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ABSTRACT	OF	THE	DISSERTATION	

	

Marine	Phytoplankton	Responses	to	Scrubber	Washwater	Discharges	
by	

Joana	Tavares	

Doctor	of	Philosophy	in	Earth	System	Science	

University	of	California,	Irvine,	2023	

Professor	Katherine	Mackey,	Chair	

	

The	combustion	of	 fuels	 in	the	engines	of	ships	releases	 inorganic	compounds	and	

metals	that	can	promote	phytoplankton	growth	(e.g.	N,	Fe,	Mn,	Zn)	or	decrease	productivity	

(e.g.	Cu).	 	Many	ship	operators	comply	with	air	quality	regulations	by	 installing	scrubber	

systems	 that	 clean	 emissions	 going	 into	 the	 air,	 but	 discharge	 washwater	 containing	

nutrients	 and	 contaminants	 directly	 into	 ocean	 water.	 This	 has	 the	 potential	 to	 change	

primary	production	rates	and	the	structure	of	phytoplankton	populations.		

Chapter	 1	 of	 the	 dissertation	 analyzed	 scrubber	 washwater	 samples	 from	 small	

engines	 combusting	 distilled	 fuels.	 Results	 revealed	 consistent	 enrichment	 of	washwater	

with	nitrogen	and	dissolved	trace	metals,	with	variations	in	the	specific	metals	enriched.	I	

compared	our	results	to	those	found	in	the	literature	for	a	distilled	fuel	that	was	combusted	

in	a	small	engine,	and	for	residual	fuels	combusted	in	large	ship	engines.	Using	diverse	model	

simulations,	 Chapter	 1	 demonstrated	 that	 cumulative	 scrubber	 water	 discharges	 could	

fertilize	phytoplankton	in	specific	regions	by	providing	essential	nutrients	like	iron.	

In	 Chapter	 2,	 I	 presented	 results	 from	 mesocosm	 experiments	 simulating	 acute	

exposure	of	coastal	phytoplankton	to	high	concentrations	(1%,	5%,	and	10%)	of	scrubber	



 

 
 

xii 

washwater	 from	engines	using	both	distilled	and	residual	 fuels.	Growth	responses	varied	

across	 phytoplankton	 taxa	 and	 fuel	 types,	 providing	 insights	 into	 potential	 ecological	

consequences	in	heavily	trafficked	coastal	regions.	

Chapter	 3	 explored	 the	 impact	 of	 scrubber	 washwater	 discharges	 on	 natural	

phytoplankton	communities	in	the	Sargasso	Sea.	Both	conventional	heavy	fuel	oil	(HFO)	and	

alternative	distilled	fuel	(HGO)	exhibited	mild	fertilizing	effects	at	a	2%	concentration.	This	

chapter	 emphasized	 co-limitation	by	multiple	 nutrients,	with	 scrubber	washwater	 at	 2%	

adequately	supplying	nutrients	compared	to	lower	concentrations.	

This	 dissertation	 highlights	 the	 complex	 interactions	 between	 ship	 emissions,	

scrubber	 washwater,	 and	 marine	 ecosystems,	 emphasizing	 the	 need	 for	 comprehensive	

assessments	to	inform	sustainable	maritime	practices.	



 

 
 

1 

INTRODUCTION	
	

Overview	

Anthropogenic	 pollution	 significantly	 impacts	marine	 ecosystems.	 Pollution	 in	 the	

ocean	 can	 be	 conspicuous,	 such	 as	 in	 the	 case	 of	 oil	 spills,	 or	 insidious,	 such	 as	with	 air	

pollution	 produced	 by	 the	 combustion	 of	 certain	 fuels	 in	marine	 engines	 (Walker	 et	 al.,	

2018).	 The	 combustion	 of	 fuels	 in	 marine	 engines	 produces	 toxic	 gases	 and	 particulate	

matter,	which	are	emitted	via	marine	vessels’	smokestacks	into	the	atmosphere	as	aerosols	

that	may	later	deposit	over	the	ocean	surface,	or	that	may	be	discharged	into	the	ocean	as	

the	 liquid	 waste	 produced	 by	 exhaust	 gas	 cleaning	 systems,	 also	 known	 as	 scrubbers	

(Agrawal	et	al.,	2009;	Celo	et	al.,	2015;	Eyring	et	al.,	2010a,	2010b;	Moldanová	et	al.,	2009a;	

Popovicheva	 et	 al.,	 2012;	 Salo	 et	 al.,	 2016;	 Walker	 et	 al.,	 2018).	 The	 environmental	

consequences	 of	 these	 air	 emissions	 and	 liquid	waste	 discharges	may	 be	 substantial	 but	

scientific	knowledge	regarding	impacts	is	lacking,	particularly	in	what	concerns	the	effects	

these	components	may	have	on	marine	phytoplankton	(Jägerbrand	et	al.,	2019;	Turner	et	al.,	

2017;	Ytreberg	et	al.,	2019,	2022a;	C.	Zhang	et	al.,	2021).	The	PhD	research	presented	here	

addresses	this	specific	knowledge	gap.	

Background		

Marine	phytoplankton	are	responsible	for	half	of	all	photosynthesis	on	Earth.	They	

serve	as	the	basis	of	most	marine	food	webs	and	sequester	carbon	dioxide,	affecting	global	

fisheries	and,	in	the	long	run,	climate	(Arrigo,	2005;	Bunt,	1975;	Field	et	al.,	1998;	Sarmiento	

&	 Gruber,	 2006).	 Phytoplankton	 abundance	 in	 the	 ocean	 is	 naturally	 constrained	 by	 the	
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bioavailability	of	chemical	components	that	serve	as	macro-	and	micronutrients	for	primary	

producers	including	nitrogen	(N),	phosphorus	(P),	and	trace	metals	such	as	iron	(Fe),	and	

zinc	(Zn)	(Martin	&	Fitzwater,	1988;	Mills	&	Arrigo,	2010;	C.	M.	Moore	et	al.,	2013a;	Sunda	&	

Huntaman,	1997).	Some	of	these	potentially	fertilizing	components	are	known	to	be	emitted	

as	byproducts	from	the	combustion	of	commonly	used	marine	fuels	(Coufalík	et	al.,	2019;	

Eyring	et	al.,	2005,	2010b;	Hardaway	et	al.,	2004;	Lack	et	al.,	2009a;	Moldanová	et	al.,	2009a;	

Popovicheva	et	al.,	2012;	Raudsepp	et	al.,	2019b;	Viana	et	al.,	2009).	Toxic	components	such	

as	polycyclic	aromatic	hydrocarbons	(PAHs),	and	certain	metals	such	as	copper	(Cu),	and	

lead	(Pb)	are	also	known	to	be	released	as	byproducts	of	fuel	combustion,	and	depending	on	

concentration	 and	on	 the	 sensitivity	 of	 the	microbial	 taxa	present	 in	 the	 receiving	ocean	

waters,	may	hinder	phytoplankton	growth	in	otherwise	productive	zones	(Jordi	et	al.,	2012;	

Lopez	et	al.,	2019;	B.	H.	Othman	et	al.,	2018;	Paytan	et	al.,	2009a).	Ultimately,	the	net	effects	

that	emissions	from	marine	engines	will	have	on	marine	primary	productivity	in	any	given	

region	 and	 time	 depends	 on	 the	 balance	 between	 positive	 and	 negative	 disturbances	 on	

different	 types	 of	 phytoplankton,	 combined	 to	 the	 influence	 of	 physical	 processes	 in	 the	

ocean,	 and	 to	 other	 effects	 that	 ship	 emissions	may	 have	 on	 phytoplankton	 grazers.	 For	

example,	 closed-loop	 scrubber	 washwater	 has	 been	 shown	 to	 affect	 development	 and	

survival	in	single	species	of	copepods,	and	at	the	community	level,	by	causing	both	lethal	and	

sublethal	effects	in	marine	zooplankton,	due	to	contaminants,	some	of	which	are	persistent	

in	the	marine	environment	(Koski	et	al.,	2017;	Thor	et	al.,	2021).	

Since	 the	 1950s,	 most	 vessels	 that	 engage	 in	 global	 maritime	 transport	 and	

commercial	fishing	have	relied	on	internal	combustion	diesel	engines	and	on	various	types	

of	hydrocarbon-based	fossil	fuels	to	power	their	propulsion	(Andersson	et	al.,	2016).	Bunker	
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fuel,	or	heavy	fuel	oil	(HFO)	has	historically	dominated	the	maritime	fuel	market.	HFO	is	a	

relatively	cheap	residual	fuel	that	is	known	to	produce	more	combustion	byproducts	than	

the	 distillate	 fuels	 used	 in	 other	 transportation	 sectors	 (Chu	 Van	 et	 al.,	 2018,	 2019;	

Moldanová	et	al.,	2013;	Winnes	et	al.,	2020;	Zetterdahl	et	al.,	2016).	

The	combustion	of	fossil	fuels	consists	of	a	chemical	reaction	between	hydrocarbon	

molecules	and	oxygen	that	produces	heat,	water,	and	carbon	dioxide.	Because	marine	fuels	

often	 contain	 impurities	 and	 combustion	 is	 rarely	 complete,	 the	 process	 also	 releases	

byproducts	such	carbon	monoxide	(CO),	sulfur	oxides	(SOx),	nitrous	oxides	(NOx),	polycyclic	

aromatic	hydrocarbons	(PAHs),	volatile	organic	compounds	(VOCs),	and	particulate	matter	

(PM)	(Avakian	et	al.,	2002;	Koshland	&	Seeker,	2007;	Stone,	2012).	PM	may	include	metals	

typically	present	as	oxides,	sulfates,	or	present	as	organometallic	inclusions	in	soot	and	char	

(Celo	 et	 al.,	 2015;	 Corbin	 et	 al.,	 2018;	 Eyring	 et	 al.,	 2005;	 Moldanová	 et	 al.,	 2009b;	

Popovicheva	et	al.,	2009;	Sarvi	et	al.,	2011).			

The	quantity,	size,	structure	and	chemical	composition	of	the	combustion	byproducts	

emitted	by	marine	vessels	differs	greatly	(Figures	0.1	and	0.2)	depending	not	only	on	the	

quality	of	 fuels	being	 combusted	but	 also	on	engine	 size	and	 type,	 the	vessels’	 operation	

conditions	and	engine	load,	and	on	various	factors	that	affect	the	evolution	of	the	plume	after	

the	aerosols	are	emitted	 into	the	atmosphere	or	dissolved	 in	water	(Agrawal	et	al.,	2008,	

2009;	 Moldanová	 et	 al.,	 2009a).	 The	 amount	 of	 NOx	 produced	 by	 any	 given	 engine,	 for	

instance,	is	expected	to	be	directly	proportional	to	the	engine’s	combustion	temperature	and,	

to	a	lesser	extent,	to	the	amount	of	nitrogen	present	as	impurities	in	the	fuel	being	combusted	

(Andersson	et	al.,	2016;	Fridell,	2019;	Hebbar,	2014).	
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The	term	NOx,	or	nitrogen	oxides,	refers	mainly	to	two	gases:	nitric	oxide	(NO)	and	

nitrogen	dioxide	(NO2),	which	are	combustion	byproducts	subject	to	rapid	interconversion	

in	the	presence	of	oxygen.	It	has	been	estimated	that,	globally,	ship	emissions	contribute	to	

almost	a	quarter	of	all	anthropogenic	NOx	input	into	the	ocean	(Cheng	et	al.,	2017;	Corbett	

et	al.,	1999a;	Eyring	et	al.,	2010b).Upon	reacting	with	water,	NOx	generates	nitrous	and	nitric	

acids	 that	 can	 serve	 as	 sources	 of	 nitrate	 (NO3-),	 and	 nitrite	 (NO2-).	 Once	 dissolved	 in	

seawater,	these	components	may	serve	as	macronutrients	for	primary	producers	in	the	form	

of	dissolved	inorganic	nitrogen	(DIN).		

Combustion	byproducts	released	by	ship	emissions	into	the	air	have	been	identified	

as	a	significant	form	of	pollution	that	travels	onshore	and	causes	lung	cancer,	cardiovascular	

diseases,	and	~400,000	premature	human	deaths	per	year	(Corbett,	1997,	2003;	Corbett	et	

al.,	2007;	Sofiev	et	al.,	2018).	These	findings	have	galvanized	changes	in	policies	aimed	at	

controlling	shipping	air	pollution	at	international	and	national	levels.	

Sulphur	content	in	fuels	serves	as	an	indicator	for	how	“polluting”	the	emissions	from	

their	combustion	will	be,	not	only	in	terms	of	SOx	emissions	but	also	in	respect	to	the	amount	

and	nature	of	other	combustion	byproducts	such	as	particulate	matter,	and	metals	(Agrawal	

et	al.,	2009;	 J.	O.	Anderson	et	al.,	2012;	Brook	et	al.,	2010;	Gangwar	et	al.,	2012;	Griffiths,	

2011;	 J.	 P.	 Jalkanen	 et	 al.,	 2012;	 Moldanová	 et	 al.,	 2009a;	 Ntziachristos	 et	 al.,	 2016;	

Valavanidis	 et	 al.,	 2008;	 Viana	 et	 al.,	 2008).	 In	 response,	 the	 International	 Maritime	

Organization	(IMO)	has	mandated	sequential	reductions	of	the	content	of	sulfur	(S)	 in	air	

emission	from	ocean-going	vessels	over	the	past	two	decades.		
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Figure	0.1.	Typical	structure	of	engine	exhaust	particles	(Kittelson,	1998)		

Figure	 0.2.	 Conceptual	 model	 of	 fuel	 combustion	 PM	 composition,	
terminating	 in	 five	 distinct	 groups	 or	 fractions:	 sulphates,	 nitrates,	
organics,	carbonaceous	and	ash	(Eastwood,	2008)	
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According	 to	 IMO	 rules	 that	 took	 effect	 in	 January	 of	 2020,	 all	 commercial	 ships	

operating	in	international	waters	must	comply	with	standards	that	lower	fuel	sulfur	content	

from	the	historical	3.5%	S	content	(by	mass)	to	0.5%	S.	This	policy	is	commonly	referred	to	

as	the	global	sulfur	cap.	Inside	ocean	areas	determined	to	be	Sulfur	Emission	Control	Areas	

(SECAs)	 the	cap	 is	0.1%	S,	and	the	governments	of	many	countries,	provinces,	and	states	

have	established	specific	emission	and/or	 fuel	standards	 for	their	 territorial	seas	(i.e.	 the	

ocean	area	that	extends	seaward	up	to	12	nautical	miles	from	its	coastal	baselines),	and/or	

their	contiguous	zones	(i.e.	area	within	24	nautical	miles	from	the	coast).	In	certain	areas,	

provisions	 to	 control	 the	 amount	 of	 NOx	 released	 by	 ships	 have	 also	 been	 established	

through	the	creation	of	nitrogen	emission	control	areas	(NECAs).	To	comply	with	various	

emission	and	fuel	standards,	ship	operators	can	either	combust	“cleaner”	alternative	fuels	

or,	in	some	places,	use	scrubbers	(Christodoulou	et	al.,	2019;	Comer	et	al.,	2020;	Kontovas,	

2020).	

Popular	alternative	fuels	in	the	maritime	sector	consist	of	distillate	fuels	and	blends	

of	residual	and	distillate	fuels	(e.g.	marine	gas	oils	or	MGO,	heavy	gas	oil	or	HGO,	and	low-	or	

ultra-low	 sulfur	diesel	 fuels	 or	ULSD)	 that	 vary	 greatly	 in	 composition	but	 that	will	 pass	

sulfur	regulation	enforcement	(Khan	et	al.,	2012;	Lehtoranta	et	al.,	2019;	Viana	et	al.,	2020).	

However,	 the	cost	of	using	alternative	 fuels	 is	generally	higher	than	that	of	 installing	and	

operating	scrubbers.	According	to	the	IMO,	ships	operating	scrubbers	are	allowed	continue	

combusting	 cheaper,	 high-sulfur	 residual	 fuels	 (HFO)	 in	 international	 waters,	 and	many	

nations	allow	for	the	use	of	scrubbers	in	their	waters	as	well	(ICCT,	2023).	This	loophole	in	

the	global	sulfur	cap	has	incentivized	the	adoption	of	scrubbers	by	the	maritime	industry	

(Kontovas,	 2020;	 Zis	 et	 al.,	 2022).	 An	 estimated	 50,000	 merchant	 ships	 are	 currently	
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operating	in	the	world	ocean	(International	Chamber	of	Shipping,	2023)	and	scrubbers	are	

currently	used	by	25%	of	 the	world	merchant	 fleet	 as	measured	by	deadweight	 tonnage	

(Marin-Enriquez	 et	 al.,	 2023).	 Scrubber	 installations	 ramped	up	 considerably	 in	 2019,	 in	

preparation	for	the	IMO’s	2020	global	fuel	sulfur	cap.	Between	the	year	2015	and	2020,	the	

number	of	ships	in	the	international	shipping	fleet	fitted	with	scrubbers	increased	from	243	

to	more	than	4,300	(Osipova	et	al.,	2021)	and	projections	are	that	the	scrubber	fleet	is	going	

to	increase	to	~5,060	scrubbers	by	2025	(ICCT,	2023).		

Approximately	80%	of	the	scrubbers	currently	installed	on	ships	work	by	pumping	

ambient	seawater	aboard	and	then	spraying	that	seawater	onto	the	exhaust	smoke	before	it	

comes	out	from	the	vessel’s	smokestack,	in	systems	called	open-loop	scrubbers	(Fig.	0.3	a).	

In	high	seas,	and	in	many	coastal	locations	(e.g.	most	territorial	waters	of	South,	Central	and	

North	America,	Europe,	India	and	Australia),	ship	operators	are	allowed	to	use	open-loop	

scrubbers	 (ICCT,	 2023).	 This	 practice	 reduces	 air	 pollution	 but	 discharges	 untreated	

washwater	 directly	 into	 the	 ocean.	 The	 other	 form	 of	 scrubbing	 is	 called	 closed-loop,	 a	

system	in	which	the	washwater	is	treated	with	a	base,	usually	a	sodium	hydroxide	(NaOH)	

solution.	Closed-loop	scrubbers	(Fig.	0.3	b)	include	the	collection	of	contaminants	as	sludge	

that	is	later	disposed	in	port	reception	facilities	but	the	overflow	water,	also	known	as	bleed-

off,	 is	periodically	discharged	overboard.	Discharge	washwater	volumes	 from	closed-loop	

systems	are	much	smaller	 than	 that	 from	open-loop	systems.	About	2%	of	 the	scrubbers	

currently	in	use	are	closed-loop	units,	and	~	17%	of	the	scrubber	fleet	have	been	equipped	

with	hybrid	 scrubbers	 that	 can	 switch	 from	operating	 as	 open-	 or	 closed-loop	 scrubbers	

(Lunde	Hermansson	et	al.,	2021).		
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Little	 is	 known	 about	 the	 effects	 of	 these	 air	 emissions	 and	 scrubber	 washwater	

discharges	on	marine	phytoplankton.	Some	authors	have	speculated	that	ship	emissions	can	

increase	the	input	of	bioavailable	nutrients	such	as	nitrogen	(N)	and	iron	(Fe)	in	atmospheric	

deposition	 and	 potentially	 affect	 ocean	 biogeochemical	 processes,	 as	 other	 pyrogenic	

sources	do	(Hamilton,	Moore,	et	al.,	2020;	Ito,	2013a,	2013b;	Ito	et	al.,	2021;	Ito	&	Feng,	2010;	

Ito	&	Shi,	2016;	T.	D.	Jickells,	2005;	Rathod	et	al.,	2020a;	C.	Zhang	et	al.,	2021).	In	some	ocean	

areas,	 NOx	 being	 released	 into	 the	 air	 from	 ships’	 smokestacks	 has	 been	 identified	 as	 a	

relatively	important	source	of	DIN	for	marine	productivity	(C.	Zhang	et	al.,	2021)	and	as	a	

potential	 cause	 of	 eutrophication	 (Raudsepp	 et	 al.,	 2013,	 2019a).	 Few	 have	 measured	

nitrogen	content	in	scrubber	washwater	samples	produced	by	ships,	and	the	measurements	

that	 have	 been	 made	 used	 methods	 that	 may	 be	 suitable	 for	 general	 water	 quality	

enforcement	 in	 coastal	 regions,	 but	 not	 sensitive	 enough	 for	 the	 study	 marine	

biogeochemistry	(Marin-Enriquez	et	al.,	2023).	
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Figure	0.3:	Diagram	showing	 the	overall	 structure	of	open	(top	panel)	
and	closed-loop	scrubbers	(bottom	panel)	(Marin-Enriquez	et	al	2023).	
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One	 study	 has	 documented	 the	 artificial	 fertilization	 of	 phytoplankton	 in	 an	

incubation	experiment	after	a	13-day	exposure	to	relatively	high	(10%)	scrubber	washwater	

produced	 by	 a	 small	 engine	 combusting	 a	 distillate	 fuel	 in	 a	 testbed	 facility	 in	 Sweden	

(Ytreberg	et	al.,	2019).	These	authors	and	others	have	alerted	to	the	potentially	toxic	and	

inhibitory	 effects	 of	 scrubber	 washwater	 discharges	 on	 marine	 microbes	 (Picone	 et	 al.,	

2023a;	Turner	et	al.,	2017;	Ytreberg	et	al.,	2021).		

About	 Fe	 in	 particular,	 one	 central	 impediment	 to	 understanding	 the	 relative	

importance	of	shipping	emissions	as	a	source	of	this	metal	for	phytoplankton	is	the	issue	of	

solubility.	 Iron	 occurs	 in	 two	main	 redox	 states	 in	 the	 environment:	 ferric	 iron	 (Fe(III)),	

which	is	poorly	soluble	at	circumneutral	pH,	and	ferrous	iron	(Fe(II)),	which	is	typically	more	

soluble	 and	 therefore	more	 bioavailable.	 As	 other	 anthropogenic	 sources	 of	 Fe,	 shipping	

emissions	are	characterized	by	acidic	conditions	which	are	known	to	increase	iron	solubility	

(M.	 S.	 Johnson	&	Meskhidze,	 2013;	Myriokefalitakis	 et	 al.,	 2015;	 Solmon	 et	 al.,	 2009).	 In	

general,	the	solubility	or	iron	associated	to	particles	emitted	by	the	combustion	of	fuels	is	

assumed	 to	 be	 relatively	 high	 (77–81%)	 in	 comparison	 to	 the	 iron	 solubility	 of	mineral	

aerosols	(<1%)	(Schroth,	2018;	Schroth	et	al.,	2009).	Studies	indicate	that	major	sources	of	

soluble	 iron	 deposition	 vary	 greatly	 from	 region	 to	 region	 and	 with	 seasons,	 and	 that	

anthropogenic	activity	is	the	main	determinant	of	this	variability	in	recent	times	(Hamilton,	

Scanza,	et	al.,	2020;	Ito	et	al.,	2019;	N.	M.	Mahowald	et	al.,	2018).	The	few	reports	about	metal	

composition	 of	 emissions	 from	 marine	 engines	 (Celo	 et	 al.,	 2015;	 Corbin	 et	 al.,	 2018;	

Moldanová	et	al.,	2009a;	Popovicheva	et	al.,	2009,	2012)	and	scrubber	washwater	discharges	

(Marin-Enriquez	et	al.,	2023;	Ytreberg	et	al.,	2022a)	that	exist	show	that	maritime	transport	

may	also	be	a	source	of	other	trace	metals	of	physiological	importance	to	marine	microbial	
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life	such	as	cobalt	(Co),	Copper	(Cu),	 lead	(Pb),	and	zinc	(Zn)	(Lopez	et	al.,	2019;	K.	R.	M.	

Mackey,	Buck,	et	al.,	2012;	N.	M.	Mahowald	et	al.,	2018;	Sunda	&	Huntsman,	1995a,	1998).		

DISSERTATION	STRUCTURE	AND	ACCOMPLISHMENTS	

The	 overarching	 goal	 of	 the	 present	 thesis	 is	 to	 quantify	 the	 effects	 of	 scrubber	

washwater	 discharges	 on	 the	 abundance	 and	 community	 composition	 of	 marine	

phytoplankton	 in	 different	 ocean	 areas	 via	 experiments	 and	modeling.	 These	 efforts	 are	

presented	in	this	thesis	in	three	chapters,	as	described	below:	

Chapter	1	In	the	first	chapter	we	present	the	characterization	of	scrubber	washwater	

samples	 produced	 by	 small	 and	 large	 engines	 combusting	 distillate	 and	 residual	 fuels	 in	

terms	of	their	nitrogen	and	trace	metals	content.	For	that,	we	first	measured	the	content	of	

nitrate,	nitrate,	ammonium,	and	of	some	metals	known	to	affect	phytoplankton	physiology	

in	the	washwater	produced	by	scrubbing	units	that	are	used	in	small	engines	to	combust	

distillate	 fuels.	Next,	we	conducted	a	 literature	 review	 that	allowed	us	 to	account	 for	 the	

concentrations	 of	 metals	 and	 discharge	 flow	 rates	 of	 each	 scrubbing	 unit.	We	 used	 this	

information	to	estimate	the	marine	input	of	nutrients	and	toxicants	associated	to	the	typical	

operation	of	 these	vessels.	We	 compared	our	measurements	 to	 those	documented	 in	 the	

literature	for	large	ships	combusting	residual	fuels	(HFO).	Our	results	corroborate	the	notion	

that	the	amount	of	metals	that	serve	as	fertilizing	agents	for	phytoplankton	released	by	fossil	

fuel	combustion	in	marine	engines	is	affected	by	the	quality	of	the	fuels	being	combusted,	

but	 the	 influence	 of	 engine	 size	 and	 operation,	 which	 affects	 the	 temperature	 of	 the	

combustion,	 cannot	be	ruled	out.	This	 is	 in	 line	with	what	 is	established	 in	 the	 literature	

about	ship	emissions	(Moldanová	et	al.,	2009a;	Popovicheva	et	al.,	2009;	Raudsepp	et	al.,	
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2019b)	and	with	 the	 few	published	studies	 that	have	 tested	 this	effect	empirically	 in	 the	

Baltic	and	in	the	Northwest	Pacific	regions	(Ytreberg	et	al.,	2019;	C.	Zhang	et	al.,	2021).	Once	

post-discharge	 dilution	 is	 considered,	 the	 amount	 of	 dissolved	 iron	 being	 discharged	 by	

marine	 vessels	 operating	 scrubbers	 and	wet	 exhaust	 systems	 in	 semi-enclosed	bodies	 of	

water	 can	 represent	 a	 significant	 source	 of	 nutrients	 for	 marine	 phytoplankton,	 if	

accumulation	occurs.	In	the	open	ocean,	the	effect	caused	by	discharges	from	individual	ships	

may	be	minimal	due	to	horizontal	and	vertical	mixing	that	reduce	exposure	concentrations.	

However,	it	is	possible	that	cumulative	effects	of	scrubber	washwater	discharges	in	heavily-	

trafficked	 shipping	 lanes	 that	 cross	 over	 or	 near	 oligotrophic	 gyres,	 such	 as	 	 the	 South	

Atlantic	gyre	and	the	southern	section	of	the	Indian	basin,	may	cause	regional	fertilization	

effects	that	lead	to	increases	in	net	primary	production,	nitrogen	fixation,	carbon	export,	and	

the	 depletion	 of	 available	 nitrate	 in	 surface	 waters.	 These	 impacts	 could	 become	 more	

relevant	in	the	future	if	the	volume	of	scrubber	washwater	discharge	increases	in	those	areas	

and/or	 if	dissolved	 iron	content	 in	scrubber	washwater	significantly	 increases.	 Increased	

upper	ocean	stratification	due	to	climate	change	may	also	amplify	the	regional	relevance	of	

scrubber	washwater	discharges	as	a	source	of	nutrients	to	marine	phytoplankton	(Li	et	al.,	

2020;	Roch	et	al.,	2023;	Sallée	et	al.,	2021;	Yamaguchi	&	Suga,	2019).		

Chapter	 2	 In	 the	 second	 chapter	 we	 compile	 the	 results	 from	 three	 mesocosm	

incubation	experiments	conducted	for	the	quantification	of	responses	by	natural	microbial	

populations	present	in	coastal	seawater	to	acute,	high	exposure	concentrations	to	scrubber	

washwater	(1%,	5%	and	10%	for	48h).	We	measured	fertilization	effects	of	various	scrubber	

washwater	 formulations	 on	 primary	 productivity,	 and	 on	 taxa	 composition	 of	 marine	

phytoplankton	 from	 two	 different	 study	 areas.	 One	 experiment	 was	 conducted	 in	 the	
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Kattegat	Strait,	a	region	adjacent	to	the	Baltic	Sea	in	the	fall	of	2019,	and	two	experiments	

were	conducted	in	the	Southern	California	Bight,	in	the	USA,	in	the	summer	of	2020	and	early	

fall	of	2021.	These	experiments	were	conducted	following	standard	methods	established	in	

the	literature	for	bottle	experiments	(K.	R.	M.	Mackey	et	al.,	2010a,	2017;	K.	R.	M.	Mackey,	

Mioni,	et	al.,	2012;	Paytan	et	al.,	2009b)	using	samples	of	scrubber	washwater	characterized	

in	 this	dissertation’s	Chapter	1	(i.e.	 scrubber	washwater	produced	with	HGO	in	a	 testbed	

facility,	with	Ultra	Low	Sulfur	Diesel/	CARB	fuel	combusted	in	small	boat	engines,	or	with	

HFO	combusted	in	engines	of	real	commercial	ferry).	Changes	in	phytoplankton	abundance	

and	 composition	 were	 monitored	 after	 exposure	 to	 various	 scrubber	 washwater	

concentrations.	Chlorophyll	a	(chl	a)	was	used	as	a	proxy	for	phytoplankton	biomass	and	

productivity,	 and	 cell	 counts	 obtained	 via	 flowcytometry	 and,	 in	 some	 experiments,	

microscopy	counts,	were	used	to	track	changes	in	relative	abundance	amongst	certain	taxa.	

Auxiliary	data	on	nutrients	 (i.e.	 nitrite	 and	nitrate,	 ammonium,	phosphate,	water	 soluble	

trace	metals)	collected	before	(time	zero)	and	after	exposure	(time	48hr)	allowed	for	the	

interpretation	 of	 the	 relative	 importance	 of	 scrubber	 washwater	 discharges	 for	

biogeochemical	processes	taking	place	during	the	experiments.	Chapter	2	results	 indicate	

that	 the	 response	 of	 microbial	 communities	 to	 acute	 exposure	 to	 scrubber	 washwater	

depended	largely	on	the	initial	trophic	status	and	composition	of	the	receiving	seawater,	the	

final	concentration	exposure	that	was	simulated	by	experimental	treatments	and	the	type	of	

scrubber	 washwater	 used.	 Nitrogen	 enrichment	 was	 the	 most	 relevant	 process	 in	 all	

experiments	 conducted	 near	 coastal	 waters,	 with	 all	 treatments	 that	 were	 spiked	 with	

scrubber	washwater	 increasing	 in	 biomass	 over	 48hrs	 relative	 to	 non-addition	 controls.	

These	results	are	 in	 line	with	 those	reported	 in	analogous	studies	(Marin-Enriquez	et	al.,	
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2023;	Picone	et	al.,	2023b;	Ytreberg	et	al.,	2019,	2021).	In	terms	of	exposure	concentration,	

our	experiments	simulated	extreme	forms	of	contamination	by	scrubber	water	discharges,	

and	 revealed	 interesting	 responses	 that	 can	 help	 us	 better	 understand	 how	 coastal	

phytoplankton	respond	to	broad	ranges	of	anthropogenic	disturbance	levels.	For	example,	

in	 Chapter	 2	 I	 documented,	 for	 the	 first	 time,	 shifts	 in	 composition	 in	 the	 experimental	

treatments	 that	 simulated	 exposure	 to	 very	 high	 (10%)	 concentration	 of	 scrubber	

washwater	produced	with	HFO.	This	effect	on	taxa	composition	was	not	observed	in	the	one	

experiment	conducted	with	scrubber	washwater	produced	with	ultra-distillate	high-quality	

fuel	(CARB	diesel).	I	conjecture	that	shifts	in	taxa	composition	results	from	group-specific	

sensitivity	 to	 certain	 metals	 (e.g.	 Cu,	 V)	 that	 were	 present	 in	 the	 scrubber	 washwater	

produced	with	residual	fuels	(HFO)	but	not	in	the	scrubber	washwater	produced	with	highly	

distillate	 fuels.	 The	 findings	 presented	 in	 Chapter	 2	 are	 particularly	 relevant	 for	 coastal	

policy	considerations.		

Chapter	3	The	objective	of	Chapter	3	was	to	test	the	hypothesis	that	in	remote	and	

naturally	 nutrient-poor	 ocean	 biomes,	 the	 addition	 of	 nitrogen,	 iron,	 and	 other	 metal	

components	released	from	ship	emissions	as	scrubber	washwater	would	cause	an	artificial	

fertilization	effect	on	picoplankton	communities,	 thus	simulating	what	may	be	happening	

along	 shipping	 lanes	 in	 open	 ocean.	 For	 this,	 one	mesocosm	 incubation	 experiment	was	

conducted	 using	 seawater	 from	 an	 offshore	 site	 located	 approximately	 40	 km	 from	 the	

Bermuda	Atlantic	Time-series	Study,	BATS	station	in	September	of	2021.	For	comparative	

purposes,	another	experiment	was	conducted	in	parallel,	using	sweater	collected	from	the	

Hamilton	 Harbor,	 in	 Bermuda.	 Experimental	 treatments	 simulated	 acute	 exposure	 of	

phytoplankton	communities	to	scrubber	washwater	from	large	ships	combusting	HFO	and	
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using	the	testbed	HGO	scrubber	wash	water.	Various	exposure	concentrations	(i.e.	0.01%,	

0.1%	and	2%)	were	used	in	this	experiment	and	parameters	were	measured	after	24h	(chl	a	

only)	and	48h	(all	other	parameters).	Chapter	3	results	showed	that	after	48hr	exposure,	chl	

a	increased	relative	to	control	in	both	high	concentration	exposure	treatments	(i.e.	2%	final	

concentration	of	treatments	spiked	with	SDW	produced	with	HGO	and	HFO),	but	not	in	other	

treatments.	 As	 in	 Chapter	 2,	 taxa-specific	 sensitivity	 to	 HFO	 scrubber	 washwater	 was	

documented.		

CONCLUSION	AND	FUTURE	DIRECTIONS		

Global	emissions	from	shipping	are	expected	to	more	than	triple	between	2020	and	

2050	(Gössling	et	al.,	2021).	As	the	shipping	industry	continues	to	adjust	to	new	regulations	

and	 to	 societal	 expectations	 regarding	 the	 sustainability	 of	 their	 operations,	 several	

technologies	emerge-	some	will	remain,	others	won’t.	Per	usual,	the	reduction	of	costs	is	at	

the	forefront	of	business	decisions,	and	that	can	become	a	problem	when	public	policies	fail	

to	 identify	 and	address	economic	externalities,	 such	as	environmental	 and	human	health	

impacts	that	are	either	not	well	understood	or	not	discussed	enough	to	spur	public	demands	

for	change.	That	is	the	story	of	scrubbers.		

The	implementation	of	the	global	IMO	0.5%	S	fuel	standard	in	2020	is	estimated	to	

have	 reduced	 the	 number	 of	 deaths	 from	 cardiovascular	 diseases	 and	 lung	 cancer	 from	

400,000	 to	 265,000	 per	 year	 and	 to	 have	 reduced	 the	 annual	 number	 of	 new	 childhood	

asthma	 cases	 from	 14	 million	 to	 6.4	 million.	 As	 with	 most	 new	 regulations	 of	 global	

importance,	 the	 debate	 regarding	 pros	 and	 cons	 of	 the	 IMO	 sulfur	 cap,	 including	 the	

regulations’	broader	impacts	on	the	earth	system	and	climate	are	still	ongoing	(Hansen	et	al.,	
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2023).	In	some	ways,	the	“scrubbers	loophole”	is	a	part	of	this	debate.	Clearly,	this	loophole	

was	created	without	the	full	consideration	of	the	environmental	impacts	these	discharges	

may	have	on	marine	life	and	biogeochemistry.	This	dissertation	adds	to	the	growing	body	of	

research	that	shows	that	scrubbers	may	be	altering	natural	processes.	Our	results	indicate	

that	 under	 certain	 conditions,	 some	 formulations	 of	 scrubber	 washwater	 may	 fertilize	

marine	 phytoplankton,	 although	 at	 limited	 scales,	 thanks	 to	 the	 good	 old	 solution	 to	

pollution:	dilution.		

Thinking	 more	 broadly	 about	 the	 potential	 impacts	 of	 shipping	 to	 marine	

biogeochemistry	and	microbial	ecology,	I	am	compelled	to	return	to	the	original	question	

that	motivated	this	research:	are	shipping	air	emissions	contributing	to	significant	amounts	

of	fertilizing	components,	such	as	highly	bioavailable	iron	and	nitrogen?	I	spend	the	first	two	

years	of	this	PhD	research	trying	to	find	a	way	to	answer	that	broader	question.	Due	to	a	

series	 of	 impediments	 that	 included	 lack	 of	 access	 to	 proper	 sampling	 opportunities,	

methods,	 equipment,	 and	expertise	 in	 the	 field	of	 combustion	aerosols	 from	ships,	 and	a	

global	pandemic,	I	was	unable	to	further	pursue	that	investigation,	but	what	I	learned	during	

this	journey	allows	us	to	make	some	recommendations:	

First,	it	seems	like	any	effects	that	ship	emissions	may	have,	be	them	delivered	to	the	

ocean	 as	 liquid	 discharges	 of	 scrubber	washwater	 or	 as	 aerosol	 deposition,	will	 cause	 a	

chronic	effect,	and	not	an	acute	one.	Thus,	future	studies	should	use	strategies	to	evaluate	

the	long-term	cumulative	effects	of	very	small	additions	of	metals	and	nitrogen	near	shipping	

lanes.	I	have	attempted	to	do	that	using	remote	sensing	and	believe	that	this	is	a	promising	

method	to	verify	the	annual	changes	in	abundance	that	I	predicted	with	the	modeling	study	
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presented	 in	 chapter	 1.	 Modern	 ocean	 color	 remote	 sensing	 tools	 may	 allow	 for	 the	

investigation	 of	 some	 changes	 in	 composition	 as	 well.	 If	 resources	 are	 available,	 field	

research	could	also	be	used	to	validate	model	predictions	and	remote	sensing	observation	

by	analyzing	and	comparing	water	samples	collected	from	transects	that	cross	well-defined	

shipping	lanes	in	the	South	Atlantic	and	South	Indian	gyres.		

Secondly,	we	need	a	better	understanding	of	the	processes	that	determine	the	quality	

and	quantity	of	metals	that	are	being	added	to	ecosystems	from	ships,	and	particularly	we	

need	a	better	understanding	of	the	original	source	of	all	the	Fe.	Limited	evidence	indicates	

that	most	of	the	Fe	that	has	been	measured	in	scrubber	washwater	samples	(summarized	in	

our	literature	review	in	chapter	1),	as	well	as	the	Fe	that	others	have	found	in	smokestack	

emissions	 (Celo	et	al.,	2015;	Corbin	et	al.,	2018)	may	not	come	 from	the	 fuels.	As	part	of	

Germany’s	ImpEx	project,	Marin-Enriquez	et	al	(2023)	recently	measured	the	amount	of	Fe	

in	 the	 original	 fuels	 and	 lubricants	 being	 used	 in	 the	 ships	 that	 generated	 the	 scrubber	

washwater	samples	that	they	later	analyzed	for	dFe	content,	and	the	two	data	sets	are	not	

correlated.	Many	combustion	and	ship	experts	I	spoke	to	said	they	think	the	Fe	is	probably	

coming	from	the	ship	and	its	parts,	or	maybe	from	additives,	but	none	of	them	had	concrete	

data	to	confirm	their	theories.	This	is	important,	because	if	it	is	true	that	the	Fe	is	not	coming	

from	impurities	in	the	fuel,	 it	means	that	using	alternative	fuels	-	be	them	distillate	fuels,	

blends,	or	liquified	natural	gas-	will	not	necessarily	alter	the	role	of	shipping	as	a	possible	

fertilizing	agent	in	the	world	ocean.		

Thirdly,	 while	 our	 mesocosm	 incubations	 were	 very	 useful	 in	 documenting	 how	

diverse	the	marine	phytoplankton	responses	can	be	to	the	addition	of	scrubber	washwater	
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spikes,	there	were	many	results	that	could	not	be	explained	with	the	methods	I	used.	For	

example,	in	both	chapters	2	and	3,	I	observed	greater	growth	of	certain	taxa	when	exposed	

to	lower	exposure	concentrations	of	the	scrubber	washwater	spikes	being	used.	That	was	

particularly	 the	 case	 with	 HFO,	 which	 I	 know	 had	 more	 metals	 in	 it,	 but	 I	 could	 not	

unequivocally	determine	 the	reason	 for	 the	differences	 that	 I	observed.	To	address	 these	

unanswered	 questions,	 I	 would	 recommend	 a	 series	 of	 monospecific	 essays	 to	 better	

understand	 taxa-specific	 sensitivities	 to	 individual	 components.	 Here,	 it	 is	 important	 to	

highlight	 that	 the	 exposure	 concentrations	 used	 in	most	 of	 our	 experiments	were	much	

higher	 than	what	we	would	 expect	marine	 phytoplankton	 to	 ever	 experience	 in	 the	 real	

world,	and	so	that	needs	to	be	taken	into	consideration	when	evaluating	the	motivations	and	

settings	for	such	toxicity	essays.		

Finally,	 if	 one	 wanted	 to	 further	 investigate	 the	 effects	 of	 scrubber	 washwater	

discharges	may	have	on	microbial	community	composition,	including	possible	effects	in	the	

role	 of	 diazotrophs,	 I	 would	 recommend	 using	 omics	 to	 test	 the	 hypothesis	 that	 these	

additions	are	supplying	enough	nitrogen	and	metals	to	remote	ocean	areas,	such	as	shipping	

lanes	in	the	subtropical	ocean	gyres,	as	to	alter	the	relative	abundance	of	these	organisms.	

Thinking	 again	 more	 broadly	 about	 the	 initial	 motivations	 for	 this	 research,	 it	 is	

interesting	to	consider	these	topics	in	the	bigger	context	of	global	climate	change.	Climate	

change	will	continue	to	alter	virtually	every	aspect	of	the	ways	in	which	human	and	natural	

systems	 function,	 shipping	 included.	 The	 melting	 of	 ice	 caps	 is	 “creating”	 new	 shipping	

routes	 that	are	expanding	 faster	 than	models	projected	(Cao	et	al.,	2022).	Changes	 in	 the	

distribution	 of	 arable	 lands,	 the	 displacement	 of	 people,	 and	 changes	 in	 production	 and	
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consumption	patterns	in	the	next	decades,	will	likely	alter	shipping	routes.	And	as	mentioned	

before,	climate	change	is	affecting	ocean	stratification	(Li	et	al.,	2020;	Roch	et	al.,	2023;	Sallée	

et	al.,	2021;	Yamaguchi	&	Suga,	2019),	which	could	concentrate	external	nutrient	inputs	in	

the	euphotic	zone.		At	the	same	time,	there	is	mounting	pressure	(and	need)	for	the	shipping	

industry	 to	 reduce	 their	 greenhouse	 gas	 emissions.	 The	 shipping	 industry	 is	 known	as	 a	

hard-to-	 decarbonize	 sector	 and	 many	 ideas	 for	 new	 technologies	 with	 unknown	

externalities	are	currently	being	discussed,	 such	as	 the	use	of	ammonia	 to	 fuel	 ships	 (Al-

Aboosi	et	al.,	2021;	Machaj	et	al.,	2022).	Research	that	builds	on	the	work	presented	in	this	

dissertation-	particularly	models	and	projections-	should	take	these	emerging	trends	and	

unknowns	related	to	the	shipping	industry	and	global	changes	into	account.	
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CHAPTER	1	
	

ARE	SCRUBBERS	FERTILIZING	THE	OCEAN?	ARTIFICIAL	ENRICHMENT	OF	SEAWATER	
BY	EXHAUST	GAS	CLEANING	SYSTEMS	USED	WITH	MARINE	ENGINES	COMBUSTING	

RESIDUAL	AND	DISTILLED	FUELS	

ABSTRACT	
Air	emissions	from	marine	engines	may	be	causing	the	artificial	fertilization	of	ocean	areas.	
This	 could	 lead	 to	 impacts	 on	 marine	 primary	 production,	 community	 composition,	
biodiversity,	 and	 carbon	 sequestration	 rates.	 I	measured	 the	 concentration	 of	 dissolved	
nitrogen	and	trace	metals	of	interest	in	samples	of	washwater	generated	from	the	scrubbing	
of	exhaust	gases	emitted	from	the	combustion	of	two	types	of	distilled	fuels,	in	three	small	
engines.	 Our	 results	 show	 that	 scrubbing	 enriched	 the	 washwater	 with	 nitrogen	 and	
dissolved	trace	metals	in	all	cases,	but	the	level	and	types	of	metals	that	became	enriched	
varied.	 	 I	 compared	 our	 dissolved	 metals	 results	 to	 those	 found	 in	 the	 literature	 for	 a	
distilled	fuel	that	was	combusted	in	a	small	engine,	and	for	residual	fuels	combusted	in	large	
ship	engines.	Using	metal	concentrations	and	reported	rates	for	scrubber	water	discharge,	
I	consider	the	dilution	of	these	metal	inputs	under	variable	oceanographic	scenarios.	Using	
various	models,	I	show	that	in	certain	situations,	the	cumulative	effects	of	scrubber	water	
discharges	 could	 fertilize	marine	 phytoplankton	by	 providing	 iron	 for	 growth.	Although	
small	relative	to	other	nutrient	sources,	nutrient	additions	from	scrubber	water	discharges	
may	cause	the	fertilization	of	certain	marine	phytoplankton	in	some	parts	of	the	world.	

	

INTRODUCTION	

Phytoplankton	 are	 collectively	 responsible	 for	 about	 half	 of	 the	 net	 primary	

production	 on	 Earth.	 In	 the	 ocean,	 this	 form	 of	 primary	 productivity	 supports	 nearly	 all	

marine	 foodwebs,	 maintaining	 biodiversity	 and	 fisheries.	 On	 long	 time	 scales,	 marine	

phytoplankton	also	play	a	role	in	global	climate	through	the	biological	pump	(Arrigo	et	al.,	

2000;	Basu	et	al.,	2018;	Gruber	&	Sarmiento,	1997;	C.	M.	Moore	et	al.,	2013b;	Pierce	et	al.,	

2011;	Sarmiento	&	Gruber,	2006).		

Phytoplankton	abundance	in	the	ocean	is	naturally	constrained	by	the	bioavailability	

of	 chemical	 components	 that	 serve	 as	macro-	 and	micronutrients	 for	 primary	 producers	
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including	nitrogen	(N),	phosphorus	(P),	and	trace	metals	such	as	 iron	(Fe),	and	zinc	(Zn).	

Near	coastlines,	the	main	sources	of	nutrients	into	the	euphotic	zone	are	land	run-off	and	

upwelling	(Martin	&	Fitzwater,	1988;	Mills	&	Arrigo,	2010;	C.	M.	Moore	et	al.,	2013a;	Sunda	

&	Huntaman,	1997).	Further	away	from	these	sources,	nutrient	supplies	are	generally	scarce	

and	 sporadic.	 Nitrogen	 fixation,	 a	 process	 that	 is	 carried	 out	 by	 a	 very	 specific	 group	 of	

microorganisms	 (i.e.	 diazotrophs)	 represents	 an	 importance	 source	 of	 new	nitrogen	 into	

those	remote	ocean	areas,	and	the	main	source	of	trace	metals	into	the	open	ocean	is	the	

deposition	of	atmospheric	aerosols	onto	the	seawater	surface	(Duce	&	Tindale,	1991;	Gruber	

&	Sarmiento,	1997;	T.	Jickells	&	Moore,	2015;	Kanakidou	et	al.,	2016;	K.	R.	M.	Mackey	et	al.,	

2010b;	Monteiro	et	al.,	2011;	Zehr	&	Kudela,	2011).		

Natural	 aerosols,	 such	 as	 desert	 dust	 transported	by	wind,	 dominate	 atmospheric	

deposition	by	mass.	However,	anthropogenic	combustion	of	fossil	fuels	and	biomass	burning	

have	 been	 shown	 to	 be	 significant	 sources	 of	 nutrients	 for	 primary	 producers	 in	 certain	

regions	 and	 seasons,	 particularly	 because,	 compared	 to	 mineral	 sources,	 combustion	

aerosols	have	higher	 fractional	metal	solubility,	which	appears	 to	be	correlated	to	higher	

bioavailability	(Buck	et	al.,	2013;	Duce	et	al.,	2008;	Ito,	2015;	Ito	et	al.,	2019;	Rathod	et	al.,	

2020a;	Sedwick	et	al.,	2007;	Sholkovitz	et	al.,	2012	Bonneville	et	al.,	2004;	Wozniak	et	al.,	

2015).	

Potentially	 fertilizing	 components,	 including	N,	 Fe,	 Zn,	 and	 other	 trace	metals	 are	

known	to	be	emitted	as	combustion	byproducts	of	commonly	used	marine	fuels	(Coufalík	et	

al.,	2019;	Eyring	et	al.,	2005,	2010b;	Hardaway	et	al.,	2004;	Lack	et	al.,	2009a;	Moldanová	et	

al.,	 2009a;	 Popovicheva	 et	 al.,	 2012;	 Raudsepp	 et	 al.,	 2019b;	 Viana	 et	 al.,	 2009).	 Toxic	
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components	such	as	polycyclic	aromatic	hydrocarbons	(PAHs),	and	metals	such	as	copper	

(Cu),	and	lead	(Pb)	are	also	known	to	be	released	as	byproducts	of	fuel	combustion	and	may	

hinder	phytoplankton	growth	in	otherwise	productive	zones	(Jordi	et	al.,	2012;	Lopez	et	al.,	

2019;	B.	H.	Othman	et	al.,	2018;	Paytan	et	al.,	2009a),	depending	on	concentration	and	on	the	

sensitivity	 of	 the	 microbial	 taxa	 present	 in	 the	 receiving	 ocean	 waters.	 Ultimately,	 this	

balance	between	positive	and	negative	disturbances	on	different	 types	of	phytoplankton,	

combined	to	other	effects	that	emissions	from	marine	engines	may	have	on	phytoplankton	

grazers	(Koski	et	al.,	2017;	Thor	et	al.,	2021),	to	physical	factors,	determines	the	net	effects	

that	emissions	from	ships	and	boats	will	have	on	marine	primary	productivity.		

Combustion	byproducts	released	by	ships	cause	significant	human	health	problems	

(Corbett,	 1997,	 2003;	 Corbett	 et	 al.,	 2007;	 Sofiev	 et	 al.,	 2018),	 and	 environmental	

disturbances	(Jägerbrand	et	al.,	2019;	Neumann	et	al.,	2020;	Turner	et	al.,	2017).	In	response,	

policies	aimed	at	controlling	air	pollution	from	ship	emissions	in	international	waters	have	

been	put	 in	place	by	many	governments,	and	by	 the	 International	Maritime	Organization	

(IMO).	Sulphur	content	in	fuels	serves	as	an	indicator	for	how	“polluting”	the	emissions	from	

their	combustion	will	be	(Agrawal	et	al.,	2009;	Gangwar	et	al.,	2012;	J.	P.	Jalkanen	et	al.,	2012;	

Moldanová	et	al.,	2009a).	Thus,	the	IMO	has	mandated	that	from	January	of	2020	forward,	

all	commercial	ships	must	reduce	their	air	emissions	from	the	historical	3.5%	S	content	(by	

mass)	to	0.5%	S	in	international	waters.		

Inside	ocean	areas	determined	to	be	Sulfur	Emission	Control	Areas	(SECAs)	the	cap	

is	 0.1%	 S,	 and	many	 countries,	 provinces,	 and	 states	 have	 established	 specific	 emission	

standards	for	their	territorial	seas	(i.e.	the	ocean	area	that	extends	seaward	up	to	12	nautical	
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miles	from	its	coastal	baselines),	and/or	contiguous	zones	(i.e.	area	within	24	nautical	miles	

from	the	coast).	In	certain	areas,	rules	that	control	the	amount	of	NOx	released	by	ships	have	

also	been	set	through	the	creation	of	nitrogen	emission	control	areas	(NECAs).	To	comply	

with	emission	standards	that	vary	greatly	from	region	to	region,	ship	operators	have	two	

main	options:	they	can	combust	alternative	fuels	that	emit	lower	amounts	of	sulfur	and	other	

pollutants	than	what	is	released	by	the	use	of	the	historically	popular	residual	fuel	known	as	

bunker	 fuel	or	heavy	 fuel	oil	 (HFO),	or	 in	some	places,	 they	can	use	exhaust	gas	cleaning	

systems,	also	known	as	scrubbers	(Christodoulou	et	al.,	2019;	Comer	et	al.,	2020;	Kontovas,	

2020).	

Generally,	alternative	marine	fuels	used	by	most	in	the	maritime	industry	consist	of	

distillate	fuels	(e.g.	marine	gas	oils	or	MGO,	heavy	gas	oil	or	HGO,	and	low-	or	ultra-low	sulfur	

diesel	fuels	or	ULSD)	or	blends	of	distillate	and	residual	fuels	that	vary	greatly	in	composition	

but	that	will	pass	air	quality	enforcement,	whereas	scrubbers	work	by	spraying	water	onto	

exhaust	smoke	before	it	comes	out	from	the	vessel’s	smokestack,	which	reduces	the	amount	

of	pollution	 that	 is	emitted	 into	 the	air	and	permits	 ship	operators	 to	 continue	using	 the	

relatively	cheap	HFO.	Savings	have	incentivized	the	adoption	of	scrubbers	by	the	maritime	

industry	 (Kontovas,	 2020;	 Zis	 et	 al.,	 2022).	 An	 estimated	 50,000	 merchant	 ships	 are	

currently	operating	in	the	world	ocean	(International	Chamber	of	Shipping,	2023).	Between	

the	year	2015	and	2020,	the	number	of	ships	in	the	international	shipping	fleet	fitted	with	

scrubbers	 increased	 from	 243	 to	 more	 than	 4,300	 (Osipova	 et	 al.,	 2021)	 and	 currently,	

scrubbers	are	used	by	25%	of	the	world	merchant	fleet	as	measured	by	deadweight	tonnage	

(Marin-Enriquez	et	al.,	2023).	In	international	waters,	and	in	many	coastal	locations	around	

the	globe,	ship	operators	are	allowed	to	meet	air	quality	standards	by	running	scrubbers.	
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These	devices	reduce	air	pollution	but	discharge	untreated	slurry	directly	 into	the	ocean.	

The	 effects	 of	 these	 liquid	discharges	 for	marine	phytoplankton	 are	 understudied.	A	 few	

incubation	experiments	have	been	conducted	to	investigate	the	acute	impacts	of	scrubber	

washwater	on	certain	phytoplankton	assemblages	(Picone	et	al.,	2023a;	Ytreberg	et	al.,	2019,	

2021),	 but	 large-scale	 questions	 remain	 unresolved,	 particularly	 in	 what	 concerns	 the	

potential	fertilization	of	marine	phytoplankton	by	scrubber	discharges.	

Models	have	been	used	to	estimate	how	certain	byproducts	of	fossil	fuel	combustion	

in	marine	engines	may	be	altering	marine	chemistry	and	the	possible	consequences	of	these	

disturbances	for	ocean	productivity	(Hamilton,	Moore,	et	al.,	2020;	Ito,	2013a;	Raudsepp	et	

al.,	 2019b;	 C.	 Zhang	 et	 al.,	 2021).	 Ito	 (2013)	 used	 a	 global	 chemical	 transport	 model	 to	

investigate	the	effect	of	aerosol	emissions	from	ship	plumes	on	iron	solubility	in	particles	

from	 combustion	 and	 dust	 sources.	 Based	 on	 the	 results,	 the	 author	 predicted	 that	 “air	

emissions	from	shipping	in	2100	would	contribute	30–60%	of	the	soluble	iron	deposition	

over	the	high-latitude	North	Pacific	and	North	Atlantic”	and	speculated	on	the	relevance	of	

the	 findings	 for	primary	production	 in	 those	ocean	 regions.	 Subsequent	 studies	aimed	at	

describing	global	and	 regional	 fluxes	of	 iron	have	 incorporated	shipping	air	emissions	 in	

their	 inventories	and	modeling	exercises	 (Hamilton	et	al.,	2020b,	2020a;	Liu	et	al.,	2022;	

Rathod	et	al.,	2020).	All	in	all,	these	studies,	much	like	the	ones	that	alert	for	possible	toxic	

effects	of	metals	in	ships	scrubber	washwater	discharges	(Lunde	Hermansson	et	al.,	2021;	

Ytreberg	et	al.,	2022a),	are	inherently	limited	by	how	incomplete	the	current	knowledge	still	

is	 regarding	 the	 variability	 in	 concentration,	 composition,	 and	 bioavailability	 of	 the	

components	 of	 interest	 for	 phytoplankton	 ecophysiology	 that	 are	 released	 by	 the	
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combustion	 of	 different	 fuels,	 in	 various	 engines,	 ship	 types,	 and	 variable	 operating	

conditions.	

In	this	study,	I	advance	knowledge	in	this	field	by	combining	empirical	and	modeling	

methods	 to	 quantify	 the	 importance	 of	 scrubber	 washwater	 discharges	 as	 a	 source	 of	

fertilizing	 components	 for	marine	 phytoplankton	 in	 coastal	 and	 open-ocean	 regions.	Our	

overarching	research	questions	were:	1)	are	there	differences	in	nitrogen	and/or	trace	metal	

enrichment	levels	when	comparing	scrubber	washwater	produced	by	various	small	engines	

combusting	different	distilled	fuels	to	large	ship	engines	combusting	heavy	fuel	oil	(HFO)?	

And	 2)	 does	 the	 discharge	 of	 scrubber	washwater	 into	 the	 ocean	 represent	 a	 significant	

source	of	nitrogen	and/or	trace	metals	of	interest	for	phytoplankton	ecophysiology?	

To	 answer	 these	 questions,	 I	 first	 present	 the	 results	 from	 chemical	 analyses	 of	

scrubber	washwater	samples	produced	by	three	small	engines	using	open-loop	scrubbers	to	

treat	exhaust	gases	emitted	from	the	combustion	of	two	types	of	distilled	fuels	(i.e.	HGO	and	

CARB	diesel,	which	is	a	type	of	ULSF).	Open-loop	systems	draw	in	seawater,	spray	it	into	the	

exhaust,	 and	 discharge	 it	 overboard,	 often	without	 treatment.	 Specifically,	 I	 quantify	 the	

enrichment	of	seawater	with	dissolved	inorganic	nitrogen	(nitrate,	nitrite	and	ammonium)	

and	with	dissolved	trace	metals	of	major	interest	for	phytoplankton	ecophysiology	(dFe,	dZn,	

dCu,	dMn,	dPb,	dCo,	dCd,	dNi),	after	the	seawater	is	passed	through	three	scrubbing	systems:	

one	 “traditional”	open-loop	 scrubber	 that	was	 installed	 in	a	 laboratory	 testbed	engine	 to	

reduce	the	resulting	air	emission	enough	so	that	it	is	in	compliance	with	IMO	environmental	

quality	standards,	and	two	small	fishing	boats	equipped	with	wet	exhaust	systems	that	scrub	

100%	 of	 their	 air	 emissions	 (i.e.	 these	 boats	 don’t	 have	 smokestacks).	 I	 also	 measured	
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dissolved	Vanadium	(dV),	which	is	used	as	an	indicator	for	the	distillation	quality	of	the	fuels	

(Barwise,	1990;	Corbin	et	al.,	2018).		

I	 then	 compare	 the	 dissolved	 metals	 results	 obtained	 from	 the	 above-described	

chemical	analyses	to	metal	concentration	values	documented	in	the	literature	for	scrubber	

washwater	samples	that	were	produced	using	a	distilled	fuel	combusted	in	a	small	engine,	

or	 using	 residual	 fuels	 combusted	 in	 large	 ship	 engines.	 By	 applying	 various	 modeling	

approaches,	 metal	 concentrations,	 and	 associated	 rates	 of	 scrubber	 washwater	 volumes	

being	discharged,	 I	considered	the	dilution	of	nitrogen	species	and	selected	metals	under	

variable	oceanographic	scenarios	and	spatial	scales,	from	coastal	estuaries	shipping	lanes.		

This	 study	 advances	 our	 collective	 understanding	 of	 the	 environmental	 impacts	

related	to	the	use	of	scrubbers	by	boats	and	ships	combusting	different	types	of	fuels	and	

operating	in	coastal	ecosystems	and	international	waters.	Our	results	serve	to	inform	those	

working	on	policies	and	regulations	aimed	at	reducing	pollution	from	the	maritime	sector.		

	

METHODS	
Sampling	Campaigns		

	
Two	sampling	campaigns	were	conducted	as	part	of	this	project	and	are	summarized	

in	Table	1.	Samples	of	scrubber	washwater	were	collected	at	the	Chalmers	Marine	Engine	

Lab	at	the	Division	for	Maritime	Studies,	a	test	bed	lab	facility	that	is	owned	and	operated	by	

the	Department	 of	Mechanics	 and	Maritime	Sciences,	 Chalmers	University	 of	Technology	

(Gothenburg,	Sweden).	This	sampling	campaign	was	conducted	in	June	of	2019	as	part	of	a	

broader	study	about	the	implications	of	fuel	sulfur	content	regulations	and	wet	scrubbing	
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for	the	physical	properties	of	exhaust	particles	produced	from	the	combustion	of	distilled	

fuels.	 The	 full	 experimental	 setup	 used,	 including	 a	 detailed	 description	 of	 the	 test-bed	

engine	and	laboratory	scrubber	unit,	were	presented	in	(Santos	et	al.,	2022).	A	schematic	

depiction	 of	 the	 experimental	 system	 that	was	 used	 to	 produce	 the	 samples	 used	 in	 the	

present	study	is	shown	in	Fig.	1.1.		

	

Table	1.1.	Summary	of	sampling	campaigns	conducted	during	this	study.	

Campaign	 Vessel	
Type	

Engine		 Fuel	types,		
S	content		
(by	mass)	

Washwater	
flow	rate(s)	
(L	per	min.)	

Location	of	
sample	
collection		

1	 Test-bed	
facility	

	4-stroke	
Volvo	Penta	
D3-110	

HGO,	1%	 ~1	 Chalmers	
University	
test-bed	
facility,	
Gothenburg,	
Sweden	

2		
A	and	B	

Two	
fishing	
boats	with	
wet-
exhaust	
systems	

Twin	400	
(Boat	A)	and	
twin	450	HP	
(Boat	B)	John	
Deere	marine	
engines	

CARB	fuel,	
<0.1%	

~160	(Boat	
A,	at	5	knots)	
and	~250	
(Boat	B,	at	10	
knots)	

Shipboard	
sampling	
within	
Newport	
Harbor,	
Newport	
Beach,	CA,	
USA	
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Sampling	Campaign	1:	Scrubber	discharge	water	produced	from	the	combustion	of	
heavy	gas	oil	(HGO)	in	a	small	marine	engine	at	Chalmers	University’s	test-bed	lab	
facility.	

	

Figure	1.1..	Schematic	description	of	the	experimental	setup	used	to	produce	the	scrubber	
discharge	water	samples	during	sampling	Campaign	1	of	the	present	study	(modified	from	
Santos	et	al	2022).	Note	that	in	the	present	study	only	HGO	fuel	was	used	to	produce	
scrubber	washwater.	

	

Scrubber	washwater	samples	were	produced	from	the	combustion	of	a	commercially	

available	 distilled	 fuel	 blend	 (i.e.,	 HGO	 with	 1	 %	 sulfur	 content)	 using	 a	 four-stroke	

turbocharged	Volvo	Penta	D3-110	marine	diesel	engine.	The	engine	has	five	cylinders	with	

a	power	of	81kW	and	is	equipped	with	a	common	rail	injection	system	and	a	hydraulic	brake	

system	 that	 allows	 for	 experiments	 to	 be	 performed	 at	 different	 engine	 loads.	 Scrubber	

washwater	samples	collected	for	the	present	study	were	produced	at	an	engine	load	of	30%	

and	the	discharge	flow	rate	was	of	approximately	0.02	L	per	second.	The	scrubber	unit	is	

made	of	stainless	steel	and	is	50	cm	long	and	40	cm	in	diameter.		This	is	a	relatively	small	

Inlet water Outlet washwater 

Fuels 

Engine  
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marine	 engine	 that	 would	 normally	 be	 found	 in	 small	 to	 medium-sized	 recreational	

motorboats.		All	the	samples	acquired	during	this	campaign	were	collected	at	the	Chalmers	

University	 testbed	 facility.	 Twelve	 replicates	 of	 scrubber	washwater	 samples	were	 taken	

from	the	scrubber	system’s	outlet	tap.	Six	replicate	samples	of	seawater	that	was	loaded	into	

the	scrubber	system	(inlet	samples)	were	also	collected.	All	samples	were	collected	into	250	

L	acid-cleaned	polycarbonate	bottles,	which	were	filled	to	that	volume,	sealed,	frozen	at	-20	

°C	 and	 shipped	 in	 ice	 from	 Gothenburg,	 Sweden	 to	 UCI/	Mackey	 Lab,	 USA,	 where	 three	

replicates	of	outlet	samples	and	three	replicates	of	inlet	samples	were	randomly	selected,	

defrosted	 overnight	 at	 4	 °C,	 and	 processed	 following	 the	 procedures	 described	 in	 the	

Chemical	Analysis	Section.	

Sampling	Campaign	2:	Scrubber	discharge	water	sampled	from	wet	exhaust	systems	
of	recreational	fishing	boats	combusting	CARB	fuel.	
	

Samples	of	scrubber	outlet	washwater	were	collected	from	two	recreational	fishing	

boats	 (Boats	 A	 and	 B).	 Both	 boats	 were	 combusting	 a	 type	 of	 marine	 diesel	oil	 with	 a	

maximum	 sulfur	 level	 of	 0.1%	 that	 is	 approved	 for	 sale	 in	 the	 state	 of	 California	 and	 is	

commonly	known	as	“CARB	diesel”,	and	comparable	to	federally	approved	ultralow	sulfur	

diesel	(ULSD).		The	use	of	this	type	of	marine	distillate	grade	fuel	(i.e.,	ULSD	marine	gas	oil	

or	marine	diesel	oil)	is	required	of	all	ships,	boats,	and	other	watercraft	transiting	within	the	

State	 of	 California’s	 contiguous	 zone,	which	 extends	 24	 nautical	miles	 from	 the	 coast,	 as	

mandated	by	the	California	Air	Resources	Board	Ocean-going	Vessel	(OGV)	Regulation	of	July	

2008	 (Fuel	 Sulfur	 and	 Other	 Operational	 Requirements	 for	 Ocean-Going	 Vessels	 within	

California	Waters	and	24	Nautical	Miles	of	the	California	Baseline.	Title13,	California	Code	of	

Regulations	(CCR)	§2299.2	and	Title	17,	CCR	§93118.2.,	2008).	
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Boat	A	is	charter	fishing	boat	that	is	75-feet	long	with	22-feet	of	beam	and	is	powered	

by	twin	400	HP	John	Deere	diesel	engines.	Boat	A	was	sampled	in	October	of	2020.	Boat	B	is	

a	charter	boat	that	is	70-feet	long	with	20-feet	of	beam	and	powered	by	twin	450	HP	John	

Deere	diesel	engines.	Boat	B	was	sampled	in	May	of	2021.	Both	boats	are	equipped	with	wet	

exhaust	systems	that	scrub	100%	of	their	emissions	(i.e.,	neither	boat	has	smokestacks),	an	

adaptation	that	is	commonly	found	in	recreational	fishing	boats	because	it	decreases	fumes	

and	unpleasant	odors	inhaled	by	passengers	on	deck.		Boat	A	was	moving	at	approximately	

5	knots	inside	the	Newport	Harbor	(33°	36'	7.3794"	N,	117°	53'	16.3752"	W).	Boat	B	was	

cruising	at	approximately	10	knots	in	an	area	that	was	approximately	4	nautical	miles	away	

from	the	Newport	Beach	coast	(33°	34'	13.944"	N,	117°	51'	37.5618"	W).	According	to	the	

boats’	captains,	both	boats	consume	approximately	 the	same	amount	of	 fuel	on	a	regular	

basis,	i.e.,	1	gallon	per	hour	per	engine	at	5	knots	(800	rpm)	and	6	gallons	per	hour	per	engine	

at	 10	 knots	 (1300	 rpm).	 The	wet	 exhaust	 systems	 in	 these	 boats	 discharges	~	 410	 L	 of	

seawater	per	minute	when	their	engines	are	operating	at	full	power	(2100	rpm).	Assuming	

a	 linear	 relationship	 between	 the	 system’s	 seawater	 flow-through	 rate	 and	 the	 engines’	

operating	 power	 in	 rpm,	 we	 estimate	 that	 these	 boats	 discharge	 from	 all	 their	 exhaust	

outlets,	approximately	2.6	L	of	washwater	per	second	when	sailing	inside	the	harbor	at	~5	

knots	 (at	 800	 rpm),	 and	 approximately	 4.23	 L	 of	 washwater	 per	 second	 when	 cruising	

offshore	at	~10	knots	(at	1,300	rpm).	

Six	replicates	of	scrubber	washwater	samples	were	collected	using	an	acid-cleaned	

plastic	collection	cup	mounted	on	a	long	plastic	handle	which	allowed	access	to	the	outlets	

that	discharge	scrubber	washwater	from	the	boats’	wet	exhaust	system	into	the	ocean	(Fig.	

1.2).	Six	replicates	of	ambient	seawater	(inlet)	samples	were	collected	near	the	bow	of	the	
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boats,	from	a	position	that	was	forward	from	the	washwater	outlets	using	the	same	trace	

clean	metal	collection,	processing,	and	storage	procedures	used	for	outlet	samples.		Inlet	and	

outlet	 scrubber	 washwater	 samples	 were	 immediately	 transferred	 into	 1L	 acid	 cleaned	

polycarbonate	bottles,	which	were	sealed,	stored	cool	during	transport	from	the	Newport	

Bay	to	UCI/	the	Mackey	Lab	(~30	min.	travel	time).	Three	replicates	of	inlet	and	outlet	SDW	

samples	 were	 randomly	 selected	 and	 immediately	 processed	 following	 the	 procedures	

described	in	the	Chemical	Analysis	Section.	

	
Figure	1.2.	Photo	of	Boat	A,	a	recreational	fishing	boat	equipped	with	a	wet	exhaust	system	
that	scrubs	100%	of	all	emissions	produced	by	the	boats	twin	engines	and	discharges	the	
scrubber	washwater	and	byproducts	from	the	combustion	of	the	fuel	being	used	(in	this	case,	
CARB	diesel)	continuously	into	the	ocean	through	the	outlet	holes	located	on	the	boat’s	stern.	
	

Analysis	of	Dissolved	Nitrogen	Components		

Samples	 collected	 during	 Campaigns	 1	 and	 2	 were	 analyzed	 as	 follows:	 50	 mL-

aliquots	were	taken	from	each	sample	replicate	bottle	and	filtered	through	25	mm	glass	fiber	

filter	GF/F	(Whatman)	using	a	peristaltic	pump.	The	filtrates	were	collected	in	sterile	Falcom	

tubes	 that	 were	 immediately	 frozen	 and	 kept	 at	 -20	 °C	 until	 analysis.	 The	 combined	
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concentrations	 of	 nitrate	 (NO3-)	 and	 nitrite	 (NO2-),	 thereafter	 referred	 to	 as	 N+N,	 and	

ammonium	 (NH₄⁺)	 were	 measured	 on	 a	 flow	 injection	 autoanalyzer	 (FIA,	 Lachat	

Instruments,	 Zellweger	 Analytics,	 Inc.,	 QuikChem	 8500	 Series	 2)	 at	 the	 Marine	 Science	

Institute	Analytical	Laboratory	at	the	University	of	California,	Santa	Barbara	using	standards	

prepared	 in	Milli-Q	water	and	blanks	were	prepared	 in	aged,	 low	nutrient	 seawater.	The	

method	minimum	limit	of	quantification	(LOQ)	is	the	lowest	concentration	of	an	analyte	that	

can	be	reliably	measured	and	quantified	with	acceptable	precision	and	accuracy.	The	LOQ	

for	NH₄⁺	and	N+	N	was	of	0.20	µM	for	each	analyte.	For	use	in	statistical	tests,	measurements	

below	LOQ	were	treated	as	LOQ	divided	by	2.		

Analysis	of	Water-soluble	Dissolved	Trace	Metals		

For	the	analysis	of	water-soluble	dissolved	trace	metals	in	samples	collected	during	

both	campaigns,	30	mL	aliquots	of	inlet	and	outlet	samples	were	filtered	through	acid	rinsed	

VWR	0.2	µm	PES	sterile	syringe	filter	cartridges	in	a	laminar	flow	hood	and	stored	in	acid	

cleaned	 high-density	 polyethylene	 (HDPE)	 bottles	 until	 analysis.	 These	 aliquots	 were	

acidified	using	distilled	HCl	at	sample	to	acid	volume	ratio	of	1000:1	under	a	laminar	flow	

hood.	Acidified	 samples	were	 allowed	 to	 sit	 for	 two	weeks	 to	 allow	 labile	 and	 dissolved	

metals	that	may	have	been	adsorbed	onto	the	walls	of	the	vials	to	be	recovered.	

Acidified	samples	were	transported	to	a	trace	metal-clean	room	at	the	University	of	

Southern	California	(John	Lab)	where	they	were	preconcentrated	using	ten	parallel	PERIFIX	

resin	columns	and	prepared	according	to	the	following	steps,	1)	Resin	was	cleaned	by	filling	

up	columns	twice	with	3N	HNO3	and	conditioned	using	3x	0.5	mL	MilliQ	water;	2)	15	mL	

aliquots	from	samples	were	transferred	from	HDPE	bottles	 into	acid	cleaned	VWR	15	mL	
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tubes;	3)	Samples	were	analyzed	in	batches	of	10,	including	two	method	blanks	(i.e.	200	µL	

of	spike	and	buffer	only);	4)	Each	VWR	tube	was	spiked	with	50	µL	of	a	multi	element	spike	

and	150	µL	of	a	buffer	(6N	ammonium	acetate	at	pH	6,	clean);	5)	Contents	were	transferred	

from	tubes	 into	columns	and	when	all	 the	 liquid	had	passed	thru	the	columns,	2x	0.5	mL	

were	used	to	wash	away	salts;	6)	Samples	were	eluded	into	clean	VWR	tubes	using	5	x	200	

µL	3NHNO3.	All	these	activities	were	carried	out	under	a	laminar	flow	hood,	following	the	

guidelines	established	by	GEOTRACES	(Cutter	et	al.,	2017)	to	reduce	metal	contamination	of	

samples.	

The	 concentrations	 of	 water-soluble	 trace	 metals	 in	 preconcentrated	 scrubber	

washwater	inlet	and	outlet	samples	were	measured	with	a	Thermo	Element	2	ICPMS	using	

a	100	μL	min−1	Teflon	nebulizer,	glass	cyclonic	spray	chamber	with	a	PC3	Peltier	cooled	inlet	

system	(ESI),	standard	Ni	sampler	and	Ni	‘H-type’	skimmer	cones	at	the	Department	of	Earth	

Sciences	of	University	of	Southern	California.	The	sensitivity	and	stability	of	the	instrument	

was	 tuned	 to	 optimal	 conditions	 before	 analyses,	 which	 were	 conducted	 at	 sensitivity	

around	106	counts	s−1	for	1	ppb	Indium.	Both	the	standard	and	samples	were	treated	with	1	

ppb	 In	 addition	 to	 correct	 for	 shifts	 in	 instrumental	 sensitivity	 and	 matrix.	 Elemental	

concentrations	in	samples	were	determined	by	their	signal	intensity	compared	to	a	10	ppb	

multi-element	 standard,	which	was	diluted	 from	a	 certified	 standard	 (Santa	Clarita).	The	

method’s	LOQs	were	the	following:	dFe=	3.35	nM,	dZn=	1.39	nM,	dCu=	0.82	nM,	dMn=	0.08	

nM,	dPb=	0.03	nM,	dCo=	0.12	nM,	dCd=	0.03	nM,	dNi=	0.23	nM,	dV=	0.34	nM.	For	use	 in	

statistical	tests,	measurements	below	LOQ	were	treated	as	LOQ	divided	by	2.	
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Literature	Review	and	Comparative	Analysis	for	Dissolved	Metals	

To	contextualize	dissolved	trace	metal	values,	we	1)	conducted	a	literature	search	to	

identify	all	previous	studies	that	had	quantified	metals	of	interest	in	scrubber	washwater;	2)	

selected	data	from	these	studies	that	included	the	concentration	of	metals	measured	in	both	

inlet	and	outlet	samples;	3)	converted	all	concentration	values	found	in	the	literature	to	a	

common	unit	 (nM);	4)	 standardized	 these	 values	by	 accounting	 for	 the	 rate	of	 discharge	

associated	 to	 each	 scrubber	 system	 (i.e.	 volume	 of	washwater	 being	 discharged	 by	 each	

scrubber	per	unit	of	time);	5)	compared	the	results	from	the	standardization	(in	nanomoles	

per	 second)	 to	 the	 results	 we	 found	 in	 the	 present	 study.	 Our	 focus	 was	 on	metals	 (vs	

nitrogen)	 enrichment	 because	 the	 references	 we	 found	 for	 the	 chemical	 composition	 of	

scrubber	 washwater	 produced	 by	 real	 ships	 all	 reported	 the	 nitrogen	 enrichment	 as	

negligible.	

To	be	included	in	the	comparative	analysis,	refences	had	to	meet	two	criteria:	a)	must	

have	measured	the	concentration	of	at	least	dFe,	dZn,	dCu	and	dV	in	samples	produced	from	

the	combustion	of	any	fuel	by	engines	of	any	size	and	discharging	scrubber	washwater	from	

open-loop	systems,	and	b)	must	have	measured	the	concentration	of	dissolved	metals	in	both	

inlet	and	outlet	samples.	Many	of	the	measurements	included	in	the	comparative	analysis	

came	 from	broad	technical	reports,	produced	by	 the	German	government	 to	describe	 the	

chemical	nature	of	scrubber	washwater	being	discharged	in	the	Baltic	Sea.	These	reports	did	

not	have	the	investigation	of	components	of	interest	to	phytoplankton	ecophysiology	as	their	

goal,	and	so	we	had	to	request	the	nitrogen	and	metal	concentrations	values	mentioned	in	

those	reports	from	the	authors.		
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	Statistical	analyses	and	model	simulations	

Statistical	 analyses	 were	 conducted	 using	 GraphPad	 Prism	 Versions	 9	 and	 10.1.	

Significant	 differences	 (P	 ≤	 0.05)	 were	 determined	 using	 unpaired	 t-tests	 with	 Welch’s	

correction	when	 comparing	 independent	 pairs	 of	means	 (i.e.,	 inlet	 vs.	 outlet	 samples	 for	

enrichment	analysis)	or	ordinary	one-way	analysis	of	variance	(ANOVA)	followed	and	Tukey	

and	 Dunnett	 post-hoc	 test,	 when	 comparing	 multiple	 means.	 Values	 below	 the	 limit	 of	

quantification	(LOQ)	were	substituted	by	½	of	the	LOQ	in	all	analyses	and	for	all	parameters.		

To	quantify	 the	 relative	 importance	of	 scrubber	washwater	discharges	 from	boats	

and	ships	transiting	in	coastal	ocean	areas	in	California	as	a	source	of	nutrients	for	primary	

producers,	we	simulated	various	scenarios	employing	simple	dilution	calculations,	variable	

mixed	layer	depths,	and	either	the	values	of	dissolved	nitrogen	species,	and	Fe	(dFe)	that	we	

measured	in	our	own	chemical	analyses,	or	that	were	documented	by	others	in	the	literature.	

	
RESULTS	AND	DISCUSSION	
	
Nitrogen	Components	

To	characterize	the	nitrogen	enrichment	of	washwater	by	the	open-loop	scrubbing	of	

exhaust	 gas	 produced	 by	 small	 engines	 combusting	 distilled	 fuels,	 we	 measured	 the	

concentrations	of	dissolved	ammonium	(NH₄⁺)	and	of	nitrate	(NO3-)	and	nitrite	(NO2-),	or	

N+N,	 in	 inlet	 water	 samples	 and	 scrubber	 washwater	 outlet	 samples	 collected	 during	

Campaigns	1	and	2	(Fig.	1.3).			

Unpaired	 two-tailed	 t-tests	with	Welch’s	 corrections	were	 performed	 to	 compare	

NH₄⁺	 and	 N+N	 concentrations	 in	 the	 three	 outlet	 samples	 that	 were	 generated	 by	 the	



 

 
 

36 

combustion	 of	 HGO	 in	 the	 test	 bed	 system,	 against	 three	 inlet	 samples	 taken	 from	 the	

seawater	 that	 was	 loaded	 into	 that	 scrubbing	 system	 (Campaign	 1).	 Ammonium	

concentration	 in	 those	outlet	 samples	 (M=	5.9,	SEM=	0.8	µM)	was	 significantly	higher	 (p	

=0.05)	 than	 in	 the	 corresponding	 inlet	 samples	 (M=2.5,	 SEM=	 0.1	 µM).	 Likewise,	 N+N	

concentration	in	those	outlet	samples	(M=	19.7,	SEM=	0.6	µM)	was	significantly	higher	(p	

=0.001)	 than	 in	 inlet	 samples	 (M=1.2,	 SEM=	 0.04	 µM).	 The	 scrubbing	 process	 in	 the	

Chalmer’s	testbed	system	combusting	HGO	caused	a	significant	nitrogen	enrichment	of	the	

washwater	that	would	be	discharged	into	the	ocean	if	this	system	were	operated	in	a	real	

vessel,	with	NH₄⁺	and	N+N	values	becoming	2	times	and	17	times	higher	than	the	original	

values	in	the	inlet	water	samples,	respectively	(Fig.	1.4).	

The	concentration	of	a	NH₄⁺	and	N+N	was	measured	in	randomly	selected	replicates	

of	inlet	and	outlet	washwater	samples	produced	by	the	wet	exhaust	systems	of	Boats	A	and	

B	from	Campaign	2	(Fig.1.3).	The	concentration	of	NH₄⁺	and	N+	N	in	inlet	samples	for	both	

boats	were	below	the	limit	of	quantification	(LOQ)	of	0.20	µM	for	each	analyte,	except	for	

one	of	four	inlet	samples	collected	in	2020	(Boat	A),	which	contained	0.21	µM	N+N	and	one	

of	three	inlet	samples	collected	in	2021	(Boat	B),	which	contained	0.34	µM	of	NH₄⁺.	These	

results	 indicate	 that	 the	 ambient	 seawater	 that	 was	 used	 to	 scrub	 emissions	 in	 the	wet	

exhaust	system	of	both	boats	was	nitrogen	depleted.	In	contrast,	nitrogen	values	measured	

in	all	outlet	samples	(i.e.,	four	replicates	from	Boat	A	and	three	replicates	from	Boat	B)	were	

between	2	and	4	times	higher	than	the	LOQ	for	NH₄⁺	and	between	25	and	90	times	higher	

than	 the	 LOQ	 for	 N+N,	 which	 indicates	 that	 nitrogen	 enrichment	 occurred	 due	 to	 the	

scrubbing	process	in	these	fishing	boats’	wet	exhaust	systems.		
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The	 results	 from	unpaired	 t-tests	with	Welch’s	 corrections	 showed	 that	 the	mean	

value	of	ammonium	concentrations	in	Boat	A’s	outlet	samples	(M=	0.64,	SEM=0.04	µM)	was	

significantly	higher	(p	=0.001)	than	the	mean	for	the	corresponding	inlet	samples	(M=0.10,	

SEM=	0.00	µM).	Likewise,	N+N	concentrations	in	outlet	samples	from	Boat	A	(M=	5.57,	SEM=	

0.40	µM)	were	significantly	higher	(p	=0.001)	than	the	mean	for	corresponding	inlet	samples	

(M=0.13,	SEM=	0.03	µM).	Using	the	same	statistical	tests,	the	ammonium	concentrations	in	

Boat	B’s	outlet	samples	(M=	0.59,	SEM=0.07µM)	were	significantly	higher	(p	=0.019)	than	in	

corresponding	 inlet	 samples	 (M=0.01,	 SEM=	 0.00	µM),	 and	N+N	 concentrations	 in	 outlet	

samples	from	Boat	B	(M=	17.7,	SEM=0.1	µM)	were	significantly	higher	(p	<0.0001)	than	in	

inlet	samples	(M=0.1,	SEM=0.00	µM).		

To	compare	the	relative	contribution	of	different	small	engines	combusting	distilled	

fuels	as	sources	of	dissolved	inorganic	nitrogen	for	phytoplankton	in	the	receiving	seawater	

where	their	scrubber	washwater	effluents	would	be	(in	the	case	of	the	testbed	system)	or	

are	being	discharged,	we	calculated	the	rate	of	discharge	for	NH₄⁺	and	N+N	by	each	vessel’s	

scrubbing	 system	 into	 the	 ocean	 in	 micromoles	 per	 second.	 For	 this	 calculation,	 we	

subtracted	 the	 amount	 of	 nitrogen	 components	 measured	 in	 inlet	 water	 samples	 from	

Campaigns	 1	 and	 2	 from	 their	 corresponding	 outlet	measurements,	 and	 then	multiplied	

these	values	by	the	flow	rates	of	each	scrubbing	unit	(i.e.	0.02,	2.7,	and	4.2	liters	of	scrubber	

washwater	discharged	per	second	by	the	Testbed	system,	Boat	A,	and	Boat	B,	respectively).	

Fig.	 1.4	 summarizes	 the	 results,	where	 the	discharge	 rate	 for	 each	 engine	 and	 scrubbing	

system	is	presented	in	log-10	scale.		
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Figure	 1.3.	 Nitrogen	 (ammonium	 and	 nitrate	 +	 nitrite)	 content	 in	 scrubber	 washwater	
produced	by	small	engines	combusting	distilled	fuels.	Most	nitrogen	concentration	values	
measured	 in	 inlet	 samples	 during	 Campaign	 2	 (i.e.	 Boat	 A	 and	 B	 Inlet)	 were	 below	 the	
methods’	LOQ	(0.2	�M).	Error	bars	show	standard	error	of	mean.	

	

Two	 independent	 one-way	 ANOVA	 followed	 by	 Tukey’s	 HSD	 Tests	 for	 multiple	

comparisons	tests	confirmed	that	there	were	significant	differences	in	both	NH₄⁺	and	N+N	

discharge	rates	 for	 the	three	scrubbing	systems	 included	 in	this	section	of	 the	study.	The	

mean	values	for	the	rate	of	nitrogen	discharge	for	both	NH₄⁺	and	N+N	by	all	three	vessels’	

scrubbing	 systems	was	 significantly	different	 for	all	 comparisons	 (for	NH₄⁺	 comparisons,	

p=0007	for	Test	bed	vs.	Boat	A,	p	<.0001	for	Test	bed	vs.	Boat	B	and,	p=	.0179	for	Boat	A	vs	

Boat	B;	for	N+	N	comparisons,	p	<.0001	for	all	compared	pairs).		

After	normalizing	the	nitrogen	discharges	by	the	scrubbing	systems’	discharge	rates	

as	described	above,	we	find	that	on	a	per	hour	basis,	Boat	B	discharged	~30	times	the	amount	
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of	NH₄⁺	that	would	have	been	discharged	by	the	Testbed	engine	and	its	scrubbing	system	

and	 ~1.5	 times	 the	 amount	 of	 NH₄⁺	 discharged	 by	 Boat	 A.	 Using	 the	 same	 comparative	

approach,	 Boat	 B	 discharged	 ~200	 times	 the	 amount	 of	 N+N	 that	 would	 have	 been	

discharged	by	the	Testbed	engine	and	~5	times	the	amount	of	N+N	discharged	by	Boat	A	

(Fig.	1.4).		

Figure	1.4.	Rate	of	discharge	of	nitrogen	compounds	(ammonium	and	nitrate	+	nitrite)	by	
small	 engines	 scrubbing	 exhaust	 gas	 from	 the	 combustion	 of	 distilled	 fuels	 in	 open-loop	
mode.	Error	bars	show	standard	error	of	mean.	Values	are	shown	in	log-10	scale.	

	
Dissolved	Trace	Metals	

The	concentrations	of	nine	dissolved	 trace	metals	of	 interest	 (dFe,	dZn,	dCu,	dMn,	

dPb,	dCo,	dCd,	dNi,	dV)	were	measured	in	inlet	and	outlet	samples	that	were	collected	during	

Campaigns	1	and	2.	All	metal	concentrations	were	 found	to	be	above	the	method’s	LOQs,	

except	for	dCo,	dCd	and	dNi.	The	concentration	of	dCo	was	found	to	be	below	its	LOQ	of	0.12	

nM	in	inlet	samples	from	Boat	B	and	from	the	Testbed,	and	dCd	and	dNi,	were	found	to	be	
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below	 their	 LOQs	 of	 0.03	 and	 0.23	 nM,	 respectively,	 in	 inlet	 samples	 from	 the	 Test	 Bed	

system.		

All	concentration	values	presented	in	this	section	refer	to	measurements	converted	

into	 nanomolar	 (nM),	 including	 the	 difference	 between	 the	 means	 of	 outlet	 and	 their	

respective	inlet	samples	(Dconc.),	standard	error	of	means	(SME),	and	standard	deviations	

(SD).		The	enrichment	of	trace	metals	due	to	scrubbing	was	determined	based	on	a	significant	

(p<	0.05)	and	positive	difference	between	the	outlet	and	inlet	means	(D	conc.	>	0).	A	series	

of	 unpaired	 two-tailed	 t-tests	 with	 Welch’s	 correction	 were	 conducted	 to	 assess	 the	

significance	of	those	differences.	The	results	from	these	tests	are	summarized	in	Figure	1.5	

(a-c).	

Our	results	show	that	the	enrichment	of	metals	occurred	in	all	scrubber	washwater	

outlet	samples	analyzed	for	this	study,	for	all	metals	except	for	dPb	and	dV.	In	the	case	of	the	

Testbed	samples,	four	metals	became	enriched	after	scrubbing:	dFe	(D	conc.=	271.0	nM,	p=	

0.005),	dMn	(D	conc.=	5.0	nM,	p=	0.015),	dCo	(D	conc.=	0.6	nM,	p=	0.018),	dNi	(D	conc.=	35.6	

nM,	p=	0.011)	(Figure	1.5	a).	

In	 the	 case	 of	 Boat	A	 samples,	 three	 dissolved	 trace	metals	were	 enriched	 due	 to	

scrubbing:	 dZn	 (D	 conc.=	 80.7	 nM,	p=0.001),	 dCo	 (D	 conc.=0.2	 nM,	p=0.001),	 and	 dNi	 (D	

conc.=	 1.6	 nM,	 p<0.001)	 and	 the	mean	 concentration	 for	 dCd	 significantly	 decreased	 (D	

conc.=	-0.2	nM,	p=0.006)	in	the	outlet	sample	from	Boat	A	compared	to	the	corresponding	

inlet	mean	(Figure	1.5	b).		

In	the	case	of	Boat	B	samples,	seven	metals	were	enriched:	dFe	(D	conc.=	11.6	nM,	

p=0.005),	dZn	(D	conc.=	113.4	nM,	p=	0.004),	dCu	(D	conc.=	33.1	nM	,	p<0.001),	dMn	(D	conc.=	
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16.8	nM,	p=0.001),	dCo	(D	conc.=	0.3	nM,	p=0.003),	dCd	(D	conc.=	0.19	nM,	p<	0.0001),	dNi	

(D	 conc.=	 2.1	 nM,	 p<0.0001)	 (Figure	 1.5	 c).	 The	mean	 concentration	 of	 dPb	 significantly	

decreased	(D	conc.=	-1.0	nM,	p=	0.001)	in	the	outlet	samples	from	Boat	B	compared	to	that	

boat’s	inlet	mean.	

Comparing	the	enrichment	of	various	metals	across	the	three	engines	and	scrubbers’	

combos	included	in	this	study,	we	find	that	the	largest	enrichment	of	dFe	happened	in	the	

outlet	samples	from	the	Testbed	engine	with	partial	scrubbing,	which	contained,	on	average,	

~32	 times	 more	 dFe	 than	 the	 corresponding	 inlet	 samples,	 while	 dFe	 in	 Boat	 B	 outlet	

samples	were	on	average	3.4	times	higher	than	the	corresponding	inlet	samples.	There	was	

no	 enrichment	 of	 dFe	 in	 Boat	 A	 samples.	 Enrichment	 of	 dZn	 did	 not	 occur	 in	 Test	 Bed	

samples,	and	was	somewhat	similar	for	Boats	A	and	B,	with	concentrations	in	outlet	samples	

being	~1.5	and	1.8	times	higher	than	in	inlet	samples,	respectively.	Enrichment	of	dCu	was	

only	 observed	 in	 outlet	 samples	 from	 Boat	 B	 (~2	 times	 that	 of	 inlet	 values),	 and	 dMn	

enrichment	was	observed	in	outlet	samples	from	the	Testbed	and	from	Boat	B	(7	and	6	times	

that	of	 inlet	 values,	 respectively).	Enrichment	of	dCo	occurred	 in	outlet	 samples	 from	all	

three	engine	and	scrubber	systems,	with	an	approximate	increase	in	concentration	of	11.0,	

1.2,	and	5.8	times	that	of	the	inlet	sample	means	for	Testbed,	Boat	A	and	Boat	B,	respectively.	

Enrichment	of	dCd	occurred	only	in	Boat	B	(~4.5	times	greater	in	outlet	vs	inlet	samples)	

and	the	enrichment	of	dNi	was	observed	in	all	systems,	with	an	increase	of	56.7,	1.3,	and	1.5	

times	in	outlet	sample	means,	compared	to	inlet	sample	means	of	Testbed,	Boat	A	and	Boat	

B,	respectively.		
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Figure	1.5	a-c.	Concentration	of	dissolved	metals	in	inlet	and	outlet	samples	from	scrubbers	
in	small	engines	combusting	distilled	fuels	(in	nM	and	plotted	on	a	log	10	scale).	Error	bars	
show	standard	error	and	numbers	above	brackets	show	p	values	for	significant	differences	
between	inlet	and	outlet	values	calculated	by	unpaired	t-tests	with	Welch’s	correction.			
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Overall,	metal	enrichment	in	the	small	engines	combusting	distilled	fuels	included	in	

this	study	ranged	from	11.6	to	271.0	nM	for	dFe,	90.7	to	113.4	nM	for	dZn,	0-33.14	nM	for	

dCu,	5.0	to	16.6	nM	for	dMn,	0	for	dPb,	0.2	to	0.6	nM	for	dCo,	0	to	0.19	for	dCd,	1.6	to	35.6	nM	

for	dNi,	and	0	nM	for	dV.	

Literature	Review	and	Comparative	Analysis	for	Dissolved	Metals	

To	the	best	of	our	knowledge,	only	four	publicly	available	studies	have	quantified	the	

suite	of	dissolved	metals	identified	here	as	of	interest	to	phytoplankton	ecology	in	scrubber	

washwater	samples:	Ytreberg	et	al,	2019,	Schmolke	et	al,	2020,	The	ImpEx	report	by	Marin-

Enriquez	 et	 al,	 2023,	 and	 the	EMERGE	 report	 by	Petrovic	 et	 al.	 2023	 (which	 include	 the	

values	reported	by	Picone	et	al	2023).	A	summary	of	relevant	aspects	of	each	of	these	studies	

is	presented	in	Table	2.		Note	that	four	out	of	the	twelve	entries	reported	in	the	references	

that	were	found	during	this	literature	review	measured	the	concentration	of	metals	in	one	

single	inlet	sample	and	one	outlet	sample	collected	(rather	than	in	replicates).	

Nitrogen	 enrichment	was	 reported	 as	 being	 negligible	 in	 all	 three	 references	 that	

investigated	scrubbing	by	large	ships	using	HFO.	For	that	reason,	we	focus	our	comparative	

analysis	 on	metal	 enrichment,	with	 a	 special	 emphasis	 on	 dFe.	 It	 is	 important	 to	 notice,	

however,	that	the	nitrogen	measurements	presented	in	those	reports	were	conducted	for	

the	purpose	of	evaluating	the	risk	of	eutrophication	from	scrubber	wash	water	discharges,	

and	thus	measured	with	methods	with	high	LOQs	(>0.8	mg/	L	for	nitrate).	If	one	wants	to	

quantify	and	model	 the	potential	 role	 that	 scrubber	washwater	discharges	may	play	as	a	

source	of	N	for	marine	phytoplankton,	they	should	conduct	measurements	using	LOQs	in	the	

micromolar	(µM)	range.				
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Table	1.2.	Summary	of	relevant	aspects	from	literature	review.	SW=	scrubber	wash	water.	
NA=	not	available.	Dissolved	iron	(dFe)	values	from	literature	review	used	as	model	inputs.	
Asterisk	indicates	the	ship	with	the	highest	dFe	discharge	rate,	which	was	used	to	simulate	
the	“maximum	dFe	discharge	rate	scenario”.	All	dFe	discharge	rate	values	from	large	ships	
were	used	to	calculate	the	“average	dFe	discharge	rate	scenario.”	

Reference	 Ship	Types	

Fuel	Type	and	
Sulphur	
Content	
(m/m)	

Engine	
Load	
(%)	

#	of	
samples	
(inlet,	
outlet)	

Used	
in	
compa
rative	
analys
is?	

~DFe	
OUT-
IN	
(nM)	

This	study		

Sm.	engine		 HGO,	1%	 30	 3	and	3	 Yes	 280	

Sm.	Boat	A	 CARB	diesel,	
0.1%	 NA	 3	and	3	 Yes	 9	

Sm	boat	B	 CARB	diesel,	
0.1%	 NA	 3	and	3	 Yes	 17	

Ytreberg	
et	al,	2019		

Sm.	engine	test	
bed)	 MGO,	1.0%	 30	 1	and	1	 Yes	 1,593	

Marin	et	
al,	2023	
	

Ferry	RoPax	(S1)		 HFO,	2.1%		 75	 0	and	1	 No	 NA	

Ferry	RoPax	(S2)		 HFO,	2.1%		 86	 1	and	1	 Yes	 14,916	

Vehicles	carrier	
(S3)*	 HFO,	3.2%	 63	 1	and	1	 Yes	 1,116	

Cruise	ship	(S4)	 HFO,	2.2%	 79	 1	and	1	 Yes	 2,504	

Schmolke	
et	al,	2019	

		

Vehicles	carrier	
(S1)	 HFO,	3.2%	 84	 2	and	2	 Yes	 319	

Cruise	ship	(S2)	 HFO,	2.5%	 58	 2	and	2	 Yes	 496	

Cruise	ship	(S3)	 HFO,	2.7%	 74	 2	and	2	 Yes	 734	

Cruise	ship	(S4)	 HFO,	0.7%	 78	 2	and	2	 Yes	 173	

RoRo	(S5_1)	 HFO,	2.0%	 53	 2	and	2	 Yes	 860	

RoRo	(S5_2)	 HFO,	2.0%	 60	 2	and	2	 Yes	 478	

Petrovic	et	
al,	2023	 Container	ship		 HFO,	2.4%	 50	 2	and	2	 Yes	 1,970	
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Figure	1.6.	Net	amounts	of	selected	metals	discharged	by	all	open-loop	engine	and	scrubber	
systems	 that	 were	 included	 in	 the	 comparative	 analysis.	 Values	 shown	 in	 these	 graphs	
(nanomoles.	 s-1)	 result	 from	 the	 standardization	 of	 net	 concentration	 values	 (i.e.,	 nM	 in	
outlet	samples	minus	nM	in	inlet	samples)	by	their	respective	scrubber	system’s	washwater	
discharge	 rates	 (L.	 s-1).	 The	 number	 of	 inlet	 and	 outlet	 samples	 that	were	 available	 per	
engine	and	scrubber	system	is	shown	in	parentheses.	 	

	

The	 comparison	 of	 metal	 enrichment	 across	 various	 ship	 types	 combusting	 HFO	

against	small	engines	shows	that	the	concentration	of	metals	varies	greatly	for	all	metals.	

Looking	at	dFe	enrichment	from	scrubbing	in	particular	(Table	2),	we	see	that	it	ranged	from	

<10	nM	in	one	of	 the	small	boats	combusting	CARB	diesel	 to	~15,000	nM	in	 the	vehicles	

carrier	(Marin	S3).	Once	we	consider	the	discharge	rates	from	each	ship	(Fig.	1.6),	we	notice	
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that	the	contribution	of	metals	dFe,	dZn,	dV	from	scrubber	washwater	discharges	from	ships	

considerably	outweighs	those	from	small	vessels,	and	varies	greatly	within	that	latter	group,	

ranging	from	6.7	x104	to	8.4	x105	nanomoles	per	sec.	for	dFe,	7	x104	to	8	x105,	3	x103	to	6x105	

for	dZ,	41	to	6	x104	for	dCu	and	2	x105	to	2x106	nanomoles	per	second.		

	

Simulations	of	post-discharge	dilution	of	nitrogen	and	dissolved	iron	(dFe)	in	wet	
exhaust	from	Boats	A	and	B	
	

Boats	A	and	B	are	similar	in	size,	engine	type,	age,	maintenance,	and	were	combusting	

the	 same	 type	 of	 fuel.	 Therefore,	 we	 posit	 that	 the	 differences	 observed	 between	 N	

enrichment	in	wash	water	from	Boat	B	vs	Boat	A	were	caused	mainly	by	the	higher	engine	

load	that	Boat	B	was	operating	at	(i.e.	1,300	rpm	at	10	knots)	as	compared	to	Boat	A	(800	

rpm	at	5	knots).	That	consistent	with	observations	in	the	literature	regarding	the	production	

of	NOx,	which	 is	directly	proportional	 to	 combustion	 temperature,	which	 is	 a	 function	of	

engine	load	(Cooper	&	Andreasson,	1999;	Hebbar,	2014).		

Our	 results	 for	 the	 rate	 of	 nitrogen	 discharges	 from	 engines	 and	 scrubbers	 in	

Campaigns	 1	 and	 2	 (Fig.	 1.4)	 allow	 us	 to	 assess	 the	 likely	 range	 of	 concentrations	 that	

phytoplankton	 organisms	 would	 experience	 after	 scrubber	 washwater	 and	 wet	 exhaust	

washwater	is	discharged	and	diluted	in	the	receiving	seawater	parcel	underneath	the	boat	

or	 ship’s	 path.	 For	 example,	 taking	 the	 results	 obtained	 from	 the	 analysis	 of	 nitrogen	

enrichment	in	samples	from	Boats	A	and	B,	we	can	estimate	the	maximum	plausible	N+N	

input	into	the	coastal	waters	of	Southern	California	from	the	combustion	of	CARB	diesel	in	

small	boats	equipped	with	wet	exhaust	systems.	To	be	clear,	the	state	of	California	prohibits	

the	discharge	of	scrubber	water	from	vessels	combusting	fuels	with	sulfur	content	>	0.1	%	
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within	its	contiguous	zone	(24	NM	from	the	shore),	but	allows	the	use	of	wet	exhaust	systems	

in	combination	with	distilled	fuels	to	reduce	fumes	and	odors	on	deck,	such	as	the	systems	

installed	in	Boats	A	and	B.	Here,	we	consider	two	scenarios	that	simulate	the	typical	dilution	

conditions	associated	with	the	discharge	of	wet	exhaust	washwater	from	these	boats.	

In	the	first	scenario,	we	look	at	what	happens	to	the	dissolved	inorganic	nitrogen	and	

dFe	concentrations	when	wet	exhaust	washwater	is	discharged	by	Boat	A	as	it	moves	inside	

the	shallow	and	semi-enclosed	waters	of	the	Newport	Bay	harbor	at	5	knots.	In	the	second	

scenario,	we	 look	at	 the	 fate	of	dissolved	 inorganic	nitrogen	and	dFe	when	washwater	 is	

discharged	by	Boat	B	as	it	cruises	near	the	coast,	in	a	region	known	as	the	Southern	California	

Bight.	

Scenario	1A:	Small	boats	with	wet	exhaust	systems	travelling	at	low	speed	and	
discharging	washwater	inside	a	semi-enclosed	body	of	water	(Newport	Harbor,	CA,	
USA).		

The	Newport	Harbor	is	a	4	km2	recreational	harbor	located	in	Southern	California,	

USA	(33°	36'	7.3794"	N,	117°	53'	16.3752"	W).	If	we	include	the	Upper	Newport	Bay	area,	

which	is	connected	to	the	harbor,	the	total	area	is	~6	km2	(Fig.	1.7).	Once	the	land	areas	of	

the	two	islands	located	inside	of	the	Newport	Harbor	(Balboa	and	Lido	Islands,	which	are	

~0.5	km2	each)	are	subtracted	from	the	harbor’s	total	area,	we	find	that	the	harbor’s	surface	

water	area	is	~5	km2.	According	to	the	city	of	Newport	Beach,	the	approximate	depth	in	the	

center	of	the	channel	is	20	feet,	while	the	controlling	depth	on	the	outside	of	the	channel	is	

approximately	8	feet	(Newportbeachca.gov,	2023).	For	simplicity,	we	can	assume	here	that	

this	harbor’s	depth	is	uniform	and	that	it	is	equivalent	to	the	average	between	the	typical	

depth	at	the	center	and	the	depth	outside	of	the	channel	or	(20	ft+8	ft)/2,	which	equals	to	14	

ft	 or	 ~4	 m.	 Using	 this	 approach,	 the	 volume	 of	 seawater	 in	 this	 harbor	 would	 be	
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approximately	20,000	m3.	As	shown	in	Fig.	1.4,	on	a	per	hour	basis,	a	boat	with	a	wet	exhaust	

system	such	as	Boat	A,	which	was	sampled	while	moving	inside	of	the	Newport	Harbor	at	5	

knots,	would	be	discharging	5.0x104	μmoles	of	N+N	per	hour.	In	this	case,	considering	that	

this	amount	of	nitrogen	is	being	discharged	into	~2x	107	L,	that	would	mean	an	addition	of	

~2.6x10-3	µM	of	dissolved	inorganic	nitrogen	per	boat,	per	hour.	For	context,	if	10	boats	of	

similar	size,	engine,	and	wet	exhaust	system	as	those	of	Boat	A	are	cruising	at	the	maximum	

allowed	speed	of	5	knots	inside	the	Newport	Harbor	at	all	hours	of	daylight	(e.g.	12	hours,	

between	6	am	and	6	pm),	which	could	be	plausible,	particularly	in	the	summer,	the	discharge	

of	emissions	from	these	boats	could	add	up	to	~0.3	µM	of	N+N	per	day	into	these	waters,	a	

value	that	could	represent	a	significant	input	of	nitrogen	into	this	semi-enclosed	ecosystem	

in	which	the	concentration	of	N+N	is	normally	low	(<4	µM	of	NO3-)	during	most	of	the	year,	

except	after	rainfall	events,	which	usually	occur	in	winters	and	cause	nitrogen	pulses	in	this	

system	(Fong	et	al.,	2021).	It	is	important	to	highlight	that	this	concentration	would	likely	be	

somewhat	abated	by	the	influence	of	tidal	flushing,	which	the	Newport	Harbor	experiences	

twice	a	day.		

Our	results	from	trace	metal	measurements	in	Boat	A	samples	(Fig.	1.5b)	indicate	that	

these	boats	will	not	be	releasing	significant	amounts	of	dFe	or	other	metals	of	interest	when	

operating	 at	 low	 speed	 (i.e.,	 at	 low	 engine	 load,	 low	 combustion	 temperature,	 and	 low	

washwater	discharge	rate).		
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Figure	1.7.	Map	of	the	Newport	Bay	Harbor	(California,	USA),	depicting	its	total	area,	which	
includes	two	islands:	Balboa	Island,	and	Lido	Isle.	Image	and	area	calculation	from	Google	
Maps.	

	

Scenario	1B:	Small	boats	with	wet	exhaust	systems	travelling	at	cruising	speed	and	
discharging	along	a	boat	lane	in	the	Southern	California	Bight,	CA,	USA.	

In	the	second	scenario,	we	consider	the	concentration	of	dissolved	inorganic	nitrogen	

that	the	phytoplankton	community	would	experience	due	to	nitrogen	enrichment	from	wet	

exhaust	scrubbing	in	a	water	parcel	underneath	the	path	of	a	boat	like	Boat	B.	Fig.	1.8	shows	

the	schematic	description	of	this	scenario,	in	which	the	width	of	the	discharge	plume	into	the	

water	is	assumed	to	be	the	width	of	the	boat’s	beam,	and	the	speed	of	the	boat	is	used	to	

estimate	the	length	of	the	water	parcel.	Boat	B	has	a	beam	of	6.7	m	and	was	sampled	while	

cruising	 at	 10	 knots	 (~	 5	 m/s),	 which	 gives	 us	 a	 surface	 area	 for	 this	 boat	 lane	 of	
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approximately	 33.5	 m2	 (per	 second).	 This	 scenario	 assumes	 that	 there	 is	 no	 horizontal	

mixing.		

According	to	results,	Boat	B	discharges	~	74	μmoles	of	N+N	per	second.	That	means	

that	the	post-discharge	concentration	would	be	~	2.2	x	10-3	µM	if	all	the	dissolved	inorganic	

nitrogen	that	was	being	discharged	by	Boat	B	remained	completely	entrained	in	the	first	1	

meter	of	depth	(i.e.	~3.3	x104	L),	and	one	order	of	magnitude	lower	if	that	nitrogen	were	to	

be	entrapped	in	the	top	10	meters.	If,	instead,	we	assume	that	mixing	occurs	all	the	way	down	

to	50	m,	the	resulting	concentration	from	the	discharge	of	dissolved	inorganic	nitrogen	from	

a	boat	like	Boat	B	into	water	parcels	underneath	its	“boat	lane”	would	be	of	approximately	

4.4	 x10-5	µM,	which	 is	 very	 small	 concentration	 compared	 to	 typical	 dissolved	 inorganic	

concentration	in	waters	of	the	Southern	California	Bight	(McLaughlin	et	al.,	2021).		

The	same	calculation	can	be	used	to	estimate	the	concentration	of	dFe	caused	by	the	

discharge	 of	 wet	 exhaust	 by	 Boat	 B	 near	 the	 coast.	 According	 to	 our	 estimate,	 Boat	 B	

discharges	~50	nM	of	dFe	per	 second.	That	means	 that	 the	post-discharge	concentration	

would	 be	 ~1.5	 x	 10-3	nM	 if	 all	 the	 dFe	 that	 was	 being	 discharged	 by	 Boat	 B	 remained	

completely	entrained	in	the	first	1	meter	of	depth,	or	~3.0	x	10-5	nM	if	mixed	down	to	50	m.	

Dissolved	iron	concentrations	in	the	southern	California	Current	System	range	from	<0.5	nM	

to	8	nM	during	coastal	upwelling	(King	&	Barbeau,	2011).	Thus,	our	results	suggest	that	the	

relevance	of	dFe	added	by	an	individual	boat	like	Boat	B	is	minimal.	
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Figure	1.8.	Schematics	depicting	the	basic	assumptions	used	to	compose	scenarios	that	
simulate	the	range	of	DIN	and	trace	metal	concentrations	that	marine	phytoplankton	in	a	
hypothetical	water	parcel	would	experience	after	scrubber	washwater	is	discharged	and	
diluted	in	the	receiving	seawater.	MLD	=	mixed	layer	depth.	

	
Simulations	of	post-discharge	dilution	of	dissolved	iron	by	ships	scrubbing	HFO	
emissions	(from	literature	review	and	comparative	analysis)	

The	results	from	our	comparative	analysis	(Fig.	1.6)	allow	us	to	assess	the	likely	range	

of	trace	metals	concentrations	that	the	phytoplankton	in	a	water	parcel	would	be	exposed	to	

after	scrubber	water	is	discharged	into	the	ocean	by	large	ships	combusting	residual	fuels	

and	operating	open-loop	scrubbers.	Here,	we	use	the	results	obtained	from	the	comparison	

of	 the	 net	 discharge	 rates	 for	 dFe	 for	 various	 ships	 and	 scrubbers	 to	 simulate	 several	

scenarios.		

Scenario	2A:	Maximum	net	discharge	rate	of	dFe	in	inventory	from	literature	review	

First,	we	estimate	what	the	resulting	concentration	of	dFe	in	a	hypothetical	shipping	

lane	would	be	if	the	ship	with	the	highest	net	discharge	rate	in	our	inventory	(car	carrier	

ship	sampled	by	Marin-	Enriquez	et	al	2023,	S3	in	their	report)	were	to	discharge	scrubber	

washwater	from	its	open-loop	scrubber	at	the	concentration	and	discharge	rate	reported	by	

those	authors	(~15,000	nM	and	50	L/	sec,	respectively).	For	that,	we	would	assume	that	the	

Vessel speed in m. h-1 or in m. s
−1

 

MLD <100 m 

Vessel 
beam 
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ship’s	beam	is	approximately	50	m	wide,	and	that	this	ship	is	moving	at	the	slowest	end	of	

the	usual	 speed	 for	 ships	 in	 cruising	mode	 (i.e.,	~8	knots	 or	4	m/s).	We	also	 assume	no	

horizontal	mixing.		

These	 assumptions	 establish	 the	 volume	 of	 the	water	 column	 in	 the	water	 parcel	

underneath	the	shipping	lane	over	which	this	ship	would	be	cruising,	as	shown	in	Fig.	1.8	

and	would	compose	the	“Maximum	dFe	discharge	rate”	scenario.	 In	this	scenario	(orange	

line	 in	 Fig.	 1.9),	 phytoplankton	 in	 the	 first	 meter	 of	 seawater	 would	 be	 experiencing	 a	

resulting	enrichment	of	~4.0	nM,	if	all	the	dFe	being	discharged	remained	entrapped	in	the	

top	1	m	layer	of	water.	However,	we	expect	that	the	dFe	will	get	thoroughly	mixed	to	at	least	

the	depth	of	the	ship’s	draft	(i.e.,	vertical	distance	between	the	waterline	and	the	bottom	of	

the	hull),	which	usually	ranges	from	10-	15	m.	This	 in	 line	with	what	authors	have	found	

from	in	situ	observations	of	turbulent	ship	wakes	and	their	spatiotemporal	extent	in	busy	

shipping	lanes	in	the	Baltic	Sea.	Using	a	bottom-mounted	acoustic	Doppler	current	profiler	

(ADCP)	that	was	placed	at	32	m	depth	below	the	shipping	lane	outside	Gothenburg	harbor	

these	researchers	documented	a	median	wake	depth	of	13	m	and	several	occasions	of	wakes	

reaching	depths	>18m	(Nylund	et	al.,	2021).	The	post-discharge	concentration	of	dFe	added	

by	the	scrubber	water	drops	to	0.4	nM	when	considering	the	dilution	within	the	first	10	m	

of	the	mixed	layer.	That	decline	in	concentration	continues	such	that	at	50	m,	that	value	is	

approximately	0.08	nM	and	by	100m,	it	is	equal	to	0.04	nM	(Fig.	1.9).	

Scenario	2B:	Average	net	discharge	rate	of	dFe	in	inventory	

We	repeated	these	calculations	using	the	averaged	values	for	net	dFe	concentration	

measured	in	open-loop	scrubber	wash	water	samples	(~2,300	nM)	and	the	average	flow	rate	
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of	discharge	(~200	L/	sec)	for	all	large	ships	and	scrubber	units	included	in	our	comparative	

analysis	(Fig.	1.6,	Table	1.2)	and	assumed	that	these	ships	would	be	travelling	at	the	average	

speed	for	ships	cruising	in	high	seas	of	20	knots,	or	~10	m/s	(blue	line	in	Fig.	1.9).	In	this	

“Average	DFe	discharge	rate”	scenario,	the	post-discharge	concentration	of	dFe	added	by	the	

scrubber	water	would	be	~	0.9	nM	if	all	dFe	remained	entrapped	in	the	top	1	m	layer,	~0.1	

nM	if	dFe	remained	entrapped	in	the	top	10	m	layer	and	~	0.02	nM	if	we	assume	mixing	

down	to	50m.		

	

Figure	 1.9.	 Simulated	 post-dilution	 dFe	 concentration	 in	 open-ocean	 seawater	
receiving	scrubber	water	discharges.	MLD=	mixed	layer	depth	
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The	 calculations	 from	 both	 maximum	 and	 average	 net	 discharge	 rate	 of	 dFe	 in	

inventory	 scenarios	 suggest	 that	 in	high	 seas,	where	vertical	mixing	 is	 expected	 to	 reach	

down	to	50-100	m,	the	amount	of	dFe	added	by	open-loop	scrubber	water	discharged	by	an	

individual	 vessel	 is	 small	 compared	 to	 other	 sources,	 such	 as	 wind-driven	 desert	 dust	

deposition	(T.	D.	Jickells	et	al.,	2005;	N.	Mahowald	et	al.,	2014;	N.	M.	Mahowald	et	al.,	2010).	

However,	in	highly	stratified,	semi-enclosed	areas	of	intensive	ship	traffic,	such	as	the	Baltic	

Sea,	where	 there	 is	 approximately	 one	 ship	 passage	 every	 10	min	 (Nylund	 et	 al.,	 2021),	

accumulation	of	metals	from	scrubber	washwater	discharges	water	could	occur.	The	relative	

importance	of	those	discharges	to	the	phytoplankton	in	these	various	systems	would	need	

to	be	assessed	on	a	region-by-region	and	season-by-season	basis	and	would	need	to	take	into	

consideration	 many	 factors	 including	 the	 system’s	 flushing	 times,	 bathymetry,	

oceanographic	conditions,	and	other	natural	and	anthropogenic	sources	that	bring	dissolved	

metals	into	those	coastal	areas.		

Bioavailable	 iron	 is	 a	 requirement	 for	 many	 physiological	 processes	 in	 primary	

production	 thus	 limiting	 marine	 phytoplankton	 growth	 in	 much	 of	 the	 world	 ocean,	

including	oligotrophic	gyres	and	high-nutrient	 low-chlorophyll	 (HNLC)	areas	(Boyd	et	al.,	

2007;	Coale,	2004;	Geider	&	La	Roche,	1994;	Martin,	1992;	Martin	et	al.,	1991).	In	other	ocean	

areas,	iron	may	co-limit	primary	production	(Browning	&	Moore,	2023;	Mills	et	al.,	2004a,	

2004b;	J.	K.	Moore	et	al.,	2002;	Pausch	et	al.,	2019;	Saito	et	al.,	2008).	Our	results	suggest	that	

primary	 production	 in	 areas	 that	 experience	 high	 ship	 traffic	 and	 that	 are	 prone	 to	 iron	

limitation	 or	 co-limitation,	 such	 as	 in	 busy	 shipping	 lanes	 that	 go	 over	 HNLC	 areas	 or	
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oligotrophic	 gyres,	 could	 be	 influenced	 by	 scrubber	water	 discharge,	 particularly	 during	

summer,	when	the	water	column	is	more	stratified.		

Subtropical	 gyres	 are	 known	 for	 their	 oligotrophic	 nature,	where	 limited	 input	 of	

“new	nutrients”	can	constrain	phytoplankton	growth.	In	those	gyres,	primary	production	per	

unit	of	surface	is	relatively	low,	but	their	massive	size	makes	their	total	contribution	to	ocean	

productivity	significant	(Jackson,	1980;	Jena	et	al.,	2012,	2013;	Jones	et	al.,	1996;	C.	M.	Moore	

et	al.,	 2008;	Morel	et	 al.,	 2010;	Regaudie-de-Gioux	et	al.,	 2019;	Signorini	 et	 al.,	 2015).	An	

important	 component	 of	 the	 productivity	 in	 subtropical	 gyres	 is	 nitrogen	 fixation	 by	

diazotrophs.	Diazotrophs	are	bacteria	and	archaea	capable	of	fixing	atmospheric	nitrogen	

into	biologically	useful	forms,	such	as	ammonia.	Several	factors	contribute	to	the	limitation	

of	 diazotrophs	 in	 subtropical	 gyres,	 including	 bioavailable	 iron.	 Iron	 serves	 as	 a	 critical	

cofactor	 in	 the	 structure	 of	 nitrogenase,	 the	 enzyme	 responsible	 for	 nitrogen	 fixation	 in	

diazotrophs,	 facilitating	 the	 electron	 transfer	 reactions	 essential	 for	 the	 conversion	 of	

atmospheric	nitrogen	 into	biologically	usable	 forms	(Moisander	et	al.,	2012;	Ratten	et	al.,	

2015;	Shiozaki	et	al.,	2014).	More	modeling	studies	should	be	conducted	to	examine	impacts	

from	 scrubber	 washwater	 discharges	 to	 net	 primary	 production,	 nitrogen	 fixation,	

community	composition,	patterns	of	nutrient	 limitation	and	of	particulate	organic	carbon	

export	near	subtropical	gyres.		

Furthermore,	it	is	important	to	acknowledge	the	great	variability	in	composition	and	

abundance	 of	 metals	 measured	 in	 the	 twelve	 scrubber	 water	 samples	 that	 have	 been	

analyzed	for	dissolved	metal	content	to	date	(Table	1.2	and	Fig.	1.6).	In	the	case	of	dFe,	the	

enrichment	 and	 rate	 of	 discharge	 varied	 greatly:	 from	 zero	 in	 the	 sample	 from	 Boat	 A	
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combusting	a	distilled	fuel	(this	study),	to	~8x105	nM	per	second	in	the	sample	from	a	car	

carrier	 combusting	a	 residual	 fuel	 (Marine-Enriquez,	 et	 al	2019).	Even	when	considering	

only	the	large	ships	combusting	HFO,	the	variability	in	dFe	is	still	remarkable:	the	maximum	

dFe	 rate	 of	 discharge	 from	 that	 car	 carrier	 was	 almost	 double	 the	 average	 dFe	 rate	 of	

discharge.	While	this	variability	matters	little	on	an	individual	ship	basis,	it	likely	becomes	

important	when	considering	fleet-wide	aggregate	impacts.			

Very	 little	 is	 known	 about	 the	 origins,	 relative	 concentrations,	 physical	

characteristics,	chemical	transformations,	and	solubility	of	trace	metals	discharged	into	the	

ocean	as	scrubber	water	or	deposited	over	the	ocean	in	aerosols	emitted	by	marine	engines.	

The	concentration	of	some	metal	contaminants	found	in	ship	emissions,	namely	vanadium	

(V)	and	nickel	 (Ni),	are	believed	 to	be	related	 to	 the	quality	of	 the	 fuel	being	combusted.	

These	metals	are	found	in	higher	concentration	in	emissions	from	residual	fuels,	 in	lower	

concentration	in	emission	from	blends,	and	are	virtually	absent	in	emissions	from	distilled	

fuels	(Agrawal	et	al.,	2008;	Corbin	et	al.,	2018;	Streibel	et	al.,	2017;	Tao	et	al.,	2013).	The	

origins	of	other	metals	found	in	emissions	produced	by	marine	engines	are	more	difficult	to	

determine.	 That	 is	 particularly	 true	 in	 the	 case	 of	 metals	 of	 interest	 to	 phytoplankton	

physiology,	 which	 seem	 to	 come	 from	 various	 concurrent	 sources	 and	 have	 not	 been	

quantified	in	emissions	as	often	as	other	metals	have	(Lunde	Hermansson	et	al.,	2021).	Some	

authors	posit	that	at	least	a	fraction	of	these	metals	of	interest	to	phytoplankton	physiology	

that	are	 found	 in	marine	engine	emissions	originate	 from	the	pyrolysis	of	 lubricants	 that	

seep	into	the	combustion	chamber	(Eichler	et	al.,	2017;	Winnes	et	al.,	2020)	or	from	engine	

wear	(M.	Anderson,	Salo,	&	Fridell,	2015;	Stone,	2012),	while	the	use	of	sacrificial	anodes,	

corrosion	of	various	parts	of	the	vessels	and	fuel	additives	may	also	contribute	to	some	metal	
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contaminants	being	produced	by	marine	engines	and	released	 into	the	air,	as	aerosols	or	

directly	into	the	ocean	as	scrubber	water	discharge	(Jang	&	Choi,	2016;	Ntziachristos	et	al.,	

2016).		

In	summary,	scrubbing	of	emissions	produced	by	small	and	large	engines	combusting	

distilled	 and	 refined	 fuels	 enriched	 seawater	 with	 nitrogen	 and	 metals	 of	 interest	 to	

phytoplankton	 ecophysiology.	 The	 enrichment	 of	 metals	 measured	 in	 scrubber	 samples	

from	 small	 engines	 combusting	 distilled	 fuels	 was	 significantly	 smaller	 than	 what	 was	

documented	in	the	literature	for	scrubber	water	samples	produced	from	the	scrubbing	of	

emissions	by	large	ship	engines	combusting	residual	fuels.	Once	the	rates	of	scrubber	water	

volume	discharged	by	each	scrubbing	system	and	the	post-discharge	dilution	are	considered,	

it	becomes	evident	that	the	input	of	potentially	fertilizing	components	such	as	nitrogen	and	

metals	 from	 scrubber	 water	 discharges	 in	 most	 coastal	 and	 open-ocean	 areas	 is	 small	

compared	 to	 typical	 nutrient	 levels	 determined	 by	 other	 sources,	 such	 as	 upwelling,	

turbulent	mixing,	land	runoff,	and	atmospheric	deposition.	Exceptions	may	occur	in	coastal	

estuaries,	harbors,	and	semi-enclosed	areas	in	which	heavy	ship	traffic	occurs	and	scrubber	

water	discharges	are	permitted.	Phytoplankton	in	those	areas	may	experience	cumulative	

concentrations	of	nitrogen	and	metals	which	may	be	particularly	high	 in	summer,	due	 to	

stratification	and	associated	shoaling	of	the	MLD.		

Other	metals	 that	were	 found	 in	 scrubber	washwater	 samples,	 such	as	Zn,	Mn,	Co	

could	also	cause	fertilization	in	areas	of	nitrogen	and	metal	colimitation	(Browning	&	Moore,	

2023;	C.	M.	Moore	et	al.,	2013b),	but	we	didn't	simulate	that,	nor	the	possible	toxic	effects	of	

Cu,	 Pb	 and	 V,	 and	more	 research	 is	 needed.	 Increased	 upper	 ocean	 stratification	 due	 to	

climate	change	may	amplify	the	regional	relevance	of	scrubber	washwater	discharges	as	a	
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source	of	nutrients	to	marine	phytoplankton	in	tropical	and	subtropical	gyres,	where	this	

effect	seems	to	be	more	pronounced	(Li	et	al.,	2020;	Roch	et	al.,	2023;	Sallée	et	al.,	2021;	

Yamaguchi	&	Suga,	2019).	

The	 maritime	 industry	 plays	 a	 central	 role	 in	 global	 trade,	 as	 well	 as	 in	 local	

economies	 as	 a	 means	 of	 transportation,	 recreation,	 and	 as	 a	 part	 of	 fishing	 and	 other	

operations	aimed	at	utilizing	ocean	resources.	Many	projections	indicate	the	continued	and	

exponential	growth	of	the	sector	around	the	world	in	the	next	decade	(Müller-Casseres	et	al.,	

2021;	 Noble,	 2019;	 Sardain	 et	 al.,	 2019).	 Ships	 and	 boats	 are	 also	 responsible	 for	 a	

considerable	 amount	 of	 pollution	 globally	 experienced	 by	 people	 and	 marine	 life	 along	

coastlines	(Corbett,	2003;	Jonson	et	al.,	2020;	Tsimplis,	2020;	Viana	et	al.,	2020;	X.	Wang	et	

al.,	 2019),	 and	 there	 is	 mounting	 pressure	 for	 the	 maritime	 industry	 to	 improve	 the	

sustainability	 of	 their	 operations	 by	 addressing	 pollution	 issues,	 and	 by	 transitioning	 to	

lower	 greenhouse	 gas	 emissions	 to	meet	 climate	 targets	 (Oloruntobi	 et	 al.,	 2023;	 Simon	

Bullock	&	Larkin,	2022;	Walker	et	al.,	2019).	As	several	authors	have	pointed	out	(Chu	Van	

et	 al.,	 2019;	 Comer	 et	 al.,	 2020;	 Lunde	 Hermansson	 et	 al.,	 2021;	 Osipova	 et	 al.,	 2021),	

scrubbers	 represent	 an	 obstacle	 to	 these	 goals	 –	 a	 sidestep	 that	 is	 being	 used	 by	 ship	

operators	 to	 meet	 current	 air	 quality	 standards	 while	 still	 combusting	 relatively	 cheap	

residual	fossil	fuels	that	emit	greenhouse	gasses	and	that	can	alter	marine	ecosystems.	It	is	

also	necessary	to	highlight	that	other	studies	investigated	the	negative	effects	of	scrubber	

water	 discharges	 to	 marine	 life	 and	 ecosystems	 (Lunde	 Hermansson	 et	 al.,	 2021;	 B.	 H.	

Othman	et	al.,	2018;	Picone	et	al.,	2023b;	Thor	et	al.,	2021),	and	some	found	high	levels	of	

contaminants	that	we	did	not	set	out	to	measure	in	the	present	study,	such	as	PAHs.	The	toxic	
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effects	 from	 these	 scrubber	 water	 components	 for	 marine	 microbes	 should	 be	 further	

investigated.		

CONCLUSIONS	

The	goals	of	this	study	were	1)	to	elucidate	any	differences	in	nitrogen	and/or	trace	

metal	enrichment	levels	when	comparing	scrubber	washwater	produced	by	various	small	

engines	combusting	different	distilled	fuels	to	large	ship	engines	combusting	heavy	fuel	oil	

(HFO),	and	2)	determine	if	the	discharge	of	scrubber	washwater	into	the	ocean	represent	a	

significant	 source	 of	 nitrogen	 and/or	 trace	 metals	 of	 interest	 for	 phytoplankton	

ecophysiology.	We	 found	 that	 scrubber	water	 produced	with	 residual	 fuels	 in	 large	 ship	

engines	 contained	 more	 metals	 than	 scrubber	 water	 produced	 from	 the	 combustion	 of	

distillates	 in	small	engines.	The	reasons	 for	 that	discrepancy	remain	obscure,	but	may	be	

related	 to	 combustion	 temperature,	 and	 other	 factors,	 and	 not	 solely	 to	 the	 chemical	

composition	 of	 the	 original	 fuel.	 The	 type	 and	 concentration	 of	 trace	metals	 in	 scrubber	

washwater	varied	across	engine	and	fuel	types.	Our	study	shows	how	complex	and	nuanced	

marine	biogeochemical	and	ecological	responses	to	anthropogenic	activities	can	be.	As	the	

shipping	industry	adjusts	to	meet	new	and	future	requirements,	operators	may	turn	to	other	

increasingly	popular	alternative	fuels,	such	as	liquified	natural	gas,	ammonia,	and	biofuels	

(Al-Aboosi	et	al.,	2021;	M.	Anderson,	Salo,	&	Fridell,	2015;	Coufalík	et	al.,	2019;	Fun-sang	

Cepeda	et	al.,	2019;	Grönholm	et	al.,	2021;	Machaj	et	al.,	2022).	We	recommend	more	studies	

to	 be	 conducted	 to	 examine	 the	 effects	 of	 air	 and	 water	 pollution	 associated	 with	 the	

combustion	of	these	alternative	fuels	by	large	ship	engines.	



 
 

CHAPTER	2	
	

MARINE	PHYTOPLANKTON	RESPONSES	TO	SCRUBBER	WASHWATER	ADDITIONS	IN	

COASTAL	INCUBATION	EXPERIMENTS	

	

ABSTRACT	
The	combustion	of	fuels	in	the	engines	of	ships	releases	inorganic	compounds	and	metals	
that	can	promote	phytoplankton	growth	(e.g.	N,	Fe,	Mn,	Zn)	or	decrease	productivity	(e.g.	
Cu).	Many	ship	operators	comply	with	air	quality	regulations	by	installing	scrubber	systems	
that	clean	emissions	going	into	the	air,	but	discharge	washwater	containing	nutrients	and	
contaminants	directly	into	ocean	water.	This	has	the	potential	to	change	primary	production	
rates	and	the	structure	of	phytoplankton	populations.	This	mesocosm	study	documented	the	
responses	 of	 coastal	 phytoplankton	 communities	 (comprising	 dinoflagellate,	 diatom,	
picoeukaryote	and	Synechococcus)	 to	high	concentrations	(1%,	5%	and	10%)	of	scrubber	
washwater	produced	by	marine	engines	combusting	distilled	and	residual	 fuels.	The	high	
washwater	concentrations	and	short	(48h)	 incubation	periods	were	 intended	to	simulate	
acute	 exposure	 of	 phytoplankton	 to	 scrubber	 washwater	 discharges	 that	 could	 occur	 in	
coastal	 regions	 with	 heavy	 ship	 traffic	 such	 as	 the	 Kattegat,	 Sweden,	 and	 the	 Southern	
California	 Bight,	 USA,	 where	 our	 experiments	 were	 conducted.	 We	 observed	 different	
growth	responses	across	different	phytoplankton	taxa,	as	well	as	to	different	fuel	types.		

	

INTRODUCTION	
Maritime	Scrubber	Washwater	Systems.	The	maritime	industry	plays	a	central	role	

in	 global	 trade,	 commercial	 fishing,	 and	 transportation	 and	 is	 a	 significant	 source	 of	 air	

emissions	that	cause	environmental	and	human	health	impacts	around	the	world	(Brandt	et	

al.,	2013;	Corbett,	1997,	2003;	Corbett	et	al.,	1999b;	Eyring	et	al.,	2010b;	Hassellöv	et	al.,	

2013;	Jägerbrand	et	al.,	2019;	Lack	et	al.,	2009b;	Y.	Zhang	et	al.,	2017).	Global	emissions	from	

shipping	are	expected	to	more	than	triple	between	2020	and	2050	(Gössling	et	al.,	2021).	In	

response,	regulations	have	been	enacted	to	control	air	pollution	from	marine	engines.	The	

International	Maritime	Organization’s	(IMO)	global	fuel	sulfur	limit	that	began	on	January	1,	
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2020,	reduced	the	maximum	sulfur	content	for	marine	fuels	from	3.5%	(in	mass	per	mass)	

to	 0.50%,	 except	 for	 ships	 that	 have	 an	 exhaust	 gas	 cleaning	 systems,	 also	 known	 as	

scrubbers.	A	growing	number	of	shipping	companies	have	adopted	scrubbers,	which	serve	

as	a	relatively	cheap	air	pollution	abatement	strategy	(Osipova	et	al.,	2021;	Zis	et	al.,	2022).	

However,	 the	 most	 popular	 type	 of	 scrubbers	 used	 by	 ships	 (i.e.,	 open-loop	 scrubbers)	

generates	 residual	 liquid	 waste,	 or	 scrubber	 washwater,	 that	 is	 discharged	 directly	 into	

seawater.		

The	discharge	of	 scrubber	washwater	 into	 the	ocean	 introduces	a	novel	 source	of	

chemical	 constituents,	 including	 nutrients,	 trace	 metals,	 and	 other	 compounds	 (Lunde	

Hermansson	et	al.,	2021;	Marin-Enriquez	et	al.,	2023;	Schmolke	et	al.,	2020;	Ytreberg	et	al.,	

2022a)	 that	 could	 potentially	 influence	 phytoplankton	 growth,	 species	 composition,	 and	

overall	 ecosystem	dynamics.	Phytoplankton	are	primary	producers	 that	 form	 the	base	of	

marine	food	webs	and	are	essential	contributors	to	carbon	fixation,	oxygen	production,	and	

nutrient	cycling,	and	influence	biodiversity	and	climate	on	a	global	scale	(Barton	et	al.,	2010;	

P.	Falkowski	et	al.,	2000;	C.	M.	Moore	et	al.,	2013b;	Sarmiento	&	Gruber,	2006).	Given	that	

perturbations	 to	 phytoplankton	 communities	 have	 the	 potential	 to	 cascade	 throughout	

marine	 ecosystems,	 the	 importance	 of	 measuring	 emerging	 anthropogenic	 disturbances,	

such	as	scrubber	wash	water	discharge,	on	their	growth	is	becoming	increasingly	important.	

Overall,	 interactions	between	scrubber	washwater	constituents	and	phytoplankton	

remain	poorly	understood.	To	this	date,	only	four	studies	have	been	published	reporting	on	

experiments	conducted	to	measure	the	impacts	of	phytoplankton	populations	to	scrubber	

washwater	exposure,	all	conducted	with	natural	assemblages	of	phytoplankton	in	the	Baltic	
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Sea	(Ytreberg	et	al.,	2019,	2021),	or	monospecific	phytoplankton	cultures	(Marin-Enriquez	

et	al.,	2023;	Picone	et	al.,	2023a).	The	results	from	those	studies	varied	greatly,	from	artificial	

fertilization	 of	 some	 phytoplankton	 groups	 to	 complex	 shifts	 in	 abundance,	 species	

composition,	and	size	distributions	for	certain	taxa.	Some	experiments	have	also	evaluated	

the	impacts	of	scrubber	washwater	on	zooplankton	(Koski	et	al.,	2017;	Marin-Enriquez	et	al.,	

2023;	Picone	et	al.,	2023a;	Thor	et	al.,	2021)	and	variable	deleterious	effects	were	observed	

for	these	phytoplankton	grazers.		

The	chemical	composition	of	scrubber	washwater	varies	greatly	based	on	the	type	of	

scrubber	technology	employed,	quality	and	type	of	the	fuel,	type	of	ship,	size	of	engine,	and	

other	 operational	 factors	 (Lunde	 Hermansson	 et	 al.,	 2021;	 Ytreberg	 et	 al.,	 2022a).	 Air	

emissions	 from	 marine	 fuel	 combustion,	 which	 are	 partially	 captured	 in	 scrubber	

washwater,	yield	many	possible	chemical	compositions	as	byproducts,	 including	formulas	

that	may	contain	potential	fertilizers	like	nitrogen	compounds	(NO3,	NH4),	iron	(Fe),	and	zinc	

(Zn)	 (Coufalík	 et	 al.,	 2019;	 Eyring	 et	 al.,	 2005,	 2010b;	Hardaway	 et	 al.,	 2004;	 Lack	 et	 al.,	

2009a;	Moldanová	et	al.,	2009a;	Popovicheva	et	al.,	2012;	Raudsepp	et	al.,	2019b;	Viana	et	

al.,	 2009).	 Concurrently,	 toxic	 combustion	 byproducts,	 such	 as	 polycyclic	 aromatic	

hydrocarbons	(PAHs),	and	metals	such	as	copper	(Cu)	and	lead	(Pb),	have	the	potential	to	

hinder	phytoplankton	growth	in	otherwise	productive	regions	(Jordi	et	al.,	2012;	Lopez	et	

al.,	 2019;	B.	H.	Othman	et	 al.,	 2018;	Paytan	et	 al.,	 2009a).	The	net	effects	experienced	by	

marine	phytoplankton	exposed	to	scrubber	washwater	ultimately	depends	on	the	intricate	

interplay	 between	 the	 relative	 concentration	 of	 specific	 chemical	 components	 in	 the		

scrubber	washwater	discharge,	the	sensitivity	of	the	microbial	taxa	present	in	the	receiving	

waters,	 the	 background	 levels	 of	 nutrients	 that	 might	 be	 limiting	 the	 growth	 of	
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phytoplankton	groups	in	that	region,	and	the	possible	influences	of	the		scrubber	washwater	

on	phytoplankton	grazers	that	exert	“top-down”	control	on	phytoplankton	populations	and	

communities.	

Here,	we	advance	the	knowledge	in	this	field	by	investigating	the	responses	of	various	

coastal	phytoplankton	populations	to	acute	(48h)	exposure	to	highly	concentrated	(1,	5	and	

10%)	scrubber	washwater.	By	employing	a	combination	of	mesocosm	experiments	using	

natural	seawater	from	two	coastal	 locations	where	marine	traffic	 is	relatively	intense,	we	

sought	to	assess	the	effects	of	different	scrubber	washwater	formulations	on	phytoplankton	

growth,	nutrient	uptake,	and	community	composition.	Furthermore,	we	explored	potential	

mechanisms	underlying	observed	responses,	including	the	role	of	trace	metals,	and	nutrient	

availability.	This	work	is	an	important	early	step	to	help	inform	scientists,	managers,	policy	

makers	and	the	public	at	large	about	possible	environmental	effects	of	discharging	scrubber	

washwater	directly	into	marine	ecosystems	and	could	assist	in	the	adjustment	of	regulations	

and	management	practices	 that	can	reduce	aquatic	pollution	and	 improve	environmental	

quality	in	coastal	areas	exposed	to	high	shipping	traffic.			

Site	Characteristics.	We	 conducted	experiments	 at	 two	 sites	-	 the	Kattegat	 Strait	

(KS)	 and	 the	 Southern	 California	 Bight	 (SCB)-	 both	 coastal	 regions	with	 heavy	 shipping	

traffic.	The	KS	is	a	semi-enclosed	marine	basin	situated	between	the	North	Sea	and	the	Baltic	

Sea,	characterized	by	complex	hydrographic	and	biogeochemical	features	that	are	influenced	

by	inflows	from	the	Baltic	Sea	and	the	Atlantic	Ocean.	Surface	salinity	gradually	changes	from	

18	in	the	southern	part	of	the	KS	to	30–32	in	the	northern	transition	area	into	the	Skagerrak	

strait.	 In	 this	 area,	 known	 as	 the	 Kattegat-Skagerrak	 front,	 surface	 salinities	 can	 rapidly	
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change	by	5–10	(Jakobsen,	1997),	and	primary	production	is	relatively	high	(Carstensen	et	

al.,	2004).	High	density	ship	traffic	is	common	in	the	KS	due	to	its	position	along	major	North	

European	 trade	 routes,	with	 container	 carriers,	 bulk	 carriers,	 fishing	 boats,	 tankers,	 and	

passenger	ferries	transiting	withing	the	region	year-round.	Approximately	70,000	ships	pass	

through	the	KS	annually	(Baltic	Marine	Environment	Protection	Commission,	2017;	Danish	

Maritime	Authority,	n.d.).	Ships	are	allowed	to	discharge	untreated	open-loop	scrubber	wash	

water	directly	into	the	KS,	as	in	most	of	the	Baltic	Sea	

The	SCB	is	the	curved	coastal	region	that	extends	for	~700	km	from	Point	Conception	

(34.45 N)	to	northern	Baja	California	(32.44 N).	It	is	an	eastern	boundary	upwelling	system	

located	in	the	U.S.	Pacific	Coast,	with	complex	circulation	patterns	that	are	affected	by	the	

southward	 California	 Current,	 the	 northward	 California	 Countercurrent	 and	 California	

Undercurrent.	 Seasonally	 changing	 winds	 that	 blow	 north-to-south	 alongshore	 and	

occasionally	onshore-to-offshore,	along	with	the	location	of	the	Channel	Islands	that	serve	

as	physical	barriers	to	currents,	lead	to	the	formation	of	eddies	and	fronts	(Bray	et	al.,	1999;	

Dong	et	al.,	2009;	Oram	et	al.,	2008;	Sutton	et	al.,	2017).	In	general,	the	California	Current	

ecosystem	can	be	divided	into	a	productive	nearshore	region	and	an	oligotrophic	offshore	

region	(Chavez	et	al.,	1991;	Hayward	&	Venrick,	1998).	Southern	California	has	two	of	the	

largest	ports	in	the	world:	the	Ports	of	Los	Angeles	and	Long	Beach.	Maritime	traffic	in	this	

area	 is	 characterized	by	a	diverse	array	of	 vessels,	 including	 container	 ships,	 oil	 tankers,	

cruise	liners,	and	fishing	boats.	Notably,	ship	traffic	intensity	surpasses	global	averages	due	

to	 its	 role	 as	 a	 major	 trade	 gateway	 and	 recreational	 hub	 (T.	 J.	 Moore	 et	 al.,	 2018).	 In	

California,	the	restrictions	for	marine	vessels’	emissions	within	the	contiguous	zone	(i.e.,	24	

nm	from	the	shore’s	baseline)	are	some	of	the	most	stringent	in	the	world.	Here,	vessels	must	
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comply	with	regulations	that	require	fuels	to	meet	low	sulfur	content	standards	(less	than	

0.1%	 S	 by	mass)	with	 additional	 quality	 specifications	 for	 distillate	 grades.	 Ocean-going	

vessels	are	not	allowed	to	use	scrubbers	to	meet	these	requirements	in	California.		

	
Figure	2.1.	Study	Areas:	sampling	stations	where	incubation	water	was	collected	from.	(A)	
BroA	Station	in	the	Kattegat	Strait	(KS)	located	off	the	west	coast	of	Sweden,	and	(B)	the	
OCSD	reference	station	in	the	Southern	California	Bight	(SCB)	located	off	the	west	coast	of	
the	USA	(near	Orange	County,	California).	
	
METHODS	

	Production,	collection,	and	analysis	of	scrubber	washwater	spikes	

Four	types	of	open-loop	scrubber	washwater	spikes	were	used	in	this	study	(Table	

1).	 Three	 of	 these	 scrubber	 washwater	 spikes	 were	 produced	 by	 small	 marine	 engines	

following	the	procedures	described	in	detail	in	the	first	chapter	of	this	dissertation.	These	

spikes	are	the	liquid	residue	produced	by	the	scrubbing	of	exhaust	gas	from	the	combustion	

of	two	types	of	distilled	fuels,	heavy	gas	oil,	or	HGO,	and	a	type	of	marine	diesel	approved	by	

the	California	by	the	California	Air	Resources	Board	(CARB)	that	is	popularly	known	as	CARB	

diesel.	Both	 fuel	 types	are	used	by	relatively	small	 recreational	boats	and	 fishing	vessels.	
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HGO	is	a	distilled	fuel	blend	that	contains	1%	sulfur	(in	mass	per	mass),	and	thus	not	suitable	

for	use	without	scrubbing	under	the	IMO	regulations	that	came	into	effect	January	1,	2020.	

The	HGO	scrubber	washwater	was	produced	at	a	 testbed	 facility	at	Chalmer’s	University,	

Sweden,	in	June	2019.	Two	CARB	diesel	scrubber	washwater	spikes	were	produced	by	the	

combustion	of	CARB	diesel	fuel.	CARB	diesel	is	a	marine	diesel	oil	with	a	maximum	sulfur	

content	of	0.1%	and	is	chemically	comparable	to	the	USA-federally	approved	ultralow	sulfur	

diesel	 (ULSD)	 fuel.	 The	 CARB	 scrubber	 washwater	 spikes	 (CARB-A	 and	 CARB-B)	 were	

collected	 from	 two	 different	 small	 (~70-ft	 long)	 recreational	 boats	 (boat	 A	 and	 boat	 B,	

respectively)	cruising	in	Newport	Beach	Harbor,	CA	(2020)	and	off	the	Newport	Beach	coast,	

CA	 (2021).	 Samples	 of	 the	 seawater	 loaded	 into	 these	 three	 scrubbing	 systems	 (i.e.	 inlet	

samples)	were	collected,	processed,	and	stored	in	the	same	way	as	the	scrubber	washwater	

spikes	and	were	used	as	scrubber	washwater	(SW)	controls	in	all	experiments	conducted	in	

this	study,	as	described	in	Section	2.2.,	below.		

The	 fourth	 spike	 was	 acquired	 by	 collaborators	 conducting	 a	 study	 on	 the	

Environmental	Impacts	of	Discharge	Water	from	Exhaust	Gas	Cleaning	Systems	on	Ships	(i.e.,	

Project	ImpEx)	on	behalf	of	the	German	Environmental	Agency,	in	March	2021.	Pre-dilution,	

open-loop	 scrubber	 washwater	 samples	 were	 collected	 from	 a	 4-stroke	 roll-on/roll-off	

passenger	 ferry	 combusting	 heavy	 fuel	 oil	 (HFO)	 and	 operating	 in	 the	Baltic	 Sea	 (Bay	 of	

Pomerania)	as	described	in	(Marin-Enriquez	et	al.,	2023).	HFO	is	a	residual	fuel,	popularly	

known	as	bunker	fuel,	and	is	known	to	contain	variable	amounts	of	contaminants,	such	as	

aromatics,	sulfur,	nitrogen,	and	metals		(Ali	&	Abbas,	2006;	Fridell,	2018;	Fun-sang	Cepeda	

et	al.,	2019;	Streibel	et	al.,	2017).	The	HFO	combusted	by	the	ferry	operating	the	open-loop	



 

 
 

67 

scrubber	used	in	this	study	contained	2.1%	S,	in	addition	to	metals	(Fe,	Ni,	V,	Zn)	and	PAHs	

(Marin-Enriquez	et	al.,	2023).		

All	scrubber	washwater	samples	used	as	spikes	were	kept	frozen	from	the	time	they	

were	collected	until	24	hours	before	 incubation	experiments	were	conducted,	when	 they	

were	defrosted	at	2-4°C.	scrubber	washwater		spikes	were	analyzed	for	nutrients	and	water-

soluble	trace	metals,	following	the	procedures	described	below	(detailed	in	Chapter	1	of	this	

dissertation).	Salinity	and	pH	were	recorded	using	a	handheld	multiparameter	digital	probe	

(YSI	Incorporated).		

Table	2.1.	Fuel	and	engine	types	used	to	generate	scrubber	washwater	(SW)	spikes	in	each	
of	the	three	experiments	in	this	study.	

Experiment	
location	

Month,	Year	 Fuel	and	engine	type	
used	to	produce	SW	
spikes	

Treatments	(other	
than	controls,	SW	
controls)	

Kattegat	Strait	
(KS)	

August,	2019	 Heavy	gas	oil	(HGO),	small	
testbed	engine		

5%,	10%	HGO	
N	addition	=	NO3-	(1	
µM)	+	NH4+	(1	µM)	
Fe	(10	nM)	
Cu	(1	µM)	

Southern	
California	Bight	
(SCB)	

October,	2020	 CARB-A	California	Air	
Resources	Board	(CARB)	
diesel;	small	boat	engine	

5%,	10%	CARB-A	
NO3-		(10	µM)	
NH4+	(1	µM)	
Fe	(10	nM)	
Cu	(0.5	µM)	

Southern	
California	Bight	
(SCB)	

July,	2021	 CARB-B	California	Air	
Resources	Board	(CARB)	
diesel;	small	boat	engine	

5%,	10%	CARB-B	
1%,	5%,	10%	HFO	
NO3-	(15	µM)	
NH4+	(1.5	µM)	
Fe	(10	nM)	
Cu	(0.5	µM)	

Heavy	fuel	oil	(HFO);	large	
ship	engine	(4-stroke	ro-ro	
ferry)	
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	Incubation	experiments	

Three	incubation	experiments	were	conducted	in	this	study	(Table	2.1).	The	

first	 occurred	 in	 Sweden	 with	 coastal	 seawater	 collected	 from	 the	 northern	 part	 of	 the	

Kattegat	Strait	(KS,	BroA	station,	58°15'49.9"N	11°19'30.2"E,	Fig.2.1	a),	between	August	29th	

and	31st	of	2019.	The	experiments	were	conducted	at	 the	Kristineberg	Center	 for	Marine	

Research,	Sweden.	Two	additional	experiments	were	conducted	 in	the	United	States	with	

coastal	 seawater	 collected	 from	 the	 Southern	 California	 Bight	 (SCB),	 in	 the	 nearfield	

subregion	 of	 the	 Orange	 County	 Sanitation	 District	 (OCSD)	 Quality	 Monitoring	 area	

(Reference	Station	#2106,	33°32'24.2"N	117°58'53.7"W,	Fig.	2.1	b)	in	October	of	2020,	and	

July	of	2021.	The	latter	two	incubations	were	conducted	at	the	Back	Bay	Science	Center	in	

Newport	 Beach,	 CA,	 USA.	 These	 regions	 were	 selected	 for	 the	 intense	 ship	 traffic	 they	

experience	 and	 for	 the	markedly	 differences	 in	 their	 oceanographic	 and	 biogeochemical	

regimes.	

Mesocosm	incubation	experiments	were	conducted	following	the	methods	described	

in	Mackey	et	al.	(2017)	and	references	therein.	All	materials	used	for	collection,	filtering,	and	

storage	of	samples,	as	well	as	all	materials	used	later	in	the	incubation	experiments	were	

rendered	trace	metal	clean	prior	to	use	following	the	GEOTRACES	protocols	(Cutter	et	al.,	

2017).		Surface	(0-10	m)	seawater	was	collected	from	the	above-mentioned	offshore	sites	

(Fig.	 2.1),	 by	 boat,	 transferred	 into	 trace	metal-clean	 carboys	 that	 were	 pre-rinsed	with	

sample	seawater	and	transported	in	the	dark	to	the	incubation	sites	where	the	experiments	

were	conducted.	At	the	incubation	sites,	seawater	was	homogenized,	filtered	through	a	100	

μm	mesh	to	remove	grazers,	and	dispensed	 into	acid	cleaned,	sample	rinsed,	 transparent	

250	mL	polycarbonate	bottles.	To	characterize	initial	conditions,	three	baseline	aliquots	(i.e.,	
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unaltered	seawater	at	time	zero	of	the	incubation	experiment)	were	immediately	collected	

and	processed	for	chemical	and	biological	analyses,	as	described	below.	Treatments	were	

set	up	as	 follows:	1)	control,	which	consisted	of	unamended	surface	seawater	used	 in	all	

treatments;	2)	scrubber	washwater	(SW)	controls,	which	consisted	of	the	same	unamended	

seawater	from	#1	mixed	with	samples	of	seawater	that	was	loaded	into	scrubbers	to	produce	

the	 scrubber	 washwater	 	 spikes	 used	 in	 each	 experiment,	 and	 that	 were	 kept	 and	

transported	in	the	exact	same	way	that	the	scrubber	washwater	spikes	were,	at	10%	final	

concentration	in	the	incubation	bottle;	3)	various	types	of		scrubber	washwater	spikes	added	

at	1%,	5%	or	10%	of	final	concentration	in	the	incubation	bottle;	and	nutrient	additions	of	

known	 amounts	 of	 4)	 nitrate,	 5)	 ammonium,	 6)	 iron,	 and	 7)	 copper,	 which	 varies	 in	

concentration	 depending	 on	 the	 experiment.	 In	 the	 KS	 2019	 experiment,	 nitrate	 and	

ammonium	were	mixed	into	one	nutrient	addition	treatment	hereinafter	referred	to	as	the	

“N	addition	treatment”	which	consisted	of	using	a	spike	that	added	1	µM	NO3-	+	1µM	NH₄⁺	to	

the	incubation	bottles;	the	iron	addition	treatment	consisted	of	10	nM	Fe,	and	the	copper	

treatment	consisted	of	1	µM	Cu.	In	the	SCB	2020	experiment,	the	nitrate	addition	treatment	

consisted	of	adding	10	µM	NO3-;	for	the	ammonium	treatment	we	added	1	µM	NH₄⁺;	for	the	

iron	treatment	we	added	10	nM	Fe;	for	the	copper	treatment	we	added	0.5	µM	Cu.	In	the	SCB	

2021	experiment,	the	addition	treatments	consisted	of	15	µM	NO3-,	1.5	µM	NH₄⁺,	10	nM	Fe,	

and	0.5	µM	Cu	(Table	1).		

The	response	of	the	phytoplankton	in	nutrient	addition	treatments	makes	it	possible	

to	 identify	 limitation	and	 tolerance	ranges	 in	phytoplankton	communities	and	 to	 identify	

cause-effect	relationships	between	specific	scrubber	washwater	spike	chemical	components	

and	 observed	 phytoplankton	 responses.	 All	 treatments	 were	 conducted	 in	 triplicates	 or	
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quadruplicates.	The	bottles	were	placed	in	flow-thru	tanks	that	permit	the	microorganisms	

being	 incubated	 to	 experience	 the	 typical	 daily	 variations	 in	 light	 and	 surface	 ocean	

temperature	for	the	region.	A	shade	cloth	was	placed	over	the	incubators	to	decrease	the	

irradiance	by	half	 to	prevent	phytoplankton	photoinhibition	without	altering	the	spectral	

quality	of	the	light.	The	bottles	were	left	undisturbed	for	48	hours,	after	which	period	they	

were	removed	from	the	incubator	and	gently	shaken	so	that	homogenous	aliquots	could	be	

collected	 and	 processed	 for	 chlorophyll	 a	 (chl	 a),	 taxonomic	 composition	 of	 marine	

phytoplankton	communities,	and	dissolved	nutrients	and	water-soluble	trace	metals.	

Inorganic	nutrients	analysis	

Changes	in	the	concentration	of	macronutrients	during	the	incubation	experiments	

were	determined	by	filtering	30-40	mL	of	sample	water	through	GF/F	filters	using	a	

peristaltic	pump	into	50	mL	polypropylene	centrifuge	tubes	(Corning™	Falcon).	Samples	

were	stored	frozen	at	−20	°C	until	analysis.	Samples	from	the	KS	2019	experiment	were	

analyzed	at	the	Kristineberg	Center	for	Marine	Research	and	Innovation,	University	of	

Gothenburg,	using	a	QuAAtro,	XY-3	Sampler,	Seal	Analytical	2015.	The	method	limit	of	

quantification	(LOQ)	was	determined	to	be	0,05	µM	for	NO3-,	0.02	µM	for	NO2-,	0,20	µM	for	

NH₄⁺,	and	0.02	µM	for	PO₄³⁻.		

Samples	 from	 the	 SCB	 2020	 and	 2021	 experiments	were	 analyzed	 using	 a	 flow	

injection	autoanalyzer	(FIA,	Lachat	Instruments,	Zellweger	Analytics,	Inc.,	QuikChem	8500	

Series	 2)	 at	 the	 Marine	 Science	 Institute's	 Analytical	 Laboratory	 at	 the	 University	 of	

California,	Santa	Barbara,	using	standards	prepared	in	Milli-Q	water	and	blanks	that	were	

prepared	in	aged,	low	nutrient	seawater.	To	determine	the	LOQ,	at	least	seven	replicates	of	
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standard	solutions	(i.e.,	seawater	blanks	and	spiked	samples)	that	are	one-	to	five-times	the	

estimated	detection	limit	were	analyzed,	and	the	appropriate	t	value	for	a	99%	confidence	

interval	(n	-1)	for	the	number	of	replicates	analyzed	was	used.	The	limit	of	quantification	

(LOQ)	based	on	three-times	the	standard	deviation	of	the	blanks	was	determined	to	be	0.2	

μM	for	NO3-	and	NH₄⁺,	and	0.1	μM	for	PO₄³⁻.	Nitrate	(NO3-)	and	nitrite	(NO2-)	were	measured	

separately	in	the	KS	2019	experiment,	and	in	combination	in	the	SCB	2020	and	SCB	2021	

experiments.	For	the	sake	of	consistency,	we	added	NO3-	and	NO2-	values	from	the	KS	2019	

experiment,	so	that	they	match	the	measurements	from	SCB	experiments	and	we	identify	all	

those	values	as	N+N.	Concentrations	of	NO2-	in	N+N	are	expected	to	be	minimal,	and	for	that	

reason	 we	 sometimes	 refer	 to	 those	 measurements	 as	 nitrate	 or	 NO3-	 values.	 N+N	 and	

ammonium	 (NH₄⁺),	were	measured	 for	 all	 treatments	 and	 time	 steps	 of	 all	 experiments,	

while	phosphate	(PO₄³⁻)	was	measured	in	selected	samples.		

Water-Soluble	Trace	Metals	Analysis	

For	the	analysis	of	water-soluble	dissolved	trace	metals,	30	mL	aliquots	of	samples	

were	 filtered	 through	 acid	 rinsed	 VWR	 0.2	 µm	 PES	 sterile	 syringe	 filter	 cartridges	 in	 a	

laminar	flow	hood	and	stored	in	acid	cleaned	high-density	polyethylene	(HDPE)	bottles	until	

analysis.	These	aliquots	were	acidified	using	distilled	HCl	at	sample	to	acid	volume	ratio	of	

1000:1	under	a	laminar	flow	hood.	Acidified	samples	were	allowed	to	sit	for	two	weeks	to	

allow	labile	particulate	metals	and	dissolved	metals	that	may	have	been	adsorbed	onto	the	

walls	of	the	vials	to	be	recovered.	

Acidified	samples	were	transported	to	a	trace	metal-clean	room	at	the	University	of	

Southern	California	(John	Lab)	where	they	were	preconcentrated	using	ten	parallel	PERIFIX	



 

 
 

72 

resin	columns	and	prepared	according	to	the	following	steps:	1)	resin	was	cleaned	by	filling	

up	columns	twice	with	3N	HNO3	and	conditioned	using	3x	0.5	mL	MilliQ	water;	2)	15	mL	

aliquots	from	samples	were	transferred	from	HDPE	bottles	 into	acid	cleaned	VWR	15	mL	

tubes;	3)	samples	were	analyzed	in	batches	of	10,	including	two	method	blanks	(i.e.	200	µL	

of	spike	and	buffer	only);	4)	each	VWR	tube	was	spiked	with	50	µL	of	a	multi	element	spike	

and	150	µL	of	a	buffer	(6N	ammonium	acetate	at	pH	6,	clean);	5)	contents	were	transferred	

from	tubes	 into	columns	and	when	all	 the	 liquid	had	passed	thru	the	columns,	2x	0.5	mL	

were	used	to	wash	away	salts;	6)	samples	were	eluded	into	clean	VWR	tubes	using	5	x	200	

µL	3NHNO3.	All	these	activities	were	carried	out	under	a	laminar	flow	hood,	following	the	

guidelines	established	by	GEOTRACES	(Cutter	et	al.,	2017)	to	reduce	metal	contamination	of	

samples.	

The	 concentrations	 of	 water-soluble	 trace	 metals	 in	 preconcentrated	 scrubber	

washwater	inlet	and	outlet	samples	were	measured	with	a	Thermo	Element	2	ICPMS	using	

a	100	μL	min−1	Teflon	nebulizer,	glass	cyclonic	spray	chamber	with	a	PC3	Peltier	cooled	inlet	

system	(ESI),	standard	Ni	sampler	and	Ni	‘H-type’	skimmer	cones	at	the	Department	of	Earth	

Sciences	of	University	of	Southern	California.	The	sensitivity	and	stability	of	the	instrument	

was	 tuned	 to	 optimal	 conditions	 before	 analyses,	 which	 were	 conducted	 at	 sensitivity	

around	106	counts	s−1	for	1	ppb	In.	Both	the	standard	and	samples	were	treated	with	1	ppb	

Indium	 addition	 to	 correct	 for	 shifts	 in	 instrumental	 sensitivity	 and	 matrix.	 Elemental	

concentrations	in	samples	were	determined	by	their	signal	intensity	compared	to	a	10	ppb	

multi-element	standard,	which	was	diluted	from	a	certified	standard	(Santa	Clarita	method).	

The	method’s	LOQs	were	the	following:	dAl=	0.30	nM,	dCd=	0.03	nM,	dCo=	0.12	nM,	dCu=	
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0.82	nM,	dFe=	3.35	nM,	dMn=	0.08	nM,	dNi=	0.23	nM,	dPb=	0.03	nM,	dV=	0.34	nM,	dZn=	1.39	

nM.		

Chlorophyll	analysis	

Changes	in	chlorophyll	a	(Chl-a)	were	measured	by	filtering	50-	or	100-mL	aliquots	

from	 each	 incubation	 bottle	 through	 25	mm	 glass	 fiber	 filters	 (GF/F,	Whatman)	 using	 a	

peristaltic	pump	or	a	manifold	system.	The	GF/F	filters	were	stored	frozen	at	−20	°C	until	

analysis.	Chl-a	was	extracted	in	90%	acetone	for	24h	and	determined	fluorometrically	on	a	

Turner	Trilogy	fluorometer	(TurnerDesigns).	Raw	fluorescence	units	were	converted	into	

CHl-a	concentration	(μg	Chl-a/	L)	using	a	calibration	curve	prepared	with	Chl	a	 standard	

solutions	from	Anacystis	nidulans	(Sigma—Aldrich).		

Flow	cytometry	

Changes	in	the	taxonomic	composition	of	the	picophytoplankton	(<	3	μm)	community	

were	measured	using	flow	cytometry	in	all	treatments	of	all	experiments.	Unfiltered	aliquots	

(1.5	μL)	of	sample	water	were	collected	in	cryogenic	vials	pre-charged	with	formaldehyde	

for	a	final	concentration	of	1-4%	and	stored	frozen	(−70	°C)	until	subsequent	analysis	using	

an	ACEA	Biosciences,	Inc.	Novocyte	flow	cytometer.	Synechococcus	and	other	picoeukaryotic	

populations	 were	 distinguished	 based	 on	 their	 autofluorescence	 and	 optical	 scattering	

characteristics.		

Microscopy	
Nano-	 and	 microplankton	 (i.e.	 cells	 >3	 μm),	 hereinafter	 referred	 to	 as	

microplankton,	 were	 identified	 and	 counted	 via	 microscopy	 in	 baseline,	 control,	 and	

scrubber	 washwater-	 spiked	 samples	 from	 the	 2019	 KS	 and	 2021	 SCB	 experiments.	

Unfiltered	100	mL	water	samples	were	preserved	in	clear	glass	bottles	with	Lugol’s	Iodine	
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Solution	 (1%	 final	 concentration)	 and	 stored	 at	 room	 temperature	 and	 in	 the	 dark	 until	

microscopy	analysis.	Aliquots	(25-	50	mL)	were	concentrated	using	the	Utermöhl	settling	

chamber	 method	 (Utermöhl,	 1931).	 Phytoplankton	 taxa	 were	 identified	 to	 the	 lowest	

taxonomic	 level	 possible,	 photographed,	 and	 counted	 using	 optical	 inverted	microscopes	

(i.e.,	Nikon	Diaphot,	and	Nikon	Eclipse,	400x	maximum	magnification).	Final	phytoplankton	

concentrations	 (cells.L-1),	 and	 counting	 error	 were	 calculated	 according	 to	 standard	

microscopic	methods	for	quantitative	phytoplankton	analysis	(Karlson	et	al.,	2010;	Lund	et	

al.,	1958).		

Statistical	Methods	

Statistical	 analyses	 were	 conducted	 using	 GraphPad	 Prism	 Version	 10.1.	

Significant	 differences	 (P	 ≤	 0.05)	 were	 determined	 using	 ordinary	 one-way	 analysis	 of	

variance	 (ANOVA)	 followed	by	either	Šídák	post-hoc	 tests,	when	comparing	 independent	

pairs	of	means	(i.e.	samples	from	time	0	vs.	time	48h	in	N	drawdown	analyses)	and	Dunnett	

post-hoc	 tests,	 when	 comparing	 means	 from	 baselines	 and	 from	 various	 treatments	 to	

unamended	seawater	samples	used	as	controls	(i.e.	all	other	variables	measured	at	time	zero	

and	at	48h).	Asterisks	used	in	all	figures	correspond	to	the	following	levels	of	significance:	

one	asterisk	(*)	means	P	≤	0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	

(****)	mean	P	≤	0.0001.	Values	below	the	limit	of	quantification	(LOQ)	were	substituted	by	

½	of	the	LOQ	in	all	analyses	and	for	all	parameters.		
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RESULTS	

Inorganic	nutrient	and	trace	metal	chemistry	of	experimental	seawater	and	
scrubber	washwater	spikes		

The	background	concentrations	of	dissolved	inorganic	nutrients	and	trace	metals	in	

the	incubation	seawater	and	in	undiluted	(100%	concentration)	scrubber	washwater	spikes	

are	 given	 in	 Table	 2.	 Directly	 measured	 N+N	 and	 NH₄⁺	 concentrations	 in	 the	 spiked	

incubation	bottles	at	time	zero	and	after	48h	are	also	shown	below	for	each	experiment	in	

the	 following	sections.	Background	PO43-	 levels	were	near	or	below	detection	 in	all	 three	

experiments	(0.09	–	0.15	µM).	Background	N+N	concentrations	were	higher	in	the	KS	2019	

experiment	(1.35	±	0.54	µM)	than	in	either	the	SCB	2020	or	2021	experiments	(0.15	±	0.06	

µM	and	0.16	±	0.10	µM	respectively).	Similarly,	background	NH₄⁺	levels	were	higher	in	the	

KS	(2.48	±1.38	µM)	than	in	either	of	the	SCB	experiments	(0.38	±0.48	µM	and	0.21	±0.20	µM	

in	the	2020	and	2021	experiments,	respectively).	

Based	 on	 measurements	 of	 the	 background	 incubation	 waters	 and	 scrubber	

washwater	 spikes,	 certain	 nutrients	 and	 trace	 metals	 would	 have	 been	 enriched	 above	

background	 levels	 in	 the	 experimental	 treatments	 following	 additions	 of	 the	 scrubber	

washwater	spikes	in	each	of	the	three	experiments.	 In	the	2019	KS	experiment,	dFe,	dCo,	

dCu,	dNi,	N+N,	and	NH₄⁺	were	all	higher	in	the	HGO	spike	than	in	the	background	incubation	

water	and	would	have	elevated	 these	constituents	 in	 the	spiked	bottles.	 In	 the	2020	SCB	

experiment,	the	CARB-A	spike	was	enriched	in	dCd,	dCo,	dFe,	dMn,	dNi,	dPb,	dV,	dZn,	N+N,	

and	NH₄⁺	relative	to	the	background	incubation	seawater.	The	2021	SCB	incubation	included	

two	types	of	spikes:	relative	to	the	background	seawater,	the	CARB-B	spike	was	enriched	in	
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dAl,	dCd,	dCo,	dCu,	dFe,	dMn,	dNi,	dV,	dZn,	PO43-,	N+N,	and	NH₄⁺,	whereas	the	HFO	spike	was	

enriched	in	dAl,	dCd,	dCo,	dCu,	dFe,	dMn,	dNi,	dV,	PO43-,	N+N	and	NH₄⁺.	

Table	2.2.	Water	chemistry	of	incubation	seawater	and	corresponding	scrubber	washwater	
spikes.	Values	correspond	to	means	of	at	least	3	replicates	and	standard	error	of	the	mean	is	
shown	in	parenthesis.	NM	indicates	that	those	parameters	were	not	measured.	Values	below	
the	LOQ	are	indicated	with	an	asterisk.	

	 Kattegat	2019	 SCB	2020	 SCB	2021	
Dissolved	
component

s	

Incubatio
n	

seawater	

HGO	
spike	

Incubatio
n	

seawater	

CARB-A	
spike	

Incubatio
n	

seawater	

CARB-B	
spike	

HFO	
spike	

Al	(nM)	 NM	 NM	
	

NM	 2.05	
(±0.36)	

1.05	
(±0.58)	

77.52	
(±6.74)	

73.53	
(±21.31)	

Cd	(nM)	 1.29	
(±0.47)	

*<0.03	 0.19	
(±0.07)	

0.38	
(±0.01)	

0.05	
(±0.00)	

0.24	
(±0.00)	

0.09	
(±0.02)	

Co	(nM)	 0.41	
(±0.46)	

0.66	
(±0.14)	

0.83	
(±0.07)	

1.30	
(±0.06)	

0.09	
(±0.01)	

0.35	
(±0.03)	

2.86	
(±0.31)	

Cu	(nM)	 14.26	
(±7.51)	

18.61	
(±2.22)	

57.10	
(±18.08)	

55.67	
(±2.89)	

27.55	
(±1.09)	

60.69	
(±1.85)	

62.62	
(±3.75)	

Fe	(nM)	 72.60	
(±46.21)	

279.65	
(±34.10

)	

7.97	
(±1.42)	

9.07	
(±2.02)	

4.93	
(±1.84)	

16.54	
(±4.03)	

1,058.74	
(±103.71

)	
Mn	(nM)	 16.68	

(±0.86)	
5.89	
(±1.07)	

11.16	
(±3.20)	

107.30	
(±0.87)	

3.31	
(±0.10)	

20.13	
(±1.34)	

51.68	
(±2.59)	

Ni	(nM)	 13.31	
(±2.14)	

36.29	
(±6.63)	

6.31	
(±0.24)	

7.85	
(±0.09)	

3.98	
(±0.15)	

6.11	
(±0.10)	

930.60	
(±43.32)	

Pb	(nM)	 1.26	
(±0.26)	

0.52	
(±0.18)	

0.13	
(±0.06)	

0.20	
(±0.02)	

2.05	
(±0.244)	

1.06	
(±0.17)	

0.91	
(±0.06)	

V	(nM)	 NM	 0.29	
(±0.07)	

18.87	
(±0.64)	

32.60	
(±1.53)	

25.6	
(±0.70)	

27.51	
(±2.21)	

4,117.77	
(±136.57

)	
Zn	(nM)	 196.16	

(±9.91)	
59.07	
(±12.56

)	

164.42	
(±5.94)	

330.91	
(±41.66

)	

148.38	
(±1.33)	

261.74	
(±13.47

)	

144.78	
(±30.85)	

PO4	(µM)	 0.09	
(±0.04)	

0.14	
(±0.01)	

0.15	
(±0.06)	

NM	 <0.1*	 0.15	
(±0.01)	

0.67	
(±0.06)	

N+N	(µM)	 1.35	
(±0.54)	

19.69	
(±1.10)	

0.20	
(±0.17)	

5.57	
(±0.79)	

0.16	
(±0.10)	

17.7	
(±0.15)	

14.6	
(±0.53)	

NH4	(µM)	 2.48	
(±1.38)	

5.83	
(±1.34)	

0.38	
(±0.48)	

0.64	
(±0.08)	

0.21	
(±0.20)	

0.58	
(±0.12)	

3.04	
(±0.56)	

~	pH	 8.5	 3.5	 8.2	 6.3	 8.0	 7.0	 3.2	
~	Salinity	 23.0	 13.5	 34.5	 33.2	 34.3	 34.1	 8.0	
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The	2019	KS	Experiment	

The	concentrations	of	N+N	and	NH4+	were	measured	at	time	0	and	48h	for	the	control,	

5%	HGO,	10%	HGO,	and	N	addition	treatments,	and	statistical	analyses	were	conducted	by	

comparing	concentrations	at	times	0	and	48h	for	each	treatment	using	ordinary	one-way	

ANOVA	followed	by	Šídák	post-hoc	tests	(Fig	2.2).	At	time	0,	the	mean	concentration	of	N+N	

in	 the	unamended	seawater	control	was	1.35	µM	(SEM=0.3	µM)	and	declined	 to	0.56	µM	

(SEM=	0.18	µM)	by	48h.	However,	 this	decrease	was	not	 significant	at	p<0.05.	The	mean	

concentration	of	N+N	in	the	other	treatments	at	time	0	were	1.82	µM	(SEM=	0.29	µM)	for	the	

5%	HGO,	5.02	µM	(SEM=	0.41	µM)	for	the	10%	HGO,	and	2.32	µM		(SEM=	0.61	µM)	for	the	

added	N	treatment.	By	the	48h	timepoint,	N+N	drawdown	was	significantly	different	in	two	

treatments:	the	10%	HGO,	in	which	the	mean	N+N	concentration	declined	to	almost	one	third	

of	its	original	value	(M=1.82	µM,	SEM=	0.66	µM,	p=0.0002)	and	the	N	addition	treatment,	in	

which	the	N+N	concentration	declined	more	than	sevenfold	between	0	and	48h	(M=0.32	µM,	

SEM=	0.13	µM,	p=0.017)	(Fig	2.2a).	NH4+	concentrations	at	time	0	were	measured	for	the	

control	(M=	2.48	µM,	SEM=0.80	µM),	5%	HGO	(M=	2.23	µM,	SEM=0.83	µM,	SD=1.43	µM),	10%	

HGO	 (M=3.61	 µM	 SEM=1.18	 µM)	 and	 added	 N	 treatment	 (M=3.45	 µM,	 SEM=2.28	 µM)	

treatments.	No	statistically	significant	NH4+	drawdown	occurred	 in	any	of	 the	 treatments	

(Fig	2.2b).	
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Figure	2.2.		Concentration	plots	for	(A)	nitrate	and	nitrite	(NO3-	+	NO2-)	and	(B)	ammonium	
(NH4+)	for	treatments	 in	the	2019	KS	experiment	at	time	zero	(0h)	and	following	48h	of	
incubation.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	there	was	a	
statistically	significant	difference	between	concentrations	measured	at	0h	and	48h	for	each	
treatment	based	on	results	of	ANOVA	followed	by	a	Šídák	test	at	P	≤	0.05.	One	asterisk	(*)	
means	P	≤	0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	
0.0001.	
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Chl	 a	 was	 measured	 to	 track	 changes	 in	 the	 bulk	 phytoplankton	 community	

abundance	in	response	to	incubation	treatments.	In	the	KS,	the	mean	chl	a	concentration	in	

the	unamended	experimental	seawater	at	time	0	was	4.82	mg/L	(SEM=	0.27	mg/L;	Fig.	2.3).		

Following	 48h	 of	 incubation,	 the	 chl	 a	 concentration	 in	 the	 unamended	 control	

treatment	 decreased	 significantly	 from	 time	 0,	 reaching	 3.15	 mg/L	 (SEM=	 0.24	 mg/L,		

p=0.029).	An	ANOVA	followed	by	Dunnett	post-hoc	tests	performed	on	the	day	2	comparing	

chl	a	concentrations	in	all	treatments	to	that	in	the	control	showed	that	only	the	10%	HGO	

scrubber	washwater	treatment	increased	significantly	(to	M=	8.57	mg/L,	SEM=	0.37	mg/L),	

while	chl	a	in	the	Cu	treatment	decreased	significantly	(M=1.24	mg/L,	SEM=	0.06	mg/L).	All	

other	treatments	were	not	significantly	different	from	the	control	at	p	<0.05	(Fig.	2.3).	

Figure	2.3.	Chlorophyll	a	concentrations	for	treatments	in	the	2019	KS	experiment	following	
48h	of	incubation.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	there	
was	a	statistically	significant	difference	between	the	treatments	and	the	control	based	on	
results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	0.05,	two	
(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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Figure	2.4.	Concentrations	(cells/L)	of	microplankton	(cells	>	3	µm)	at	time	0	and	day	2	of	
the	2019	KS	experiment,	showing	(A)	 total	microplankton,	 (B)	dinoflagellates,	 (C)	centric	
diatoms,	 and	 (D)	 pennate	 diatoms.	 Error	 bars	 show	 standard	 deviation	 of	 the	 mean.	
Asterisks	indicate	that	there	was	a	statistically	significant	difference	between	the	treatments	
and	the	control	based	on	results	of	ANOVA	followed	by	Dunnett	test	at	p	≤	0.05.	One	asterisk	
(*)	means	P	≤	0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	
P	≤	0.0001.	
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Figure	 2.5:	 Micrographs	 of	 representative	 microplankton	 observed	 in	 the	 2019	 KS	
experiment	cell	counts.	(A-C)	dinoflagellates	in	the	AAH	complex,	(B)	Tripos	furca	(above,	
left)	and	a	radiolarian	Dictyocha	sp.	(below,	right),	(C)	cf.	Heterocapsa	spp,	(E)	Dinophysis	
rotundata,	(F)	Prorocentrum	micans,	and	(G)	Tripos	macroceros.				

In	the	KS	2019	experiment,	microplankton	were	identified	and	counted	in	baseline	

samples	from	time	0,	and	in	the	control,	5%	and	10%	CARB-A	treatments	at	48h	(Fig.	12).	

All	 treatments	 samples	were	 counted	 in	 triplicates	 except	 for	 the	 following,	which	were	

counted	in	fewer	than	three	replicates	due	to	sample	losses:	baseline	(counted	in	duplicate),	

and	control	at	48h	(counted	 in	duplicate).	Microplankton	(>	3	µm)	were	 identified	to	 the	

lowest	taxonomic	level	possible	and	counted	via	light	microscopy.	Statistical	analyses	were	

conducted	 on	 total	 community	 counts,	 as	 well	 as	 separately	 for	 dinoflagellates,	 centric	
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diatoms,	and	pennate	diatoms	(Fig.	2.	4).	Representative	examples	of	cell	types	are	shown	in	

Fig.	5.	Statistical	analysis	using	ANOVA	followed	by	a	Dunnett	post-hoc	test	comparing	the	

baseline	at	time	0	and	the	scrubber	wash	water	addition	treatments	at	48h	to	the	unamended	

control	at	48h	showed	that	there	was	no	significant	difference	between	concentrations	of	

total	microplankton	cells	at	 time	0	 (M=3.17	x105,	SD=1.84	x104	cells.	L-1)	and	 the	control	

treatment	(M=	4.21	x105,	SD=	1.33	x105	cells.	L-1),	nor	between	the	control	and	the	5%	HGO	

treatment	(M=	3.83	x105,	SD=	5.88	x104	cells.	L-1)	at	48h	for	p<0.05.	A	significant	increase	in	

total	cell	counts	was	observed	in	the	10%	HGO	treatment	(M=	8.45	x	105,	SD=	1.90	x105	cells.	

L-1,	p=0.02).	Total	cell	abundance	in	the	10%	HGO	treatment	approximately	doubled	in	48h	

relative	to	the	control.	Likewise,	there	was	no	significant	difference	between	dinoflagellate	

cell	concentrations	at	time	0	(M=	2.95	x105,	SD=	7.29	x103	cells.	L-1)	and	the	control	(M=	3.87	

x105,	SD=	1.34	x105	cells.	L-1)	or	between	the	control	and	the	5%	HGO	treatments	at	48h	

(M=3.16	x105,	SD=	6.13	x104	cells.	L-1),	but	there	was	a	significant	increase	in	dinoflagellates	

in	the	10%	HGO	treatment	(M=	7.73	x105,	SD=	2.09	x105	cells.	L-1,	p=	0.05),	representing	a	

doubling	of	cell	concentration	over	48h	(Fig.	2.4	a-b).		

Collectively,	dinoflagellates	represented	~93%	of	the	total	microplankton	at	time	0,	

and	after	48h	of	incubation,	they	accounted	for	~92%	of	the	total	count	in	the	control,	~82%	

in	the	5%	HGO,	and	~91%	in	the	10%	HGO.	The	mean	concentration	of	centric	diatoms	at	

time	0	was	1.37	x104	cells.	L-1	(SD=	5.24	x103	cells.	L-1),	and	in	the	control	at	48h	it	was	1.49	

x104	cells.	L-1	(SD=	6.95	x103),	while	in	the	5%	HGO	the	mean	was	3.83	x104	cells.	L-1	(SD=	

9.50	x103)	and	3.56	x104	 cells.	L-1	 (SD=	2.62	x104)	 in	 the	10%	HGO	treatment.	The	mean	

concentration	of	pennate	diatoms	at	time	0	was	8.37	x103	cells.	L-1	(SD=	5.92	x103),	1.84	x104	

cells.	L-1	(SD=7.63	x103)	in	the	control	at	time	48h,	2.89	x104	cells.	L-1	(SD=9.81	x103)	in	the	
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5%	HGO,	and	3.69	x104	cells.	L-1	(SD=	8.99	x103)	in	the	10%	HGO.		Although	the	two	scrubber	

washwater	addition	treatments	appeared	to	have	higher	mean	diatom	cell	concentrations	

than	 the	 control,	 the	 relatively	 large	 uncertainty	 rendered	 these	 comparisons	 not	

statistically	significant,	and	overall	comparison	of	diatom	concentrations	at	time	0	versus	

48h	 revealed	 no	 significant	 differences	 for	 any	 of	 the	 comparisons	 for	 either	 pennate	 or	

centric	diatoms	at	p<0.05	(Fig.	2.4	c-d).		

Unequivocal	identification	of	microplankton	at	genus	or	species	level	was	beyond	the	

scope	 of	 the	 present	 study.	 Nevertheless,	we	were	 able	 to	 determine	 that	 at	 time	 0,	 the	

microplankton	community	in	the	KS	was	dominated	by	a	mixed	bloom	composed	of	various	

genera	 of	 pennate	 and	 centric	 diatoms	 of	 various	 sizes	 (e.g.	Chaetoceros;	Leptocylindrus;	

Guinardia;	 Pseudo-nitzschia;	 Cylindrotheca;	 Rhizosolenia)	 and	 of	 relatively	 large	

dinoflagellates	 (e.g.	 Tripos,	 formerly	 known	 as	 Ceratium;	 Protoperidinium,	 Dinophysis,	

Gyrodinium)	in	addition	to	small	dinoflagellates	that	resembled	the	Azadinium,	Amphidoma,	

and	Heterocapsa	 genera.	Organisms	 in	 the	 last	 three	genera	are	very	 small	 (10-30	µm	 in	

diameter),	and	practically	impossible	to	distinguish	from	each	other	using	light	microscopy,	

thus	we	counted	them	as	a	group	that	we	refer	to	as	the	AAH	complex.	The	AAH	complex	

dominated	 the	 dinoflagellates	 population	 (97%	 at	 time	 0,	 and	 89-98%	 at	 time	 48h)	 and	

consequently	the	microplankton	community	in	all	treatments	(90%	at	time	0,	and	73-89%	

at	48h).	Mean	AAH	complex	cell	abundance	ranged	from	2.81	x105	cells.	L-1	(SD=5.10	x104)	

to	 7.54	 x	 10	 x105	 cells.	 L-1	 (SD=2.13	 x105).	 Although	 the	 10%	HGO	 scrubber	washwater	

addition	treatment	appeared	to	have	higher	mean	AAH	complex	count	than	other	treatments,	

the	relatively	large	uncertainty	rendered	all	comparisons	not	statistically	significant	p<0.05	

(Fig.	2.4	e).	
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Figure	2.6.	Cell	concentrations	of	(A)	picoeukaryotes	and	(B)	Synechococcus	sp.	at	48h	in	the	
2019	KS	experiment.	Error	bars	show	standard	error	of	the	mean.	Asterisks	 indicate	that	
there	was	a	statistically	significant	difference	between	the	treatments	and	the	control	based	
on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	0.05,	
two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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The	 abundance	 of	 picoplankton,	 including	 picoeukaryotes	 and	 Synechococcus	 spp.	

were	enumerated	by	flow	cytometry.	The	concentration	of	picoeukaryotes	at	time	0	(M=	2.9	

x104,	SEM=	2.0	x103	cells.	mL-1)	was	not	significantly	different	from	either	the	control	(M=1.9	

x104,	SEM=	2.9	x103	cells.	mL-1)	or	the	HGO	scrubber	washwater	control	(M=	2.4	x	104,	SEM=	

2.0	x	103	cells.	mL-1)	treatments	at	48h.	However,	significant	increases	were	observed	in	the	

5%	HGO	(M=	3.7	x	104,	SEM=	6.9	x	103	cells.	mL-1,	p=0.01)	and	10%	HGO	(M=3.6	x	104,	SEM=	

8.3	x	102	cells.	mL-1,	p=0.01)	treatments.	A	significantly	lower	picoeukaryote	abundance	was	

observed	in	the	Cu	treatment	(M=5.4	x103	,	SEM=	1.2	x	103	cells.	mL-1,	p=0.02).		

The	Synechococcus	abundance	at	time	0	(M=1.1	x105,	SEM=1.2	x104	cells.	mL-1)	was	

significantly	higher	than	in	all	other	treatments	at	48h	(ranging	from	1.1	x103	to	6.8	x104	

cells.	mL-1).	Relative	to	the	control	at	48h	(M=2.9	x104,	SEM=4.5	x103	cells.	mL-1),	the	10%	

HGO	treatment	was	the	only	treatment	that	was	significantly	higher	(M=6.8	x104,	SEM=	1.2	

x104	cells.	mL-1,	p=0.01),	while	the	Cu	treatment	was	the	only	one	that	was	significantly	lower	

(M=	1.1	x103,	SEM=	2.0	x102	cells.	mL-1,	p=0.04).	
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	The	2020	SCB	Experiment		

Initial	NH4+	concentrations	at	time	0	were	above	the	LOQ	of	0.2	µM	for	the	unamended	

seawater	control	(M=	0.38,	SEM=0.28	µM),	the	NO3-		addition	(M=	0.24,	SEM=	0.14	µM),	and	

NH4+addition	(M=1.05,	SEM=0.01	µM)	treatments,	and	below	the	LOQ	for	5%	CARB-A	(0.10	

µM),	 the	 10%	 CARB-A	 (M=	 0.17,	 SEM=	 0.07	 µM)	 treatments.	 Statistical	 analyses	 were	

complicated	by	the	fact	that	so	many	NH4+	measurements	were	at	or	below	the	LOQ,	but	a	

statistically	 significant	 decrease	 in	 NH4+	 was	 observed	 after	 48h	 in	 the	 NH4+	 addition	

treatment	(M=	0.30,	SEM=0.03	µM)	(Fig.	2.7.	b).	

In	the	2020	SCB	experiment,	the	chl-a	concentration	in	the	unamended	experimental	

seawater	at	time	0	was	M=0.39,	SEM=	0.01	mg.	L-1	(Fig.	2.8).	Following	48h	of	incubation,	the	

chl	a	concentration	in	the	unamended	control	treatment	increased	significantly	from	time	0,	

reaching	M=	0.72	mg.	L-1	(SEM=0.13,	p=0.012).		Significant	increases	in	Chl-a	concentration	

between	 the	 control	 and	other	 treatments	on	day	2	were	 identified	 for	 the	10%	CARB-A	

scrubber	 washwater	 treatment	 (M=1.34,	 SEM=0.04	 mg.	 L-1	 ,	 p<0.0001),	 as	 well	 as	 the	

treatments	 that	 received	 added	 NO3-	 (M=1.45,	 SEM=0.06	 mg.	 L-1,	 p<0.0001)	 and	 NH4+	

(M=1.81,	SEM=0.02	mg.	L-1	,	p<0.0001).	The	apparent	increase	in	the	5%	CARB-A	scrubber	

wash	 water	 treatment,	 along	 with	 the	 chl	 a	 concentrations	 in	 the	 CARB-A	 scrubber	

washwater	control	and	the	Fe	addition	treatment,	were	not	significantly	different	from	the	

control	at	p<0.05.	Chl	a	concentrations	in	the	Cu	treatment	declined	significantly	to	M=0.09,	

SEM=0.00	mg.	L-1	(p<0.0001)	at	48h.	
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Figure	 2.7.	 Concentration	 plots	 for	 A,	 Nitrate	 (NO3-)	 and	 B,	 ammonium	 (NH4+)	 for	
treatments	in	the	2020	SCB	experiment	at	time	zero	(0h)	and	following	48h	of	incubation.	
Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	there	was	a	statistically	
significant	difference	between	concentrations	measured	at	0h	and	48h	for	each	treatment	
based	on	results	of	ANOVA	followed	by	a	Šídák	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	
0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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Figure	2.8.	Chlorophyll	a	concentrations	for	treatments	in	the	2020	SCB	experiment	following	
48h	of	incubation.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	there	
was	a	 statistically	 significant	difference	between	 the	 treatments	and	 the	 control	based	on	
results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	0.05,	two	
(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	

	
Flow	cytometry	was	used	to	enumerate	picoeukaryote	and	Synechococcus	abundance	

in	 the	 2020	 SCB	 samples	 (Fig.	 2.9).	 The	 concentration	 of	 picoeukaryotes	 at	 the	 time	 0	

baseline	 (M=2.6	 x104,	 SEM=	 6.3	 x102	 cells.	 mL-1)	 was	 significantly	 higher	 than	 in	 all	

treatments	at	48h,	which	ranged	 from	M=	6.2	x102	 (SEM=	5.8	x101)	 cells.	mL-1,	 in	 the	Cu	

treatment,	to	M=	2.0x	104	(SEM=1.4	x	103)	cells.	mL-1in	the	10%	CARB-A	control	treatment.	

A	one-way	ANOVA	followed	by	Dunnett	multiple	comparisons	post-hoc	test	used	to	compare	

all	treatments	at	48h	against	the	control	M=	1.8	x104	(SEM=1.4	x103)	cells.	mL-1	revealed	that	

the	concentration	of	picoeukariotes	 in	all	 treatments	were	significantly	 lower	 than	 in	 the	

control,	except	for	the	CARB-A	Control.		
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Figure	2.9.	Cell	concentrations	of	(A)	picoeukaryotes	and	(B)	Synechococcus	at	48h	 in	the	
2020	SCB	experiment.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	
there	was	a	statistically	significant	difference	between	the	treatments	and	the	control	based	
on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	0.05,	
two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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The	Synechococcus	abundance	at	the	time	0	baseline	(M=	3.7	x104,	SEM=8.6	x102		cells.	

mL-1)	was	significantly	higher	than	in	all	other	treatments	at	48h,	which	ranged	from	M=	6.2	

x102	(SEM=	5.8	x101	cells.	mL-1)	in	the	Cu	treatment,	to	M=	6.6	x103	(SEM=1.5	x103	cells.	mL-

1)	in	the	NO3-	treatment.	A	one-way	ANOVA	followed	by	Dunnett	multiple	comparisons	post-

hoc	test	used	to	compare	all	treatments	at	48h	against	the	control	(M=	5.7	x103,	SEM=	1.9	

x103	cells.	mL-1),	revealed	that	none	of	the	treatments	were	significantly	different	except	for	

the	Cu	treatment,	which	was	significantly	lower	(p=0.008).	

	

The	2021	SCB	Experiment	

The	 concentrations	 of	 N+N	 and	 NH4+	 were	 measured	 at	 time	 0	 and	 48h	 for	 all	

treatments	 in	 the	 2021	 SCB	 experiment	 and	 separate	 statistical	 analyses	 using	 one-way	

ANOVA	and	Šídák	test	were	made	by	comparing	the	initial	and	final	concentrations	for	each	

treatment	(Fig.	2.10).	N+N	was	much	more	abundant	than	NH4+in	these	waters,	and	many	of	

the	 concentration	 values	measured	 in	 replicate	 samples	were	 below	 the	method	 limit	 of	

quantification	 (LOQ)	of	0.2	µM.	These	values	were	substituted	by	½	LOQ	(0.1	µM)	 in	 the	

calculation	of	 the	means	used	to	prepare	plots	and	conduct	statistical	analysis.	The	mean	

initial	N+N	concentration	at	time	0	in	the	unamended	control	was	M=	0.16	(SEM=	0.06)	µM;	

for	the	5%	CARB-B	it	was	M=	0.78	(SEM=	0.08)	µM;	for	the	10%	CARB-B	it	was	M=1.13	(SEM=	

0.15)	µM;		for	the	1%	HFO	it	was	M=0.36	(SEM=0.03)	µM;	for	the	5%	HFO	it	was	M=	0.78	

(SEM=	0.18)	µM;	for	the	10%	HFO	it	was	M=	1.76	(SEM=0.05)	µM;	for	the	NO3-	addition	it	

was	M=14.53	(SEM=	0.29)	µM;	for	the	NH4+	addition,	it	was	M=	0.16	(SEM=	0.06)	µM.	The	

only	 statistically	 significant	 change	 in	NO3-	concentration	between	 time	0	 and	48h	was	 a	

decrease	in	the	added	NO3-	treatment	to	M=13.57	(SEM=0.43)	µM	(p=0.003,	Fig.2.10).	
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Figure	 2.10.	 Concentration	 plots	 for	 A,	 Nitrate	 (NO3-)	 and	 B,	 ammonium	 (NH4+)	 for	
treatments	in	the	2021	SCB	experiment	at	time	zero	(0h)	and	following	48h	of	incubation.	
Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	there	was	a	statistically	
significant	difference	between	concentrations	measured	at	0h	and	48h	for	each	treatment	
based	on	results	of	ANOVA	followed	by	a	Šídák	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	
0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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The	mean	initial	NH4+	concentration	at	time	0	in	the	unamended	control	was	M=0.21	

(SEM=	0.11)	µM,	and	the	rest	as	 follows:	bellow	the	LOQ	of	0.20	µM	in	5%	CARB-B,	10%	

CARB-B,	1%	HFO,	5%	HFO,	and	above	the	LOQ	in	10%	HFO	(M=	0.25,	SEM=	0.02	µM),	NO3-	

addition	 (M=0.21,	 SEM=	0.11	 µM),	 and	NH4+	 addition	 (M=1.54,	SEM=	0.03	 µM).	 The	 only	

statistically	significant	decrease	in	NH4+	concentration	between	time	0	and	48h	occurred	in	

the	added	NH4	treatment	(M=0.33,	SEM=0.14	µM,	p<0.0001).		

In	 the	 2021	 SCB	 experiment,	 the	 mean	 chl	 a	 concentration	 in	 the	 unamended	

experimental	 seawater	 at	 time	 0	 (baseline)	 was	 2.12	 (SEM=	 0.07)	 mg.L-1	 (Fig.	 2.11).	

Following	48h	of	 incubation,	the	chl	a	concentration	in	the	unamended	control	treatment	

decreased	significantly	from	time	0,	reaching	M=	0.81	(SEM=	0.05)	mg.L-1	(p<0.0001).			

	 	
Figure	 2.11.	 Chlorophyll	 a	 concentrations	 for	 treatments	 in	 the	 2021	 SCB	 experiment	
following	48h	of	incubation.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	
that	there	was	a	statistically	significant	difference	between	the	treatments	and	the	control	
based	on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	
0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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Figure	2.12.	Concentrations	(cells/L)	of	microplankton	(>	5	µm)	at	time	0	and	day	2	of	the	
2021	 SCB	 experiment,	 showing	 (A)	 total	 microplankton,	 (B)	 dinoflagellates,	 (C)	 centric	
diatoms,	(D)	pennate	diatoms,	and	(E)	flagellates.	Error	bars	show	standard	deviation.	Bars	
for	 the	 control	 treatment	 represent	 the	 counts	 from	 one	 replicate	 due	 to	 loss	 of	 other	
replicates.	Asterisks	indicate	that	there	was	a	statistically	significant	difference	between	the	
treatments	and	the	baseline	based	on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.		
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Compared	to	the	48h	control,	significantly	higher	concentrations	were	identified	for	

treatments	of	5%	CARB-B	(M=	1.34,	SEM=0.13	mg.L-1,	p<0.004),	10%	CARB-B	(M=	1.56,	SEM=	

0.08	mg.L-1,	p<0.0001),	5%	HFO	(M=	2.26,	SEM=	0.11	mg.L-1,	p<0.0001),	10%	HFO	(M=	1.65,	

SEM=	0.05	mg.L-1	,	p	<0.0001),	NO3-	(M=	1.89,	SEM=	0.11	mg.L-1,		p<0.0001),	and	NH4+	(M=	

1.53,	 SEM=0.21	 mg.L-1	 ,	 p<0.0001).	 The	 chl	 a	 concentrations	 in	 the	 CARB-B	 scrubber	

washwater	control,	1%	HFO,	and	the	Fe	addition	treatments	were	not	significantly	different	

from	 the	 48h	 control	 at	p<0.05.	 The	Cu	 treatment	 chl	 a	was	 significantly	 lower	 than	 the	

control	by	48h	(M=	0.21,	SEM=	0.03	mg.L-1,	p=0.001).	

Figure	 2.13.	 Micrographs	 of	 representative	 microplankton	 observed	 in	 the	 2021	 SCB	
experiment	 cell	 counts.	 (A)	Tripos	 sp.,	 (B)	Pyrocystis	 lunula	with	Pseudo-nitzschia	 cf.	 and	
other	diatoms	and	flagellates	surrounding	it,	(C)	Chaetoceros	sp.,	(D)	Prorocentrum	sp.,	(E)	
Ceratium	balechii	 (above)	and	Prorocentrum	sp.	 (below)	with	diatoms	surrounding	 it,	 (F)	
Navicula	 sp.	 (G)	 Pseudo-nitzschia	 cf.	 delicatissima	 (left),	 Pleurosigma	 sp.	 (above,	 right),	
Prorocentrum	micans	(below,	right),	and	flagellates	surrounding.	
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In	the	2021	SCB	experiment,	microplankton	were	identified	and	counted	in	baseline	

samples	from	time	0,	and	in	the	control,	5%	and	10%	CARB-B,	and	1%,	5%,	and	10%	HFO	

treatments	at	48h	(Fig.	2.12).	All	treatments	samples	were	counted	in	triplicates	except	for	

the	 following,	 which	 were	 counted	 in	 fewer	 than	 three	 replicates	 due	 to	 sample	 losses:	

baseline	 (counted	 in	 duplicate),	 control	 at	 48h	 (one	 sample	 only),	 10%	HFO	 (counted	 in	

duplicate).	Representative	examples	of	cell	types	are	shown	in	Fig.	13.	Statistical	analyses	

were	conducted	on	total	community	counts,	as	well	as	separately	for	dinoflagellates,	centric	

diatoms,	pennate	diatoms,	 and	 flagellates	 (>	3	mm).	 Statistical	 comparisons	between	 the	

control	 and	 other	 treatments	 at	 48h	was	 complicated	 by	 the	 unfortunate	 loss	 of	 control	

replicates.	 Accordingly,	 here	 we	 describe	 the	 changes	 among	 treatments	 relative	 to	 the	

baseline	at	T0	using	one-way	ANOVA	followed	by	Dunnett	tests,	while	comparisons	to	the	

control	are	stated	semi-quantitatively.		

Mean	abundance	for	the	total	microplankton	for	all	treatments	at	48h	ranged	from	

M=	6.56	x106	(SD=1.26	x106)	cells.L-1	in	the	5%	CARB-B	treatment	to	M=	1.18	x107	(SD=	2.07	

x106)	cells.L-1	in	the	10%	HFO	and	were	not	significantly	different	from	the	time	0	baseline	

(M=9.73	x106,	SD=1.91	x105	cells.L-1).	The	single	sample	counted	for	the	48h	control	had	a	

notably	 smaller	 abundance	 of	 total	 cells	 (5.68	 x106	 cells.L-1)	 compared	 to	 the	 other	

treatments	(Fig.	2.12	a).	The	only	significant	differences	observed	across	all	microplankton	

groups	 at	 T48	 h	 and	 their	 corresponding	 baseline	 samples	 at	 T0	 occurred	 for	 pennate	

diatoms,	which	significantly	decreased	from	M=8.74	x	105	(SD=6.36	x	103)	cells.L-1	to	M=5.40	

x	105	(SD=	5.20	x	104)	cells.L-1	 in	the	10%	CARB-B	(p=0.02)	and	significantly	increased	to	

M=1.37	x	106	(SD=1.23	x	105)	cells.L-1	in	the	5%	HFO	treatment	(Fig.	2.12	d).	Flagellates	were	

the	dominant	group	at	time	0	(71%	of	the	total	abundance),	and	remained	so	after	48h	of	
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incubation,	ranging	from	53%	of	the	total	abundance	in	the	5%	CARB-B	treatment	to	76%	of	

the	total	in	the	10%	HFO	treatment.	The	next	most	numerous	microplankton	group	was	that	

of	 centric	 diatoms	 (Fig.	 2.12	 c),	 followed	by	 the	 pennate	 diatoms	 (Fig.	 2.12	 d),	 including	

genera	common	to	coastal	California	such	as	Thalassiosira,	Navicula,	Pseudo-nitzschia,	among	

others	(Fig.	2.13).	Dinoflagellates	had	the	smallest	relative	abundance	of	all	taxa	groups,	and	

their	 mean	 abundance	 ranged	 from	 5.48	 x	 104	 (SD=2.42	 x	 104)	 cells.L-1	 in	 the	 1%	 HFO	

treatment	and	1.35	x	105	(SD=7.21	x	104)	cells.L-1	in	the	10%	CARB-B	(Fig.	2.12	b),	including	

genera	 common	 to	 coastal	 California	 such	 as	 Tripos	 (previously	 known	 as	 Ceratium),	

Prorocentrum,	Dynophisis,	and	Pyrocystis	(Fig.	2.13).	

The	 picophytoplankton	 community	 in	 the	 2021	 SCB	 experiment	 included	

picoeukaryote	and	Synechococcus	populations.	The	mean	concentration	of	picoeukaryotes	in	

the	initial	unamended	seawater	at	time	0	was	5.3	x	104	(SEM=5.1	x	103)	cells.	mL-1.	 	After	

48h,	 all	 treatments	 declined	 in	 abundance	 relative	 to	 the	 baseline.	 Compared	 to	 the	

unamended	control	(M=1.4	x	104,	SEM=1.2	x103	cells.mL-1),	and	to	the	scrubber	washwater	

control	 (M=1.4	 x	 104,	 	 SEM=4.1x102	 cells.	 mL-1),	 at	 48	 h,	 picoeukaryotes	 abundance	

significantly	increased	(p<0.05)	in	three	treatments:	the	5%	CARB-B	(M=	2.1	x	104,	SEM=	

1.9x	103)	cells.	mL-1,	the	10%	CARB-B	(M=2.1	x104,	SEM=3.3x103)	and	the	NO3-	addition	(M=	

2.4x	104,	SEM=	3.5	x103	cells.	mL-1)	treatments.	Picoeukaryotes	abundance	decreased	in	the	

Cu	 addition	 relative	 to	 the	 control	 at	 48h	 (M=3.8x103,	SEM=	2.1x102).	None	 of	 the	 other	

treatments	were	significantly	different	from	the	control.			
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Figure	2.14.	Cell	concentrations	of	(A)	picoeukaryotes	and	(B)	Synechococcus	at	48h	in	the	
2021	SCB	experiment.	Error	bars	show	standard	error	of	the	mean.	Asterisks	indicate	that	
there	was	a	statistically	significant	difference	between	the	treatments	and	the	control	
based	on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	
0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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Likewise,	there	was	considerable	decline	in	Synechococcus	abundance	in	all	treatments	

at	48h	compared	to	the	concentration	in	the	time	0	baseline	(M=2.6	x	104,	SEM=	7.4	x	103	

cells.	mL-1).	Compared	 to	 the	 control	 (M=	6.0	x103,	SEM=	3.0	x102	 cells.	mL-1)	 and	 to	 the	

scrubber	washwater	control	(M=5.6x103,	SEM=	3.6x102	cells.	mL-1),	the	following	treatments	

were	significantly	higher:		1%	HFO	(M=	8.0	x	103,	SEM=	790	cells/mL		5%	HFO,	M=8.8x103,	

SEM=68),	 10%	 HFO	 (M=1.5x104,	 SEM=8.2x102	 cells.mL-1).	 Synechococcus	 abundance	

decreased	in	the	Cu	addition	treatment	relative	to	the	control	at	48h	(M=3.3x	103,	SEM=	2.1x	

102	cells.	mL-1).	None	of	the	other	treatments	were	significantly	different	from	the	control.			

DISCUSSION	

Coastal	waters	differ	from	the	open	ocean	in	that	they	tend	to	have	higher	nutrient	

and	metal	concentrations	due	to	proximity	to	land-based	sources	and	diverse	phytoplankton	

communities	comprising	multiple	 taxonomic	groups	with	different	nutrient	requirements	

and	toxicity	thresholds	((Bristow	et	al.,	2017;	Chavez	et	al.,	1991;	Herbert,	1999;	K.	R.	M.	

Mackey	et	al.,	2010b;	Richardson	&	Ledrew,	2006;	Sunda	&	Huntsman,	1995b;	Voss	et	al.,	

2011).	In	certain	coastal	regions,	especially	those	along	major	trade	routes,	the	density	of	

shipping	 traffic	may	also	be	elevated	 relative	 to	 the	open	ocean	 (Comer	et	al.,	2020;	T.	 J.	

Moore	et	al.,	2018;	Osipova	et	al.,	2021).	Emissions	from	ships	in	these	regions	is	therefore	

high,	and	the	longer	residence	times	in	some	coastal	ports	and	embayments	may	concentrate	

chemical	outputs	from	ships	(Jalkanen	et	al.,	2021,	2009;	Jutterström	et	al.,	2021;	Manner	et	

al.,	2009;	Merico	et	al.,	2016;	Raudsepp	et	al.,	2019b,	2013).The	experiments	conducted	in	

this	study	were	intended	to	gauge	the	acute	effects	of	ship	emissions	discharges	in	scrubber	

water	on	coastal	phytoplankton	communities.	Together	they	show	that	different	members	

of	 the	 phytoplankton	 community	 respond	 uniquely	 to	 scrubber	 inputs.	 The	 growth	 and	
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community	composition	responses	were	related	to	the	amount	of	scrubber	water	added	and	

the	 type	 of	 fuel	 that	 was	 combusted,	 the	 coastal	 species	 that	 were	 present,	 and	 the	

antecedent	conditions	of	the	experiment	sites	at	the	start	of	each	experiment.	In	two	of	the	

experiments	 (KS	 2019	 and	 SCB	 2021)	 significant	 declines	 in	 chla	 and	 cell	 counts	 were	

observed	between	the	baseline	at	time	zero	and	all	treatments	at	48h,	including	the	controls.	

These	 shifts	 in	 baselines	 were	 likely	 caused	 by	 the	 unusually	 high	 values	 for	 these	

parameters	at	time	zero	and	could	also	be	related	to	methodological	(“bottle”)	effects.	For	

this	reason,	the	analyses	presented	here	focus	on	comparisons	between	the	control	and	the	

addition	treatments	at	48h	(and	not	to	baseline	values).	

The	KS	2019	Experiment	

Primary	production	in	the	KS	varies	seasonally	as	follows:	production	rates	are	low	

in	winter	(November	to	February)	due	to	light	limitation,	followed	by	major	spring	blooms	

(March	to	April)	that	quickly	deplete	nutrients	in	surface	waters.	Production	in	the	summer	

(June	 to	 September)	 is	 relatively	 low	 and	 constant,	 but	 wind-induced	 entrainment	 of	

nutrient	rich	bottom	water	to	the	surface	layer	can	induce	episodic	blooms.	Autumn	blooms	

usually	begin	 in	September	because	of	degradation	of	 the	 thermocline	 (Carstensen	et	 al.,	

2004;	Henriksen,	2009;	Murray	et	al.,	2019).	Overlaid	on	this	natural	cycle,	phytoplankton	

production	 in	 the	area	 is	driven	by	 large	anthropogenic	nutrient	 inputs	 from	land	runoff.	

Eutrophication	is	a	considerable	environmental	problem	in	the	Baltic	Sea	that	affects	the	KS	

(Nehring,	 1992;	 Rosenberg	 et	 al.,	 1990),	 but	 bioassay	 studies	 have	 shown	 that	 summer	

primary	production	in	the	KS	is	usually	nitrogen	limited	(Granéli	et	al.,	1990;	Wasmund	&	

Uhlig,	2003).			
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The	initial	(time	0	baseline)	concentration	values	of	N+N	and	NH4+	measured	in	the	

unamended	seawater	that	was	used	in	the	KS	2019	experiment	(M=	1.35	±	0.31	µM	and	M=	

2.48	 ±	 0.80	 µM,	 respectively)	 were	 well	 above	 the	 usual	 summertime	 range	 for	 these	

parameters	 in	 the	 KS.	 For	 context,	 values	 measured	 by	Kristineberg	

Center	for	Marine	Research	 Station	 staff	 near	 our	 collection	 site	 in	 July,	 August,	 and	

September	of	2018,	and	in	early	July	of	2019	were	all	below	0.12	µM	N+N	and	0.2	µM	NH4+	

(Lars	Ljungqvist,	personal	communication,	August	29,	2019).		We	attribute	the	high	N	values	

that	we	encountered	to	the	wind-induced	mixing	caused	by	a	storm	that	occurred	on	August	

28,	2019,	i.e.	the	day	before	the	seawater	was	collected.	That	explains	the	mesotrophic	levels	

of	Chl-a	(M=	4.82	mg/L,	SEM=	0.27	mg/L),	and	relatively	high	abundances	of	microplankton,	

which	was	dominated	by	dinoflagellates	(M=	2.95	x105	cells/L	,	SEM	=7.29	x103	cells/L),	and	

of	Synechococcus	 sp.	 (M=	1.1	 x105	cells/ml,	SEM=	1.2	 x104	cells/ml)	 that	we	 observed	 in	

baseline	samples	at	time	0.			

After	 2	 days	 of	 incubation,	 Chl-a	 concentration	 and	 Synechococcus	 sp.	 abundance	

significantly	declined	in	all	treatments,	except	for	the	10%	HGO	treatment,	in	which	those	

parameters	were	found	to	be	significantly	higher	than	in	the	controls.	In	all	treatments,	the	

abundance	 of	 microplankton	 groups,	 including	 dinoflagellates,	 and	 the	 abundance	 of	

picoeukaryotes	remained	the	same	from	the	time	0	baseline	to	the	48h	time	point,	except	for	

the	5%	HGO	treatment,	in	which	the	abundance	of	picoeukaryotes	significantly	increased,	

and	 for	 the	 10%	 HGO	 treatment,	 in	 which	 the	 abundance	 of	 both	 picoeukaryotes	 and	

dinoflagellates	 significantly	 increased.	 Meanwhile,	 a	 significant	 N+N	 drawdown	 was	

observed	in	the	10%	HGO	treatment	(and	in	the	added	N	treatment).	These	trends	suggest	

that	 the	 components	 added	 by	 the	 HGO	 scrubber	 washwater	 spikes	 caused	 an	 overall	
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fertilization	effect	on	the	micro-	and	picoplankton	communities	at	10%	final	concentration	

and	 that	 they	 fertilized	 picoeukaryotes	 at	 5%	 concentration.	We	 infer	 that	 the	 nitrogen	

enrichment	caused	by	the	addition	of	HGO	scrubber	washwater	into	natural	seawater	played	

a	major	 role	 in	 this	 experiment’s	 outcomes.	 At	 the	 time	 of	 collection,	 the	 phytoplankton	

community	was	responding	to	a	N:P	ratio	of	1.35	N:	0.09	P	or	~15:1,	which	is	just	below	the	

canonical	Redfield	optimal	of	16N:1P	(Redfield,	1934).	The	addition	of	 the	HGO	scrubber	

washwater	 spike	at	10%	 final	 concentration	subjected	 the	entrapped	phytoplankton	 to	a	

concentration	of	N+N	that	was	~3.7	times	higher	than	what	the	phytoplankton	in	the	control	

bottles	experienced.	At	the	same	time,	the	HGO	scrubber	washwater	spike	added	relatively	

little	PO4+(~0.02	µM	added	to	the	background	0.09	µM	PO4+	concentration).	Thus,	in	10%	

HGO	treatment,	the	N:P	ratio	was	approximately	3	times	higher	(i.e.	5.03N:	0.11	P	or	~	46:1)	

than	 in	 the	 control	 at	 time	 0,	 and	 that	 likely	 supported	 the	 noticeable	 increase	 in	

dinoflagellate	abundance,	which	was	almost	double	the	dinoflagellate	abundance	observed	

in	 the	 control	 at	 48h.	 The	 fertilizing	 effect	 caused	by	 the	 addition	of	 10%	HGO	 scrubber	

washwater	 was	 also	 reflected	 in	 the	 Chl-a	 concentration	 for	 that	 treatment,	 which	 was	

almost	triple	of	that	in	the	control.		

Our	 results	 are	 in	 line	with	 findings	 from	 other	 authors	 that	 conducted	 a	 similar	

study.	Ytreberg	et	al	(2019)	documented	that,	relative	to	the	control,	microplankton	from	

natural	 Baltic	 Sea	 experienced	 a	 significant	 increase	 in	 Chl-a	 following	 exposure	 to	 10%	

open-loop	 scrubber	 washwater	 after	 a	 13	 day-	 mesocosm	 incubation	 experiment.	 The	

scrubber	washwater	these	authors	used	in	their	experiment	was	produced	using	the	same	

testbed	engine	and	scrubber	unit	used	to	produce	the	HGO	scrubber	washwater	spikes	for	

the	present	study,	but	they	used	Marine	Gas	Oil	(MGO)	with	1%	sulfur	content	which,	like	



 

 
 

102 

HGO,	is	a	distillate	fuel	that	is	sometimes	used	by	ships	as	an	alternative	to	HFO.		Like	us,	

these	 authors	 inferred	 that	 the	 results	were	 a	 consequence	 of	 nitrate	 enrichment.	 These	

authors	 also	 conducted	 laboratory	 experiment	 with	 this	 scrubber	 washwater	 and	 two	

monocultures:	one	with	the	filamentous	cyanobacteria	Nodularia	spumigena	and	the	other	

with	 the	diatom	Melosira	cf.	arctica.	They	observed	negative	responses	 in	photosynthetic	

activity	 for	N.	 spumigena	 but	 increased	 primary	 productivity	 for	M.	 cf.	 arctica,	 implying	

species-specific	 responses	 to	 scrubber	 washwater	 exposure	 (Ytreberg	 et	 al.,	 2019).	 In	

another	experiment	(Ytreberg	et	al.,	2021)	authors	tested	the	effects	of	1%,	3%	and	10%	

open-loop	MGO	scrubber	washwater	(also	produced	at	the	Chalmers	testbed	facility’s	small	

engine	and	scrubber)	on	a	natural	community	of	Baltic	Sea	pelagic	microplankton,	during	a	

14-day	 laboratory	 experiment.	 They	 observed	 significant	 increases	 in	 total	 biovolume	 of	

microplankton	 in	 the	3%	and	the	10%	scrubber	 treatments.	Group-specific	 impacts	were	

recorded:	 diatoms,	 flagellates	 incertae	 sedis,	 chlorophytes	 and	 ciliates	 increased	 in	

biovolume	 with	 increasing	 concentrations	 of	 scrubber	 washwater	 while	 no	 effect	 was	

recorded	for	cyanobacteria.	Changes	in	biovolume	were	not	observed	in	the	present	study,	

but	 once	 again,	 these	 authors	 identified	 nitrogen	 enrichment	 as	 a	 likely	 driver	 of	 the	

observed	changes	in	microplankton	abundance	and	community	composition.	

Here,	 it	 is	 possible	 that	 P	 limitation	 in	 the	 10%	 HGO	 gave	 an	 advantage	 to	 the	

dinoflagellates	that	were	already	dominating	the	community	at	time	0.	Dinoflagellates	are	

known	 to	 survive	 phosphate	 depletion	 by	 activating	 certain	 enzymes,	 such	 as	 alkaline	

phosphatases	(AP),	to	use	dissolved	organic	phosphorus	instead	of	phosphate	(Girault	et	al.,	

2021;	Lin	et	al.,	2016;	K.	Mackey	et	al.,	2012).	The	capacity	to	use	AP	varies	greatly	across	
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taxa	with	possible	consequences	for	microbial	community	composition	(Labry	et	al.,	2008;	

Shen	et	al.,	2022).		

The	 availability	 of	 certain	 dissolved	 metals	 is	 also	 known	 to	 affect	 microbial	

community	composition		(Browning	&	Moore,	2023;	Sunda	&	Huntsman,	1995a;	Twining	&	

Baines,	2013;	Viljoen	et	al.,	2019).	The	HGO	spike	used	in	this	experiment	contained	high	

amounts	of	dissolved	Fe	and	somewhat	high	amounts	of	Co,	Cu,	Ni.	However,	the	background	

concentrations	of	these	metals	were	relatively	high,	which	may	have	annulled	major	effects	

these	metals	 could	 have	 on	 phytoplankton	 physiology.	 Dissolved	 Fe	 (dFe)	 concentration	

measured	in	the	baseline	sample	was	~70	nM.	Bioavailable	dFe	limits	primary	production	in	

over	30%	of	the	ocean	surface,	where	its	concentration	normally	ranges	from	0	to	0.2	nM,	

depending	on	complex	chemical	and	biological	factors,	such	as	water	temperature,	pH,	and	

the	presence	of	ligands	(Arnone	et	al.,	2022;	Hutchins	&	Bruland,	1998;	K.	S.	Johnson	et	al.,	

1997;	Sarmiento	&	Gruber,	2006;	Sunda	&	Huntsman,	1995b;	Trapp	et	al.,	2010).	In	contrast,	

dFe	is	abundant	and	rarely	limits	production	in	most	coastal	and	semi-enclosed	ocean	areas.	

In	parts	of	 the	Baltic	Sea,	dFe	 is	known	 to	occasionally	 reach	values	higher	 than	100	nM	

(Gelting	et	al.,	2010;	Magnusson	&	Westerlund,	1983;	Pohl	&	Fernández-Otero,	2012).	In	the	

KS	 2019	 experiment,	 the	 Fe	 addition	 treatment	 (10	 nM)	 probably	 resulted	 in	 an	

oversaturation	of	dFe	(80nM)	and	lead	to	no	significant	changes	in	Chl-a	concentration,	or	in	

picoplankton	 abundances,	 which	 corroborates	 the	 notion	 that	 dFe	 was	 not	 limiting	

phytoplankton	growth	 in	 this	 experiment.	Based	on	measurements	made	with	 the	100%	

HGO	scrubber	washwater	 spike,	we	estimate	 that	 the	5%	HGO	 treatment	 represented	an	

enrichment	of	~15nM	dFe	and	the	10%	HGO	treatment	added	~30	nM	dFe,	thus	resulting	in	

even	higher	final	concentrations	than	in	the	Fe	addition	treatment.		
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Dissolved	copper	enrichment	in	the	5%	and	10%	HGO	treatments	were	estimated	to	

be	 ~1	 and	 2nM,	 respectively.	 These	 values	 were	 relatively	 small	 compared	 to	 the	

background	dCu	concentration	in	the	baseline	sample	(~14	nM)	and	very	small	compared	to	

the	Cu	addition	treatment	of	1	µM,	which	caused	significant	declines	in	Chl-a	concentration,	

picoeukaryotes,	and	Synechococcus	sp.	abundances.	The	toxic	effects	of	Cu	leading	to	declines	

in	phytoplankton	abundance	and	Chl-a	are	well	documented	in	the	 literature	(Jordi	et	al.,	

2012;	 Lopez	 et	 al.,	 2019;	 Mann	 et	 al.,	 2002;	 Paytan	 et	 al.,	 2009a).	 Other	 authors	 have	

measured	dCu	concentrations	in	the	KS	(Magnusson	&	Westerlund,	1983)	and	those	values	

are	 comparable	 the	 ones	 we	 documented	 in	 the	 present	 study.	 Relatively	 high	

concentrations	of	Cu,	and	other	metals	such	as	Co	and	Ni	occur	in	several	parts	of	the	Baltic	

Sea,	including	the	KS,	and	are	associated	to	natural	sources,	such	as	leaching	from	forest	and	

other	 land	 areas,	 or	 anthropogenic	 sources,	 such	 as	 antifouling	 paint	 and	 industries	

(Magnusson	 and	 Westerlund,	 1980;	 Sonesten	 et	 al.,	 2021;	 Ytreberg	 et	 al.,	 2022).	 It	 is	

plausible	to	assume	that	microplankton	communities	in	this	region	are	adapted	to	high	metal	

concentration	conditions	 (i.e.	 chronic	exposure),	 and	 to	eventual	pulses	 from	 intermitted	

inputs	(i.e.	acute	exposure).	While	we	don’t	suppose	the	amounts	of	dissolved	Fe,	Cu,	Co,	and	

Ni	that	were	added	by	the	scrubber	washwater	spikes	used	in	this	experiment	were	high	

enough	to	affect	the	overall	productivity	levels	in	this	region,	we	highlight	the	fact	that	many	

of	 these	metals	can	play	synergistic	roles	 in	the	production	of	certain	enzymes	and	other	

metabolic	 functions,	 thus	 possibly	 affecting	 community	 composition	 in	 ways	 that	 the	

methods	used	in	this	study	are	not	suitable	to	detect.		Precise	taxonomical	identification	of	

microplankton	was	not	a	goal	 in	 this	study	and	was	beyond	our	methodological	capacity,	

which	relied	on	the	use	of	light	microscopy.	Nevertheless,	we	were	able	to	determine	that	
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the	high	abundance	of	dinoflagellates	consisted	of	a	mixed	bloom	dominated	by	organisms	

that	resembled	those	in	the	Azadinium,	Amphidoma,	and	Heterocapsa	genera	(AAH	complex).	

AAH	complex	dinoflagellates	are	alike	in	size	and	morphology,	and	impossible	to	distinguish	

without	 the	 use	 of	molecular	methods	 (Karlson	 et	 al.,	 2010,	 2021).	 All	 three	 genera	 are	

cosmopolitan	and	known	to	occur	in	the	KS	(Hällfors,	2004;	Infrastructure,	2023;	Wietkamp	

et	al.,	2019).	Some	species	in	the	Azadinium	and	Amphidoma	genera	can	be	toxic	and	cause	

Azaspiracid	 Shellfish	 Poisoning	 (AZP)	 in	 humans	 after	 consumption	 of	 contaminated	

seafood.	In	the	Baltic	Sea	and	KS,	AZA-producing	microalgae	and	their	respective	toxins	have	

been	documented	 in	 low	abundance	but	are	widely	present	 in	 the	area	(Wietkamp	et	al.,	

2019).	Some	Heterocapsa	species	are	known	to	produce	toxins	(D.	Kim	et	al.,	2000;	Wu	et	al.,	

2022),	 while	 others	 may	 form	 non-toxic	 harmful	 algal	 blooms	 (HABs).	 H.	 triquetra	for	

example,	 causes	 extensive	 blooms	 in	 low	 salinity	 temperate	 coastal	 waters	 during	 the	

summer	that	can	lead	to	water	discoloration	and	hypoxia	at	cell	densities	above	5x103	cells	

L-1(Olli,	2004),	which	is	two	orders	of	magnitude	lower	than	the	values	documents	in	the	

present	 study.	 To	 be	 clear,	 due	 to	 methodological	 limitations,	 our	 results	 do	 not	

unequivocally	show	that	the	HGO	scrubber	washwater	addition	affected	the	HAB-forming	

species.	 However,	 HABs	 are	 a	 recurrent	 issue	 in	 this	 region	 that	 causes	 losses	 for	 the	

aquaculture	 industry	 and	 other	 negative	 environmental	 and	 socioeconomic	 impacts	

(Karlson	 et	 al.,	 2021).	 Coastal	 summer	 blooms	 of	 H.	 triquetra	have	 been	 associated	 to	

eutrophication	and	local	artificial	mixing	caused	by	large	passenger	ferries	in	the	Baltic	Sea	

near	Finland	(Lindholm	&	Nummelin,	1999).	Therefore,	we	recommend	further	studies	to	be	

conducted	to	further	investigate	what	effects	scrubber	washwater	discharges,	and	that	metal	

inputs	in	general,	may	have	on	specific	HAB-forming	species.		
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The	SCB	2020	Experiment	

Primary	 production	 in	 the	 SCB	 is	 largely	 limited	 by	 nitrogen	 availability	 in	 the	

euphotic	zone	(Cullen	&	Eppley,	1981;	Thomas	et	al.,	1974),	but	great	spatial	and	temporal	

variability	 exists	 (Kilpatrick	 et	 al.,	 2018;	 Legaard	&	 Thomas,	 2006;	Mantyla	 et	 al.,	 2008;	

Venrick,	2012).	Near	the	coast,	seasonal	mixing	and	upwelling	of	nutrient-rich	deep	water	

maintains	high	rates	of	biological	productivity	in	the	winter	and	spring.	During	most	of	the	

year,	coastal	CA	is	N	limited,	but	the	upwelling	of	deep	water	with	high	N:Fe	ratios	can	at	

times	lead	to	Fe	(co)limitation	(King	and	Barbeau	2011),	particularly	in	coastal	regions	with	

narrow	continental	 shelves	 that	 limit	entrainment	of	 sediment-derived	Fe	 (Bruland	et	al.	

2001).	Anthropogenic	nutrient	inputs	can	be	significant	in	some	areas	of	the	SCB	that	receive	

discharge	 from	water	 treatment	 facilities	 in	 the	 region	 (Howard	et	al.,	2014),	 and	winter	

runoff	from	three	highly	channelized,	human-impacted	rivers	(Santa	Ana,	Los	Angeles,	and	

San	Gabriel	Rivers).		

In	 the	 SCB	 2020	 experiment,	 which	 occurred	 in	 October,	 the	 time	 0	 baseline	

concentration	values	of	 chl	 a	 (M=0.39	mg.L-1),	N+N	 (M=	0.2	µM)	and	NH4+	 (M=	0.38	µM)	

measured	in	the	unamended	seawater	used	as	controls	were	within	the	ranges	expected	for	

the	SCB	region	in	fall	(Bograd	et	al.,	2015;	Howard	et	al.,	2014;	McLaughlin	et	al.,	2021).	The	

N:P	ratio	at	time	0	was	0.2N:0.15P,	or	~1.3.	This	low	N:P	ratio	is	considered	normal	for	this	

area	 of	 the	 SCB,	 which	 corresponds	 to	 the	 southern	 section	 of	 the	 California	 Current	

ecosystem	(A.	C.	Martiny	et	al.,	2016;	Schnetzer	et	al.,	2013).	The	low	N:P	ratio	at	time	0	help	

explain	 the	 phytoplankton	 responses	 observed	 due	 to	 the	 nitrogen	 enrichment	 that	

happened	in	all	treatments	of	this	experiment,	except	for	the	5%	CARB-A.	The	phytoplankton	

in	the	10%	CARB-A	treatment	were	exposed	to	a	N+N	concentration	that	was	~3.5	times	
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higher	than	what	was	experienced	by	the	microorganisms	in	the	baseline	samples,	and	that	

likely	 promoted	 the	 observed	 increase	 in	 chl	 a,	 which	 almost	 doubled	 in	 that	 treatment	

compared	to	the	control	at	48h.	The	addition	of	CARB-A	SW	did	not	cause	NH4+	enrichment.	

The	~10	µM	of	NO3-	added	in	the	NO3-	treatment,	corresponded	to	a	45-fold	increase	in	N+N	

relative	 to	 the	 baseline	 values	 and	 it	 was	 the	 likely	 cause	 for	 the	 doubling	 in	 Chl-a	

concentration	observed	in	that	treatment	compared	to	the	control	at	48h.	Finally,	the	added	

~1	µM	NH4	in	that	treatment	corresponded	to	a	2.6-fold	increase	in	NH4+	concentration	and	

was	associated	to	a	2.5-fold	increase	on	chl	a	concentration	relative	to	control	at	48h.	We	

were	 unable	 to	 monitor	 changes	 in	 microplankton	 groups	 in	 this	 experiment,	 but	 we	

speculate	that	taxa	in	that	size	range	(i.e.	3-100	µm)	probably	increased	in	the	treatments	in	

which	chl	a	increased	(i.e.	10%	CARB-A,	NO3-,	NH4+),	since	picoeukaryotes	and	Synechococcus	

abundances	either	decreased	or	remained	the	same	in	all	treatments	compared	the	baseline	

at	time	0	and	the	controls	at	48h.		

Primary	production	in	coastal	waters	is	rarely	limited	by	trace	metals	(Martin,	1990),	but	

experiments	have	demonstrated	that	growth	limitation	by	iron	can	occur	in	certain	coastal	

upwelling	regions,	including	in	sections	of	coastal	California	(Hutchins	et	al.,	1998;	Hutchins	

&	 Bruland,	 1998).	 In	 the	 SCB	 2020	 experiment,	 the	 added	 10	 nM	 Fe	 treatment	 did	 not	

stimulate	changes	in	chl	a.	Based	on	metals	measured	in	the	100%	CARB-A	spike,	we	deduce	

that	 the	enrichment	of	dFe,	dCu,	and	other	dissolved	metals	 in	 the	5%	and	10%	CARB-A	

treatments	was	negligible,	except	for	dMn,	which	according	to	our	estimate,	increased	from	

an	already	high	background	value	of	11	nM	to	22	nM.	For	context,	a	study	that	measured	

dMn	 along	 surface	 transects	 in	 the	 North	 Coast	 of	 CA	 (38.4–39.3°N)	 in	 August	 of	 2011,	

documented	onshore	dMn	concentrations	ranging	from	2.1	to	11.3	nM,	where	the	highest	
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dMn	concentrations	were	sampled	in	the	freshly	upwelled	plume	on	the	southern	portion	of	

the	transect	(D.	V	Biller	&	Bruland,	2013).	Like	Fe,	Mn	is	required	for	the	maintenance	of	

photosynthetic	 machinery,	 and	 Mn	 is	 known	 to	 co-limit	 phytoplankton	 in	 parts	 of	 the	

Southern	Ocean,	where	dMn	availability	is	very	low	(Browning	&	Moore,	2023;	Pausch	et	al.,	

2019).	Considering	 that	 the	dMn	background	concentrations	observed	 in	our	 study	were	

relatively	high,	we	conclude	that	 the	 influence	of	 the	dMn	added	by	SW	spikes	was	 likely	

negligible.		

The	SCB	2021Experiment	

The	SCB	2021	experiment	was	conducted	on	July	27,	2021.	The	mean	Chl-a	

concentration	(M=2.12,	SEM=0.07	mg/L)	was	within	the	expected	ranges	for	this	region	but	

slightly	elevated	 for	 this	 time	of	 the	year	(Eppley,	1992;	H.-J.	Kim	et	al.,	2009;	Legaard	&	

Thomas,	2006).	Cell	counts	for	pico-,	nano-	and	microplankton	were	also	relatively	high.	We	

posit	that	the	microbial	community	that	we	captured	at	time	0	was	at	the	peak	of	a	bloom	

which	was	 likely	 triggered	by	nutrient	enrichment	 caused	by	vertical	mixing,	 runoff,	 and	

nutrient	 enrichment	 associated	with	 an	unusual	 storm	 system	 that	moved	 into	 Southern	

California	bringing	record-setting	rainfall,	two	days	before	our	collection	(Cappucci,	2021).	

By	the	time	we	collected	the	water,	nutrients	were	very	low	(all	measurements	of	N+N,	NH4+	

and	PO43-	in	baseline	samples	values	were	below	or	at	the	LOQ).	Thus,	we	posit	that	by	the	

time	 we	 collected	 the	 baseline	 samples,	 nutrients	 that	 were	 elevated	 by	 the	 storm,	 had	

already	been	depleted	by	the	abundant	microbes,	which	would	explain	the	abrupt	decline	

we	observed	in	chl	a	and	cell	counts	between	the	control	at	time	0	and	at	48h.		

Comparing	the	chl	a	concentration	across	all	treatments	at	48	h	(Fig.	2.	11),	we	notice	

that	all	addition	treatments	ended	up	at	higher	values	than	the	control,	which	suggests	that	
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components	in	all	spikes	used	in	this	experiment	fertilized	the	entrapped	phytoplankton.	As	

in	 the	 two	 previous	 experiments	 conducted	 in	 this	 study,	 nitrogen	 played	 an	 important	

fertilizing	role	as	evidenced	by	the	positive	chl	a	response	in	the	two	N	addition	treatments.	

However,	 in	 this	experiment,	we	notice	something	different:	 the	treatment	that	ended	up	

with	the	highest	chl	a	values	at	48h	was	not	an	N	addition	one,	but	the	5%	HFO	SW	treatment.		

That	happened	even	though	the	N	addition	treatments	added	~20	times	more	N+N	and	15	

times	more	NH4+	than	the	5%	HFO	treatment	(Fig.	2.10).	That,	combined	to	the	observation	

that	the	chl	a	value	for	the	10%	HFO	treatment	was	lower	than	in	the	5%	HFO,	suggests	that	

besides	 nitrogen	 there	 were	 other	 components	 in	 the	 HFO	 spike	 (possibly	 metals)	 that	

fertilized	at	least	certain	phytoplankton	at	5%	HFO	concentration,	but	that	suppressed	net	

growth	at	the	10%	concentration.	At	1%	concentration,	the	HFO	addition	had	no	measurable	

effect	on	chl	a.	As	in	the	KS	2019	and	SCB	2020	experiments,	the	addition	of	relatively	high	

(10	nM)	concentration	of	dFe	alone,	did	not	affect	any	of	the	metrics	we	used	to	monitor	the	

microbial	 community,	while	 the	 addition	of	 (0.5	 µM)	dCu	 caused	 toxicity.	 Looking	 at	 the	

responses	 by	 different	 microplankton	 groups	 (Fig.	 2.12),	 we	 see	 that	 pennate	 diatoms	

increased	in	the	5%	HFO	treatment,	decreased	in	the	10%	CARB-B,	and	did	not	significantly	

change	in	other	treatments	relative	to	the	baseline	and	control.	As	with	the	chlorophyll	a	

trends,	 it	 is	 impossible	 to	determine	the	exact	causes	of	 this	 increase	 in	pennate	diatoms	

abundance	observed	in	the	5%	HFO	treatment;		it	could	be	connected	to	the	variety	of	metals	

present	 in	 high	 concentration	 in	 the	 HFO	 scrubber	 washwater	 formulation	 (Table	 2).	

Compared	to	the	initial	water	used	in	the	incubation	(baseline	samples),	the	10%	HFO	spike	

contained	relatively	high	concentrations	of	dAl,	dCo,	dCu,	dFe,	dMn,	dMn,	dNi,	and	dV.	While	

some	of	these	metals	are	well-known	to	fertilize	phytoplankton	(Fe,	Co,	Mn),	others	may	be	
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toxic	to	certain	groups	when	in	high	concentrations.	Cu,	for	instance,	has	been	show	to	both	

stimulate	 and	 suppress	 phytoplankton	 growth	 depending	 on	 several	 complex	 factors,	

including	 chelation,	 interactions	 with	 other	 chemical	 components,	 and	 taxa-specific	

sensitivity	(Kong,	2022;	Lopez	et	al.,	2019).	In	the	present	study,	the	10%	HFO	treatment	is	

estimated	to	have	exposed	marine	phytoplankton	to	an	additional	6	nM	of	dCu,	which	is	a	

relatively	high	concentration.	Bottle	experiments	conducted	in	the	Sargasso	Sea	showed	that	

additions	 of	 2	 and	 5	 nM	 c	 decreased	 the	 growth	 rates	 of	 Prochlorococcus,	 while	

Synechococcus	net	 growth	 rates	 only	 decreased	 in	 their	 5	 nM	Cu	 (Mann	 et	 al.,	 2002).	 Cu	

toxicity	 to	 marine	 diatoms	 has	 also	 been	 documented	 but	 usually	 at	 much	 higher	

concentration	exposures	that	6	nM		(Anu	et	al.,	2016;	Cid	et	al.,	1995;	Florence	&	Stauber,	

1986;	Neethu	et	al.,	2021;	Stelmakh	et	al.,	2022).	Ni	and	dV	were	also	estimated	to	be	high	in	

the	10%	HFO	treatment	(~93	and	412	nM,	respectively).	The	effects	of	these	two	metals	on	

marine	 phytoplankton	 have	 been	 studies	 by	many.	While	Ni	 seems	 to	 have	 limited	 toxic	

impact	on	most	phytoplankton	in	temperate	regions,	even	at	concentrations	several	orders	

of	magnitude	higher	than	the	ones	we	observed	(J.	A.	Guo	et	al.,	2022),	V	has	been	found	to	

be	toxic	to	microorganisms	(Gustafsson,	2019;	Nalewajko	et	al.,	1995;	Rehder,	2022;	Ünsal,	

1982;	Watt	 et	 al.,	 2018).	More	 research	 to	 investigate	 taxa-specific	 sensitivities	 to	 these	

metals	 would	 be	 needed	 to	 elucidate	 the	 impacts	 of	 the	 10%	 HFO	 additions	 to	 coastal	

phytoplankton	communities.		

The	CARB-B	addition	treatments	behaved	somewhat	similarly	to	what	was	observed	

in	the	SCB	2020	experiment	with	CARB-A	spikes.	Here,	we	saw	an	increase	in	chl	a	in	the	

10%	CARB-B	treatment	relative	to	control	at	48h.	However,	in	the	2021	experiment,	we	saw	

a	lower	but	significantly	positive	effect	produced	by	the	5%	CARB-B	treatment,	which	was	
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not	observed	 in	 the	SCB	2020	5%	CARB-A	 treatment.	We	did	not	observe	any	significant	

changes	 in	 microplankton	 groups	 in	 response	 to	 CARB-B	 addition,	 but	 picoeukaryotes	

abundance	significantly	increased	in	both	the	5%	and	the	10%	CARB-B	relative	to	all	other	

treatments	at	48h.	Note	that	the	CARB-B	spike	contained	a	much	higher	amount	of	dFe	(and	

dPb)	 than	 the	CARB-A	 spike	 (Table	1),	whereas	other	metals	 concentrations	were	 either	

comparable	 to,	 or	 lower	 in	 the	 CARB-B	 formulation.	 CARB-A	 and	 CARB-B	 spikes	 were	

generated	 using	 the	 same	 fuel	 type	 combusted	 in	 similar	 small	 boat	 engines,	 and	 we	

conjecture	that	chemical	composition	differences	in	these	spikes	were	caused	mainly	by	the	

combustion	temperature,	which	was	higher	in	the	CARB-B	case,	because	boat	B	was	cruising	

at	 a	 higher	 speed	 and	 rpm	 than	 boat	 A	 at	 the	 time	 the	 SW	was	 produced	 and	 collected.	

Although	we	 cannot	 unequivocally	 explain	 the	 effects	 that	 N,	metals,	 and	 other	 possible	

chemical	constituents	had	on	the	microbial	abundance	and	composition	in	these	treatments,	

these	 results	 suggest	 that	 components	 added	 by	 scrubber	 washwater	 discharges	 can	

influence	phytoplankton	communities	after	acute	exposure	in	ways	that	vary	depending	on	

factors	 such	 as	 the	 fuel	 type,	 temperature	 of	 combustion,	 and	 initial	 condition	 of	 the	

receiving	seawater.	Polyaromatic	hydrocarbons	(PAHs),	for	example,	could	be	playing	a	role	

in	the	selective	 impacts	of	scrubber	washwater	additions	observed	here.	PAHs	have	been	

measured	in	scrubber	washwater	samples	(Lunde	Hermansson	et	al.,	2021;	Tronczynski	et	

al.,	2022;	Ytreberg	et	al.,	2022b),	and	have	been	found	to	cause	lethal	and	sublethal	effects	

on	marine	phytoplankton	(Bopp	&	Lettieri,	2007;	Cerezo	&	Agustí,	2015;	Echeveste	et	al.,	

2016;	Kottuparambil	&	Agusti,	2018,	2020;	H.	Ben	Othman	et	al.,	2012).	Also,	the	influence	

of	 other	 processes	 that	 we	 did	 not	 investigate	 here,	 such	 as	 complex	 inter-specific	

competition	 for	nutrients,	metal	 chelation	dynamics	 (Hirose,	2006;	Hutchins	et	 al.,	 1999;	
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Raspor	et	al.,	1980;	Sunda,	2012),	and	co-limitations	(C.	M.	Moore	et	al.,	2013b;	Saito	et	al.,	

2008)	cannot	be	ruled	out.		

In	 summary,	 our	 results	 match	 what	 has	 been	 found	 in	 previous	 experiments	

conducted	 to	 measure	 scrubber	 washwater	 impacts	 of	 coastal	 phytoplankton	 (Marin-

Enriquez	 et	 al.,	 2023;	 Picone	 et	 al.,	 2023b;	 Ytreberg	 et	 al.,	 2019,	 2021).	 As	 these	 other	

authors,	 we	 found	 that	 coastal	 phytoplankton	 response	 varied	 greatly,	 and	 included	

fertilization	 effects	 of	 some	 phytoplankton	 groups	 and	 complex	 shifts	 in	 abundance	 and	

composition.	variable	deleterious	effects	were	observed	 for	 these	phytoplankton	grazers.	

The	variability	in	responses	documented	in	all	these	studies	is	likely	due	to	the	wide	range	

of	sensitivity	of	various	microbial	 taxa	to	the	many	possible	combinations	of	components	

present	in	the	different	types	of	scrubber	washwater	used	in	the	experiments.	

It	 is	 important	 to	acknowledge	that,	although	the	exposure	concentrations	used	 in	

this	study	(1%,	5%	and	10%)	were	comparable	to	what	has	been	used	in	similar	experiments	

by	 other	 authors,	 these	 values	 are	 well	 above	 the	 expected	 range	 of	 concentration	 that	

phytoplankton	communities	would	experience	in	most	ocean	areas	upon	the	discharge	of	

scrubber	washwater	by	any	individual	vessel.	As	explained	in	chapter	1	of	this	dissertation,	

the	dilution	of	scrubber	washwater	discharges	will	vary	greatly	depending	on	the	depth	of	

the	mixed	 layer,	which	 in	 turn	varies	with	geography	and	season.	 If	we	consider	 that	 the	

volume	of	water	that	is	influenced	by	a	ship’s	discharge	water	is	a	function	of	the	ship’s	beam	

(typically,	10-50	m),	speed	(typically,	8-20	knots),	and	the	thickness	of	the	layer	of	water	in	

which	 the	 scrubber	 wash	 water	 discharge	 will	 dissolve	 we	 can	 deduce	 that	 the	 typical	

exposure	concentrations	caused	by	the	passage	of	an	individual	vessel	will	necessarily	be	
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<0.1%.	It	is	safe	to	assume	that	exposure	to	scrubber	washwater	concentrations	higher	than	

5%	would	be	extremely	unlikely,	even	in	the	case	of	shallow,	stratified,	and	heavily	trafficked	

areas.		

CONCLUSIONS	

The	 goal	 of	 the	 present	 study	 was	 to	 evaluate	 the	 effects	 of	 different	 scrubber	

washwater	 formulations	 on	 phytoplankton	 growth,	 nutrient	 uptake,	 and	 community	

composition,	 and	 to	 investigate	 potential	 mechanisms	 underlying	 observed	 responses,	

including	 the	 role	 of	 trace	 metals,	 and	 nutrient	 availability.	 Acute	 (48	 h)	 exposure	 to	

extremely	 high	 (5%	and	10%)	 concentrations	 of	 various	 formulations	 of	 scrubber	water	

caused	 the	 artificial	 fertilization	 of	 certain	 groups	 of	 coastal	 phytoplankton	 populations.	

Here,	this	effect	seems	to	be	driven	mostly	by	nitrogen	enrichment	caused	by	the	scrubber	

washwater	additions,	which	is	in	line	with	what	has	been	documented	in	previous	studies.	

However,	in	at	least	one	of	the	experiments	we	conducted	(SCB	2021),	the	5%	HFO	scrubber	

washwater	exposure	treatment	resulted	in	a	greater	increase	in	chl	a,	and	in	picoeukaryotes	

abundance	 than	 exposure	 to	 the	 10%	HFO	 SW	 treatment,	 even	 though	 the	 latter	 added	

double	 the	 amount	 of	 nitrogen	 to	 the	 incubation	 bottles.	 That	 suggests	 that	 other	

components	 in	 the	HFO	 scrubber	washwater	 formulation	 used	 in	 this	 study,	 likely	 trace	

metals	 and	possibly	PAHs,	which	we	did	not	measure,	may	have	 impaired	 the	 growth	of	

certain	 phytoplankton	 groups	 at	 10%	 but	 not	 at	 5%	 concentration	 exposure.	 This	

disproportionate	 impairment	 in	growth	at	high	exposure	particularly	affected	eukaryotes	

and	picoeukaryotes.		
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CHAPTER	3	
	

PHYTOPLANKTON	RESPONSES	TO	SCRUBBER	WASHWATER	ADDITIONS	IN	THE	
COASTAL	AND	OPEN-OCEAN	SARGASSO	SEA.	

	

ABSTRACT	
This	 research	 evaluated	 the	 impact	 of	 ship	 scrubber	 washwater	 discharges	 on	 natural	
phytoplankton	communities	in	both	the	open	and	coastal	regions	of	the	Sargasso	Sea.	The	
goal	was	to	ascertain	whether	the	washwater	generated	from	burning	two	different	 fuels	
had	 a	 fertilizing,	 inhibiting,	 or	 neutral	 effect	 in	 this	 oligotrophic	 system,	 where	
picophytoplankton	are	prevalent.	Both	the	conventional	heavy	fuel	oil	combusted	in	a	large	
ship	 engine	 (HFO)	 and	 the	 alternative	 distilled	 fuel	 from	 a	 small	 testbed	 engine	 (HGO)	
exhibited	a	mild	fertilizing	effect	on	oceanic	phytoplankton	at	a	2%	concentration.	The	HGO	
formulation	specifically	had	a	fertilizing	impact	on	Synechococcus	and	potentially	enhanced	
Prochlorococcus	fluorescence.	The	results	indicate	that	microbial	populations	in	the	Sargasso	
Sea	 were	 not	 solely	 restricted	 by	 nitrogen	 (N)	 or	 iron	 (Fe),	 but	 likely	 experienced	 co-
limitation	by	multiple	nutrients,	which	were	adequately	supplied	by	scrubber	washwater	
discharges	at	a	2%	concentration,	but	not	at	0.1%	or	lower.	

	

INTRODUCTION	

Marine	 phytoplankton	do	 half	 of	 all	 photosynthesis	 on	Earth	 and	 influence	

global	biogeochemical	cycles,	food	webs,	biodiversity,	and	climate.	To	grow,	phytoplankton	

need	 dissolved	macronutrients,	 such	 as	 nitrogen	 and	 phosphorus,	 and	 relatively	 smaller	

amounts	of	micronutrients,	such	as	trace	metals	and	vitamins	(Antoine	et	al.,	1996;	Bunt,	

1975;	P.	G.	Falkowski	et	al.,	1998;	P.	Falkowski	&	Knoll,	2011;	Field	et	al.,	1998;	Martin,	1992;	

Martin	&	Fitzwater,	1988).			

Early	 models	 of	 marine	 primary	 production	 were	 based	 on	Liebig's	 law	 of	 the	

minimum	and	assumed	primary	production	to	be	limited	by	the	nutrient	in	shortest	supply	

relative	 to	 microbial	 requirements	 in	 any	 given	 marine	 community	 (Baird	 et	 al.,	 2022).	

Recent	 studies	 have	 described	 a	 more	 complex	 picture	 in	 which	 chemical,	 physical,	
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physiological,	and	ecological	interactions	can	lead	to	nutrient	co-limitation	in	many	ocean	

regions	(Browning	et	al.,	2017;	Browning	&	Moore,	2023;	C.	M.	Moore	et	al.,	2013b;	Saito	et	

al.,	2008,	2015).			

Browning	and	Moore	(2023)	provided	a	comprehensive	review	of	nutrient	limitation	

patterns	in	the	ocean	and	showed	that	nitrogen	serves	as	the	primary	limitation	in	stratified	

subtropical	gyres	and	in	summertime	Arctic	Ocean,	while	bioavailable	iron	commonly	limits	

primary	 production	 in	 upwelling	 regions.	 Co-limitation	 of	 both	 nitrogen	 and	 iron	 occurs	

frequently	in	boundary	regions	between	the	nitrogen	and	iron	limited	systems.	In	parts	of	

the	 Southern	 Ocean,	 manganese	 can	 be	 co-limiting	 with	 iron,	 and	 in	 certain	 settings,	

phosphate	 and	 cobalt	 can	 be	 either	 co-limiting	 or	 serially	 limiting.	 The	 review's	 key	

conclusion	 is	 that	 surface	 seawaters	 often	 approach	 nutrient	 co-limitation	 of	 some	 kind.	

Thus,	 increases	 in	 the	 supply	 of	 various	 nutrients	 at	 once	 can	 significantly	 enhance	

phytoplankton	 net	 growth,	 irrespective	 of	 latitude,	 temperature,	 or	 trophic	 status.	 It	 is	

therefore	clear	that	understanding	nutrient	sources	and	their	 influence	on	phytoplankton	

abundance	 and	 activity	 is	 a	 vital	 quest	 for	 comprehending	 and	 forecasting	 how	

environmental	shifts	can	affect	marine	ecosystem	responses.	Central	to	this	quest,	are	the	

roles	 that	natural	and	anthropogenic	sources	of	nutrients	play	 in	coastal	and	open-ocean	

areas.		

Nutrient	availability	 in	 the	euphotic	 zone	results	 from	the	 regeneration	of	organic	

matter,	 or	 from	 the	 influx	 of	 “new”	nutrients	 from	external	 sources	 (Dugdale	&	Goering,	

1967).	 Two	 main	 physical	 processes	 control	 most	 new	 nitrogen	 input	 into	 the	 ocean:	

turbulent	vertical	mixing,	and	upwelling	(Sarmiento	&	Gruber,	2006;	Sverdrup,	1953;	Voss	
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et	al.,	2011,	2013).	Vertical	mixing	occurs	throughout	the	world’s	oceans	and	is	particularly	

important	 in	higher	 latitudes,	where	eddies	and	strong	winds	can	overcome	stratification	

and	bring	nutrients	from	deeper	layers	to	the	surface	(Bendtsen	&	Richardson,	2018;	Henson	

et	al.,	2013;	Tesdal	et	al.,	2022;	Tsutsumi	et	al.,	2020;	Williams	et	al.,	2013).	Upwelling	 is	

important	in	certain	coastal	regions	and	divergence	zones	(Chavez	&	Messié,	2009;	Romera-

Castillo	et	al.,	2016).	Additional	sources	of	new	nitrogen	include	nitrogen	fixation	(Canfield	

et	 al.,	 2010;	 Gruber	 &	 Sarmiento,	 1997;	 Mills	 &	 Arrigo,	 2010;	 Monteiro	 et	 al.,	 2011),	

groundwater	(Slomp	&	Van	Cappellen,	2004),	rivers	(Meybeck,	1993;	S.	V	Smith	et	al.,	2003),	

runoff	from	land	(Beman	et	al.,	2005;	Carpenter	et	al.,	1998;	V.	H.	Smith	&	Schindler,	2009)		

and	 atmospheric	 deposition	 (Duce	 et	 al.,	 2008;	 Ito	 et	 al.,	 2014;	 T.	D.	 Jickells	 et	 al.,	 2017;	

Kanakidou	et	al.,	2016).		

The	deposition	of	atmospheric	aerosols	to	the	ocean’s	surface	 is	a	major	source	of	

new	nitrogen	and	trace	metals	to	the	open	ocean	(Altieri	et	al.,	2021;	T.	D.	Jickells	et	al.,	2017;	

X.	Zhang	et	al.,	2020)	and	a	smaller	source	in	coastal	regions	(K.	R.	M.	Mackey	et	al.,	2010b).	

Atmospheric	aerosols	are	solids	or	liquids	suspended	in	air	of	diverse	origins,	and	of	various	

sizes	and	chemical	composition.	Natural	aerosols	transported	by	strong	wind	events	are	the	

most	significant	source	of	nutrients	to	the	open	ocean	by	mass.	Globally,	desert	dust	provides	

most	 of	 the	N,	 P,	 and	 trace	metals	 available	 to	marine	phytoplankton	 in	 the	open	ocean,	

including	 aluminum	 (Al),	 titanium	 (Ti),	 manganese	 (Mn),	 and	 iron	 (Fe).	 Additionally,	

anthropogenic	 emissions	 from	 fossil	 fuel	 combustion	 and	 biomass	 burning	 represent	

important	sources	of	nutrients	 in	some	coastal	and	open-ocean	areas	(Bowie	et	al.,	2009;	

Farahat	&	Abuelgasim,	2019;	Fu	et	al.,	2015;	Guieu	et	al.,	2005;	C.	Guo	et	al.,	2022;	Hamilton	

et	al.,	2022;	Meng	et	al.,	2016;	Pinedo-González	et	al.,	2020;	Y.	Wang	et	al.,	2022;	Xiao	et	al.,	
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2018).	 Atmospheric	 deposition	 of	 macro-	 and	 micronutrients	 can	 alleviate	 nutrient	

limitation,	 spur	 growth,	 and	 alter	 the	 composition	of	 phytoplankton	 communities.	Under	

some	circumstances,	aerosol	trace	metal	inputs	have	also	been	shown	to	cause	toxicity	to	

certain	phytoplankton	populations	(T.	D.	Jickells	et	al.,	2017;	Jordi	et	al.,	2012;	Paytan	et	al.,	

2009a).		

Several	authors	have	identified	shipping-derived	Fe	as	a	potentially	significant	source	

of	 bioavailable	 Fe	 in	 areas	where	maritime	 traffic	 is	 intense	 and	other	 sources	 of	 Fe	 are	

scarce.	For	instance,	shipping	may	be	responsible	for	up	to	50%	of	the	soluble	Fe	input	into	

remote	 northern	 hemisphere	 and	 equatorial	 Pacific	 HNLC	 ocean	 regions	 (Ito,	 2013b;	

Matthias	et	al.,	2010;	Raudsepp	et	al.,	2019c;	Salo	et	al.,	2016).	Overall,	it	is	estimated	that	Fe	

emissions	 from	 anthropogenic	 biomass	 burning	 and	 from	 the	 combustion	 of	 fossil	 fuels,	

including	ship	emissions,	are	two	orders	of	magnitude	smaller	than	mineral	dust	Fe	by	mass,	

but	may	 account	 for	 up	 to	 50%	 of	 the	 bioavailable	 Fe	 deposited	 in	 remote	 HNLC	 ocean	

regions	 due	 to	 higher	 solubility	 compared	 to	 that	 of	 mineral	 dust.	 Specifically,	 shipping	

contributes	a	relatively	small	(~2%)	source	of	Fe;	however,	the	solubility	of	oil	combustion-

derived	Fe	is	significantly	higher	(36–81%)	even	when	compared	to	other	fossil	fuel	sources	

such	 as	 coal	 (0.2–25%)	 (N.	 M.	 Mahowald	 et	 al.,	 2018).	 Therefore,	 given	 the	 global	

geographical	distribution	of	shipping	lanes	across	the	world's	oceans,	ship	emissions	could	

be	an	important	source	of	Fe	affecting	phytoplankton	in	certain	marine	environments.			

Ship	emissions	are	known	to	release	significant	amounts	of	nitrogen	and	sulfur	oxides	

(NOx	and	SOx)	in	addition	to	other	metals,	some	of	which	can	serve	as	nutrients	that	promote	

(e.g.,	Fe,	Mn,	Zn,	Co)	or	inhibit	(e.g.,	Cu)	phytoplankton	growth.		Due	to	great	variability	in	
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the	types	of	ship	engines	and	quality	of	fuels	being	used	by	maritime	transport,	the	chemical	

composition	and	particle	size	distribution	of	aerosols	from	ship	emissions	is	expected	to	vary	

greatly	(M.	Anderson,	Salo,	Hallquist,	et	al.,	2015;	Corbin	et	al.,	2018;	Eyring	et	al.,	2010a;	

Moldanová	et	al.,	2009a;	Popovicheva	et	al.,	2009,	2012;	Salo	et	al.,	2016).	 	To	reduce	air	

pollution	from	shipping	activities,	the	governmental	of	several	nations,	and	the	International	

Maritime	Organization	(IMO)	passed	regulations	that	limit	the	concentration	sulfur	in	ships	

air	emissions.	To	comply	with	these	rules	ship	operators	can	do	one	of	two	things:	they	can	

switch	 from	 the	 highly	 polluting	 residual	 fuels	 known	 as	 heavy	 fuel	 oil	 (HFO)	 to	 more	

expensive	alternative	fuels	or,	in	some	parts	of	the	world,	they	can	use	exhaust	gas	cleaning	

systems,	also	known	as	scrubbers.			

Scrubbers	are	pollution	abatement	devices	that	remove	pollutants	from	the	exhaust	

gasses	by	spraying	water	on	it	before	it	comes	out	from	the	ships’	smokestacks.	Most	ships	

that	 are	 equipped	 with	 these	 systems	 have	 open-loop	 scrubbers	 that	 discharge	 the	

washwater	directly	 into	the	ocean	(Comer	et	al.,	2020;	Osipova	et	al.,	2021;	Turner	et	al.,	

2017;	Zis	et	al.,	2022).	Scrubber	washwater	discharges	contain	variable	types	and	amounts	

of	chemical	components	(Koski	et	al.,	2017;	Lunde	Hermansson	et	al.,	2021;	Teuchies	et	al.,	

2020;	Thor	et	al.,	2021)	and	can	affect	the	growth	of	marine	phytoplankton	(Picone	et	al.,	

2023;	 Ytreberg	 et	 al.,	 2021,	 2019;	 Tavares	 et	 al	 in	 prep.),	 depending	 on	 its	 chemical	

composition,	which	seems	to	vary	with	fuel	quality,	size	of	the	engine,	age	of	the	vessel,	speed	

and	load,	among	other	factors	(Marin-Enriquez	et	al.,	2023;	Schmolke	et	al.,	2020).		

The	 effect	 of	 nutrients	 from	 scrubber	 washwater	 discharges	 on	 phytoplankton	

populations	 is	 also	 influenced	 by	 the	 interplay	 of	 natural	 factors	 such	 as	 geographical	
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location	and	taxon-specific	differences,	including	nutrient	requirements	and	growth	rates.	

Along	the	Atlantic	Meridional	Transect	(AMT)	for	example,	the	Saharan	dust	plume	over	the	

tropical	North	Atlantic	causes	a	strong	 interhemispheric	difference	 in	dust	 loadings,	with	

much	 lower	dust	 supplies	 over	 the	 tropical	 South	Atlantic.	 Consequently,	 higher	 average	

concentrations	of	Fe	are	 found	 in	 surface	water	of	 the	North	Atlantic	 gyre	 (Ussher	et	 al.,	

2013).	That,	in	turn,	causes	an	increase	in	nitrogen	fixation	by	diazotrophs,	which	require	

high	Fe	concentrations	to	grow,	and	therefore	leads	to	a	decrease	in	the	concentration	of	P	

in	 these	waters	 (Mark	Moore	 et	 al.,	 2009).	These	 geographical	 and	biological	 factors	 can	

further	influence	competition	and	succession	of	different	phytoplankton	functional	groups,	

including	 picoplankton	 that	 thrive	 in	 oligotrophic	 environments.	 	 Geography	 also	 affects	

shipping	lanes	and	the	interaction	between	these	multiple	factors	ultimately	determines	the	

relative	 importance	 of	 scrubber	wash	water	 discharges	 for	marine	 biogeochemistry	 and	

microbial	ecology.		

Predictions	 from	 modelling	 studies	 along	 with	 the	 different	 geographical	

complexities	 introduced	 from	 the	 overlay	 of	 biogeographical	 regions	 and	 shipping	 lane	

locations,	suggest	that	the	effects	of	different	scrubber	wash	water	discharge	scenarios	on	

marine	phytoplankton	could	be	highly	variable	(Tavares	et	al,	in	prep).	An	important	next	

step	in	this	area	of	research	is	therefore	to	identify	and	characterize	the	relationships	and	

patterns	 of	 ship	 emissions	 and	 scrubber	 water	 discharges	 as	 they	 relate	 to	 marine	

phytoplankton	 communities.	 Here,	 we	 investigate	 the	 effects	 of	 ship	 scrubber	 water	

discharge	 on	 natural	 phytoplankton	 assemblages	 in	 the	 open	 and	 coastal	 North	 Atlantic	

Ocean	 using	 bottle	 incubation	 experiments.	 In	 this	 oligotrophic	 environment	 where	

picophytoplankton	such	as	Synechococcus,	Prochlorococcus,	and	picoeukaryotes	dominate,	
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we	 sought	 to	 determine	 if	 scrubber	 water	 discharge	 causes	 fertilization,	 inhibition	 or	

neutral/null	effects	 in	 these	oligotrophic	open	ocean	and	eutrophic	coastal	ocean	marine	

biomes,	 and	 to	 determine	 which	 nutrients	 and	 trace	 metals,	 if	 any,	 are	 important	 in	

influencing	phytoplankton	growth	and	community	composition.	

More	 specifically,	 the	 goal	 of	 this	 study	 was	 to	 evaluate	 phytoplankton	 growth	

responses	 to	 scrubber	washwater	 additions	 in	 an	 oligotrophic	 open-ocean	 and	 compare	

them	 to	 responses	 in	 the	 microbial	 communities	 from	 nutrient-rich	 coastal	 waters.	

Incubation	experiments	with	varying	concentrations	(0.01%,	0.1%	and	2%)	of	two	types	of	

scrubber	washwater	(HFO	and	HGO)	were	conducted	in	Sargasso	Sea	in	early	fall	of	2021.	

Different	 responses	 among	 phytoplankton	 subpopulations	 at	 the	 two	 sites	 (oceanic	 vs	

coastal)	reveal	variations	in	metal	requirements	and	sensitivity.	The	study	highlights	how	

anthropogenic	impacts	can	alter	regional	marine	biogeochemistry	by	providing	nitrogen	and	

trace	metals	 to	phytoplankton	communities,	offering	 insights	 into	ecosystem	dynamics	 in	

marine	environments	with	diverse	nutrient	inputs.	

	

MATERIALS	AND	METHODS	

Study	Area		

The	Sargasso	Sea	is	an	ocean	region	bounded	by	the	Gulf	Stream,	the	North	Atlantic	

Current,	 the	 Canary	 Current,	 and	 the	 North	 Atlantic	 Equatorial	 Current,	 which	 form	 the	

North	Atlantic	Gyre.	The	 island	of	Bermuda,	and	 the	Bermuda	Atlantic	Time-series	Study	

area	(BATS)	are	located	at	the	northwestern	boundary	of	the	Sargasso	Sea,	in	a	transition	

region	 between	 relatively	 eutrophic	waters	 to	 the	 north	 and	 an	 oligotrophic	 subtropical	



 

 
 

121 

convergence	 zone	 to	 the	 south	 (Siegel	 et	 al.,	 1990;	 Talley	 &	 Raymer,	 1982;	 Woods	 &	

Barkmann,	1986).	This	southern	region	is	characterized	by	high	sea	surface	temperatures	

and	a	geostrophic	downwelling	zone	 that	provide	consistent	vertical	stratification	during	

most	of	the	year	making	it	a	suitable	location	for	the	investigation	of	the	impacts	of	scrubber	

washwater	discharges	on	phytoplankton	communities	from	oligotrophic	regions.	

Figure	3.1.	Map	showing	the	location	of	the	sampling	location	for	the	oceanic	experiment	(A),	
the	nearby	Bermuda	Atlantic	Time-Series	Station	(BATS,	red	star)	Rectangle	 in	the	upper	
right	 corner	 shows	 the	 site	 where	 the	 coastal	 water	 was	 collected	 in	 Hamilton	 Harbor,	
Bermuda	(B).	Rectangle	in	the	upper	left	corner	shows	the	location	of	Bermuda	in	the	North	
Atlantic	Ocean.		
	

Initial	Conditions	

To	 understand	 how	 water	 column	 characteristics	 may	 have	 changed	 due	 to	 the	

passage	of	Hurricane	Larry	over	this	region	days	before	we	begun	our	experiments,	on	Sept	

8.,	 2021,	 we	 compare	 water	 column	 chemistry	 parameters	 that	 were	 measured	 at	



 

 
 

122 

Hydrostation	S	during	casts	on	BATS	cruise	385	(Sept.	13,	2021,	or	three	days	before	the	

incubation	water	for	the	oceanic	experiment	was	collected)	and	the	prior	cruise	384	(Aug.	

20,	2021).	Measurements	of	temperature,	salinity,	photosynthetically	active	radiation	(PAR),	

chlorophyll	 fluorescence,	 and	 dissolved	 oxygen	 were	 made	 using	 a	 Sea-bird	 9/11	 CTD	

aboard	 the	R/V	Atlantic	 Explorer.	Samples	were	 taken	 from	 the	 rosette	Niskin	 bottles	 at	

discrete	depths	of	4,	10,	20,	40,	60,	80,	100,	120,	140,	160,	200,	and	250m	for	NO3-	(plus	

negligible	NO2-),	PO43-,	SiO42-,	chlorophyll	a,	and	flow	cytometry.	All	sample	collection	and	

measurements	 followed	 the	 standard	 procedures	 for	 BATS	 cruises.	 Weather	 data	 for	

Bermuda	 was	 recorded	 at	 the	 L.F.	Wade	 International	 Airport	 weather	 station	 and	 was	

retrieved	from	weatherspark.com.	

Incubation	Experiments	

Mesocosm	 incubation	 experiments	 were	 conducted	 in	 September	 of	 2021	 with	

seawater	 collected	 at	 open	 ocean	 (“oceanic”)	 and	 coastal	 locations	 in	 the	 Sargasso	 Sea	

(Figure	3.1).		For	the	oceanic	experiment,	surface	water	(10	m)	was	collected	at	an	offshore	

site	(Station	A,	31.3377°	N,	64.4585°W)	located	~40	km	SW	of	the	Bermuda	Atlantic	Time-

series	Station	(BATS).	This	collection	took	place	on	September	16th,	a	week	after	the	passage	

of	a	category	2	hurricane	(Hurricane	Larry)	over	this	region,	which	brought	winds	of	29-46	

kt	and	light	rain.	The	weather	remained	mostly	overcast	until	the	morning	of	Sept.	16.	At	the	

time	of	the	collection	(~13:00h),	the	weather	was	sunny,	wind	conditions	were	mild	(4-8	kt),	

and	the	mixed	layer	depth	(MLD)	was	~50	m.	Surface	seawater	was	dispensed	from	the	R/V	

Atlantic	 Explorer’s	 rosette	 of	 Niskin	 bottles	 into	 clear	 10-L	 polyethylene	 terephthalate	

plastic	 water	 container	 bags	 that	 had	 been	 previously	 acid-cleaned,	 following	 standard	

procedures	to	prevent	contamination	(Cutter	et	al.,	2017).	Individual	bags	were	filled	with	4	
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L	of	seawater	and	kept	in	the	dark	for	approximately	4	hours,	from	collection	until	arrival	at	

the	Bermuda	Institute	of	Ocean	Sciences	(BIOS).		

	 	 In	the	coastal	experiment,	we	used	surface	water	(0-1	m)	collected	inside	Bermuda’s	

Hamilton	Harbor	(32.2885°	N,	64.7821°	W),	on	September	17th.	At	the	time	of	this	collection	

(~10:00h)	 the	 weather	 was	 sunny	 and	 wind	 conditions	 were	 mild	 (4-8	 kt).	 Ambient	

seawater	was	collected	by	casting	an	acid-cleaned	plastic	bucket	from	the	side	of	a	boat.	This	

water	was	transferred	into	two	acid-cleaned	carboys,	and	the	spigots	were	covered	with	a	

mesh	(100	μm)	to	remove	grazers	as	the	seawater	was	dispensed	as	described	above	for	the	

oceanic	experiment.	Bags	were	filled	with	4	L	of	seawater	and	kept	in	the	dark	for	~2	hours,	

during	transportation	to	BIOS.	Upon	arriving	at	BIOS,	untreated	samples	were	immediately	

processed	to	establish	baseline	conditions	at	time	zero	(T0),	while	other	bags	were	spiked	

with	solutions	of	either	scrubber	water	or	nutrients.	Two	types	of	scrubber	discharge	water	

spikes	 were	 used	 in	 each	 of	 the	 experiments:	 heavy	 gas	 oil	 (HGO)	 scrubber	 water	 was	

produced	at	a	testbed	facility	operated	by	Chalmers	University,	in	Gothenburg,	Sweden,	as	

described	in	the	methods	section	in	Chapter	1	of	this	dissertation,	and	heavy	fuel	oil	(HFO)	

scrubber	 water	 was	 collected	 aboard	 a	 real	 ship	 (ferry	 RoPax)	 in	 a	 collaboration	 with	

German	 Environmental	 Agency	 (Project	 IMPEx)	 as	 described	 in	 Chapter	 2	 of	 this	

dissertation.	Nutrient	and	metal	solutions	used	as	spikes	were	prepared	using	reagent	grade	

chemicals	in	a	laminar	flow	hood	following	standard	procedures	to	prevent	contamination.	

Scrubber	water	treatments	used	the	two	types	of	scrubber	wastewater	diluted	to	different	

concentrations	on	a	vol/vol	basis.	The	final	concentrations	of	treatments	were	as	follows:	

control	(no	additions),	0.01%	HFO,	0.1%	HFO,	2%	HFO,	0.1%	HGO,	2%	HGO,	7.5	µM	NO3-	(as	

NaNO3),	2	µM	NH4+	(as	NH4Cl2),	and	10	nM	Fe.		
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	 	 Once	spiked,	the	bags	were	incubated	under	shading	material	(50%	light	attenuation)	

in	 mesocosm	 incubation	 tanks	 with	 circulating	 seawater	 to	 maintain	 surface	 ocean	

temperature.	 The	 coastal	 experiment	was	 initiated	 one	day	 after	 the	 oceanic	 experiment	

started.	Weather	conditions	during	these	experiments	varied	from	sunny	(during	the	first	

48h	of	the	oceanic	experiment	and	during	part	of	the	first	24h	of	the	coastal	experiment),	to	

rainy	and	overcast	 (from	~24h	to	48h	of	 the	coastal	experiment).	To	monitor	changes	 in	

chlorophyll	 a	 (chl	 a),	 picophytoplankton	 cell	 abundance,	 as	well	 as	 the	 concentration	 of	

dissolved	macronutrients	during	 the	 incubation,	 aliquots	 of	 300-350	mL	were	dispensed	

from	each	of	the	bags	at	two	time	points:	day	1	(24	±3	hours	from	time	zero),	and	day	2	(48	

±4	hours	from	time	zero).	Water	soluble	trace	metals	were	measured	at	the	beginning	(~1	

hour	from	time	zero)	of	each	experiment.	

Macronutrients	And	Trace	Metal	Analyses	

For	macronutrient	analyses	of	phosphate	PO43-	(baseline	samples	only),	ammonium	

(NH₄⁺),	and	nitrate	(NO3-)	plus	nitrite	(NO2-),	 reported	here	as	N+N,	samples	of	40	mL	of	

seawater	were	filtered	through	GF/F	filters	using	a	peristaltic	pump.	Samples	were	stored	in	

acid	 cleaned	 50	 mL	 polypropylene	 (PP)	 centrifuge	 tubes	 (Corning™	 Falcon)	 and	 stored	

frozen	at	−20	°C	until	analyses,	which	were	carried	out	with	a	flow	injection	autoanalyzer	

(FIA,	 Lachat	 Instruments,	 Zellweger	 Analytics,	 Inc.,	 QuikChem	 8500	 Series	 2)	 using	

standards	prepared	 in	Milli-Q	water	and	blanks	that	were	prepared	 in	aged,	 low	nutrient	

seawater.	To	determine	the	detection	limit,	at	 least	seven	replicates	of	standard	solutions	

(i.e.,	 seawater	 blanks	 and	 spiked	 samples)	 that	 were	 one-	 to	 five-times	 the	 estimated	

detection	limit	were	analyzed	and	the	appropriate	t	value	for	a	99%	confidence	interval	(n	-

1)	for	the	number	of	replicates	analyzed	was	used.	The	limit	of	quantification	based	on	three-
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times	the	standard	deviation	of	the	blanks	was	determined	to	be	0.1	μM	for	PO43-	and	0.2	μM	

for	N+N	and	NH₄⁺.	

For	the	analysis	of	water-soluble	dissolved	trace	metals,	30	mL	aliquots	of	samples	

were	 filtered	 through	 acid	 rinsed	 VWR	 0.2	 µm	 PES	 sterile	 syringe	 filter	 cartridges	 in	 a	

laminar	flow	hood	and	stored	in	acid	cleaned	high-density	polyethylene	(HDPE)	bottles	until	

analysis.	These	aliquots	were	acidified	using	distilled	HCl	at	sample	to	acid	volume	ratio	of	

1000:1	under	a	laminar	flow	hood.	Acidified	samples	were	allowed	to	sit	for	two	weeks	to	

allow	labile	and	dissolved	metals	that	may	have	been	adsorbed	onto	the	walls	of	the	vials	to	

be	 recovered.	 Acidified	 samples	 were	 transported	 to	 a	 trace	 metal-clean	 room	 at	 the	

University	of	Southern	California	(John	Lab).	

The	analysis	of	scrubber	wash	water	samples	used	as	spikes	(HGO	and	HFO)	were	

preconcentrated	using	 ten	parallel	PERIFIX	resin	columns	and	prepared	according	 to	 the	

following	 steps	 detailed	 in	 Chapter	 2	 of	 this	 dissertation.	 The	 concentrations	 of	 water-

soluble	trace	metals	in	those	spikes	were	measured	with	a	Thermo	Element	2	ICPMS	using	a	

100	μL	min−1	Teflon	nebulizer,	glass	cyclonic	spray	chamber	with	a	PC3	Peltier	cooled	inlet	

system	(ESI),	standard	Ni	sampler	and	Ni	‘H-type’	skimmer	cones	at	the	Department	of	Earth	

Sciences	of	University	of	Southern	California.	The	sensitivity	and	stability	of	the	instrument	

was	 tuned	 to	 optimal	 conditions	 before	 analyses,	 which	 were	 conducted	 at	 sensitivity	

around	106	counts	s−1	for	1	ppb	In.	Both	the	standard	and	samples	were	treated	with	1	ppb	

Indium	 addition	 to	 correct	 for	 shifts	 in	 instrumental	 sensitivity	 and	 matrix.	 Elemental	

concentrations	in	samples	were	determined	by	their	signal	intensity	compared	to	a	10	ppb	

multi-element	standard,	which	was	diluted	from	a	certified	standard	(Santa	Clarita	method).	
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The	method’s	LOQs	were	the	following:	dAl=	0.30	nM,	dCd=	0.03	nM,	dCo=	0.12	nM,	dCu=	

0.82	nM,	dFe=	3.35	nM,	dMn=	0.08	nM,	dNi=	0.23	nM,	dPb=	0.03	nM,	dV=	0.34	nM,	dZn=	1.39	

nM.	 Baseline	 (time	 zero)	 samples	 from	 the	 oceanic	 and	 coastal	 experiments	 were	 not	

preconcentrated	 and	 were	 analyzed	 on	 an	 Agilent	8900	triple	 quadrupole	 ICP-MS.	 The	

method’s	LOQs	were	the	following:	dAl=	0.202	nM,	dCd=	0.005	nM,	dCo=	0.002	nM,	dCu=	

0.014	nM,	dFe=	0.272	nM,	dMn=	0.003	nM,	dNi=	0.108	nM,	dPb=	0.001	nM,	dV=	0.080	nM,	

dZn=	0.253	nM.		

Phytoplankton	Growth	Responses	

For	chlorophyll	a	(chl	a)	analysis,	250mL	of	seawater	were	filtered	through	GFF	filters	

(Whatman).	Filters	were	frozen	until	extraction	in	90%	acetone	and	further	incubated	for	

24h	at	−20	°C	in	the	dark.	Chl-a	concentrations	were	determined	fluorometrically	using	a	

Turner	Trilogy	fluorometer	(TurnerDesigns)	calibrated	with	chl-a	standard	solution	derived	

from	Anacystis	nidulans	cyanobacteria	(JGOFS,	1994).			

Picophytoplankton	 abundances	 were	 determined	 via	 flow	 cytometry.	 Seawater	

aliquots	(1.5mL)	were	preserved	with	75	μL	10%	paraformaldehyde	solution,	incubated	in	

the	dark	at	room	temperature	for	10	min,	and	frozen	at	−80◦C	until	analysis.	Samples	were	

analyzed	on	a	Bio-Rad	ZE5	cell	analyzer	flow	cytometer	with	405	nm,	488	nm,	and	640	nm	

lasers	 activated	 (Center	 for	 Aquatic	 Cytometry,	 Bigelow	 Laboratory	 of	 Sciences,	 East	

Boothbay,	 ME,	 USA).	 Cell	 abundances	 were	 determined	 for	 each	 group.	 Populations	 of	

Synechococcus	spp.,	Prochlorococcus	spp.,	and	picoeukaryotic	phytoplankton	(cells	<3	µm	in	

size	 containing	 chlorophyll)	were	 identified	 in	 all	 samples	 and	 identified	 based	 on	 their	

characteristic	 fluorescence	 and	 scattering	 properties.	 Two	 types	 of	 detection	 limits	 are	
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relevant	for	these	analyses.	The	first	is	a	fluorescence	intensity	threshold	(applying	mainly	

to	Prochlorococcus)	that	is	used	to	exclude	very	dim	particles	on	the	chlorophyll	band.	Due	

to	 their	 relatively	 low	 cellular	 chlorophyll	 quotas	 and	 propensity	 for	 photobleaching	 in	

surface	waters,	this	threshold	may	exclude	Prochlorococcus	cells	with	very	dim	chlorophyll	

fluorescence.	The	same	gates	that	were	constructed	based	on	the	baseline	treatments	were	

applied	to	all	treatments	including	the	cases	in	which	populations	were	dim.	In	other	words,	

the	 counts	 that	we	do	have	were	made	based	on	 a	 population	 that	was	 identified	 in	 the	

baseline	 samples.	 The	 second	 detection	 limit	 is	 a	 count	 threshold	 to	 ensure	 accurate	

statistical	conclusions	can	be	drawn	when	certain	populations	are	rare	within	a	sample.	For	

our	measurements,	 to	be	considered	significant,	100	cells	must	have	been	counted	 in	 the	

volume	of	each	sample	analyzed	(i.e.	300	µL	for	the	oceanic	experiment	and	100	µL	for	the	

coastal	 experiment).	 This	 threshold	 applied	 to	 each	 of	 the	 three	 groups	 quantified	

(Prochlorococcus,	Synechococcus,	and	picoeukaryotes);	populations	with	counts	below	this	

threshold	were	deemed	too	rare	to	accurately	quantify.	

Statistical	Methods	

Statistical	analyses	were	conducted	using	GraphPad	Prism	Version	10.1.	Significant	

differences	 (P	 ≤	 0.05)	 were	 determined	 using	 ordinary	 one-way	 analysis	 of	 variance	

(ANOVA)	 followed	 by	 either	 Šídák	 post-hoc	 tests,	when	 comparing	 independent	 pairs	 of	

means	(i.e.	samples	from	time	0	vs.	time	48h	in	N	drawdown	analyses)	and	Dunnett	post-hoc	

tests,	when	comparing	means	from	baselines	and	from	various	treatments	to	unamended	

seawater	samples	used	as	controls	(i.e.	all	other	variables	measured	at	time	zero	and	at	48h).	

Asterisks	used	in	all	figures	correspond	to	the	following	levels	of	significance:	one	asterisk	

(*)	means	P	≤	0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	
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P	≤	0.0001.	Values	below	the	limit	of	quantification	(LOQ)	were	substituted	by	½	of	the	LOQ	

in	all	analyses	and	for	all	parameters.		

RESULTS	

Initial	Conditions	

Both	the	August	and	September	BATS	cruises	were	preceded	by	weather	events	that	

temporarily	affected	water	column	characteristics.	On	Aug.	16-17,	a	 low-pressure	system	

was	present,	and	winds	changed	from	mostly	N	and	E	to	S.	Peak	wind	speed	was	~17mph,	

gusting	up	to	30	mph	on	Aug.	17.	The	weather	was	cloudy	and	overcast	with	rain	showers	

throughout,	and	with	heavy	rain	observed	on	Aug.	17.	The	weather	had	changed	by	Aug.	20	

when	the	depth	profile	data	were	taken	during	cruise	384,	the	air	pressure	had	increased.	

South	winds	remained	consistently	~12	mph.	The	weather	was	mostly	clear	to	partly	cloudy.	

On	Aug.	20,	2021,	the	surface	mixed	layer	extended	to	33m,	where	temperature	was	~28oC,	

salinity	was	~36.6	(-),	and	DO	was	~199	mmol.	kg-1.	Temperature	decreased	to	18.8o	C	at	

250	m.	Salinity	remained	relatively	stable	throughout	the	water	column,	where	 it	slightly	

increased	at	50	and	130	m	to	36.7,	and	then	declined	back	to	36.6	at	250	m.	The	euphotic	

depth	 (taken	 as	 1%	 of	 surface	 irradiance)	 was	 105	m,	 similar	 to	 the	 depth	 of	 the	 deep	

chlorophyll	maximum	(DCM)	layer	at	107m.	DO	reached	a	peak	value	of	233	mmol/kg	at	

55m.	NO3-	and	PO43-	were	below	detection	down	to	80	m	and	100	m,	respectively,	before	

increasing	to	3.6	µM	and	0.16	µM	at	250m.	Silicate	reached	a	minimum	of	0.70	µM	at	60	m.		

The	 effects	 of	Hurricane	Larry	were	observed	on	 and	around	Sept.	 9,	 prior	 to	 the	

September	cruise	385,	during	which	the	oceanic	experiment	incubation	water	was	collected.	

A	 drop	 in	 air	 pressure	was	 observed,	 accompanied	 by	N	 and	 E	winds	 at	 25-30mph	 that	
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brought	light	to	moderate	rain.	Conditions	were	mostly	cloudy	to	overcast.	Four	days	later,	

on	 Sept.	 13	when	 the	 cast	was	 taken,	 air	 pressure	 had	 recovered,	 and	 east	winds	 below	

~10mph	were	observed.	The	conditions	during	the	cast	were	partly	cloudy	to	overcast	with	

episodic	light	rain	in	the	vicinity.	

On	Sept.	13,	the	surface	mixed	layer	had	deepened	to	50	m,	where	temperature	was	

~28	oC,	salinity	was	~37.1,	and	DO	was~196	mmol/kg.	Below	the	mixed	layer,	temperature	

gradually	 decreased	 to	 19.0	 oC.	 Salinity	 showed	 a	 secondary	 peak	 at	 95	m	 (36.9)	 before	

declining	to	36.6	at	250m.	The	euphotic	depth	was	117	m,	and	the	DCM	layer	was	at	119	m.	

DO	reached	a	peak	value	of	235.7	mmol/kg	at	75	m.	As	on	the	Aug.	20	cast,	NO3-	and	PO43-	

were	below	detection	in	the	shallow	depths	down	to	100	m	and	160	m,	respectively.	NO3-	

increased	to	2.81µM	at	250m,	and	PO43-	increased	to	0.11µM	at	250m.	SiO44-	was	1.08	µM	at	

the	surface	and	showed	a	slight	decrease	within	the	euphotic	zone,	reaching	0.801	µM	at	

60m	before	increasing	to	1.26	µM	at	250m.		
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Figure	3.2.	Water	column	conditions	at	Hydrostation	S	from	casts	conducted	during	BATS	
cruise	384	on	Aug.	20,	2021	(red	line)	and	during	BATS	cruise	385	on	Sept.	13,	2021	(blue	
line),	3	days	before	the	seawater	for	the	oceanic	experiment	was	collected.	

	

Macronutrients	And	Trace	Metal	Analyses	

To	assess	 the	consumption	of	dissolved	nitrogen	by	the	phytoplankton	exposed	to	

different	treatments	(i.e.,	nutrient	drawdown),	we	monitored	the	concentration	of	N+N,	and	

NH4	during	the	experiments.	In	the	oceanic	experiment,	the	initial	concentrations	(baseline	

values)	of	PO43-	,	NH4+,	N+N	were	below	the	method’s	detection	limits	of	0.1,	0.2,	and	0.2	µM,	

respectively.	 In	the	coastal	experiment,	 the	baselines	were	0.23	(SEM=0.01)	µM	for	PO43-,	

below	the	method’s	LOQ	of	0.2	µM	for	NH4+,	and	1.92	(SEM=0.13)	µM	for	N+N	(Table	1).	
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The	concentrations	of	N+N	in	the	spikes	used	for	the	HFO	and	HGO	treatments	(at	

100%	concentration)	were	14.6	(SEM=0.53)	µM	in	HFO	and	19.69	(SEM=1.10)	µM	in	HGO	

(Table	2).	The	initial	concentration	of	N+N	in	each	treatment	of	both	experiments	was	

calculated	by	adding	the	baseline	values	to	the	diluted	values	for	each	treatment.	For	the	

oceanic	experiment,	calculated	initial	values	were	as	follows:	for	N+N	0.11	µM	for	0.1%	

HFO,	0.39	µM	for	the	2%	HFO,	0.12	µM	for	the	0.1%	HGO,	0.49	µM	for	the	2%	HGO,	and	

7.60	µM	for	the	NO3+	addition	treatment.	For	NH4+,	concentration	values	upon	dilution	to	

treatment	levels	(0.1	and	2%)	associated	to	the	HFO	and	HGO	spikes	used	in	all	treatments	

were	negligible	(<0.12	µM).	Drawdown	of	NH4	was	not	observed	in	any	treatment	of	either	

experiment.	In	the	oceanic	experiment	N+N	drawdown	was	observed	in	the	2%	HGO	

treatment	(Fig.	3.3	a),	and	in	the	coastal	experiment,	it	occurred	in	all	treatments,	except	

for	the	NO3-	and	NH4+	addition	treatments	(Fig.	3.3	b).	

The	 concentration	 of	 dissolved	 trace	 metals	 in	 the	 oceanic	 experiment	 baseline	

samples	was	significantly	lower	than	the	values	in	the	coastal	experiment	baseline	samples	

and	are	shown	in	table	1.		
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Table	3.1.	Water	chemistry	of	incubation	seawater	and	corresponding	scrubber	washwater	
spikes.	Values	correspond	to	means	of	at	least	3	replicates	and	standard	error	of	the	mean	is	
shown	in	parenthesis.	NM	indicates	that	those	parameters	were	not	measured.	Values	below	
the	LOQ	are	indicated	with(*).Scrubber	washwater	spike	data	are	reproduced	from	chapter	
1	of	this	dissertation.	

Dissolved	
components	

OCEANIC	
Baseline	

COASTAL	
Baseline	 100%	HFO	spike	

100%	HGO	
spike	

Al	(nM)	 9.07	(±3.62)	 	27.55	(±0.73)		 73.53	(±21.31)	 NM	

Cd	(nM)	 	0.01	(±0.00)		 	0.03	(±0.00)		 0.09	(±0.02)	 *<0.03		

Co	(nM)	 	0.07	(±0.02)		 	0.24	(±0.02)		 2.86	(±0.31)	 0.66	(±0.14)	

Cu	(nM)	 	1.20	(±0.14)		 	23.37	(±1.15)		 62.62	(±3.75)	 18.61	(±2.22)	

Fe	(nM)	 	4.37	(±1.54)		 	7.28	(±0.45)		 1,058.74	
(±103.71)	 279.65	(±34.10)	

Mn	(nM)	 	2.90	(±0.15)		 	4.38	(±0.29		 51.68	(±2.59)	 5.89	(±1.07)	

Ni	(nM)	 	2.20	(±0.22)		 	2.46	(±0.18)		 930.60	(±43.32)	 36.29	(±6.63)	

Pb	(nM)	 	0.03	(±0.00)		 	1.27	(±0.03)		 0.91	(±0.06)	 0.52	(±0.18)	

V	(nM)	 	39.30	
(±2.23)		 	39.21	(±2.46)		

4,117.77	
(±136.57)	 0.29	(±0.07)	

Zn	(nM)	 	4.19	(±1.03)		 	48.35	(±2.50)		 144.78	(±30.85)	 59.07	(±12.56)	

PO4	(µM)	 *<0.1	 0.23	(±0.01)	 0.67	(±0.06)	 0.14	(±0.01)	

N+N	(µM)	 *<0.2	 1.92	(±0.13)	 14.6	(±0.53)	 19.69	(±1.10)	

NH4	(µM)	 *<0.2	 *<0.2	 3.04	(±0.56)	 5.83	(±1.34)	
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Figure	3.3.	Initial	and	final	N+N	concentrations	in	the	(A)	oceanic	experiment,	and	(B)	coastal	
experiment.	Error	bars	show	standard	error	of	mean	for	triplicate	bags.	Dashed	line	in	panel	
A	 shows	 the	 method’s	 LOQ.	 Asterisks	 indicate	 that	 there	 was	 a	 statistically	 significant	
difference	between	concentrations	measured	at	0h	and	48h	 for	each	 treatment	based	on	
results	of	ANOVA	followed	by	a	Šídák	test	at	P	≤	0.05.	One	asterisk	(*)	means	P	≤	0.05,	two	
(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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Phytoplankton	Growth		

Changes	in	chlorophyll	a	concentration	

Acute	effects	of	 scrubber	water	additions	on	 total	phytoplankton	abundance	were	

estimated	using	chl	a	as	a	proxy	for	phytoplankton	biomass.	Changes	in	chl	a	concentration	

were	measured	after	1	day	and	2	days	of	incubation	for	all	treatments	in	the	oceanic	(Fig.	

3.4a)	and	the	coastal	(Fig.	3.4	b)	experiments.	

The	mean	baseline	chl	a	concentration	in	the	open-ocean	experiment	was	0.06	(SEM=	

0.004)	µg.L-1.	 An	 ordinary	 one-way	 ANOVA	 followed	 by	 Dunnett’s	 post	 hoc	 test	 used	 to	

compare	the	scrubber	washwater	addition	treatments	to	the	control	(M=	0.04	µg.L-1,	p=0.05)	

revealed	that,	after	one	day,	the	only	significant	difference	(p	<	0.05)	observed	was	the	higher	

chl	 a	 observed	 in	 the	 2%	 HGO	 treatment	 (M=	 0.06	 µg.L-1).	 After	 two	 days,	 the	 chl	 a	

concentration	 values	 in	 the	 2%	 HFO	 (M=	 0.05	 µg.L-1)	 and	 2%	 HGO	 (M=	 0.05	 µg.L-1)	

treatments	were	significantly	higher	(p	<	0.001)	than	in	the	control	at	that	time	point	(M=	

0.03	µg.L-1).	There	were	no	other	statistically	significant	differences	between	the	chl	a	in	any	

other	treatments	relative	to	the	control	at	these	two	time	points.	

In	the	coastal	experiment,	the	mean	initial	chl	a	concentration	was	2.29	(SEM=0.073)	

µg.L-1.	After	one	day,	we	observed	a	significant	lower	chl	a	concentration	in	both	0.01	%	HFO	

and	 0.1%	 HFO	 treatments	 (M=	 1.28	 µg.L-1,	 p=0.0003	 and	 M=	 1.35	 µg.L-1,	 p=	 0.0008,	

respectively)	 relative	 to	 the	 control	 (M=	 2.00	 µg.L-1).	 On	 day	 1,	 there	 were	 no	 other	

statistically	 significant	 differences	 between	 scrubber	 water	 addition	 treatments	 and	 the	

control.	After	two	days,	none	of	the	treatment	were	significantly	different	from	the	control.		

	



 

 
 

135 

		 	
Figure	 3.4.	 Changes	 in	 mean	 chlorophyll	 a	 for	 (a)	 oceanic	 experiment	 and	 (b)	 coastal	
experiment.	Error	bars	show	standard	error	of	the	mean	for	quadruplicates.	
	

Flowcytometry	

To	quantify	the	acute	effects	of	scrubber	water	additions	on	picoplankton	groups,	

changes	in	the	abundance	of	Synechococcus,	Prochlorococcus,	and	picoeukaryotes,	were	

measured	at	the	start	of	each	experiment	(baseline)	and	after	two	days	of	incubation	for	all	

treatments	except	the	0.01%	HFO	treatment.	The	mean	concentration	of	Synechococcus	in	

baseline	samples	from	the	open-ocean	experiment	(Fig.	3.5	a)	was	6.5	x	103	(SEM=	9.8	x	

102)	cells.	mL-1.	An	ordinary	one-way	ANOVA	followed	by	Dunnett’s	multiple	comparisons	

test	revealed	that,	after	two	days,	the	concentration	of	Synechococcus	in	the	control	

treatment	(M=	9.2	x	103	,	SEM=	4.62	x	102	cells.mL-1)	was	not	significantly	different	from	

the	baseline	(p=	0.15)	and	that	the	only	significant	difference	observed	between	the	control	

(and	the	baseline),	and	any	of	the	treatments	was	the	increase	in	Synechococcus	abundance	

in	the	2%	HGO	(M=	1.8	x	104	,	SEM=	7.5	x	102	cells.mL-1).	No	other	significant	differences	

were	observed	between	the	control	and	other	treatments	on	day	2.		
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Figure	3.5.	Mean	Synechococcus	abundance	in	(A)	oceanic	and	(B)	coastal	experiments.	Error	
bars	show	standard	error	of	the	mean	for	triplicate	bags.	Asterisks	indicate	that	there	was	a	
statistically	significant	difference	between	the	treatments	and	the	control	based	on	results	
of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	one	asterisk	(*)	means	P	≤	0.05,	two	(**)	mean	
P	≤	0.01,	three	(***)	mean	P	≤	0.001,	and	four	(****)	mean	P	≤	0.0001.	
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In	the	coastal	experiment,	the	mean	concentration	of	Synechococcus	in	the	baseline	

was	5.3	x	105	(SEM=1.0	x	104)	cells.mL-1	(Fig.	3.4	b).	An	ordinary	one-way	ANOVA	followed	

by	Dunnett’s	multiple	comparisons	test	revealed	that,	after	two	days,	the	concentration	of	

Synechococcus	 in	the	control	treatment	(M=	6.1	x	105,	SEM=	1.3	x	104	cells.mL-1),	was	not	

significantly	different	from	the	baseline	and	that,	relative	to	the	baseline	and	control,	there	

were	significant	increases	in	Synechococcus	abundance	in	the	0.1%	HFO	(M=	7.3	x	105,	SEM=	

1.5	x	104	cells.mL-1),	and	in	the	2%	HGO	(M=	7.8	x	105,	SEM=	2.6x	104	cells.mL-1)	treatments.		

Synechococcus	concentration	in	the	NO3-	addition	treatment	significantly	decreased	relative	

to	the	control	(M=	5.1	x	105,	SEM=	3.2x	104	cells.mL-1).	No	other	significant	differences	were	

observed	between	the	control	and	other	treatments	on	day	2.	

Analyses	 of	 the	 Prochlorococcus	 populations	 in	 both	 the	 open-ocean	 and	 coastal	

experiments	were	 hampered	 by	 low	 abundances	 and	 the	 dimness	 of	 the	 cells	 in	 several	

treatments.	 As	 discussed	 in	 the	 methods	 section	 above,	 these	 two	 measurement	 issues	

precluded	meaningful	statistics	from	being	performed.	In	the	oceanic	experiment	(Fig.	3.6),	

Prochlorococcus	cells	were	bright	 enough	 to	 be	quantified	 in	 the	 following:	 baseline	 (M=	

6.1x103	 ,	SEM=	9.54	x102	 cells.mL-1,	 Fig.	3.6	and	3.7a),	0.1%	HGO	(M=5.3x103,	SEM=	77.7	

cells.mL-1,	Figs.	3.6	and	3.7b),	2%	HGO	(M=7.29	x102,	SEM=	1.0	x102	cells.mL-1,	Figs.	3.6	and	

3.7c),	and	Fe	addition	(M=	1.4	x103,	SEM=2.2	x102	cells.mL-1,	Figs.	3.6	and	3.7d)	treatments,	

while	Prochlorococcus	in	all	other	treatments	were	too	dim	to	be	counted,	including	in	the	

control	(Fig.	3.6,	and	3.7e).	In	the	coastal	experiment,	Prochlorococcus	cells	in	all	treatments	

were	too	dim	to	be	properly	quantified,	including	in	the	baseline	(Fig.	3.6	and	Fig.	3.7	f).	
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Figure	 3.6.	 Mean	 Prochlorococcus	 abundance	 in	 oceanic	 experiment.	 Error	 bars	 show	
standard	error	of	the	mean	for	triplicate	bags.	Arrows	indicate	that	Prochlorococcus	in	those	
treatments	were	bright	enough	to	be	quantified.	<MC	indicates	that	Prochlorococcus	in	those	
treatments	were	 below	 the	minimum	 count	 threshold	 of	 100	 cells	 in	 at	 least	 two	 of	 the	
triplicate	bags.	
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Figure	 3.7.	 Cytograms	 from	 pico-	 and	 nanophytoplankton	 analysis.	 Prochlorococcus	 is	
shown	in	green,	Synechococcus	in	red,	and	picoeukaryotes	in	blue,	where	(A)	is	the	baseline	
in	oceanic	 exp.,	 (B)	 is	 the	0.1%	HGO	 in	oceanic	 exp.,	 (C)	2%	HGO	 in	oceanic	 exp.,	 (D)	Fe	
addition	in	oceanic	exp.,	(E)	control	in	oceanic	exp.,	(F)	is	the	baseline	in	coastal	experiment.	
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Figure	3.8.	Mean	abundance	of	picoeukaryotes	 in	 (a)	 oceanic	 experiment	 and	 (b)	 coastal	
experiment.	 Error	 bars	 show	 standard	 error	 of	 the	 mean	 for	 triplicate	 bags.	 Asterisks	
indicate	that	there	was	a	statistically	significant	difference	between	the	treatments	and	the	
control	based	on	results	of	ANOVA	followed	by	Dunnett	test	at	P	≤	0.05.	>MC	indicates	that	
the	number	of	cells	counted	for	those	treatments	were	above	the	minimum	count	threshold	
of	100	cells	in	at	least	two	of	the	triplicate	bags.	All	others	were	below	the	minimum	count	
threshold.	one	asterisk	(*)	means	P	≤	0.05,	two	(**)	mean	P	≤	0.01,	three	(***)	mean	P	≤	0.001,	
and	four	(****)	mean	P	≤	0.0001.	

	

The	mean	 concentration	of	picoeukaryotes	 in	 all	 triplicates	 from	all	 treatments	 in	

open-ocean	experiment	(Fig.	3.8	a)	were	below	the	minimum	count	threshold	of	100	cells.	
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For	this	reason,	the	results	in	this	section	are	presented	for	semi-quantitative	interpretation	

purposes.	The	mean	concentration	of	picoeukaryotes	 in	baseline	samples	 from	the	open-

ocean	experiment	(Fig.	3.8	a)	was	288	(SEM=	15.2)	cells.	mL-1.	An	ordinary	one-way	ANOVA	

followed	 by	 Dunnett’s	 multiple	 comparisons	 test	 revealed	 that,	 after	 two	 days,	 the	

concentration	of	picoeukaryotes	 in	 the	control	 treatment	 (M=	63,	SEM=	2	cells.mL-1)	was	

significantly	different	 from	 the	baseline	 (p<	 0.01)	and	 that	 the	only	 significant	difference	

observed	between	 the	baseline	and	any	of	 the	 treatments	and	 the	control	and	any	of	 the	

treatments	was	the	increase	in	picoeukaryotes	abundance	in	the	2%	HGO	(M=	130	,	SEM=	

16.2	 cells.mL-1).	No	 other	 significant	 differences	were	 observed	between	 the	 control	 and	

other	treatments	on	day	2.		

	 In	contrast	to	the	oceanic	experiment,	most	of	the	picoeukaryotes	cell	counts	in	the	

coastal	experiment	were	above	the	minimum	count	threshold.	The	mean	concentration	of	

picoeukaryotes	in	the	baseline	was	1.7	x	103	(SEM=343)	cells.mL-1	(Fig.	3.8	b).	An	ordinary	

one-way	ANOVA	followed	by	Dunnett’s	multiple	comparisons	test	revealed	that,	after	two	

days,	the	concentration	of	picoeukaryotes	in	the	control	treatment	(M=	3.8	x	103,	SEM=	282	

cells.mL-1),	was	significantly	higher	than	in	all	other	treatments,	except	for	the	2%	HFO	(M=	

3.3	x	103,	SEM=	589	cells.mL-1)	treatment.			

DISCUSSION		

Previous	research	has	demonstrated	that	the	discharge	of	ships	scrubber	washwater	

can	 cause	 the	 artificial	 fertilization	 of	 marine	 phytoplankton	 via	 selective	 fertilization	

(Ytreberg	et	al.,	2019,	2021),	and	toxicity	(Picone	et	al.,	2023b).	The	results	from	a	global	

coupled	 ecosystem-biogeochemical	 modeling	 exercise	 suggest	 that	 oceanic	 oligotrophic	
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areas,	 such	 as	 tropical	 and	 subtropical	 gyres,	 may	 be	 particularly	 sensitive	 to	 those	

discharges	 (Tavares	 et	 al.,	 in	 prep).	 The	 goal	 of	 the	 present	 study	 was	 to	 evaluate	 the	

responses	 of	 a	 phytoplankton	 community	 following	 the	 simulated	 discharge	 of	 scrubber	

washwater	in	an	oligotrophic	open-ocean	region	(oceanic	experiment)	and	contrast	those	

responses	 to	 those	 observed	 in	 an	 area	 where	 phytoplankton	 community	 is	 adapted	 to	

eutrophic	conditions	(coastal	experiment).		

In	the	Sargasso	Sea,	the	dominant	sources	of	nitrogen	to	phytoplankton	are	‘‘new	N’’	

advected	to	the	surface	waters	by	mixing,	and	‘‘regenerated	N’’	 in	the	form	of	ammonium	

and	other	labile	organic	N	compounds	that	are	recycled	by	microbes	in	the	euphotic	zone	

(Menzel	 and	 Ryther	 1960;	 Dugdale	 and	 Goering	 1967;	 Lipschultz	 2001).	 N2	 fixation	 by	

diazotrophs	and	atmospheric	N	deposition	are	relatively	smaller	sources	of	“new	N”	(Altabet	

1988;	Michaels	et	al.	1993;	Knapp	et	al.	2005).	Wet	deposition	also	represents	a	small	source	

of	N,	but	could	be	important	under	specific	circumstances,	such	as	after	large	rain	events	that	

are	followed	by	calm	conditions	(Michaels	et	al.,	1993).	Primary	production	in	this	region	is	

co-limited	by	macronutrients	and	trace	metals	(Lomas	et	al.,	2013;	Mills	et	al.,	2004a;	C.	M.	

Moore	et	al.,	2008),	and	their	concentrations	vary	seasonally.	From	late	fall	to	early	spring,	

the	 Sargasso	 Sea	 is	 subject	 to	 deep	 convective	 mixing	 (150-	 300	 m),	 when	 nutrient	

enrichment	in	the	euphotic	zone	and	biological	production	peak.	As	temperature	rises	during	

spring,	the	upper	water	column	stratifies	and	forms	a	shallow	(<50	m),	oligotrophic	surface	

mixed	layer	that	usually	persists	until	the	end	of	summer	(Lomas	et	al.,	2013;	Steinberg	et	

al.,	2001;	Tin	et	al.,	2016).	Tropical	storms	in	summer	and	early	fall	alter	the	thermal	and	

physical	structure	and	ecosystem	dynamics,	which	sometimes	enriches	surface	waters	with	

nutrients		(Bates	et	al.,	1998;	Dickey	et	al.,	1998;	Nelson	et	al.,	2001).		
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The	 experiments	 conducted	 in	 the	 present	 study	 were	 preceded	 by	 a	 category	 2	

hurricane,	which	could	have	significantly	enriched	the	euphotic	zone	via	turbulent	mixing.	

However,	the	comparative	analysis	of	CTD	cast	data	from	a	cruise	before	the	one	in	which	

we	collected	the	water	used	in	the	oceanic	experiment,	to	cast	data	from	3	days	before	the	

collection,	 indicates	 that	 the	 initial	 conditions	 of	 our	 oceanic	 experiment	 were	 not	

significantly	affected	by	this	early	weather	event.	In	the	oceanic	experiment,	the	initial	chl	a	

concentration,	 and	 the	 concentrations	 for	 Synechococcus,	 Prochlorococcus	 and	

picoeukaryotes	were	all	low,	and	comparable	to	chla	values	and	cell	abundances	classified	

as	low	by	other	researchers	that	quantified	cyanobacteria	in	surface	water	from	this	region	

(Durand	et	al.,	2001;	Mackey	et	al.,	2012;	Martiny	et	al.,	2020).		

Small	 (0.02	µg.L-1)	 but	 significant	 increases	 in	 chl	 a	 concentration	 in	 the	 oceanic	

experiment	(Fig.	3.4	a)	relative	to	the	control	were	observed	in	both	treatments	that	exposed	

microorganisms	 to	 the	 higher	 concentrations	 of	 scrubber	 washwater	 (2%	 HGO	 and	 2%	

HFO),	but	not	in	any	of	the	other	treatments,	including	the	controlled	additions	of	N	and	Fe.	

Furthermore,	the	2%	HGO	treatment	was	the	only	one	that	caused	Synechococcus	abundance	

to	significantly	increase,	with	a	concurrent	drawdown	in	N+N	(Fig.	3.3	a).	Prochlorococcus	

cells	were	very	dim	in	most	samples	analyzed	in	both	experiments,	except	in	the	baseline	of	

the	 oceanic	 experiment.	 This	 issue	 is	 discussed	 in	 more	 detail,	 below.	 Picoeukaryotes	

abundance	was	below	the	minimum	counts	for	statistically	significant	analysis	in	all	samples	

from	the	oceanic	experiment,	but	it	is	interesting	to	note	that	there	was	an	apparent	increase	

in	their	concentration	in	the	2%	HGO	treatment	relative	to	the	control.		
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These	results	suggest	that	the	microbial	population	in	the	oceanic	experiment	was	

not	limited	by	N	or	Fe	alone,	but	likely	co-limited	by	multiple	nutrients.	At	2%	concentration,	

the	 two	 types	 of	 scrubber	 washwater	 additions	 (HGO	 and	 HFO)	 added	 relatively	 small	

amounts	of	N,	but	considerable	amounts	of	metals,	including	dFe,	dZn,	and	dCu	(Table	1).	It	

is	impossible	to	determine	the	exact	reason	for	why	the	2%	HGO	caused	a	fertilizing	effect	

on	Synechococcus,	while	the	2%	HFO	didn’t,	but	it	is	noteworthy	that	compared	to	the	2%	

HGO	treatment,	the	2%	HFO	spike	added	higher	amounts	of	all	metals,	and	particularly	high	

amounts	of	dV	(~80	nM)	and	dNi	(~20	nM).	The	amount	of	dCu	added	by	the	2%	HFO	spike	

(1.2	nM)	was	more	than	3	times	the	amount	added	by	the	2%	HGO.	In	high	concentrations,	

Cu	can	be	 toxic	 to	phytoplankton	(Jordi	et	al.,	2012;	Levy	et	al.,	2008;	Lopez	et	al.,	2019;	

Moffett	 et	 al.,	 1990),	but	previous	Cu	addition	experiments	 in	 the	Sargasso	Sea	 found	no	

decrease	in	the	growth	of	Synechococcus	following	2nM	Cu	additions	(Mann	et	al.,	2002).		

The	influence	of	other	components	and	processes	that	we	did	not	investigate	here,	

such	as	complex	inter-specific	competition	for	nutrients,	metal	chelation	dynamics	(Hirose,	

2006;	Hutchins	et	al.,	1999;	Raspor	et	al.,	1980;	Sunda,	2012),	and	co-limitations	(C.	M.	Moore	

et	al.,	2013b;	Saito	et	al.,	2008)	cannot	be	ruled	out.	Polyaromatic	hydrocarbons	(PAHs),	may	

also	be	playing	a	role	 in	 the	selective	 impacts	of	scrubber	washwater	additions	observed	

here.	PAHs	have	been	measured	in	scrubber	washwater	samples	(Lunde	Hermansson	et	al.,	

2021;	Tronczynski	et	al.,	2022;	Ytreberg	et	al.,	2022b),	and	have	been	found	to	cause	lethal	

and	 sublethal	 effects	 on	marine	 phytoplankton	 (Bopp	&	 Lettieri,	 2007;	 Cerezo	&	 Agustí,	

2015;	 Echeveste	 et	 al.,	 2016;	Kottuparambil	&	Agusti,	 2018,	 2020;	H.	 Ben	Othman	 et	 al.,	

2012).		
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The	 results	 from	 the	 oceanic	 experiment	were	 noticeably	 different	 from	what	we	

observed	 in	 the	 coastal	 experiments.	 The	 coastal	 experiments	 were	 conducted	 with	

washwater	collected	from	the	Hamilton	Harbour,	which	is	a	shallow	semi-enclosed	body	of	

water	 that	 continuously	 receives	 significant	 inputs	 of	 nitrogen,	 metals,	 and	 other	

contaminants	 from	 urban	 runoff	 (T.	 D.	 Jickells	 et	 al.,	 1986;	 Slabbing	 et	 al.,	 1990).	 Those	

components	accumulate	in	the	water	and	in	sediments	(Burns	et	al.,	1990),	and	on	occasion,	

eutrophication	and	harmful	algal	blooms	occur	inside	the	harbor	(Gov.	of	Bermuda,	2020).	

As	expected,	the	initial	nutrients	concentration	in	the	coastal	experiment	were	considerably	

higher	than	in	the	oceanic	experiment,	and	the	N	to	P	ratio	(8:1)	suggests	that	phytoplankton	

growth	in	the	coastal	experiment	was	limited	by	N.	Initial	chl	a	in	the	coastal	experiment	was	

also	higher	than	in	the	oceanic	experiment	and	declined	in	all	treatments.	We	posit	that	this	

decline	was	due	to	a	co-limitation	of	N	and	other	factor(s)	that	could	not	be	alleviated	in	any	

of	the	treatments.	As	in	the	oceanic	experiment,	the	abundance	of	Synechococcus	increased	

in	the	2%	HGO	treatment	relative	to	the	baseline	and	to	the	control.	 	Differently	from	the	

oceanic	experiment,	here	Synechococcus	also	increased	in	the	0.1%	HFO	treatment.	We	can’t	

explain	why.	Picoeukaryotes	abundance	declined	in	all	treatments	relative	to	control,	except	

for	 those	 in	 the	 10%	 HFO	 treatment,	 while	 Prochlorococcus	 cells	 were	 too	 dim	 to	 be	

separated	from	the	noise	and	quantified	in	any	sample	from	the	coastal	experiment.	

	 Prochlorococcus	 is	quantified	via	 flow	cytometry	based	on	 its	autofluorescence,	

particularly	its	chlorophyll	fluorescence	(Chisholm	et	al.,	1988;	Gérikas	Ribeiro	et	al.,	2016;	

van	 den	 Engh	 et	 al.,	 2017).	 In	 the	 present	 study,	 Prochlorococcus	 populations	 in	 many	

treatments	 of	 both	 the	 open-ocean	 and	 coastal	 experiments	 were	 the	 too	 dim	 to	 be	

quantified	via	flow	cytometry.	The	autofluorescence	or	“brightness”	of	Prochlorococcus	cells	
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is	influenced	by	several	factors	such	as	stage	in	their	life	cycle,	nutrient	availability,	and	other	

environmental	conditions,	including	light	regimes	(Bibby	et	al.,	2003;	S.	J.	Biller	et	al.,	2015;	

J.	B.	H.	Martiny	et	al.,	2015;	Partensky	et	al.,	1999;	Partensky	&	Garczarek,	2010;	Ulloa	et	al.,	

2021).	It	is	not	uncommon	for	Prochlorococcus	from	surface	samples	to	be	too	dim	for	flow	

cytometry	quantification	(Laura	Llubelczyk,	personal	communication,	 June	20,	2023).	But	

here,	 we	 documented	 some	 noteworthy	 differences	 amongst	 treatments:	 in	 the	 oceanic	

experiment,	Prochlorococcus	were	bright	enough	to	be	quantified	in	the	baseline	and	in	three	

treatments	at	48h	(0.1%	HGO,	2%	HGO,	and	Fe	addition	treatments),	whereas	in	the	coastal	

experiment,	Prochlorococcus	cells	were	dim	in	all	treatments.	We	posit	that	this	discrepancy	

between	experiments	has	to	do	with	the	fact	that	we	sampled	the	incubation	water	for	the	

oceanic	experiment	after	several	days	of	overcast	weather	and	that	the	microorganisms	in	

this	 water	 were	 likely	 acclimated	 to	 low-light	 conditions,	 thus	 bright	 enough	 to	 be	

distinguished	 and	 quantified	 in	 time	 0	 (baseline)	 samples.	 However,	 once	 these	

Prochlorococcus	 cells	were	placed	 in	bags	and	 in	 the	 incubator,	 the	Prochlorococcus	were	

abruptly	exposed	to	more	light	than	what	they	had	been	acclimated	to	(even	though	we	used	

a	light	attenuation	sheet).		

Prochlorococcus	has	evolved	to	adapt	to	a	wide	range	of	light	conditions	in	the	ocean,	

from	well-lit	 surface	waters	 to	 deeper,	 dimly	 lit	 regions.	 In	 response	 to	 changes	 in	 light	

availability,	Prochlorococcus	can	undergo	several	physiological	and	molecular	adjustments	

to	optimize	its	photosynthetic	efficiency.	In	dimmer	light	conditions,	Prochlorococcus	may	

increase	the	size	of	its	light-harvesting	antennae	complexes,	which	allows	the	cells	to	capture	

more	available	 light,	enhancing	 their	photosynthetic	efficiency	 in	 low-light	environments.	

Increasing	 the	 size	 of	 the	 antennae	 complexes	 often	 involves	 a	 higher	 concentration	 of	
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pigments,	including	chlorophyll,	which	increases	their	autofluorescence	(Bibby	et	al.,	2003;	

Garczarek	 et	 al.,	 2000,	 2001).	 When	 exposed	 to	 sudden	 increases	 in	 light	 intensity,	

Prochlorococcus	can	respond	in	several	ways	that	may	reduce	their	autofluorescence.	For	

example,	they	may	undergo	dynamic	reconfiguration	of	its	antennae	complexes	or	activate	

non-photochemical	quenching	(NPQ),	which	helps	dissipate	excess	absorbed	light	energy	as	

heat,	 preventing	 potential	 damage	 to	 the	 photosynthetic	 apparatus	 (Bailey	 et	 al.,	 2005;	

Bailey	 &	 Grossman,	 2008;	 Kulk	 et	 al.,	 2013).	 As	 a	 result,	 the	 fluorescence	 emitted	 by	

chlorophyll	is	temporarily	reduced	and	in	flow	cytometry,	this	reduction	may	be	interpreted	

as	a	decrease	in	brightness.		

Our	results	for	the	oceanic	experiment	showed	that	this	decrease	in	brightness	that	

was	likely	induced	by	the	sudden	increase	in	light	exposure,	happened	in	several	treatments,	

but	not	equally	in	all.	Prochlorococcus	fared	better	in	the	10	nM	Fe	addition	treatment,	where,	

after	 48h,	 the	 cells	 where	 bright	 enough	 to	 be	 quantified	 via	 flow	 cytometry	 and	 their	

concentration	ended	up	being	5	times	higher	than	those	in	the	control.	Fe	is	known	to	play	

crucial	roles	in	important	physiological	processes	for	Prochlorococcus,	including	acclimation	

to	changes	in	light	(J.	B.	H.	Martiny	et	al.,	2015;	L.	R.	Moore	&	Chisholm,	1999;	Partensky	&	

Garczarek,	2010).	In	general,	Fe	requirements	for	phytoplankton	growth,	are	expected	to	be	

higher	for	organisms	in	low	light	requirements	(Hogle	et	al.,	2018;	Raven,	1990;	Sunda	&	

Huntsman,	1995b,	2015).	However,	at	least	one	recent	study	has	shown	that	variations	to	

this	canonical	model	are	possible	and	that,	in	some	cases,	large	photosynthetic	Fe	demand	

may	not	be	downregulated	at	higher	light	(Hawco	et	al.,	2021).	In	the	present	study,	the	other	

treatments	in	which	Prochlorococcus	autofluorescence	was	bright	enough	for	quantification	

via	 flow	 cytometry	 where	 the	 HGO	 ones.	 These	 are	 the	 same	 treatments	 in	 which	 we	
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observed	increase	in	chl	a	and	Synechococcus	abundance	and	were	characterized	by	high	dFe	

content	associated	to	the	HGO	spike	(Table	1).	The	other	scrubber	washwater	treatments	

(2%	HFO),	also	corresponded	to	considerable	amounts	of	added	dFe	but	did	not	result	 in	

bright	 enough	Prochlorococcus	 for	 flow	cytometry	quantification.	We	conjecture	 that	 this	

may	be	related	to	toxic	effects	by	other	components	in	the	HFO	formulation,	such	as	what	we	

discussed	in	relation	to	the	selective	fertilization	effect	of	Synechococcus,	above.		

Finally,	 our	 results	 reveal	 a	 possible	 difference	 in	 the	 response	 of	 oceanic	

picoplankton	to	these	two	types	of	scrubber	washwater.	The	addition	of	scrubber	washwater	

generated	by	the	distilled	fuel	(HGO),	in	a	small	testbed	engine	had	a	noticeable	fertilizing	

effect	on	oceanic	chl	a	and	Synechococcus	populations,	and	possibly	boosted	Prochlorococcus	

fluorescence.	The	 scrubber	water	 from	 the	 residual	 fuel	 (HFO)	 combusted	by	 a	 real	 ship	

caused	an	increase	in	chl	a	in	the	oceanic	experiment,	but	the	specific	group	that	responded	

positively	 to	 this	 addition	 could	 not	 be	 identified.	 Comparing	 the	 results	 from	 both	 the	

oceanic	 and	 coastal	 experiments	 conducted	 here,	 to	 those	 from	 coastal	 incubation	

experiments	we	conducted	the	Kattegat	Straight	(2019	KS)	with	the	same	HGO	spike	and	in	

the	Southern	California	Bight	(SCB	2021)	with	the	same	HFO	spike	(Tavares	et	al	in	prep	and	

Chapter	2	of	this	dissertation),	we	notice	the	importance	of	the	concentration	of	exposure.	

In	the	2019	KS	experiment	we	documented	significant	increases	in	chl	a,	and	cell	counts	for	

microplankton	 (which	 was	 dominated	 by	 dinoflagellates)	 and	 for	 Synechococcus,	 with	

concurrent	N	drawdown,	but	these	effects	were	only	present	in	the	10%	HGO	concentration,	

and	not	in	the	5%	HGO	treatment.	In	the	2021	SCB	experiment,	we	saw	an	increase	in	chl	a	

in	the	5%	and	10%	HFO	treatments,	but	not	in	the	1%	HFO,	while	all	three	concentrations	of	

HFO	fertilized	Synechococcus	 in	 the	2021	SCB	coastal	experiment.	Here	only	 the	2%	HGO	
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caused	the	above-described	fertilizing	effects,	but	the	0.1%	HGO	didn’t.	Considering	what	we	

know	 about	 the	 post-discharge	 dilution	 (Tavares	 et	 al	 in	 prep	 and	 Chapter	 1	 of	 this	

dissertation),	 it	 is	 important	 to	 acknowledge	 that	 in	 most	 open-ocean	 conditions,	 the	

phytoplankton	 underneath	 an	 individual	 ship	 discharging	 scrubber	 washwater	 along	 its	

route	will	be	experiencing	scrubber	water	concentrations	that	are	<0.1%.	As	explained	in	

chapter	1,	higher	concentration	exposures	may	occur	in	heavily	trafficked	shipping	routes	

and/or	in	highly	stratified	regions.		

CONCLUSIONS	

This	study	investigated	the	effects	of	ship	scrubber	washwater	discharges	on	natural	

phytoplankton	assemblages	in	the	open	and	coastal	Sargasso	Sea.		We	sought	to	determine	

if	 scrubber	 washwater	 produced	 from	 the	 combustion	 of	 two	 fuels	 causes	 fertilization,	

inhibition,	or	neutral/null	effects	in	this	oligotrophic	environment	where	picophytoplankton	

such	 as	 Synechococcus,	 Prochlorococcus,	 and	 picoeukaryotes	 dominate.	 For	 comparative	

purposes,	we	 conducted	a	parallel	 coastal	 experiment	 in	 a	nutrient-rich	harbor	 area.	We	

found	that	both	the	traditional	heavy	fuel	oil	combusted	in	a	large	ship	engine	(HFO)	and	the	

alternative	 distilled	 fuel	 combusted	 in	 a	 small	 testbed	 engine	 (HGO)	 caused	 a	 mild	

fertilization	on	oceanic	phytoplankton	at	2%	concentration,	but	the	HGO	formulation	had	a	

particular	 fertilizing	 effect	 on	 Synechococcus,	 and	 possibly	 a	 positive	 effect	 on	

Prochlorococcus	 fluorescence.	 Our	 results	 suggest	 that	 the	 microbial	 populations	 in	 the	

Sargasso	Sea	were	not	limited	by	N	or	Fe	alone,	but	likely	co-limited	by	multiple	nutrients	

that	 were	 supplied	 in	 enough	 quantity	 by	 the	 scrubber	 washwater	 discharges	 at	 2%	

concentration	but	not	at	0.1%	or	lower.		
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