | 0.2299 | 0.3183 | 0.2506
150 Ross Sea 0.0069 | 0.0017 | 0.0017 | 0.0000 | 0.0294
151 Saharan Upwelling 0.4674 0.1421 0.1892 0.1876 0.1746
152 Samoa Islands 0.1026 | 0.2999 | 0.3562 | 0.3397 | 0.3154
153 Sao Pedro and Sao Paulo 0.1588 | 0.1903 | 0.1873 | 0.1841 | 0.2013
Islands
154 Scotian Shelf 0.2438 | 04584 | 0.4484 | 04417 | 0.5156
155 Sea of Japan/East Sea 0.1837 0.4930 0.3637 0.4476 0.3813
156 Sea of Okhotsk 0.1144 | 0.5408 | 03191 | 0.5139 | 0.2535
157 Seychelles 0.1127 | 02797 | 03017 | 02952 | 0.2940
158 Shark Bay 0.1806 | 02755 | 0.2876 | 02781 | 0.2610
159 Snares Island 0.0913 | 03428 | 0.3424 | 0.3150 | 0.3744
160 Society Islands 0.1031 | 0.1706 | 0.2339 | 0.1983 | 0.2044
161 Solomon Archipelago 0.0937 | 03671 | 03637 | 03574 | 0.3637
162 Solomon Sea 0.1581 | 03626 | 0.3845 | 03621 | 0.3748
163 South Australian Gulfs 0.1508 | 0.2470 | 0.2035 | 0.2005 | 0.2264
164 South Chilz?aiza Oceanic 0.2200 | 0.4808 | 0.4346 | 0.4628 | 0.4653
165 | South European Atlantic Shelf | 0.6932 | 0.2229 | 0.2965 | 0.2846 | 0.2171
166 South Georgia 0.0346 | 03372 | 0.4031 | 0.2744 | 0.3929
167 South India and Sri Lanka 0.1928 | 0.4184 | 04073 | 0.4003 | 0.4602
168 South Kuroshio 0.2244 | 03870 | 03539 | 0.3837 | 0.3691
169 South Orkney Islands 0.0438 | 0.1402 | 0.2871 | 0.0587 | 0.3225
170 South Sandwich Islands 0.0477 | 0.1153 | 03360 | 0.0953 | 0.2868
171 South Shetland Islands 0.0610 | 0.1716 | 03206 | 0.1466 | 0.2586
172 Southeast Madagascar 0.1510 | 0.2997 | 03134 | 03118 | 0.3041
173 Southeast Papua New Guinea 0.1577 0.3053 0.3704 0.3004 0.3681
174 Southeast Brazil 0.2403 | 0.1997 | 0.1206 | 0.1871 | 0.1225
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175 Southern California Bright | 0.2591 | 0.3945 | 0.4115 | 0.4219 | 0.3880
176 Southern Caribbean 02203 | 0.2906 | 0.1959 | 0.2653 | 0.2201
177 Southern China 0.8974 | 0.5569 | 0.4838 | 0.5514 | 0.5324
178 Southern Grand Banks 02290 | 05193 | 0.5361 | 0.4918 | 0.4902
179 Southern Gulf of Mexico 0.1914 | 0.1518 | 0.1404 | 0.1462 | 0.1475
180 South New Zealand 0.1266 | 03665 | 03587 | 0.3207 | 0.3787
181 Southern Red Sea 0.2207 | 0.0370 | 0.0363 | 0.0173 | 0.0407
182 Southern Vietnam 0.3308 | 0.5541 | 0.4933 | 0.5511 | 0.5607
183 Southwestern Caribbean 02162 | 0.2148 | 0.1618 | 0.1728 | 0.2076
184 St. Helena and Ascension 0.0738 | 0.1270 | 0.0988 | 0.1302 | 0.1184
Islands
185 | Sulawesi Sea/Makassar Strait | 0.1540 | 04311 | 04998 | 0.4525 | 0.5148
186 East African Coral Coast 0.1156 0.2852 0.3197 0.3101 0.2986
1g7 | Northen MC"OH;‘;O“ Current 10520 | 02739 | 02601 | 02877 | 0.2616
188 | Bight of Sofala/Swamp Coast | 0.1309 | 0.3060 | 0.3123 | 03130 | 0.2930
189 Three Kings-North Cape 0.1636 | 0.2354 | 02241 | 02421 | 0.2249
190 Tonga Islands 0.1148 | 0.2655 | 0.2982 | 0.2768 | 0.2879
191 Trindade and Martin Vaz 0.0801 | 0.0288 | 0.0172 | 0.0263 | 0.0198
Island
192 Tristan Gough 0.0444 | 03067 | 03202 | 0.3239 | 0.3197
193 Marquesas 0.0901 | 02183 | 0.2163 | 02225 | 0.2081
194 Tweed-Moreton 02222 | 02374 | 02417 | 02309 | 0.2508
195 Uruguay-Buenos Aires Shelf 0.1451 0.4856 0.4240 0.4580 0.4654
196 Vanuatu 0.1134 | 03181 | 03378 | 0.3258 | 0.3299 w»
197 Virginian 0.4408 | 04426 | 0.4325 | 04637 | 0.3864 ;
198 West Caroline Islands 0.1409 | 04132 | 04139 | 04273 | 0.4166 =
199 Weddell Sea 0.0160 | 0.0008 | 0.0175 | 0.0000 | 0.0226
200 West Greenland Shelf 0.1195 | 04379 | 0.1908 | 0.3746 | 0.1640
201 Western and Northern 0.1159 | 0.2877 | 03194 | 03118 | 0.3006
Madagascar
202 Western Arabian Sea 0.1883 | 0.2842 | 0.1323 | 0.0775 | 0.2306
203 Western Bassian 0.1217 | 02797 | 0.2692 | 02550 | 0.2765
204 Western Caribbean 02107 | 0.1813 | 0.1706 | 0.1691 | 0.2066
205 Western Galapagos Islands 0.1343 0.3413 0.3432 0.3161 0.3467
206 Western India 0.2298 | 0.2548 | 03089 | 0.1754 | 0.3452
207 Yellow Sea 0.9293 | 0.6075 | 0.5659 | 0.5557 | 0.6045
208 Southern Java 0.1017 | 04624 | 0.4656 | 04692 | 0.4533
209 Western Sumatra 0.0637 | 0.5010 | 0.4485 | 0.4572 | 0.4515
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210 | TorresStrait Northern Great | 150 | 5895 | 03837 | 03000 | 03676
Barrier Reef
o1 | Centraland Southern Great | o6 | 5431 | 03183 | 0.2551 | 0.2980
Barrier Reef
212 Sunda Shelf/Java Sea 02201 | 05326 | 0.5150 | 0.5434 | 0.5348
213 North and East Iceland 0.1364 | 03119 | 03014 | 03413 | 0.2061
214 South and West Iceland 0.1960 | 03213 | 0.2834 | 0.3857 | 0.2129
215 North Sea 0.9756 | 0.4092 | 0.3882 | 0.4389 | 0.3571
216 Southern Norway 0.5805 | 04161 | 04794 | 0.4837 | 0.3107
217 Northern Norway and 02736 | 04113 | 03883 | 0.3373 | 0.2512
Finnmark
218 North and East Barents Sea 0.0816 0.1974 0.1901 0.2404 0.1353
219 White Sea 0.0878 | 0.2347 | 0.0975 | 0.2334 | 0.0688
220 Greater Antilles 02214 | 02431 | 0.1697 | 0.1892 | 0.2185
221 Southern Cook/Austral 0.0992 | 02199 | 02672 | 02470 | 0.2372
Islands
222 Gulf of Guinea South 0.1561 | 05170 | 0.5192 | 0.4972 | 0.5240
223 Angolan 0.1557 | 0.2669 | 0.4565 | 02315 | 0.3824
224 Sahelian Upwelling 02621 | 0.2824 | 03818 | 0.2454 | 0.3641
225 Adriatic Sea 0.8724 | 0.0499 | 0.0718 | 0.7386 | 0.0751
226 Levantine Sea 0.6236 | 0.0162 | 0.0170 | 0.0101 | 0.0214
227 | Tunisian Plateau/Gulf of Sidra | 0.2461 | 0.0167 | 0.0169 | 0.0118 | 0.0247
228 Ionian Sea 1.0237 | 0.0207 | 0.0267 | 0.0199 | 0.0288
229 Aegean Sea 1.0622 | 0.0236 | 0.0354 | 0.0268 | 0.0322
230 Alboran Sea 1.3245 | 0.0619 | 0.1068 | 0.1194 | 0.0877
231 Western Mediterranean 0.9553 0.0234 0.0479 0.0319 0.0457
232 High Arctic Archipelago 0.0013 | 0.0003 | 0.0001 | 0.0077 | 0.0000
233 Humboldt Current 0.1148 | 03112 | 0.2839 | 0.3048 | 0.3010
234 Malvinas Current 0.0708 | 03684 | 0.3991 | 0.3192 | 0.4024
235 Agulhas Current 0.1305 | 0.2635 | 02373 | 02637 | 0.2378
236 Benguela Current 0.1242 | 0.2470 | 0.2030 | 0.2350 | 0.2194
237 Indian Ocean Gyre 0.0744 | 02599 | 0.2532 | 0.2636 | 0.2542
238 Leeuwin Current 0.1522 | 02964 | 02773 | 02979 | 0.2727
239 Non-gyral Southwest Pacific 0.1540 0.2571 0.2458 0.2548 0.2440
240 California Current 02180 | 04597 | 03943 | 04514 | 0.4149
241 Canary Current 0.1831 | 0.0850 | 0.0920 | 0.0977 | 0.0917
242 Gulf Stream 02325 | 03089 | 03155 | 03115 | 0.3088
243 | North Central Atlantic Gyre | 0.1711 | 0.0632 | 0.0647 | 0.0627 | 0.0645
244 Kuroshio 04222 | 04222 | 03590 | 0.3937 | 0.3807
245 Antarctic 0.0224 | 0.1120 | 02570 | 0.1236 | 0.2667
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246 Antarctic Polar Front 0.0169 0.3239 0.3427 0.3295 0.3454
247 Eastern Tropical Pacific 0.1207 0.4073 0.3874 0.3884 0.3973
248 Equatorial Atlantic 0.1218 0.2036 0.1853 0.2027 0.1924
249 Equatorial Pacific 0.1015 0.3628 0.3286 0.3463 0.3329
250 South Central Atlantic Gyre 0.1050 0.1642 0.1443 0.1639 0.1483
251 South Central Pacific Gyre 0.0830 0.2255 0.2282 0.2309 0.2227
252 Subantarctic 0.0227 0.3359 0.3565 0.3392 0.3560
253 Subtropical Convergence 0.0379 0.3157 0.3230 0.3194 0.3269
254 Indian Ocean Monsoon Gyre 0.1269 0.3101 0.3415 0.3112 0.3194
255 Indonesian Through-Flow 0.1646 0.3888 0.3787 0.4091 0.3739
256 Somali Current 0.1741 0.1943 0.1401 0.0939 0.2172
257 North Central Pacific Gyre 0.1555 0'3%0739 0.3346 0.3431 0.3326
258 North Pacific Transitional 0.1868 0.4211 0.3898 0.4204 0.3891
259 Subarctic Pacific 0.1784 0.4813 0.4128 0.4551 0.4299
260 North Atlantic Transitional 0.2134 0.2296 0.2379 0.2498 0.2125
261 Subarctic Atlantic 0.1579 0.3132 0.3044 0.3479 0.2738
262 Arctic 0.0134 0.0306 0.0225 0.0313 0.0156
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S 5.10. Plot of the vulnerability of 115 European sub-ecoregions for algal blooms and acidification
following predicted extra DIC exposure (mmol/l) from maritime shipping with underwater released
COz, in four seasons. The colour intensity indicates the vulnerability score (blue) and increase in DIC
level (red) and risk from low (light grey) to high (blue/red). The data underlying these plots can be
found in Table S 5.12.
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S 5.11. Map of the vulnerability of European sub-ecoregions for algal blooms and acidification

following predicted extra DIC exposure (mmol/l) from maritime shipping with underwater released
COg, in four seasons.
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S 5.12 Predicted extra DIC exposure level and vulnerability scores of the 15 marine ecoregions around
Europe (Ecological code: 17, 24, 33, 151, 165, 215, 216, 225, 226, 227, 228, 229, 230, 231, and 260)
in four seasons (Dec.- Feb., Mar. — May, Jun. — Aug, and Sep. — Nov.). The ecoregions were subdivided
into 9 classes based on ocean floor depth (Waller 1996) : 0 — 5m (a), 5 — 15m (b), 15 — 50 m (c), 50 —
100m (d), 100- 200m (e), 200 - 1000 m (f), 1000 — 2250 m (g), 2250 - 4500 m (h), 4500 — 11500 m (i).
The risk for adverse effects from maritime shipping with underwater released COz, as also presented in
Figures S10 and S11, can be calculated by multiplying exposure with vulnerability.

DIC Vulnerabilit;i tf’ algz.ll blooms and

Code Ecoregion exposure acidification

(mmol/l) Sep. - Mar. - Jun. - Dec. -
Nov. May Aug. Feb.

17a Baltic Sea 0.5686 0.2103 0.2103 0.2103 0.1715
17b Baltic Sea 0.7604 0.2073 0.2074 0.2074 0.1643
17c Baltic Sea 1.0122 0.2070 0.2070 0.2070 0.1594
17d Baltic Sea 1.1768 0.2052 0.2052 0.2052 0.1335
17e Baltic Sea 0.9710 0.2069 0.2069 0.2069 0.1100
17f Baltic Sea 0.9676 0.2069 0.2070 0.2070 0.1005
24a Black Sea 0.3366 0.1420 0.1408 0.1384 0.1423
24b Black Sea 0.3075 0.1443 0.1435 0.1424 0.1445
24c Black Sea 0.7363 0.1187 0.1100 0.0948 0.1342
24d Black Sea 0.7907 0.0885 0.0929 0.0700 0.1181
24e Black Sea 0.7757 0.0868 0.0849 0.0600 0.1001
24f Black Sea 0.6776 0.0854 0.0797 0.0567 0.0984
24g Black Sea 0.6907 0.0805 0.0670 0.0540 0.0895
24h Black Sea 0.6567 0.0745 0.0701 0.0558 0.0929
33a Celtic Seas 0.5310 0.5806 0.5497 0.5852 0.5519
33b Celtic Seas 0.5159 0.5902 0.5437 0.5721 0.5553
33c Celtic Seas 0.6796 0.5692 0.5434 0.5560 0.5382
33d Celtic Seas 0.8525 0.4307 0.5191 0.4849 0.4026
33e Celtic Seas 0.4368 0.3071 0.4256 0.3503 0.2781
33f Celtic Seas 0.2003 0.2540 0.2924 0.3041 0.2147
33g Celtic Seas 0.1894 0.2450 0.2909 0.2754 0.2153
33h Celtic Seas 0.1778 0.2326 0.2737 0.2364 0.2221
151a Saharan Upwelling 0.6182 0.2965 0.3955 0.3221 0.2748
151b Saharan Upwelling 0.6963 0.3532 0.4178 0.3712 0.3243
151c Saharan Upwelling 0.6693 0.3035 0.4069 0.3486 0.3110
151d Saharan Upwelling 0.6519 0.2364 0.3533 0.2837 0.2717
151e Saharan Upwelling 0.8715 0.1889 0.2909 0.2391 0.2063
151f Saharan Upwelling 1.0273 0.1267 0.2077 0.1444 0.1290
151g Saharan Upwelling 0.6455 0.0929 0.1426 0.0549 0.0996

118



Relative risk assessment of underwater released exhaust CO,

151h Saharan Upwelling 0.4143 0.0704 0.1194 0.0182 0.0789
1511 Saharan Upwelling 0.4479 0.0546 0.0970 0.0089 0.0644
South European
165a Atlantic Shelf 0.5167 0.4159 0.5790 0.6029 0.4359
South European
165b Atlantic Shelf 0.5528 0.4067 0.5594 0.5808 0.4171
South European
165¢ Atlantic Shelf 0.7069 0.3921 0.5650 0.5827 0.4252
South European
165d Atlantic Shelf 0.7457 0.3340 0.5364 0.5346 0.3846
South European
165¢ Atlantic Shelf 0.8975 0.2882 0.4745 0.4121 0.2922
South European
165f Atlantic Shelf 1.0662 0.2254 0.3754 0.2951 0.2062
South European
165g Atlantic Shelf 0.9359 0.2207 0.3493 0.2663 0.1927
South European
165h Atlantic Shelf 0.6404 0.1963 0.2895 0.2135 0.1705
. South European
165i Atlantic Shelf 0.5510 0.1936 0.2659 0.1948 0.1681
215a North Sea 1.1871 0.5481 0.5327 0.5520 0.4830
215b North Sea 1.3058 0.5394 0.4800 0.4938 0.4750
215¢ North Sea 1.4780 0.5190 0.5431 0.5397 0.4551
215d North Sea 0.8734 0.3942 0.4773 0.4599 0.3584
215e North Sea 0.6599 0.3369 0.4284 0.4262 0.3007
215f North Sea 0.9876 0.5090 0.3029 0.3125 0.3793
215g North Sea 0.2067 0.2643 0.2814 0.3237 0.2294
216a Southern Norway 0.6450 0.5174 0.5436 0.5814 0.1808 -
216b Southern Norway 1.4329 0.6003 0.5370 0.5439 0.3504 8
216¢ Southern Norway 1.4025 0.5841 0.5519 0.5564 0.3923 _’:
216d Southern Norway 1.3496 0.5894 0.5731 0.5799 0.4330 -
216e Southern Norway 1.4006 0.5909 0.6005 0.6059 0.4840
216f Southern Norway 1.2649 0.4884 0.6671 0.6082 0.5294
225a Adriatic Sea 0.5324 0.1739 0.2338 0.1805 0.1696
225b Adriatic Sea 0.4821 0.1472 0.1853 0.1521 0.1496
225c¢ Adriatic Sea 0.9278 0.1062 0.1879 0.1010 0.1191
225d Adriatic Sea 0.9112 0.0394 0.1075 0.0435 0.0651
225e Adriatic Sea 0.9713 0.0286 0.0585 0.0257 0.0424
225f Adriatic Sea 0.7934 0.0340 0.0771 0.0271 0.0351
225g Adriatic Sea 0.4840 0.0168 0.0389 0.0131 0.0243
226a Levantine Sea 0.3497 0.0915 0.0896 0.0848 0.0958
226b Levantine Sea 0.5179 0.0961 0.0923 0.0851 0.0980
226¢ Levantine Sea 0.5458 0.0549 0.0532 0.0373 0.0697
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226d Levantine Sea 0.5660 0.0235 | 0.0253 | 0.0173 | 0.0355
226e Levantine Sea 0.4854 0.0216 | 0.0194 | 0.0134 | 0.0251
226f Levantine Sea 0.4763 0.0251 | 0.0180 | 0.0125 | 0.0222
226¢ Levantine Sea 0.6144 00114 | 0.0121 | 0.0068 | 0.0175
226h Levantine Sea 0.6968 0.0078 | 0.0105 | 0.0060 | 0.0160
227, | Tunisian Plateaw/Gulf 0.1508 0.1106 | 0.1078 | 0.1084 | 0.1103
of Sidra
227p | Tunisian Plateau/Gulf 0.1475 0.0863 | 0.0726 | 0.0773 | 0.0823
of Sidra
227¢ TuniSingliﬁfj“/ Gulf 0.1903 0.0458 | 0.0259 | 0.0245 | 0.0410
227 | Tunisian Plateau/Gulf 02116 0.0178 | 0.0163 | 0.0090 | 0.0291
of Sidra
227e T“niSin?ﬁf;“/ Gulf 0.2461 0.0118 | 0.0176 | 0.0076 | 0.0282
227f TuniSi?fgliﬁf;“/ Gulf 0.2531 0.0093 | 0.0122 | 0.0067 | 0.0212
227g TuniSinglﬁf;“/ Gulf 0.2337 0.0086 | 0.0099 | 0.0060 | 0.0157
297h | Tunisian Plateau/Gulf 0.2936 0.0090 | 0.0102 | 0.0062 | 0.0159
of Sidra
228a Ionian Sea 0.7042 0.0862 | 0.1026 | 0.0676 | 0.1030
228b Ionian Sea 0.6675 0.0966 | 0.1258 | 0.0666 | 0.1217
228¢ Ionian Sea 0.8685 0.0814 | 0.1167 | 0.0594 | 0.1138
228d Ionian Sea 1.2857 0.0557 | 0.0793 | 0.0296 | 0.0709
228e Ionian Sea 1.2804 0.0524 | 0.0690 | 0.0244 | 0.0528
228f Tonian Sea 1.0064 0.0462 | 0.0578 | 0.0220 | 0.0454
228g Ionian Sea 0.9611 0.0191 | 0.0304 | 0.0156 | 0.0280
228h Ionian Sea 0.9978 00116 | 0.0137 | 0.0079 | 0.019
228i Tonian Sea 1.3439 00118 | 0.0132 | 0.0085 | 0.0177
229a Aegean Sea 0.5938 0.0945 | 0.1169 | 0.0840 | 0.0908
229b Aegean Sea 0.6549 0.0929 | 0.1038 | 0.0728 | 0.0959
229¢ Aegean Sea 0.7644 0.0862 | 0.1009 | 0.0642 | 0.0959
229d Aegean Sea 0.9736 0.0573 | 0.1011 | 0.0626 | 0.0643
229 Aegean Sea 1.0665 0.0288 | 0.0666 | 0.0399 | 0.0337
229f Aegean Sea 1.1492 0.0206 | 0.0499 | 0.0307 | 0.0279
229¢ Aegean Sea 1.0416 0.0145 | 00214 | 0.0142 | 0.0237
22%h Aegean Sea 0.9234 0.0103 | 0.0140 | 0.0076 | 0.0201
229i Aegean Sea 0.7683 0.0115 | 0.0132 | 0.0080 | 0.0176
230a Alboran Sea 0.4930 0.1440 | 02215 | 0.1360 | 0.2130
230b Alboran Sea 0.6102 0.1289 | 02395 | 0.1526 | 0.1969
230c Alboran Sea 0.6950 0.1313 | 02442 | 0.1500 | 0.1742
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230d Alboran Sea 0.6868 0.1337 0.2520 0.1675 0.1777
230e Alboran Sea 0.6078 0.1394 0.2677 0.1951 0.1934
230f Alboran Sea 1.0687 0.0865 0.1973 0.1153 0.1162
230g Alboran Sea 1.5256 0.0454 0.1452 0.0432 0.0657
230h Alboran Sea 1.4675 0.0371 0.1289 0.0316 0.0630
231a | Western Mediterranean 0.6245 0.0956 0.1463 0.0668 0.1216
231b | Western Mediterranean 0.6234 0.1112 0.1628 0.0728 0.1361
231c | Western Mediterranean 0.7880 0.0757 0.1338 0.0520 0.1060
231d | Western Mediterranean 1.0573 0.0427 0.0987 0.0348 0.0722
231e | Western Mediterranean 1.1905 0.0344 0.0739 0.0258 0.0553
231f | Western Mediterranean 1.0880 0.0288 0.0627 0.0223 0.0534
231g | Western Mediterranean 1.0495 0.0232 0.0537 0.0158 0.0427
231h | Western Mediterranean 0.8253 0.0192 0.0553 0.0123 0.0405
260f Atlantic Transitional 0.4701 0.0664 0.1215 0.0153 0.0715
260g N;’gﬁgﬁfﬁﬁc 0.3309 02101 | 02475 | 0.1963 | 0.1913
260h North Atlantic 0.3125 02081 | 02755 | 0.1994 | 0.1884
Transitional
260i Atlantic Transitional 0.2523 0.2081 0.2732 0.1995 0.1854
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Chapter 6

6.1 Introduction

GasDrive technology applied to ships is expected to reduce more than 50% fuel consumption.
This high efficiency is attributed to a new generation of fuel cells and gas engines, and to the
innovative design of the underwater release exhaust gas system. The released exhaust gas
bubbles fill into the nanostructures of the ship’s hull and form an air layer that reduces the
water resistance, which in turn increases the shipping efficiency. This will thus reduce the
total amount of propulsion-related maritime emissions. However, the impact of the
underwater released exhaust gas on the local marine ecosystem is unknown (Figure 6.1).

This thesis is the first to focus on the impact of acute exposure of marine ecosystems to CO,
one of the most water dissolvable components of exhaust gas. The effects on marine
phytoplankton, zooplankton and benthic invertebrates are studied.

Marine plankton and benthic communities were introduced to mesocosms and exposed for
49 days to a wide range of CO; dosages, resulting in pH values ranging from 8.6 (control) to
5.8 (high CO; dosage) (Chapter 2). This mesocosm study showed both communities were
directly and indirectly (via the food chain) affected by high CO, exposure (< pH 7.1). For
example, periwinkles directly suffered from the extreme CO> treatment (pH < 6.6) indicated
by shell erosion and high mortality. The individual weight of the survivors was positively
correlated with the availability of their main food source, periphyton, and not with the
treatments. The highest CO, dosage, resulting in pH 5.8, caused massive mortality of the
invertebrates present and induced an algal bloom.

A second microcosm study (Chapter 3) focused on sessile organisms that can live on the
ship’s hull, barnacles and microbial biofilm. This experiment also addressed the potential of
using underwater exhausted CO, for anti-fouling purposes. Attached barnacles showed high
tolerance to elevated CO, concentrations with a limited response of growth and feeding
activity at pH levels as low as 6.8. However, at pH 6.3, about 30% of the population died and
over 50% of the attached barnacles could not resist the water force during 15 km/h sailing
for 15 minutes. The development of the microbial biofilm was significantly inhibited with
increasing CO» concentrations from pH 7.6 on and a shift in taxa was observed.

Although CO; is one of the most soluble components in the exhaust gas, other substances
that can be expected in exhaust gas may impact marine organisms as well, such as SOy, NOy
and PAHs. Therefore, the impact of underwater released real exhaust gas from a diesel engine
on a plankton community was compared with the impact of pure CO, treatments (Chapter
4). In these experiments, algae (I. galbana) and zooplankton (Brachionus plicatilis, a rotifer)
were exposed for 7 days to seawater that had been bubbled with exhaust gas, or with CO, to
reach the same pH level of 6.8. During the exposure, no significantly different effects were
found between these two treatments. Thus, CO> is the main impactor in the exhaust gas on
the studied plankton community, regardless of other dissolved components.

In higher CO; concentration exposure (pH as low as 5), I. galbana collapsed in initial pH <
6 treatments, while the development of D. salina (an algal species more resistant to low pH
values) was stimulated at pH 6. It suggests that the CO, from underwater released exhaust
gas can stimulate blooming of algae that can resist a temporary pH drop to 6, under conditions
of unlimited nutrient availability. The rotifers that were used for these experiments were able
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to resists the low initial pH levels as well. Therefore, no levels of CO» could be indicated that
in theory pose the highest risk for algal blooms by a combination of stimulated algal
development and reduced grazing by zooplankton.

The conclusions from Chapters 2 — 4 can be summarized as acute exposure to the main
impactor in the exhaust gas, CO,, could have a significant impact on multiple marine
invertebrates at relatively high dosages (Figure 6.2). To investigate if this indicates that local
marine environments can become at risk when underwater exhaust systems on ships are
becoming popular, a risk assessment was performed. The shipping related potential increase
of the dissolved inorganic carbon (DIC) level was plotted against the estimated vulnerability
of 262 marine ecoregions (Chapter 5). The vulnerability of each region was assessed by
merging three indicators: DIC, chlorophyll-a and total alkalinity. The results suggest
regardless of the season that the ecoregions with relatively high vulnerability are mainly
located above 30° N latitude. In addition, only limited volume of water in dense shipping
lanes and maritime chokepoints were under risk instead of the entire ecoregion.

Figure 6.1 A GasDrive ship will not emit exhaust gas directly to the atmosphere. Due to its high
efficiency the energy consumption and thus total volume of exhaust gas produced will be reduced. Part
of the components of the exhaust gas that is released along the ship’s hull will dissolve in the water and
some will (re-)escape to the atmosphere.
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Figure 6.2 Schematic overview of the impact of elevated CO:z concentration on marine organisms. 1.
Biofilm development was inhibited and shifted in taxonomic composition; 2. Phytoplankton: CO2
resistant microalgae bloomed by taking advantage of high CO: availability and reduced grazing
pressure; 3. Zooplankton: relatively COz resistant zooplankton profits of the increased food availability
at intermediate CO> concentrations, but cannot survive high CO2 concentrations; 4. Benthic organisms:
Calcifying benthic organisms with shell structures directly suffer from the increasing acidification
observed as shell bleaching and erosion. Noncalcifying benthic organisms such as polychaetes are more
CO: tolerant and profit at intermediate CO2 concentrations.

6.2 What is the no-effect concentration of CO; for marine organisms?

CO; as a carbon nutrient is crucial for the development of marine species, such as microalgae
and calcifying organisms (Cole, 2012; Fassbender et al., 2016). Insufficient CO, levels in the
water may lead to carbon starvation and inhibit the growth of autotrophic organisms (Markou
et al., 2014). On the other hand, elevated CO; concentrations can cause ocean acidification,
which is also a threat to marine invertebrates (Doney et al., 2009). Therefore, the dose-
response curves for CO, will have a highest and a lowest no-effect level, making risk
assessment challenging as it is for other micronutrients. A few years ago, de Vries et al. (2013)
conducted a marine ecological risk assessment of elevated CO> levels using a dataset of 67
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species in a Species Sensitivity Distribution. They found that most available studies used
only one or two exposure concentrations next to the controls (de Vries et al., 2013). Thus,
neither No Observed Effect Concentrations (NOECs) nor median effect concentrations (LCs
or ECsp) could be derived in those studies that lacked a full dose-response relationship.
Unfortunately, this information gap remains unfilled. Still, only very few published studies
include a full dose-response curve of CO, to marine organisms. Studies with acute high dose
exposure which can represent situations that can be expected due to underwater released
exhaust gas are even more rare.

6.2.1 Impact of CO: on marine autotrophic organisms

To determine the impact of elevated CO, concentrations on autotrophic organisms, in the
mesocosm study described in Chapter 2, phytoplankton (algae) and zooplankton (grazers)
communities were exposed to seven CO, concentrations (114 patm pCO; — 179,013 patm
pCO», resulting in pH 8.6 — pH 5.8) for 49 days. No negative impact on growth was observed
in any of the treatments. Instead, in the highest CO» concentrations (resulting in pH 5.8) the
chlorophyll-a concentrations, a proxy for algal biomass, continued to develop during the
entire experimental period and reached 60 ng/l chlorophyll-a on day 49 (Figure 2.2). This
algal bloom is likely to be the result from the combined effects of reduced grazing pressure
due to the high animal mortality caused by the low pH, and the high nutrients availability
(flux of nutrients from decaying organic material and injected CO>). The carbon source can
be unlimited in such a continuous CO> injection set-up. In natural situations, however, carbon
shortage can be one of the causes that terminate algal blooms (Markou et al., 2014). In the
algae-rotifer community experiments in Chapter 4, the development of algae (without rotifer)
was terminated by the CO; limitation at pH > 9.0 (Figure 4.1 and Figure 4.8). The result
suggests that as long as the CO» injection keeps the pH below 9, it can support primary
production. This is relevant information in a field situation because it means that underwater
released exhaust gas possibly causes a strong impact in high algae density areas, such as
estuarine and coastal environments, where eutrophication occurs by anthropogenic activities
(Heil et al., 2005; D Liu et al., 2009). Of course, high primary production does not necessarily
lead to algal blooms when sufficient algal consumers (e.g. zooplankton and filter feeders) are
present. In such condition, an increase in the development of primary consumers will occur
instead of an algal bloom. The algae-rotifer community in Chapter 4 further showed that
some algae species are better in coping with low pH than others (D. Salina showed more low
pH resistance than /. galbana in this case). Therefore, the bloom in the mesocosms at high
CO; levels (pH 5.8) in the study in Chapter 2 must have been caused by specific species that
could tolerate and take advantage of the low pH. As the phytoplankton community was not
identified, we do not know which species were able to benefit from the CO rich situation,
with low grazing pressure.

With the development of algae continuously without control, Harmful Algal Blooms (HABs)
can occur (Amara et al., 2018), which threatens human and environmental health (Dolah et
al., 2001). Harmful algae release toxins, e.g. saxitoxins and brevetoxins, that can cause
shellfish poisoning and further pass the toxins on along the food chain causing illness or death
if consumed by humans or other organisms (Dolah et al., 2001). Some non-toxic HABs
remain as high biomass which significantly reduces the light intensity in the water column
and the dissolved oxygen level for aerobic organisms in the nighttime (S K Moore et al.,
2008). It was reported that the development of a globally wide distributed toxic algae,
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Vicicitus globosus, significantly increased in 800 patm CO; concentration and inhibited the
development of other phytoplankton species (Riebesell et al., 2018). Such effect level can be
reached by underwater released exhaust gas (Chapter 5, 8,357 patm CO,, pH 6.8). It suggests
that underwater exhaust gas could pose an emergent threat to areas where harmful algae are
already present but not yet dominant, although the response of HA to additional CO; varies
among different taxa. It is important to realize that the underwater released exhaust gas is
likely to result in a much higher CO, concentration (7,970 patm, pH 6.8, Chapter 4) than in
Riebesell et al. (2018)’s study. On the other hand, the volume of CO, enriched water by the
underwater released exhaust gas might be too small to impact the algae before it is diluted by
the surrounding water (Chapter 5). There is limited knowledge of the direct impact of
extremely high CO; concentrations on the blooming and development of toxicity of HA, but
it is certainly species-specific (M L Wells et al., 2015). The most common marine HA are
dinoflagellates and diatoms (S K Moore et al., 2008). It was predicted that in warmer marine
waters with enhanced ocean stratification in the future, mobile dinoflagellates are favored
over non-mobile phytoplankton (S K Moore et al., 2008), because dinoflagellates can reach
deeper nutrient rich water layers that other phytoplankton cannot access. However, such
prediction may not hold when underwater released exhaust gas is applied. The released
exhaust gas bubbles along the ship hulls will mix the water column in the shipping lanes.
These bubbles can bring deeper nutrients, although not as deep as the ocean stratification, to
the surface, and accelerate O, and CO, exchange between the air-liquid interface. In that case,
the NOEC of CO, is not the only “red line” that requires attention for algal bloom control,
but also the increased nutrient availability. Therefore, the nutrient level indicator,
chlorophyll-a concentration, was one of the vulnerability indicators for ecological areas with
the potential impact of underwater exhausted CO- in Chapter 5.

In the study in Chapter 3, bacterial biofilms were exposed to elevated CO concentrations for
24 days, which reduced their biomass (Figure 3.1). Also, a clear shift in taxonomic
composition was observed with a decreasing pH level from 7.8 to 6.3 (Figure 3.2).
Unfortunately, it was not studied whether those bacteria were autotropic or heterotrophic
since the study in Chapter 3 aimed to test the potential of applying additional CO, in anti-
fouling in general (the anti-fouling property is further discussed in Section 6.6.) In literature,
the growth and nitrogen fixation of the marine autotrophic cyanobacteria Trichodesmium was
enhanced by around 900 patm CO, exposure (Levitan et al., 2007) and the cell division rate
of Cyanobacteria Cylindrospermopsis increased in 1,300 patm CO; treatment (Pierangelini
et al., 2014). In addition, those autotropic bacteria can live in an environment with a 10-fold
seasonal variation of dissolved CO, concentrations (Pierangelini et al., 2014). Thus, we
hypothesize that such a cyanobacteria will survive and take advantage of acute exposure to
high CO; concentrations caused by underwater released exhaust gas. Then the enhanced
nitrogen fixation may drive other inorganic sources into shortage, such as phosphorus
(Barcelos e Ramos et al., 2007).

In summary, CO, is an essential carbon source for the survival and growth of autotrophic
species. On the other hand, not all algae species are able to cope with high CO, levels. The
elevated CO, concentrations (e.g. at pH 5.8) can shift the composition of algae communities
and stimulate the surviving species, that can include cyanobacteria to bloom. This could
develop into a harmful algal bloom, which can release toxins or deplete the dissolved oxygen,
consequently threatening the entire food chain.
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6.2.2 Impact of CO: on marine invertebrates

The impact of elevated CO, concentrations on marine invertebrates varies between
taxonomic groups. Molluscs form one of the most sensitive invertebrate groups, while
Crustaceans are relatively less sensitive (de Vries et al., 2013). In the study presented in
Chapter 2, two mollusc species, one crustacean species and other small benthic invertebrates
that are naturally present in a shallow marine ecosystem were exposed to a wide range of
CO; concentrations in the mesocosms. A significant impact was found in the pH < 7.1 (>
6,678 patm CO;) mesocosms. The communities shifted toward polychaetes dominance
between pH 6.6 - 7.1. Shell damage and high mortality of periwinkles (Molluscs) occurred
in pH < 6.6 (> 29,653 patm CO»). Although a quite high variation in the response of mud
snail (Molluscs) and mud shrimp (Crustacean) was found between the duplicate mesocosms,
high mortality of both species was evident in the pH < 6.2 treatment.

Overall, these results implied that a significant impact only occurred at pH < 7.1 treatments.
Thus, the NOEC of CO; for the studied marine invertebrate communities is pH 7.4 (3,032
patm pCO,). Since the NOEC is highly dependent on the selected exposure concentrations
in the experiment, the LCs for the periwinkles in the mesocosms was derived as well, which
was about 60,000 patm pCO> (pH 6.36, Figure 2.5). The effect levels were much higher than
what was concluded from many other studies. For instance, both 600 patm (low-end
prediction for 2050) and 760 patm pCO, (low-end prediction for 2100) have been reported
to cause significant impact on multiple marine invertebrates, including periwinkles
(Clements &Darrow, 2018; Currie et al., 2017; de Vries et al., 2013; Ries et al., 2009). The
differences in pCO2 effects concentrations between studies could be attributed to factors such
as: species and life-stage specific physiological characteristics, temperature, size of the
animals, food availability, exposure period and differences in alkalinity.

As mentioned above, species-specific responses were shown in the mesocosm study
described in Chapter 2, but life-stage specific negative responses were not found. The
polychaetes dominated the benthic community between pH 6.6 — pH 7.1, and their larvae
dominated the zooplankton group at the same conditions (Chapter 2). However, due the high
variation between the duplicated mesocosms, the observed effects on both adult and larvae
of Peringia ulvae and Corophium volutator were not statistically significant (Chapter 2).
Thus, no life-stage specific response was found in these two species either. In literature,
veliger stage bivalves were reported to be more vulnerable than prediveliger stage ones to
elevated CO, concentrations (Gobler &Talmage, 2013). Besides marine invertebrates,
marine fish also showed juvenile stages were more susceptible than the flexion stages
(Ishimatsu et al., 2004). This could be related to the smaller body size as well as the
developmental processes taking place in the younger life stages.

Although Ocean Acidification (OA) has been studied for decades, the mechanisms of
interference with biogenic calcification remains unclear (Cyronak et al., 2015; Ries et al.,
2009). These unclear mechanisms lead to unstandardized test protocols. Although the ‘Guide
to best practices for ocean acidification research and data reporting’ much improved the
quality of OA studies, the downside is that it strictly standardized the chemical methods of
manipulating seawater instead of the experimental design (Cornwall &Hurd, 2016). As a
result the experimental set-up differs between studies to mimic specific local conditions
(wind, water current and human activities). This plus the different study endpoints and
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inappropriate replication contribute to different “safety levels” of CO, resulting from the
studies. As addressed in the introduction (Section 1.4.2), underwater released exhaust gas to
the marine ecosystem may locally cause acute exposure instead of the global chronic
exposure that is caused by traditional OA condition. Therefore, the studies in the presented
thesis logically did not follow the ‘Guide to best practices for ocean acidification research
and data reporting’. In reverse, the reported effect concentrations from traditional OA and
climate change studies are not applicable to determine the NOEC level for the GasDrive
ships’ condition. However, as hardly any other studies were conducted with similar exposure
conditions with underwater exhausted CO,, findings in Chapters 2 - 4 were compared and
discussed with results from OA articles to get an impression of the order of magnitude of the
effects, but with the awareness of the limitations of such comparisons.

The 96-h acute toxicity test of additional CO, on marine shrimp from Furtado et al. (2017) is
one of the few studies that are comparable to the underwater released CO, condition. They
derived an LCso of only 59 mg/l (around 30,000 patm pCO>), and with 23.5 mg/l (around
12,000 patm) as NOEC concentration for mortality (Furtado et al., 2017). The NOEC in
Chapter 2 was 10 times lower, 3,032 patm, and this difference could be attributed to the
difference in experimental conditions (indoor aquaculture of outdoor mesocosm) and
exposure period (96 hours or 49 days). However, the suggested NOEC of CO, is more
meaningful in shrimp cultivation than protecting the natural environment, because of the
excluded complex biological composition in fields and the unstable outdoor physical
conditions. In comparison, the NOEC, 3,032 patm pCO; (pH 7.4), that was determined in the
mesocosm study in Chapter 2 seems more representative in the GasDrive ship’s situation,
although the 49 days exposure time is long. It indicated a worst-case-scenario that may occur
in isolated shallow-water ecosystems with busy shipping lanes. It is necessary to highlight
that our studied organisms in the experiment that is described in Chapter 2 were collected
from shallow water areas. Thus, they are probably tolerant to anthropogenic stressors (e.g.
addition nutrients input including CO» concentration). Therefore, the determined NOEC,
3,032 patm pCOs, in this worst-case-scenario study, may underestimate the response of more
sensitive communities, such as organisms that occur in the open sea, where less human
impact occurs and with large amount of water volume.

It was noticed that the pCO; levels in the mesocosms study in Chapter 2 are higher than most
other studies which report the pCO, levels at the same pHs. This is due to the fact that
elevated CO, concentration caused decalcification, which increased the water alkalinity in
our mesocosm study. Thus, a higher amount of dissolved CO; is required to drop the same
level of pH than it does in low alkalinity water. Such a change in water chemistry can further
change the entire CO, impact conclusion.

6.2.3 Impact of CO: when alkalinity increased

The alkalinity level of mesocosms described in Chapter 2 significantly increased with higher
CO; exposure. While in the microcosm experiments without sediment described in Chapter
3, the alkalinity remined stable with increasing CO; concentrations. Although it is likely that
part of the shells of barnacles (especially the dead barnacles) decalcified at higher CO; levels,
the CO> level (lowest pH 6.3) was apparently not enough to significantly increase the
alkalinity of 30 liters of water. These results suggest that underwater released exhausted gas
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is unlikely to increase the alkalinity level in the open ocean, while it may do so in shallow
areas where the shell fragments in the sediment can be dissolved.

Increase of alkalinity is not commonly addressed or measured in ocean acidification studies.
This may be because adding CO- to water will not directly change the alkalinity level
especially when shells are absent (Section 1.5.2). Furthermore, most ocean acidification
studies only cover pH ranges higher than where the significant decalcification was observed
(pH < 7.1, Chapter 2). Some studies included pH < 7.0 treatments (Furtado et al., 2017;
Preziosi et al., 2017), but no sediments were involved in the experimental set-up. Therefore,
no significant increase in alkalinity was to be expected. One may assume that, decalcification
of shell fragments will occur already in much less acidic conditions than pH 7.1, but the
change in alkalinity was not detected in the experiment of Chapter 2, probably because the
method we used to measure alkalinity was not sensitive enough to register small changes.
Tribollet et al. (2019) used microscopy analysis on the dead coral blocks in enriched CO»
conditions and calculated that the decalcification of coral caused an increase in alkalinity at
920 patm pCO; (pH 7.7) already.

High alkalinity indicates high resistance of water pH changing against CO, uptake and this
favors CaCOs precipitation (calcification), while calcification continuously reduces the
alkalinity level of the water (Section 1.5.2). Thus, if the change in alkalinity is not considered
in OA studies, the environmental impact of elevated CO, concentration may be
underestimated, especially in shallow areas that are in contact with calcium carbonate rich
sediments. Since high alkalinity water can uptake more CO» than low alkalinity water to drop
the same level of pH, artificial ocean alkalization (AOA) has been proposed and investigated
as a method to store CO» in the ocean and mitigate ocean acidification. Well- known methods
for alkalinity enhancement include using alkalizing agents, olivine and limestone powder,
calcium carbonate (Ferrer-Gonzalez &llyina, 2015). Both experimental and modeling studies
showed that AOA can mitigate regional ocean acidification and protect local organisms, such
as coral reefs (Feng et al., 2016) and red calcifying algae (Gore et al., 2018). However, in
practice, the regionally enhanced alkaline water is expected to exchange fast with untreated
water from outside the region, and subsequently decreases the alkalinity level again (Feng et
al., 2016). In the meantime, applying AOA at a global level is a technical and financial
challenge. Importantly, the effects of increasing alkalinity on other organisms besides
calcifiers and on the ocean carbon cycle are still unknown, thus more research is required in
these fields.

Overall, it is concluded that due to the impact of the shell fragments in the sediment, the
NOEC of CO; for marine invertebrate is around 3,000 patm (Section 6.2.2). While, in areas
without sediment, the NOEC level will be < 3,000 patm.

6.3 Is CO; the main environmental impact driver in the exhaust gas from
maritime shipping?

6.3.1 From CO: alone to exhaust gas in general

The impact of diesel engine produced exhaust gas on a planktonic community was compared
with pure CO» in the experiment described in Chapter 4. No significant different effects were
found between these two treatments. It was concluded that CO- is the main impactor in the
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exhaust gas to the studied organisms. Due to the continuous gas exchange at the air-liquid
interface, the exposure time may have been too short for the relatively less water-soluble
components (such as NOx and PAHs) in the exhaust gas to cause additional impact than CO»
alone. In fact, even for relatively high soluble CO,, the one-time injection induced exposure
time is not sufficient to cause biological impact (Chapter 4). The planktonic communities in
the study in Chapter 4 were dead from carbon shortage instead of showing effects from
addition CO, treatment. Thus, a repeated exhaust gas application is suggested to further study
the impact of exhaust gas. Nevertheless, the potential impact of some typical components in
the exhaust gas on the marine ecosystem can be predicted based on their toxicity, fate and
bioaccumulation ability.

Besides CO,, the well-known components in the exhaust gas are carbon monoxide (CO),
sulfur oxides (SOx), nitrogen oxides (NOx), hydrocarbons (especially in LNG powered ships
emissions), particulate matters (PM), oxygen (O»), water vapor (H>O) and nitrogen (N2) (M
Anderson et al., 2015; Winnes & Fridell, 2009).

Carbon monoxide

CO is primarily produced by incomplete combustion of carbonaceous fossil fuel (Kao &
Nanagas, 2006). Thus, all types of marine fuel are expected to form CO in their exhaust gas.
CO is produced more during low engine load and low engine temperature (Winnes & Fridell,
2009). Low engine temperature results in relatively higher CO content in the exhaust gas of
LNG powered ships than that of present marine fuel oils (M Anderson et al., 2015). Besides
operating conditions, the amount of oxygen that flows into the engine also forms a factor in
the CO formation. A low ratio of air/fuel mixture in the combustion chamber will directly
lead to high production of flammable CO, in turn resulting in inefficient operation (Er, 2002).
CO is a highly toxic gas that can cause direct cell toxicity after inhalation. The impact of
emitted CO is mainly concerned as air pollutant via inhalation and related with occupational
safety. Due to its low solubility in water (27.6 mg/I at 25 °C) (Kao & Nanagas, 2006), the
CO in the underwater released exhaust gas is most likely diffusing back to the atmosphere
and eventually further oxidized to CO by hydroxyl radicals and microorganisms (Wilbur et
al., 2012). Before it is oxidized, the terrestrial organisms and humans may be exposed to the
exhausted CO and cause health issues, but such impact is out of the scope of the present
marine environmental impact study.

Sulfur oxides and nitrogen oxides

SOy and NOy emitted via shipping traffic are a significant source for air pollution, which
contributes approximately for 15% to global NOx emissions and for 4 - 9% to the SO
emissions (Seddiek & Elgohary, 2014). The main environmental concern of both emitted SO
and NOy is acidification via formed H,SO4 and HNO;. Different from CO, induced
acidification, dissolved SOy and NOx can directly reduce the alkalinity level of the water and
inhibit biogenic calcification (Jigerbrand et al., 2019; Omstedt et al., 2015). SOy in the
exhaust gas mainly consists of SO, and SOj3, typically in a ratio of 15:1 (Er, 2002). Due to
technical difficulties, the concentration of dissolved SOx could not be measured in the
experiment in Chapter 4. Considering the measured SO; in the diesel engine produced
exhaust gas was 54 ppm, the total amount of SOx is calculated to be 58 ppm (approximately
0.15 mg/l, assuming SO,. SO3=15:1). Due to the high solubility of SO, and SOs, it is assumed
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that all SO, were dissolved in water. No significant impact from the dissolved 58 ppm SOy
on water alkalinity or studied organisms was observed in this experiment. Similarly, the
dissolved NO; and NOs3 (1.42 mg/l and 3.57 mg/I respectively) did not cause a significant
impact on studied algae or rotifers either (Chapter 4). But NO; (even < 1 mg/L) can be
actively taken up across the gill epithelium and disrupt multiple physiological functions of
aquatic organisms (Jensen, 2003; Kroupova et al., 2005). Furthermore, nitrite can accumulate
in the body fluids of the fish and its concentration in blood plasma may reach 10 times the
concentration in the surrounding water (Lewis Jr & Morris, 1986). Thus, the impact of nitrite
in exhaust gas enriched water (measured as 4.66 mg/L in the study in Chapter 4) on fish
cannot be ruled out and exposing fish to exhaust gas enriched water is recommended for
future studies. This is particularly important for mariculture, the farming of marine organisms
for food around the world’s coastlines, since it overlaps with most busy shipping lanes
(Chapter 5) and the high exposure to NO> may have a negative impact on the production of
the marine fish farming. Besides the negative impact, NOy is known to contribute to water
eutrophication as a nitrogen source (Glibert et al., 2018). For example, the intensive sailing
activities in 2008 Olympic in China was proven to be the “supplier” of N source for several
local “green tides” (Glibert et al., 2018; D Liu & Zhou, 2018). Thus, releasing exhaust gas
underwater in busy shipping lanes is likely to contribute to algal blooms, at least via inorganic
nitrogen supply.

Hydrocarbons

Depending on the types of fuel and the combustion characteristics, different amounts and
types of hydrocarbons will be formed because of incomplete combustion. The most common
hydrocarbons are methane (CHs) and PAHs. Especially in LNG powered ships, CH4 leakage
is still one of the unsolved challenges for widely applying this energy source in maritime
traffic (Pavlenko et al., 2020). CH4 is a greenhouse gas that is toxic to both humans and the
environment but is less of a concern in the aquatic environment due to its low water solubility
(22.7 mg/1) (Fugiel et al., 2017; Pavlenko et al., 2020).

PAHs are a class of multiphase organic compounds in the exhaust gas from combustion of
fossil fuels and are always found as a mixture of compounds (Guo et al., 2011). In the
experiment in Chapter 4, the concentrations of the measured ten PAHs in exhaust gas
enriched water were lower than the NOECs, and no impact on the growth of studied algae
and rotifers was observed. However, many of the hydrophobic PAHs are well-known to be
rather resistant to biodegradation, and can bioaccumulate from water in animal tissue, which
represents a long-term threat to human and environmental health (Guo et al., 2011). Although
the PAHs concentrations were not measured in the exhaust gas (Chapter 4), most released
PAHs were expected to exchange back to the atmosphere, due to the properties of being hard
to dissolve and easily lost by volatilization. The PAHs that exchanged back to the atmosphere
can be widespread in the air by bonding to particulate matters (Plaza-Bolafios et al., 2010).
The PAHs that dissolve and become absorbed to submerged substances, can be taken up by
aquatic organisms. Especially phenanthrene and fluoranthene, which toxicities were
enhanced by fluorescent light, can pose a hazard for mussels and sea-urchins (Bellas et al.,
2008; Honda & Suzuki, 2020). Planktonic communities, especially copepods and
microzooplankton, are able to accumulate PAHs from the water and play an important role
in PAHs cycling in the ocean, likely as distributors (Almeda et al., 2013). But for the
dissolved underwater released exhaust PAHs, the bioaccumulation and distribution are
negligible, due to their extremely low concentrations (> 800 times lower than the no-
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observed-effect-levels, Chapter 4). Besides bioaccumulation to organisms, the PAHs may
eventually reach and bound to sediment and cause a direct impact on benthic organisms. The
sediment bounded PAHs are most likely exposed to insufficient ultraviolet radiation, thus the
risk of photoactivated toxicity of PAHs is low (Diamond et al., 2003). Overall, low priority
was given to the concern of underwater released PAHs from shipping on the marine benthic
ecosystem.

Particulate matter

The Particulate Matter (PMs) in exhaust gas consists of small particles that can suspend in
the air and cause toxic impact after inhalation (M Park et al., 2018). For example, PM> s and
black carbon are both commonly known PMs in exhaust gas. Most PMs showed a limited
toxic impact on aquatic organisms, although 10 pg/l nano-sized black carbon is reported to
induce inflammatory processes in some aquatic invertebrates (Canesi et al., 2008). PAHs also
present in the exhaust gas can adsorb to PMs and be transported in the air or sink to the
sediment in the ocean. In general, limited impact caused by PM itself on the aquatic
organisms is expected, and the potential effects are more considered as a distributor of the
attached PAHSs in the ocean. In the GasDrive case, the released PMs can be a technical
challenge, because it may damage the nanostructure of the ships’ hull by blocking those
artificial nano “holes”. If that happens, the ship’s efficiency can be significantly reduced due
to the loss of air lubrication.

Overall, multiple components in the exhaust gas of maritime shipping could significantly
modify the impact on the marine ecosystem. Some of the components are of relatively less
concern than others. For example, CO and CHs4 (low solubility), PAHs (high volatilization
and low exposure concentration), and PMs (low toxicity to aquatic organisms). In
comparison, CO», SOy and NOx are the “red flag” components. Fortunately, IMO has issued
several regulations and announced emission control areas that focus on maritime traffic
released SOy and NOx (IMO, 1997a). Additionally, there are commercially available exhaust
gas cleaning systems and techniques on the market. It is expected that the amount of SOy and
NOy in the exhaust gas from maritime shipping will be lower than the current level and cause
less and less impact on the marine environment. Therefore, the main concern of causing
significant impact on the marine ecosystem from the underwater released exhaust gas is CO».

6.3.2 From a simple plankton community to complex marine ecosystems

To assess the impact of underwater released exhaust gas on marine ecosystems, multiple
communities should be studied. However, for practical reasons, only a simple plankton
community was used to work with actual exhaust gas (Figure 6.3), and other experiments
presented in this thesis were carried out on invertebrates exposed to CO, alone. This
paragraph discusses if such an approach is sufficient to address a complex marine ecosystem
response to the underwater released exhaust gas.

Chapter 4 describes experiments that aim to identify the additional impact from other
components besides CO, in the exhaust gas. Therefore, a planktonic community was used to
indicate the potential effects of both stimulation (on algae) and inhibition (on rotifers) by CO,
exposure, and all experimental groups started at the same pH level. On the other hand, some
organisms that are more sensitive to other components in the exhaust gas than and rotifers
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may not be included. For instance, like mentioned in Section 6.3.1, fish are more relevant
animal models for studying the impact of released NOx, while sea urchins and daphnia are
more suitable species in PAHs toxicity studies (Honda & Suzuki, 2020). Such a selection in
the animal model and experimental design could shield off the impact of other components
in the experiments and contribute to the conclusion that CO; is the main impact factor. But
the toxicity data and physicochemical properties of the other major components in the
exhaust gas (Section 6.3.1) also indicate that CO; is the major concern. Therefore, the
conclusion is considered valid although it was determined via a simple plankton community.

Of course, a simple plankton community is not sufficient to show the response of the entire
marine ecosystem to the underwater exhausted CO,. An experimental set-up with complex
communities that meets the natural conditions as much as possible (e.g. mesocosm or field
study) is preferred. The mesocosm study in Chapter 2 clearly showed the interaction between
communities under outdoor conditions. For example, the growth of periwinkles was not
directly related to the pH level in the experiment but positively correlated with the availability
of'its food, periphyton. The availability of periphyton depends on the densities of its predators,
such as polychaetes, that are directly inhibited at pH < 7.1. This series of interactions within
the food chain shows that although some species are not vulnerable to elevated CO> or other
pollutant concentrations, the negative impact can be spread to those species as well indirectly.

In the present thesis, such indirect impact via the food chain was only addressed for
phytoplankton and invertebrates, while vertebrates were not included in the studies. For
studying the ecotoxicological impact of the pollutants in the exhaust gas, using invertebrates
is an appropriate approach. Because in invertebrate studies it is technically relatively easy to
include higher biological organizations (e.g. populations and communities), while they are
easily accepted from an animal welfare perspective (Lagadic & Caquet, 1998). Furthermore,
the reproductive and developmental responses of invertebrates are commonly accepted to be
an early warning of acute impact at the population/community level (Lagadic &Caquet,
1998). Here, to protect the entire marine ecosystem, the basic knowledge of metabolic and
physiological pattern of CO» in the organisms is essential to derive the response of vertebrates
from invertebrates. For ocean acidification, a large amount of researches has been done on
marine invertebrates and fish. Thus, the metabolic and physiological patterns are relatively
clear. The main challenges of translating the impact from invertebrates to vertebrates, and/or
the entire marine ecosystem are the variable local conditions, which can highly influence the
exposure concentration (Section 6.4), and the increased threshold sensitivity under combined
stressor effects (e.g. thermal stress, Section 6.5).
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Figure 6.3 A scheme of the impact of toxic compounds on a simple plankton community. Zooplankton
blooms (yellow area) after sufficient food is available (the density of microalgae). If the zooplankton is
more sensitive to the exposure than the algae, then the grazing pressure will be lower than the growth
rate of algae, algal bloom occurs (green line). If the algae are more sensitive to the exposure than the
algae, then its density will decrease, and the zooplankton will not survive either due to starvation (blue
line). If the algae and zooplankton have similar sensitivity to the exposure, then a steady state will be
reached (black line).

6.4 Where are the vulnerable areas to underwater released exhaust CO; from
marine shipping geographically, based on environmental conditions?

Based on the results of Chapters 2 - 4, it was concluded that CO, was the main impactor on
the studied planktonic community and also significantly affected other benthic calcifying and
fouling invertebrates. The relative risk assessment that followed (Chapter 5) identified the
ecoregions that would be vulnerable to acidification and algal blooms when exposed to
underwater released exhaust CO,. The ecoregions characterized as having a high
vulnerability were located above 30° N latitude, but they were at a low risk when considering
the limited volume of water that is expected to be impacted from shipping with underwater
released exhaust gas. This is caused by the saturation level of the dissolved inorganic carbon
in the ocean (2.07 mmol/l on average at ocean surface) and CO, exchange back to the
atmosphere (Chapter 5 and Section 6.5).This study was a first — phase identification of the
vulnerable areas, excluding some potentially essential criteria: change in alkalinity,
biological composition and ice covered areas like the Arctic area.

Alkalinity was used as a vulnerability indicator of acidification in the study in Chapter 5, but
the potential of its increase over time by decalcification (Chapter 2) was not considered.
Therefore, an overestimation of the vulnerability in especially shallow coastal zones is to be
expected. For example, the coastline of Malta was now identified as having a relatively high
vulnerability (Figure 5.8, zone ID 228). Some water depths in the north-east of the coastline
are between 6 to 57 meters only and around 80% of the studied 28 m? of the seabed
composition was dominated by carbonate shells, carbonate fragments and coralline algae
(Micallef et al., 2012). Underwater released CO, may quickly reach and decalcify those
carbonate sources, after which the alkalinity will increase and weaken the OA impact, which
would then reduce the vulnerability of this area to OA. Here, the physical composition of the
local area is important. If a shallow area is characterized by carbonate poor bedrock, the
carbonate source is finite and its vulnerability to OA remains.

The bedrock composition is not only crucial for predicting the change in alkalinity but also
for selecting vulnerable areas to acidification in general. The presented GIS maps in Chapter
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5 are based on the global ocean surface only, and do not include physical and biological
composition of deeper water layers and the seabed. This may overestimate the vulnerability
of the shallow coastal areas that are in relatively high risk, e.g. Strait of Dover and Strait of
Gibraltar, although the calculated impacted relative water volume is small (Chapter 5). If the
CO; enriched water could reach the seafloor, the acidified water could impact multiple
sensitive biological communities that are located in deep water layers and on the seafloor
(Micallef et al., 2012; Stevenson et al., 2020). In open oceans, the biological composition is
likely to be less important than it is in the coastal areas. This is because the exposure level is
relatively low from the strong dilution in the large volume of surrounding and moving water.
This mechanism was not yet considered in the study in Chapter 5 and will probably dilute
the exposure before it impacts deep water layers. Moreover, the availability of essential
nutrients (e.g. N and P) for algae development is relatively low in the open ocean compared
with the coastal areas. Therefore, the risk of inducing algal bloom from maritime underwater
CO; emission is expected to be low in the open ocean.

The size of geographically vulnerable areas to underwater released exhaust CO; in the future
may be underestimated by excluding a large part of the Arctic due to ice coverage. Increased
shipping through the Arctic was reported in the past decade as a result of the rapid loss of sea
ice (Pavlenko et al., 2020). Already an increase of 20% in number of ships was detected along
the Northeast Passage in 2014 compared to 2011, and this increase was predicted to continue
(Eguiluz et al., 2016). Therefore, a new assessment of the vulnerable areas to acidification
impact from maritime shipping emissions in the Arctic is advisable in the short future.

The study in Chapter 5 completed the first phase of identifying vulnerable ecoregions to
acidification and algal bloom from maritime emission and to set a method of global
vulnerable ecoregion selection for other pollutants. Follow-up studies should refine the
assessment for the identified highly vulnerable areas, including the potential of an increase
in alkalinity to compensate for OA and the specific biological composition of these areas,
and further assess the consequences of the increasingly available Arctic shipping lanes.

6.5 Could the underwater exhaust system be applied safely from an
environmental perspective?

If we would avoid the ecoregions that were identified to be vulnerable to acidification and
induction of algal blooms, can the underwater exhaust system then be safely applied from an
environmental perspective?

In the light of the discussion in Section 6.3.1, several components in the exhaust gas are a
hazard potential for the marine environment, but the main concern remains exposure to CO,.
The study described in Chapter 5 reveals that the amount of emitted CO; by ships passing
through a 1 km? grid cell in the busiest shipping lane (134 ships/24 hours/km? grid cell) causes
228 m? of 5m deep water to reach the dissolved inorganic carbon (DIC) saturation level
(Table 5.3). This is equivalent to 0.023% of the 1 km? grid cell, which seems negligible. On
the other hand, the significant impact of elevated dissolved inorganic carbon on the marine
organisms already occurs at DIC levels much lower than the maximum saturation (Chapter
2 —4 and Section 6.2), and around this saturated area there will be a gradient of elevated DIC.
Therefore, the impacted area was also calculated for lower DIC concentrations. To estimate
the worst-case-scenario we simply assume that all emitted CO; is dissolved in water and is
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only present in the top 10 cm of the water column. The background DIC level was set as the
average ocean surface DIC level 2.07 mmol/l (Chapter 5), and the predicted ocean surface
DIC level in 2100, 2.215 mmol/l, was used as impact level (Hartin et al., 2016). Then the
GasDrive ships can impact a surface of 149,957 m? water, which is about 14.96% of the 1
km? grid cell (a volume of 14,958 m? of impacted water that is covered). In section 6.2.2, the
NOEC level for pCO; derived from the pH 7.4 treated mesocosm was 3.01 mmol/l DIC level.
If this level is used as the impact level, then the impacted water volume will be 2,301 m? and
the impacted surface area will be 23,012 m? (about 2% of the 1 km? grid cell). Based on these
findings, it is concluded that underwater emitted exhausted CO; from ships is likely to impact
a very limited area. Nevertheless, its ecological impact on the longer run is yet to be
established, especially considering the unknown factors, such as the depletion of buffering
capacity and the toxicity of algal blooms.

One of the factors not yet included in the impact assessment is the temperature of the gas
exhausted by the combustion engine. Generally, exhaust gas discharges at a temperature of
approximately 420°C, and a temperature between 500 to 700°C at full load and 200 to 300°C
without load (Nolan, 2017). These extremely high-temperature ranges are of course lethal for
organisms that come into direct contact with it. Harvesting the heat via a heat exchanger
could be applied as a cooling system to reduce the temperature of the exhausted gas, but this
will pose additional technical and financial challenges. Of course the high temperature could
support the anti-fouling potential of the GasDrive system as a < 10 °C increase in temperature
already interrupts the settlement and survival of marine fouling organisms like mussels and
bryozoans (Sorte et al., 2010). Besides the temperature of the exhausted gas, the increased
temperature of the surrounding water depends on factors such as the water currents and water
volume as well. The impact of elevated water temperature for different species depends on
the species specific acclimation temperature (de Vries et al., 2008). Here, the acute thermal
impact was caused by the exhaust gas along the ship’s hull, which is different from the
gradual heating of the water column. Nevertheless, the well-known combined impact of
elevated CO, concentration and high-temperature on marine organisms raises the concern of
the effects from exhaust gas in busy shipping lanes and shallow water zones. Prada et al.
(2017) and Harrington and Hamlin (2019) reported that acute thermal stress and acidification
can synergistically impact the cardiac performance in lobsters and mortality in coral. Similar
results were found on coastal and estuarine organisms as well, which are adapted to withstand
thermal conditions, due to frequent exposure to varied water temperature caused by water
movement along the coast. One of the most thermally tolerant species, the Sydney rock oyster
S. glomerate, showed limited impact by 33 °C water condition in 380 patm pCO, (Parker et
al., 2017). However, their respiration rapidly depressed at 30 °C in 856 patm pCO, treatment
and 27 °C in 1,500 patm pCO; treatment (Parker et al., 2017). It implies that, without
considering the combined thermal and acidic effects, we may underestimate the overall
environmental impact of the underwater exhaust system.

Like the discussed exhaust gas impacted area above, it is important to estimate the volume
of heated water by the exhaust gas before judging its effects. It is known that in a 24-hour
period, one ship passing through a 1 km? grid cell on average emits 0.71 kg CO, (Chapter 5).
The exhausted CO; is approximately 5.8% of the total amount of exhaust gas (Chapter 4 S
4.1). Thus, in a 24 hour period, one ship passing through a 1 km? grid cell on average emits
12.24 kg of exhaust gas. It was assumed that the exhaust gas temperature was 700 °C (as full
load exhaust gas temperature, the worst-case scenario) and the background seawater
temperature was set as average global sea surface temperature, 16 °C (Cao et al., 2007). In
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addition, we assumed that the seawater temperature will increase 10 °C by the heat of the
exhausted gas before more seawater got impacted. Thus, the amount of heated water was
calculated following the formula below:

w * AK * W

MK yater * Wwater = € gas exhaust gas

*
Pwater Pexhaust gas

Where C p
wate

Cpexhaust gas 15 the specific heat capacity of the exhaust gas. This value is highly dependent on
temperature and gas composition. Here, we assumed this value equal to standard dry air Cp,
1,005 J/kg/degree (Murphy et al., 2015);

. is the specific heat capacity of water, 4,200 J/kg/degree;

AK\yqter is the increased water temperature by the exhausted gas, in this case, is 10 °C;

AK gas is the decreased gas temperature by the surrounding water, in this case, is 700 °C —
(16 °C + 10 °C) =674 °C;

w
w

water is the amount of heated water, in kg;

exhaust gas is the amount of exhaust gas, in this case, is 12.24 kg.

The calculated amount of heated water (increase of 10 °C) by a ship passing through a 1 km?
grid cell emitted exhaust gas is 197.4 kg, which is approximately 197.4 liter. The thermal
impact of such a small amount of heated water is expected to be negligible in open water. It
may however impact the water temperature in busy canals.

The negative impact from the high temperature and acidic condition around the ship’s hull
on marine organisms may provide a potential of underwater released exhaust gas system in
bio-fouling control. The most common anti-fouling techniques is coating the fouling surface
with biocides to prohibit or kill microorganisms responsible for biofouling. After the most
commonly used antifouling paint, tributyltin (TBT), being globally banned on all ships,
organic booster biocides development started blooming (Terlizzi et al., 2001). However, most
of these organic booster biocides are copper-based metal oxides based and very toxic to non-
target organisms like fish, crustaceans and invertebrates as well (Amara et al., 2018). In
comparison, the potential double function of underwater released exhaust CO, wouble be
more environmental-friendly anti-fouling. Biofouling control with exhausted CO; and heat
would works in two ways. Besides preventing the prevalence of microorganisms (like the
antifouling paints do), it could also remove the already attached organisms, especially when
boat is sailing. The study described in Chapter 3 showed the potential of elevated CO,
concentrations via both ways in anti-fouling. Significant inhibition (at pH 7.6) on the
development of biofilm biomass and weakening of the barnacles' attachment (at pH 6.3) were
observed. Of course, the not yet specified biofilm species and the very low effect level (pH
6.3) and long exposure period (25 days) that were applied still hold uncertainties to this
antifouling application in practice. The combination with elevated temperature was not tested
in this study. Perhaps a more promising approach could be based on the assumption that free
swimming larvae of fouling organisms are able to identify favourable and less favourable
conditions for survival before they settle. Elevated CO, concentrations could very well be an
indicator of less favourable conditions that might prevent the larvae from settling in that area.
This principle could not be studied during this research project, but an inventory of this
mechanism could be an interesting start of what might result in a new way to prevent and
reduce biofouling.
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Besides temperature impact, the underwater released exhaust gas-generated noise is another
potential impactor to the ecosystem that requires attention. Although Matveev (2005)
reported that the gaseous layer on the ship’s hull can significantly reduce the acoustic signal
of ships, their study was based on the available air lubrication system, which may be better
than the yet underdeveloped underwater exhaust gas system. It needs to be studied how the
differences in ship design can result in different frequencies of the generated sound and thus
wavelengths of emitted noise. Furthermore, the location and the covered area of the released
air layer on the ship’s hull will impact noise levels as well. All these parameters can only be
modelled after the GasDrive ships are further developed. Assuming the underwater exhaust
gas is indeed reducing the shipping noise, it would be another eco-friendly attribution of the
system. Numerous studies show the adverse impact of anthropogenic underwater noise
pollution from shipping, oil drilling, sonar system and deep-sea mining on marine life.
Especially the effects on marine mammals have been studied (e.g. navigation, hunting and
communication) (Forney et al., 2017; Middel &Verones, 2017; K A Miller et al., 2018), and
more recently also other marine organisms, including fish, have been shown to be adversely
affected from noise pollution (Celi et al., 2016; Weilgart, 2018). Therefore, it is
recommended that the influence of underwater release exhaust gas systems on the overall
underwater noise produced by marine shipping should be included in the system’s design as
well as the impact on marine organisms such as marine mammals and fish.

In general, the underwater exhaust system is likely to be safe from an environmental
perspective. But a concrete study is required on the generated noise level using an appropriate
animal model (e.g. marine mammals in noise impact studies) and exposure conditions (acute,
repeated and chronic exposure).

6.6 General conclusion and future perspectives for applying the GasDrive
principle for ships

This thesis focuses on the impact of the underwater released exhaust gas from ships on the
marine ecosystem. CO; in the exhausted gas was identified as the major driver of
environmental impact. Injecting CO> into the water caused acidic conditions (low pH) which
had a significant impact on multiple invertebrate communities and influenced the less
sensitive species via the food chain. On the other hand, the overall fuel consumption and
marine emission from GasDrive ships compared to regular ships will probably be lower, due
to the highly efficient engine and reduced water resistance by air lubrication. In the worst-
case-scenario, it was estimated that the amount of exhausted CO; from diesel vessels in the
busiest shipping lanes only impacted a limited amount of water. Thus, the underwater
released exhaust gas system is likely to be safe from an environmental perspective. However,
there are still some future challenges and perspectives when applying the GasDrive ships
worldwide.

Firstly, regulations of direct underwater marine emissions can be expected to be issued.
Although GasDrive ships are likely to reduce the total amount of emissions globally, the
significant increase of locally emitted exhaust gas, may be against the predicted underwater
emission regulations and challenge the application. Regardless of other components in the
exhaust gas, a significant increase of the CO, concentration in local waters by directly
injecting, may challenge the existing regulations. In April 2018, IMO adopted a new strategy
on greenhouse gas emission and aiming to reduce 50% by 2050 compared to 2008. This
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strategy includes a specific reference to “a pathway of CO, emissions reduction consistent
with the Paris Agreement temperature goals” (IMO, 2018). GasDrive ships have the potential
to add to goals on a global scale, but the common thought pattern of “CO, induces ocean
acidification and climate change” from societies and authorities may bring resistance of
applying the underwater release of exhaust COs.

Secondly, the exposure of the exhaust gas from GasDrive ships on the crew is not yet assessed
and the potential effects unknown. Shipping emission, e.g. the exhausted CO, NOx, SOy, and
PMs, would be adverse for human health, especially for people that are chronically exposed
when working onboard and in harbor cities (Van Fan et al., 2018). For regular ships, the
exhausted gas is emitted via chimneys, which can be 50 m high above the working deck.
While for GasDrive ships, the exhaust gas exchanges from water to the atmosphere.
Therefore, people on board GasDrive ships are likely to be exposed differently, and possibly
to a higher dose of different composition than to exhaust gas on regular ships. To reduce the
risk for human exposure, the use of the underwater exhaust system could be restricted below
a certain sailing speed. When the ships are laying still or sailing with a low speed, the exhaust
gas can be directly released to the atmosphere like the regular ships. Such “underwater-
atmosphere release” switching system may bring some technical challenges for the ships’
design. However, it is probably necessary not only for human health but also to protect
organisms in shallow, busy shipping lanes. To minimize the impact of exhaust gas on the
organisms in shallow water with busy shipping lanes, issuing underwater Emission Control
Areas (ECAs, Section 1.1.2) can be a solution. The study in Chapter 5 selected relatively
high-risk areas, so not the entire ecoregion, that can be the potential underwater ECAs. In
underwater ECAs, the exhaust gas may be released into the atmosphere instead of directly
into the water, and after sailing out of the ECAs, it can be released underwater again.

To safely apply the underwater released exhaust gas system, its generated noise and
occupational risk assessment must be studied when more technical information about the
GasDrive ships becomes available. Overall, there is still some distance to releasing the
GasDrive ships on the market due to both environmental and technical challenges and
uncertainties. But the underwater released exhaust gas system also opens some perspectives
in shipping efficiency, biofouling control, and marine emission regulation. This thesis paves
the path to further guiding the application in an eco-friendly direction and sets an example of
performing an environmental impact assessment on a novel designed technical product
before releasing it to the market.
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Summary

The high demand in maritime transportation for more and more strict regulations on its fuel
and emission have motivated engineers to design innovative highly efficient ships, and
‘GasDrive’ is one of them. The GasDrive ships are powered by Liquid Natural Gas (LNG),
which means less NOy and SOy are present in the exhaust gas. A new generation of fuel cells
in combination with turbocharged gas engines are under development at this moment to lower
the fuel consumption. In addition, this innovative ship would release exhaust gas under water
along the ship’s hull. The discharged gas bubbles will be “trapped” in a specially designed
nanostructured hull surface and form an ‘air lubricate’ layer, thereby reducing the water
resistance of the vessel. In this way, the total emission of GasDrive ships is expected to be
significantly less compared to the current ships. However, the impact of this underwater
emission on the local marine ecosystems is unknown. Especially, one of the dominant
components in the exhaust gas, CO; (5 - 8% v/v), is well-known to cause ocean acidification
and algal blooms. Besides CO,, several components in the exhaust gas can impact marine
ecosystems as well, such as SO, NOy and PAHs. The research described in this thesis focuses
first on the impact of underwater released CO, on marine algae and invertebrates and on the
interaction between species in acidified conditions. After that, it investigated the effects of
other components in the exhausted gas. Finally, a preliminary risk assessment of underwater
released exhaust CO, was carried out from a global marine perspective based on the findings
from these practical studies.

Chapter 2 describes the response of a marine community to a wide range of CO;
concentrations. Fourteen mesocosms were used in this study and filled with about 8 cm
natural sandy sediment and 600 I natural seawater. Marine worms (polychaetes), periwinkles
(Littorina littorea), mud snails (Peringia ulvae), mud shrimps (Corophium volutator) and
naturally introduced plankton and small benthic invertebrate species were exposed to pH 8.6
- 5.8 conditions as a result of CO; injection for 49 days. The studied benthic community
shifted towards polychaete dominance between pH 6.6 and pH 7.1 and collapsed at pH 5.8.
Due to the reduced grazing pressure and the flux of nutrients from decaying organic material,
phytoplankton started blooming at the highest exposure level (pH 5.8). The periphyton
(fouling microalgae) community, however, was not able to take advantage of these conditions
as it reduced in biomass. This implies that periphyton is more sensitive to elevated CO, levels
than phytoplankton or less grazed upon in the mesocosms. Periwinkles suffered directly from
high CO> levels by shell damage and increased mortality. The growth of the surviving
periwinkles was not directly related to pH but was positively correlated with the availability
of periphyton and negatively correlated with the polychaete worm density that most likely
also used the periphyton as food source. The results show the importance of testing species
interactions in the response of an ecosystem to elevated CO concentrations. Additionally,
the alkalinity level increased along with the pH decrease, due to the decalcification of shell
fragments present in the sediment. This implies that ocean acidification studies which
exclude the increase of alkalinity may overestimate the effects of elevated CO»
concentrations in some field conditions, such as shallow water with sediments containing
shell fragments.

To further investigate the effects of underwater released CO, on marine organisms, microbial
biofilms and barnacles were exposed in microcosms to high CO; concentrations (resulting in
pH 7.8 to 6.3) (Chapter 3). With decreasing pH, the development of a microbial biofilm
biomass was significantly reduced and a shift in taxonomic composition was observed.
Barnacles tolerated acidic conditions up to pH 6.8 although their feeding activity and growth
rate decreased, and high mortality occurred at pH 6.3. Over 50% of the barnacles pre-exposed
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at pH 6.3 were removed from their growth plate by the water force during sailing with 12
km/h for 15 min. The effects on sessile organisms in this study suggest that CO-induced
acidic conditions around the ship’s hull may provide an the anti-fouling effect, which could
be an additional benefit of using underwater exhaust systems.

The following experiments, described in Chapter 4, investigate the additional impact on
marine organisms of the other components, in diesel engine exhaust gas besides CO,. The
pure CO; enriched seawater was used as reference group in this study. CO; is an essential
nutrient for photosynthetic organisms like microalgae, and induced algal growth. The
combination of stimulated algal growth and negative effects on algal consumers could
facilitate the development of algal blooms, which was studied with microalgae (Isochrysis
galbana) alone or in combination with rotifers (Brachionus plicatilis) that feed on them. No
significantly different effects were found between exhaust gas and elevated CO, treatments,
suggesting that CO, is the main impact factor in the exhaust gas. Since CO, concentrations
in exhaust gas can vary, a wider range of CO, concentrations (resulting in initial pH 5 to 8)
were tested in separate experiments with the same species combination. An initial pH of 6 or
lower had a negative impact on the previously used algal species, therefore, an algal species
more resistant to low pH levels, Dunaliella salina, was used in the third experiment. The CO»
in the culture was used up by the fast growing algae in the first 2 days, thereafter the growth
of D. salina was low due to carbon shortage. Subsequently, the population of rotifers
decreased as well, while they had survived the initial acidic condition (pH 6). The performed
studies indicate that all observed effects were caused by CO, only. No additional impact of
other compounds like NOx and PAHs on the studied marine plankton was observed.

After identifying CO» as main impactor, the study described in Chapter 5 assessed the relative
risk for distinct ecological areas with the highest potential impact of underwater released exhaust COx.
Risk was characterized for 262 marine ecoregions by comparing the expected CO, emission
to water, expressed as dissolved inorganic carbon (DIC) exposure, caused by the novel
maritime shipping, with the estimated vulnerability to acidification and algal blooming. The
DIC exposure in 1 km x 1 km grid cells was estimated based on the amount of emitted CO,
from marine transportation in 2018, assuming all exhaust release would be underwater. The
vulnerability of each ecoregion was assessed based on three indicators: background DIC
level, chlorophyll-a and total alkalinity level. The results indicate that the areas with
relatively high vulnerability are mainly located above 30° N latitude with limited seasonal
impact. At the global relative risk assessment level, the Yellow Sea, Southern China Sea, and
North Sea come out as relatively high-risk areas. At a more detailed level, zooming into
European high-risk ecoregions, specifically areas with dense shipping lanes and maritime
chokepoints, such as the Strait of Dover and the Strait of Gibraltar, appear at risk instead of
the entire ecoregion. In this worst-case-scenario, it was estimated that the direct impact of
exhausted CO; from vessels in the busiest shipping lane would be 0.023% of the 1 km? grid
cell, so to a limited fraction of the marine system. This can be explained by the maximum
dissolution of CO> in the upper water layers while the rest will exchange back to the air.

Overall, the underwater released exhaust gas system is likely to be safe from an
environmental perspective, at least when compared with the environmental impact of
traditional shipping. In addition to the perspective it provides, there are still some future
challenges when applying the GasDrive ships worldwide. For instance, the common thought
pattern of “CO; induces ocean acidification and climate change” from societies and
authorities may bring resistance of applying the underwater release of exhaust CO..
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Although, GasDrive ships will reduce maritime emission globally, the significant local
increase of emitted exhaust gas, may challenge the application. To overcome this challenge,
underwater emission control areas can be selected to exhaust gas sensitive areas, where
exhausted gas must be emitted directly to the atmosphere. Further attention should be given
to the occupational risk assessment for the crew and the generation of underwater noise and
its effect on marine organisms.

The underwater released exhaust gas system in combination with the other GasDrive
innovations, provides perspectives in enhanced shipping efficiency, biofouling control, and
marine emission regulation. Regulating application of underwater marine emission would
need to be developed, including regulating worker safety and health.
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