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TERMINOLOGY AND ABBREVIATIONS

Terminology and abbreviations

It is important to mention the usage of MeHg, MMHg+, and iHg and Hg2+. DMHg is believed to not
bioaccumulate but is understudied. In this thesis, I only model the bioaccumulation of MMHg+ and Hg2+, as
they are known to bioaccumulate. However, measurements typically do not distinguish between MMHg+

and MeHg, or between Hg2+ and iHg. Therefore, to ensure absolute correctness, I refer to Hg2+ and
MMHg+ when discussing my model and mention MeHg and iHg when discussing field measurements.
I compare these under the assumption that bioaccumulated Hg2+ is equal to bioaccumulated iHg and
bioaccumulated MMHg+ equals bioaccumulated MeHg.

Abbr. Long name Toxicity Bio-acc. Description
Hg Mercury – – Mercury in general, unspecified which form
Hg0 Elemental Hg Highly toxic No Volatile, undergoes long range transport
Hg2+ Dissolved Hg Highly toxic Yes Most common in the marine environment
HgS Cinnabar Mildly toxic No Stable, important sink of Hg from the biosphere
iHg Inorganic Hg – – All inorganic forms of Hg
MMHg+ Monomethyl mercury Extremely toxic Yes Hg species of most concern
DMHg Dimethylmercury Extremely toxic No Common in deep water, uncommon in shelf seas.
MeHg Methylmercury Extremely toxic – MMHg+ + DMHg
tHg Total Hg – – All Hg

Table 1: Overvieuw of Mercury (Hg) forms, their abbreviation (Abbr.), their toxicity, if they bioaccumulate
(Bio-Acc.), and descriptions.

Models Long names Usage
GOTM Generalized Ocean Turbulence Model Model 1D water column setups
FABM Framework for Aquatic Biogeochemical Modeling Couple different models
HAMSOM HAMburg Shelf Ocean Model Model the physics of the North and Baltic Seas
MERCY Marine mERcury CYcling model Models the marine cycling of Hg
ECOSMO ECOSystem MOdel Model nutrient fluxes and the ecosystem in which

Hg bioaccumulates

Table 2: Summary of oceanographic and biogeochemical models.

Term Abbreviation Description
Detritus – Organic matter with particles large enough to be filtered by

filter feeders
Dissolved Organic Matter DOM Organic material with particles too small to be filtered by

filter feeders
Labile DOM – DOM which is broken down by bacteria faster than detritus
Semi-labile DOM sDOM DOM that is broken down by bacteria at the same rate as

detritus
Refractory DOM rDOM DOM that is extremely resistant to bacterial breakdown
Producers – Biota that transform inorganic nutrients into organic matter
Consumer – Animals that are dependent on the consumption of organic

material for survival
Low Microbial Assemblage Sponge LMA Sponges with low microbial abundance
High Microbial Assemblage Sponge HMA Sponges with high microbial abundance, specialized in eat-

ing DOM

Table 3: Biological terms related to marine ecosystems and organic matter.
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Figure 1: Dendronatus Robustus. Picture taken by David Amptmeijer in Adventfjorden.
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ABSTRACT

Abstract

English

Mercury (Hg) contamination poses a serious risk to human health and ecosystems, particularly through
the bioaccumulation of the neurotoxin methylmercury (MeHg). This thesis develops and applies a se-
ries of models to quantify the biological drivers of Hg bioaccumulation. First, the MERCY v2.0 model
is introduced. This is the first multi-compartment model that links atmospheric Hg deposition to MeHg5

concentrations in seafood. After this, feedback between the ecosystem and Hg cycling is quantified to
estimate the influence of bioaccumulation on the Hg balance of the North and Baltic Seas. The model
shows that bioaccumulation can increase total MeHg concentrations by up to 44% and increase the export
of Hg from the North Sea to the Atlantic Ocean by 14 kg y-1. The relative importance of bioconcentration
by phytoplankton and subsequent biomagnification versus direct bioconcentration at the consumer level is10

then investigated. While MeHg uptake by phytoplankton and consequent biomagnification is the dominant
uptake pathway of MeHg, direct bioconcentration becomes more important with increasing trophic level,
and it can increase bioaccumulation by 15% per trophic level. Then, an expansion of the benthic food web
of the ECOSMO E2E model is presented. The one macrobenthos functional group in ECOSMO E2E is
split into 6 megabenthos functional groups. This model is used to analyze the role of the feeding strategy15

of benthos on bioaccumulation and shows that the feeding strategy has a significant influence on MeHg
concentrations in megabenthos and that the feeding strategy is the main determinant of total Hg content
in low-trophic level biota. Finally, these findings are integrated to explain the unusually low MeHg concen-
trations observed in Mediterranean Sea sponges. Sponges can have high amounts of microbial symbionts
that assist with their metabolic demands (High Microbial Abundance or HMA sponges), or a concentration20

of microbes similar to that in seawater (Low Microbial Abundance or LMA sponges). The models show
that the consumption of dissolved organic matter (DOM) by LMA sponges can account for the observed
low MeHg content. The even lower concentrations in HMA sponges can be explained by the additional
consumption of refractory DOM. Demethylation is not required to explain the MeHg concentrations in HMA
sponges, but if it occurs, it is likely at a rate of 1% d-1. This model also shows that the dominance of25

HMA sponges at the base of the food web can reduce MeHg concentrations in top predators by up to
45%. Overall, these models improve our ability to predict how ecosystem structure and feeding ecology
influence MeHg bioaccumulation.

Deutsch

Quecksilber (Hg)-Kontamination stellt ein ernsthaftes Risiko für die menschliche Gesundheit und Ökosys-30

teme dar, insbesondere durch die Bioakkumulation des neurotoxischen Methylquecksilbers (MeHg). Diese
Dissertation entwickelt und wendet eine Reihe von Modellen an, um die biologischen Treiber der Hg-
Bioakkumulation zu quantifizieren.Zunächst wird das MERCY v2.0-Modell vorgestellt. Es handelt sich
um das erste Mehrkompartimentmodell, das atmosphärische Hg-Ablagerung mit MeHg-Konzentration in
Meeresfrüchten und Fisch quantifiziert, um den Einfluss der Bioakkumulation auf die Quecksilberbilanz35

der Nord- und Ostsee abzuschätzen. Das Modell zeigt, dass die Primärproduktion die gesamten MeHg-
Konzentration um bis zu 44% erhöhen kann und dass Bioakkumulation den Hg-Export aus der Nordsee
in den Atlantik um 14 kg a-1 steigern kann. Anschließend wird die relative Bedeutung von Biokonzen-

9



QUANTIFYING DRIVERS OF MERCURY BIOACCUMULATION

tration durch Phytoplankton und anschließender Biomagnifikation gegenüber der direkten Biokonzentra-
tion auf Konsumentenebene untersucht. Während die Aufnahme von MeHg durch Phytoplankton mit 40

anschließender Biomagnifikation der dominierende Aufnahmeweg ist, wird die direkte Biokonzentration
von größerer Bedeutung mit steigender trophischer Stufe. Daraufhin wird eine Erweiterung des benthis-
chen Nahrungsnetzes des ECOSMO E2E-Modells vorgestellt, mit der die Rolle der Ernährungsstrate-
gie von Benthosorganismen bei der Bioakkumulation analysiert wird. Dieses Modell zeigt, dass die
Ernährungsstrategie einen signifikanten Einfluss auf die MeHg-Konzentration im Megabenthos hat und 45

dass sie der Hauptfaktor für den Gesamt-Hg-Gehalt in niedertrophischen Organismen ist. Abschließend
werden diese Erkenntnisse integriert, um die ungewöhnlich niedrigen MeHg-Konzentration in Schwämmen
des Mittelmeers zu erklären. Schwämme können entweder hohe Mengen an mikrobiellen Symbionten
aufweisen, die ihren Stoffwechselbedarf unterstützen (Schwämme mit hoher mikrobieller Abundanz oder
HMA-Schwämme), oder eine Konzentration von Mikroben, die der im Meerwasser ähnlich ist (Schwämme 50

mit niedriger mikrobieller Abundanz oder LMA-Schwämme). Die Modelle zeigen, dass der Konsum von
gelöster organischer Substanz (DOM) durch LMA Schwämme die beobachteten niedrigen MeHg-Gehalte
erklären kann. Die noch niedrigeren Konzentration in HMA Schwämmen lassen sich durch zusätzlichen
Konsum von refraktärem DOM erklären. Eine Demethylierung ist nicht erforderlich, um die MeHg-Konzentration
in HMA-Schwämmen zu erklären, aber falls sie auftritt, geschieht dies wahrscheinlich mit einer Rate 55

von 1% d-1. Das Modell zeigt außerdem, dass die Dominanz von HMA-Schwämmen an der Basis des
Nahrungsnetzes die MeHg-Konzentration in Fischen um bis zu 45 % senken kann. Insgesamt verbessern
diese Modelle unsere Fähigkeit, vorherzusagen, wie die Struktur von Ökosystemen und Ernährungstak-
tiken die Bioakkumulation von MeHg beeinflussen.

Nederlands 60

Kwik (Hg) verontreiniging vormt een ernstig risico voor de menselijke gezondheid en voor ecosystemen,
met name door de bioaccumulatie van het neurotoxische methylkwik (MeHg). Dit proefschrift ontwikkelt
en past een reeks modellen toe om de biologische oorzaken van Hg-bioaccumulatie te kwantificeren.
Allereerst wordt het MERCY v2.0-model geı̈ntroduceerd. Dit is het eerste multi-compartimentmodel dat
atmosferische kwikdepositie koppelt aan MeHg-concentraties in zeevruchten en vis. Vervolgens wordt 65

de terugkoppeling tussen het ecosysteem en de kwikcyclus gekwantificeerd om de invloed van bioac-
cumulatie op de kwikbalans van de Noordzee en de Baltische Zee te schatten. Het model toont aan
dat bioaccumulatie de totale MeHg-concentraties tot 44% kan verhogen, en de export van kwik uit de
Noordzee naar de Atlantische Oceaan met 14 kg j-1 kan verhogen. Daarna wordt het relatieve belang
onderzocht van bioconcentratie door fytoplankton gevolgd door biomagnificatie, versus directe bioconcen- 70

tratie op consumenten. Hoewel opname van MeHg door fytoplankton en daaropvolgende biomagnificatie
de dominante opnameweg is, wordt directe bioconcentratie belangrijker naarmate het trofisch niveau toe-
neemt. Vervolgens wordt een uitbreiding van het benthische voedselweb van het ECOSMO E2E-model
gepresenteerd, waarmee de rol van de eetstrategie van benthos in bioaccumulatie wordt geanalyseerd. Dit
model toont aan dat de eetstrategie een significante invloed heeft op MeHg-concentraties in megabenthos, 75

en dat deze strategie de belangrijkste drijfveer is van het totale kwikgehalte in organismen op lage trofis-
che niveaus. Ten slotte worden deze bevindingen geı̈ntegreerd om de ongewoon lage MeHg-concentraties
in sponzen uit de Middellandse Zee te verklaren. Sponzen kunnen ofwel grote hoeveelheden microbiële
symbionten bevatten die helpen bij hun metabolische behoeften (sponzen met hoge microbiële abundantie
of HMA-sponzen), ofwel een concentratie van microben die vergelijkbaar is met die in zeewater (sponzen 80

met lage microbiële abundantie of LMA-sponzen). Het model laat zien dat de consumptie van opgeloste
organische stof (DOM) door LMA-sponzen de waargenomen lage MeHg-gehalten kan verklaren. De nog
lagere concentraties in HMA-sponzen kunnen worden verklaard door extra consumptie van refractair DOM.
Demethylering is niet noodzakelijk om de MeHg-concentraties in HMA-sponzen te verklaren, maar als dit
proces optreedt, gebeurt dit waarschijnlijk met een snelheid van 1% d-1. Dit model toont ook aan dat de 85

dominantie van HMA-sponzen aan de basis van het voedselweb de MeHg-concentraties in toppredatoren
met wel 45% kan verlagen. Al met al verbeteren deze modellen ons vermogen om te voorspellen hoe
ecosysteemstructuur en voedseldynamiek de bioaccumulatie van MeHg beı̈nvloeden.
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CHAPTER 1. INTRODUCTION

CHAPTER 1
Introduction

This thesis focuses on quantifying the drivers of mercury (Hg) bioaccumulation. This chapter provides
an introduction to the topic. It begins with a discussion of the historical use of Hg, including its ap-
plications and pathways of emission into the environment. The characteristics of Hg as a pollutant
are then examined, focussing on the properties that make it such a unique pollutant and particularly
challenging to manage. After establishing the basis for its classification as a pollutant of concern, this
chapter reviews the current environmental status of Hg pollution and considers the associated eco-
nomic costs. With this context, attention shifts to understanding Hg behavior in the environment, with
a particular focus on bioaccumulation, as this is a critical link between environmental Hg concentra-
tions and human exposure. Then a historical review of the scientific understanding of bioaccumulation
is performed. This is followed by an analyses of how bioaccumulation can be studied using models,
including their relevance and application in environmental assessments. The chapter concludes with
a review of existing bioaccumulation models and outlines the key research gaps that are addressed in
this thesis.

1.1 Hg as a pollutant90

1.1.1 Mercury in the Anthropocene

Historical usage of Hg

Humans have used Hg for millennia. The first known use of Hg by humans was cinnabar (HgS) as pig-
ments, better known as vermilion. The oldest Hg mines in the world are believed to have been in Turkey
in the northwest in Konya and are 8000 years old, while the earliest known mining of Hg in Europe is95

suggested to have taken place at Mount Avala in present-day Serbia, where HgS was extracted during the
Eneolithic period (Durman, 1988, as cited in Bogosavljević Petrović et al. (2017)). The usage of Hg in the
ancient world is recorded in Roman, Chinese, and Persian sources. Hg was seen by the Romans as such
an essential good that the Roman government fixed the price by law. In those days, Hg was mostly used
as a red pigment in the form of HgS, for medication, and for amalgamation with gold. The usage of Hg in100

medication was described in De Medicina by Celsus, where HgS was recommended as a purgative and
incorporated in several salves. A century later, however, the Greek-Roman physician Galen described Hg
as so toxic that he could not even sanction its external application. The first industrial-scale use of Hg was
the patio process, which uses Hg to extract silver from ore and was developed by Bartolomé de Medina
in Pachuca, Mexico, in 1554 (Nriagu 1994). Later, the unique properties of Hg were discovered to be of105

use for scientific instruments, and in 1643, the Hg barometer was discovered by Torricelli and in 1720, the
Hg thermometer by Fahrenheit. In the late industrial era, the usage of Hg in medication also reemerged.
A common medication for a variety of diseases in the 17th and 18th centuries, including syphilis, tubercu-
losis, or toothaches, was blue mass, or pilula hydrargyri. This compound was composed of Hg for 33%
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by mass. Hg-based medication was common, especially for hard-to-cure bacterial diseases, but its us- 110

age quickly disappeared after 1940 when penicillin was discovered as it proved to be more effective with
considerably fewer side effects (Norn et al. 2008). The final large increase in anthropogenic use of Hg
originates from its ability to amalgamate with gold. While this process was known since ancient times, it
led to a notable increase in Hg usage when mining techniques further developed and deep mining became
possible. Hg became a key component of the Californian gold rush between 1850 and 1900 and during 115

the Brazilian gold rush of 1970. While the usage of Hg in gold mining in Western countries like the US is
currently limited, Hg remains in use in small-scale artisanal gold mining in developing countries.

Unintended consequences of Hg uses

Despite its many use cases, Hg also has a dark side. Human activities have increased Hg levels threefold
in the upper ocean since pre-anthropogenic times (Lamborg et al. 2014). The main historical anthro- 120

pogenic sources of Hg emissions include direct Hg production and use, the burning of fossil fuels, the
production of cement and ferrous metals, and small-scale artisanal gold mining (Nriagu 1994; Pirrone et
al. 2010; Mason et al. 2012). Although reducing Hg emissions from some sectors, such as direct use of
Hg, may be relatively straightforward, mitigating emissions from industries such as fossil fuel burning and
the production of cement and ferrous metals presents greater challenges and costs (Streets et al. 2019). 125

This trend is evident in the reduction of Hg emissions by developed economies in the EU and North Amer-
ica, compared to the continued increase in global Hg emissions due to the increased emissions from Asia,
Africa, and South America (Streets et al. 2019). Hg mitigation is possible; it comes with significant costs.

1.1.2 Hg as an ubiquitous pollutant

In addition to its toxic legacy, Hg persistence in the environment is a key concern. Since Hg is toxic in 130

its elemental form, it cannot be created or eliminated. The emitted Hg is taken merely from outside the
biosphere and emitted into the biosphere. Here, it remains toxic until it is removed from the biosphere. Be-
cause of this, sites that were polluted decades or centuries ago are still contaminated. The soil around the
historic Hg mining town of Idrija in Slovenia has soil Hg levels up to 300 times higher than the surrounding
towns, despite the fact that Hg mining stopped decades ago (Asare and Afriyie 2021). The removal of Hg 135

from the biosphere revolves around processes that bury Hg where it cannot be reemitted naturally and is
stored out of the biosphere for geological time scales. These processes are minimal, and the majority of
Hg deposited from the atmosphere on land is either reemitted or transported to the world’s oceans. In the
oceans, Hg can be deposited into deep-sea sediments where it is stored for geological time scales and
effectively removed from the biosphere. The problem is that the residence time of Hg in the environment is 140

around 10,000 years (Kawarazuka and Béné 2011). We can compare Hg to other ”forever chemicals” such
as PCBs; even though it is a slow process, these chemicals can be broken down into less toxic compounds,
and natural remediation of pollution typically has a half-life period in the decades. Since Hg, on the other
hand, cannot be broken down but merely buried, the natural remediation relies exclusively on geological
processes that can take millennia. In addition to the extremely long residence time of Hg in the biosphere, 145

A common misconception is that the abbreviation for mercury, Hg, derives from the Roman word for
Mercury. The Romans referred to the element as mercurium, which is the origin of the English word
mercury. However, the abbreviation Hg actually comes from the Latin word hydrargyrum, which itself
is derived from the Greek hydrárgyros (ὑδράργυρος), meaning water-silver (hydor = water, argyros =
silver), due to its liquid, silvery appearance.
The Dutch word for mercury, kwik, originates from Middle Dutch quic, meaning alive, a reference to the
metal’s fluid, moving nature. Similarly, the German term Quecksilber (literally quick silver) combines
Queck, an old word for alive, with Silber, meaning silver. These terms are etymologically related to
the English quicksilver.
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it is also omnipresent and can be found everywhere on the planet. While Hg is naturally occurring, and it
is therefore expected to be found everywhere, elevated levels of Hg due to anthropogenic emissions are
measured in extremely remote areas, such as the stratosphere (Slemr et al. 2018), deep-sea biota (Sisma-
Ventura et al. 2024), and Antarctica (Dommergue et al. 2010). To understand the widespread distribution
of Hg, it is essential to understand the properties that make Hg such a unique element.150

1.2 Hg as a unique pollutant

1.2.1 Atomic properties of Hg

To understand why Hg is so mobile and persistent, we must first understand its atomic structure. Hg is
a metal with unique chemical and physical properties. As the 80th element in the periodic table, it has
a mean molar mass of 200.59 g mol-1 (Prohaska et al. 2022). It is the only metal that can be liquid at155

room temperature. This is due to its electron shell structure, which is shown in Fig. 1.1a. Hg is a unique
element, and its chemical properties can best be described by comparing it to a very similar element, gold
(Au). As shown in Fig. 1.1b, Au and Hg vary only in 1 proton and electron, yet Au has a density of 19.32
g cm-1 while Hg is 5.81 g cm-1 lighter with a density of 13.6 g cm-1. This difference of 5.81 g cm-1 is the
largest difference between 2 neighboring elements in the periodic table. Furthermore, the melting point160

between the elements varies by 1101 ◦C, which is more than any neighboring element, except lithium-
beryllium (Norrby 1991). The unique properties of Hg are caused by having a second electron in the 6th

shell. Electron shells have a fixed number of electrons, and this means that for Hg all spots are taken
(Bohr 1913). The 2 electrons in the outer shell of Hg move fast. These 2 electrons move at 58% of the
speed of light. At this speed, the mass of the electrons is increased by relativistic effects by 23%, which165

leads to an orbital contraction of 23%. Since all electron shells must be orthogonal to one another, this
means that the entire electron orbit of Hg is 23% smaller. This has several consequences. Firstly, the
electrons and the core of the Hg atom are relatively close, increasing the strength of the bond between
the negative electrons and the positive protons in the core. In addition, this prevents Hg molecules from
sharing electrons from their outer shell with other Hg molecules, which means that the Hg-Hg bonds are170

solely based on weak van der Waals interactions, rather than a true metallic bond (Calvo et al. 2013).

Hg as a sulfur-loving metal

The relativistic effects of Hg make it a chalcophilic (sulfur-loving) metal. As we will discuss later, under cer-
tain conditions—typically in halogen-rich environments, Hg0 can lose its two 6s electrons and be oxidized
to Hg2+ Qu et al. (2009). Even after losing both 6s electrons, relativistic effects cause a contraction of the175

5d orbitals, increasing the effective nuclear charge and polarizability of Hg2+. This results in Hg2+ acting as
a soft Lewis acid with a strong preference for soft bases such as sulfur ligands (Chaudret et al. 2014). As
a result, Hg2+ forms stable covalent bonds in sulfur-rich environments. This chalcophilic behavior is a key
reason why mercury is enriched in the sulfur-rich Earth’s crust and mantle, whereas it is relatively scarce
in the Earth’s deeper interior (Christy 1879; Akçay et al. 2006).180

The low boiling point of Hg

To go back to the comparison with Au, in Au these relativistic effects are not present. The outer electron
in Au atoms moves at a speed similar to that in Hg atoms, which causes a similar relativistic effect, driving
the shrinkage of the electron orbit. When Au elements are together, they can share the electrons in
the outer bond, which creates metallic bonds, and they form a solid metal; additionally, they can form185

aurophilic bonds that further strengthen the metal (Schmidbaur et al. 1988). This means that when Hg is
heated, the van der Waals bonds easily break, and Hg has a boiling point of only 356.7 ◦ C, while this is
2807 ◦C for Au. Because of this, it is often stated that Hg behaves as a pseudo-noble gas. This means
that Hg can be gaseous at room temperature and elemental Hg (Hg0) has a very long residence time in
the atmosphere (3-6 months), which means that it can be transported to remote regions by long-range190

atmospheric transport (Jackson and Jackson 1997).
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1.2.2 Atmospheric chemistry and Long-range transport

When Hg becomes atmospheric, it can be transported all over the world due to its long atmospheric resi-
dence time. For example, it is estimated that only 30% of the Hg deposition in the continental US originates
from anthropogenic emissions of the US, while natural remission accounts for 33% and the remaining 37% 195

originates from other countries, particularly 21% from Asia. At the same time, US emissions are deposited
on other continents as well (Seigneur et al. 2004). This shows the extremely high potential for long-range
Hg transport and demonstrates that Hg should be seen as a global pollutant. Although Hg0 has a very long
atmospheric residence time, it can be oxidized to Hg2+ due to gas-phase atmospheric reactions involving
ozone or hydroxyl radicals (Bergan and Rodhe 2001). This oxidized Hg2+ is soluble and can be deposited 200

through wet and dry deposition in the world’s oceans and in remote regions such as the Antarctic and
Arctic lakes (Lindqvist and Rodhe 2017; Schroeder et al. 1998; Vandal et al. 1993). The processes that
control the atmospheric oxidation state of Hg are essential to understand, as they determine where Hg is
deposited. Unfortunately, they are also complex and diverse. Schroeder et al. (1998) reported that Hg was
depleted in the spring in the Arctic area during moments of ozone depletion. Later, it was discovered that 205

Hg depletion was caused by bromine (Br). During Arctic winter, Br2 is stable and accumulates in snow, ice,
and sea ice. During spring, the light intensity increases and Br2 is photodegraded to volatile Br (Fan and
Jacob 1992). Atmospheric Br can react with ozone forming BrO and oxygen. BrO and Br are in dynamic
equilibrium, so during the Arctic spring, there is an abundance of atmospheric Br that can react with Hg
(Simpson et al. 2007). The oxidation of Hg0 by Br occurs in 2 steps, as shown by Dibble et al. (2012) and 210

discussed by Si and Ariya (2018).

Hg0 + Br→ HgBr

and,
HgBr + Y → HgBrY

In which Y is NO2, HO2, ClO, or BrO. HgBrY, which is soluble, can be associated with atmospheric droplets 215

and removed from the atmosphere during rain. This mechanism demonstrates how atmospheric Hg chem-
istry can control the global distribution of Hg (Ebinghaus et al. 2004). Over time more such interactions
are discovered and the modern atmospheric Hg model GEOS-Chem takes 14 Hg chemical reactions into
account; an overview of this modern understanding of atmospheric Hg speciation is shown in Fig. 1.2
(Shah et al. 2021). The importance of understanding atmospheric oxidation is further shown in Fig. 1.3 220

by Zhang et al. (2023b). Although Hg2+ is only 2% of atmospheric Hg, it constitutes 60% of atmospheric
flux into the oceans. If we take a closer look at the 2023 Hg budget, as presented by (Zhang et al. 2023b),
they predicted global emissions to the atmosphere of 12,000 Mg year1, of which 1,670 Mg year1 are direct
anthropogenic emissions. Based on this model, 1,670 Mg year1 of these anthropogenic emissions are
sequestered on land and 910 Mg year1 in the ocean. Other models have very different estimations and, 225

for example, Shah et al. (2021) predicts anthropogenic Hg sequestering of 1,400 Mg year1 and 1,100 Mg
year1 for land and ocean respectively, while Horowitz et al. (2017) predicts anthropogenic Hg emission
sequestering of 780 Mg year1 for land and 1,700 Mg year1 for oceans. To put these numbers in context,
the pre-industrial sequestering of Hg of geothermic emissions is estimated to be 40 Mg year1 and 460 Mg

The relativistic effects of Hg also influences Hg in ways that are not relevant in this thesis. For example
the silver shine of liquid Hg is also caused by this. Due to relativistic contraction, the 6s orbital in Hg is
stabilized (lowered in energy), which increases the energy gap between the 6s and 6p orbitals to 10.4
eV. As a result, the energy required for an electron to transition from 6s to 6p is higher than the energy
of most visible photons (1.6–3.1 eV). Therefore, Hg does not efficiently absorb visible light and instead
reflects it, giving it its metallic luster. Without this relativistic effect, mercury would likely appear duller
and less metallic. In gold the gap is smaller (2.38 eV), which means that gold can absorb light in the
blue and ultra violet range, giving gold its colour

14



CHAPTER 1. INTRODUCTION

(a) (b)

Figure 1.1: 1.1a) shows the electron configuration of a Hg atom while 1.1b) shows the electron configura-
tion of a gold atom. Note that the only difference between the 2 atoms is that Hg has 2 electrons in the 6th

electron shell whereas gold only has 1. Both images are taken from Wikipedia and distributed under the
Creative Commons license (Robson 2005; Robson and Pumbaa 2006)

year1 for land and ocean, respectively (Selin et al. 2008). The differences between these models are driven230

mainly by differences in the Hg0:Hg2+ ratio (Zhang et al. 2023b). The difference in Hg fluxes between the
land, ocean, and atmosphere can have a dramatic effect on the global Hg budget.

1.2.3 Biological Hg uptake on land

Although interactions within the atmosphere determine the speciation and mobility of Hg, vegetation con-
tributes to the removal of Hg from the air (Feinberg et al. 2022). The annual uptake of Hg by plants is235

estimated at approximately 2491 ± 551 Mg Hg y-1, which is crucial for the seasonal variations observed in
atmospheric Hg levels (Jiskra et al. 2018). It is estimated that Hg uptake by plants accounts for 60-90% of
atmospheric Hg deposition and that it reduces global atmospheric Hg by 660 Mg and reduces Hg input into
the oceans by 960 Mg y-1 (Zhou and Obrist 2021). Plants can absorb Hg through their stomata, similar to
how they absorb CO2 (Laacouri et al. 2013), and through other non-stomatal pathways (Stamenkovic and240

Figure 1.2: Known atmospheric Hg reaction pathways. Reprinted from Shah et al. (2021), licensed under
CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)
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Figure 1.3: The global Hg fluxes. The largest main fluxes into the ocean are the deposition of Hg2+ (4,860
Mg y-1) and Hg0. Hg0 7,220 Mg y-1 is rereleased into the atmosphere. Smaller yet essential fluxes are the
riverine input of Hg into the oceans (990 Mg y-1) and sedimentation (1,115 Mg y-1). Reprinted from Zhang
et al. (2023a), licensed under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0)
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Gustin 2009). The reason why Hg absorption on land plants is an essential link between anthropogenic
Hg emissions and Hg bioaccumulation in seafood is twofold. First, Hg that is taken up by plants can be
deposited by litterfall. Litterfall is a large flux of Hg and accounts for the deposition of 1180 ± 710 Mg Hg
y-1, and the transport of litterfall through rivers can be a source of Hg for coastal oceans (Wang et al. 2016;
Outridge et al. 2018). Secondly, some organic plant material is buried and fossilized, and when the plant245

material is buried so is its associated Hg. This means that buried plant material has a high Hg content and
fossil fuel formed from fossilized organic carbon has high Hg levels as a consequence. This is the reason
why burning dried plant material, in the form of coal, is currently the largest global anthropogenic source
of Hg. This process of Hg burial via plant fossilization resulted in 2/3rds of the global Hg being buried and
stored in the northern permafrost regions. These regions have 1,656 ± 962 Gg Hg, of which 793 ± 461250

Gg Hg are frozen in the permafrost, demonstrating that land plants are very important for the global Hg
budget (Obrist et al. 2018; Schuster et al. 2018).

1.3 State of Hg pollution

1.3.1 The Global Hg budget

The global Hg inventory refers to the Hg standing stock while the Hg budget refers to the inventory and Hg255

fluxes. Because Hg is a stable element, it is neither created nor destroyed by natural processes on Earth,
and the total Hg inventory of the planet does not change. However, it matters a lot where and in what
form this Hg is. There is much more Hg in the northern permafrost regions than there was in Minamata
Bay. However, in Minamata Bay, the high concentration of Hg caused the tragic events of the Minamata
disease, whereas the Hg stored in the permafrost is only of concern when it is remobilized. Therefore,260

we are worried by how much Hg is available in the biosphere, and we consider processes such as the
burning of fossil fuels as emissions, as even though they do not increase the total amount of Hg on Earth,
they do increase Hg in the biosphere. To help policymakers, scientists, and stakeholders, the state of
the art global Hg budget and inventory are presented in UN’s periodic publication entitled Global Mercury
Assessments. In this assessment, the major global fluxes and pools of Hg are estimated based on the265

most up-to-date research available. The last Global Mercury Assessments was presented in 2018. The
graphical abstract of this publication is shown in Fig. 1.4. This is where we start to see the whole picture
of Hg as a global pollutant. An important observation here is that the anthropogenic flux appears to be
relatively small; only 31% of the total input of Hg into the atmosphere is direct anthropogenic emissions.
However, this misses the crucial point of Hg pollution. It is an element and does not degrade. Therefore,270

Hg emissions from previous years become part of the global Hg cycle and are remitted as part of the
next year’s Hg budget. If we include reemissions, anthropogenic Hg emissions suddenly become 94% of
global Hg emissions. This shows that Hg is not only a pollutant of global concern, but also of generational
concern, since current emissions will remain in the environment for 3000 years (Selin 2009). The budget
estimated that atmospheric Hg depositions are currently 300% higher than pre-industrial quantities, while275

Hg in the world’s surface oceans increased by 230% compared to pre-industrial times. The key reason
why we are interested is that it allows us to estimate how anthropogenic Hg emissions today can influence
the Hg concentrations in the world’s oceans in the future.

1.3.2 The importance of the world’s oceans

The world’s oceans are an essential resource for human civilization. Aquaculture alone generates annual280

revenues of more than C 500 billion (FAO 2020). In addition to the quantifiable financial benefits of the
ocean, many people depend on the oceans for their livelihood or cultural way of life (Khakzad et al. 2015).
Three billion people around the world depend on seafood as their main source of animal protein; many of
these people live in poor areas where alternative sources of protein are not available (Tacon and Metian
2009).285
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Figure 1.4: Estimations of the global Hg budget. Reprinted (adapted) with permission from (Outridge et
al. 2018). The fat numbers are the newest 2018 global Hg budget, while the numbers between brackets
represent the previous estimated budget from 2013. Copyright 2018 American Chemical Society.

1.3.3 Hg in the marine environment

When Hg enters the ocean, it usually enters in the form of Hg2+, due to wet deposition and riverine
input, or as Hg0 due to atmospheric exchange (Outridge et al. 2018). In the same way that occurs in
the atmosphere, in the marine environment, the oxidation state and particle partitioning of Hg are critical
to understanding its behavior. Hg0 and Hg2+ are in a dynamic equilibrium. Both oxidation of Hg0 to 290

Hg2+, and reduction of Hg2+ to Hg0 can occur under dark conditions, but both reactions are increased
in surface water due to photochemical mediation (Whalin et al. 2007). Unlike atmospheric Hg, which is
dominated by Hg0, the percentage of Hg0 of total Hg is lower. It is typically higher in surface water (9-
47%) than in deep water (6-39%), but there is great regional variation (Bowman et al. 2020; Bowman
et al. 2015). This is because, as mentioned before, halogens drive the oxidation of Hg0 and in the marine 295

environment, there is an abundance of Cl-. Also, the earlier described Calcophilic nature of Hg becomes
relevant again, as Hg2+ can, in turn, react with sulfate to form HgS or be methylated by bacteria into
methylmercury (CH3Hg+) or dimethylmercury ((CH3)2Hg), referred to as MMHg+ and DMHg respectively
(Fitzgerald et al. 2007; Compeau and Bartha 1985; Jensen and Jernelov 1969). MMHg+ and DMHg are
together called methylmercury (MeHg). Both DMHg and Hg0 are dissolved gaseous compounds and can 300

evaporate from the water, and are therefore together referred to as Dissolved Gaseous Hg (DGM). MeHg
is a small but significant Hg fraction. The percentage of MeHg from total Hg is typically between 7 and
22% in surface water (<150m deep). The contribution of MeHg to the total Hg pool can be greater in
deeper water (Fitzgerald et al. 2007). Hg2+ and MMHg+ associate with organic material, such as dissolved
and particulate organic carbon as well as living organisms (Mason et al. 1995; Morel et al. 1998). This 305

interaction acts as an important mechanism for the transfer of Hg to deep-sea sediments, where it becomes
a substantial repository (Sanei et al. 2021). On the other hand, the binding of Hg2+ and MMHg+ to living
material facilitates their buildup in living organisms, a process known as bioaccumulation (Mason et al.
1995). The bioaccumulation of MeHg in marine environments can lead to MeHg concentrations that are
unsafe for human consumption, impacting both public health and economic resources. Consequently, this 310

thesis concentrates on Hg bioaccumulation, with a particular emphasis on MeHg.
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1.4 The cost of Hg pollution

1.4.1 The toxicity of MeHg

While MeHg refers to both MMHg+ and MeHg, the consumption of MMHg+ causes the main health risk
associated with the consumption of Hg. The mechanism of MMHg+ toxicity is not fully understood, but315

the basic concepts are known. MMHg+ toxicity has to do with the electrophilic properties of the pollutant.
This allows it to strongly bind to thiol (R-SH) and selenol (R-SeH) groups. However, thiol groups are
quite common in the human body and present in micromolar amounts, while the toxicity of MMHg+ can
be observed in the nanomolar range. This means that MMHg+ toxicity cannot simply be caused by the
depletion of the thiol groups. When MMHg+ binds to a thiol or selenol group, it forms a very strong320

RSHgCH3 or RSeHgCH3 type complex, respectively (Farina et al. 2011). The main mechanism of toxicity
appears to be the strong binding of MMHg+ to the antioxidant seleno-enzyme glutathione peroxidase and
thioredoxin reductase (Carvalho et al. 2008). These enzymes are responsible for the balance of redox
cells, and their permanent inhibition by MMHg+ can cause cell oxidative stress. This oxidative stress can
cause irreparable neurological damage, especially in developing children (Farina et al. 2011; Johansson325

et al. 2007). DMHg is also extremely toxic, but its mechanisms are less understood for two reasons. First
of all, because of its volatility, it is harder to work with. Second, and most importantly, it is currently not
assumed that DMHg bioaccumulates in significant amounts (Morel et al. 1998). This means that extreme
care must be taken while working with DMHg as a purified chemical, but there is no evidence that it poses
a threat to people in their regular lives.330

1.4.2 The first major outbreak of MeHg intoxication; The Minamata disease

The toxicity of MeHg made international headlines when, between 1932 and 1968 a Hg chemical factory
contaminated the sea near the city of Minamata in Japan. The Hg released into the water was methylated
in MeHg and bioaccumulated in seafood at concentrations that were very toxic to humans and animals.
The first victims of this outbreak were local cats that ate fish. Due to their small size, MeHg quickly reached335

dangerous levels, and the cats started to move erratically; this phenomenon got nicknamed the dancing
cat syndrome. When humans started to have similar symptoms, the government of Japan launched an
investigation in 1956 into the cause of what is now called Minamata disease. The investigation successfully
identified MeHg as the source of the pollutant in 1959. The factory was aware that they were the prime
suspect of this outbreak, and to circumvent scrutiny, they decided to reroute their wastewater away from340

the bay that was under investigation, directly into the Minamata River. The factory was ordered by the
Ministry of International Trade and Industry to redirect its wastewater back to the bay and install water
purification systems to reduce the amount of Hg in the wastewater. However, the factory pretended to
comply and installed a water purification system; later testimony revealed that this was only for show
and that nothing was installed that could filter Hg from the wastewater. This led to 9 more years of Hg345

polluted wastewater dumping until, in 1968 the factory stopped using Hg. This pollution affected many.
The government of Japan introduced a program to compensate the victims, and currently, 48,000 people
have applied for government compensation, but only 2,995 have been recognized as victims (Ministry
of the Environment-Government of Japan 2002; Yamaguchi 2023). This results in ongoing legal battles
between victims, stakeholders, and the government that are still in progress, with more than 1,700 plaintiffs350

involved in lawsuits in four district courts (Ekino et al. 2007; Kyodo news 2024; The Mainichi 2023; Ministry

When referring to observations, I refer to MeHg, as both DMHg and MMHg+ are known to be highly
toxic, but are usually not separated in measurements. DMHg is not assumed to bioaccumulate in
significant quantities, so bioaccumulated MeHg and MMHg+ are assumed to be equal. Furthermore,
I would refer to observed Hg2+ as iHg, as measurements separating between individual iHg fractions
are extremely rare.
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of the Environment-Government of Japan 2002).

1.4.3 The response to Hg pollution; The Minamata Convention on Mercury

This outbreak stimulated the need for global control of Hg pollution and in 2009 at a United Nations Envi-
ronmental Governing Council meeting, it was decided to hold five meetings to discuss the form of a global 355

treaty on Hg as a pollutant. The first meeting was held in Stockholm in 2010, during which hair samples
of participants from 40 countries were measured for Hg. All samples were positive and more than 1/3 of
the samples had Hg levels higher than the reference dose of 1 ppm (Kessler 2013). This showcased the
scope of the problem to the delegates and on 19th January 2013, the Minamata Convention on Mercury
was proposed. 140 parties signed this international treaty that aims to protect both humans and the envi- 360

ronment from anthropogenic emissions of Hg and Hg compounds. As of March 14th 2024, the convention
had 148 parties. Although the convention does not forbid Hg emissions, it aims to reduce them to levels
as low as reasonably possible while sharing the cost of the reduction of Hg emissions between different
countries in a fair way. For this, the bioaccumulation of Hg needed to be investigated so that the emission
of Hg could be linked to MeHg concentration in seafood. 365

1.4.4 The current cost of Hg pollution

The preservation of seafood as a safe and healthy source of nutrition is essential to feed an increasing
world population, and bioaccumulation of MeHg is currently threatening this. The resolution 48/13 of the
UN declared that having a clean environment is a human right, and the WHO has set the environmental
quality standard for MeHg in fish at 0.5 mg kg-1 for low trophic and 1.0 mg kg-1 for high trophic level fish 370

per wet weight (Kehris 2022; FAO/WHO 2012). This human right is threatened by marine Hg pollution, as
studies show that currently about one-third of all commercial fish have Hg levels that pose a risk to humans
when consumed regularly (Burger and Gochfeld 2011).
Because of the continued emission of Hg, the long residence time, and its toxicity, Hg remains a pollutant
of major concern, with major costs associated with its pollution. It is estimated by Chen et al. (2019) that 375

in 2010 Hg pollution resulted in 7,360 deaths in China due to MeHg-related heart attacks; additionally, it
is estimated that there is a cost of 16$ billion per year in the EU and US due to the loss of intelligence
in children (Bellanger et al. 2013). An attempt to quantify the total cost of Hg pollution was made by
Zhang et al. (2021) by propagating the estimated cost of all forms of Hg pollution. They estimated that
the total global cost of Hg pollution would be 16$ trillion between 2010 and 2050, with a 95% confidence 380

interval that is between 4.7$–54$ trillion if we keep the current policy scenario. This is an enormous
cost in a financial sense, but it cannot be forgotten that this cost is driven by human suffering and the
opportunity loss of lost intelligence in children. Additionally, the risk of MeHg toxicity is highest in children in
communities in developing countries that rely on fishing for sustenance, while especially these people need
the intelligence of future generations to increase their economic prospects (Li et al. 2024). As discussed 385

earlier, the emission of Hg is incredibly hard to directly tackle, and historic emissions will remain relevant
in the foreseeable future. Because of this, it is important to fully understand what happens to Hg that is
emitted and what cost it incurs. An invaluable tool for this is the use of models that can estimate the total
cycle of Hg and can link Hg emission to the MeHg exposure in people.

1.5 Towards the end-to-end modeling of Hg cycling 390

1.5.1 Bioaccumulation; the end station of Hg emissions.

As discussed in the previous segment, significant progress has been made in the modeling of Hg cycling.
While all models can always be improved, we have a general understanding of atmospheric Hg cycling.
Our ability to model Hg in the marine environment is, however, less advanced. This is partially because,
in the marine environment, Hg reacts with the ecosystem and bioaccumulates, and the modeling of the 395

marine ecosystems is still in its infancy compared to our ability to model atmospheric fluxes. In this thesis,
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I focus on modeling the bioaccumulation of Hg and on identifying key drivers of the link between marine
MeHg concentrations and the concentration of MeHg in seafood.

1.5.2 Defining the bioaccumulation of Hg

When discussing the implementation of a process, such as bioaccumulation, in a model, it is first essential400

to clarify the terminology, especially since terms are sometimes used with slightly different meanings in
different sources. In this thesis, bioaccumulation refers to the net uptake, transformation, and elimination
of Hg from all sources. It is commonly expressed as a bioaccumulation factor (BAF), which is the ratio of
the concentration of Hg in an organism and the concentrations in its surroundings (Neely 1980). The BAF
for marine biota can be measured by measuring both the concentration of Hg in marine biota and in the405

surrounding water and then calculating the ratio between the two (Hamelink 1977). The most important
step in bioaccumulation is bioconcentration. Bioconcentration refers to the uptake of Hg directly from the
water column. Similarly to bioaccumulation, bioconcentration is often presented as the bioconcentration
factor (BCF), which is the ratio of Hg in the biota that originates from direct uptake from the water, and the
concentration in the water in steady state (Hamelink 1977). As mentioned above, an equilibrium between410

pollutants in the marine biota and seawater is dynamic, rather than passive (Mackay 1991). This means
that BCF and BAF are the ratios between a bioconcentration and a bioaccumulation rate, respectively, and
a release rate. In primary producers, the only bioaccumulation method is bioconcentration, and thus the
bioaccumulation and bioconcentration rates are equal. This rate depends on the chemical form of Hg and
the surface of the contact area between the organism and the water (Mason et al. 1995). This means that415

smaller primary producers, which have a higher surface-to-volume ratio, have a higher bioaccumulation
rate. Although both iHg and MeHg can bioaccumulate, they do not do this in the same way. MeHg has a
stronger affinity for proteins within the cytoplasm, while iHg has a higher affinity for the cell wall (Mason
et al. 1996). Although Mason et al. (1996) shows that the bioconcentration rates of iHg and MeHg are
similar and both depend on cell size, the release rates of iHg and MeHg do not. This is demonstrated by420

Pickhardt and Fisher (2007), who shows that there is no correlation between the BCF of iHg and cell size
(r2 = 0.021, p > 0.73), while the BCF of MeHg has a strong significant correlation (r2 = 0.922, p < 0.001)
between cell size and the BCF, in which smaller cells have a higher BCF.
Although BAF and BCF are the same for primary producers, this is not the case for consumers. In addition
to direct uptake of Hg from the environment, consumers can also take up Hg from their food. The increase425

in Hg with higher trophic levels is called biomagnification and is often presented as the biomagnification
factor (BMF). The BMF is the relative increase in Hg between one trophic level and the next. An example
is the feeding of the carnivorous beltfish (Trichiurus lepturus) and herbivorous Lebranche mullet (Mugil
liza) measured by Seixas et al. (2014). They found that the predator had a MeHg concentration that
was 10 times higher than that of the prey, while the predator only had 30% of the iHg concentration430

of the prey. In this case, the trophic interaction would have a BMF of 10 for MeHg and 0.3 for iHg.
As demonstrated by Seixas et al. (2014), the BMF of MeHg is generally higher than that of iHg. This
phenomenon is also noted when examining lower trophic levels and is explained by Mason et al. (1996).
Their study shows that MeHg predominantly binds to cytoplasmic proteins, while iHg mostly binds to
the cell wall. This distribution reflects the differential assimilation efficiency of iHg and MeHg during the435

predation of consumers on phytoplankton. Given that consumers more effectively absorb cytoplasmic
proteins than the lipid bilayer, MeHg associated with these proteins is transferred into higher trophic levels
more efficiently than iHg, which is bound to the cell wall. Having established that MeHg is a toxic pollutant
which bioaccumulates, leading to significant costs, the importance of efforts to comprehend this process
becomes apparent. However, prior to discussing model design, it is crucial to understand the current440

knowledge on the bioaccumulation of Hg.

1.5.3 History of bioaccumulation research

To understand how Hg bioaccumulation can be modeled today, it is helpful to reflect on how the concepts of
both bioaccumulation and modeling emerged historically, and what role they have played both scientifically
and culturally.445
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While it is debated where and when humans started metallurgy, this was likely around 6000-7000 BC and
might have been developed in different locations in parallel (Radivojević et al. 2010). The first humans were
likely oblivious to the potential harmful effects of heavy metals, or the benefits could have outweighed the
possible downsides. The first mention of the negative effect of heavy metals on human health is currently
attributed to the Greek physician Nicander of Colophon, who described acute paralysis and colic after 450

high-dose lead exposure (Riva et al. 2012). The cornerstones of what would become bioaccumulation
research were arguably first presented by Pliny the Elder in Naturalis Historia. He described that the food
of animals influences the quality of the meat and that lead can have negative health effects on humans
and animals (Bartnik 2023; Pliny the Elder 0077). While Pliny the Elder described that the quality of the
food of animals depended on their diet, this was concerning the flavor, and the link between pollutants in 455

the diet of animals affecting the predator consuming those animals was not made until early modern times.

1.5.4 Towards our modern understanding of bioaccumulation

During the industrial revolution, arsenic became a commonly used fertilizer to assist in the agriculture
of wine and wheat (Hughes et al. 2011). Although this was very effective as a pesticide, crops readily
absorbed arsenic, which could cause arsenic intoxication when the produce was consumed. This started 460

to attract attention as several lethal outbreaks of arsenic toxicity occurred, notably an outbreak of arsenic
toxicity in beer in England that affected 6,000 people and killed 70 (Dyer 2009; Copping 2009). It can
be argued that our modern understanding of bioaccumulation started when Rachel Carson published the
book Silent Spring in 1962 (Carson 1962). In this book, she outlined that pesticides can accumulate in the
natural environment, where they can disrupt natural ecosystems and cause cancer and nervous diseases 465

in humans. A major further step in our understanding of bioaccumulation occurred when Donald Mackay
applied the concept of fugacity to the environmental system. Fugacity, first mentioned by Newton Lewis
and Gilbert Newton Lewis (1901), describes substances’ escaping tendency between phases. Mackay
demonstrated that pollutants in nature are distributed between compartments according to the principles
of fugacity. This framework showed that pollutant distribution between compartments under equilibrium 470

conditions is dynamic and that apparent steady-state represents the net flux of a continuous bidirectional
flux (Mackay 1991).

1.5.5 Modeling: A Tool for Enhancing Understanding of Bioaccumulation

One sector that is fast growing in capabilities is the use of models for pollution and bioaccumulation re-
search. Moore’s law, which states that the transistor density on chips doubles every two years, has been 475

accurate over the last 6 decades, and computational power increased significantly (Zhu et al. 2023; Moore
1965). Most importantly, this resulted in a dramatic reduction in computing costs, making high-performance
computing more accessible across a wide range of research fields (Nordhaus et al. 2006). This allows re-
searchers to make increasingly complex models to simulate complex interactions. At its core, a model is a
simplified representation of a more complex system. In this way, models help us understand complex sys- 480

tems (Box 1976). Another benefit of using models is that we can use them to perform in silico experiments.
A model allows us to simulate a complex system, such as the world oceans, and analyze how changes to
the system, such as increased Hg emissions, global warming or the building of wind parks, influence the
MeHg concentration in fish.

The referenced Historia Naturalis by Pliny the Elder is widely considered the first encyclopedia ever
written. It consists of 37 books grouped into 10 volumes, each of which could be referenced indi-
vidually. This was an innovative approach for its time, as it allowed for systematic referencing and
validation of information. Pliny compiled over 20,000 facts from more than 100 different authors. The
work remained so influential that it became a model for later encyclopedias and was one of the first
books printed after the invention of the printing press.
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The core motivation for writing this thesis is the risk posed by the high concentration of MeHg in fish. To485

address this challenge, we can build a model that links Hg concentrations in the ocean to MeHg bioac-
cumulation in fish to understand the processes governing Hg bioaccumulation. There are several ways in
which we can approach this.

Non-mechanistic models

Non-mechanistic models are those that do not directly represent the underlying processes. Statistical490

approaches provide a framework to place measurements and transform data into general, quantifiable
assertions (Judd et al. 2014). Tools such as frequentist, Bayesian statistics and machine learning can be
utilized in non-mechanistic models to estimate probabilities and make predictions (Clark 2005; Jermilova et
al. 2025). These approaches perform best when large datasets are available (Dou et al. 2023). However,
due to the high cost of sampling Hg in the marine environment and logistical challenges, data availability is495

often limited (Cossa et al. 2022). This low amount of data makes it difficult to train complex models, such as
neural networks, to estimate MeHg concentrations in fish based on anthropogenic emissions. Moreover,
data-driven models have limited usability outside of their training regime, which makes the limited data
even more problematic (Reichstein et al. 2019). An example of a non-mechanistic model producing an
unlikely outcome is a study linking atmospheric Hg concentrations to Hg concentration in fish by Zhang et500

al. (2022). They found that over a 35-year period, there was an inverse relationship between Hg emission
and Hg concentrations in fish in China. It is unlikely that increased Hg emission would drive a reduction
in fish Hg concentration; thus, it is likely that there are other drivers influencing the fish Hg concentration
that are not accounted for in this non-mechanistic model, such as marine MeHg methylation or changes in
the ecosystem. To better understand these drivers, it is often necessary to use mechanistic models that505

explicitly resolve Hg cycling and bioaccumulation. This way, these drivers can be accounted for, identified,
and quantified. These mechanistic models typically take one of two approaches: modeling the movement
of substances (Lagrangian models) or modeling their distribution in space (Eulerian models).

Lagrangian models

Lagrangian models focus on tracking where something goes or where it originates from. The pollutant is510

tracked through space and time. For pollution research, this is interesting as it allows us to estimate where
pollution ends up, or what is causing observed pollution. Research questions that can use a Lagrangian
model are, for example: when a Hg spill occurs, where does this Hg go, and how will it increase the
MeHg concentration in what seafood? Examples of Lagrangian models used in Hg pollution research are
the Regional Lagrangian Model of Air Pollution (RELMAP) by Bullock et al. (1998), which simulates the515

atmospheric emission, transport, diffusion, transformation, and deposition of several Hg species using a
Lagrangian modeling approach, a special version of the NOAA HYSPLIT4 model.

Eulerian models and their core components

Eulerian models do not track the pollutant, but instead focus on modeling the concentration on a grid within
a defined area. As Eulerian models are extensively used in this thesis, I will go over them in more detail520

and describe the essential components of a Eulerian model in more depth. Since the main focus of this
thesis is to quantify biological drivers of MeHg bioaccumulation, I will also discuss here why a Eulerian
model is useful in this context.

Setup; Grid and initial conditions525

As a Eulerian bioaccumulation model estimates bioaccumulation in a certain area over time, it is essen-
tial to define this area and its dimensions first. The model can, for example, be a 3D model of all global
oceans for Hg air-sea exchange (Soerensen et al. 2010), or MeHg bioaccumulation (Zhang et al. 2020), a
2D model of Hg cycling in the Xiaxi river (Zhu et al. 2017), or a 1D model to resolve Hg dynamics in the
Black Sea (Rosati et al. 2018). Eulerian models are based on a structure made up of discrete grid cells.530

Most Eulerian models typically rely on structured cubic grids, but modern models allow for variable reso-
lution grids. This enables high spatial resolution in areas where this is important, such as coastal zones,
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while maintaining computational efficiency in less variable zones such as the open ocean (Logemann et al.
2021).

535

External drivers and boundary conditions
For marine models, it is essential to establish external forcing from outside the model. Key physical drivers
include tides and light, more specifically, Photosynthetic Active Radiation (PAR) (Zhao et al. 2019; Thewes
et al. 2022). Additional nutrient deposition plays a key role in the ecosystem dynamics of the North Sea
(Troost et al. 2013). A related essential component is the boundary conditions, which specify processes at 540

the model domain’s boundaries, for instance, during horizontal advection, sedimentation, or evaporation.
These boundary conditions also outline external inputs like riverine inflows or lateral advection, which can
significantly influence the behavior of the model (Mikolajewicz and Maier-Reimer 1994).
For Hg cycling, there are several essential drivers, such as Hg fluxes from atmospheric deposition and
exchange, riverine input, or Hg dry deposition via the deposition of dust particles that would be defined as 545

boundary conditions (Bieser and Schrum 2016; Liu et al. 2021; Cossa et al. 2023).

Advection and diffusion
In marine systems, the concentration of a pollutant such as MeHg is dependent on the water movement.
This happens through two processes: advection, which refers to large-scale transport by currents and 550

tides, and turbulent diffusion, which captures the small-scale mixing driven by turbulence. These physical
processes are governed by the Navier-Stokes equations, which describe how water moves in response
to forces such as gravity, pressure, and viscosity. In order for us to estimate the MeHg concentration, we
therefore need to take this into account (Griffies 2003).
To estimate the change of the concentration of something, such as MeHg in a grid cell in biogeochemical- 555

hydrodynamic models, we can use a tracer transport equation, which calculates the change in concentra-
tion under the effect of advection, diffusion and biogeochemical reactions (Fennel and Neumann 2015).
This means that the concentration change of state variable C in an ocean model can be calculated as:

∂C
∂t

= −u
∂C
∂x
− v
∂C
∂y︸ ︷︷ ︸

horizontal advection

+ −(w + ws)
∂C
∂z︸ ︷︷ ︸

vertical advection and sinking

+Dh

(
∂2C
∂x2

+
∂2C
∂y2

)
︸ ︷︷ ︸

horizontal diffusion

+
∂

∂z

(
Av (z)

∂C
∂z

)
︸ ︷︷ ︸

vertical diffusion

+ S︸︷︷︸
source/sink

(1.1)

C = Tracer concentration [e.g. ng Hg m−3]

u, v ,w = Velocity components in x , y , z [m s−1]

ws = Sinking velocity (vertical) [m s−1]

Dh = Horizontal diffusivity [m2 s−1]

Av (z) = Vertical diffusivity, function of depth [m2 s−1]

S = Grid cell specific source or sink terms [e.g. ng Hg m−3s−1]

t = Time [s]

Biogeochemical reactions per grid cell
S in equation 1.1 represents all source and sink terms, which occur solely within grid cells. These terms
might include riverine inflow of MeHg at a model domain boundary grid cell, sedimentation in a bottom grid
cell, or MeHg production and degradation driven by biogeochemical reactions. Each grid cell undergoes
biogeochemical reactions, which are the core of the bioaccumulation processes modeled in this thesis.
These reactions would involve, among other things, the growth of phytoplankton based on available light
and nutrients, the recycling of nutrients, the speciation of Hg, and, of course, bioaccumulation. Here, it is
important to clarify some terminology. The biogeochemical components of the model are declared as state
variables. State variables can react in chemistry and are moved by currents. Most of the equations that
drive changes in state variables are dependent on constant rates; these are called parameters (Soetaert

24



CHAPTER 1. INTRODUCTION

and Herman 2009). A final type are diagnostic variables; these variables are calculated from state
variables but not transported or influenced directly by hydrodynamics. We can, for example, use this for
the estimation of how MeHg is broken down by PAR in a process called photodemethylation (Sellers et al.
1996). This process is calculated as:

dCMeHg

dt
= −KPD · PAR · CMeHg (1.2)

where:

CMeHg = MeHg concentration [ng Hg m−3]

KPD = Photodemethylation rate constant [ s−1]

PAR = Photosynthetically active radiation [W m−2]

Here, the CMeHg is a state variable, KPD is a parameter, and PAR is an external driver. This represents
a sink term for MeHg. If the demethylation rate is saved as a separate output variable, this would be a560

diagnostic variable.
If we assume that PAR is constant, we can analytically solve this as a linear first order differential equation,
and use this to calculate the MeHg concentration at time step t as follows:

CMeHg(t) = CMeHg(0) · e−KPD·PAR·t (1.3)

where:

CMeHg(t) = MeHg concentration at time step t [ng Hg m−3]

CMeHg(0) = MeHg concentration at time step 0 [ng Hg m−3]

This way, most processes can be described as a pseudo-first order reaction. However, there is a limitation
to this approach. Many biogeochemical reactions are dependent on the concentration of the reactants565

themselves; in this case, the process would need to be implemented as a higher order reaction. In the
case of photodemethylation, the MeHg concentration at a given time depends on its prior concentration
and its loss rate (Black et al. 2012). This results in first-order exponential decay. If we estimate the change
in MeHg concentration during peak daylight by applying an exponential decay over a 1-hour interval, we
may underestimate or overestimate the actual concentration due to variability in PAR during that hour.570

Similarly, growth processes, such as phytoplankton growth, can show exponential increases during periods
of optimal conditions (Geider et al. 1998). Assuming a constant rate over an hour in such cases could lead
to model-breaking overestimation of biomass. This can be mitigated by reducing the time length, but
while reducing the time step size improves accuracy, it increases computational cost (Singh et al. 2022).
Because of this, the Ordinary Differential Equations (ODEs) are solved numerically, using solvers that575

account for time-dependent rates and nonlinear feedbacks. This allows the time step to remain larger
while preserving model stability.

Ordinary Differential Equation solver
As discussed, one of the main issues in analytically solving the ODE is exponential growth; as such, the
easiest method to circumvent this is the forward Euler ODE solver, which was presented by Leonhard
Euler and dates back to 1768 (Euler 1768). To approximate the MeHg concentration as a result of photo
demethylation using the Forward Euler approximation, the rate of change of MeHg at time step n first
needs to be calculated. This can be done by solving equation 1.2 with the value for PAR at timestep n:

f (Cn
MeHg , t

n) =
dCMeHg

dt

∣∣∣∣
t=tn

(1.4)

where,

n = indexed time step [−]
f (Cn

MeHg , t
n) = Is the change in MeHg at time step n [ng Hg m−3 s−1]
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This approximates the solution to the ODE as follows:

Cn+1
MeHg = Cn

MeHg + Dt · f (Cn
MeHg , t

n) (1.5)

Rather than assuming that the exponential behavior persists throughout the full time step, the forward Eu-
ler method takes the tangent (the rate of change) at the beginning of the time step and assumes it remains
constant over the time step. This linear approximation can introduce errors, but it is computationally ef- 580

ficient and significantly increases the stability of the model compared to assuming exponential growth by
analytically solving the ODE.
Other ODE solvers offer improved accuracy and stability over the forward Euler method. One commonly
used alternative in modern numerical modeling is the fourth-order Runge–Kutta method. This was devel-
oped in 1901 by Carl Runge and Martin Kutta (Kutta 1901).

k1 = Dt · f n
c (tn, Cn

MeHg)

k2 = Dt · f n
c

(
tn +

Dt
2
, Cn

MeHg +
k1
2

)
k3 = Dt · f n

c

(
tn +

Dt
2
, Cn

MeHg +
k2
2

)
k4 = Dt · f n

c (tn + Dt , Cn
MeHg + k3)

Cn+1 = Cn +
1

6
(k1 + 2k2 + 2k3 + k4)

This method evaluates the rate of change at four points within the time step, then combines them to pro-
duce a weighted average estimate. Although the fourth-order Runge–Kutta method is computationally
more expensive than the forward Euler method, its higher accuracy and improved stability often allow for 585

larger time steps, making it more efficient in practice for many systems. As a result, it is widely adopted in
environmental and biogeochemical models (Schippmann and Burchard 2011).

Using models to link rates to reality 590

Eulerian models are used in this thesis because they provide a robust framework for simulating the spatial
and temporal dynamics of Hg species in the marine environment. A laboratory experiment can estimate
Kpd but we need to take the environment, in which the rates occur, into account. Modeling allows us to
estimate CMeHg , based on Kpd in a realistic scenario. In doing so, we can link experimentally obtained
reaction rates to MeHg bioaccumulation in biota. The central objective is to identify which biological pro- 595

cesses significantly influence the bioaccumulation of MeHg in fish and quantify this. This approach allows
us to go beyond correlational studies and estimate how changes in biological activity translate into differ-
ences in MeHg exposure at higher trophic levels. Further models allow us to isolate individual processes
and perform process studies that are not possible in a laboratory setting.

1.5.6 Recent modeling efforts facilitate bioaccumulation modeling 600

To make a model that is actually useful, we first need to identify which role the model should fulfill and how
it is different from existing models. Models currently have the capabilities to simulate atmospheric transport

The Navier-Stokes equations originated when Claude-Louis Navier and George Gabriel Stokes inde-
pendently derived the equations to describe the motion of fluids. This approach was revolutionary as
it applied Newton’s second law of motion (force = mass ∗ acceleration) to fluids, which allowed a
fluid to be treated as a continuous medium rather than discrete particles. The solving of this equa-
tion, does, however, not mean we fully understand turbulence. The Navier-Stokes equation is one of
the seven ”million-dollar price problems”; if anyone can prove that the Navier-Stokes equation can be
solved for all initial conditions, they receive one million USD, a challenge that remains unsolved.
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and oceanic deposition in models such as GEOS-Chem (Selin et al. 2008), ECHMERIT (Jung et al. 2009),
GEM-MACH-Hg (Dastoor et al. 2015), MITgcm-ECCO2-Hg (Zhu et al. 2023) WRF-Chem (Hedgecock
et al. 2024), and the CMAQ (Bullock and Brehme 2002). New advancements in hydrodynamics models605

such as the ocean compartment of the ICOsahedral Nonhydrostatic weather- and climate model (ICON-
O) (Korn 2017), Semi-implicit Cross-scale Hydroscience Integrated System Model (SCHISM) (Zhang et
al. 2023a), Generalised Ocean Turbulence Model (GOTM) (Burchard et al. 1999a), Finite-volume Sea
ice-Ocean Model (FESOM2.0) (Scholz et al. 2019) enable the estimation of how this deposited Hg is
transported. The currently fast-developing field of ecosystem models allows for the estimation of carbon610

fluxes in ecosystem models such as the ECOsystem MOdel End to End (ECOSMO E2E) (Daewel et
al. 2019) and the European Regional Seas Ecosystem Model (ERSEM) (Butenschön et al. 2016). This
means that we can now model where Hg is deposited in the oceans, how it is cycled, and what carbon
fluxes are there. These recent advancements in other modeling fields mean that bioaccumulation can
now be incorporated explicitly in these complex Eulerian models, for example in a 3D Hg cycling and615

bioaccumulation model in the Mediterranean Sea (Rosati et al. 2022).

1.5.7 The role of modeling in Hg management

There are several compelling reasons for using models in Hg management, each incorporating two fun-
damental elements that enhance their usefulness. At times, the use of models is not just beneficial but
essential. Since we have only one Earth, when estimating the future impact of specific Hg emissions, we620

face two choices: either we release the estimated quantity of Hg and observe the outcomes or we develop
a model to forecast these effects. The first option is limited by the inability to repeat or alter scenarios if
they prove detrimental. Consequently, modeling becomes a means to anticipate future outcomes. While
nobody can predict the future, least of all modelers, a model can help to guide an educated guess under
certain constraints. The second reason is that models are generally cost-effective to design and deploy.625

Despite the notable computational expenses, employing models to interpolate between measurements
typically proves more practical than expanding research fleets. These theoretical benefits allow models to
support the Minamata Convention in several practical ways.

Support the evaluation

The first way in which models can be used to support the Minamata Convention on Mercury is to support630

its evaluation. As mentioned in the segment about the global Hg budget, new anthropogenic emissions
are only a small fraction of global Hg fluxes, but the Hg emissions today can remain in the biosphere
for millennia. Models can be used to contextualize measurements of environmental Hg concentrations
and compare these to emission data reported by countries. Models help evaluate if countries accurately
estimate their Hg emissions.635

While Moore’s Law is a relatively well-known phenomenon, many people don’t fully grasp its scale.
Computational power is often quantified by how many Floating-Point Operations Per Second (FLOPS)
a processor can calculate. If a computer can calculate 1 billion floating-point calculations per second,
it has 1 GIGA-FLOP, or GFLOPS. The first supercomputer used by the German Climate Computing
Centre (DKRZ), the Cray-2S, had a peak performance of about 1.9 GFLOPS and cost the equiva-
lent of around C46 million in today’s money (adjusted for inflation). In contrast, a modern Samsung
smart fridge, such as the Samsung Family Hub (3.0 and later), has a built-in processor with a raw
performance in the range of 10–15 GFLOPS, nearly an order of magnitude more. While actual per-
formance depends heavily on code optimization and architecture, this highlights a remarkable trend:
global climate models from the early 2000s can, in principle, now be run and tested on a modern
personal computer. What once required access to a supercomputing facility can today be explored
from a desktop, thanks to decades of exponential growth in computing power.
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Improve monitoring

Erroneous Hg reporting does not mean malevolent reporting. A complication with Hg emissions is that
Hg is released in extremely low quantities, and it might be hard to assess, especially for developing coun-
tries. This is especially true for small-scale artisanal gold mining. As this is generally performed illegally,
countries would not have reliable data to report regarding their Hg emissions. Models can be used to 640

reconstruct emissions based on measurements. The point of this is not to blame a specific country for its
Hg emissions, but efforts to mitigate emissions can only effectively be deployed if there is a good under-
standing of the origin of these measurements.

Cost benefit analyses

Once it is understood how and where Hg is emitted, it can be estimated why this Hg is emitted and what 645

the cost of preventing this emission would be. The ideal scenario for policymakers is to use the predictive
capacity of models to estimate the costs and benefits of policies before they are implemented. When mod-
els can accurately predict the outcome of policies, they can be used to ensure an efficient and beneficial
policy is implemented with reasonable costs and trade-offs. Although models are never perfect, some
models have already been used to this end in Hg management. Examples are the use of atmospheric 650

models by UNEP in evaluating the Minamata Convention (UNEP 2021). The problem with this, in regard to
Hg, is that due to the combination of Hg’s ability to engage in long-range atmospheric transport, its com-
plex cycling in the marine environment, and its ability to bioaccumulate, it moves through different areas
of the biosphere that are typically captured in different models. To this extent, a framework that models
and analyzes Hg through different compartments is needed. To this extent, the Multi-Compartment Hg 655

Modeling and Analysis Project was started to assist the Minamata Convention Dastoor et al. (2024).

Multi-Compartment Hg Modeling and Analysis Project (MCHgMAP)

The MCHgMAP is a global initiative designed to enhance our comprehension of worldwide Hg dynam-
ics, to support the Minamata Convention on Mercury. This initiative focuses on developing a system of
atmospheric, terrestrial, and oceanic models. By unifying these models under a standardized framework, 660

a comprehensive model can be created, connecting Hg emissions to MeHg concentrations in marine life.
This integrated model across various domains enables us to first assess our knowledge of mercury cycling.
When the model accurately reproduces historical patterns, it can be used to predict baseline future trends
of MeHg levels in seafood, based on existing policy scenarios. With this improved model, policymakers
can then use the model to predict the impacts of different policy options and cost-benefit analyses. It is 665

important to acknowledge, however, that as models become increasingly complex, it is critical to ensure
they function correctly, as uncertainties in individual models can propagate. Especially in the modeling
of bioaccumulation, there are several limitations that can drive uncertainty and reduce the quality of the
model.

Of course, when estimating costs, the answer is always ”it depends.” But it can be informative to
do a simple back-of-the-envelope estimation to visualize the scale of investment in modeling versus
empirical science. The German Climate Computing Centre (DKRZ) had an annual budget of C15
million in 2024, while the operating cost of the German research icebreaker Polarstern is estimated at
C21.4 million per year. This means that a single research icebreaker costs more to operate than the
entire German national climate modeling effort. Naturally, this is just an illustration, there would be no
good models without empirical data to validate and improve them, and both approaches are essential
to advancing climate science.
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1.5.8 Limitations of the modeling of marine Hg bioaccumulation670

Complexity of measuring marine Hg

The first complication in marine Hg modeling compared to atmospheric Hg modeling is caused by the com-
plexity of Hg measurements in the environment. Although several instruments exist that can continuously
measure atmospheric Hg, including speciation, such devices do not exist for marine Hg. Most marine Hg
measurements are still made via ship-based research, and older datasets often do not include speciation.675

Especially, DMHg is rarely measured in historic datasets. Since it is gaseous, it would have been identified
by sampling campaigns such as the ones performed in (Kuss et al. 2015; Fitzgerald et al. 2007) as DGM.
Although this is technically correct, there is a considerable difference between the way DMHg and Hg0

speciate and the potential risk they pose to food safety. This is because DMHg can be photo-demethylated
under conditions found in the euphotic zone to the bioaccumulative MMHg+. In Germany specifically, an680

additional complication is that Hg pollution used to be much higher. Because of this, measurement cam-
paigns focus on measuring if Hg is within a detection limit that is much higher than the current expected
values. Although Hg values are often below the detection limit in seawater or sediment, MeHg concen-
trations in seafood are often still above acceptable limits. The inability to reliably understand how Hg is
transported and speciated in the marine environment complicates the modeling of the source-receptor685

relationship between Hg emissions and MeHg in seafood.

Measuring and modeling different Hg species

As mentioned earlier, while only MeHg is assumed to biomagnify to very high levels in the marine food
chain, iHg has a similar bioconcentration rate at the base of the food web. When measurements only
report tHg, the ratio of tHg to MeHg adds additional uncertainty to the validation process. Although at the690

top of the food web, MeHg is likely the majority of all tHg, this might not be the case at the base of the
food web. This makes estimating important drivers, such as the biomagnification factor, harder, as reliable
measurements of different Hg species at the base of the food web are rare.

Uncertainty propagation

The second complication comes from the propagation of uncertainty. Modeling MeHg levels in high-trophic-695

level animals is the tip of the modeling iceberg. The bioaccumulation of MeHg is dependent on several
drivers that are understood to varying degrees. This complication is related to the modest amount of data
available that can be used to evaluate the model at different stages. The MeHg, and especially MeHg, con-
tent of high-trophic-level fish is relatively well known because it is so high that we can measure it. However,
to use predictive models, we must understand every step leading up to these high concentrations. Any700

uncertainty in Hg emissions, Hg transport to the marine system, hydrodynamics, Hg speciation, bioconcen-
tration, ecosystem dynamics, and biomagnification leads to uncertainty in MeHg levels in high-trophic-level
animals. If one driver is underestimated, another driver might be overestimated when evaluating which pa-
rameterization leads to realistic Hg values, leading to a reduced ability to predict the bioaccumulation of
MeHg under varying circumstances.705

1.6 Previous Hg bioaccumulation models

A variety of models have been developed to study MeHg bioaccumulation, ranging from simple frameworks
based on single studies to sophisticated 3D models capable of simulating detailed processes across space
and time. In this section, I review some of the most influential models and their contributions to our
understanding of MeHg bioaccumulation, before describing how this thesis expands upon them.710

Using 0D models towards a basic understanding of Hg bioaccumulation

To gain an initial understanding of bioaccumulation based on measurements, several zero-dimensional
(0D) models were developed. These models estimate bioaccumulation using constrained drivers and are
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essential for understanding the reaction rates applied in coupled models.
715

Trophic transfer model of iHg and MeHg by Mason et al. (1995)
Mason et al. (1995) carried out experiments analyzing the bioaccumulation of iHg and MeHg in diatoms.
They discovered that the assimilation efficiency for iHg and MeHg of 15% and 62%, respectively, strongly
overlaps with the distribution of Hg in the cytoplasm of 9% for iHg and 63% for MeHg. They presented
their ”eat-the-grapes-and-spit-the-skins” model for the difference in the assimilation efficiency of iHg and 720

MeHg, in which they explain that the assimilation efficiency of different Hg species is related to the frac-
tion that associates with the cytoplasm rather than with the cell membrane. They proposed that since the
protein-rich cytoplasm is digested more efficiently upon consumption, MeHg, which is strongly associated
with this cytoplasm, is transferred more efficiently upon consumption.
This model was instrumental in its initial understanding of Hg bioaccumulation, especially by providing a 725

framework that explained the high bioaccumulation potential of MeHg and the lower bioaccumulation po-
tential of iHg. This model led to the development of later models looking at the bioaccumulation of MeHg
in higher trophic levels.

A kinetic bioaccumulation of Hg and MeHg in water flies (Daphnea pulex) by Tsui and Wang (2004) 730

The study by Tsui and Wang (2004) expands on the work of Mason et al. (1995) by investigating the dif-
ferences between the bioaccumulation of iHg and MeHg in invertebrates, in this case, the water flea. They
demonstrate that, unlike in phytoplankton, the efflux rate constant of iHg and MeHg in zooplankton are
comparable. While they confirm the observations by Mason et al. (1995) that MeHg has a much higher
assimilation efficiency than iHg, which drives the high MeHg bioaccumulation in zooplankton. 735

By combining these models, a clearer picture emerged of the key factors driving bioaccumulation in zoo-
plankton. Phytoplankton exhibits a very high BCF for MeHg, while the BCF for inorganic iHg is lower,
primarily due to the low efflux rate of MeHg from phytoplankton. This elevated MeHg concentration is then
transferred to zooplankton, due to the high assimilation efficiency of MeHg. From there, MeHg can be
transferred further up the food chain to fish and ultimately to humans. 740

While 0D kinetic models are valuable for revealing theoretical mechanisms, they lack representation of
environmental complexity and therefore are limited in their predictive capacity for real-world systems.

Including environmental drivers to estimate bioaccumulation in nature

Building upon basic models, researchers introduced environmental factors to more realistically estimate
bioaccumulation in natural systems. These models used measured environmental Hg concentrations or 745

dynamic drivers such as temperature to improve predictions.

A trace metal bioaccumulation model that includes Hg in the Mediterranean mussel (Mytilus galloprovin-
cialis) by Casas and Bacher (2006)
Casas and Bacher (2006) combines a bioaccumulation model and a dynamic energy budget model for the 750

Mediterranean mussel. This allows them to investigate the kinetics of the uptake and elimination rates of
Hg and lead. The model quantified the contributions of physiological variables such as body and tissue
composition to the bioaccumulation of Hg.

Non-spatial MeHg bioaccumulation model linking the concentration of marine MeHg and the consump- 755

tion of seafood with MeHg in humans by Gizem Bacaksızlar and Önsel (2013)
The study by Gizem Bacaksızlar and Önsel (2013) was published in a conference proceeding of the Inter-
national Conference on System Dynamics, but I could not find a peer-reviewed version of the study. They
used a non-partially resolved dynamic simulation model to link MeHg concentration in seawater and fish
consumption to MeHg exposure in humans. They concluded that an increase in aquatic MeHg directly 760

increases MeHg concentrations at all levels of the trophic scale, including humans, and that increased fish
consumption increases the MeHg burden on humans.

A source receptor relationship of the drivers of MeHg bioaccumulation using STORM by Kim et al. (2008)
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A study of the controlling factors of MeHg bioaccumulation was carried out in Kim et al. (2008). In this765

study, a model investigating the drivers of bioaccumulation of MeHg was designed using high-bottom
Shear realistic water column Turbulence Resuspension Mesocosms (STORM). Their results showed that
the introduction of hard clams (Mercenaria mercenaria) resulted in higher phytoplankton and zooplankton
biomass and MeHg bioaccumulation. They also showed that sediment resuspension plays a critical role
in the transfer of MeHg from the sediment to the pelagic and benthic biota.770

Non-spatial MeHg bioaccumulation by Schartup et al. (2018)
Schartup et al. (2018) models the bioaccumulation of MeHg at the base of the food web. This model is
not spatially resolved, but rather relies on field measurements of several important drivers, such as DOC,
nutrients, and MeHg concentration, to feed model data so that they could evaluate the output. This study775

provides valuable information on the drivers of MeHg bioaccumulation by, among other things, the trade-off
between growth dilution and high consumption in Hg-containing foods. The results of this study highlight
that growth dilution in the marine environment does not always reduce MeHg in zooplankton, as increased
food consumption offsets this. In addition, they investigated the role of bioconcentration in consumers at
low trophic levels and concluded that this contributes to 10-20% of MeHg bioaccumulation.780

These models advanced our understanding by identifying environmental factors that modulate bioaccu-
mulation, though they remained limited by their reliance on measured field data and lack of full ecosystem
integration.

Coupling 3D models to evaluate source receptor relationships

To address the limitations of simpler models, researchers began to develop spatially explicit coupled 3D785

models. These models are capable of simulating MeHg dynamics under more realistic environmental con-
ditions and can therefore be used to analyse complex interactions using in silico experiments.

Global phytoplankton uptake model by Zhang et al. (2020)
In Zhang et al. (2020), a global model is used to model MeHg bioaccumulation at the base of the food790

web. This study models MeHg formation and bioaccumulation of MMHg + at the second level on a global
scale. This allows it to be used to analyze the global pattern of MeHg bioaccumulation. Although it has
two different groups of zooplankton, they feed on different groups of phytoplankton and not on each other.
So, there is no modeled trophic cascade after the second trophic level.

795

Kinetic toxicology bioaccumulation model by Li et al. (2022)
Li et al. (2022) incorporates the bioaccumulation of MeHg in the Beaufort Sea shelf food web using the
Ecotracer module of Ecopath with Ecosim. This comprehensive module incorporates both passive uptake
of MeHg by low trophic level consumers and the demethylation of MeHg in high marine mammals. They
show that a complex food web with a relatively simple parameterization of MeHg bioaccumulation can800

accurately predict the bioaccumulation of MeHg in benthos. Furthermore, they demonstrate that uptake in
macrobenthos is the main driver of MeHg variability in high-trophic-level fish. Finally, they show that there
are no experimentally obtained in vivo demethylation rates for MeHg available in marine mammals, but
that the MeHg concentration would be highly sensitive to in vivo demethylation.

805

Coupled 3D Mediterranean uptake by Rosati et al. (2022)
A second recent modeling effort focused on modeling MeHg bioaccumulation in the Mediterranean Sea by
Rosati et al. (2022). They used a fully coupled 3D model for bioaccumulation in the marine food web of
the Mediterranean Sea. They used their model to investigate the bioaccumulation drivers and used this to
identify regions at increased risk of high MeHg bioaccumulation.810

Bridging this gap is essential for improving our understanding of Hg as a pollutant and refining the source-
receptor framework linking emissions to seafood safety. With this understanding of the current state of the
art, we can identify what is needed to improve future models.
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1.6.1 The current knowledge gap

As described above, the causal link between Hg emissions and MeHg toxicity in seafood is identified. 815

Human activities emit Hg, which is transported to the oceans through rivers and the atmosphere, where it
can be methylated to MeHg and bioaccumulate. The details of this process are, however, much less un-
derstood, and despite substantial progress in understanding the chemistry, toxicity, and global distribution
of Hg, major gaps remain in our ability to link marine Hg concentration to the concentration of MeHg in
seafood. This is partially because of a limited ability to model the bioaccumulation. Existing models often 820

consider the ecosystem as an optional addition to the model, rather than an integrated part of the ma-
rine systems. In addition to this, the ecosystem complexity is underestimated due to real-world limitations
in models, such as competitive power and limited observations to evaluate the models. Addressing this
knowledge gap is an essential step towards a better understanding of Hg as a pollutant and the source-
receptor relationship between Hg emissions and seafood safety. 825

1.7 The research goals of this thesis

The central aim of this thesis is to quantify the biological drivers of Hg bioaccumulation in marine food
webs. This includes both biological drivers of iHg and MeHg cycling. While MeHg poses the largest threat
to human health, iHg is an essential component of the marine Hg cycling, and the bioaccumulation of
MeHg can only be understood as a component of a large complex biogeochemical cycle, rather than a 830

stand-alone interaction.
Because marine bioaccumulation modeling is still relatively underdeveloped compared to other forms of
pollution modeling, such as the atmospheric Hg cycling, bioaccumulation is potentially a weak spot in
Hg pollution modeling initiatives such as the MCHgMAP. In more developed modeling fields, extensive
knowledge is available, not only for what works in models but also what interactions are insignificant. For 835

bioaccumulation, this is not sufficiently explored. Therefore, I focus my thesis on contributing to the main
research question:

”What are the key biological drivers of MeHg bioaccumulation in the marine food web?”

Completely resolving the role of the ecosystem is beyond the scope of a single PhD project. But here I
try to support our understanding of this main research question by answering the 5 following sub-research 840

questions. These questions are all focused on identifying biological drivers of MeHg bioaccumulation that
should be incorporated in global models.

1. How can the bioaccumulation of inorganic mercury (iHg) and methylmercury (MeHg) be parameter-
ized in a biogeochemical model?

2. How does ecosystem structure and function influence mercury cycling in marine environments? 845

3. What are the dominant drivers of MeHg bioaccumulation in high-trophic-level fish?

4. How does the feeding strategy of low-trophic-level biota affect the bioaccumulation of iHg and MeHg?

5. What explains the low MeHg concentrations observed in high microbial abundance (HMA) sponges,
and how does this influence MeHg exposure in higher trophic levels?

In modeling work, previous questions often build upon the previous answers as the model is expanded, 850

evaluated, and improved. The different research questions and how they support each other to address
the main research question are shown in Fig. 1.5.

Chapter 2; Incorporating bioaccumulation into the Mercy v2.0 model

First, I needed to design, implement, and validate the model. This led to the first sub-research question:

”How can the bioaccumulation of iHg and MeHg be parameterized in a biogeochemical model?” 855
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The first step in bridging the knowledge gap is incorporating bioaccumulation in an up-to-date, fully coupled
model. This is explained in detail in Chapter 2. I contributed to the development of the 3D Mercy v2.0
model that links atmospheric Hg concentrations to the bioaccumulation of MeHg in fish by designing the
bioaccumulation module of this model, thus linking marine Hg cycling to the bioaccumulation of MeHg in
fish. This, of course, is not as much a scientific hypothesis as a model technical question. Nonetheless, it860

is important to critically evaluate if the implementation is correct and if the model provides results that are
in line with observations. Only if this question is answered can we focus on more fundamental research
questions.

Chapter 3; Bioaccumulation as a driver of high MeHg in coastal seas

Afterwards, I used the MERCY v2.0 model to evaluate three sub-research questions. For the first question,865

I wanted to know if bioaccumulation is only of concern because it leads to high concentrations of MeHg in
seafood, or if it also has a significant effect on marine Hg cycling.

”How does ecosystem structure and function influence mercury cycling in marine environ-
ments?”

In chapter 3, I used both the 3D MERCY v2.0 ECOSMO Hamson setup, and I present a new 1D MERCY870

v2.0 GOTM setup to evaluate the role of ecosystem drivers on Hg cycling. I use this model to quantify
the feedback between the ecosystem and the Hg cycle in the North and Baltic Seas. Here we will investi-
gate how ecosystem interactions, notably bioaccumulation, biogenic reduction, and partitioning of iHg and
MeHg into detritus and DOM originating from the ECOSMO E2E model, affect marine Hg speciation and
the Hg budget of the North and Baltic Seas. This is one of the key research questions of my thesis. If the875

ecosystem proves to be insignificant in Hg cycling, global Hg cycling models do not necessarily require
a coupled ecosystem component, and bioaccumulation can be estimated either using reanalyses data or
potentially a proxy based on basic assumptions of the animals of interest, such as the trophic levels and
marine MeHg concentrations. If, on the other hand, the ecosystem proves to be an integral part of the
global Hg cycle, models must have a coupled ecosystem component, as it will not be possible to reliably880

replicate the observed marine MeHg concentration without one of its key drivers.

Chapter 4; Bioconcentration in consumers: a key driver of MeHg in fish

The 1D MERCY v2.0 model is also used to investigate drivers of MeHg bioaccumulation in high-trophic-
level fish. In Chapter 4 I evaluate the 3rd sub-research questions:

”What are the dominant drivers of MeHg bioaccumulation in high-trophic-level fish?”885

Here, I evaluate how the inclusion of the bioconcentration of MeHg and the bioaccumulation of iHg affects
the bioaccumulation of MeHg in fish. The 1D model used in this study is computationally relatively cheap to
run with extra state variables. Because of that, we can use this 1D setup to include several potential drivers
of MeHg bioaccumulation before running the model again while excluding these drivers. This enables me
to examine which bioaccumulation interactions should be included in models and which can be excluded890

to enhance model efficiency. Although this improvement is not essential for the 1D setups employed in this
study, it becomes crucial when executing global 3D Hg bioaccumulation models. Consequently, I contribute
to future developments by determining which variables should be incorporated or omitted in these more
complex models.

Chapter 5; Feeding strategies and their role in Hg bioaccumulation895

In Chapter 5, I further update the 1D MERCY v2.0 GOTM setup. Here, I replace the high trophic levels
of the original ECOSMO E2E model by including 6 megabenthos functional groups. I only changed their
feeding strategy and left all other rates equal. This allows me to isolate the effect of the feeding strategy,
and I can use this model to investigate which feeding strategies can result in especially high or low values
of the iHg and MeHg values. Which allows me to answer the following sub-research question:900
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”How does the feeding strategy of low-trophic-level biota affect the bioaccumulation of iHg and
MeHg?”

This is important to understand, since the bioaccumulation into low trophic level animals determines the
concentration of MeHg in the food of high trophic level animals, and can therefore influence the MeHg
bioaccumulation in high trophic level fish. A key reason why this is an important research question is that it 905

addresses a second important question: Should the bioaccumulation model incorporate multiple animals
that occupy similar trophic levels, or is it adequate to simulate general ecosystem dynamics? If the feeding
strategy significantly influences MeHg bioaccumulation, it clearly suggests that the modeled ecosystem’s
complexity should reflect differences among organisms beyond mere trophic interactions.

Chapter 6; DOM uptake and Demethylation in HMA Sponges: Drivers of Low MeHg in Benthic Food 910

Webs

The final sub-research question is evaluated in Chapter 6. This is a case study where I bring the lessons
learned from the previous chapters together to analyze a real-world ecosystem. Here, I investigate the
potential in vivo demethylation rate in sponges by modeling sponges in the Mediterranean Sea in the well-
studied bay of Villefranche. By comparing bioaccumulation in the modeled sponges with field observations, 915

I can estimate the likely demethylation rates of MeHg in these sponges. Finally, I used this model to analyze
how the different amounts of sponge biomass will influence the MeHg content of higher trophic levels. I do
this by updating the model presented in Chapter 5 by giving the 6 megabenthos functional groups realistic
feeding, mortality, and respiration rates. Then I include a 7th megabenthos functional group, the high
Microbial Assemblage Sponge. This allows me to answer the final sub-research question: 920

”What explains the low MeHg concentrations observed in high microbial abundance (HMA)
sponges, and how does this influence MeHg exposure in higher trophic levels?”

By answering this final research question, I can contextualise my findings, and transform my results from
a model technical outcome to a prediction of how certain ecosystem dynamics that are influenced by an-
thropogenic factors can influence Hg bioaccumulation. The answers to this research question go beyond 925

recommendations for modelers, but can be used to answer an important question concerning policy mak-
ing: do vulnerable ecosystems, such as sponge grounds, influence Hg cycling, and does their preservation
or destruction influence the MeHg loading on commercial fish?

Discussion & future work

After addressing each chapter and resolving the sub-research questions, all elements will converge in 930

Chapter 7. Here, I have summarized all the answers to the sub-research questions and evaluated how
this thesis contributes to the main research question. These findings are integrated in Chapter 8. In this
section, I discussed what I think are the main constraints of the model. The discussion serves as a basis
for identifying key areas for further work. This is expanded upon in Chapter 9, wherein I will review the
crucial research questions that remain unaddressed and outline what should be prioritized in forthcoming 935

Hg research, both for modeling, laboratories, and field studies.
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Figure 1.5: The basic thesis outline. The MERCY v2.0 design is discussed in Chapter 2. This model is
used and extended upon in Chapter 3 to estimate the role of the ecosystem in Hg cycling. The 1D version
of the model is used in Chapter 4 to identify drivers of MeHg bioaccumulation in high trophic level fish,
and expanded upon in Chapter 5 to include more megabenthic functional groups and identify the role of
feeding strategies at the base of the foodweb. Finally, the expanded megabenthic model used in Chapter 5
is expanded upon further by estimating realistic carbon fluxes and including both LMA and HMA sponges
in Chapter 6, so that we can estimate the role of in vivo MeHg demethylation.
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Figure 1.6: Sea vase (Ciona intestinalis), a tunicate. Picture taken by Dr. Eric Wurtz.
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CHAPTER 2
Incorporating bioaccumulation into the

MERCY v2.0 model

Publication Status

This chapter is based on the following publication:

Bieser, J., Amptmeijer, D., Daewel, U., Kuss, J., Soerensen, A. L., & Schrum, C. (2022).
The 3D biogeochemical marine mercury cycling model MERCY v2.0 – Linking atmospheric940

Hg to methyl mercury in fish. Geoscientific Model Development Discussions, 2022, 1–59.
https://doi.org/10.5194/gmd-2022-35

2.1 Introduction

My first contribution to reducing the knowledge gap in MeHg bioaccumulation is through my work on the
MERCY v2.0 Hg speciation model Bieser et al. 2023. This model is the first coupled model that links945

atmospheric and riverine Hg input into the marine system to MeHg concentrations in fish, as is shown in
Fig. 2.1. My supervisor, Dr. Johannes Bieser, developed most of this model; I contributed by designing
the bioaccumulation routine, assisting in the validation of the bioaccumulation, and authored a chapter in
the manuscript dedicated to this. So, Dr. Bieser modeled the link between atmospheric Hg and marine
MeHg; I expanded the model by linking the marine MeHg to MeHg in fish.950

The MERCY v2.0 model is driven by the ECOSMO-HAMSOM coupled system (Daewel et al. 2019). The
ECOSMO E2E model simulates carbon fluxes and the ecosystem in the North and Baltic Seas. It sim-
ulates 3 groups of phytoplankton, 2 groups of zooplankton, 1 group of fish, and macrobenthos. The
ECOSMO E2E model is coupled to the 3D HAMSOM (Hamburg Shelf Ocean Model) which simulates
the hydrodynamics of the North and Baltic Seas. ECOSMO is fully coupled to HAMSOM, creating the955

ECOSMO-HAMSOM coupled system, which allows feedback between the ecosystem and the physical
system. This is important, in, for example, correctly estimating light, as biota influence light absorption. Hg
cycling, however, is not expected to have significant feedback with either the physical or biogeochemical
system. Because of this, hourly output data from the ECOSMO-HAMSOM modeled system is used to
drive the MERCY v2.0 model. This makes the ECOSMO-HAMSOM-MERCY effectively an offline coupled960

system. This setup enables us to estimate Hg cycling on a temporal and spatial scale while accounting for
physical and biogeophysical drivers.
This chapter summarizes my contributions to this model. Additional analyses and visualizations of mech-
anisms and results were primarily conducted by Dr. Johannes Bieser. A detailed breakdown of the con-
tributions per author is presented in the published manuscript and displayed in table 2.1. For a detailed965

examination of the linking of atmospheric Hg concentration to MeHg concentration in fish, please refer to
the original manuscript.
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2.2 Methods

2.2.1 Bioaccumulation in the MERCY v2.0 model

To create a comprehensive understanding of the bioaccumulation of Hg, and evaluate its feedback on Hg 970

speciation, I incorporate both the bioconcentration and biomagnification of both Hg2+ and MMHg+ at every
trophic level. A schematic overview of the difference between bioconcentration and biomagnification is
shown in Fig. 2.2a. A schematic overview of the bioaccumulation in the full model is shown in Fig. 2.2b.

2.2.2 Bioaccumulation of Hg2+

The bioaccumulation of Hg2+ was also included in this model. This is often omitted as the bioaccumulation 975

of Hg2+ does not have the same health concerns as the bioaccumulation of MMHg+. While Hg2+ does not
bioaccumulate to the extremely high levels in fish, it can be a major component of the total bioaccumulated
Hg in lower trophic levels (Nfon et al. 2009). The inclusion of the bioaccumulation of Hg2 allows us to see
to which degree the uptake of Hg2+ influences Hg cycling.

2.2.3 Species dependent bioconcentration in phytoplankton 980

Bioconcentration at the base of the food web is the most important step in bioaccumulation. The uptake into
phytoplankton is controlled by the cell size (Mason et al. 1996). I estimated the most typical phytoplankton
species in the North and Baltic Seas and estimated their cell-surface-to-biomass ratio based on the size
and shape of the phytoplankton. I chose the T. Baltica for diatoms, E. Haxleyi for flagellates and A. flos-
aqua for cyanobacteria. It must be noted that most flagellates and diatoms had roughly similar sizes, but 985

for cyanobacteria, the size estimation for different species could be very variable. Which would influence
the derived uptake and release rates. Based on Olenina et al. 2003, I estimated the size and shape as
a cylinder with a radius of 12 and a height of 25 µm for diatoms, a hemisphere with a radius of 6 and a
sphere with a radius of 4 µm respectively for flagellates and cyanobacteria. This was then converted to a
surface-to-biomass ratio of 49.38, 50.42, and 86.04 cm3 mg C-1 for diatoms, flagellates, and cyanobacteria 990

respectively based on (Menden-Deuer et al. 2000).

2.2.4 Bioconcentration in higher trophic levels

We also included the bioconcentration of both Hg2+ and MMHg+ in higher trophic levels. This interaction
is often omitted as it only accounts for 10-20% of the total bioaccumulated MeHg (Schartup et al. 2018).
This is included because there are no fully coupled models that model the total effect of bioconcentration 995

in higher trophic levels, and this allows us to quantify the importance of this driver.

2.3 Results

2.3.1 Bioaccumulation of tHg

Since the ECOSMO E2E model is a Redfield ratio-based model, we needed to convert the bioaccumulation
of Hg from being normalized per carbon to biomass in dry weight. For this, we assumed a ratio of 0.2 1000

for diatoms, 0.33 for flagellates and cyanobacteria, and 0.5 for zooplankton and fish (Sicko-Goad et al.
1984; Walve and Larsson 1999). This dry weight is then converted to wet weight, assuming a ratio of
0.2 for phytoplankton, 0.16 for zooplankton, and 0.2 for fish Cushing 1958; Ricciardi and Bourget 1998.
tHg concentrations in plankton are observed to be 0.002 ± 0.001 for phytoplankton and 0.006 ± 0.005 for
zooplankton in the Baltic Sea. The yearly average modeled rates are shown in Fig. 2.3. While there is not 1005

enough data to validate the bioaccumulation on a spatial or temporal scale, the modeled values for both
tHg are well within the range of observations for both Hg and MeHg.
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Figure 2.1: Schematic overview of Hg speciation as incorporated in the MERCY v2.0 Hg speciation model.
This graph is from Bieser et al. 2023. More details on the biogeochemical mechanism are described in
this paper.

(a) Schematic representation of the bioaccumulation
mechanism implemented and the distinctions between
Hg uptake from the water column (bioconcentration) and
Hg bioaccumulation via trophic interactions (biomagnifi-
cation).

(b) Flowchart of the MERCY v2.0 model. This shows
how Hg and MeHg are bioconcentrated on all trophic lev-
els and how they can be further biomagnified via trophic
interactions.

Figure 2.2: Side-by-side overview of the Hg cycling and flowchart of the MERCY v2.0 model. Both graphs
are from Bieser et al. 2023.
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2.3.2 Bioaccumulation of MeHg in fish

The bioaccumulation of MeHg in fish was also validated. This was mostly done by Dr. Anne Soerenson,
but since this is based on the rates that I provided, I will show the results to visualize the model’s perfor- 1010

mance. The fish in the model were parameterized to resemble herring (Clupea harengus) and compared
to observed MeHg concentrations in herring in the North and Baltic Seas. The model reproduces the
observed average concentrations in herring (28 ng Hg g-1) with a -9% systematic error (25 ng Hg g-1).
While observations of bioaccumulation in captured fish cannot be linked to individual grid cells, there is
a lot more data on MeHg concentrations in fish than for dissolved MeHg and MeHg bioaccumulation in 1015

plankton. To utilize this, the model is separated into 5 regions, and the observed MeHg concentrations
in herring in these regions are compared to modeled vertically integrated yearly average values of MeHg
concentration in fish in the same region. The regions are:

• The Swedish coast

• The southern Baltic Proper 1020

• The northern Baltic Proper

• The Bothnian Sea

• The Bothnian Bay

The results of this are shown in Fig. 2.4. The model is evaluated by evaluating the Normalised Mean Stan-
dard Deviation (NMSD) per region. Over the whole Baltic Sea, the model captures the observed variability 1025

(NMSD=9%). The only notable mismatch between the model and observations is the Swedish West Coast.
Here the average modeled fish MeHg concentration is less than half the observed concentration. This is
likely caused by the regular resuspension of Hg from the sediment, which could create locallised clusters
of high tHg and MeHg concentrations. Fish in the ECOSMO E2E model are static and don’t migrate, which
might result in such an interaction not being properly captured in the model. However, because overall the 1030

modeled and measured concentrations in the Baltic Sea overlap well with a normalized bias of 3%, we
conclude that the models accurately capture the bioaccumulation of MeHg, while certain specific regional
drivers could be improved upon.

2.4 Summary and conclusion

In this paper, we linked atmospheric Hg concentration to MeHg concentration in fish. We demonstrate good 1035

agreement between the model and observations at every trophic level. While certain regional differences
in the bioaccumulation of MeHg in fish are not fully captured in the model, the overall performance of the
model in the Baltic Sea is good, with a normalized bias of 3% and a normalized mean standard deviation
of 9%. Because of this, we conclude that the MERCY v2.0 model successfully couples atmospheric Hg
concentrations to MeHg concentrations in fish. 1040

I contributed to this study by parameterizing the bioaccumulation, validating the bioaccumulation in the
phyto- and zooplankton, and helping with the validation of bioaccumulation in fish by estimating the con-
version ratios of carbon to wet weight, which was needed to validate the data. The table with author
contributions for the publications is shown in 2.1.
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Contributor role Role definition Authors

Conceptualization Ideas and formulation or evolution of overarching research
goals and aims
– for the mercury model JB
– for the bioaccumulation model DA, UD, JB

Methodology Development or design of methodology and creation of mod-
els
– Hg chemical mechanism JB, JK, ALS
– Hg and MeHg bioaccumulation DA, JB

Software Programming and software development, designing computer
programs, implementation of the computer code and support-
ing algorithms, and testing of existing code components
– for HAMSOM and ECOSMO UD
– for MERCY JB

Validation Verification, whether as a part of the activity or separate,
of the overall replication/reproducibility of results/experiments
and other research outputs

JB

Formal analysis Application of statistical, mathematical, computational, or
other formal techniques to analyze or synthesize study data
– for HgT and MeHg concentrations JB
– for Hg0 concentrations and air–sea exchange JB, JK
– for Hg and MeHg bioaccumulation at lower and higher
trophic levels

DA, ALS

Investigation Conducting a research and investigation process, specifically
performing the experiments, or data/evidence collection

JB, JK, ALS

Resources – Provision of study materials, reagents, materials, patients,
laboratory samples, animals, instrumentation, computing re-
sources, or other analysis tools

CS

– Hg and MeHg observational data JK, ALS

Data curation Management activities to annotate (produce metadata), scrub
data, and maintain research data (including software code,
where it is necessary for interpreting the data themselves) for
initial use and later reuse

ALS, JK, UD

Writing – original
draft

Creation and/or presentation of the published work, specifi-
cally writing the initial draft (including substantive translation)

JB, ALS, DA

Writing – review and
editing

Preparation, creation, and/or presentation of the published
work by those from the original research group, specifically
critical review, commentary, or revision – including pre- and
post-publication stages

ALS, CS, DA, JK

Visualization Preparation, creation, and/or presentation of the published
work, specifically visualization/data presentation

JB

Supervision Oversight and leadership responsibility for the research activ-
ity planning and execution, including mentorship external to
the core team

JB, CS

Project administra-
tion

Management and coordination responsibility for the research
activity planning and execution

JB, CS

Funding acquisition Acquisition of the financial support for the project leading to
this publication

CS, JB

Table 2.1: Author contributions for the published MERCY v2.0 model by Johannes Bieser (JB), Anne L.
Soerensen (ALS), David Amptmeijer (DA), Joachim Kuss (JK), and Corinna Schrum (CS).
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Figure 2.3: The tHg in biota as modeled by the MERCY v2.0 model. The concentrations are in ng
Hg g-1. The figures show the concentrations in Fig. a: diatoms, b: flagellates, c:cyanobacteria,
d:microzooplankton, e:mesozooplankton, f:fish.

Figure 2.4: The relationship between MeHg concentration in the MERCY v2.0 model and the observed
concentrations in fish. The graph is from Bieser et al. 2023.
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Bridging chapter

As described in Chapter 2, the model I used in this thesis is unique in several aspects. Notably, it is the first1045

fully coupled and models both the bioaccumulation of Hg2+ and MMHg+. This means that it can be used to
evaluate the feedback of the ecosystem on Hg cycling. Before we use this model to investigate what drives
bioaccumulation, I wanted to investigate whether there are notable feedback mechanisms of marine bioac-
cumulation on marine Hg cycling (e.g. speciation, concentration levels, air-sea exchange, spatio-temporal
distribution). To this extent, I ran the MERCY v2.0 model in its 3D configuration as described in Bieser et al.1050

2023 with and without bioaccumulation and without the biogenic reduction of cyanobacteria in the Baltic
Sea. Additionally, Dr. Mikheeva helped me by providing her setups for three 1D water column models in
the North and Baltic Seas that resembled a variety of hydrodynamic conditions typical for shelf oceans.This
approach allowed me to visualize and quantify the extent to which the ecosystem influences Hg cycling,
helping to determine whether including ecosystem dynamics in marine Hg speciation models is essential.1055

This means that while Chapter 2 focuses on the implementation of bioaccumulation to couple atmospheric
Hg concentration to MeHg concentrations in fish, the next chapter expands on this by evaluating the total
effect of bioaccumulation on Hg cycling. I would also like to mention the difference in terminology here.
Since the chapters are designed as standalone papers, the terms Hg2+ and tHg and MMHg+ and tMeHg
are used in the following chapter. This is done because this chapter focuses heavily on the chemistry and1060

the difference between the different Hg fractions. Because of this, the difference between Hg2+ and Hg0

and MMHg+ and DMHg is important. However, in most publications, the more general terms of iHg, Hg
and MeHg are used. This is a deliberate choice to ensure correctness in the chapter where it matters while
sticking to commonly used terminology where it doesn’t.
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Figure 2.5: Nudibranche (Aeolidiella sp.). Picture taken by Dr. Eric Wurtz.
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CHAPTER 3
Bioaccumulation as a driver of high

MeHg in coastal Seas

David J. Amptmeijer1, Johannes Bieser1, Elena Mikheeva1, Ute Daewel1, Corinna Schrum1,2
1065

1Matter Transport and Ecosystem Dynamics, Helmholtz-Zentrum Hereon, Geesthacht, Germany
2Universität Hamburg, Institute for Marine Sciences, Mittelweg 177, 20146 Hamburg, Germany

Mercury (Hg) is a toxic pollutant that poses significant risks to marine ecosystems and human health
as a result of bioaccumulation. Despite its known hazards, the processes that govern Hg bioaccumu-
lation within the marine food web are poorly understood. This study examines the role of the marine
ecosystem in Hg cycling in highly productive coastal seas. We integrate Hg biotic uptake, release
and transformation into the ECOSMO E2E marine ecosystem model, coupled with the MERCY v2.0
marine Hg cycling model. Our results show that bioaccumulation can increase total methylmercury
(tMeHg) in coastal pelagic waters from 0.059 to 0.092pM, an increase 44%. The bioaccumulation
and binding of Hg to organic matter contribute to elevated Hg levels in surface waters. Furthermore,
cyanobacteria-driven reduction of Hg2+ to Hg0 reduces average marine Hg concentrations by up to
9% above the mixed layer depth in the Gotland Deep and 20% in shallow Baltic Sea regions, and
increases Hg0 evaporation in the Baltic Sea, reducing Hg inflow into the North Sea. We quantify a 1%
increase in tMeHg per 4.5 mgC m-3 biota biomass. Finally, we show that bioaccumulation decreases
the burial of Hg by 13 kg y-1 increasing Hg export to the Atlantic Ocean and the English Channel.
These findings highlight the importance of ecosystem feedback on marine Hg cycling and demon-
strate the need to integrate biological processes into Hg cycling models.

Keywords: Mercury (Hg), Methylmercury (MeHg), Bioaccumulation, Ecosystem modeling (ECOSMO),1070

marine biogeochemical modeling (MERCY)

Publication Status

This chapter is based on the following preprint:

Amptmeijer, D. J., Mikheeva, E., Daewel, U., Bieser, J., & Schrum, C. (2025). Bioaccumulation
as a driver of high MeHg in the North and Baltic Seas. EGUsphere, 2025, 1–46. Preprint.1075

https://doi.org/10.5194/egusphere-2025-1486
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Graphical abstract

Figure 3.1: There is important feedback between the ecosystem and Hg cycling. Cyanobacteria can
reduce the tHg content in the Baltic Sea by 9% by increasing evaporation. Additionally bioaccumulation
can increase the pelagic tMeHg content by 44% and increase the export of tHg from the North and Baltic
Seas to the North Atlantic by 14 kg y-1. The image is made of several sub-images that are generated using
openArt.

3.1 Introduction

Mercury (Hg) is a naturally occurring toxic element that is extremely persistent in the environment (Driscoll
et al. 2013). It can be methylated to methylmercury (MeHg) by marine microorganisms, a dangerous
neurotoxin that can bioaccumulate in the marine food chain (Trevors 1986; Mason et al. 1995). Hg can 1080

reach levels 106 times higher in fish than in the surrounding water and can reach levels in seafood that are
unsafe for human consumption, especially during pregnancy or for developing children (Hsi et al. 2016;
Counter and Buchanan 2004; Outridge et al. 2018). The toxicity and emission of Hg received worldwide
attention in 1956 when Minamata Bay in Japan was polluted with large amounts of Hg. This Hg was
methylated by microorganisms and bioaccumulated in the marine ecosystem. Due to the consumption of 1085

polluted marine wildlife, more than 1000 people died and more were permanently disabled (Harada 1995).
Efforts to control Hg emissions culminated in the Minamata Convention on Mercury, which is a pledge to
reduce Hg emissions and is currently signed by 128 countries (Outridge et al. 2018).
To ensure the effectiveness of the Minamata Convention in controlling the level of Hg pollution, the status
of Hg emissions is periodically reviewed in the effectiveness evaluations of the Minamata Convention. In 1090

the first draft of the 2023 effectiveness evaluation, it is stated that Hg measurements in the air, biota,
and humans are the key parameters to monitor the current risk of Hg (UNEP 2021). Because samples
of high-trophic-level animals are easily available in the form of commercial fish and their Hg levels are
comparatively high and thus easier to measure accurately, Hg biomonitoring is often focused on assessing
the Hg levels in high trophic levels. In the effectiveness evaluation, it is stated that Hg levels in water can 1095

be insightful, but because of the complexity of sampling and the variability in the data, it does not receive
the same recommendation for sampling as fish and wildlife receive. This can lead to insufficient data to
understand the cycling and bioaccumulation of marine Hg at the base of the food web, although these
processes are essential in linking Hg emissions to (Me)Hg concentrations in seafood. Modeling studies
are a perfect tool to improve our understanding of these complex interactions and can help evaluate the 1100

effectiveness of Hg reduction strategies.
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3.1.1 Bioaccumulation of Hg

Because MeHg formation and subsequent bioaccumulation in seafood are the dominant source of Hg
exposure to humans, Hg levels in the world’s oceans are of special concern. Oceanic Hg levels are
influenced by a variety of sources. Hg can enter the ocean from the atmosphere through atmospheric1105

exchange of Hg0 or wet deposition of oxidized Hg2+. Along with the atmosphere, Hg can enter the global
ocean; it can enter through rivers, sea ice melt, coastal erosion, and hydrothermal vents (Zagar et al. 2006).
Hg can be released from the ocean by the evaporation of volatile Hg0 and dimethylmercury (DMHg), or it
can be buried in the sediment, removing it from the biosphere (Van Veen et al. 2002; Zagar et al. 2006;
Outridge et al. 2018). The dominant species of Hg in surface water is inorganic Hg2+. Hg2+ and Hg0 are1110

in a dynamic equilibrium, but in water, this equilibrium favors Hg2+. Although Hg0 can evaporate, Hg2+

can be methylated into two forms of organic Hg, monomethyl mercury (MMHg+) and double-methylated
DMHg. Both forms are highly toxic, but only DMHg is volatile and can evaporate from surface water, while
MMHg+ can bioaccumulate (Morel et al. 1998). The role DMHg in bioaccumulation is unknown. The sum
of MMHg+ and DMHg is referred to as MeHg. Since only MMHg+ bioaccumulates, the term MeHg, in1115

this paper, refers to the total methylated fraction of Hg in seawater. Under anoxic conditions, Hg2+ can be
bound to S2- to form cinnabar (HgS), which is considered a sink due to its low solubility (Oliveri et al. 2016).
In seawater, due to an abundance of chloride, Hg2+ and MMHg+ exist primarily in the form of inorganic
chlorine complexes. The neutral forms of these complexes, HgCl2 and MMHgCl compounds, can diffuse
through cell membranes due to their lipophilic nature or bind to organic matter (Zhong and Wang 2009).1120

The speciation of Hg with organic carbon in the marine ecosystem, such as detritus and DOM, is a complex
interaction that can influence the speciation, solubility, mobility, membrane permeability, and toxicity of Hg
(Ravichandran 2004). In summary, there are three fractions of Hg2+ and MMHg+ in our model. HgCl and
MMHgCl, referred to as Hg2+ and MMHg+ in this paper, Hg-DOM and MMHg-DOM and Hg-detritus and
MMHg-detritus. An overview of all Hg abbreviations used in this paper is shown in Table 3.1.1125

Bioaccumulation of Hg occurs when species take up Hg at a rate higher than that at which it is excreted
(Bryan 1979). The most important step in bioaccumulation is the uptake of Hg directly from the water
through respiration, absorption, or swallowing (Lee and Fisher 2016). This can lead to a concentration of
Hg inside organisms up to 100,000 times higher than in surrounding water. This process is called biocon-
centration and is especially important at the base of the food web. The second process is the increase1130

of Hg with increasing trophic position, which is called biomagnification. As a result of biomagnification,
already high bioconcentrated Hg values in phytoplankton can be amplified to extremely high values in high
trophic animals, such as predatory fish, marine mammals, and seabirds (Lavoie et al. 2013).
Bioconcentration can be measured in laboratory studies as it is the equilibrium between dissolved Hg and
Hg concentrated in biota. In the case of Hg, several chemical forms of Hg, such as Hg2+ and MMHg+ can1135

bioconcentrate at the same time and have different bioconcentration rates (Mason et al. 1996). Biomag-
nification is more variable because it depends on the trophic transfer efficiency of both biomass and Hg
and their excretion rates, which can be influenced by various factors such as life cycle, water temperature,
and diet (Borgå et al. 2004). Biomagnification can be estimated in nature by sampling stable carbon and
nitrogen isotopes with Hg to assess both the Hg content and the trophic position of a series of species1140

(Lavoie et al. 2013). The biomagnification factor can then be calculated based on the increase in Hg per
increase in the trophic position (Mackay and Fraser 2000). The bioconcentration of Hg2+ and MMHg+ can
occur at every trophic level. However, it is mainly dependent on the surface area of organic membranes
that are in contact with water and therefore dominated by microorganisms such as phytoplankton (Mason
et al. 1996).1145

3.1.2 Bioaccumulation into phytoplankton

The uptake of Hg2+ and MMHg+ into phytoplankton is a complex 2-step process in which Hg binds first to
the phytosphere before it is absorbed into the cell. Recent data suggest that MMHg uptake+ is influenced
by cell-dependent factors such as phytosphere thickness and availability of transmembrane channels for
MMHg+ transport, while this is not the case for Hg2+ (Garcia-Arevalo et al. 2024). When phytoplankton1150

is grazed, protein-bound MMHg+ uptake is much more efficient than lipid-bound Hg2+. This leads to an
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increased biomagnification factor for MMHg+ compared to Hg2+ (Mason et al. 1996). This results in much
higher levels of MMHg+ in high trophic animals compared to Hg2+, although the dissolved concentration of
Hg2+ is generally higher than the concentration of MMHg+ by an order of magnitude (Bieser et al. 2023).

In addition to Hg2+ and MMHg+ uptake, another role for phytoplankton in Hg cycling is demonstrated by 1155

Kuss et al. (2015). Their research showed that certain species of cyanobacteria in the Baltic Sea (notable
Synechococcus and Aphanizomenon) can also react with Hg by reducing dissolved Hg2+ to dissolved
gaseous Hg0. Since Hg0 is volatile and can evaporate, increasing the fraction of Hg0 can reduce the Hg.
This process is referred to as biogenic reduction.

3.1.3 Previous marine Hg bioaccumulation models 1160

Marine Hg cycling and bioaccumulation modeling have received attention in the past, with a strong focus on
MMHg+ bioaccumulation modeling. A model using the Shear realistic water column Turbulence Resuspen-
sion Mesocosms in the Beaufort Sea was presented by Kim et al. (2008); they incorporated the bioaccu-
mulation and trophic transfer of MMHg+ in a pelagic food web and the bentho-pelagic coupling to study the
effect of sediment resuspension on MMHg+ bioaccumulation. Schartup et al. (2018) made a non-spatial 1165

model of MMHg+ uptake and trophic transfer; they model bioaccumulation and trophic transfer of MMHg+

at the base of the food web. Their non-spatial model is driven by observations of aquatic MMHg+ and
successfully reproduces observed bioaccumulated MMHg+ concentrations in mesozooplankton. Zhang
et al. (2020) developed a global model for MMHg+ uptake in plankton; they modeled bioaccumulation by
assuming an instant equilibrium between marine MMHg+ and phytoplankton, and consequently modeled 1170

bioaccumulation into two functional groups of primary consumer zooplankton that were differentiated by
their size. Bioaccumulation in these zooplankton species was estimated based on the concentration of
MMHg+ in the phytoplankton they consume and a size-specific MMHg+ elimination rate. Rosati et al.
(2022) published a model for the cycling and bioaccumulation of MMHg+ in plankton in the Mediterranean
Sea; they developed a coupled 3D Hg biogeochemical transport model to assess the cycling of Hg2+, Hg0, 1175

MMHg+ and DMHg. Bioaccumulation was incorporated by modeling the bioconcentration of MMHg+ in
phytoplankton and the consequent biomagnification to zooplankton when they consume phytoplankton.
Together, these models create a strong base for understanding the coupling of MMHg+ in the marine en-
vironment to bioaccumulation at the base of the food web. This is expanded on by Bieser et al. (2023),
which couples atmospheric Hg concentrations and deposition with MMHg+ bioaccumulation in the mid- 1180

trophic level fish herring (Clupea harengus), while taking into account the bioconcentration of Hg2+ and
MMHg+ for all biota. This is done by integrating the MERCY v2.0 model to the output of the 3D ECOSMO-
HAMSOM coupled system, which models biogeochemistry and hydrodynamics in the North and Baltic
Seas on a spatial and temporal scale. In this way, the bioaccumulation of MMHg+ could be coupled to
atmospheric Hg cycling without having the models interact at run-time. 1185

In the expansion of these approaches, we implemented the bioaccumulation of Hg2+ and MMHg+ in a
fully coupled model, which includes 2 trophic levels of fish. In addition to being fully coupled, it expands
on previous models by including high-trophic-level fish while explicitly tracking the trophic level of all biota.
Similarly as in Bieser et al. (2023), we incorporate the Hg cycle and active and passive uptake of both Hg2+

and MMHg+ at every trophic level. We analyze bioaccumulation in the North and Baltic Seas in idealized 1190

1D water columns, as this region provides varied hydrodynamical environments that we can use to test
our model. Then we evaluate the importance of our findings in the same offline coupled 3D ECOSMO-
HAMSOM-MERCY system presented in Bieser et al. (2023) to estimate the effect of bioaccumulation on
the Hg cycle and the Hg and MeHg budget.

The North and Baltic Seas are shelf seas in North-Western Europe. The Baltic Sea is a brackish sea of 1195

approximately 377,000 km2, which is connected to the 575,000 km2 large North Sea via the Danish straits.
Both seas are important sources of seafood and 2 million tonnes of metric tonnes are landed annually
(ICES 2022). Hg input into the North and Baltic Seas is dominated by riverine input and atmospheric
deposition (Kwasigroch et al. 2021).
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Table 3.1: Definitions of Hg abbreviations.

Abbreviation Meaning

Hg Refers to Hg in general
Hg2+ Dissolved Hg (Bioaccumulates)
Hg0 Elemental Hg (Volatile)
MMHg+ Monomethylmercury (Bioaccumulates, extremely toxic)
DMHg Dimethylmercury (Volatile, extremely toxic)
MeHg MMHg+ + DMHg
tHg All Hg, including what is bioaccumulated
tMeHg All MeHg, including what is bioaccumulated
Bioaccumulated Hg+ All Hg2+ that is bioaccumulation
Bioaccumulated MMHg+ All MMHg+ that is bioaccumulation
Aquatic Hg All Hg excluding what is bioaccumulated
Aquatic MeHg All MeHg excluding what is bioaccumulated

3.1.4 The hypothesis1200

In this study, we hypothesize that the ecosystem can influence Hg cycling in several ways, and our aim is
to quantify its effect on Hg cycling. To support this goal, we quantify the feedback of the ecosystem on
marine Hg cycling by modeling a fully coupled Hg speciation and bioaccumulation model with and without
bioaccumulation, the complexation of Hg with detritus and labile DOM, and the biogenic reduction of Hg2+

to Hg0 facilitated by cyanobacteria. Then we analyze the difference between the scenarios. In this article,1205

we present the results of model runs in the North and Baltic Seas, using three idealized 1D water column
setups that represent permanently mixed, seasonally mixed, and permanently stratified water column
conditions. Furthermore, we run the model in a 3D configuration of the North and Baltic Seas to analyze
the spatial variation of the impact of the ecosystem on Hg cycling and quantify the overall effect of these
interactions on the Hg budget of these seas. We investigated the role of the ecosystem on both the total1210

Hg budget and the aquatic Hg fraction. The total Hg (tHg) and total MeHg (tMeHg) refer to all Hg and
MeHg, including what is bioaccumulated. The aquatic Hg and aquatic MeHg refer to all Hg species that
are in water but are not bioaccumulated. This is shown in Table 3.1 for clarity.
The 3D configuration used in this study is based on the model of (Bieser et al. 2023), which is modified to
investigate scenarios in which we change the ecosystem drivers of Hg speciation to assess their impact.1215
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3.2 Methodology

To evaluate the role of the ecosystem, we quantify the impact of several processes on total and aquatic
Hg concentrations. In the first part of this section, we specify how these processes are implemented in the
different scenarios that are simulated. The second part focuses on the models, setups, and parameteriza-
tions used in this study. 1220

3.2.1 Processes

To quantify the impact of ecosystem interactions on marine Hg cycling, we evaluated three processes:

• Bioaccumulation

• Biogenic reduction

• Partitioning to detritus and labile-DOM 1225

Bioaccumulation is the uptake of Hg2+ or MMHg+ from the water. When Hg is bioaccumulated, it cannot
evaporate or undergo speciation and photolysis, but it will be transported with the organism that bioac-
cumulated the Hg. We are interested in this, as the bioaccumulation of Hg removes aquatic Hg2+ and
MMHg+, which undergoes speciation. Aquatic Hg2+ and MMHg+ is removed during the phytoplankton
bloom, and it is released when the bloom period is over. This seasonal removal and release has the po- 1230

tential to influence Hg cycling. Moreover, Hg accumulated in the biota is protected from photolysis, making
the accumulated Hg species more stable than that in the surrounding water.

Biogenic reduction is the reduction of Hg2+ to volatile Hg0 by cyanobacteria. It has been shown to be
an important interaction during cyanobacterial blooms in the Baltic Sea (Kuss et al. 2015). Here, we at- 1235

tempt to quantify the impact that cyanobacterial blooms have on Hg cycling in the Baltic Sea. Biogenic
reduction does not play a role in our North Sea setups, as there are no cyanobacteria in the North Sea in
the ECOSMO E2E model (Daewel and Schrum 2013). That agrees with the research of Kuss et al. (2015),
where cyanobacteria-induced biogenic reduction was found in cyanobacteria that are specific to the Baltic
Sea. 1240

Partitioning to organic carbon is represented in the model by the binding of Hg2+ and MMHg+ to detri-
tus and labile-DOM. Hg associated with organic carbon can be ingested by scavengers, contributing to
the bioaccumulation process. Alternatively, when the detritus sinks, the Hg bound to it is transported to
deeper water layers. In this way, the binding of Hg to organic carbon not only facilitates a flux of Hg to 1245

deeper water but also can deliver Hg from the upper water layers directly to scavenging animals. The only
organic carbon particles for which the 1D setups account are detritus and labile-DOM originating from the
ECOSMO E2E model.

The simulation scenarios of our research model are visualized in Fig. 3.2. Here we run the model with 1250

the following interactions enabled: (base case) without bioaccumulation but all other interactions (scenario
A), without bioaccumulation and biogenic reduction (scenario B), without partitioning to detritus and labile-
DOM (scenario C), and without any of the previously described interactions (scenario D). Since there is
no biogenic reduction in the North Sea, the base case is only compared to scenarios B and C in the North
Sea setups. 1255

3.2.2 Models

In this study, we used two model systems with different purposes. The first system are idealized 1D water
column setups, which are used to generalize our findings. The second is a 3D setup, which is used to
analyze the spatial patterns and estimate the budgets of the North and Baltic Sea.
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1D water column model1260

For the 1D system, the model design is shown in Fig. 3.2. We use the Generalized Ocean Turbulence
Model (GOTM) to simulate the hydrodynamics of the 1D water column setups, the ECOSMO E2E ecosys-
tem model to simulate the marine ecosystem, and the MERCY v2.0 model to simulate Hg cycling. (Daewel
et al. 2019; Bieser et al. 2023; Burchard et al. 1999b). The models are coupled using the Framework for
Aquatic Biogeochemical Modeling (FABM) (Bruggeman and Bolding 2014). ECOSMO E2E, MERCY v2.0,1265

and bioaccumulation models are implemented through FABM and coupled to GOTM using this framework.
This coupling allows us to simulate the effect of the marine ecosystem from the ECOSMO E2E model, on
the Hg cycling in the MERCY v2.0 model under the influence of the hydrodynamics from the GOTM model.

Figure 3.2: Model setup diagram. The GOTM model drives the ECOSMO E2E Ecosystem model and
MERCY v2.0 Hg speciations model. These models drive different setups with optional Hg-Ecosystem
interactions. The impact of the ecosystem is evaluated by comparing the base case to a scenario without;
bioaccumulation (scenario A), bioaccumulation and biogenic reduction (scenario B), bioaccumulation and
partitioning to detritus and DOM (scenario C), and all mentioned ecosystem interactions (scenario D).

GOTM1270

The GOTM model is a 1D model that calculates the turbulence of a vertical 1D water column setup by
computing the solutions to the one-dimensional version of the transport equation of momentum, salin-
ity and temperature, while being nudged to observational datasets. Therefore, our model has only a
vertical resolution and no horizontal resolution. GOTM calculates variables of the physical state (temper-
ature, salinity and density), vertical transport (advection, diffusion, turbulence, and sinking) and surface1275

processes (surface elevation, friction, and velocity). GOTM communicates these state variables to the
biochemical models using the FABM interface.
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MERCY

The MERCY v2.0 model is a comprehensive Hg cycling model. It includes the speciation of Hg0, Hg2+,
HgS, MMHg+, and DMHg in water, sediment, and biota. With this model, we implement the partitioning 1280

of Hg2+ and MMHg+ to organic carbon and its speciation between the dissolved, particulate and colloidal
phases. In addition, atmospheric deposition of Hg, its air-sea and sediment-water exchanges are also
resolved in this model. In 1D setups, the MERCY v2.0 model is fully coupled with the ECOSMO E2E-
GOTM system.

The ECOSMO E2E ecosystem model 1285

The ECOSMO E2E (ECOSystem Model End-to-End) ecosystem model (Daewel et al. 2019) is an extended
version of the ECOSMO II model. ECOSMO E2E includes higher trophic levels, such as macrobenthos
and fish. In the 3D setups, this model includes the following 7 biological functional groups: cyanobacteria,
flagellates, diatoms, microzooplankton, mesozooplankton, fish, and macrobenthos. In the 1D setup, there
are two functional groups of fish, 1 representing lower trophic level pelagic fish such as herring or sprat, 1290

and 1 representing a benthic top predator, such as cod. The model simulates nutrient cycles (nitrogen,
phosphorus, and silicon), oxygen dynamics, and sedimentation processes.

3.2.3 Modeled regions

To generalize our findings, the scenarios are tested using the 1D GOTM model in 3 setups with hydro-
dynamics common for coastal areas. They are designed around physical and biogeochemical regimes 1295

representing specific locations in the North and Baltic Seas. For this, we use a 1D ocean water column
model to simulate a permanently mixed, a seasonally stratified, and a permanently stratified water column.
This allows us to compare our findings across different physical and biogeochemical regimes.

Permanently mixed - Southern North Sea

The first North Sea setup is located in the Southern North Sea (54◦15′00.0”N 3◦34′12.0”E) with a depth 1300

of 41.5 m. This area is characterized by strong tidal mixing, resulting in high dissolved oxygen concen-
trations and temperatures throughout the water column. Remineralized nutrients are quickly available for
phytoplankton production as they can be mixed with surface water throughout the year. The constant mix-
ing of the water column results in the temperature fluctuating between 5 and 15 ◦C for the whole water
column depending on the season (Van Leeuwen et al. 2015). The setup location is 170 km away from 1305

the mainland, so despite being in the Southern North Sea it does have characteristics of the open North
Sea. This region is characterized by high primary production between 60 and 80 g C m-2 y-1 (Daewel and
Schrum 2013). The constant mixing allows macrobenthos to feed directly from the phytoplankton bloom,
leading to a high macrobenthos stock (Heip et al. 1992). 41.5 m is also deep enough to support larger
species of fish, such as herring and cod. 1310

The available concentrations of dissolved silicate limit the growth of diatoms in the North Sea. Diatoms
can dominate at the start of the bloom, but other phytoplankton species will take over the bloom after the
silicate is depleted. The second flagellate bloom in the North Sea typically exceeds the first and can con-
tinue until light, nitrogen, or phosphorus becomes limiting (Peeters et al. 1991).

1315

Seasonally mixed - Northern North Sea

The second setup is in the Northern North Sea (57◦42′00.0”N 2◦42′00.0”E) with a depth of 110 m. This
setup has seasonal stratification in summer and complete mixing of the water column in winter (Van
Leeuwen et al. 2015). This results in good growth conditions for phytoplankton in spring on the surface 1320

and a subsurface bloom in summer, when nutrients become depleted on the surface. In fall and winter,
nutrients from the deeper water layers are mixed back into the surface. During summer, the temperatures
in the Northern North Sea setup increase at the surface to 15-20 ◦C but remain at 6 ◦C in deeper water.
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Primary production in the Northern North Sea is typically lower than in the Southern North Sea and ranges
from 40 to 60 g C m-2 y-1 (Daewel and Schrum 2013). Furthermore, seasonal stratification means that1325

macrobenthos cannot feed directly from the phytoplankton bloom. This leads to smaller macrobenthos
communities than in the Southern North Sea. Fish are better adapted to the Northern North Sea environ-
ment, which results in high stocks of fish. The Northern North Sea has a similar nutrient regime as the
Southern North Sea, in which silicate limits diatom growth, and flagellates can be limited by light, nitrogen,
or phosphorus (Peeters et al. 1991).1330

Permanently stratified - Gotland Deep

The third setup is the Gotland Deep (57◦18′00.0”N 20◦00′00.0”E) located in the central Baltic Sea. It
is 249 m deep and is characterized by a permanent halo and oxycline. During spring and summer, an1335

additional thermal stratification is established. This causes temperatures of 6 ◦C and preserves anoxia
in deep water. The surface water of the Gotland Deep setup remains oxic throughout the year and has
temperatures fluctuating between 5 and 20 ◦C. The Gotland Deep setup is also considerably less saline
than the North Sea and has a salinity of 12 and 7 g Kg -1 in the deep and surface water, respectively
(Nausch et al. 2003). This is caused by major freshwater riverine input combined with sporadic and limited1340

inflow from the North Sea (Lehmann et al. 2021). Phytoplankton growth in the Baltic Sea is typically
dominated by diatoms, but flagellates can form a large portion of the biomass in open-water areas, such
as the Gotland Deep. The autumn bloom is usually dominated by cyanobacteria. Primary production is
estimated to be between 20 and 40 g C m-2 y-1 in this region (Daewel and Schrum 2013). The open
Baltic Sea is a productive fishing region with a fish biomass density as the North Sea; however, due to the1345

anoxic bottom water, macrobenthos in the Gotland Deep is extremely limited. Studies in the Gdansk Deep
found no macrobenthos with a population density significant for the benthopelagic coupling under anoxic
conditions, and similar conditions can be expected in the Gotland Deep (Kendzierska and Janas 2024).
The Gotland Deep has silicate concentrations similar to those of the North Sea but with less nitrogen and
phosphorus. Because of this, the available silicate is enough to support diatoms as the most abundant1350

phytoplankton group in the Baltic Sea. The heavily stratified nitrogen-limited surface layer forms an ideal
growth environment for cyanobacteria, which can fix nitrogen from the atmosphere. In this way, they can
use the available phosphorus, until either phosphorus becomes limiting or the end of the bloom seasons
causes light to become limiting (Savage et al. 2010).

1355

3.2.4 3D spatial model

In addition to the idealized 1D setups of the different regimes, the total effect of the ecosystem on Hg
cycling in the North and Baltic Seas is quantified using a 3D model of the entire region. Both 1D and 3D
models are used because the 1D models allow us to analyze different ecosystem interactions in idealized1360

circumstances, while the 3D models allow us to evaluate the total effect of the ecosystem on Hg cycling,
sedimentation, and evaporation in the model domain while assessing the effect on the ecosystem on the
total Hg budget of the North and Baltic Seas. The effect of the ecosystem on the Hg budget is analyzed by
running the MERCY v2.0 3D Hg bioaccumulation and speciation model described in Bieser et al. (2023) in
the North and Baltic Seas with and without bioaccumulation and biogenic reduction. MERCY v2.0 model1365

uses the 3D hydrodynamic model HAMSOM (Hamburg Shelf Ocean Model) as a physical model. In this
setup, the HAMSOM-ECOSMO hourly output is used to drive the MERCY v2.0 model, making it effectively
an offline coupled system. The model is run from the beginning of 2011 to the end of 2015. The first 4
years are used as spin-up and the final year is used for the analyses. The model is run in its default setup,
without bioaccumulation or biogenic reduction. The effect of bioaccumulation on both tHg and tMeHg is1370

visualized by plotting the relative difference in tHg and tMeHg caused by the ecosystem. The data is
visualized using the cartopy package in Python version 3.11.2.0.
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3.2.5 HAMSOM

The HAMSOM (Hamburg Shelf Ocean Model) is a physical hydrodynamic ice-ocean model (Backhaus
1983; Schrum and Backhaus 1999). It is directly coupled to the ECOSMO (ECOSystem MOdel) to form 1375

HAMSOM-ECOSMO (Schrum et al. 2006). This coupling allows the ecosystem to directly influence the
physical system, for example, through light absorption by the biota. The HAMSOM-ECOSMO system is
used to model the North and Baltic Seas. It is a comprehensive simulation of both physical and biogeo-
chemical drivers in the North and Baltic Seas and simulates key drivers such as riverine and atmospheric
nutrient input, horizontal advection and sedimentation, and burial of organic matter. This system provides 1380

the physical, chemical, and ecosystem data that drive the MERCY v2.0 model.

3.2.6 Model development

The ECOSMO E2E ecosystem model is originally designed to represent organic matter based on macronu-
trient fluxes, such as nitrogen, phosphate, and silicate fluxes. This means that certain interactions of the
marine ecosystem that could biomagnify Hg, such as predation of species within the same functional 1385

group or even cannibalism, which do not alter nutrient fluxes or organic matter stocks, are not explicitly
specified in the model (Montagnes and Fenton 2012; Arrhenius and Hansson 1996; Schrum et al. 2006).
Because of this, the carbon assimilation efficiency of consumers is reduced, compared to the previously
published ECOSMO E2E parameterization, so biota needs to take up more carbon for growth and can
accumulate more Hg. To compensate for the reduction in carbon intake, the mortality and respiration rate 1390

of zooplankton is reduced to a value that is lower than in Daewel et al. (2019), but still within the range
used in previously published models (Cruz et al. 2021). This is verified by modeling the trophic level of all
biota. This allows us to compare the modeled biomagifnication factor to observations and evaluate if our
model simulate bioaccumulation in line with observations of animals with the same trohic level. The phy-
toplankton is parameterized as shown in Table 3.2. To compensate for the increased zooplankton grazing, 1395

the growth rate is increased compared to the previously published ECOSMO E2E version, but remains
within the experimentally observed range (Stelmakh and Kovrigina 2021). All other values are the same
as in (Daewel et al. 2019). One notable difference between the ECOSMO E2E model in Daewel et al.
(2019) and used in (Bieser et al. 2023) and the version used in this study is the inclusion of a second fish
functional group. The fish functional groups are referred to as fish 1 and fish 2. Both are parameterized by 1400

the same set of equations as described in the published ECOSMO E2E model, but differ in feeding pref-
erences and rates (Daewel et al. (2019)). Fish 1 preferably feeds on mesoplankton and microzooplankton
and feeds on detritus and macrobenthos with lower preference. Fish 1 in the model represents a variety of
smaller, mainly pelagic, fish such as herring (Clupea harengus) and European sprat (Sprattus sprattus).
The fish 2 group is modeled as a benthic top predator and prefers to eat macrobenthos, but can also feed 1405

on mesozooplankton, fish 1, and detritus. It is mainly representative of large demersal species, such as
cod (Gadus spp.), but would as a functional group also include other large benthic species such as whiting
(Micromesistius poutassou) or haddock (Melanogrammus aeglefinus). Fish 2 is at the head of the food
chain and therefore is not pre-dated in the model. Instead, all loss terms are implicitly included in the
mortality term. Table 3.3 shows the parameterization of the ECOSMO E2E model setup used in this study. 1410

Table 3.2: Dimensions, shape, and maximum growth and mortality rates of most common phytoplankton
species in the North and Baltic Seas, to resemble ECOSMO E2E functional groups and the conversion
ratio of mg C to cm2 cell membrane and dm3 cell volume. The dimensions and shapes are based on
Olenina et al. (2003). For the Cylinder they are radius and height, for the sphere and hemisphere - the
radius. The maximum growth rate and the mortality are based on Daewel et al. (2019).

Group Species Shape Dimensions (µm ) µmax (d-1) Mortality (d-1)
Diatoms T. baltica Cylinder 12.5 x 25 1.4 0.04

Flagellate P. Catanata Hemisphere 6 1.2 0.04
Cyanobacteria A. flos-aquae Sphere 4 1.0 0.08
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Table 3.3: The parameterization of consumers. The preference and consumption rate (rcons) determine
how much of each prey is consumed, the assimilation efficiency (AE) how much of the consumed carbon
is assimilated into the predator; the mortality (rmort) and respiration (rresp) rate determine the total loss.
Adjustments were made for higher trophic levels compared to Daewel et al. (2019) to enhance the model’s
suitability for bioaccumulation. Specifically, the AE and grazing rate were lowered. Additionally, fish 2 was
introduced as a top predator with modified parameters. It has a higher preference for macrobenthos and
consumes fish 1 rather than microzooplankton. As a top predator, fish 2 has a lower AE and consumption
rate compared to fish 1. All other rates and equations remain consistent with the ECOSMO E2E model
(Daewel et al. 2019).

Group Prey Preference (1) rcons (d-1) AE (1) rmort (d-1) rresp (d-1)
Microzooplankton Diatom 0.25 0.8 0.75 0.05 0.02

Flagellates 0.70 0.8 0.75
Cyanobacteria 0.30 0.3 0.75

Detritus 0.10 0.8 0.8
Mesozooplankton Diatom 0.85 0.7 0.6 0.025 0.015

Flagellates 0.10 0.7 0.6
Cyanobacteria 0.30 0.3 0.6

Microzooplankton 0.15 0.8 0.6
Detritus 0.10 0.7 0.6

Macrobenthos Phytoplankton 0.2 0.1 0.6 0.01 0.001
Zooplankton 0.2 0.2 0.6

Sediment 0.15 0.15 0.6
Detritus 0.15 0.15 0.6

DOM 0.15 0.1 0.6
Fish 1 Microzooplankton 0.45 0.015 0.5 0.001 0.002

Mesozooplankton 0.45 0.015 0.5
Macrobenthos 0.05 0.015 0.5

Detritus 0.05 0.0125 0.5
Fish 2 Mesozooplankton 0.25 0.012 0.45 0.001 0.002

Fish 1 0.25 0.012 0.45
Macrobenthos 0.45 0.013 0.45

Detritus 0.05 0.001 0.45

Trophic interactions play a crucial role in our model; therefore, the trophic positions of the biota are also
explicitly modeled. We modeled the trophic level in two different ways.

• Trace organic carbon origin form biota - Initially, we assumed that the trophic level of pelagic
detritus and DOM is the same as that of the organisms from which it originates.

• Standardize organic carbon trophic level as 1 - Afterward, we defined the trophic level of detritus1415

and DOM as 1.0. This is done because Hg associated with detritus and DOM is assumed to have
an instantaneous equilibration with Hg, rather than storing it as other state variables do.

Tracking the trophic level through the detritus and DOM provides the actual trophic level of biota, which
can be compared with observations. The assignment of a fixed trophic level of 1.0 to the detritus and DOM
emphasizes the number of trophic interactions that contribute to the biomagnification of Hg. Since Hg in1420

sediment is tracked through organic carbon in our model, the trophic level of sediment detritus remains
consistently modeled.
The modeled trophic levels are shown in Table 3.4. In the Gotland, Deep macrobenthos is absent because
of the anoxic conditions. Except for fish 2 in the Northern North Sea, all functional groups have trophic
levels that are lower than observed in the North and Baltic Seas. To compensate for this, the carbon uptake1425

efficiency of all zooplankton that feed on detritus and mesozooplankton feeding on plankton was lowered
from 0.75 to 0.6, the carbon uptake efficiency for fish 1 from 0.7 to 0.5 and for fish 2 from 0.7 to 0.45, as
mentioned in the model development section and shown in Table 3.3.
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Table 3.4: Observed and modeled trophic level of functional groups. Observed values for microzooplank-
ton, mesozooplankton, and fish 1 are based on Nfon et al. (2009), the trophic level for fish 2 is based on
Jennings and Van Der Molen (2015), and for macrobenthos on Steger et al. (2019).

Setup Gotland Deep Northern North Sea Southern North Sea Observed
OC Trophic Level modeled 1 modeled 1 modeled 1 -
Microzooplankton 2.1 2.0 2.2 2.0 2.1 2.0 2.00
Mesozooplankton 2.2 2.2 2.8 2.5 2.6 2.5 2.87

Fish 1 2.8 2.6 3.4 2.9 3.5 3.2 3.98
Fish 2 3.7 3.5 4.2 3.7 3.8 3.5 4-4.2

Macrobenthos - - 2.8 2.3 2.6 2.3 2-4
Detritus 1.4 1.0 1.5 1.0 1.3 1.0 -

DOM 1.3 1.0 1.6 1.0 1.4 1.0 -
Sediment 1.4 1.3 1.4 1.3 1.4 1.3 -

Bioconcentration

All biota in our model take up Hg2+ and MMHg+ from the water column due to bioconcentration. The 1430

bioconcentration rate for phytoplankton depends on the cell surface area and the diffusivity rate of Hg2+

and MMHg+ through the cell membrane (Mason et al. 1996). The surface area is estimated from the most
common phytoplankton species in the three phytoplankton functional groups for the North and Baltic Seas.
The species and dimensions are shown in Table 3.2. The dimensions and shapes of phytoplankton are
based on Olenina et al. (2003). The carbon content per cell was estimated from the calculated cell volume 1435

for diatoms as pgC = 0.288µl0.811 and for flagellates and cyanobacteria as pgC = 0.216µl0.939 (Menden-
Deuer et al. 2000).
Due to limited information on phytoplankton release rates, they are estimated based on uptake rates and
observed concentrations ((HgAq * uptake rate)/ HgObserved = release rate) of Hg2+ and MMHg+.
Based on this, we implemented the change of bioconcentrated pollutant per day for a functional group
(Hg2+ or MMHg+) via the following equation:

dCBC
(p,g)

dt
= bg ∗ Cp ∗ rbc(g,p) − (rrel(p,g) + rbl(g)) ∗ CBC

(p,g) −
nz∑

z=1

rpred(z,g) ∗ bz ∗
CBC
(p,g)

bg
(3.1)

CBC
(p,g) – concentration of pollutant p that is in the functional group g originating from bioconcentration [ng 1440

Hg m-3];
bg – the biomass concentration of the functional group g [mgC m-3];
Cp – concentration of pollutant p [ng Hg m-3];
rbc(g,p) – bioconcentration rate of group g of pollutant p [m3 mgC-1 d-1];
r rel(p,g) – release rate of pollutant p by the functional group g [d-1]; 1445

rbl(g) – biological loss rate due to mortality and respiration of group g [d-1];
nz – total number of consumers that feed on group g;
z – consumers that feed on group g;
bz - biomass concentration of consumer group z [mgC m-3];
rpred(z,g) – the rate at which predator z feeds on group g [d-1]; 1450

t - time [day];

Note that this calculates the change in the concentration of the pollutant per volume of water. So by
dividing this by the biomass in this volume of water in mgC -3 we can calculate the concentration of the
pollutant in biota in ng Hg mgC-1. The bioconcentration, release, and turnover rates are shown in Table 1455

3.5. In particular, Pickhardt and Fisher (2007) observes that Hg2+ accumulates at similar levels in all
phytoplankton, while the accumulation of MMHg+ exhibits an inverse relationship with cell size. Due to
this, the uptake / loss rate ratio is the same for all phytoplankton groups for Hg2+, however, only the
loss rate is the same for all phytoplankton groups for MMHg+. The groups representing phytoplankton

56



CHAPTER 3. BIOACCUMULATION AS A DRIVER OF HIGH MEHG IN COASTAL SEAS

species with a smaller size and therefore a higher uptake rate also have a high Hg2+ release rate. As a1460

result, all phytoplankton groups reach equilibrium at similar Hg2+ concentrations. However, the equilibrium
between uptake and release for MMHg+ is inversely related to cell size. This means that smaller cells will
accumulate more MMHg+ per biomass while accumulating a similar amount of Hg2+, compared to larger
cells. The difference in the excretion rates of Hg2+ and MMHg+ can be explained by the different binding
behaviors of Hg2+ and MMHg+ in the cell. While Hg2+ binds to smaller compounds and adheres to the1465

cell wall, MMHg+ binds to larger cytoplastmic proteins. This means that to excrete MMHg+, it needs to
be demethylated to Hg2+, or excreted using dedicated peptide membrane channels (Bridges and Zalups
2010; Takanezawa et al. 2023).

Biomagnification in consumers

The bioaccumulation in consumers depends on both bioconcentration and biomagnification. The release1470

of bioconcentrated Hg is referred to as the release rate, and the release of biomagnified Hg is the turnover
rate. This difference is caused by a different way of accumulation: bioconcentrated Hg can adsorb on
the gills of fish where it can be released at different rates, compared to Hg, absorbed in the gut tissues
(Pickhardt and Fisher 2007; Wang and Wong 2003). In zooplankton, the same release and turnover
rate is assumed. This is because zooplankton is so small that the bioconcentrated and biomagnified Hg1475

can more easily homogenize throughout the animal (Tsui and Wang 2004). The functional group-specific
release and turnover rates are shown in Table 3.5.
The formulation for biomagnification is based on the consumption rates calculated by the ECOSMO E2E
model, multiplied by an assimilation efficiency based on observations. The assimilation efficiency depends
on the type of prey and is for Hg2+ 0.2 when phytoplankton, 0.27 when consumers, and 0.13 when detritus
or DOM is consumed. For MMHg+, when phytoplankton, detritus, or DOM is consumed, assimilation
efficiency is set for 0.80, and it is set to 0.96 when consumers are consumed (Mason et al. 1995; Tsui and
Wang 2004; Wang and Wong 2003). The increase in Hg for consumer g per day is implemented into the
model by the following equation:

dCBM
(p,g)

dt
=

ns∑
s=1

(rpred(g,s) ∗ bg ∗ a(s,p) ∗
C(s,p)

bs
)− (rto(p,g) + rbl(g)) ∗CBM

(p,g)−
nz∑

z=1

rpred(z,g) ∗ bz ∗
CBM
(p,g)

bg
(3.2)

ns – total number of prey that group g feeds on;
CBM
(p,g) – concentration of pollutant p that is in the functional group g originating from biomagnification [ng

Hg m-3];1480

rpred(g,s) – consumption rate of group g on group s [d-1];
s – prey groups that are consumed by g;
as,p – assimilation efficiency of pollutant p when group s is consumed [unitless];
C(s,p) - the total concentration (from both biomagnification and bioconcentration) of pollutant p in group s
[ng Hg m-3];1485

bs - the biomass concentration of prey s [mgC m-3];
r to(p,g) – turnover rate [d-1];
Biomagnification follows the same loss process as bioconcentration, except that the turnover rate (rto(p,g))
replaces the release rate (rrel(p,g))

1490

Biomagnification follows the same loss process as bioconcentration, except that the turnover rate (rto(p,g))
replaces the release rate (rrel(p,g)).
It is important to note that extensive studies that separate the effects of bioconcentration and biomagnifica-
tion are rare. Due to this, the estimated bioconcentration, turnover, and release rate of microzooplankton,
mesozooplankton, and macrobenthos are all based on studies performed on pelagic water flea Daphnia1495

pulex. This species is abundant in the Baltic Sea, but not in the North Sea. Salinity does not appear to
have a direct effect on the bioconcentration of Hg in zooplankton and since Daphnia can have a size of
1-5 mm it is average in size for zooplankton (Reinhart et al. 2018). The fish rates are based on a study in-
vestigating the uptake, release, and turnover rates in the Indo-Pacific species Harry hotlips Plectorhinchus
gibbosus (Wang and Wong 2003).1500
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Table 3.5: The estimated bioconcentration (rbc), release rates (rrel ), and turnover rates (rto) for phyto-
plankton (Mason et al. 1996), zooplankton (Tsui and Wang 2004) and fish (Wang and Wong 2003; Trudel
and Rasmussen 1997). Bioconcentration rates are in m3 mgC -1 d-1 and release and turnover rates are
d-1 (Trudel and Rasmussen 1997; Pickhardt et al. 2006; Mason et al. 1996; Tsui and Wang 2004). The
bioconcentration rates for phytoplankton are based on the cell size, for zooplankton and macrobenthos on
Dapnia pulex, and for fish on Plectorhinchus gibbosus.

Hg2+ MMHg+

Functional group rbc(m3 mg C−1 d−1) rrel(d−1) rto(d−1) rbc(m3 mg C−1 d−1) rrel(d−1) rto(d−1)
Diatoms 3.2E-3 63.1 (-) 3.1E-3 0.75 (-)

Flagellates 3.2E-3 65.5 (-) 3.1E-3 0.75 (-)
Cyanobacteria 5.5E-3 109.7 (-) 5.4E-3 0.75 (-)

Microzooplankton 1.68E-5 3.0E-2 3.0E-2 2.22E-05 1.50E-02 1.50E-05
Mesozooplankton 1.68E-5 3.1E-3 3.1E-3 2.22E-05 1.50E-02 1.50E-02

Macrobenthos 1.68E-5 4.0E-2 4.0E-2 2.22E-05 2.50E-02 2.50E-02
Fish 1 3.90E-7 2.16E-2 4.47E-2 9.07E-6 2.90E-03 3.00E-04
Fish 2 3.90E-7 2.16E-2 4.47E-2 9.07E-6 2.90E-03 3.00E-04

3.2.7 Model setup

1D setups

The 1D setups are run using the GOTM model mentioned earlier. The GOTM setups are based on ob-
servational data that is used to generate setups using iGOTM (https://igotm.bolding-bruggeman.com). All
GOTM simulations run for the period 01-01-1989 12:00:00 until 01-01-2011 12:00:00, of which the first 10 1505

years are considered a spin-up period and the period from 01-01-2000 12:00:00 to 01-01-2011 12:00:00
is the actual simulation period and is used for analyses. These setups are based on gridded bathymetry
data for water depth (1/240° resolution) (GEBCO Bathymetric Compilation Group 2020), ECMWF ERA5
data set for meteorological data (0.25°/hourly resolution) (Wouters et al. 2021), World Ocean Atlas for
salinity and temperature profiles (0.25° resolution) (Garcia H.E. et al. 2019), and the TPOX-9 atlas for 1510

tides (1/30° resolution) (Egbert and Erofeeva 2002). The setups have 1 grid cell m-1, and the model is run
using a forward Euler time-step ordinary differential equation that solves the state every 60 seconds. The
variables are exported as daily mean values before being processed using R v4.4.1. Plots are generated
using ggplot v3.5.0.; linear regression and statistics are calculated using ggpubr v0.6.0.

Horizontal boundary exchange of Hg 1515

In GOTM, sediment and atmosphere are considered a horizontal surface that interacts with 1 cell of the
surface grid. Therefore, we assume that burial will take place in 2 steps. The first step is sedimentation to
the shallow sediment layer. From this layer, there is a fixed burial rate of 1.0E-5 d-1 to deeper sediment that
cannot be resuspended. These processes and rates are the same for Hg, nutrients and organic carbon
in the sediment. Sedimentation and resuspension of Hg are coupled with detritus in the ECOSMO E2E 1520

model. Hg bound to detritus will sink, sediment, and resuspend at the same rate as the organic matter it is
associated with. Macrobenthos can also take up Hg bound to organic carbon when it consumes detritus
or DOM. When macrobenthos lose Hg due to respiration or mortality, it is released into the sediment. Hg
in the sediment has the same burial and resuspension rates as sediment carbon in the ECOSMO E2E
model, as it is assumed to remain bound to organic carbon in the sediment. 1525

Due to its chemical properties, Hg0 in the surface water layer is constantly exchanged with the atmosphere.
This exchange is modeled the same as in Bieser et al. (2023) and modeled after Kuss (2014), which is
based on the Henry’s law constant determined by Andersson et al. (2008) to estimate the equilibrium
between Hg0 in the air and surface water. This method is extensively evaluated in Bieser et al. (2023)
against measurements by Kuss et al. (2018). From all Hg speciations in aquatic environments, two species 1530

are volatile - Hg0 and DMHg. The direction of atmospheric exchange depends on both the aquatic and

58



CHAPTER 3. BIOACCUMULATION AS A DRIVER OF HIGH MEHG IN COASTAL SEAS

atmospheric concentrations of those forms of Hg. Furthermore, the atmosphere can be a source of Hg0

and Hg2+, through direct wet deposition. To simulate the interactions of Hg with the atmosphere in this
study, we used the approach previously used in the MERCY v2.0 model (Bieser et al. 2023). Hg0 is
constantly exchanged between the surface layer and the atmosphere. When DMHg is present in the1535

surface layer, it can evaporate from the marine system. In addition, there is the deposition of Hg0 and
Hg2+. Both atmospheric concentration and Hg deposition are provided by the CMAQ model, and the
values are the same as in the 3D MERCY v2.0 (Bullock and Brehme 2002; Bieser et al. 2023).

Atmospheric deposition of nutrients

Horizontal advection of nutrients plays an important role in the North and Baltic Seas. Nutrients are1540

transported into the seas by rivers and are buried in sediment or transported to the Atlantic Ocean, and
these processes are different for the three set-up locations (Vermaat et al. 2008). Horizontal transport
cannot be accurately captured in a 1D setup and is beyond the scope of this model. To mimic realistic
wintertime nutrient concentrations of nitrate, phosphate, and silicate of 3.7, 0.3, and 5.0 µM in the Gotland
Deep setup and 7.5, 0.5, and 5.0 µM in the North Sea setups, respectively (Burson et al. 2016). Both1545

regions are characterized by strong horizontal influxes of nutrients that are not present in our 1D setups.
To compensate for this limitation of our model, we chose atmospheric deposition so that it would create
realistic nutrient conditions during winter in the surface ocean throughout the simulation.

Partitioning to DOM and detritus

The only marine organic carbon particles in the water that interact with Hg in the 1D setups are detritus and1550

DOM, which originate from the ECOSMO E2E model. The partitioning between Hg and detritus and DOM
is assumed to be instantaneous, and equilibrium is forced on every model time step. This is based on Kow

which is log(6.4) and log(6.6) for the partition of Hg2+ into detritus and DOM responsibility and log(5.9) and
log(6.0) for the binding of MMHg+ to detritus and DOM responsibility. These values are based on Allison
et al. (2005) and Tesán Onrubia et al. (2020) and evaluated in Bieser et al. (2023). This mechanism and1555

rates are taken from the MERCY v2.0 model and are described in more detail in Bieser et al. (2023). Hg
associated with organic carbon is taken up by organisms when they consume the detritus or DOM to which
it is bound.

Organic carbon to dry and wet weight conversion

The biomass in our model is resolved in nutrients according to the Redfield ratio. In contrast, the uptake1560

and release estimations are based on studies relying on weighing the samples and are therefore given
in wet or dry weight. We assumed the ratio of milligram carbon to dry weight as: 0.2 for diatoms, 0.33
for flagellates and cyanobacteria and 0.5 for zooplankton and fish (Walve and Larsson 1999; Sicko-Goad
et al. 1984). The weight values in this paper are always given in dry weight unless otherwise specified.
Bioaccumulation can also be stated per wet weight in the literature (Nfon et al. 2009). The dry weight to1565

wet weight conversion factor of 0.2 is then used for phytoplankton, 0.3 for fish, and 0.16 for zooplankton
and macrobenthos (Cushing 1958; Ricciardi and Bourget 1998; Cresson et al. 2017).

3.3 Model evaluation

Since this is the first publication to use specific 1D GOTM setups in combination with ECOSMO E2E
and MERCY v2.0 coupled via FABM, and we made changes to the ECOSMO E2E model, we evaluated1570

whether the 1D setups perform as expected and if the biological carbon and Hg species relevant for bioac-
cumulation are within the range of published 3D models. Data for higher trophic levels and bioaccumulation
is much rarer and therefore this data is evaluated by a quantitative analysis if the modeled values are 1
standard deviation (SD) of observations. The 3D HAMSOM-ECOSMO-MERCY setup is extensively eval-
uated and shows good agreement with observations for Hg cycling as is discussed in more detail in Bieser1575

et al. (2023), and therefore it was not further evaluated in this study.
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3.3.1 1D Model and Observational Data

For ECOSMO E2E we compared the biomass of the 1D model with the biomass predictions in the pub-
lished 3D model. This is done because the ECOSMO E2E model is extensively validated in Daewel et al.
(2019) and we want to ensure that our 1D setup is consistent with the 3D model setup. The 3D ECOSMO 1580

E2E model reports a total primary production of 50 to 90 grams of carbon m-2 y-1 in the open North Sea
and between 30 and 50 grams of carbon m-2 y-1 in the open Baltic Sea. In the North Sea, the phytoplank-
ton bloom is initiated by diatoms and is then taken over and exceeded by flagellates. In the Baltic Sea, the
bloom is initiated by a large diatom bloom followed by a bloom in flagellates and cyanobacteria. Secondary
production ranges between 20 and 40 grams of carbon m-2 y-1 in the open North Sea and 10 to 30 grams 1585

of carbon m-2 y-1 in the open Baltic Sea (Daewel et al. 2019). Macrobenthos total biomass estimates range
from 1.5 to 40 grams of carbon for the open North Sea, with the higher values closer to the coast (Daan
and Mulder 2001; Heip et al. 1992). The Gotland Deep has anoxic deep water, so there is no macroben-
thos (Kendzierska and Janas 2024). The open Baltic Sea phytoplankton bloom is dominated by diatoms
and is followed by flagellates and cyanobacteria (Hjerne et al. 2019). During the autumn, cyanobacteria 1590

can become the dominant species with a biomass of up to 50 mg C m-3, but there is a large variety in the
intensity of the bloom and the relative importance of different species (Hjerne et al. 2019).

The results of the simulations of ecosystem biomass are presented in Fig. 3.3. The total yearly primary
production in our model is 50, 62, and 61 gC m-2 y-1, the pelagic secondary production is 24, 42, and 1595

29 gC m-2 y-1, and the average fish stocks are 3.6, 2.6, and 2.2 gC m-2 in the Gotland Deep, Northern
North Sea and Southern North Sea respectively. The peak macrobenthos population is 12.3 gC m-2 in the
Southern North Sea, 3.4 gC m-2 in the Northern North Sea, and there are no macrobenthos in the Gotland
Deep.
Therefore, we conclude that the primary production and biomass of the functional group in the 1D setups 1600

align well with observations and remain in line with the 3D ECOSMO-HAMSOM model Daewel et al.
(2019). Additionally, the biomass falls within the range of observed ranges for all higher trophic-level
functional groups. Because of this, we conclude that the general dynamic of biomass production in 1D
setups provides similar results as the 3D ECOSMO and captures the key ecosystem dynamics in all
setups. 1605

Hg cycling; 1D Hg model results

Table 3.6 shows the observed concentration of aquatic Hg and MeHg in the Baltic Sea measured by Kuss
et al. (2017), while Fig. 3.4 shows total and aquatic Hg and MeHg in our 1D model. As shown in Table 3.1,
tHg and tMeHg include bioaccumulated Hg and MeHg, while aquatic Hg and MeHg do not. The aquatic
Hg includes Hg2+, Hg0, HgS, MMHg+, DMHg and all Hg bound to detritus and DOM, as shown in Table 1610

3.1. The modeled tHg in the surface water of the Gotland Deep is 22% lower than the observations but will
be within 1 standard deviation of the observed mean. For MeHg our modeled concentration is 50% below
the observed mean and 17% below 1 standard deviation of the observed mean. This is hard to evaluate,
as the measurement protocol does not lyse phytoplankton cells; we assume that no MeHg associated
with biota is measured. However, if we assume that MeHg associated with phytoplankton is measured, 1615

our modeled concentration will be above the observed mean with 0.12 ± 0.08 pmol. Because of this
uncertainty, we also evaluated the MeHg content indirectly through bioaccumulation. To this extent, Table
3.6 shows the modeled and observed concentration in diatoms and the observed volume concentration
factor (VCF). Since the concentration of MeHg in diatoms in the Gotland Deep (14.4 ± 1.05) is within
1 standard deviation (SD) of the observed mean (10.0 ± 5.0), and the modeled VCF in Gotland Deep 1620

(1.22E5 ± 3.8E4) is within the observed range (2.0E4 - 6.4E6), and the observed concentration of MeHg
(0.10 ± 0.04) is between our modeled concentration with (0.12 ± 0.08) and without (0.05 ± 0.09) MeHg
in phytoplankton, we conclude that our model produces aquatic Hg and MeHg values that are in line with
observations, with the caveat that the evaluation of the aquatic MeHg content is based on limited amount
of data with a high measurement uncertainty. Figure 3.4 shows the aquatic and total Hg and MeHg values 1625

modeled and demonstrates the difference between the total and aquatic Hg fraction in both depth and time.
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Figure 3.3: Modeled chlorophyll concentration (left) and organic matter concentration (right). In the last
year of the simulation (Jan 2010 to Jan 2011). All living organic material is stacked, and detritus and DOM
are plotted in the black line on top. Peak spring bloom chlorophyll concentration varies with location. Got-
land Deep (a) has 77.8 mg m−2 chlorophyll with succession from diatoms to flagellates to cyanobacteria.
The Northern North Sea (c) has 223.5 mg m−2 chlorophyll and is dominated by flagellates while the South-
ern North Sea (e) has 187.3 mg m−2 chlorophyll and is initially dominated by diatoms and later succeeded
by flagellates. All locations have a succession of zooplankton after phytoplankton which microzooplankton
and is taken over by mesozooplankton. Fish biomass ranges Northern North Sea (fish 1: 2.0-3.1, fish 2:
0.033-0.038 g C m−2), Southern North Sea (fish 1: 1.7-2.2, fish 2: 0.10-0.12 g C m−2). Macrobenthos
biomass fluctuates seasonally: Northern North Sea (0.080-3.4 g C m−2), Southern North Sea (0.56-12.3
g C m−2), absent in Gotland Deep due to anoxic bottom water.
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Notable is the small difference in the total and aquatic fractions of Hg compared to the large difference for
MeHg in all three setups. In surface water during the bloom period, phytoplankton take up MeHg, which
reduces aquatic MeHg. The removal of MeHg from the water prevents its (photo)demethylation, and the
dissolved MeHg fraction is replenished by the methylation of Hg2+. This increases the tMeHg content, while 1630

this is not the case for tHg. An additional noteworthy observation is in the shallow well-mixed Southern
North Sea. The mixing allows macrobenthos to feed directly off the spring bloom and thus removes both
organic material and Hg from the water column. This leads to a drop in tMeHg during the bloom. In
winter, the MMHg+ bioaccumulated by macrobenthos is resuspended, leading to a very high wintertime
concentration of both aquatic and total MeHg in winter in the Southern North Sea. 1635

Figure 3.4: The tHg and tMeHg and the aquatic Hg (Hg2+, Hg0, HgS, MMHg+, and DMHg) and MeHg
(MMHg+ and DMHg) concentrations in the last year of the simulation (Jan 2010-Jan2011) in all setups.
The Gotland Deep and the Northern North Sea have a similar total Hg concentration of 2-3 pM, with an
increase in Hg of up to 3.5 pM in the Northern North Sea. The concentration of Hg in the Southern North
Sea is 2.5-3.5 pM during most of the year and reaches 4 pM during the spring bloom. The tMeHg content
is 0.04-0.06 pM in the surface of the Gotland Deep and Northern North Sea and up to 0.08 pM in the
Southern North Sea during winter. A clear reduction in all setups in aquatic MeHg during the bloom period
can be seen, while the total concentration remains more stable.
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Bioaccumulation model results

In Fig. 3.5 we show the bioaccumulation of Hg2+ and MMHg+ in the Gotland Deep, in Fig. 3.6 of the North-
ern North Sea and in Fig. 3.7 for the Southern North Sea. We compare the modeled Hg bioaccumulation
for biota in the Gotland Deep. We only compare when the total water column biomass>100 mg carbon m2

and take the modeled values of the <5m for phytoplankton and <20 m for other biota to ensure that our1640

bioaccumulation values resemble the modeled values in surface water where biota is active. A comparison
between our modeled and observed bioaccumulation is shown in Table 3.6.

Table 3.6: Evaluation of the modeled bioaccumulation. Modeled and observed aquatic Hg and MeHg
concentrations are shown first based on Kuss et al. (2017), then the observed range of the VCF in diatoms
is shown based on Lee and Fisher (2016) and the mean and standard deviation of the modeled VCFs for
MeHg into diatoms are shown. The observations for pelagic invertebrates are based on Nfon et al. (2009),
the observations for fish on Kwaśniak et al. (2012) and Polak-Juszczak (2018) and the observations for
macrobenthos on measurements of Macoma Baltic in the Baltic Sea (ICES 25 region) by Polak-Juszczak
(2012). Of both model and observations the mean, standard deviation (SD) and coefficient of variation
(CV) is shown. The concentration of aquatic tHg and MeHg are shown in pM, the VCF is unitless and the
mean and SD of both bioaccumulated Hg2+ and MMHg+ is shown in ng g-1 d.w. while the CV is unitless.

Variable Observed Model; Gotland Deep Model; Northern North Sea Model; Southern North Sea

Aquatic Hg 1.65 ± 2.1 2.37 ± 0.61 2.26 ± 0.22 2.97 ± 0.16
Aquatic MeHg 0.10 ± 0.04 0.05 ± 0.09 0.06 ± 0.01 0.04 ± 0.01

VCF MeHg in diatoms 2.0E4-6.4E6 1.22E5 ± 3.8E4 1.0E5 ± 4.58E4 1.1E5 ± 2.5E4

Diatoms (tHg) 10.0 ± 5.0 (0.50) 14.4 ± 1.05 (0.07) 12.9 ± 2.11 (0.16) 16.1 ± 1.62 (0.10)
Microzooplankton (tHg) 37.5 ± 31.3 (0.83) 47.0 ± 12.1 (0.26) 50.3 ± 10.8 (0.22) 54.4 ± 19.7 (0.36)
Mesozooplankton (tHg) 62.5 ± 12.5 (0.20) 66.1 ± 13.5 (0.20) 68.8 ± 10.8 (0.16) 68.3 ± 17.7 (0.26)
Fish 1 (Hg2+) 12.7 ± 7.0 (0.55) 7.17 ± 1.72 (0.24) 7.95 ± 0.82 (0.10) 11.8 ± 1.38 (0.12)
Fish 1 (MMHg+) 49.3 ± 30.7 (0.62) 31.8 ± 1.90 (0.06) 21.2 ± 0.92 (0.04) 44.4 ± 3.62 (0.08)
Fish 2 (Hg2+) 34.3 ± 23.7 (0.69) 4.20 ± 0.82 (0.20) 4.81 ± 0.65 (0.14) 10.0 ± 1.84 (0.18)
Fish 2 (MMHg+) 180 ± 72.3 (0.40) 65.0 ± 2.17 (0.03) 37.0 ± 0.95 (0.03) 64.5 ± 3.43 (0.05)
Macrobenthos (tHg) 25.0 ± 21.4 (0.84) – 20.0 ± 6.6 (0.22) 30.1.5 ± 3.2 (0.16)

Evaluation of modeled bioaccumulation

Table 3.6 shows the modeled and observed means, the standard deviation (SD), the coefficient of variation
(CV) and the VCF for MeHg in diatoms. The modeled bioaccumulation values from surface water (0-5 m)1645

for diatoms and (0-20 m) for consumers are used for the evaluation. Because there are high-quality obser-
vations for the Baltic Sea, but not for the North Sea, we focused the evaluation efforts on the Baltic Sea.
The observations are for tHg in invertebrates, while we have separate observations of Hg2+ and MMHg+

in fish. Fish 1 in our model is compared to the observations of herring and fish 2, and to observations in
Atlantic Cod. With the exception of the bioaccumulation into fish 2, all bioaccumulation values are within1650

one observed SD of the observed mean. This, combined with the high CV of the observations, shows that
our modeled values are well within the plausible range based on observations, except for the bioaccumu-
lation in fish 2, which is lower than observed. It should be noted that the bioaccumulation modeled in fish
2 is not out of the observed range. Observations for tHg bioaccumulation in Atlantic Cod in the Baltic Sea
range between 3 and 1567 ng g-1 d.w. (ICES 2020). However, the observed mean MMHg+ content of all1655

datasets is more than 1 observed SD higher than our modeled mean, leading us to believe that our model
underestimates bioaccumulation in fish 2.
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Gotland Deep bioaccumulation

Figure 3.5: Hg accumulation in the Gotland Deep during the last simulation year (Jan 2010-Jan 2011). Plot
3.5a shows tHg bioaccumulation with mean and range of observations from Nfon et al. (2009) represented
by the point and vertical bar on the right side of the plot. Bioaccumulation is displayed when biomass of the
respecitive funtional group exceeds 0.1 gC m-2. tHg bioaccumulation is highest in fish 2, followed by fish
1, microzooplankton, mesozooplankton, cyanobacteria, flagellates, and diatoms with tHg concentrations
in observed ranges. The consecutive Fig. show the bioamagnification (3.5b, 3.5d) and bioconcentration
(3.5c, 3.5e) of Hg2+ (3.5b, 3.5c) and MMHg+ (3.5d, 3.5e). Biomagnified Hg2+ is highest in microzooplank-
ton, followed by mesozooplankton and fish, while biomagnified MMHg+ increases notable in fish 1 and
fish 2. Bioconcentrated Hg2+ is very low in fish and highest in zooplankton. Bioconcentrated MMHg+ is
notable higher in cyanobacteria than in all biota and lowest zooplankton.
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Northern North Sea bioaccumulation

Figure 3.6: Hg bioaccumulation in the Northern North Sea. Plot 3.6a shows the tHg bioaccumulation in
the Northern North Sea. Phytoplankton and zooplankton are shown if their average biomass is more than
0.1 gC m-2. Phytoplankton has the lowest tHg, which is followed by fish 1, fish 2, mesozooplankton and
macrobenthos. Plots 3.6 b-e show the origin (Biomagnification or Bioconcentration) and species (Hg2+ or
MMHg+) of the bioaccumulated tHg. Figure 3.6b and 3.6c show that the high tHg in microzooplankton,
mesozooplankton and macrobenthos is due to high levels of Hg2+ bioconcentration and biomagnification.
MMHg+ Biomagnification follows a pattern in which it is lower in zooplankton and macrobenthos, higher in
fish 1, and highest in fish 2. This means that while fish 2 has a lower Hg content than macrobenthos and
zooplankton for part of the year, MMHg+ is higher in fish than in zooplankton and macrobenthos. Figure
3.6e shows the bioconcentration of MMHg+ and shows that this is highest in phytoplankton, followed by
fish 1 and 2, macrobenthos, and zooplankton.
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Southern North Sea bioaccumulation

Figure 3.7: Bioaccumulation of Hg2+ and MMHg+ in the Southern North Sea in the last year of the simula-
tion (Jan 2010-Jan 2011). Figure 3.7a shows the accumulation of tHg per functional group over an annual
cycle. Figures 3.7b-e display Hg2+ and MMHg+ concentrations, while distinguishing between bioconcen-
tration and biomagnification processes for each species. Phytoplankton and zooplankton are shown if
their average biomass is more than 0.1 gC m-2. tHg values for microzooplankton, mesozooplankton, and
macrobenthos reach 0.10 and 0.10 ng and 0.19 ng Hg mg-1. This is higher than fish 1 and fish 2 tHg
which is 0.068 and 0.080 ng Hg mg-1. Comparing Fig. 3.7b-e we see high tHg in microzooplankton, meso-
zooplankton, and macrobenthos is caused by high Hg2+ bioconcentration and biomagnification, while tHg
content of fish 1 and fish 2 predominately originates from biomagnification of MMHg+.
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Modeled biomagnification

In Fig. 3.8 we plotted the correlation between the trophic level and the accumulated Hg2+ and MMHg+.
To assess biomagnification in bioaccumulated MMHg+, we assumed an exponential trend between the1660

bioaccumulation of MMHg+ and the trophic level, which is forced through the first consumer (microzoo-
plankton). In this way, the exponent is the biomagnification factor. Observed BMF are between 2.0 and 3.4
in the North Sea for MMHg+ (Baeyens et al. 2003). For Hg2+ an exponential relationship between trophic
level and bioaccumulation was neither expected nor present; therefore, we correlated this using a second
degree polynomial. The modeled biomagnification factor is between 2.1 and 3.1 for MMHg+. This means1665

that our modeled biomagnification factor for MMHg+ is within the range of observations in the North Sea.

Figure 3.8: Figure 3.8 a) shows the correlation between trophic level and Hg2+ and Fig. 3.8 b) shows the
correlation between trophic level and bioaccumulation of MMHg+ in all three setups, the black indicates the
average. PP stands for primary producers, Zs for microzooplankton, Zl for mesozooplankton, F1 for fish
1, F2 for fish 2, and MB for macrobenthos. The correlation is fitted that is forced through micrzooplankton.
The R2 of the correlation between trophic level and Hg2+ shows that there is a weak anti-correlation in the
Gotland Deep (R2=0.54) and no correlation (R2<0.01) in the Northern North Sea and Southern North Sea.
In all setups, there is a strong correlation between trophic level and MMHg+ bioaccumulation (R2>0.8).
Interestingly, the correlation between bioaccumulation MMHg+ and trophic level for all setups averages is
considerably lower (R2=0.51 for MMHg+) than for the setups separate.

Summary of the model evaluation

Based on the evaluation of the bioaccumulation, we conclude that the general trend of high bioaccumula-
tion of MMHg+ and low Hg+ is well reproduced in our model. However, the performance of the model is
lower in higher trophic levels and underestimates bioaccumulation into Atlantic Cod. The underestimation1670

in modeled MMHg+ values in cod can be attributed to the ecosystem model that understimates the trophic
level of cod by 0.5-0.7. If we extrapolate the equation for biomagnification in the Gotland Deep shown in
Fig. 3.8 (15.42eTL-2), in which TL is the trophic level, and estimate bioaccumulation at the observed trophic
level Atlantic Cod (4.2), we would expect a MMHg+ content of 139 ng Hg g-1 d.w., which would be well
within 1 observed SD of the observed mean. Because our model accurately predicts the tHg content of1675

plankton, the content of Hg2+ and MMHg+ in fish 1, and the MMHg+ content at high trophic levels according
to their trophic level, it appears that the bioaccumulation model accurately models MMHg+ bioaccumula-
tion based on trophic interactions, but that our fish 2 better resembles a mid level trophic predator both in
trophic position and MMHg+ than a high trophic level predator such as Atlantic Cod.
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3.4 Results & Discussion 1680

3.4.1 The effect of bioaccumulation on tHg and tMeHg concentrations

The 10-year average difference in the daily mean tHg and tMeHg between the base case and the setups
without bioaccumulation and biogenic reduction in the Gotland Deep is shown in Fig. 3.9. Additionally,
Table 3.7 shows the mean difference of tHg and tMeHg, the mean and range of the bioaccumulated Hg
fraction in the bioaccumulation setup, and the average annual amplitude of the difference in tHg and 1685

tMeHg, calculated as half the total range of values. This is shown because, while the average differences
provide information on the net effect of bioaccumulation, the amplitude highlights seasonal variations. If
the ecosystem causes a large average difference, but this difference is consistent throughout the year, the
amplitude will be 0%, but if the ecosystem causes an increase of a 100% and consequently a decrease of
a 100% with no average effect, the amplitude will be 100%. 1690

The effect of bioaccumulation on tHg

Bioaccumulation has only a small effect on tHg with a maximum increase of 3% while the average percent-
age of tHg that is bioaccumulated is 1% in every setup. This increase is caused because the biota takes up
Hg, which is consequently protected against reduction to Hg0. Since Hg0 in the water is in exchange with
atmospheric Hg0, a reduction in Hg0 will result in a reduction in evaporation until the concentration of Hg0

1695

in the water is re-equilibrated with the atmospheric concentration. At this point, the atmospheric exchange
and the aquatic Hg concentration in the scenarios with and without bioaccumulation are similar, while the
tHg concentration is up to 3% higher and in the scenario with bioaccumulation. This is further shown in
Fig. 3.9. which shows the seasonal difference for both aquatic and total Hg and MeHg. Figure 3.9 shows
that even though the difference is small, there is always more tHg in the base case than in scenario B 1700

without biaoccumulation. The only exception is in the permanently mixed shallow Southern North Sea in
summer and autumn, which has a large amplitude in the difference in tHg with an increase of 11% at the
beginning of the bloom period and a decrease of 6% later in the bloom. This reduction in tHg is caused
by macrobenthos. which feeds directly of the plankton bloom and transports Hg from the water column
to the benthic via the consumption of organic material. This is corraborated by Fig. 3.3 which shows that 1705

macrobenthos in the Southern North Sea have high biomass (up to 12.3 gC m-2) and by Table 3.6 which
shows a high tHg content in this macrobenthos of 30.1.5 ± 3.2 ng g-1 d.w. During late autumn,winter,
and early spring, this tHg is released back into the water resulting in the above-mentioned high increase
in tHg of 11% at the onset of the phytoplanktom bloom. This causes bioaccumulation to cause a similar
mean increase of 3% in the Southern North Sea compared to the other setups, while the amplitude of the 1710

difference is 9% compared to 1% in other setups, demonstrating a strong seasonal effect.

The effect of bioaccumulation on tMeHg

tMeHg increases by 41, 23, and 46% for the Gotland Deep, Northern North Sea, and Southern North
Sea respectively. This is very similar to the percentage of tMeHg that is bioaccumulated, which is 41,
29 and 43% respectively. Bioaccumulation increases tMeHg, as bioaccumulated MMHg+ cannot be pho- 1715

todegraded, and aquatic MeHg is replenished by additional methylation. During autumn and winter, the
biomass is reduced and bioaccumulated MMHg+ is released back into the water column. During this pe-
riod, the light intensity and therefore photodegredation are lower, and detritus and DOM concentrations
are higher, which leads to additional shading. This causes the aquatic tMeHg concentration to be higher
outside of the bloom period. This means that an increase in bioaccumulated MMHg+ equals a smaller de- 1720

crease in aquatic MeHg causing an increase in tMeHg. Additionally, bioaccumulation can increase aquatic
MeHg by removing dissolved MeHg when photodegredation is high and re-releasing this MeHg when pho-
todegredation is low.
This increase in tMeHg is driven by organic material and shows a linear relationship with biomass. The
correlation of the daily 10-year average values for the increase in tMeHg and tHg with biomass in the sur- 1725

face (0-20 m) is shown in Table 3.8. If we combine the three setups, we find an increase in tMeHg of 0.028
ng Hg mgC-1 (r=0.47,p<0.001) or a relative increase of 1% per 4.5 mgC m-3 (r=0.59, p<0.001) and an
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Table 3.7: The percentage difference in tHg, and tMeHg average concentrations caused by the ecosys-
tem, and the average seasonal amplitude in surface water (0-20m). Additionally the mean and range of
the percentage of tHg and tMeHg that is bioaccumulated (Hg(Bio) and MeHg(Bio)) in the scenario with
bioaccumulation is shown. The percentage is calculated as the (scenario - base case)/((base case + sce-
nario)/2)*100. Positive values indicate that the ecosystems increases Hg while negative values means the
ecosystem reduces Hg.

Setup tHg tHgAmp tHg(Bio) tMeHg tMeHgAmp MeHg(Bio
Gotland Deep (no bioaccumulation) 3% 1% 1(0-2)% 41% 16% 41 (26-45)%
Northern North Sea (no bioaccumulation) 1% 1% 1(0-5)% 23% 24% 29 (13-59)%
Southern North Sea (no bioaccumulation) 3% 9% 1(0-4)% 46% 28% 43 (31–64)%
Gotland Deep (no biogenic reduction) -8% 5% 1(0-2)% 29% 16% 41 (26-45)%

increase in tHg of 0.068 ng Hg mgC-1 (r=0.07,p<0.001) or a relative increase of 1% tHg per 71 mgC m-3

(r=0.07, p<0.001). Although both correlations are significant at the 99% confidence level, the relationship
between the difference in tMeHg and biomass is notably stronger (r=0.47) than for the difference in tHg1730

(r=0.07). Although bioaccumulation is a large amount of tMeHg, it does not constitute a large amount (<
5%) of tHg; therefore, the formation of MeHg due to methylation is not reduced and the bioaccumulated
MeHg is replenished due to its rapid equilibrium with other Hg species.
Macrobenthos in the Southern North Sea have a similar, although stronger, effect on tMeHg concentrations
to that of tHg. However, this effect is partially altered by the strong increase in tMeHg as a result of the1735

high biomass in this setup. In spring in the Southern North Sea, there is a 77% increase in tMeHg due to
bioaccumulation, which is the highest of all setups. However, this rapidly drops as the bloom progresses,
and macrobenthos feed on the plankton bloom, causing the increase in tMeHg due to bioaccumulation to
briefly be the lowest in the Southern North Sea at the end of the bloom. During winter, the macrobenthos
population decreases and tMeHg is re-released, causing a large increase in wintertime tMeHg making the1740

increase in tMeHg due to bioaccumulation in the Southern North Sea the largest in all setups.

Figure 3.9: The difference in tHg, aquatic Hg, tMeHg, and aquatic MeHg the base case and the scenario
without bioaccumulation and the scenario without biogenic reduction in the Gotland Deep in the top surface
20 meters of the watercolumn. For tHg there is a strong seasonal effect where it is decreased during
summer and autumn and increased during spring. This is caused by the consumption of Hg-containing
organic material during spring and summer and the release during winter. There is no notable effect
(> 5%) in the tHg in the Northern North Sea and Gotland Deep due to bioaccumulation. In the Gotland
Deep, however, biogenic reduction causes a strong decrease of up to 12%. There is no large difference
(>5%) between the difference in aquatic Hg and tHg). The difference in tMeHg is much more pronounced.
There is a consistent increase in tHg which peaks during spring and summer. These peaks in an increase
in tMeHg coincide with a smaller decrease in aquatic MeHg.
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Table 3.8: Correlation, slope, and p-value for the difference in tMeHg and tHg vs the total biomass per
setup. There is a much stronger correlation (r=0.547-0.809) between the increase in tMeHg then the
increase in tHg (r=0.114-0.149). The slope for tMeHg ranges from 0.134 and 0.25 and for tHg between
-0.0631 and 0.0279 mgC-1 m3

tMeHg tHg

Setup Correlation (r) Slope p-value Correlation Slope p-value

Gotland Deep 0.809 0.252 <0.001 0.149 -0.0631 <0.001
Northern North Sea 0.739 0.134 <0.001 0.218 0.00691 <0.001
Southern North Sea 0.547 0.226 <0.001 0.114 0.0279 <0.001

The effect of bioaccumulation on the Hg budget and horizontal transport

In Fig. 3.10, the difference in the content of tHg and tMeHg and the export by sedimentation and evapo-
ration from the North and Baltic Seas caused by bioaccumulation is evaluated using the 3D the MERCY-
HAMSOM-ECOSMO setup. There is a decrease in the evaporation of 9% (Fig. 3.10b) and a decrease in 1745

the burial of 19% (Fig. 3.10i) caused by bioaccumulation. Figures 3.10e and Fig. 3.10f show tMeHg and
the difference caused by bioaccumulation. While there is an average increase caused by the bioaccumu-
lation of 10% in tMeHg, this is not uniform. There is a decrease in the Baltic Sea, an increase in the North
Sea, and a very strong increase in the Danish Straits. This, combined with the reduction of both evap-
oration and burial, indicates that bioaccumulation facilitates a flux of Hg out of the Baltic Sea toward the 1750

North Sea and the Atlantic Ocean. We see an average reduction of 2.3 and 57 pmol m-2 y-1 in evaporation
and burial, respectively. Our model shows that the bioaccumulation into plankton keeps Hg pelagic, which
facilitates transport to the North Sea and consequently the Atlantic Ocean. Without bioaccumulation, a
fraction of this Hg will evaporate or be bound to POC and be buried. The reduction in tHg due to bioaccu-
mulation is strongest in areas such as the Wadden Sea and the Bay of Bothnia, where there are both large 1755

riverine inputs of Hg and high primary production. However, this local effect is relatively small and we see
a total increase in export of 14 kg Hg y-1 to the Atlantic Ocean due to bioaccumulation. Of this 14 kg, 13 kg
would be buried in sediment, and 1 kg would be evaporated into the atmosphere without bioaccumulation.
To put this into perspective, this is 1% of the total modeled river influx into the North Sea, and thus does
not significantly alter the the long range transport of Hg. 1760

The effect of the ecosystem on the Hg budget under idealized circumstances

The 1D setup budget is shown in Fig. 3.11. This shows the modeled mean tHg and tMeHg concentra-
tions, the difference in the run without an ecosystem compared to the setup with an ecosystem and the
differences caused by biogenic reduction in the Gotland Deep.
The Southern North Sea setup is permanently mixed. Because of this, Hg can continuously reach the 1765

surface area where it can evaporate, and all aquatic MeHg is subject to photodegradation. At the same
time, this constant mixing brings the plankton biomass and its bioaccumulated Hg to the benthic boundary
layer, where it can be consumed by macrobenthos. This results in a large flux of Hg2+ and MMHg+ from
the pelagic to the benthic during the phytoplankton bloom, which is re-released during winter. This leads
to high benthic Hg (11.1 pmol m-2) and MeHg (1.6 pmol m-2), but a relatively low burial rate (1.1 pmol 1770

tHg m-2 y-1) as the Hg is bioaccumulated in macrobenthos rather than associated with organic carbon of
sediment. The increase in tMeHg in the Southern North Sea is highest in the 3 settings, due to the high
biomass, and the ecosystem increases tMeHg by 44%.
The Northern North Sea setup is only seasonally stratified. This means that during summer, macroben-
thos cannot feed directly from the plankton bloom, but Hg-containing organic material can sink below the 1775

mixed layer, where it can settle as sediment, be consumed by macrobenthos, or remain until it is remixed
to the surface during winter. This results in a low benthopelagic flux of Hg2+ and MMHg+ throughout the
year. However, the same average Hg burial as in the Southern North Sea of 1.1 pmol tHg m-2 y-1. Due to
the lower biomass, there is less tMeHg in this setup than in the Southern North Sea, and the effect of the
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Figure 3.10: The yearly mean Hg budget of the North and Baltic Seas and the difference caused by the
ecosystem, the concentrations and differences of tHg and tMeHg are the mean of the watercolumn. The
difference is calculated as the Base case - Scenario A ”No bioaccumulation”. The average tHg is 0.5 pM,
which is reduced by 0.02 pM without bioaccumulation. The average tMeHg is 0.03 pM, which is reduced
by 0.003 pM without bioaccumulation. The decrease in dissolved tHg and tMeHg without bioaccumulation
is coupled with a decrease in evaporation and burial. Evaporation decreases from 4.3 pm m-2 y-1 to 3.9
pm m-2 y-1 and burial from 323.5 pm m-2 y-1 to 263.2 pm m-2 y-1.

ecosystem causes a smaller increase in tMeHg (13%) than in the Southern North Sea.1780

The Gotland Deep setup has permanent stratification. Hg can accumulate in the plankton in the surface
layer or divide to detritus. When this detritus sinks, it will transport Hg to deeper water. As the Gotland
Deep setup is permanently stratified, Hg eventually reaches the sediment and becomes buried. The flux
of pelagic Hg2+ and MMHg+ into the sediment is low, but since there is very low resuspension the burial
rate is high (11.7 pmol tHg m-2 y-1) compared to the lower burial rate (1.1 pmol tHg m-2 y-1) for both North1785

Sea setups. In the Gotland Deep setup, there is a big distinction between the effect of the ecosystem
above and below the oxycline. Above the oxycline the ecosystem increases tMeHg by 13%, while below
the oxycline this increase is replaced by a small decrease of 3%, as the binding of Hg2+ and MMHg+ to the
sinking detritus facilitates the flux of Hg to the sediment.
These differences led to the highest burial of tHg in the Gotland Deep, followed by the Northern North Sea,1790

and the lowest in the Southern North Sea. This shows how ecosystem-induced Hg burial is influenced by
local hydrodynamics.

3.4.2 The cyanobacterial reduction of Hg2+

The model estimates that biogenic reduction can reduce average water column Hg above the mixed layer
depth by 7% in the Gotland Deep, due to the transfer of soluble Hg2+ to volatile Hg0, which increases1795
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the evaporation of Hg out of the water to the atmosphere. In Fig. 3.11 we can see that there is still an
increase in tMeHg (13%) above the oxycline without bioaccumulation and biogenic reduction, no increase
(<0.5%) below the oxycline. This means that biogenic reduction reduces tMeHg, but the increase caused
by bioaccumulation is higher above the mixed layer depth. Figure 3.12 shows the seasonal difference in
the tHg and tMeHg in the 3D MERCY v2.0 model between runs with and without biogenic reduction and 1800

the cyanobacterial biomass in the surface layer. Note that we isolated the effect of biogenic reduction in
these setups so bioaccumulation does still occur. The MERCY v2.0 model shows a similar reduction in
the Gotland Deep as the 1D GOTM setups, but it shows a higher reduction in tHg in coastal areas of up
to 0.8pM during autumn. Additionally, it shows that while cyanobacteria are most abundant during autumn
(Fig. 3.12 g), they decrease the tHg content throughout the year (3.12 b, e, h, k), there is an average 1805

reduction of -0.2 pM, which is highest during the autumn bloom (-0.5 pM) and lowest in summer before
the bloom (<-0.1pM) in the open Baltic Sea). Finally, cyanobacteria and biogenic reduction only occur in
the Baltic Sea in the model, but we can see a decrease in tHg in the Southern North Sea of up to -0.6pM
in summer and autumn and -0.5pM% in winter and spring. The difference in tMeHg is, follows a similar
pattern with a reduction of up to -0.05pM in tMeHg during autumn and a smaller reduction of -0.02pM 1810

during the rest of the year in the Gotland Deep. There appears to be a small reduction in tMeHg in the
Southern North Sea during summer and autumn of up to -0.03pM. This demonstrates that cyanobacteria
can have a very large impact on the tHg budget of the Baltic Sea, even in areas where they are less
abundant and this effect is relevant throughout the year. Kuss et al. (2017) finds that cyanobacterial-
induced biogenic reduction causes approximately 30% of all Hg evaporation during summer, since we 1815

have cyanobacteria in our model for 3 months, a year-round average reduction of -9% of tHg above the
mixed layer depth and a total reduction of up to -20% during summer and autumn is in line with these
observations. Since Hg evaporation equilibrates the ocean with the atmosphere the annual average flux
is not changed dramatically (-0.3%, or -0.42 nmol m-2 y-1) as seen in the Fig. 3.11. Rather the aquatic
Hg concentration that leads to this evaporation is lower, due to a higher Hg0/Hg2+ ratio. In addition to 1820

the reduction of aquatic Hg, it also changes the seasonality of the evaporation of Hg0. In Fig. 3.13 we
show the 10-year average daily evaporation and 30-day running average of the relative difference between
the 10-year average of the base case and scenario C (no bioaccumulation nor biogenic reduction). The
cyanobacteria cause an increase in evaporation of Hg0 during late summer and autumn facilitated by the
cyanobacterial bloom, which is compensated by a small decrease in evaporation when the bloom is over, 1825

resulting in a similar yearly average evaporation of Hg0. The cyanobacteria-facilitated reduction in tHg
in our model does not mean that an abundance of cyanobacteria would automatically lead to a reduced
Hg concentration in other regions. Cyanobacteria are a very diverse group, and not all cyanobacteria will
reduce Hg2+ to Hg0 (Kuss et al. 2015).

3.4.3 Partitioning to detritus and DOM 1830

In Fig. 3.14, we show that the partition of Hg2+ and MMHg+ into detritus and DOM causes an increase
in tHg and tMeHg above the mixed layer depth in every setup. Since both North Sea setups are mixed
during winter, this leads to a small increase in tHg (1-2%) in both North Sea setups. In the Gotland Deep,
we observe the same increase in tHg caused by the partitioning of Hg to detritus and DOM above the
mixed layer depth. However, simultaneously, we notice that partitioning to detritus and DOM decreases 1835

tHg below the mixed layer depth. This occurs because the detritus and the DOM can remove Hg from
the water column since the Hg bound to the detritus can settle as sediment. Since atmospheric Hg wet
deposition and atmospheric concentrations are consistent across all setups, evaporation and burial will
equilibrate to the atmospheric influx. If the fraction of Hg0 of tHg is lower, tHg will increase until Hg0 is high
enough that the evaporation of Hg0 reaches equilibrium with atmospheric inputs. Below the mixed layer 1840

in Gotland Deep, partitioning to detritus and DOM reduces tHg. This indicates that below the mixed layer
depth, the effect of the detritus and DOM partitioning on the increase in burial is stronger than its effect on
the decrease in evaporation.
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Figure 3.11: Hg Budget of the 3 Setups. All values are the average values for the final 10 years of the sim-
ulation. The blue area indicates oxic water, the red indicates anoxic water, and the brown area indicates
sediment. The arrows indicate the direction of the flux. The black values are for the full model that includes
all ecosystem effects, and the red indicates the percentage difference in the run without any ecosystem ef-
fects. The percentage differences are calculated by (Base case-scenario)/((Base case+scenario)/2). Thus
negative numbers correspond to a decrease caused by the ecosystem while positive numbers indicate an
increase caused by the ecosystem. In the Gotland Deep, dark green percentages show differences be-
tween the full model and setups without biogenic reduction and bioaccumulation. There is net evaporation
in all setups of 140-143 nmol m-2 y-1. In the North Sea, there is a decrease of both tHg and tMeHg when
the ecosystem is not included. This decrease is larger for tMeHg (10-39%) than for tHg (9-2.2%). There is
a decrease of 9% of tHg in the oxic layer of the Gotland Deep caused by cyanobacterial biogenic reduction.
There is a lower increase in tMeHg (10%) in the oxic water column of the Gotland Deep compared to the
northern (+12%) and southern (+39%) North Sea. The effect of biogenic reduction only causes a 0.6-0.5%
decrease for tHg and tMeHg in anoxic water respectively in the Gotland Deep and a 0.92% decrease in
sediment and burial. Sediment concentrations of both tHg and tMeHg are lowest in the Northern North
Sea, followed by the Southern North Sea, and highest in the Gotland Deep.
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Figure 3.12: Cyanobacterial biomass and seasonal differences in tHg and tMeHg between the base case
and the scenario without biogenic reduction.

Figure 3.13: The 10-year average daily atmospheric exchange of Hg0 between the atmosphere and the
sea surface in the base case and scenario c (no bioaccumulation nor biogenic reduction).
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Figure 3.14: Depth profiles of tHg and tMeHg in the three setups with different model scenarios. In the
Gotland Deep, the scenario without biogenic reduction (green) has an increased tHg content. This shows
that biogenic reduction can reduce the yearly average water column Hg when cyanobacteria are present
for part of the year. Setups without binding to detritus and DOM (blue) have lower tHg in the surface layer.
This effect is strongest in the North Sea. Setups without binding to detritus and DOM (blue) also have
reduced tMeHg in oxic water, but the effect is smaller than for tHg. In the Gotland Deep anoxic water, the
only noticeable effect is caused by binding to detritus and DOM. In this setup, without this, there is both
more tHg and tMeHg in the anoxic deep water. In all setups, runs with bioaccumulation (orange) have
more tMeHg than without bioaccumulation (red). The Southern North Sea has a slightly lower amount of
tHg than the Northern North Sea and Gotland Deep setups.
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3.4.4 The unique properties of Hg as drivers of these results

These results are partially driven by the unique properties of Hg as a pollutant. Because Hg as an element 1845

is stable but can be present in both methylated and nonmethylated forms, it behaves radically differently
than a pollutant that would have a constant total concentration. We find that this is the case for two
reasons. First, the concentration of Hg0 in the surface layer is in constant exchange with the atmosphere.
If the fraction of Hg present as Hg0 is reduced, because Hg2+ is bound to the biota, the evaporation of Hg0

will be reduced until a new equilibrium with a higher tHg content is reached. Secondly, when MMHg+ is 1850

removed from the water column due to bioaccumulation, only a small amount of tHg is removed (< 3%),
which means that methylation of Hg2+ into MMHg+ is reduced by only a small amount. This would favor
the net production of MMHg+ which leads to an increase in tMeHg.

3.5 Summary

In this study, we hypothesized that the ecosystem is an essential part of the marine Hg cycle. We quanti- 1855

fied the impact of the ecosystem on the marine Hg cycle by simulating a 1D water column with and without
bioaccumulation, biogenic reduction, and partitioning into detritus and dissolved organic matter (DOM).
Furthermore, we ran a 3D model for the North and Baltic Seas with and without bioaccumulation to ana-
lyze the spatial effects. Our analysis focused on the effects of these ecosystem interactions on total Hg
(tHg) and total methylated Hg (tMeHg) concentrations in the water column and the intercompartmental 1860

fluxes.

Our model demonstrates the complex differences in bioaccumulation between different species of Hg.
The model accurately reproduces bioaccumulation at the base of the food web as shown in Table 3.6
and models biomagnification to higher trophic levels according to observations for both Hg2+ and MMHg+

1865

as shown in Fig. 3.8. Although our model underrepresents MMHg+ in cod compared to the observed
mean, this underrepresentation is still within the observations and is explained by an underrepresentation
of the trophic level as shown in Table 3.4. It is important to note that we wanted to implement realistic
bioconcentration and trophic transfer rates to not over-tune the model. Several interactions, such as, for
example, cannibalism within the functional groups or even the same species, can increase bioaccumulation 1870

in ways that are not captured by the model, which would result in both increased bioaccumulation and
trophic levels.
The impact of the ecosystem on the MeHg cycling is very strong. In idealized 1D setups, bioaccumulation
increases the average tMeHg content by 44% in the Southern North Sea, by 13% in the Northern North
Sea, and in the Gotland Deep above the mixed layer depth by 22% as shown in Fig. 3.11. The surge in 1875

tMeHg attributed to bioaccumulation is most notable during plankton blooms, where phytoplankton absorbs
a large portion of tMeHg, shielding bioaccumulated MMHg+ from demethylation processes. This MMHg+

is released to the water column towards the end of the year, where less solar radiation, more particles,
more mixing, and more cloud coverage reduce photodemethylation. Our models show that the increase
in tMeHg is strongly related to average biomass. And that an increase of 4.5 mgC m-3 in the average 1880

biomass content will result in a 1% increase in tMeHg due to bioaccumulation.
The model reveals regional and seasonal differences in how the ecosystem influences Hg cycling and
bioaccumulation across the North and Baltic Seas. The ecosystem increases tHg and tMeHg mostly in
highly productive shallow coastal regions, with a reduced effect in deeper, less productive zones. In the
Baltic Sea, our findings quantify the average reduction in tHg due to bioaccumulation and cyanobacterial- 1885

induced biogenic reduction as a 7% reduction in tHg above the mixed layer depth.
The 3D simulation expands on this by visualizing the spatial pattern and allowing us to quantify the effect of
bioaccumulation on the Hg budget of the North and Baltic Seas while taking into account spatial variability
and horizontal transport. The average tMeHg content increases by 10%, but this increase is caused by an
increase in the North Sea and the Danish straits, while there is a decrease in tMeHg in large parts of the 1890

Baltic Sea.
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3.5.1 Conclusion

This study demonstrates and quantifies the complex role of the ecosystem in shaping Hg speciation and
the influence of physical, biochemical, and ecological factors. In addition, it shows the sensitivity of pa-
rameterization in modeling and shows that evaluating ecosystem parameters such as the trophic level is1895

essential to comprehend the results of bioaccumulation modeling. Here, we show that bioaccumulation
does have notable feedback effects on Hg cycling and therefore should be included in any marine Hg
model, even in cases where bioaccumulation is not of direct interest. We conclude that the ecosystem has
a direct effect on Hg cycling by;

• The ecosystem increases marine tMeHg1900

– Increase in tMeHg up to 77%

– Increase of the 10-year average tMeHg up to 44%

– An increase of 4.5 mgC -3 average biomass leads to a 1% increase in tMeHg.

• Facilitate the burial of Hg by transporting Hg below the thermocline in deep unmixed water via the
sinking of detritus1905

• Cause a wintertime increase in both aquatic and tMeHg permanently mixed productive coastal water

Because of this we conclude that the ecosystem has essential feedback on marine Hg cycling.

3.6 Future outlook

It is important to continue improving our models and to increase our understanding of the mechanisms that
drive Hg bioaccumulation and cycling. More efforts should be directed toward understanding the nuanced1910

interactions between Hg cycling and biogeochemical processes, trophic interactions, and ecosystem struc-
ture, all of which influence Hg speciation and fate in marine ecosystems. Typically, bioaccumulation is
thought of as an add-on to model additional end members, and thus as non-essential when modeling
global transport and air-sea exchange. We demonstrate that this is not the case and that bioaccumulation
plays an important role in Hg cycling in coastal oceans.1915

To support the Minamata Convention, a solid understanding of the Hg cycle in marine environments is im-
portant for designing effective management strategies that aim to mitigate Hg contamination and minimize
its impact on aquatic ecosystems and human health. By improving the models and by incorporating new
advancements in field observations and experimental studies, we can increase our ability to predict and
manage Hg pollution, safeguarding both the environment and human well-being.1920
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Table 3.9: . Contributions per Author. Authors are: David Johannes Amptmeijer (DA), Dr. Johannes Bieser
(JB), Dr. Ute Daewel (UD), Elena Mikheeva (EM), and Prof. Dr. Corinna Schrum (CS).

Contributor role Role definition Authors

Conceptualisation
Identified the need for bioaccumulation in the MERCY v2.0 model JB, CS
Conceptualised the study DA, JB, CS

Methodology

Coupling of MERCY v2.0 to FABM DA, JB
Developing the physical setups EM
Developed ECOSMO E2E to better suit bioaccumulation DA, UD
Design and implement the different scenarios DA

Validation
Validate if Hg cycling matches in the 1D MERCY v2.0 model JB, DA
Validate hydrodynamic conditions EM, CS, DA
Validate carbon cycling DA, UD

Writing
Writing of the original draft DA, JB
Reviewing the original draft and quality control JB, CS, UD, EM, DA

Supervision Supervising the development of the work CS, JB
Funding acquisition Acquired funding via the GMOS-Train ITN JB, CS
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Bridging chapter

Initially, I designed the model to incorporate bioaccumulation into MERCY v2.0 as accurately as possible.
The study performed in Chapter 3, in which I evaluated the feedback between bioaccumulation and Hg
speciation, was a logical start as currently MERCY v2.0 is the most comprehensive marine Hg cycling and1930

bioaccumulation model in use and, therefore, the only model that could attempt to quantify this feedback.
As mentioned above, the bioaccumulation in the MERCY v2.0 model takes many more interactions into
account than other bioaccumulation models, such as the bioaccumulation of Hg2+ and the direct uptake
of Hg2+ and MMHg+ from the water column at higher trophic levels. It is important to remain critical about
what seemingly minor interactions should be omitted from the model, as small effects can compound1935

into big effects. However, everything comes at a cost, in this case, computational resources and model
complexity. The MERCY v2.0 model has 4 Hg state variables per biological functional group, namely both
bioaccumulated and biomagnified Hg2+ and MMHg+. This is a lot considering that most models, such
as those by Rosati et al. 2022, Schartup et al. 2018, and Zhang et al. 2020, only have 1 state variable
per functional group. Namely bioaccumulated MMHg+. This means that for 2 zooplankton, 2 fish, and 11940

macrobenthos group the MERCY V2.0 model has 15 potentially redundant state variables. Since I can run
my model in 1D, and therefore computational resources are not as much of a constraint, I can evaluate
the relevance of each of these state variables and evaluate which interactions are essential to account
for. If the bioaccumulation is incorporated into larger models, such as the ICON-O 3D global earth system
model, adding 15 redundant state variables is an indefensible misuse of resources. Therefore I decided to1945

critically evaluate the design choices I made in the model by evaluating how much the bioaccumulation of
Hg and bioconcentration of MMHg+ in higher trophic levels contribute to bioaccumulation.
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Figure 3.15: Hermit crab (Pagurus bernhardus). Picture taken by Dr. Eric Wurtz.

80



CHAPTER 4. BIOCONCENTRATION IN CONSUMERS: A KEY DRIVER OF MEHG IN FISH

CHAPTER 4
Bioconcentration in consumers: a key

driver of MeHg in fish

David J. Amptmeijer1, Johannes Bieser1

1Matter Transport and Ecosystem Dynamics, Helmholtz-Zentrum Hereon, Geesthacht, Germany
1950

The ability of monomethylmercury (MMHg+) to bioaccumulate in seafood is of concern due to its neu-
rotoxic properties. Understanding the bioaccumulation of MMHg+ is challenging because the MMHg+

content at higher trophic levels depends on both bioconcentration and biomagnification. Furthermore,
Hg can occur in several chemical species, including Hg2+ and MMHg+, which both bioaccumulate.
Although the dominant pathway for MMHg+ bioaccumulation into seafood is the bioconcentration of
MMHg+ in primary producers and the subsequent biomagnification to higher trophic levels, other path-
ways can contribute to MMHg+ bioaccumulation. In this study, we quantify the importance of the bioac-
cumulation of Hg2+ and the bioconcentration of MMHg+ in higher trophic levels in the bioaccumulation
of MMHg+ in high trophic level fish by running a fully coupled 1D water column Hg bioaccumulation
model under 3 hydrodynamic regimes typical for the North and Baltic Seas. We find that Hg2+ bioaccu-
mulation does not influence the bioaccumulation of MMHg+ but the bioconcentration of MMHg+ plays
an important role. Although direct bioconcentration accounts for < 15% of MMHg+ bioaccumulation
in cod, the cumulative effect of bioconcentration on all trophic levels increases the MMHg+ content of
cod by 28-48%. We show that up to the highest trophic level modeled (TL = 3.7), the percentage of
MMHg+ that originates from consumer bioconcentration increases with an average of 15% per trophic
level. These results demonstrate that bioconcentration in consumers is essential to accurately model
the bioaccumulation of MMHg+ at higher trophic levels.

Keywords: Mercury, Bioaccumulation, ECOSMO. Macrobenthos
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Amptmeijer, D., & Bieser, J. (2025). Bioconcentration as a key driver of Hg bioaccumulation in
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Grahical abstract of chapter 4

Figure 4.1: Eventhough the direct percentage of MMHg+ bioaccumulated by high trophic level fish via
bioconcentration (uptake direclty from the watercolumn) is low, the cumulative effect of bioconcentration
in consumers is high. The image is made of several sub-images that are generated using openART and
GPT 4.1.

4.1 Introduction

The natural element mercury (Hg) is currently on the list of 10 substances of most concern by the World 1960

Health Organization (WHO 2020). This is because Hg can be methylated into monomethyl mercury
(MMHg+). MMHg+is a potent neurotoxin produced by microbial methylation of inorganic mercury. It bio-
magnifies through aquatic food webs, accumulating in predatory fish at levels that can impair human
neurological development and function when consumed. Aquatic foods account for more than 15% of
the world’s protein consumption, and preserving this as a safe and reliable food source is essential to 1965

feed an increasing population (Boyd et al. 2022). Despite recent efforts, the bioaccumulation of MMHg+

in the marine environment is a complex topic and is not yet fully understood. Part of the complexity of
understanding MMHg+ bioaccumulation and toxicity is that Hg can undergo speciation and occur in the
environment in several chemical forms with distinct physical and chemical properties (Bieser et al. 2023).
In particular, there are dissolved Hg (Hg2+), dissolved elemental gaseous Hg (Hg0), MMHg+, and dissolved 1970

dimethylmercury (DMHg).
Often both MMHg+ and DMHg are combined and are termed methylmercury (MeHg). The importance of
DMHg is currently debated. Although DMHg is uncharged, which would give it higher permeability to mi-
grate through cell membranes, it is assumed that it does not bioaccumulate to a significant degree (Morel
et al. 1998). The higher bioaccumulation of MMHg+ compared to DMHg can be attributed to several rea- 1975

sons; MMHg+ can be absorbed by phytoplankton by cell-dependent factors, such as membrane channels
(Garcia-Arevalo et al. 2024), volatile DMHg can more easily migrate out of cells and evaporate from the
water column, and MMHg+ can strongly bind to sulfhydryl (-SH) groups in organic material, notably cys-
teine, which traps toxic MMHg+ in the cell. Although DMHg appears to be a common form of Hg in deeper
water, there are no measurements in the North and Baltic Seas that would differentiate between DMHg 1980

and Hg0, and its role can therefore not be assessed in the model (Fitzgerald et al. 2007). Since DMHg
is susceptible to photodegradation, we can assume that it does not play an important role in the coastal
water investigated in this study until better observational studies confirm or correct this assumption (West
et al. 2022) .
Both Hg2+ and MMHg+ bioaccumulate in the marine food web. However, due to the higher toxicity and 1985

bioaccumulation potential of MMHg+, the bioaccumulation of MMHg+ is the most important concern and

82



CHAPTER 4. BIOCONCENTRATION IN CONSUMERS: A KEY DRIVER OF MEHG IN FISH

receives the most attention. There are 3 ways in which species bioaccumulate MMHg+; bioconcentration,
biomagnification, and in vivo methylation.

4.1.1 Used terminology: bioaccumulation, bioconcentration, and biomagnification

Bioaccumulation in the marine environment refers to the total increase in pollutants in biota compared1990

to that in the water. This can be quantified in nature by measuring the concentration of pollutants in both
water and biota and estimating the difference. This is typically expressed as the bioaccumulation factor,
BAF. For example, the bioaccumulation of MMHg+ in organisms i can be calculated based on observations
as:

BAFMMHg+

i =
CMMHg+

i

CMMHg+

w

(4.1)

In which,1995

BAFMMHg+

i - The bioaccumulation factor of MMHg+ for organism i [L kg-1]

CMMHg+

i - The concentration of MMHg+ in organisms i [ng Hg kg-1]

CMMHg+

w - The free concentration of MMHg+ in the water [ng Hg L-1]

Since the BAF can be based on field measurements, it is a commonly used metric to estimate the link2000

between the concentrations of pollutants in seawater and those in biota. In this study, we are interested in
separating the bioaccumulation into separate pathways: the direct uptake from the water (bioconcentration)
and the increase in pollutants due to trophic interactions (biomagnification).
Bioconcentration, is the increase in the concentration of Hg in biota directly due to uptake from the water.
Because the process of bioconcentration relies on the exchange of Hg between the dissolved phase and
an organism, it depends on the surface area of the organic material that is in contact with the water. Due
to this, small organisms, such as bacteria and phytoplankton, have a greater ability to bioconcentrate Hg
(Mason et al. 1996; Pickhardt et al. 2006). However, the bioconcentration process is complicated and
recent studies show that the bioconcentration of MMHg+ is influenced by cell-dependent factors, such as
the thickness of the phycosphere and the availability of transmembrane channels, while this is not the case
for Hg2+ Garcia-Arevalo et al. (2024). Bioconcentration is typically defined by the bioconcentration factor
(BCF). The BCF for MMHg+ in organism i , can for example be calculated as

BCFMMHg+

i =
CMMHg+

i

CMMHg+

w

(4.2)

In which,
BCFMMHg+

i - The bioconcentration factor of MMHg+ for organism i [L kg-1]2005

CMMHg+

i - The concentration of MMHg+ in organisms i due to direct uptake of MMHg+ from the water [ng
Hg kg-1]
CMMHg+

w - The free concentration of MMHg+ in the water [ng Hg L-1]

In this Hg could then either refer to Hg2+ or MMHg+. Note that this defines the theoretical BCF. In nature it2010

is typically impossible to directly measure the BCF, as it would be impossible to separate between MMHg+

that is taken up directly from the water and MMHg+ that is ingested via food. Bioconcentration is the most
important step in bioaccumulation and phytoplankton can have a BCF of MMHg+ between 2E4 -1 and
6.4E6 L kg-1 higher than MMHg+ in surrounding water (Gosnell and Mason 2015).
Biomagnification is when MMHg+ reaches higher concentrations at progressively higher trophic levels.
The biomagnification factor, the fractional increase in MMHg+ with each trophic level, is estimated to be 7.0
± 4.9 (Harding et al. 2018; Lavoie et al. 2013). This means that in addition to the high increase in MMHg+

in phytoplankton, there is a large increase in MMHg+ at every consecutive trophic level. Many seafoods
consist of high-trophic animals, such as cod, tuna, or marlin, which can have trophic levels between 4
and 4.8 (Nilsen et al. 2008; Sarà and Sarà 2007). Biomagnification can increase the already high levels
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of MMHg+ in phytoplankton by up to another factor 11.94.8 ≈ 145420. This is typically defined by the
biomagnification factor, BMF, which can be calculated for organism i, preying on organism j for MMHg+ as:

BMFMMHg+

i,j =
CMMHg+

i

CMMHg+

j

(4.3)

In which, 2015

BCFMMHg+

i - The biomagnification factor for trophic consumption of j by i [unitless]

CMMHg+

j - The concentration of MMHg+ in the organism j [ng Hg kg -1]

The biomagnification factor of MMHg+ is extremely high, Lavoie et al. (2013) estimates the diet-weighted
average BMF for MMHg+ as 8.1 ± 7.2 while it is only 4.7 ± 4.7 for Hg+. This combined with the higher 2020

toxicity of MMHg+ is the reason why the bioaccumulation of MMHg+ is of much higher concern than the
bioaccumulation of Hg2+. A final way in which organisms can bioaccumulate MMHg+ is in vivo Hg methy-
lation.

In vivo methylation occurs when animals take other forms of Hg and transform it into MMHg+ in or- 2025

ganisms. Although the existence of this process has been demonstrated in specific organisms such as
cuttlefish, it is poorly understood and only recently gaining attention (Gentè et al. 2023). There is no direct
evidence of in vivo methylation in the animals that we model, so it is not implemented in this model.
Overall the dominant pathway of bioaccumulation, the bioaccumulation of MMHg+ is the bioconcentration
of MMHg+ in phytoplankton and consequent biomagnification. The important route is quantified by Wu 2030

et al. (2019) using a meta-analysis. They find that the concentration of MeHg at the base of the food web
predicts 63% of the observed variability in high trophic level fish, while the remaining 37% is controlled by
factors such as the dissolved organic matter content and oligotrophy.

4.1.2 Current models

Multiple models have been developed to explain MMHg+ bioaccumulation in marine ecosystems. Key 2035

examples include trophic transfer (Schartup et al. 2018), base-level accumulation (Zhang et al. 2020),
planktonic bioaccumulation in the Mediterranean Sea (Rosati et al. 2022), MeHg dynamics on the Beaufort
Shelf (Li et al. 2022), and speciation plus accumulation in the North and Baltic Seas (Bieser et al. 2023).
In all of the previous models, bioconcentration of MMHg+ is included as it is an essential driver. These
models, however, do not include higher trophic level animals such as fish. It is concluded in Schartup 2040

et al. (2018) that the bioconcentration of MMHg+ in zooplankton is not a major contributor and contributes
less than 15% of total MeHg bioaccumulation. Consequently, in later models such as presented by Rosati
et al. (2022) this interaction is not included because their model focuses on the base of the food web. The
study performed by Li et al. (2022) includes the process of bioconcentration for invertebrates, but it is not
included for vertebrates. This means that our model would be the first model to include bioconcentration 2045

at every trophic level.
The bioaccumulation of Hg2+ is much less studied and not incorporated in any of the above-mentioned
models. This is because Hg2+ is much less toxic than MMHg+ and therefore comparably understudied.
While data is limited, this raises the speculative question if the link between the bioaccumulation Hg2+ and
MMHg+ is not underestimated as Hg2+ and MMHg+ are in active equilibrium in the water. 2050

The ECOSMO-MERCY coupled system, which is used by Bieser et al. (2023) and Chapter 3 is the only
coupled model that models the bioaccumulation of Hg2+ and MMHg+ at higher trophic levels such as fish,
while incorporating bioconcentration at every trophic level.

4.1.3 The hypotheses

While MMHg+ is more concerning than Hg2+ at higher trophic levels, Hg2+ can form up to 98% of the 2055

bioaccumulated Hg in phytoplankton (Pickhardt and Fisher 2007). This results in a large removal of Hg2+

during the phytoplankton bloom period (Soerensen et al. 2016). Our first hypothesis in this study is that
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the bioaccumulation of Hg2+ can lower the bioaccumulation of MMHg+ by removing Hg2+, which in
turn cannot be methylated and accumulated as MMHg+.
A counterpoint is that Chapter 3 does not show an average change in tHg and aqueous Hg caused by2060

bioaccumulation, including the bioaccumulation of Hg2+. While this indicates that there is no likely effect of
Hg2+ bioaccumulation on MMHg+ bioaccumulation, it does not exclude this. Most of the bioaccumulation
of Hg2+ and MMHg+ takes place at the same time and space, in the surface layer during the phytoplankton
bloom. While there is no change in the average tHg, the results of Chapter 3 show seasonal variation.
This means that even if the average concentrations of tHg are not altered, there may still be an effect of2065

Hg2+ bioaccumulation on MMHg+ bioaccumulation. It could be theorized that as the ecosystem reduces
tHg during the phytoplankton bloom it would reduce dissolved MMHg+, as this is in active equilibrium with
other Hg species and therefore reduce the availability of MMHg+ for bioaccumulation.
Most MMHg+ in high trophic levels originates from their diet (Lavoie et al. 2013). So it is often assumed that
the bioconcentration of MMHg+ does not play an essential role in high trophic level MMHg+ bioaccumula-2070

tion. However, this ignores the fact that bioconcentration plays a role at all trophic levels. If both micro and
mesozooplankton, for example, have 5% of MMHg+ originating from bioconcentration. Mesozooplankton
will have 5% less MMHg+ in their diet, composed of microzooplankton, and an additional 5% less from its
lack of bioconcentration. This results in a total reduction of 10%. The second hypothesis in this paper
is that the bioconcentration of MMHg+ in consumers leads to a large increase in MMHg+ at higher2075

trophic levels.
Studies that have analyzed the relative contribution of bioconcentration in the bioaccumulation of MMHg+

in fish found that in freshwater fine-scale dace Phoxinus neogaeus, the bioconcentration accounts for
up to 15% of the total bioaccumulation of MMHg+ (Hall et al. 1997). A study by Wang and Wong (2003)
found that in marine sweetlips Plectorhinchus gibbosus bioconcentration in fish can dominate total MMHg+

2080

concentration, if they eat food with low MMHg+ levels, while intake from food dominates total MMHg+

uptake when fish eat food with higher MMHg+ levels. This means that there will be an effect of MMHg+

bioaccumulation in higher trophic levels as it is a direct flux of MMHg+ into the organism. In this study, we
want to expand this and quantify the cumulative effect of MMHg+ bioconcentration in all consumers. This
allows us to evaluate if consumer bioconcentration is indeed a small percentage of total MMHg+, or if it is2085

a major contributor to the total MMHg+ concentrations.
It is important to analyze these interactions using models as they cannot be fully understood using field
and laboratory studies. This is because Hg2+ and MMHg+ are in active equilibrium and we cannot measure
MMHg+ in a system where phytoplankton would not absorb Hg2+. The effect of bioconcentration of MMHg+

can also not easily be measured. It is possible to measure the direct uptake and release of MMHg+ by2090

higher trophic levels from the water column. This is done, for example, to estimate the bioconcentration
rates of Hg2+ and MMHg+ in sweetlips by Wang and Wong (2003). The complexity is that the origin
(bioconcentration or biomagnification) of MMHg+ cannot be measured in observational studies, and part
of the MMHg+ that is consumed by higher trophic levels is bioconcentrated in consumers at the lower
trophic level, making it impossible to measure the full importance of bioconcentration in consumers.2095

To test the 2 hypotheses that Hg2+ bioaccumulation decreases MMHg+ bioaccumulation and that MMHg+

bioconcentration increases it, we quantify the effect of bioaccumulation of Hg2+ and the bioconcentration
of MMHg+ on the bioaccumulation of MMHg+. We do this by running the fully coupled GOTM-ECOSMO-
MERCY coupled system used in Chapter 3 with and without the bioaccumulation of Hg2+ and bioconcen-
tration of MMHg+. Then we analyze the bioaccumulation of MMHg+ at different trophic levels in these2100

different scenarios and finally evaluate the importance of both interactions.
The model is run using 3 idealized 1D water column setups to represent different hydrological conditions.
The setups represent the coastal hydrodynamics found in the North and Baltic Seas.

Modeled region

The first North Sea setup is the permanetenly mixed- southern North Sea at (54◦15′00.0”N 3◦34′12.0”E).2105

The 41.5 m deep location of this setup is characterized by having constant water-column mixing. This
remixing of nutrients within the euphoric zone creates good conditions for phytoplankton growth. Addition-
ally, since the water column is mixed during the bloom period, macrobenthos can feed directly from the
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phytoplankton bloom, which results in a late population of macrobenthos. This results in a high biomass
turnover rate, and macrobenthos are an important food source for predatory fish (Heip et al. 1992). The 2110

southern North Sea is rich in nutrients, and the phytoplankton bloom is often light-limited. Diatoms typically
dominate the phytoplankton bloom in spring until silicate limitations reduce their growth, and flagellates can
become dominant (Emeis et al. 2015).
The second setup is the seasonally mixed- Northern North Sea at (57◦42′00.0”N 2◦42′00.0”E). This
110 m deep setup is only seasonally mixed. The northern North Sea is still rich in nutrients, resulting in 2115

similar high phytoplankton growth, which is dominated by diatoms in spring and succeeded by flagellates
in summer, as is the case in the southern North Sea (Bresnan et al. 2009). A key difference between the
southern and northern North Sea setups is that in the northern North Sea setup, macrobenthos cannot
feed directly on the bloom but predominantly feed on sinking detritus. This results in lower macrobenthos
biomass and lower importance of macrobenthos in the diet of top predators (Heip et al. 1992). 2120

The final set is the permanently stratified- Gotland Deep (57◦18′00.0”N 20◦00′00.0”E). This setup is
different from the 2 North Sea setups in a few ways. First, the Baltic Sea, in general, is not limited by
silicate, resulting in a dominance of diatoms in the phytoplankton bloom. In the Gotland Deep specifically,
silicate limitation can occur, but diatoms will still be more dominant. Gotland Deep has a very low salinity ( 7
g l-1), is strongly stratified, and can be eutrophied in phosphate. This results in perfect growth conditions for 2125

nitrogen-fixing cyanobacteria that can form a major part of the total phytoplankton biomass in the autumn
when nitrogen limitations limit the growth of other phytoplankton (Kahru and Elmgren 2014). The presence
of cyanobacteria can alter bioaccumulation because they can reduce dissolved Hg2+ to volatile Hg0, which
increases Hg evaporation and therefore lowers the concentration (Kuss et al. 2015). This can reduce the
average Hg content by up to 8% Chapter 3. At the same time, the small size of the cyanobacteria gives 2130

them an extremely high surface: biomass ratio, resulting in a very high bioconcentration factor of MMHg+

(Pickhardt et al. 2006). Finally, the Gotland Deep has anoxic water below the thermocline; because of this,
there is no macrobenthos (Conley et al. 2009).
The 1D setups are the same as those used in Chapter 3 and are described there in more detail. The
physics of the setups is based on the Generalized Ocean Turbulence Model (GOTM) (Bolding et al. 2021), 2135

the biogeochemistry is based on the ECOSMO E2E (Daewel and Schrum 2013), and the Hg chemistry is
based on the MERCY v2.0 model (Bieser et al. 2023).
Quantifying the importance of the bioaccumulation of Hg2+ and bioconcentration of MMHg+ in consumers
on MMHg+ bioaccumulation into higher trophic levels under these idealized circumstances will provide a
unique insight into the drivers of the bioaccumulation of MMHg+ bioaccumulation and increase our fun- 2140

damental understanding of this process. Additionally, it is important to quantify the importance of these
interactions using lighter models because their inclusion in models comes at a cost. Especially, the im-
plementation of the bioaccumulation of Hg2+ is done by adding 1 state variable to the model per biota
functional group, or 2 state variables if the biomagnified and bioconcentrated Hg2+ is treated as separate
variables, as is done in the model used in this study. While this is feasible without much concern in the 1D 2145

water column models that we use in this study, when running earth system models, adding insignificant
state variables becomes an unnecessary waste of computational resources which results in the wasteful
expenditure of research funds and energy.

4.2 Methodology

To quantify the importance of Hg2+ bioaccumulation and MMHg+ bioconcentration on the bioaccumulation 2150

of MMHg+ we modeled the bioaccumulation of MMHg+ in three different scenarios using three idealized 1D
water column models representing different hydrodynamic regimes typical for the North and Baltic Seas.

4.2.1 Model

Hypotheses are evaluated using the Generalized Ocean Turbulence Model (GOTM) (Bolding et al. 2021)
that is coupled to the ECOSMO E2E ecosystem model (Daewel et al. 2019) and the MERCY v2.0 mercury 2155

speciation model (Bieser et al. 2023). The models are coupled using the Framework for Aquatic Biogeo-
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chemical modeling (FABM) (Bruggeman and Bolding 2014). This setup is chosen because it has been
used and evaluated in previous studies to analyze the bioaccumulation and cycling of Hg in the North
and Baltic Seas and it is the only fully coupled model to incorporate the bioaccumulation of Hg2+ and the
bioconcentration of MMHg+ at higher trophic levels.2160

GOTM

GOTM is used to simulate the hydrodynamics of the 1D water column models. GOTM is a 1D turbulence
model that computes the 1D version of the transport equation of temperature, momentum, and salinity. It
does this while being nudged to observational datasets. GOTM simulations are designed using the iG-
OTM tool (https://igotm.bolding-bruggeman.com/). This tool compiles the observational datasets used for2165

the GOTM simulation and estimates the water depth based on the gridded bathymetry data (1/240° res-
olution) (GEBCO Bathymetric Compilation Group 2020), the ECMWF ERA5 data for meteorological data,
the TPOX-9 atlas for tides (1/30° resolution)(Egbert and Erofeeva 2002), and for salinity and temperature,
it uses the wold ocean Atlas (0.25° resolution) (Garcia H.E. et al. 2019). The state is solved every 60
seconds using forward Euler differential equations. The setups have 1 grid cell per meter and the variables2170

are exported as daily means for the post-processing analyses.

ECOSMO E2E

The ecosystem model used in this study is the ECOSMO E2E ecosystem model. The ECOSMO E2E
ecosystem model is an intermediately complex ecosystem model that uses a functional group approach to
estimate the biomass and carbon fluxes in the North and Baltic Seas. The version used here has 3 func-2175

tional groups of phytoplankton; diatoms, flagellates, and cyanobacteria, 2 functional groups of zooplankton;
microzooplankton, and mesozooplankton, 2 functional groups of fish, and 1 group of macrobenthos. The
basic version of the model is published by Daewel et al. (2019), but the version used here has some mod-
ifications to make it more suitable for bioaccumulation. The modification included reducing carbon uptake
efficiencies at higher trophic levels and the addition of 1 more fish functional group. This is described in2180

detail in Chapter 3.

MERCY v2.0

The MERCY v2.0 model links atmospheric Hg to MMHg+ in fish. It does this by estimating air-sea ex-
change and wet deposition of Hg based on the CMAQ-Hg model and calculating the marine cycling while
taking into account marine speciation and bioaccumulation. It uses 35 state variables to estimate Hg spe-2185

ciation, transport, and bioaccumulation. Estimates the partitioning of Hg2+ and MMHg+ into dissolved or-
ganic carbon, particulate, and bioaccumulation based on ecosystem parameters derived from the ecosys-
tem model ECOSMO E2E (Bieser et al. 2023).

4.2.2 Bioaccumulation in the model

The bioaccumulation of Hg2+ and MMHg+ is the same as in Chapter 3. All functional groups of the biota can2190

bioconcentrate both Hg2+ and MMHg+ by default. This is implemented in the form of an active equilibrium
in which the bioconcentrated Hg2+ or MMHg+ on each interaction is changed by the uptake rate m3 mgC
d-1 multiplied by the biomass in mgC of the functional group and the concentration of Hg in ng Hg -3. The
release of Hg from the functional group is based on the respiration, mortality, and Hg release rate in d-1. In
addition to the bioconcentration, all consumer functional groups can take up Hg from the consumption of2195

contaminated food. The uptake of Hg2+ or MMHg+ from food depends on the assimilation efficiency of the
food and Hg species. After Hg has been assimilated from food, MMHg+ is released based on the mortality
and respiration rate within the functional group, while there is an additional release rate for Hg+. Since fish
have a temperature-dependent respiration rate in the ECOSMO E2E model, this means that fish lose Hg
from both bioconcentration and biomagnification faster in warmer water as their respiration, and thus Hg2200

release rate increases with temperature. The bioconcentration rates for zooplankton are based on Tsui
and Wang (2004), and those for fish are based on Wang and Wong (2003).
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Post-processing analysis

The post-processing analysis is performed in R v4.4.1. Plots are generated using ggplot v3.5.0. and linear
regression and statistics are calculated using ggpubr v0.6.0. A Wilcoxon signed rank test is performed to 2205

test the significance of differences and similarities between treatments. This is done because we assume
that the trophic level influences the difference between the scenarios, which would mean that the differ-
ences between the scenarios are not normally distributed. The results are interpreted as p < 0.05 means
a significant difference and p > 0.05 does not indicate a significant difference. Additionally, a Bayesian
t-test is run using the BayesFactor v0.9.12-4.7 packages in R to assess the likelihood that the scenarios 2210

are different from or the same as the base case.

4.2.3 Scenarios

The model is run in 3 different scenarios. The ”Base case”, ”No Hg2+ bioaccumulation” and ”No MMHg+

bioconcentration”. The base case scenario is the same as the base case used in Chapter 3. For the ”No
Hg bioaccumulation” setup, all uptake rates of Hg2+ are set to zero. For the ”No MMHg+ bioconcentration” 2215

scenario, all consumer bioconcentrations of MMHg+ and all Hg2+ uptake rates are set to zero.

4.3 Results and discussion

4.3.1 Bioaccumulation of Hg2+

The effect of Hg2+ bioaccumulation on the bioaccumulation of MMHg+ is shown in Table 4.1. The differ-
ences are low (1-5%). This is statistically evaluated, and the results are shown in Table 4.2. Wilcoxen’s 2220

signed rank test shows that bioaccumulation of Hg2+ has no significant impact on the bioaccumulation of
MMHg+ (p > 0.99). Furthermore, the Bayesian t-test shows that the data are 2.9 times more likely under
the null hypothesis of no effect than under the alternative hypothesis. This shows that Hg2+ bioaccumula-
tion does not have a significant effect on MMHg+ bioaccumulation (BF=0.35).

4.3.2 Bioaccumulation of MMHg+
2225

The MMHg+ bioaccumulation for all biota functional groups in the different setups and scenarios and the
percentage of bioaccumulated MMHg+ originating from bioconcentration are shown in Table 4.1. The %
bioconcentrated is calculated as Bioconcentrated (%) = Bioconcentrated

Bioaccumulated and the difference (%) is calculated
as Difference (%) = Scenario

Default . The values in red in the difference category indicate when the scenario
causes a change larger than 10%. The values are based on the last 10 years of the simulation and the 2230

shallow 20m of the water column, to create an average value that we can compare between the setups.
These results show that the relative contribution of bioconcentration on the MMHg+ content is low in micro-
zooplankton (4-6%) while it is higher in mesozooplankton (5-10%) higher in fish 1 (13- 22%) while lower
in fish 2 (8- 14%) and higher in macrobenthos (14- 25%). The relative contribution of direct bioconcentra-
tion on the MMHg+ bioaccumulation in zooplankton, especially microzooplankton, is lower than in higher 2235

trophic levels of animals. In our model, this occurs because of the extremely high turnover rate of zoo-
plankton. This ”grow fast, die young” approach results in less MMHg+ bioconcentration with higher relative
contributions due to feeding caused by the high feeding rate of zooplankton.
In longer-lived fish, we see higher contributions of bioconcentration. Although these contributions are
higher, they align with the experiments of (Wang and Wong 2003) and the observations of 15% by Hall 2240

et al. (1997). Both fish 1 and fish 2 have the same bioconcentration and release rates, so it is in line with
expectations that the relative contribution of direct bioconcentration in fish 2 is lower than in fish 1 since it
gets more MMHg+ from its higher trophic level diet.
There is a great difference in the importance of bioconcentration of MMHg+ in macrobenthos between
the Southern and Northern North Sea. This difference is especially notable in the direct bioconcentra- 2245

tion in macrobenthos, which is 25% of the total bioaccumulated MMHg+ in the Northern North Sea and
only 14% in the Southern North Sea. This difference is caused by the low intake of MMHg+ from food
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Table 4.1: The bioaccumulated MMHg+, the percentage of bioaccumulated MMHg+ that originates from
bioconcentraton, and the bioaccumulated MMHg+ in the scenario without bioaccumulation of Hg2+ and
the bioconcentration of MMHg+ in consumers and the difference to the default scenario. The % biocon-
centrated is calculated as Bioconcentrated (%) = Bioconcentrated

Bioaccumulated and the difference (%) is calculated as
Difference (%) = Scenario

Default .

Gotland Deep
Default No Hg2+ bioaccumulation No MMHg+ bioconcentration Trophic Level

(ng Hg mg-1) Bioconcentrated (%) (ng Hg mg-1) Difference (%) (ng Hg mg-1) Difference (%) -
Diatom 0.0050 100% 0.0050 0.% 0.0050 -0% 1
Flagellate 0.0096 100% 0.0096 0% 0.0096 -0% 1
Cyanobacteria 0.0152 100% 0.0152 0% 0.0152 0% 1
Microzooplankton 0.0130 5% 0.0130 0% 0.0123 -5% 2.0
Mesozooplankton 0.0190 5% 0.0191 0% 0.0180 -5% 2.2
Fish 1 0.0314 16% 0.0314 0% 0.0250 -20% 2.6
Fish 2 0.0647 8% 0.0647 0% 0.0464 -28% 3.5

Southern North Sea
Default No Hg2+ bioaccumulation No MMHg+ bioconcentration Trophic Level
(ng Hg mg-1) Bioconcentrated (%) (ng Hg mg-1) Difference (%) (ng Hg mg-1) Difference (%) -

Diatom 0.0052 100% 0.0049 -5% 0.0048 -6% 1
Flagellate 0.0078 100% 0.0077 -2% 0.0076 -2% 1
Microzooplankton 0.0110 4% 0.0108 -2% 0.0103 -6% 2.0
Mesozooplankton 0.0139 6% 0.0140 1% 0.0129 -7% 2.5
Fish 1 0.0474 13% 0.0472 0% 0.0297 -37% 3.2
Fish 2 0.0692 9% 0.0689 -1% 0.0423 -39% 3.5
Macrobenthos 0.0225 14% 0.0224 -1% 0.0168 -26% 2.3

Northern North Sea
Default No Hg2+ bioaccumulation No MMHg+ bioconcentration Trophic Level
(ng Hg mg-1) Bioconcentrated (%) (ng Hg mg-1) Difference (%) (ng Hg mg-1) Difference (%) -

Diatom 0.0034 100% 0.0034 1% 0.0034 1% 1
Flagellate 0.0062 100% 0.0062 1% 0.0062 1% 1
Microzooplankton 0.0104 6% 0.0105 2% 0.0098 -5% 2.0
Mesozooplankton 0.0122 10% 0.0124 2% 0.0106 -13% 2.5
Fish 1 0.0209 22% 0.0210 1% 0.0135 -35% 2.9
Fish 2 0.0373 14% 0.0374 0% 0.0194 -48% 3.7
Macrobenthos 0.0085 25% 0.0083 -2% 0.0054 -37% 2.3

by macrobenthos in the Northern North Sea. Since the water column is stratified during spring and sum-
mer, macrobenthos cannot directly feed on the phyto- and zooplankton bloom. Because of this, they are
dependent on sinking detritus. The detritus has a lower MMHg+ content than living material and conse-2250

quently, the MMHg+ intake in Northern North Sea macrobenthos is lower, and thus the relative importance
of bioconcentration is higher.

4.3.3 Bioaccumulation of MMHg+ and trophic level

The relationship between trophic level and MMHg+ bioaccumulation is plotted in Fig. 4.2a. Since we as-
sume biomagnification to be an exponential effect per trophic level on top of bioconcentration, the model is2255

fitted as an exponential function with the average MMHg+ content of phytoplankton as the origin. Fig. 4.2b
expands on this by showing the relationship between the trophic level and the effect of both investigated
drivers on the bioaccumulation of MMHg+. This shows that while there is no effect of the bioaccumulation
of Hg+ on the bioaccumulation of MMHg+. The setup without bioconcentration in consumers has 15% less
MMHg+ bioaccumulation per trophic level than the setup which does includes this interactions.2260

4.3.4 Evaluation hypotheses 1; The effect of Hg2+ bioaccumulation on MMHg+ bioaccu-
mulation

Based on the results of the statistical analysis shown in Table 4.2 we can see that there is no significant
difference (p = 0.99) caused by Hg2+ bioaccumulation on MMHg+ bioaccumulation. Based on the Bayesian
t test we estimate that the change is 1/0.35 = 2.86 times greater than the data, that is, there is a difference.2265
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Table 4.2: The results of the statistical test performed to evaluate the difference between the scenarios
and the base case. The high p-value (p > 0.99) and below 1 Bayes Factor (BF=0.35) indicate that there
is no significant difference between the base case and the scenario without Hg2+ bioaccumulation and
that the change that there is no difference is 2.86 times larger than the chance that there is a difference.
The difference between the scenario without MMHg+ bioconcentration is significant (p < 0.001) and the
change that there is a difference is 6.81 times higher than the change that there is no difference caused
by the bioconcentration of MMHg+ in consumers on the bioaccumulation of MMHg+.

No Hg2+ bioaccumulation No MMHg+ consumer bioconcentration

Wilcoxen signed-rank test p > 0.99 p<0.001
Bayesian t-test BF=0.35 BF=6.81

Based on these results, we conclude that Hg bioaccumulation2+ does not play a major direct role in the
bioaccumulation of MMHg+. However, it should be noted that bioaccumulation of Hg2+ can still play a role
in the MMHg+ content in biota by in vivo methylation. However, there is no data suggestion that this is a
major pathway, so based on the current state of knowledge of MMHg2+ bioaccumulation we conclude that
the first hypothesis is incorrect and Hg2+ does not play a role in the bioaccumulation of MMHg+ in coastal 2270

food webs.

4.3.5 Evaluation hypotheses 2; The effect of MMHg+ bioconcentration in consumers on
MMHg+ bioaccumulation

Based on the statistical results shown in Table 4.2 we conclude that there is a significant difference between
the base case and the scenario without consumer bioconcentration (P< 0.001), we based on the Bayesian 2275

t-test that the chance that the data are different is 6.81 times larger than that no difference exists. Based
on the results, we conclude that the bioconcentration of MMHg+ in consumers is a significant contributor
to the bioaccumulation of MMHg+. We quantify this significant increase in the bioaccumulation of MMHg+

at 15% per trophic level in our model.

4.3.6 Model limitations 2280

There are some limitations to our model. First, estimates of the biomagnification factor or MMHg+ range
between 2-10. Our model represents the estimations of the lower end. The bioconcentration factor is
probably more important in low biomagnification food webs. Another limitation is that our model stops
at trophic level 3.7. This is a high trophic level that can represent piscivorous species, but many marine
species that are consumed by humans such as tuna, Great Marlin, and cod can have higher trophic 2285

levels. These higher trophic levels might be influenced even more by consumers MMHg+ bioconcentration.
Additionally, it must be noted that fish 2 in our model is only trophic level 3.5-3.7. Typically, large cod can
have a higher trophic level of 3.7-4.2 and high trophic levels such as bluefin tuna can reach trophic levels
of up to 4.8 (Nilsen et al. 2008; Sarà and Sarà 2007).
When the absolute concentration of MMHg+ increases at higher trophic levels, the relative increase in the 2290

importance of direct bioconcentration per trophic level likely decreases. Our modeled top predator with
a trophic level of 3.7 has a high trophic level for a coastal ocean, but there is a marine biota with even
higher trophic levels in our model domain, such as marine mammals. Without a dedicated modeling study
to simulate the diet and bioconcentration of even higher trophic levels, we cannot simply extrapolate our
findings to predict the importance of MMHg+ bioconcentration in their MMHg+ bioaccumulation. 2295

Overall the most important driver of our model is the fraction of MMHg+ that is bioaccumulated by bio-
concentration for each trophic level, as this drives the relative importance of bioconcentration at the higher
trophic levels. The contribution of bioconcentration in zooplankton of 3.97-10.07% is in line with the< 20%
reported by Schartup et al. (2018), and the contribution of bioconcentration in fish between 8.14-21.82%
is in line with the study by Wang and Wong (2003). 2300
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Figure 4.2: Figure a) shows the trophic level vs MMHg+ bioaccumulation for the base
case and the 2 scenarios. The base case and scenario ”No Hg2+ bioaccumulation” have
the relationship 0.0075+6E4*e1.2*TrophicLevel and the scenario ”No MMHg+ bioconcentration” has
0.0075+5E4*e1.09*TrophicLevel. Figure b) shows that there is an exponential increase in MMHg+ with trophic
level, which is higher for the base case and the scenario without Hg bioaccumulation than for the scenario
without MMHg+ bioconcentration. Figure b) expands on this and demonstrates no significant effect on the
importance of trophic level on the effect of the bioaccumulation of Hg2+ on MMHg+ bioaccumulation. There
is a reduction of 15% per trophic level caused by the bioconcentration of MMHg+.

The main uncertainty for the fraction of MMHg+ that originates from bioconcentration is the parameteriza-
tion of bioconcentration and biomagnification. Both the bioconcentration and biomagnification of zooplank-
ton are based on the work of Tsui and Wang (2004) on water fleas (Daphia Pulex) and for fish this is based
on Wang and Wong (2003) and their work on the Indo-Pacific species Sweatlips. Although water fleas are
common in the Baltic Sea, they are not in the North Sea, and sweetlips live neither in the North nor in the2305

Baltic Sea. This means that the most important parameters in our model are not based on the animals
they represent in our model. Although it is unfeasible to have dedicated bioaccumulation studies in every
animal or functional group, there are currently not enough studies to verify whether these rates would differ
between the circumstances in our model and those in the experiment. Drivers that might influence these
factors are the size of the biota, physical circumstances such as temperature and salinity, or if there is2310

a seasonal effect related to the activity of the animals. It would greatly improve our ability to model the
bioaccumulation of MMHg+ if more information on these different drivers were available.

It is a deliberate choice to perform this study in 1D idealized water column models, as it allows us to get a
clear overview of the driving processes and generalize our findings. In this way, we can provide a general
conclusion based on the biomagnification and bioconcentration rates of the biota that are presented in2315

laboratory and field studies. However, it poses limitations compared to real fish by omitting spatial variabil-
ity. Locally variable circumstances, such as the seasonally dependent flow of Hg from rivers to the ocean,
could cause the importance of bioconcentration on MMHg+ bioaccumulation to be regionally different.

Although the model can predict the importance of MMHg+ bioconcentration, it can not evaluate the impor-
tance of the bioconcentration of gaseous Hg species, such as Hg0 and DMHg. These gaseous Hg species2320

are assumed not to biomagnify because they are not polar but could bioconcentrate. Because the gills
of fish are optimized to facilitate the exchange of gases between water and fish blood, these gaseous Hg
species can likely bioconcentrate in organisms. However, to model and evaluate the importance of this
interaction, studies must be performed first, investigating both the bioconcentration and release rates of
these gaseous species and their fate in the organism. In particular, the effect of the bioconcentration of2325

DMHg on the concentration of MeHg at higher tropic levels will be very dependent on whether DMHg stays
gaseous in the organism and is excreted quickly via the gills, or whether DMHg is demethylated in MMHg+

and further biomagnified in the food chain. Since DMHg concentrations are low in the north and Baltic
seas, this is unlikely to play a major role in our setups, but it could influence the importance of bioconcen-
tration on the MMHg+ content of higher trophic level fish in seas with higher DMHg concentrations, such2330

as the open oceans and the Mediterranean sea.
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4.4 Conclusion

In our paper, we used a 1D water column model to test two hypotheses. Our first hypothesis is that
the bioaccumulation of MMHg+ is influenced by the bioaccumulation of Hg2+. We theorized that Hg
bioaccumulation2+ removes a significant portion of Hg2+ from the water column, resulting in less Hg2+

2335

that can be methylated in MMHg+. As a result, we would expect that the bioaccumulation of Hg2+ can
reduce the bioaccumulation of MMHg+. Our second hypothesis is that the bioconcentration of MMHg+ in
consumers is a major contributor to the bioaccumulation of MMHg+ at higher trophic levels. We theorized
that while the direct effect of bioconcentration in high trophic level animals is low, the cumulative effect of
bioaccumulation in all trophic levels below becomes a major source of MMHg+

2340

Our results show that the bioaccumulation of MMHg+ in our model with and without the bioaccumulation
of Hg2+ is the same, while this is not the case for the model with and without the bioconcentration of
MMHg+. We show that the bioconcentration of MMHg+ in consumers becomes more important at higher
trophic levels because it is an effect of the sum of all trophic levels before it. We show that while direct
bioconcentration only accounts for 8-14% of MMHg+ bioaccumulation in our highest trophic level fish, the 2345

total effect of bioconcentration in consumers accounts for 28-48%. This effect increases with the trophic
level and the percentile contribution of the cumulative effect of MMHg+ bioconcentration in consumers on
MMHg+ bioaccumulation is 15% per trophic level.
Because of this, we reject the first hypothesis that bioaccumulation of Hg2+ lowers MMHg+ bioaccumulation
and accept our second hypothesis that bioconcentration of MMHg+ increases bioaccumulation of MMHg+

2350

in higher trophic levels fish. We supplement the second hypothesis by quantifying the effect as an average
increase in bioaccumulated MMHg+ of 15% per trophic level.
These results demonstrate that to model the bioaccumulation of MMHg+, the bioaccumulation of Hg2+

can be ignored to save computational resources. However, the bioconcentration of MMHg+ on the other
hand is an essential interaction that should be taken into account. When modeling the bioaccumulation of 2355

MMHg+ at higher trophic levels.
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BRIDGING CHAPTER

Bridging chapter

While modeling the bioaccumulation in the North and Baltic seas, I noticed that the macrobenthos had
extremely high iHg values, while their MeHg values were low. I tried to validate this by field observations.
While data was minimal, the data did not consistently confirm high iHg values in macrobenthos; if anything,
it was typically low. However, there were cases where macrobenthos had extremely high iHg values. Since
in the MERCY v2.0 model, bioconcentrated and biomagnified Hg are stored as separate state variables, it2375

could be seen that the macrobenthos diet caused the high iHg values. Because of that, I initially decided to
trace in the model which food resulted in high Hg values in macrobenthos. This led me to discover that the
consumption of DOM, even in small amounts, caused very high Hg levels in macrobenthos in the model.
This sparked my attention, and I decided to split the macrobenthos group in the ECOSMO E2E model into
6 categories representing different feeding strategies so that I could see if different feeding strategies led2380

to varying levels of MeHg bioaccumulation and if I saw similar patterns in field observations and the model.
While trying to quantify this, I realized that there are not enough field observations on macrobenthos in the
North and Baltic Sea to determine definitive patterns. I decided to gather all observations of iHg, MeHg,
trophic level, and feeding strategy in macrobenthos and aggregate these to see if patterns emerged. Since
this took a lot of manual work, I decided to cover it as a mini project for the Marine Biology MSc at the2385

University of Hamburg, and I was happy to receive the excellent support of Andrea Padilla and Sofia
Modesti with this work. I would also like to mention that since this paper is for a major part a majority of
field studies that do not distinguish between different fractions of bioaccumulation, iHg I switched to using
the terms iHg and MeHg for the following chapters. This is done because I neither wanted to confuse
the reader while referring to the modeled and measured iHg and MeHg with different names, nor did I2390

want to make assumptions about the measured data that all bioaccumulation iHg and MeHg is Hg2+ and
MMHg+. At the same time, since only Hg2+ and MMHg+ bioaccumulate in my model, the concentration of
bioaccumulated iHg and Hg2+ and MeHg and MMHg+ is equal per definition. Additionally, I used the term
megabenthos rather than macrobenthos. The term macrobenthos refers to animals between 1 mm and 1
cm in diameter, while megabenthos refers to benthic animals larger than 1 cm. Because of this, I used the2395

term Megabenthos in the following paper, as all benthic animals in the model are larger than 1 cm.
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Figure 4.3: common heart urchin (Echinocardium cordatum), a buried deposit feeder. Picture taken by Dr.
Eric Wurtz.
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2400

Methylmercury (MeHg) bioaccumulation in the marine food chain poses a neurotoxic risk to human
health, especially through seafood consumption. Although MeHg bioaccumulation at higher trophic
levels is relatively well understood, MeHg bioaccumulation at the base of the food web remains under-
explored. Given the neurotoxic effects of methylmercury on human health, it is essential to understand
the drivers of bioaccumulation at every level of the food chain. In this study, we incorporate six mac-
robenthos functional groups into the ECOSMO marine end-to-end ecosystem model, coupled to the
MERCY marine Hg cycling model. We investigated how various feeding strategies influence the bioac-
cumulation of both inorganic Hg (iHg) and MeHg in marine ecosystems. We show that the feeding
strategy significantly influences bioaccumulation and correlates stronger with iHg than the trophic level
and that suspension feeders have elevated iHg levels while filter feeders have higher MeHg values.
Additionally, we show that the bioaccumulation of both iHg and MeHg can accurately be modeled
solely based on feeding strategy in low trophic level macrobenthos. However, when modeling higher
trophic levels, incorporating the allometric scaling law dramatically improves the model performance.
These results demonstrate the need for a holistic approach in which iHg, MeHg, and trophic levels of
organisms at both high and low trophic levels are all assessed to identify what food web structures
drive high MeHg concentrations in seafood.

Keywords: Mercury, Bioaccumulation, ECOSMO. Macrobenthos
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Graphical abstract

Figure 5.1: The bioaccumulation of MeHg depends on the feeding strategy of low trophic level megaben-
thos. In our model, filter feeders such as mussels (Mytilus edulis) bioaccumulate the highest amounts
of MeHg, while deposit feeders such as lugworms (Arenicola marina) show lower levels. Suspension
feeders such as High Microbial Abundance (HMA) sponges (e.g., Chondrilla nucula) exhibit exceptionally
low MeHg bioaccumulation. This suggests that ecosystems dominated at the base by species like mus-
sels, which are characterized by relatively high MeHg bioaccumulation, will have higher MeHg levels in
higher trophic level fish compared to ecosystems where low-accumulating species such as HMA sponges
dominate the base of the food web. The image is made of several sub-images that are generated using
openART and GPT 4.1.

5.1 Introduction

Mercury (Hg) is a naturally occurring element. In addition to its natural occurrence, it is also emitted
through various anthropogenic activities, such as the burning of fossil fuels, small-scale artisanal gold 2410

mining, and the production of cement and ferrous metals (Pacyna et al. 2006). These emissions have led
to a threefold increase of Hg loading to the oceans compared to pre-anthropogenic levels (Lamborg et al.
2014; Driscoll et al. 2013).
When elemental Hg (Hg0) is emitted, it can undergo long-range atmospheric transport. In this way, it can
be transported on a global scale and deposited in the oceans, thus increasing Hg levels in the marine envi- 2415

ronment (Durnford et al. 2010). Marine Hg0 is volatile and can return to the atmosphere or be oxidized into
dissolved Hg (Hg2+) (Sommar et al. 2020). This Hg2+ can be reduced back to volatile elemental Hg0, or it
can be methylated to dangerous neurotoxin methylmercury (MeHg), which occurs as monomethylmercury
(MMHg+) or dimethylmercury (DMHg) (Jensen and Jernelov 1969; Lin et al. 2021). In this paper, we will
look at the bioaccumulation of three groups of Hg; total Hg (tHg) refers to all Hg, methylmercury (MeHg) 2420

refers to both MMHg+ and DMHg, and inorganic Hg (iHg) refers to all Hg that is not MeHg.

5.1.1 Drivers of Hg bioaccumulation

There are two key processes involved in bioaccumulation: bioconcentration and biomagnification. Animals
living in a polluted marine environment will absorb Hg directly from their environment; this is called biocon-
centration. Both iHg and MeHg bioconcentrate. Since iHg is generally present in higher concentrations 2425

than MeHg, and its bioconcentration rate is higher, iHg is usually bioconcentrated faster than MeHg (Ma-
son et al. 1996). The bioconcentration process can result in high Hg concentrations in organisms, and Hg
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volume concentration factors of up to 6.4E6 have been found (Schartup et al. 2018).
These already high Hg concentrations can be increased even further by biomagnification. Biomagnification
refers to the increase in Hg with each successive trophic level in the food chain. The trophic transfer2430

efficiency of MeHg (66-80%) is higher than that of iHg (7-46%), where MeHg accumulates at much higher
levels in the food chain (Metian et al. 2020; Wang and Wong 2003; Dutton and Fisher 2012). These
concentrations can become harmful to humans when consumed, and the consumption of MeHg-polluted
seafood is the main risk of exposure to Hg for the average person (Sheehan et al. 2014).
The danger posed by the consumption of MeHg-contaminated seafood received a great deal of attention2435

when more than 1000 people died in Japan in 1956 due to the consumption of contaminated seafood
caught in Minamata Bay(Harada 1995). In order to reduce the risk of further outbreaks of MeHg intoxi-
cations, the Minamata Convention on Mercury was founded. 151 countries have pledged to reduce their
Hg emissions in support of the Minamata Convention, and 128 countries have signed and ratified the con-
vention. The global state of Hg as a pollutant and the effect of the Minamata Convention is periodically2440

reviewed in the Minamata Convention Effectiveness Evaluation (Outridge et al. 2018).

5.1.2 The knowledge gap; Hg bioaccumulation at the base of the food web

While there is considerable understanding of MeHg bioaccumulation in high trophic levels, less is known
about the bioaccumulation drivers at the base of the food web. The lower concentration of Hg at the base of
the food web reduces the risk for humans, which is why these animals do not receive the same monitoring2445

recommendations from the effectiveness evaluation of the Minamata Convention as fish, humans and
wildlife (Evers et al. 2016). Furthermore, the effectiveness evaluation noted that the concentrations of Hg
and MeHg in water and sediment are poorly correlated with the concentrations in biota. Thus, Hg levels in
water and sediment do not receive the same monitoring recommendations.
Once Hg is bioconcentrated in primary producers, a strong link appears between the trophic level and Hg2450

bioaccumulation (Madgett et al. 2021). This indicates that our understanding of Hg bioaccumulation in
high trophic levels is greatly limited by our understanding of Hg bioaccumulation at the base of the food
web.
Improving our understanding of bioaccumulation at the base of the food web is challenging, as the base of
the food web is very complex (Silberberger et al. 2018). There are several distinct groups of megabenthos2455

with different feeding strategies, such as bivalves that filter feed, lugworms that feed on sediment carbon
particles, active hunters and scavengers such as shrimps and crabs, and sponges that feed on suspended
dissolved material. These different feeding strategies allow them to exploit a variety of food sources, but
different food sources can have different Hg concentrations, and Hg originating from different food sources
can have different assimilation efficiencies. In this study, we hypothesize that the low-trophic-level biota2460

feeding strategy has a significant impact on their Hg content.
We focus this study on the benthic food web. Although primary production in the North Sea can be highly
variable due to factors such as wind (Daewel and Schrum 2017), tidal mixing (Zhao et al. 2019) and nutrient
availability (Richardson et al. 1998), primary production in coastal areas is generally dominated by pelagic
phytoplankton, with the exception of extremely shallow areas that are dominated by benthic macroalgae2465

(Krause-Jensen et al. 2012; Cibic et al. 2022). Especially in areas where pelagic phytoplankton dominate
primary production, while the pelagic phytoplankton are available for consumption by megabenthos be-
cause of water column mixing, there is a strong coupling between the benthic and the pelagic, called the
bentho-pelagic coupling. In these well-mixed areas, megabenthos can reach high biomass since food is
abundant in several ways, resulting in megabenthos with different feeding strategies in the same ecosys-2470

tem (Ghodrati Shojaei et al. 2016).

5.1.3 The hypothesis: Feeding strategy is key driver of Hg bioaccumulation in low trophic
level biota

We hypothesize that the different feeding strategies of low-trophic-level megabenthos play an important
role in creating the disconnect between Hg concentrations in the water and sediment and the concentra-2475

tions at the base of the food web. We investigated whether the feeding strategy impacts bioaccumulation
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and hypothesized that feeding strategies influence the bioaccumulation of iHg and MeHg differently, con-
tributing to the high variation in Hg levels at the base of the benthic food web.
To test our hypotheses, we employed two methods. First, we performed literature research in which we
collected field observations of the content of tHg, MeHg, and iHg, the trophic level, and the megabenthos 2480

feeding strategy. We performed statistical analyses on this literature to see if patterns between bioaccu-
mulation and feeding strategies exist in nature. Afterward, we conducted an in silico experiment in which
megabenthos with various feeding strategies compete under physical drivers in idealized scenarios that
are typical of megabenthos-rich coastal oceans. The megabenthos groups are designed to differ only in
their feeding strategies to isolate this effect. This was done to verify whether we can reproduce the ob- 2485

served effects from our literature study in a fully coupled model. Finally, we used the model to quantify
the role of the feeding strategy in the bioaccumulation of Hg and investigated whether it fully explains the
observed differences or if other drivers need to be incorporated.

5.2 Materials and methods

5.2.1 Literature research and statistics 2490

To compare the findings with the literature, we collected field studies measuring Hg in megabenthos. The
studies we used are shown in the Table 5.5 in annex 1. We categorized the megabenthos into the same
feeding categories, ”deposit feeder”, ”filter feeder”, ”suspension feeder”, ”grazer” and ”predator”. To better
look at the effect of the trophic level, we also added ”primary producers” as the base of the food web,
”predators” as benthic predators, and ”seabird” and ”benthic fish” as top predators. We analyze whether 2495

trophic level and feeding strategy influence megabenthos iHg, MeHg, and/or tHg content. The observations
are analyzed by visualizing the data, performing a linear regression, and plotting a correlation matrix of the
difference in bioaccumulation between different feeding strategies. The total and partial R2 of the linear
regression of the effect of the feeding strategy, the trophic level, and the feeding strategy are compared to
analyze the effect of both drivers on bioaccumulated iHg, MeHg and tHg. 2500

5.2.2 The models

To further assess the importance of the feeding strategy, we modeled bioaccumulation in megabenthos,
with the feeding strategy being the only distinction between different groups of megabenthos. Then we
compared our model to observations to evaluate whether this approach allows us to accurately model
bioaccumulation or if additional drivers should be taken into account. We used a fully coupled 1D water 2505

column model that is run in 2 setups that resemble typical hydrological regimes found in coastal oceans.
We coupled the Generalized Ocean Turbulence Model (GOTM) with the ECOSMO E2E ecosystem model
and the MERCY v2.0 Hg speciation and bioaccumulation model.

5.2.3 The hydrodynamical model

The hydrodynamics of the model are estimated using the GOTM, which is a 1D hydrodynamic model 2510

(Bolding et al. 2021). GOTM calculates the turbulence of a vertical 1D water column set-up by computing
the solutions to the one-dimensional version of the transport equation of momentum, salinity, and tem-
perature. The model is nudged to observational data sets for temperature and salinity. The setups are
based on gridded bathymetry data for water depth with 1/240° resolution (GEBCO Bathymetric Compila-
tion Group 2020), ECMWF ERA5 dataset for meteorological data (Wouters et al. 2021), Ocean Atlas for 2515

salinity and temperature profiles (Garcia H.E. et al. 2019), and the TPOX-9 atlas for tides (Egbert and Ero-
feeva 2002), which is combined using the iGOTM tool (https://igotm.bolding-bruggeman.com). The GOTM
model is coupled using the Framework for Aquatic Biogeochemical Modeling (FABM) (Bruggeman and
Bolding 2014). The biogeochemical models are encoded in FABM. The FABM interfaces communicate the
state variables between the GOTM model and the biogeochemical models. 2520
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5.2.4 The MERCY v2.0 model

Hg cycling and speciation is modeled using the MERCY v2.0 model (Bieser et al. 2023). The MERCY
v2.0 model is a comprehensive Hg cycling model that includes speciation between 7 forms of Hg and
partitioning to both dissolved organic matter (DOM) and detritus. It was originally developed as a 3D Hg
cycling model of the North and Baltic Seas. However, in this study, we use the 1D version of this model,2525

which is driven using the GOTM model. This configuration is used, described, and evaluated in more detail
in Chapter 3.

5.2.5 ECOSMO E2E

The ecosystem model is based on the ECOSMO E2E (ECOSystem Model End-to-End) ecosystem model
(Daewel et al. 2019). This model extends the ECOSMO II model to have higher trophic levels while2530

preserving consistency at lower trophic levels (Daewel et al. 2019). The version used in this study is the
same as the version used and evaluated in Chapter 3. In this version, small modifications have been
made, such as lowering the mortality rate of zooplankton and decreasing the efficiency of carbon uptake
to make the model more suitable for bioaccumulation compared to the version published by (Daewel et
al. 2019). The model is evaluated and shown to reproduce the bioaccumulation of iHg and MeHg at the2535

base of the food web within 1 standard deviation of observations for phytoplankton, microzooplankton, and
mesozooplankton. Furthermore, the model accurately models the bioconcentration of both iHg and MeHg
and the biomagnification of MeHg within the range of observations.

5.2.6 Model development

To use the model to study bioaccumulation in megabenthos, the higher trophic level of the ECOSMO E2E2540

model is altered. We exchanged the functional group macrobenthos, fish 1, and fish 2 with 5 megabenthos
functional groups, as shown in Fig. 5.2. The megabenthos groups are separated by their feeding strategy:
filter feeder, deposit feeder, generalist feeder, suspension feeder, predator, and top predator.
Filter feeders filter suspended particles from the water column. In our model, they can eat phytoplankton,
zooplankton, and detritus. Examples of filter feeders are mussels, tubeworms, and barnacles. The sec-
ond group is deposit feeders. These animals consume organic carbon from the sediment; in our model,
they exclusively feed on organic carbon deposited in the sediment. This group would include gastropods
and polychaete worms, such as the lugworm (Arenicula marina). The generalist feeder resembles an-
imals such as North Sea shrimp (Crangon crangon), which can utilize various feeding strategies. In our
model, this group feeds on phytoplankton, zooplankton, detritus, and deposited material. We also include
a suspension feeder. Suspension feeders, such as sponges, can consume detritus and DOM. The con-
sumption of DOM, which is too small to be consumed by filter feeders, differentiates suspension and filter
feeders. A common strategy to consume DOM as a food source is the utilization of symbiotic bacteria
such as chemosymbiotic bivalves from the families Lucinidae, Solemyidae, and Thyasiridae and microbial
biomes of high microbial assemblage sponges (Dufour 2018; Olinger et al. 2021). Finally, we included 2
predators. The first predator is referred to as the predator, it feeds on the 4 benthic groups mentioned
above, and it has an equal preference and grazing rate in all groups, but it will prioritize abundant groups.
This preference is caused by making the food available for predation by the predators not linearly related
to the abundance of the prey, but calculated as:

bavailable =

{
bbiomass, if bbiomass ≥ bprotected,

bbiomass
bbiomass
bprotected

, if bbiomass < bprotected.

in which,

• bavailable- Portion of prey biomass in accessible to predators [g C m-2 ]2545

• bprotected- Prey biomass in below which hunting becomes less optimal[g C m-2]

• bbiomass- Total prey biomass in in the environment [g C m-2]
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Figure 5.2: The overview of the modeled megabenthos functional groups and how they interact with each
other and functional groups in the ECOSMO E2E model. There are 5 macrobenthic functional groups.
The filter feeder feeds on pelagic detritus, zooplankton, and phytoplankton. The suspension feeders feeds
on pelagic detritus, phytoplankton, zooplankton, and DOM. The generalist feeds on phytoplankton, zoo-
plankton, pelagic detritus, and sediment organic carbon. The deposit feeder feeds on sediment organic
carbon. The benthic predator feeds on the other 4 megabenthos functional groups and the top preda-
tor solely feeds on the benthic predator. Several sub-images have been used in this image. Sources of
the images are: filter feeder: https://en.wikipedia.org/wiki/Sabella_spallanzanii, suspension
feeder: https://www.flickr.com/photos/noaaphotolib/5015046804/, generalist feeder: https:

//en.wikipedia.org/wiki/Shrimp, deposit feeder: https://nl.wikipedia.org/wiki/Buccinum_

undatum, benthic predator: https://en.wikipedia.org/wiki/Lobster, and top predator: https:

//en.wikipedia.org/wiki/Cuttlefish.

bprotected is 1 g C m2 for all megabenthos groups, and 0.5 g C m2 for the benthic predator. This relationship
models 2 real-world interactions. First, when the concentration of prey is low, the small number of individ-
uals can more likely survive under ideal circumstances and, therefore, may be less exposed to predation 2550

(Campanella Id et al. 2019). Secondly, several predators, such as the shore crab, adapt their behaviors
to the density of the prey and learn to be more efficient in the hunting of more common prey (Chakravarti
and Cotton 2014).

5.2.7 Assimilation efficiency of iHg and MeHg

The assimilation efficiency (AE) of iHg and MeHg is a key parameter in correct biomagnification modeling. 2555

AE is based on laboratory experiments that analyze AE in phytoplankton (Metian et al. 2020; Wang and
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Wong 2003). An assimilation efficiency of 0.95 for MeHg and 0.31 for iHg is chosen for everything except
deposit feeding, which has a lower feeding efficiency of 0.07 for iHg and 0.43 for MeHg according to Dutton
and Fisher (2012).

5.2.8 Semi-labile DOM2560

In the ECOSMO E2E model, only labile-DOM is resolved. This means that there is very little DOM. In our
model, we want to incorporate a suspension feeder that would utilize DOM as a food source. Because of
this, we added a DOM component referred to as semi-labile DOM. This semi-labile DOM has the same
bacterial degradation rate as that of the detritus, and it has the same Hg partitioning behavior as labile
DOM. 5% of the organic carbon (Detritus+labile-DOM+semi-labile-DOM) formed, is formed as semi-labile2565

DOM, and there is a breakdown of the detritus into semi-labile DOM of 0.001 d-1. Since the categorization
of DOM is very complex, these rates are estimated to create a low maximum of 50 mg C m-3. This is lower
than the DOM concentrations typically found in the North Sea, but because it is unclear which fraction of
DOM can be consumed by suspension feeders, this amount provides suspension feeders a unique food
source that they can utilize while not outcompeting other megabenthos (Lønborg et al. 2024).2570

5.2.9 Allometric scaling model

Finally, we run the model while taking into account other drivers of MeHg bioaccumulation to see whether it
improves the model. There are three interactions that we take into account for this second model. First, the
allometric scaling law, which states that larger animals have a lower base metabolic rate when normalized
to body weight (Silva et al. 2006). Secondly, we account for the observations that MeHg bioaccumulation2575

in fish increases as the water temperature increases, indicating that increased activity does not increase
MeHg excretion while it increases MeHg uptake due to a higher grazing rate (Dijkstra et al. 2013). Finally,
we assume that predators need to spend more energy on active metabolism to hunt their prey. Because
of this, we assumed that the total relative respiration rate of predators and top predators is not altered, so
both models have the same carbon cycle. However, MeHg is excreted at a lower rate of 0.002 d-1, rather2580

than their respiration rate, which is the same base metabolic rate as the fish in the ECOSMO E2E model.
This leads to a higher bioaccumulation of MeHg at higher trophic levels. The bioaccumulation of iHg is
not altered between the two models. In the evaluation, the second model is referred to as the allometric
scaling (AS) model.

5.2.10 The physical setups2585

The model runs in 2 setups, the first is a 41.5 m deep permanently mixed Southern North Sea set of 41.5 m
deep and the second is a seasonally mixed 110 m Northern North Sea setup. These setups are described
in more detail in Chapter 3. The Southern North Sea setup is located at (54◦15′00.0”N 3◦34′12.0”E). It
is a shallow station that is permanently mixed, meaning that megabenthos can feed directly from the phy-
toplankton and zooplankton bloom. The setup is chosen because it resembles perfect growth conditions2590

for megabenthos, and most megabenthos in the observations are sampled from similar circumstances.
Because of this, samples are sampled from shallow well-mixed coastal areas, and we used this setup to
evaluate the performance of the models.
The Northern North Sea setup is located at (57◦42′00.0”N 2◦42′00.0”E) and is only mixed in winter. This
means that megabenthos cannot feed directly from the bloom, but are rather dependent on the sinking of2595

detritus particles. In nature, these deeper areas typically have lower overall biomass. This setup is used to
evaluate whether the models predict a difference in the bioaccumulation of iHg and MeHg under a different
hydrodynamic regime.

5.2.11 Model evaluation

The goal of the model is to evaluate how well we can model the bioaccumulation of iHg and MeHg while2600

only taking into account trophic interactions. To this extent, the model’s result is its performance. If the
model performs well, we can conclude that only taking into account trophic interactions explains a large
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amount of the variability in Hg bioaccumulation. Initially we perform this comparison between observations
and the modeled Southern North Sea setup. This is done because most samples are collected from
shallow areas that are rich in macrobenthos. Our well mixed Southern North Sea setup would resemble the 2605

majority of the observations better than the seasonally mixed Northern North Sea. Afterward, the models
are compared to the Northern North Sea models and the AS model to evaluate the effect of hydrodynamics
and increased bioaccumulation in higher trophic level animals on our conclusions. The feeding strategy
”grazer” was omitted, as the ECOSMO E2E model does not include benthic algae to graze on. The
modeled generalist was compared to the deposit and filter feeder from the observations and the modeled 2610

top predator to the benthic fish and seabird feeding strategies from the observations. We first calculated
the normalized bias as (modeled − obser ved)/modeled for the average modeled and observed values.
Then, we performed a Monte Carlo simulation in which we estimated the mean and standard deviation
of the observed and yearly mean of the modeled data over the last 10 years of the simulation. Over
100,000 iterations, we estimated the probability that the modeled value is within 2 standard deviations 2615

of the observations, so it checks if the modeled mean is not outside 95% of the observations. After
this, we evaluated the agreement between modeled and observed values by calculating a likelihood ratio
(LR10). The likelihood ratio was estimated by calculating the likelihood of the modeled mean under a
null hypothesis (H0), which assumes that the modeled and observed data share the same distribution
centered on the observed value, and an alternative hypothesis (H1), which assumes a distribution derived 2620

from the modeled variability. The ratio between the likelihoods of H1 and H0 defines the LR10 value.
Finally, the total model performance is evaluated by calculating the Root Mean Square Error (RMSE), the
Normalised Root Mean Square Error (NRMSE), and the R2 of the model for iHg and MeHg. In general, a
normalized bias between <0.5 can be seen as low. The probability that the model values are not within
2 standard deviations is considered bad and indicates that the modeled mean is a considerable outlier 2625

compared to the data. A LR10 below 1 indicates that the modeled distribution is more likely the same as
the observed distribution, and a LR10 <0.1 can be considered strong evidence and a LR10 <0.01 as very
strong evidence in favor of the H0 hypotheses. A lower RMSE shows better model predictive capacity and
an NRMSE below 0.5 is indicative of a good fit, while the R2 is a value between 0 and 1, and closer to 1
shows a better fit. 2630

5.3 Results and discussion

5.3.1 Literature study

The results of our literature study, depicted in Fig. 5.3, demonstrate that the feeding strategy affects
the bioaccumulation of different benthic groups. If we only look at the groups that would represent the
base of the benthic food web (filter feeder, suspension feeder, grazer, deposit feeder, and generalist) and 2635

perform an ANOVA, we see that there is greater significance of the effect of the feeding strategy (p =
0.001) on the bioaccumulation of iHg than on the bioaccumulation of MeHg (p=0.09). If we compare the
median iHg and MeHg between organisms with different feeding strategies, we see that iHg is lowest in
the benthic predator, followed by the deposit feeder, the top predator, the generalist, and the filter feeder,
and the highest values are in the suspension feeders. Suspension feeders have by far the highest iHg 2640

concentrations and are more than double that of the second highest group, the filter feeders. At the same
time, MeHg shows a very different pattern in which suspension feeders have low values, roughly half of
that of filter, deposit, and generalist feeders, whereas the predators and top predators are higher.
Figure 5.4 illustrates the correlation between the bioaccumulation of iHg, MeHg, and tHg. We observe
a strong correlation (R2=0.49, p<0.001) between MeHg and trophic levels, while no correlation is found 2645

between iHg and trophic levels (R2<0.02, P=0.474). The linear fit of the intercept of the equations for the
iHg and MeHg intercept at trophic level 3.6, which means that below trophic level 3.6 the majority of tHg
will on average be iHg.
In Table 5.1 we show the results of a linear regression taking into account both the trophic level and the
feeding strategy, the relative fit of each model explains Hg bioaccumulation based on both factors. The 2650

trophic level and feeding strategy are adapted to the natural logarithms of iHg, tHg, and MeHg. This
shows that we can explain the bioaccumulation of ln(MeHg) very well (R2=0.72) with a linear model that
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Figure 5.3: The effect of different feeding strategies on the measured MeHg and iHg in several benthic
functional groups and groups of animals feeding on the benthos. The seabird is the common eider which
feeds on benthos. Bioaccumulated MeHg is below 50 ng g-1 d.w. for all functional groups that are not
predatorial (predators, benthic fish, and seabirds), but can reach up to 171, 565, and 895 ng g-1 d.w. for
predators, seabirds, ad benthic fish respectively. This contrasts the iHg concentration below 100 ng g-1

d.w. for every animal. Except for starfish, Eel, and sponges. The tHg shows that the Hg can even be
higher in suspension feeders (in this case sponges) than in fish.

Figure 5.4: The correlation between the bioaccumulation of MeHg, iHg, and tHg. There is a strong corre-
lation between MeHg and trophic level with a slope of 1.14 ln(ng Hg g-1 d.w.) trophic level-1 with a R2 of
0.49, while there is almost no correlation between iHg and trophic level (with a slope of 0.135 ln(ng Hg g-1

d.w.) trophic level-1 with a R2 of 0.02. The intercept is, however, much higher for iHg (3.3 at TL=1) than
for MeHg (0.8 at TL=1). The tHg combines the 2 patterns with an intercept of 3.1 at TL=1 and a slope of
0.557.
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Table 5.1: R-squared and Partial R-squared Results for ln(THg), ln(iHg), and ln(MeHg)

Model ln(tHg) ln(iHg) ln(MeHg)

Full Model R-squared 0.46 0.11 0.72
Partial R-squared (Feeding Strategy) 0.22 0.089 0.32
Partial R-squared (Trophic Level) 0.10 0.012 0.31

Figure 5.5: The pairwise comparison of the correlation between the bioaccumulation of MeHg, iHg and
tHg and different feeding strategies. For clarity, MeHg has its own scale and iHg and tHg have the same
scale. For the concentration of MeHg there is a pattern where suspension feeders < grazers < deposit
feeders < filter feeders. For iHg this is different and the main notable difference is much higher iHg in
suspension feeders than in any other feeding strategy. tHg is the sum of MeHg and iHg and consequently
shows very high tHg in suspension feeders due to the high iHg, and elevated tHg in filter feeders due to
their high MeHg.

takes both drivers into account, while the bioaccumulation of iHg is poorly explained (R2=0.11) and the
bioaccumulation of tHg has an average fit (R2=0.46). Furthermore, we show the unique contributions
of the fit of each driver, the partial R2. Note that feeding strategy and trophic level can sometimes co- 2655

correlate, especially in the case of high MeHg bioaccumulation in predators, benthic fish, and seabirds, as
predators are naturally higher in trophic level than the prey they consume. The feeding strategy has an
explanatory power larger than that of the trophic level for tHg and iHg, while it is similar for MeHg. Despite
the limitations mentioned above, this still shows that the partial R2 for the feeding strategy is double that
of the trophic level, demonstrating the importance of the feeding strategy for the bioaccumulation of tHg at 2660

the base of the food web.
In Fig. 5.5 we show the pairwise comparison of the correlation between the bioaccumulation of iHg, MeHg,
and tHg. This shows a clustering in which filter and deposit feeders have similar MeHg concentrations,
but MeHg concentrations are lower in grazers and suspension feeders. The strong difference between
suspension and filter feeders is especially notable as they both feed on pelagic organic carbon. Over- 2665

all, this demonstrates that nuanced differences in MeHg bioaccumulation where the concentration in the
suspension feeders < grazers < deposit feeders < filter feeders. For iHg the pattern is different; deposit
feeders, filter feeders, and grazers have similar iHg, while the iHg content of suspension feeders is much
higher.

5.3.2 Model results 2670

Biomass

Although our megabenthos groups only vary in feeding rate and, therefore, have no direct real-world
counterpart to compare to, it is important to validate that they survive in the model. The yearly progression
of megabenthos in the Southern North Sea setup is shown in Fig. 5.6. Filter feeders have the highest
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Figure 5.6: Megabenthos biomass in the modeled Southern North Sea, dominated by filter feeders, fol-
lowed by deposit feeders, generalist feeders, suspension feeders, predators, and top predators. Biomass
fluctuates between 10 and 15 gC m-2 and all functional groups have stable populations

biomass, which is up to 10 g C m-2 followed by deposit feeders with 5 up to g C m-2, generalist feeders2675

with up to 3 g C m-2, and suspension feeders with up to 1 g C m-2. Higher trophic levels have lower
biomass, with up to 0.2 g C m-2 for the predator and 0.5 g C m-2 for the top predator. This shows that after
a simulation period of 20 years, all megabenthos have a stable population, while biomass is highest at the
base of the food web.

Bioaccumulation2680

The modeled bioaccumulation of iHg, MeHg, and tHg is shown in Table 5.2 and visualised in Fig. 5.7 and
the evaluation is shown in Table 5.3. Note that the values are expressed in ng Hg mg C-1, as this is the
best proxy in our model to show the dietary uptake of Hg per energy and nutrients consumed. There is
a very high concentration of iHg in the sediment, detritus, and DOM. These values are 0.22, 0.83, and
1.9 ng Hg mg C-1 for iHg and 0.038, 0.0046, and 0.0082 ng Hg mg C-1 for MeHg. The high amount2685

of iHg in organic carbon is in line with observations that found values of up to 0.114-1.192 ng Hg mg
d.w. in sediment in the Scheldt estuary and that DOM strongly binds up to 1.0 ng Hg mg-1 (Zaferani and
Biester 2021; Haitzer et al. 2002; Muhaya et al. 1997), which would approximate our modeled 1.9 ng Hg
mg C-1 if we assume a carbon to weight ratio of 1:2. These high iHg values in DOM lead to high values
in suspension feeders in both setups. The bioaccumulation of MeHg is very different from that of iHg2690

and has the highest bioaccumulation in the top predators and predators, followed by deposit feeders and
suspension feeders. In Fig. 5.8 the relationship between the trophic level and the bioaccumulation of iHg
and MeHg in megabenthos is shown. There is an increase in the MeHg content with trophic levels that
are not present for iHg. For iHg, there is weak anti-correlation (R2 = 0.20), which is mainly caused by the
extremely high iHg content of the low-trophic-level suspension feeders. There is no positive relationship2695

between the bioaccumulation of tHg and the trophic level, while this is present in the allometric scaling
model; this indicates that our base model underestimates the bioaccumulation at higher trophic levels.

The effect of feeding strategy on bioaccumulation

The range and average of the annual average values of the bioaccumulation of iHg and MeHg in our model
and the range and mean of measured iHg and MeHg are shown in Table 5.2. All values fall within the range2700

of observations, except for the modeled top predator in the base model. In the allometric scaling model, the
top predator has values for both iHg and MeHg in both the Southern North Sea and the Northern North
Sea that are within the range of observations. Although the variation in measured iHg is considerable,
suspension feeders consistently have high iHg values. MeHg is bioaccumulated more efficiently and has a
higher assimilation efficiency. Because of this, MeHg content is not as dependent on the feeding strategy2705

but is mostly dependent on the trophic level. The mean MeHg is lowest in suspension feeders (9 ng Hg
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Figure 5.7: Modeled bioconcentration and biomagnification of iHg and MeHg. Partitioning to detritus and
DOM is colored as bioconcentration. The y-axis is cut to show the high and low values. Notably is the high
iHg to mgC ratio of detritus and DOM, leading to elevated iHg in suspension feeders. Additionally, higher
trophic level animals have higher biomagnified MeHg.

g-1 d.w.) while it is very similar for deposit feeders (22 Hg g-1 d.w.), filter feeders (19 Hg g-1 d.w.) and
generalist feeders (19 Hg g-1 d.w.). It is notably higher for predators and highest for top predators with a
median value of 36 and 59 ng Hg g-1 d.w. respectively.

Trophic level vs bioaccumulation 2710

The relationship between the trophic level and the bioaccumulation of iHg, MeHg, and tHg for the literature
study is shown in Fig. 5.4, and for the model is shown in Fig. 5.8. In both the literature study and our
model, there is no strong correlation between trophic level and iHg bioaccumulation. In the literature study,
R2 < 0.01 and in our model there is an anti-correlation of R2 = 0.20. In both cases, there is a strong
correlation between the bioaccumulation of MeHg and the trophic level. This is R2 = 0.49 for the literature 2715

study and R2 = 0.81 in our model. Our model does have a lower effect on the trophic level on MeHg
bioaccumulation. Figure 5.9 shows the relationship between the trophic level and bioaccumulation in the
allometric scaling model. There is a notable increase in the correlation between the bioaccumulation of

Figure 5.8: Relationship between the natural logarithm of bioaccumulated MeHg, iHg, and tHg with trophic
level. There is a strong relationship between modeled MeHg and trophic level (R2=0.81) but not for iHg
(R2=0.20) or tHg (R2=0.03).
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Table 5.2: Comparison of modeled and observed Hg and MeHg bioaccumulation in different feeding strate-
gies for the Southern North Sea (SNS), Northern North Sea (NNS), and field observations. Values are
presented as ranges with means in parentheses. Units are ng Hg g d.w. for iHg and MeHg, and % for
MeHg percentage.

Model (SNS) Model (NNS) Observations
iHg MeHg % MeHg iHg MeHg % MeHg iHg MeHg % MeHg

Suspension 104-155 (130) 8-11 (9) 7 60-148 (100) 5-11 (7) 7 34-515 (146) 1-26 (8) 5
Filter 63-77 (70) 16-21 (19) 20 66-96(77) 8-11 (9) 9 8-82 (44) 2-83 (25) 36
Deposit 53-66 (59) 19-26 (22) 16 34-56 (44) 8-12 (10) 13 12-113 (42) 2-70 (19) 31
Generalist 61-74 (68) 16-21 (19) 28 58-92(73) 7-11 (9) 9 8-113 (43) 2-83 (21) 33
Predator 45-49 (47) 35-37 (36) 39 38-42 (40) 15-17 (16) 25 1-329 (54) 7-171 (57) 51
Top predator 62-66 (64) 56-61 (59) 46 43-57 (50) 23-32 (27) 31 40-255 (47) 77-640 (158) 84

Predator (AS) 45-48 (47) 41-44 (42) 38 38-42 (40) 17-19 (18) 24 1-329 (54) 7-171 (57) 51
Top predator (AS) 62-66 (64) 249-264 (258) 80 43-57 (50) 101-131 (115) 39 40-255 (47) 77-640 (578) 84

Table 5.3: Statistical analysis of model performance for iHg and MeHg levels by feeding strategy for South-
ern North Sea (SNS) and Northern North Sea (NNS).

SNS NNS
iHg MeHg iHg MeHg

N. Bias LR10 N. Bias LR10 N. Bias LR10 N. Bias LR10

Suspension -0.11 0.11 0.16 0.0070 -0.37 0.12 -0.10 0.070
Filter 0.61 0.045 -0.25 0.031 0.77 0.069 -0.64 0.035
Deposit 0.43 0.035 0.18 0.019 0.052 0.029 -0.47 0.021
Generalist 0.60 0.042 -0.13 0.024 0.71 0.051 -0.60 0.028
Predator -0.13 0.087 -0.37 0.061 -0.26 0.087 -0.71 0.074
Top predator -0.44 0.10 -0.84 0.53 -0.56 0.11 -0.93 0.59

Predator (AS) -0.13 0.087 -0.26 0.059 -0.26 0.087 -0.68 0.071
Top predator (AS) -0.44 0.10 -0.32 0.37 -0.56 0.11 -0.70 0.47

Overall Model Performance

RMSE 19 132 27 145
NRMSE 0.19 0.35 0.26 0.39
R-squared 0.84 0.86 0.49 0.91

RMSE (AS) 19 51 27 110
NRMSE (AS) 0.19 0.13 0.26 0.30
R-squared (AS) 0.84 >0.99 0.49 >0.99

MeHg and tHg with the trophic level compared to the base model.

5.3.3 The allometric scaling law in high trophic level animals2720

In Table 5.3 we show that if we take the allometric scaling law into account the model results for high-
trophic level animals increase considerably. In Fig. 5.9 we show the relation between the natural logarithm
of bioaccumulation and the trophic level of the allometric scaling model in the Southern North Sea setup.
This increases the linear fit to 1.24x-0.26, which has a slope very similar to the observed 1.14x + 0.389.
Additionally, the normalized bias in the predator and top predators decreased from -0.37 and -0.82 to -0.262725

and -0.24, respectively. This is an improvement in the model and shows that while the feeding strategy is
an essential driver of Hg bioaccumulation, other differences between high- and low-trophic-level animals
should also be taken into account when modeling MeHg bioaccumulation.

5.3.4 The effect of water column mixing

Finally, if we compare our 2 setups, we find that our model predicts MeHg bioaccumulation three times2730

higher in the shallow permanently mixed Southern North Sea setup than in the deeper seasonally mixed
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Northern North Sea setup. In our model, this is mostly caused because the megabenthos in the shallow
Southern North Sea can feed directly from the phyto-and zooplankton bloom. This gives them greater
access to protein-rich food that strongly binds to MeHg. In the Northern North Sea, the ecosystem revolves
around the sinking of detritus. Since detritus binds less MeHg than living material, there is a reduction in 2735

overall Hg bioaccumulation in the Northern North Sea compared to the Southern North Sea, but especially
for MeHg. This means two things. First of all, in the well-mixed Southern North Sea, filter feeders have a
competitive advantage as they can filter out fresh food and feed on relatively high trophic level zooplankton.
Filter feeders have the highest MeHg values at the base of the benthic food web, and therefore a higher
concentration of filter feeders will lead to a higher fraction of filter feeders in the predator diet and thus 2740

more MeHg. Additionally, since the filter feeders feed on living pelagic material with higher MeHg values,
the filter feeders themselves also have higher MeHg. Thus, predators and, consequently, the top predators
have higher MeHg values in the Southern North Sea compared to the Northern North Sea as a result of
the increased water column mixing. In Fig. 5.10 we show the correlation between the natural logarithm
of bioaccumulated Hg and the trophic level in the Northern North Sea. Interestingly, the trophic level of 2745

megabenthos is higher in the Northern North Sea, while the bioaccumulation level is lower. This is because
the detritus is cycled more often in the pelagic before it is consumed by megabenthos, because the detritus
is in constant equilibrium with the water column for its partitioning of Hg and MeHg, this does not translate
to higher bioaccumulation. This lower bioaccumulation results in lower concentrations of MeHg in high
trophic levels of fish. 2750

5.4 Comparing model and observations

First, we compare the values for iHg. The probability that the model is within 2 standard deviations of
the observation is >0.95 in all cases. In most cases, the LR10 is < 0.1, which provides strong evidence
in favor of the null hypotheses, indicating that the distribution of the model output closely matches the
distribution of the observations and suggests that the model accurately reproduces the properties of the 2755

observations. The only instance where the LR10 >0.1 for iHg is for suspension feeders. This comparison
yields several interesting results. Our model estimates that suspension feeders have the highest iHg
values, but comparing our model with field observations shows that the observed values are even higher.
In our model, the high iHg values are caused by the very efficient Hg scavenging of small DOM particles.
These small particles have the highest Hg/C ratio (as was shown in Fig. 5.7) and can only be consumed by 2760

suspension feeders. This leads to very high iHg and low MeHg in suspension feeders. The result that our
model partially replicates the high iHg values in the suspension feeders indicates that we underestimated
this effect or that additional factors were contributing to the high iHg levels found. In Orani et al. (2020),
it is demonstrated that the extremely low MeHg/Hg ratio in suspension-feeding sponges may be caused
by the demethylation of MeHg by symbiotic bacteria. Our study expands on this by showing that the high 2765

Figure 5.9: The natural logarithm of the modeled bioaccumulation of iHg, MeHg and tHg in the permanently
mixed Southern North Sea using the allometric scaling model is shown against the trophic level. Notably is
the stronger slope (1.24) in bioaccumulation of MeHg, which is notably higher than the slope in the default
setup (0.66). The slope in the allometric scaling model overlaps much better with the observed relationship
of 1.14.
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Figure 5.10: The natural logarithm of the modeled bioaccumulation of iHg and MeHg in the permanently
mixed Northern North Sea setup. While the slope is somewhat similar (0.60 vs 0.66) the overall bioaccu-
mulation of MeHg is notably lower than in the permanently mixed Southern North Sea.

iHg and low MeHg values can partially be explained by the consumption of DOM by suspension feeders,
but the proposed demethylation could explain why we cannot fully replicate the observations. Based on
this, it is likely that the unique bioaccumulation values in suspension feeders are caused by a combination
of their ability to feed on DOM, together with biochemical processes that occur in their symbiotic bacteria.
Notably, while not statistically significant, our model overestimates the mean iHg values with a normalized2770

bias of 0.61 and 0.77 for filter feeders and 0.60 and 0.60 for generalist feeders in the Southern North
Sea and Northern North Sea, respectively. In Fig 5.7 we see that the majority of this iHg originates from
bioconcentration. This discrepancy is described in more detail later in the paper.
Our base model fails to reproduce the high values in the top predators, but this is improved in the allometric
scaling model. The normalized bias is reduced from -0.84 to -0.32, but the LR10 is reduced only from 0.532775

to 0.37. This shows that while the modeled mean is closer to the observed mean, there is no strong
indication that the modeled values are from the same distribution as the observations. In the allometric
scaling model, we get a linear relationship of 1.24x-0.26 (R2=0.93), which is very similar to the 1.14x+0.389
found in the field observations. The drastic improvement in the allometric scaling model compared to the
base model indicates that the lower MeHg release rates in high-trophic-level animals should be taken into2780

account. We tried to run the model with the lower MeHg release rate in all megabenthos, but this resulted
in unrealistically high values in both the base and top of the food web, so we cannot just use the lower
MeHg release rate at every trophic level. Because of this, we conclude that the difference in the release
rate of MeHg-related body size, metabolic rate, or activity likely has a significant contribution to the high
MeHg values in high-trophic-level animals.2785

The last difference between our model and observations is that our model deposit feeders have consider-
ably higher MeHg bioaccumulation compared to generalist feeders, filter feeders, and suspension feeders.
This is not the case in the field observations where deposit feeders are similar to filter feeders and gen-
eralist feeders in MeHg. Interestingly, we already gave deposit feeders a lower assimilation efficiency
compared to other functional groups. Since we do not model actual organisms, this difference can be2790

caused by other differences in the organisms, such as their metabolic rate, or the assimilation efficiency
of deposit feeders should be even lower. A final option is that the MERCY v2.0 model is mainly focused
and verified on pelagic Hg cycling, so we potentially overestimate the sediment MeHg content or the AE
of sediment-bound MeHg.

5.5 Bioconcentration of iHg2795

The largest bias in our model, which remains uncorrected in the allometric scaling model, is the over-
estimation of iHg in the filter, deposit, and generalist feeders. Although the modeled iHg values are not
out of the observed range, the consistently high normalized bias indicates that the model overestimates
the bioaccummulation of iHg. In Fig. 5.7 we can see that the vast majority of iHg in filter, deposit, and
generalist feeders originates from bioconcentration. The most important driver of bioconcentration is the2800

ratio between uptake and release rate, or the uptake-release ratio. Our model has an uptake-release ratio
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of 210 l g-1 d.w. This is derived from Tsui and Wang (2004), as it represents the lowest ratio found in the
literature. The exact rate was obtained by withdrawing the modeled carbon excretion rate and deducting
this from the measured iHg release rate to have an iHg specific release rate, this rate was found to be 0.04
d-1, as presented in Chapter 3. Other studies such as Pan and Wang (2011) found higher uptake-release 2805

ratios between 424 and 781 l g-1 d.w.
To address this uncertainty, we tested an alternative scenario in which we doubled the bioconcentrated iHg
release rate, 0.04 d-1 to 0.08 d-1, thus lowering the uptake-release ratio to 105 l g-1 dw. This adjustment
resulted in a normalized bias in the Southern North Sea of -0.09, 0.15 and 0.15 for the deposit, filter, and
generalist feeders, respectively. This shows how the uptake and release rates of iHg can impact the iHg 2810

content of megabenthos, and that the uptake-release ratio used in the model is likely overestimated.
The discrepancy between the modeled and observed iHg can be caused by several factors. First, iHg
concentrations in North Sea megabenthos could be higher than those reported in other coastal zones.
However, there are no empirical data to support or invalidate this conclusion at the moment. Secondly,
translating experimentally obtained uptake and release rates to observations of iHg might depend on the 2815

drivers that are not captured in the model. In either case, it is hard to verify the root of this high normalized
bias, as the bioaccumulation of iHg is comparatively understudied compared to the bioaccumulation of
MeHg, both in models and empirical studies.

5.6 Model limitations

Our model is designed to have the same rates for all megabenthos groups. This allows us to isolate the 2820

effect of the feeding strategy, but it should be taken into account that this also means that the model is
limited in its ability to predict bioaccumulation of iHg or MeHg in specific animals. Furthermore, when our
model is compared to the data in the literature, it should be noted that field studies measuring Hg at the
base of the food web are rare. Our model is run in the North Sea, while most of the field observations are
from different regions. This is somewhat mitigated by aggregating large amounts of data and comparing 2825

it to our idealized water column scenarios to identify general trends, but it must be noted that comparison
can always be improved by having more data to compare it to. The first and most notable limitation is that
some field studies that analyzed megabenthos benthos did not differentiate between iHg and MeHg and
that most studies did not estimate the trophic level of the animals. This is especially problematic when
comparing Hg levels with our model. 2830

The difference in bioaccumulation between the permanently mixed Southern North Sea setup and the
seasonally mixed Northern North Sea setup is caused by several assumptions in the model. Notably,
instant partitioning between dissolved Hg and Hg associated with detritus. The complication with this is
that the partitioning coefficients are based on the log(k)ow values of Hg, while it has been demonstrated
that the binding of Hg to organic material also depends on its sulfate content (Seelen et al. 2023). Since 2835

the ECOSMO E2E model is a Redfield ratio-based model, we did not take the freshness of the organic
material into account, but this might play a role and should be investigated in further studies.
A final interaction that we did not take into account is in vivo Hg speciation. This is not taken into account
because at the moment there is too much uncertainty about the role this plays in Hg bioaccumulation.
However, the earlier mentioned demethylation in sponges by Orani et al. (2020) and additional studies that 2840

demonstrate Hg speciation in cuttlefish by Gentè et al. (2023) and Hg methylating bacteria in copepods by
Gorokhova et al. (2020) indicate that the bioaccumulation of iHg and MeHg may not be fully independent
processes. These could be important interactions, and especially in vivo, methylation could be a driver of
high MeHg values, but more empirical studies must be performed on the rates of this before this can be
incorporated in models in a meaningful way. 2845

5.7 Summary and conclusion

In this study, we analyze the role of the trophic level and the feeding strategy on the bioaccumulation of
iHg and MeHg. We did this by performing a literature study and running a fully coupled 1D model in two
idealized setups representing two different hydrodynamics regimes in which macrobenthic communities
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can live. Our study estimates that the trophic level predicts up to 32% of the variability MeHg in the benthic2850

food web. If we include both the feeding strategy and the trophic level, this increases to 72%. We show
that several feeding strategies have significant differences.
We show that there are notable differences between feeding strategies. iHg is higher in suspension feeders
and MeHg is low in suspension feeders and grazers, while filter feeders have the highest MeHg followed
by deposit feeders. Our model expands on this by demonstrating that we can accurately model the bioac-2855

cumulation of iHg and MeHg at the base of the food web by only taking the feeding strategy into account.
Because our base model agrees well with both observed iHg (R2=0.86) and MeHg (R2=0.91) in the South-
ern North Sea setup, we conclude that you can accurately model the bioaccumulation of both iHg and
MeHg at the base of the food web based on the feeding strategy. However, this strong performance is
mostly because 4 out of our 6 megabenthos groups are low trophic level non-predators, and our base2860

model starts to underperform considerably in its ability to model MeHg bioaccumulation in higher trophic
levels. This problem is solved by taking into account the allometric scaling law and assuming that MeHg
removal from the organism is not linked to the total but rather to the base metabolic rate. Because of this,
we accept our hypothesis that the feeding strategy is an essential driver of the bioaccumulation of iHg and
MeHg in low-trophic-level animals, but other differences in the organisms between high- and low-trophic-2865

level animals should also be taken into account when predicting MeHg values in high-trophic-level fish.
Our model and observation focus on lower-trophic-level benthic invertebrates, with some high-trophic-level
animals added to create context. The importance of this for the bioaccumulation of MeHg in animals of
high trophic levels is that all biomagnification is an exponential function starting at the base of the food web.
Therefore, a change in MeHg at the base of the food web will correspond to a similar relative increase at2870

the top of the food chain. Because the feeding strategy has such a large impact on the base of the food
web, high trophic-level animals would have considerably different MeHg values depending on the species
composition of the base of the food web.
Interestingly, despite the lower biomagnification potential of iHg, its high abundance in certain low-trophic-
level animals can lead to higher tHg in low trophic level animals than in higher-trophic-level animals. This2875

discrepancy can distort risk perception, as safety assessments often rely on tHg measurements that do
not distinguish between iHg and MeHg. Such animals may have high Hg values while remaining safe for
human consumption. Our findings demonstrate the importance of Hg speciation data in marine organisms
to help improve food safety guidelines and inform regulatory policies.

5.7.1 Societal relevance & future work2880

Our study highlights the critical role of benthic diversity in driving MeHg bioaccumulation. Both trophic
interactions and the feeding strategy significantly influence MeHg bioaccumulation, which has important
implications for seafood safety and fisheries management. Understanding these processes can help ex-
plain the spatial and temporal variability in the MeHg content of fish, which is crucial for policymakers to
develop effective regulations that safeguard human health and marine ecosystems.2885

Our findings suggest that fish from food webs dominated by filter feeders would have the highest MeHg
content, since filter feeders have the highest MeHg content in both our model and observations. It also cre-
ates an indication that the introduction of bivalve communities in the form of mussel or oyster farming could
increase MeHg levels in higher food chains. However, such changes in the ecosystem would inevitably
change other factors in the ecosystem, including biomass and trophic interactions that are also essential2890

drivers for MeHg bioaccumulation. This means that case-by-case studies are needed to fully understand
how changes in the base of the food web will affect the concentration of MeHg in high trophic level fish.
We strongly recommend targeted field studies that systematically measure iHg, MeHg, and trophic levels
in diverse marine communities to assess how the structure of the food web influences the bioaccumulation
of MeHg in seafood.2895
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The table with all observations used for this study is shown in Table 5.5. 2910

112



CHAPTER 5. FEEDING STRATEGIES AND THEIR ROLE IN HG BIOACCUMULATION

Table 5.5: Data used for the literature study. tHg and Mehg values are in ng Hg g-1 d.w.

Species Common name Trophic level feeding strategy tHg MeHg Location Reference

Stronglyocentrotus droebachiensis Sea urchin 1,87 Deposit 24 2 Svalbard Korejwo et al. (2022)
Ophiopholis aculeata Brittle star 2,70 Filter 47 2 Svalbard Korejwo et al. (2022)
Baccinum glaciale Glacial whelk 3,71 Deposit 49 12 Svalbard Korejwo et al. (2022)
Henricia sp starfish 3,17 Predator 348 19 Svalbard Korejwo et al. (2022)
Astarte borealis Northern Astarte 2,90 Suspension 44 10 Chukchi Sea Fox et al. (2013)
Ampelisca macrocephala Amphipod 2,70 Deposit 70 32 Chukchi Sea Fox et al. (2013)
Chinoecetes opilio Snow crab 4,10 Predator 131 102 Chukchi Sea Fox et al. (2013)
Neptunea heros Northern neptune 4,30 Predator 195 171 Chukchi Sea Fox et al. (2013)
Buccinum spp Whelk 4,10 Predator 269 171 Chukchi Sea Fox et al. (2013)
Gammarellus sp. Gammarid 2,37 Predator 39 15 Gulf of St. Lawrence Lavoie et al. (2010)
Littorina littorea Common periwinkle 2,29 Grazer 51 13 Gulf of St. Lawrence Lavoie et al. (2010)
Buccinum undatum Waved whelk 2,83 Predator 127 85 Gulf of St. Lawrence Lavoie et al. (2010)
Tectura testudinalis Common tortoise limpet 2,00 Grazer 51 9 Gulf of St. Lawrence Lavoie et al. (2010)
Strongylocentrotus droebachiensis Green sea urchin 1,69 Deposit 42 5 Gulf of St. Lawrence Lavoie et al. (2010)
Hippoglossoides platessoides American plaice 4,22 Benthic fish 146 77 Gulf of St. Lawrence Lavoie et al. (2010)
Glyptocephalus cynoglossus Witch flounder 4,22 Benthic fish 179 100 Gulf of St. Lawrence Lavoie et al. (2010)
Somateria mollissima Common eider 3,47 Seabird 640 565 Gulf of St. Lawrence Lavoie et al. (2010)
Anguilla anguilla European eel Benthic fish 1161 895 Baltic Sea Polak-Juszczak (2018)
Gadus morhua Atlantic cod Benthic fish 346 269 Baltic Sea Polak-Juszczak (2018)
Platichtys flesus European flounder Benthic fish 77 Baltic Sea Polak-Juszczak (2014)
Platichtys flesus European flounder Benthic fish 58 Baltic Sea Polak-Juszczak (2014)
Pleuronectes platessa European plaice Benthic fish 51 Baltic Sea Polak-Juszczak (2014)
Pleuronectes platessa European plaice Benthic fish 40 Baltic Sea Polak-Juszczak (2014)
Scophthalmus maximus Turbot Benthic fish 114 Baltic Sea Polak-Juszczak (2014)
sScophthalmus maximus Turbot Benthic fish 85 Baltic Sea Polak-Juszczak (2014)
Macoma balthica Baltic macoma Deposit 53 Baltic Sea Polak-Juszczak (2014)
Macoma balthica Baltic macoma Deposit 25 Baltic Sea Polak-Juszczak (2014)
Saduria entomon Isopod Predator 21 Baltic Sea Polak-Juszczak (2014)
Saduria entomon Isopod Predator 14 Baltic Sea Polak-Juszczak (2014)
Acanthella acuta Cactus sponge Suspension 115 6 Mediterranean Sea Orani et al. (2020)
Acanthella acuta Cactus sponge Suspension 66 7 Mediterranean Sea Orani et al. (2020)
Acanthella acuta Cactus sponge Suspension 107 11 Mediterranean Sea Orani et al. (2020)
Acanthella acuta Cactus sponge Suspension 95 9 Mediterranean Sea Orani et al. (2020)
Axinella damicornis Crumpled dustor sponge Suspension 97 2 Mediterranean Sea Orani et al. (2020)
Axinella damicornis Crumpled dustor sponge Suspension 212 9 Mediterranean Sea Orani et al. (2020)
Axinella damicornis Crumpled dustor sponge Suspension 252 7 Mediterranean Sea Orani et al. (2020)
Chondrilla nucula Caribbean chicken-liver sponge Suspension 149 2 Mediterranean Sea Orani et al. (2020)
Chondrilla nucula Caribbean chicken-liver sponge Suspension 233 1 Mediterranean Sea Orani et al. (2020)
Chondrilla nucula Caribbean chicken-liver sponge Suspension 519 4 Mediterranean Sea Orani et al. (2020)
Chondrilla nucula Caribbean chicken-liver sponge Suspension 317 4 Mediterranean Sea Orani et al. (2020)
Haliclona fulva Orange encrusting sponge Suspension 80 3 Mediterranean Sea Orani et al. (2020)
Haliclona fulva Orange encrusting sponge Suspension 76 2 Mediterranean Sea Orani et al. (2020)
Haliclona fulva Orange encrusting sponge Suspension 107 6 Mediterranean Sea Orani et al. (2020)
Haliclona fulva Orange encrusting sponge Suspension 146 6 Mediterranean Sea Orani et al. (2020)
Halichondria panicea Breadcrumb sponge Suspension 81 23 Killkieran Bay Orani et al. (2020)
Halichondria panicea Breadcrumb sponge Suspension 122 9 Killkieran Bay Orani et al. (2020)
Hymeniacidon perlevis Breadcrumb sponge Suspension 107 20 Killkieran Bay Orani et al. (2020)
Hymeniacidon perlevis Breadcrumb sponge Suspension 170 26 Killkieran Bay Orani et al. (2020)
Chlamys nobilis Noble scallop Filter 60 19 Dapeng Bay Pan and Wang (2011)
Ruditapes philippinarum Manilla clam Filter 47 17 Tolo Harbo Pan and Wang (2011)
Saccostrea cucullata Hooded oyster Filter 70 15 Clear Water Bay Pan and Wang (2011)
Perna viridis Green mussel Filter 30 9 Tolo Harbo Pan and Wang (2011)
Septifer virgatus Black mussel Filter 92 10 Clear Water Bay Pan and Wang (2011)
Ilyanassa obsoleta Eastern mudsnail Deposit 60 Gulf of Maine Chen et al. (2009)
Amphipod spp. Amphipod Deposit 12 Gulf of Maine Chen et al. (2009)
Mytilidae spp Mussel Filter 142 79 Eastern U.S. Chen et al. (2014)
Carcinus maenas Green Crab Predator 57 42 Eastern U.S. Chen et al. (2014)
Mytilidae spp Mussel Filter 173 Gulf of St. Lawrence Cossa and Tabard (2020)
Maldanidae spp. Bamboo Worm Deposit 101 70 Minas Basin, Bay of Fundy Sizmur et al. (2013)
Corophium volutator Mud scud Deposit 43 11 Minas Basin, Bay of Fundy Sizmur et al. (2013)
Glyceridae spp. Bloodworm Predator 37 9 Minas Basin, Bay of Fundy Sizmur et al. (2013)
Mytilidae spp Mussel Filter 95 Narragansett Bay, RI/MA U.S. Taylor et al. (2012)
Nereidae spp. Ragworm Deposit 139 Narragansett Bay, RI/MA U.S. Taylor et al. (2019)
Amphipod spp. Amphipod Deposit 93 Narragansett Bay, RI/MA U.S. Taylor et al. (2019)
Carcinus maenas Green Crab Predator 126 Narragansett Bay, RI/MA U.S. Taylor et al. (2019)
Carcinus maenas Green Crab Predator 80 Eastern U.S. Taylor et al. (2019)
Mytilidae spp Mussel Filter 83 Eastern U.S. Taylor et al. (2019)
Ilyanassa obsoleta Eastern mudsnail Deposit 177 Narragansett Bay, RI/MA U.S. Taylor et al. (2019)
Litorrina littorea Common periwinkle Grazer 90 Narragansett Bay, RI/MA U.S. Taylor et al. (2019)
Litorrina littorea Common periwinkle Grazer 30 Eastern U.S. Taylor et al. (2019)
Corophium volutator Mud scud Deposit 10 Bay of Fundy, Nova Scotia English et al. (2015)
Macoma balthica Baltic macoma Deposit 10 Bay of Fundy, Nova Scotia English et al. (2015)
Ilyanassa obsoleta Eastern mudsnail Deposit 40 Bay of Fundy, Nova Scotia English et al. (2015)
Litorrina littorea Common periwinkle Grazer 20 Bay of Fundy, Nova Scotia English et al. (2015)
Nereidae spp. Ragworm Deposit 10 Bay of Fundy, Nova Scotia English et al. (2015)
Maldanidae spp. Bamboo Worm Deposit 20 Bay of Fundy, Nova Scotia English et al. (2015)
Balanus balanus Acorn barnacle 2,32 Filter 10 3 Minas Basin, Bay of Fundy Bradford et al. (2023)
Carcinus maenas Green Crab 2,91 Predator 32 23 Minas Basin, Bay of Fundy Bradford et al. (2023)
Corophium volutator Mud scud 2,00 Deposit 22 11 Minas Basin, Bay of Fundy Bradford et al. (2023)
Glyceridae spp. Bloodworm 4,15 Predator 29 18 Minas Basin, Bay of Fundy Bradford et al. (2023)
Goniadidae spp. Goniadidae 4,18 Predator 69 37 Minas Basin, Bay of Fundy Bradford et al. (2023)
Ilyanassa obsoleta Eastern mudsnail 2,59 Deposit 139 26 Minas Basin, Bay of Fundy Bradford et al. (2023)
Lineidae spp. Ribbon worm 2,99 Deposit 31 13 Minas Basin, Bay of Fundy Bradford et al. (2023)
Litorrina littorea Common periwinkle 2,34 Grazer 60 8 Minas Basin, Bay of Fundy Bradford et al. (2023)
Macoma balthica Baltic macoma 2,32 Deposit 76 11 Minas Basin, Bay of Fundy Bradford et al. (2023)
Maldanidae spp. Bamboo Worm 2,37 Deposit 45 23 Minas Basin, Bay of Fundy Bradford et al. (2023)
Mytilus edulis Blue mussel 2,10 Filter 59 10 Minas Basin, Bay of Fundy Bradford et al. (2023)
Nereidae spp. Ragworm 2,21 Deposit 80 6 Minas Basin, Bay of Fundy Bradford et al. (2023)
Pagurus acadiarnus Acadian hermit crab 2,90 Predator 17 7 Minas Basin, Bay of Fundy Bradford et al. (2023)
Phyllodocidae spp. Paddle worm 2,94 Predator 67 18 Minas Basin, Bay of Fundy Bradford et al. (2023)
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Figure 5.11: Hermit crab (Pagurus bernhardus). Picture taken by Dr. Eric Wurtz.
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BRIDGING CHAPTER

Bridging chapter

In the previous study, I demonstrated that suspension feeders are unique in their very low MeHg/Hg ratio
and that this can partially be explained by their ability to consume DOM. The model is deliberately de-
signed to isolate the effect of the feeding strategy; this means that we can make conclusions about the
importance of the feeding strategy, but it also means that we cannot necessarily explain the low MeHg/Hg
ratio as other drivers might play a role. This is because several interactions that could influence this ratio2915

are not accounted for. Most importantly, there is limited importance of suspension feeders in the North
Sea. As mentioned in the previous chapter, the important category of DOM-consuming suspension feed-
ers that had extremely high inorganic and low MeHg values were sponges found in the bay of Villefranche
la Mer. Because of this, I updated the model in 2 ways. Using the newly developed hGOTM tool developed
by my supervisor Dr. Johannes Bieser, I could generate a physical setup to resemble the bay of Ville-2920

franche in which I could simulate HMA sponges in circumstances where they were sampled. Secondly, I
updated the model to have more realistic rates and lifestyles for both HMA sponges and the other modeled
macrobenthos. This included making several changes to the ECOSMO E2E model, notably including both
semi-labile DOM and terrestrial DOM so that the HMA sponges have a consistent supply of DOM to con-
sume. This allowed me to use this model to first perform a sensitivity study on the demethylation in HMA2925

sponges suggested by Orani et al. 2020 and estimate a demethylation rate of MeHg in HMA sponges. This
allowed me to quantify how in vivo MeHg demethylation in HMA sponges influences the bioaccumulation
of MeHg in HMA sponges and subsequently the bioaccumulation in higher trophic levels.
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Figure 5.12: Breadcrumb sponge (Halichondria panicea). Picture taken by Dr. Eric Wurtz.
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CHAPTER 6
DOM Uptake and Demethylation in

HMA Sponges: Drivers of Low MeHg

in Benthic Food Webs

David J. Amptmeijer1,Ulrike Hanz3,, Johannes Bieser1, Corinna Schrum1,2

1Matter Transport and Ecosystem Dynamics, Helmholtz-Zentrum Hereon, Geesthacht, Germany2930

2Universität Hamburg, Institute for Marine Sciences, Mittelweg 177, 20146 Hamburg, Germany
3Benthic Ecology, Alfred Wegener Institute, Am Alten Hafen 26, 27568 Bremerhaven, Germany

Mercury (Hg), particularly methylmercury (MeHg), is a bioaccumulative neurotoxins that threaten hu-
man health through seafood consumption. Remediation of MeHg in the marine environment is limited,
and effective clean-up solutions are scarce. Sponges have been proposed as natural bioremediators
due to their ability to efficiently filter out large amounts of Hg from the water column, and they may
demethylate MeHg into the less toxic inorganic Hg (iHg). We used a one-dimensional (1D) water col-
umn model to explore drivers of MeHg bioaccumulation in sponges, focusing on Dissolved Organic
Matter (DOM) uptake and in vivo demethylation. The model is based on field observations from the
Bay of Villefranche, where sponges show high levels off iHg in both Low Microbial Abundance (LMA)
and High Microbial Abundance (HMA) groups while having low levels of the more toxic MeHg, es-
pecially in HMA sponges. Model results indicate that DOM uptake by LMA sponges explains their
low MeHg levels, while uptake of refractory DOM in HMA sponges can account for their even lower
MeHg concentrations. Active demethylation is not required to reproduce observed MeHg levels, al-
though microbial demethylation remains possible. A rate of ∼1% d−1 could explain the 58% lower
concentration of MeHg in HMA sponges compared to LMA sponges, though rates up to 16% d−1 are
plausible. Elevated iHg concentrations suggest strong retention, possibly due to limited release or
binding to cellular components such as sulfated polysaccharides. These mechanisms could reduce
MeHg concentrations in benthic fish by up to 45% through trophic transfer of low MeHg organic matter.
Our results highlight the potential of sponge-based bioremediation.

Keywords: Mercury (Hg), Methylmercury (MeHg), Bioaccumulation, Ecosystem modeling2935

Publication Status

This chapter is based on a to be submitted paper. It is submitted to be presented at the World Sponge
Conference.
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Graphical abstract

Figure 6.1: Our model shows that megabenthic animals that directly consume phytoplankton accumulate
considerably higher MeHg concentrations than suspension feeders, such as sponges, which feed on dis-
solved organic matter (DOM). When high microbial abundance (HMA) sponges dominate the base of the
benthic food web and consume large amounts of DOM, the bioaccumulation of MeHg in high trophic level
fish can be up to 45% lower. At the same time sponge taken up a very high amount of iHg, which can
partially be explained by high partitioning of iHg to DOM. The image is composed of several sub-images
that are generated using openART and GPT 4.1.

.

6.1 Introduction

Mercury (Hg) and methylmercury (MeHg), are both toxic pollutants that can bioaccumulate throughout the 2940

food chain (Mason et al. 1995). Although both Hg and MeHg can bioaccumulate, MeHg has a much higher
bioaccumulation potential and greater toxicity (Jeong et al. 2024). MeHg bioaccumulates especially in high-
trophic-level fish, which poses health risks to humans when consumed. In commercially important species
such as Mediterranean bluefin tuna (Thunnus thynnus), Hg concentrations can increase by up to 8 orders
of magnitude compared to seawater levels (Storelli et al. 2002; Tseng et al. 2021). Consumption of MeHg- 2945

polluted fish causes adverse health effects in humans and is estimated to cost the European Union up to
C8-9 billion per annum, mostly due to the loss of intelligence in children (Bellanger et al. 2013). Further-
more, Hg pollution leads to reduced fish stocks and restrictions on fishing practices, which can decrease
supply and profitability in the fishing sector (Pacyna et al. 2006). Hg is present in the marine ecosystem in
several distinct chemical species that form a dynamic equilibrium. Important species for marine Hg cycling 2950

are elemental Hg (Hg0), dissolved Hg (Hg2+), monomethyl mercury (MMHg+), dimethylmercury (DMHg),
and cinnabar (HgS). Hg0 and DMHg are both dissolved gaseous Hg that can evaporate from the surface
ocean. Hg2+ and MMHg+ are the only Hg species known to bioaccumulate (Morel et al. 1998). HgS can
be precipitated and is considered the most important sink of Hg out of the biosphere. In this paper, all
species together are referred to as Hg, the sum of both MMHg+ and DMHg is referred to as MeHg, and 2955

all non-methylated Hg is referred to as inorganic Hg (iHg). As only MMHg+ and Hg2+ have been shown to
bioaccumulate, we will model the bioaccumulation of these two Hg species, as was done in Chapter 3. A
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table with commonly abbreviations in this study including the different Hg species is shown in Table 6.1.
The primary pathway for MeHg bioaccumulation in aquatic ecosystems begins with direct uptake of MeHg
from the water column by respiration, absorption, or swallowing. When this uptake results in higher con-2960

centrations within the organism than in the surrounding water, it is called bioconcentration. This occurs
because MeHg binds strongly to organic material, especially selenol groups (-SH) groups, which are com-
mon in proteins (Lavoie et al. 2015). This process can increase MeHg concentrations within organisms by
up to 100,000 times compared to concentrations in surrounding water (Lee and Fisher 2016). This process
is dependent on the surface area of organic membranes with water, and is therefore especially efficient2965

in small animals (Mason et al. 1995). Because of this, this process is especially important at the base of
the food web, in organisms such as phytoplankton (Mason et al. 1995). Bioconcentration however, does
significantly influence the bioaccumulation of MeHg in higher trophic levels, as is discussed in Chapter 4.
When predators consume phytoplankton, these predators can take up MeHg that is bioconcentrated in
phytoplankton very efficiently, leading to a higher concentration of MeHg in predators compared to their2970

prey (Mason et al. 1996). This process of increasing MeHg with increasing trophic positions is called
biomagnification and can lead to extremely high concentrations of MeHg in high trophic level animals,
including species that are often consumed by humans (Lavoie et al. 2013).
The importance of this route of bioaccumulation is supported by strong evidence from models (Schartup
et al. 2018; Rosati et al. 2022; Bieser et al. 2023), field studies (Lavoie et al. 2010), and laboratory2975

experiments (Mason et al. 1995; Tsui and Wang 2004; Wang and Wong 2003).

6.1.1 The role of DOM in MeHg bioaccumulation

Dissolved Organic Matter (DOM) plays a crucial role in the bioaccumulation process. DOM can bind to
MeHg and these DOM-MeHg complexes can be transported to phytoplankton through transport channels
(Garcia-Arevalo et al. 2024). The bioavailability of MeHg is significantly influenced by the characteristics of2980

DOM, particularly the presence of specific functional groups within the DOM, such as thiol groups (DOM-
RSH) (Seelen et al. 2023).
Although phytoplankton forms the base of most marine food webs, not all trophic chains start with living
phytoplankton. While most aquatic animals can only feed on material that is large enough to be filtered from
the water, sponges, in particular, can consume DOM (De Goeij et al. 2013). Due to their pumping activity,2985

sponges and their associated microbes can process and filter up to 24,000 liters of seawater per day (Vogel
1974). Sponges can utilize symbiotic bacteria, but there is a strong distinction between High-Microbial-
Assemblage (HMA) sponges and Low-Microbial-Assemblage (LMA) sponges. HMA sponges can have 108

to 1010 bacteria g-1 sponge, whereas LMA sponges have 105 to 106 bacteria g-1 sponge, which is roughly
equivalent to the concentration of bacteria in seawater (Hentschel et al. 2012). Symbiotic bacteria can2990

extract DOM out of the water for consumption, giving sponges the rare ability among marine animals to
utilize DOM as a food source. This difference in the size of the microbiome also means that HMA sponges
have a higher assimilation efficiency of DOM compared to LMA sponges (Bart et al. 2020). LMA sponges,
on the other hand, compensate for the decreased size of their microbiome and their ability to utilize DOM
as a food source by relying on pumping large water concentrations and filtering more particulate organic2995

material (Hentschel et al. 2006). While in HMA sponges, the high abundance of associated microbes
can account for up to 35% to 40% of the total biomass of sponges (Vacelet and Donadey 1977). This
high microbial biomass is crucial for the sponge’s nutrition and overall health, as these microbes play
essential roles in nutrient cycling and processing DOM within the sponge’s ecosystem. Furthermore,
bacterial symbionts from HMA sponges possess a wide variety of genes that confer unique biogeochemical3000

attributes not commonly found in other animals (Webster and Thomas 2016). The unique ability of sponges
to consume DOM can have a ripple effect throughout the food chain since HMA sponges utilize organic
matter that is not available to other organisms and transfer it to higher trophic levels (Hanz et al. 2022).
In this way, they play an important ecological role as pseudo-autotrophic producers and they facilitate
the indirect transfer of DOM via sponges to higher trophic level predators, such as fish, starfish, or sea3005

urchins, which feed on sponges. Additionally, DOM assimilated into larger organic material by sponges
can be excreted as detritus, which can be consumed by other animals in a process known as the sponge
loop (De Goeij et al. 2013).
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6.1.2 Hg in sponges

Studies analyzing iHg and MeHg in sponges found extreme variability in the Hg and MeHg content. Orani 3010

et al. (2020) found that in the Mediterranean Sea sponges generally have extremely low MeHg and a
low MeHg/Hg ratio of 4%, while sponges in the intertidal area of the Celtic Sea have very high MeHg
concentrations and high MeHg / Hg ratios of between 7 and 28%. Recent efforts in sponge identification
suggest that of the 4 sponges sampled from Orani et al. (2020) from the Mediterranean Sea, 3 species are
classified as LMA sponges; Acanthella acuta (Gloeckner et al. 2014), Cymbaxinella damicornis, recently 3015

reclassified under the genus Axinella (Erwin et al. 2015), and Haliclona fulva (Garcı́a-Bonilla et al. 2019),
while 1 sponge, Chondrilla nucula, is classified as HMA (Thiel et al. 2007). Remarkably, all sampled
sponges have an extremely low MeHg concentration and a low MeHg/Hg ratio, but the HMA sponges have
both lower MeHg and higher iHg compared to the sampled LMA sponges.
The low MeHg content in sponges in the Mediterranean Sea is proposed to be caused by active in vivo 3020

MeHg demethylation by Orani et al. (2020). HMA sponges have been found to contain bacterial symbionts
that possess the MerA and MerB genes (Santos-Gandelman et al. 2014a). The merA gene transcribes
the mercuric reductase protein that converts Hg2+ to volatile Hg0 and merB transcribes for organomercu-
rial lyase, which catalyzes the breakdown of carbon Hg through protonolyses and can demethylate toxic
MeHg into less toxic Hg2+ (Mathema et al. 2011), but this does not explain the low concentration of MeHg 3025

in LMA sponges. An alternative proposal for the low MeHg concentration of HMA sponges is that this is
low due to the consumption of DOM. This is proposed in Chapter 5. This is a modeling study in which
the effect of feeding strategy of iHg and MeHg is modeled. In this study, the binding of iHg and MeHg to
DOM and detritus is based on Batrakova et al. (2014), which finds a higher affinity of DOM to bind iHg
rather than MeHg, whereas detritus has a stronger affinity for MeHg. In Chapter 5, the feeding on DOM is 3030

shown to be a driver of high iHg and low MeHg in suspension feeders. In that study, the feeding strategy
was isolated and their model does not consider other biological factors that might impact bioaccumulation,
such as in vivo demethylation, the extended lifespan of sponges, and their low metabolic rate. Additionally,
the model is simulated in conditions representing the North Sea, where HMA sponges are not present. In
this study, we expand on the model presented in Chapter 3 by creating a more realistic model of sponges. 3035

We focus on incorporating the life cycles and feeding behaviors of megabenthos groups to enhance the
understanding of iHg and MeHg bioaccumulation in Mediterranean Sea sponges, while running the simu-
lation under hydrodynamic and climatological conditions typical of the Western Mediterranean Sea, where
HMA sponges are common.

6.1.3 The hypotheses 3040

Based on the previous literature, we have 3 hypotheses.

• The low MeHg concentrations in LMA sponges can be attributed to their consumption of DOM, while
the even lower levels observed in HMA sponges are likely due to both DOM consumption and active
demethylation.

• The elevated iHg concentrations in both LMA and HMA sponges can be explained by their uptake of 3045

inorganic mercury from DOM.

• Sponges can reduce the MeHg concentration in benthic fish by having a low MeHg concentration
and forming the base of the food web

To test these hypotheses, we constructed a model to trace the bioaccumulation of MeHg within the Mediter-
ranean Sea food web in the Bay of Villefranche, a region of notable concern with respect to Hg contam- 3050

ination (Claisse 1989), using a state-of-the-art food web model. This enables us to initially assess the
levels of iHg and MeHg accumulating in LMA sponges and determine if our model can accurately replicate
the observed data. Subsequently, we can estimate the demethylation rate necessary to account for the
observed differences between LMA and HMA sponges. Finally, we can use this model to assess the dif-
ferences in MeHg bioaccumulation in fish in a setup with and without sponges to see if sponges influence 3055

the MeHg bioaccumulation in fish.
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Table 6.1: Definitions of Hg abbreviations.

Abbreviation Meaning

Hg Refers to Hg in general
Hg2+ Dissolved Hg (Bioaccumulates)
Hg0 Elemental Hg (Volatile)
MMHg+ Monomethylmercury (Bioaccumulates, extremely toxic)
DMHg Dimethylmercury (Volatile, extremely toxic)
MeHg MMHg+ + DMHg
iHg Sum of all Hg that is not MeHg
DGM Dissolved Hg0 and DMHg
HMA sponge High microbial assemblage sponge
LMA sponge Low microbial assemblage sponge
DOM Dissolved organic matter
lDOM Labile dissolved organic matter
sDOM Semi-labile dissolved organic matter
rDOM Refractory dissolved organic matter
SPs sulfated polysaccharides

6.2 Materials and methods

6.2.1 The model domain; The Bay of Villefranche

The Bay of Villefranche is a natural bay located just west of the French-Italian border, near the French
town of Villefranche-sur-Mer. The Bay is known for its deep oligotrophic waters with steep underwater3060

topography, rocky inlets, and sandy bottoms. The nearby Villefranche Canyon creates diverse habitats
that support different benthic communities. Monitoring programs within the Bay were mainly focused on
planktonic research of coastal waters (Dolan 2014). This is the reason why similar and abundantly avail-
able long-term benthic community data from nearby areas of the Gulf of Lyon were used to evaluate our
model.3065

6.2.2 The hydrodynamic model; GOTM

The one-dimensional (1D) Generalized Ocean Turbulence Model (GOTM) is used as the hydrodynamic
model, which calculates the turbulence of a vertical 1D water column setup by computing the solutions to
the one-dimensional version of the transport equation of momentum, salinity, and temperature (Bolding et
al. 2021). The model is nudged to observational data sets for temperature and salinity. The setups are de-3070

signed using the hGOTM tool, which is driven by gridded bathymetry data for water depth (1/240◦) (GEBCO
Bathymetric Compilation Group 2020), the ECMWF ERA5 dataset for meteorological data (Wouters et al.
2021), the World Ocean Atlas for salinity and temperature profiles (Garcia H.E. et al. 2019) and TPOX-9
atlas for tides (Egbert and Erofeeva 2002).

6.2.3 Coupling GOTM to the biogeochemical models using FABM3075

The MERCY v2.0 model and the ECOSMO E2E model are coupled to the GOTM model using the Frame-
work for Aquatic Biogeochemical Modeling (FABM) (Bruggeman and Bolding 2014). The biogeochemical
models are coded into FABM. The FABM interfaces communicate the state variables between the GOTM
model and the biogeochemical models. Physics is modeled with a vertical grid resolution of 0.71 grid cell
m-1. The model’s state variables are updated every 120 seconds using the forward Euler method to solve3080

the ordinary differential equation.
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Hg cycling and speciation; the MERCY v2.0 model

Hg speciation and cycling are modeled using the MERCY v2.0 model (Bieser et al. 2023). The MERCY
v2.0 model is an Hg cycling and speciation model that simulates the cycling and speciation of Hg, Hg0,
MMHg+, DMHg, and HgS, its partition to detritus and DOM, and the bioaccumulation of MMHg+ and Hg2+

3085

while taking into account biomagnification and bioconcentration at every trophic level.

Carbon cycling and ecosystem dynamics; the ECOSMO E2E model

The ecosystem in which Hg bioaccumulates is simulated using an altered version of the ECOSMO E2E
model. The original ECOSMO model presented by Daewel and Schrum (2013) is expanded in the ECOSMO
E2E model to incorporate higher trophic levels while preserving consistency in lower trophic levels (Daewel 3090

et al. 2019). Several adjustments to this model are presented in Chapter 3 to make sure that the model,
which is originally developed for carbon cycling, is also suitable for bioaccumulation. In this paper, the
ECOSMO E2E model is further altered by expanding the megabenthos by splitting it into 6 megabenthos
groups separated by their feeding strategies. For every group, a model organism is selected based on
which group is parameterized. The megabenthos groups and model organisms are filter feeders (mus- 3095

sel; Mytilus sp), deposit feeders (lugworm; Arenicula marina), generalist feeders (brown shrimp; Crangon
crangon), suspension feeders (LMA sponge; Mycale hentscheli), suspension feeders with bacterial sym-
bionts (HMA sponge; Chondrilla nucula), benthic predators (crab; Carcinus maenas), and benthic fish
(European plaice; Pleuronectes platessa). Furthermore, the 2 pelagic species of fish representing herring
and cod are removed to better represent the 17m deep shallow water of the Bay of Villefranche, as these 3100

species would not be present in the Bay of Villefranche. The specific species used for this model are not
always the main species in these ecosystems since biological rate measurements are not available for
most species. However, we assume that biological rates are representative of broader functional groups
and still represent the expected ecosystem functioning.

6.2.4 Nutrient fluxes in the 1D model 3105

Nutrient cycling is normally dependent on lateral fluxes that are not present in a 1D water column model.
To compensate for this, an atmospheric deposition of 0.13 NO3 µmol d-1, 0.13 NH4 µmol d-1, 3.93E-4 PO4

µmol d-1, and 6.28E-2 SiO4 µmol d-1 is introduced to compensate for the burial of organic material. This
approach of using atmospheric deposition as a tuning parameter follows the methodology applied in the
1D GOTM-ECOSMO-MERCY setups for the North and Baltic Seas used in Chapter 3. The deposition 3110

values are chosen to produce realistic wintertime nutrient concentrations and support chlorophyll levels in
line with observed data. This is further evaluated in the model evaluation section.

6.2.5 The megabenthos model

The physiological parameters of megabenthos within our model are derived from rates observed in labo-
ratory conditions or through field studies. Given the inherent variability present in biological data, definitive 3115

rates are not always available and have been inferred from the referenced studies. The deposit feeders,
generalist feeders, benthic predators, and benthic fish all feed based on a feeding rate and half saturation.
Feeding and respiration rates are presented here as daily rates. Therefore, a feeding or respiration rate of
0.1 d-1 would mean that the animal consumes or respires 10% of its body weight per day. This modeling
approach is based on the macrobenthos functional group in the original ECOSMO E2E model (Daewel 3120

et al. 2019). The feeding of mussels, HMA, and LMA sponges is based on their filtration rate within the
bottom grid cells of the model. They consume a fraction of all food in the bottom grid cell, calculated as
their filtration rate [m3 d-1] divided by the volume of the bottom grid cell [m3], giving us the uptake [d-1].
There is a maximum consumption rate beyond which a higher concentration of food in the water column
will not lead to a higher intake rate. It should be noted that while we estimate the feeding, respiration, and 3125

mortality rates of megabenthos based on empirical studies, the modeled animal still represents functional
groups.
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The uptake rates of the deposit feeder are taken from ex-situ studies performed on a sand-eating lugworm
(Arenicula marina), whereas this also represents other deposit feeders such as gastropods in the model.
The respiration rate based on this study is 0.013 d-1, and the mortality rate is 0.0005 d-1. The respiration3130

rate is estimated based on the measured oxygen consumption and converted to carbon respiration, as-
suming a respiratory quotient of 0.85 (Rodil et al. 2019). The mortality rate is based on the observed life
expectancy of 5 years. The grazing rate is 0.12, based on the measured maximum carbon consumption
rate (Rijsgard and Banta 1998; Rodil et al. 2019).
The filter feeders in our model are modeled after mussels (Mytilus sp.). They are parameterized to have3135

a filtration rate of 9.60E-4 m3 m-3 d-1, a maximum feeding rate of 0.21 d-1, a respiration rate of 0.00867
d-1, and a mortality rate of 0.0063 d-1 (Koopmans and Wijffels 2008). The high filtration rate means that
mussels can grow the fastest of all megabenthos groups in our model when food is abundant, but their
high respiration rate means that they are competitively disadvantageous when food is limited.
The model organism for the generalist feeder in our set-up is the brown shrimp (Crangon crangon). They3140

eat microzooplankton, mesozooplankton, detritus, and sediment organic carbon. They are estimated to
have a lifespan of 3 years, or a mortality rate of 0.0083 d-1, and a maximum feeding rate of 0.12 d-1 (Perger
and Temming 2012). Regnault (1981) found a respiration rate of per 51µl O2 h-1 in a 91 mg-1 d.w. shrimp,
or 0.55 mg O2 g-1 d.w. This can be translated into a respiration rate of 0.00752 d-1 based on a respiratory
quotient of 0.85 (Rodil et al. 2019). As a generalist, they thrive in highly variable circumstances where their3145

ability to use different food sources gives them a competitive advantage.

Benthic predator

The benthic predator is the mid-level trophic animal that couples Hg bioaccumulation from the base of the
food web to higher trophic levels. As such, this is arguably the functional group that represents the largest
number of species in our model. Rates are estimated after the shore crab (Carcinus maenas), but the3150

functional group of benthic predators would also include other animals. This is because there is not one
animal that feeds on all the included megabenthos groups. Notable predators of HMA sponges are, for
example, white seabream (Diplodus sargus), the nudibranch Hypselodoris cantabrica, and the purple sea
urchin (Paracentrotus lividus) (Bertolino et al. 2024; Cruz et al. 2012; Maldonado and Uriz 1998). The
benthic predator is modeled based on laboratory studies of Wallace (1973). They found a feeding rate of3155

0.065 d-1 at 10 ◦C and 0.13 d-1 at 24 ◦C and observed that the investigated shore crabs were not active
below 5 ◦C. In addition, they found respiration rates between 0.0277 and 0.133 d-1. Based on this, we
assume that benthic predators below 5 ◦C do not hunt; above 24 ◦C they have their optimum grazing rate
of 0.13 d-1. We used this information to approximate the temperature-dependent respiration (RBP(T)) and
grazing (PBP(T)) rates for the benthic predator as follows:3160

RBP(T ) =


0.00277 if T ≤ 5

0.00055 · T if 5 < T ≤ 24

0.0133 if T > 24

PBP(T ) =


0 if T ≤ 5

0.0054 · T if 5 < T ≤ 24

0.13 if T > 24

For this benthic predator, we assume a life expectancy of 3 years or a mortality rate of 0.008 d-1.
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Benthic fish

The benthic fish is modeled after common species such as the common sole (Solea solea), gilthead
seabream (Sparus aurata), and European flounder (Platichthys flesus) which are often found near the
seabed among vegetation or sandy substrates. They have a strong temperature-dependent grazing rate 3165

and respiration rate. Based on the work by Fonds et al. (1992) on European plaice (Pleuronectes platessa)
we approximate the temperature-dependent respiration (RBF(T)) and grazing (PBF(T)) for the benthic fish
as follows:

RBF (T ) =


0.005 if T ≤ 2

0.005 + 0.002 · (T − 2) if 2 < T ≤ 18

0.037 if T > 18

Max feeding rate

PBF (T ) =


0.0135 if T ≤ 2

0.0135 + 0.008 · (T − 2) if 2 < T ≤ 19

0.129 if T > 18

We assume a lifespan of 5 years, which results in a mortality rate of 0.0048 d-1.
A schematic overview of all functional groups of megabenthos and how they are incorporated into the 3170

ECOSMO E2E model is shown in figure 6.2.

Figure 6.2: Schematic overview of the implemented megabenthos model. Sources of the images are: fil-
ter feeder: https://en.wikipedia.org/wiki/Sabella_spallanzanii, HMA sponge: https://www.
flickr.com/photos/noaaphotolib/5015046804/, generalist feeder: https://en.wikipedia.org/

wiki/Shrimp, deposit feeder: https://fr.wikipedia.org/wiki/Arenicolidae, benthic predator:
https://en.wikipedia.org/wiki/Lobster, and top predator: https://en.wikipedia.org/wiki/

Plaice. The photo of the LMA sponge is taken by Dr. Eric Wurtz and shared for the use in this pub-
lication.
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6.2.6 semi-labile DOM

ECOSMO E2E has two forms of pelagic aquatic organic carbon, detritus, and labile DOM (lDOM) (Daewel
et al. 2019). Since DOM is a key driver in giving sponges their competitive advantage over other suspen-
sion feeders, we also added semi-labile DOM (sDOM). sDOM does not have a sinking speed; both HMA3175

and LMA sponges can consume it with the same efficiency as lDOM, and bacteria degrade it at the same
rate as detritus. When organic material is formed in the model, it is formed as 40% lDOM, 12% sDOM, and
48% detritus. There is an additional rate of sDOM formation from detritus of 0.001 d-1. These formation
ratios and rates are chosen to have a realistic sDOM value of 0-50 mgC m-3, based on (Lønborg et al.
2024), rather than on established rates of sDOM formation. This is described in more detail in Chapter 5.3180

6.2.7 Refractory DOM

In addition to the sDOM added to the model, we also added refractory DOM (rDOM). This DOM is esti-
mated to represent 97% of the global DOM pool (Baltar et al. 2021; Lønborg et al. 2024). Estimates of
rDOM in the Bay of Villefranche are not available, but measurements from a bay on Medes Island estimate
the concentration of total DOM at 2.56 gC m-3 (Ribes et al. 1999). Since our model has 0-50 mgC m-3

3185

sDOM we estimate that an additional 2.5 gC rDOM gC m-3 could be present in our modeled domain. Given
the uncertainty surrounding the extent to which sponges utilize rDOM when lDOM, sDOM, and detritus are
available, and the substantial uncertainty of rDOM’s binding to Hg compared to sDOM and lDOM, we run
the model simulations both with and without 2.5 gC rDOM m-3. When rDOM is added, it is implemented as
a fixed background concentration that is not consumed by bacteria or catabolized into nutrients. This rDOM3190

reacts within the model in 2 ways. First, HMA sponges can take up rDOM. Since rDOM is represented as
constant background concentrations, it is unaffected by sponge uptake. To address this, and considering
its low energy value as a food source for sponges, its uptake is limited to 10% efficiency compared to fresh
DOM. Therefore, for HMA sponges, 2.5 gC rDOM m-3 corresponds to an equivalent of 0.25 gC m-3 lDOM,
sDOM, or detritus in terms of its food availability. The difference in efficiency between the consumption3195

of rDOM and other food sources is not based on a known value, but it is a necessary estimation, since if
HMA sponges could feed on rDOM as efficiently as on other food fractions, they would overgrow every-
thing, which is not what is observed in the Mediterranean Sea benthic food web. Because of this, it is used
as a tuning parameter to increase the sponge biomass in a somewhat natural way, so we can evaluate the
importance of the HMA sponges under different possible circumstances, and can evaluate the influence of3200

sponges on fish MeHg bioaccumulation under a scenario with a high sponge biomass. rDOM is assumed
to be mostly organic carbon with no other nutrients. The original ECOSMO E2E model assumes a Red-
field Ratio in all consumers, but we deviate from this when HMA sponges consume rDOM to account for
the low C:N and C:P ratio in rDOM. When HMA consumes rDOM, the biomass originating from rDOM is
tracked, and when they release carbon due to respiration or mortality, the consumed rDOM is not released3205

as labile nutrients for phytoplankton. The same is true when predators and top predators consume HMA
sponges directly or indirectly. It is traced how much of the organic carbon originates from rDOM, and when
this rDOM-originating organic carbon is released, it is not transferred to dissolved nutrients that are usable
by phytoplankton. It is possible that in real life sponges consume rDOM that contains micronutrients, and
these nutrients later may be bioavailable; this is however not studied and out of the scope of this model.3210

To summarize, the rDOM approach offers an approximation that allows HMA sponges and their predators
to achieve greater biomass without violating the mass conservation principles of the rest of the model, and
rDOM does not react directly with any biota, except HMA sponges in the model.

The second way in which rDOM interacts in our model is through partitioning to iHg and MeHg. In the
MERCY v2.0 model, the binding partitioning between lDOM and iHg and MeHg is assumed to be based3215

on the Kow. We use the same partitioning coefficient for lDOM, sDOM, and rDOM. A partitioning coefficient
of log(Kow)=6.4 for iHg and a coefficient of log(Kow)=5.9 for MeHg is used. This value is the same as is
used in Bieser et al. (2023) and is based on Tesán Onrubia et al. (2020).
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6.2.8 LMA and HMA sponges

LMA and HMA sponges were modeled separately. It must be stated that sponges are an incredibly di- 3220

verse group, and comprehensive studies analyzing rates in sponges are rare. Because of this, we take
the published rates of sponges and evaluate them as well as possible. LMA sponges have a maximum
consumption rate of 0.01 d-1, a filtration rate of 4.80E-4 m-3 d-1, and a combined respiration and mortality
rate of 0.00257, based on the LMA sponge Halichondira panicea (Thomassen and Riisgadrd 1995). LMA
sponges feed on phytoplankton, detritus, lDOM, and sDOM. 3225

To distinguish the LMA and HMA sponges, we make two adjustments. First, the microbiome of HMA
sponges gives them the ability to consume rDOM. However, this comes at a cost. HMA sponges are
denser and filter water 52%-94% slower, due to their investment in maintaining bacterial symbionts (Weisz
et al. 2008). However, their uptake efficiency is higher because of the uptake of additional DOM through
their symbionts. Because of this, we give HMA sponges a filtration rate of 3.60E-4 m-3 d-1, which is 25% 3230

lower than the LMA sponges. In our model, HMA sponges feed on detritus, lDOM, sDOM, and rDOM.
When sponges are compared to observations we assume a carbon to dry weight ratio of 1:5, based on
Bart et al. (2021). It is worth mentioning that while the 1:5 ratio was measured in Atlantic Deep Sea
sponges rather than Mediterranean Sea sponges, it originates from the demosponges Geodia atlantica
which should resemble the demosponges sampled in Orani et al. (2020). 3235

6.2.9 Bioaccumulation of Hg and MeHg

The parameters and interactions with respect to bioaccumulation are based on the 1D model presented in
Chapter 5. Importantly, our model models both the biomagnification and bioconcentration of both iHg and
MeHg at every trophic level. In Chapter 5 it is shown that this model can accurately model MeHg bioac-
cumulation at the base of the food web without tuning. The bioconcentration in phytoplankton depends on 3240

the size-dependent bioaccumulation and the release rate for both iHg and MeHg. The bioconcentration in
all megabenthos is based on the macrobenthos functional group from Chapter 3 and they have an uptake
rate of 1.68E-5 m3 mgC-1 d-1 and 2.22E-5 m3 mgC-1 d-1 for iHg and MeHg, respectively. All megabenthos
have a release rate of 0.04 d-1 for iHg while there is no additional release rate for MeHg. Additionally,
both MeHg and iHg are released with respiration and mortality. For biomagnification, an iHg assimilation 3245

efficiency (AE) of 0.31 is used and a MeHg AE of 0.95, when biota or detritus is consumed. When sedi-
ment is consumed, the AE of iHg is 0.07 and 0.43 for MeHg, based on Dutton and Fisher (2012). When
DOM is consumed, the AE is 0.95 for both iHg and MeHg. This is based on the work of Garcia-Arevalo
et al. (2024) in phytoplankton, which shows that DOM can play an essential role in facilitating iHg transfer
into cells. The assumption is that the DOM molecules are absorbed as a whole, and therefore the iHg 3250

associated with this would have a high assimilation efficiency for both iHg and MeHg.

6.2.10 Scenarios

We suggest that there are 2 pathways leading to HMA sponges having a lower MeHg content than LMA
sponges; the consumption of DOM and in vivo demethylation. To assess the relative importance of both
pathways we first model the bioaccumulation in HMA sponges under base conditions, where there is no 3255

rDOM for the sponges to feed on and the sponges do not demethylate. Afterwards, we simulate sponge
bioaccumulation in a scenario where 2.5 gC rDOM m-3 is present. This allows us to quantify the effect
of rDOM consumption on the bioaccumulation of MeHg in HMA sponges. We then perform a sensitivity
analysis by varying demethylation rates in HMA sponges to identify the demethylation required to explain
the observed MeHg bioaccumulation in LMA and HMA sponges. 3260

Finally, we assess MeHg bioaccumulation in benthic fish by comparing the base case to the scenarios with
2.5 gC rDOM m-3. This allows us to estimate the potential impact of HMA sponges on MeHg concentrations
in fish. We focus on the 2.5 gC rDOM m-3 scenario because it represents a high HMA sponge biomass
resembling a sponge reef. The goal is to evaluate whether this effect is plausible, rather than to quantify
its real-world magnitude, as the 1D water column model used here is not suitable for capturing spatial 3265

complexity.
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6.2.11 Statistical interpretation of the results

The evaluation of MeHg bioaccumulation in LMA and HMA sponges involves assessing the Mean Per-
centage Bias (MPB), of which the equation is shown in Table 6.7 in annex 1. This metric was chosen
because typically in assessing models the bias is used, which is the average difference between model3270

and observations; however, we could not use this due to the uneven amount of data between the model
output and observations. Therefore, we first take the mean of the model output, and then estimate the
percentile bias between the modeled and observed mean. This is further supported by performing a Kol-
mogorov–Smirnov (KS) and Wilcoxon signed-rank (W) tests. These non-parametric tests are selected
because the small sample sizes (n = 4 for HMA and n = 6 for LMA) are insufficient to reliably test for3275

normality in the observed data. The KS test is conducted using the ks.test() function, and the Wilcoxon
signed-rank test is performed with the wilcox.test() function in R (version 4.1.2, ”Bird Hippie”). The
evaluation considers the D-statistic, the Kolmogorov–Smirnov p-value (KS-p), and the Wilcoxon p-value
(W-p). All tests are based on comparisons between the average daily model outputs from the last decade
of the simulation and the observations reported by Orani et al. (2020).3280

The D-statistic measures the maximum deviation between the cumulative distributions of the model and
observations, thus measuring the maximum differences in the distribution. A D value below 0.1 suggests
very similar distributions, values between 0.1 and 0.5 indicate minor to moderate differences, and a D value
greater than 0.5 shows a large difference. The KS-p value calculates whether a significant difference
between the modeled and observed distributions exists, while the W-p value estimates the significance3285

of the difference between their medians. P-values below 0.05 for either KS-p or W-p are considered
significant.
There is a large difference in sample sizes, with 3652 model data points compared to only 4 and 6 observed
data points for HMA and LMA sponges, respectively. This imbalance can influence the D, KS-p and
W-p values. Therefore, the KS and W test results are interpreted to compare the setups, rather than3290

definitive indicators of model fit or mismatch. Especially for the KS test, analyzing the distribution of 4
or 6 points should not be used to come to definitive conclusions. Despite these constraints, the D, KS-p,
and W-p results still provide valuable insights into the overall agreement between modeled and observed
MeHg bioaccumulation patterns in HMA and LMA sponges and can help to compare the different model
scenarios.3295

6.3 Model evaluation

6.3.1 Evaluation of Nutrient cycling

As mentioned in the methods section, the nutrient deposition is selected to create a realistic phytoplankton
community to drive our megabenthos model. In our model, the wintertime nutrient concentrations are
0.12 µmol l-1 NH4

+, 5.0 µmol l-1 NO3
-, 0.3 µmol l-1 PO4

3-, and 1.6 µmol l-1 Si(OH)4. These values are3300

on the higher end of observations in the Western Mediterranean Sea but align with elevated nutrient
concentrations found in the Gulf of Lion, where surface nitrate and phosphate concentrations reach up
to 3.58 ± 1.16 µmol l-1 and 0.2–0.3 µmol l-1, respectively . While the modeled silicate concentration
is on the lower end of the observed range (1.6–5.8 µmol l-1), based on the World Ocean Atlas 2018,
silicate is not typically a limiting factor for phytoplankton growth in the Western Mediterranean, making this3305

value acceptable for our modeling purposes (Belgacem et al. 2021). Based on this, we conclude that the
modeled nutrient concentrations are in line with observations and can be used to simulate phytoplankton
in our model.

6.3.2 Evaluation of primary production

We evaluate the modeled chlorophyll a concentrations against NASA MODIS-A satellite chlorophyll time3310

series, for the same geographic location (https://oceancolor.gsfc.nasa.gov/). The observational chlorophyll
time series was sourced from the COPEPOD project (REPHY 2020). The NASA combined-satellite chloro-
phyll data presents monthly mean values, allowing for a comprehensive comparison. To evaluate whether
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the model captures the general chlorophyll a dynamics of the region, we focused on monthly means.
Specifically, we averaged modeled chlorophyll values for each calendar month over the last decade of the 3315

simulation (e.g., the mean of all Januarys, all Februarys, etc.), and compared these to the corresponding
monthly means from the NASA dataset.
While this approach smooths over interannual variability, it offers a way to assess whether the model
captures the typical seasonal cycle and magnitude of phytoplankton. Given our focus on bioaccumulation
processes, this comparison helps ensure that the modeled phytoplankton concentrations are within a 3320

realistic range and appropriate for driving biogeochemical dynamics in the Bay of Villefranche.
The results of the chlorophyll comparison between the model and the observations are shown in Fig. 6.3a,
and the corresponding Taylor diagram is shown in Fig. 6.3b. The equations from which the metrics are
derived are shown in Table 6.7. The modeled and observed chlorophyll concentrations exhibit a Pearson
correlation of 0.59. The root mean square error (RMSE), is 0.127 mg m-3. The maximum observed 3325

chlorophyll is 0.54 mg m-3 and modeled is 0.55 mg m-3, while the observed mean is 0.31 mg m-3 and
the modeled mean is 0.28 mg m-3, resulting in a mean bias of -0.028 mg m-3. Overall, the comparison
reveals a low bias and relatively high correlation, indicating that the modeled phytoplankton dynamics are
consistent with expectations for the Bay of Villefranche and provide a suitable basis for the biogeochemical
processes explored in this study. 3330

6.3.3 Evaluation of the megabenthic biomass

The benthic communities in this area have high specialization and display a patchy distribution, complicat-
ing the evaluation of our 1D model. According to Rosenberg et al. (2003), biomass values in the shallow
Bay of Lyon vary widely, between 0 and 40 g ash-free dry weight m-2, showing notable regional differences.
Despite this, our modeled benthic biomass at 17 m ranges between 3.5 and 5 gC m-2, as shown Table 3335

6.2 and visualized in Fig. 6.4. This is in good agreement with the observed biomass of 2.1 g ash-free
dry weight m-2 (equating to approximately 4.2 gC m-2 using a carbon-to-weight ratio of 1:2) at 25 m depth,
as reported by Rosenberg et al. (2003). In the Gulf of Lyon, distinct benthic communities dominated by
filter feeders (e.g., Spisula subtruncata, Venus ovata), deposit feeders (Scoloplos armiger), and generalist
predators (Nephtys hombergii) have been identified (Labrune et al. 2007; Fromentin et al. 1997; Rosen- 3340

berg et al. 2003). Although our one-dimensional model cannot resolve these complex spatial differences,
our model does support stable populations of all megabenthic functional groups, making it a reasonable
representation of the general benthic community structure in the area.

Figure 6.3: Validation of modeled chlorophyll concentrations. a) Monthly means over the last 10 years from
the model and NASA MODIS-A satellite chlorophyll time series. b) Taylor diagram comparing the model
and observations, showing a Pearson correlation coefficient of 0.59 and a root mean square error (RMSE)
of 0.13 mg m-3, based on monthly means of the 10-year averages.
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Table 6.2: Model results for the biomass and bioaccumulation in the Bay of Villefranche. Biomass is shown
in mgC m-2 and bioaccumulation in ng Hg gC-1, so pelagic biomass was integrated over the watercolumn
depth.

Category Biomass iHg MeHg
Functional group Mean SD Mean SD Mean SD

Generalist feeders 256 177 67 8 22 5
Deposit feeders 1741 614 64 7 18 3

Filter feeders 158 118 62 9 29 9
HMA sponges 252 82 168 42 27 5
LMA sponges 1375 692 116 20 26 8

Benthic predators 382 425 61 5 36 7
Benthic fish 226 231 61 10 61 10

Microzooplankton 16 26 37 21 12 4
Mesozooplankton 25 23 55 13 12 3

Phytoplankton 41 32 1 3 2 4
Detritus 5 4 453 32 3 1

DOM 168 108 729 49 4 2

Figure 6.4: The 10-year average consumer biomass.

6.3.4 Evaluation of Hg and MeHg concentrations

Bioaccumulation starts with the dissolved concentration of the pollutants. Therefore, it is essential to3345

assess that the MERCY v2.0 model generates concentrations of Hg and MeHg that are in line with obser-
vations. The modeled and observed aquatic concentrations of iHg and MeHg are shown in Table 6.3. Our
model estimates Hg and MeHg concentrations in the Bay of Villefranche of 1.00±0.071 and 0.019±0.005
pM respectively. Observations in shallow coastal stations in the Gulf of Lion by Cossa et al. (2017) found
mean Hg concentrations of 1.52±1.00 pM and MeHg concentrations of 0.026±0.024 pM, though some3350

MeHg concentrations were below the detection limit, introducing uncertainty. This means that our mod-
eled Hg and MeHg concentrations are well within the observed range and within 1 standard deviation,
with a MPB of -34% for Hg and -26% for MeHg compared to the observed mean. Based on these results,
we conclude that our model reproduces observed Hg and MeHg concentrations in the water, making it
suitable to be used in our bioaccumulation modelling framework.3355

6.3.5 Evaluation of the MeHg bioaccumulation

The bioaccumulated iHg and MeHg per functional group are shown in Table 6.2. Observations distinguish-
ing MeHg bioaccumulation in megabenthic organisms to compare our model results to are are. We found
measurements for MeHg bioaccumulation in phytoplankton, microzooplankton, and mesozooplankton by
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Table 6.3: Comparison of modeled MeHg bioaccumulation against available observations. Bioaccumu-
lation is shown in ng Hg mgC-1 and the concentration of aquatic Hg and MeHg in pM. The phyto-and-
zooplankton data is compared to samples from Tesán Onrubia et al. (2020), while the benthic fish data
is compared to samples of European hake (Merluccius merluccius) and common sole (Solea solea) pre-
sented by Llull et al. (2017). All values are reported as the mean±SD, except for the observations in fish,
where the SD was not available and is instead shown as the mean (min–max) of the observations.

Modeled MeHg Observed MeHg
Aquatic Hg 1.00 ± 0.071 1.52 ± 1.00

Aquatic MeHg 0.019±0.005 0.026 ± 0.024
Phytoplankton 0.6±2 0.8±1

Microzooplankton 6±2 3±2
Mesozooplankton 6±2 6±3

Benthic fish 61±10 60 (33–120)

Tesán-Onrubia et al. (2023), and mesozooplankton, whereas Llull et al. (2017) reported measurements 3360

in fish. Assessing fish is challenging because our functional group encompasses several benthopelagic
predators with varying MeHg levels. Thus, we present the range of observed MeHg content for the most
common benthopelagic predators in the region, namely, the European hake (Merluccius merluccius) and
the common sole (Solea solea), as illustrated in Table 6.3. We assumed a carbon-to-weight ratio of 1:2 for
fish and zooplankton based on Ricciardi and Bourget (1998), and for phytoplankton, a 1:3 ratio based on 3365

Cushing (1958). Fish bioaccumulation data were reported in wet weight; we converted this to dry weight,
assuming a dry weight-to-wet weight ratio of 1:5 based on Cresson et al. (2017). Since the SD was not
available for the comparison to fish, we calculated the mean based on the weighted average. Although
the data are insufficient for robust statistical analysis, the average MeHg content is 46 ng Hg mgC-1 for
European hake and 69 ng Hg mgC-1 for common sole while the weighted average of both species together 3370

is 60 ng Hg mgC-1, as recorded by Llull et al. (2017). Consequently, our model value of 61 ng Hg mgC-1

falls within the observed range for the benthopelagic predatory fish considered in our model.

6.4 Results

6.4.1 Expected demethylation rate of HMA sponges

Figure 6.5 shows the bioaccumulation of MeHg in HMA sponges. Without demethylation, the average 3375

bioaccumulation of MeHg is higher than the observations in HMA sponges. Having a demethylation rate
of 1% d-1 reduces the bioaccumulation of MeHg to 10 ng Hg gC-1, which better aligns it with the average
observed MeHg concentration of 13 ng Hg gC-1 in HMA sponges. Furthermore, increasing the demethy-
lation rate to 2.5% per day aligns the MeHg content of the HMA sponges with the lowest observations
in the HMA sponges. The statistical comparison of the base model and the scenario with 1% and 2.5% 3380

demethylation d-1 are shown in Table 6.4. In the base model, there is a positive MPB for the MeHg content
of HMA sponges (+136%) and the KS-p of <0.001 and W-p of <0.001 show a significant variation be-
tween the observed and modeled data, both in their distribution and median values. In the scenario where
HMA sponges have 1% demethylation, the HMA sponges have a smaller negative bias (-23%) while the
D statistic of 0.45 shows a minor difference in the distribution of the modeled and observed bioaccumula- 3385

tion, while the KS-p of 0.39 shows that this difference is not statistically significant. Additionally, the W-p
of 0.79 shows that there is also no statistically significant difference between the observed and modeled
median MeHg bioaccumulation. In the 2.5% demethylation d-1 scenario, the KS-p and W-p values show
no significant difference between this scenario and the observations, however their value of 0.0072 and
0.0019 is considerably lower compared to the 1% d-1 scenario. These reduced p-values, combined with 3390

the high D value of 0.84 and an increased negative MPB of /62% show that the 2.5% demethylation d-1

underestimates the MeHg content of HMA sponges and has lower agreement with the observations than
the scenario with 1% demethylation d-1.
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Figure 6.5: The modeled mean MeHg concentration in HMA sponges with different demethylation rates.
Without demethylation, MeHg levels in HMA sponges align with those observed in LMA sponges, as
indicated by the purple sidebar. A demethylation rate of 2.5% d-1 reproduces the minimum observed MeHg
concentration in modeled HMA sponges, while a rate of 0.5% d-1 reproduces the maximum, as shown by
the orange sidebar. A demethylation rate of 1% d-1 in HMA sponges provides the best agreement with the
observed mean when rounded down to the nearest 0.5%.

6.4.2 Low MeHg due to DOM consumption in HMA sponges

We investigate the hypothesis that HMA sponges can have low MeHg due to their reliance on DOM as3395

food. To investigate this we ran the model with 2.5 gC rDOM m-3, which could be consumed by HMA
sponges. Table 6.4 presents the results of MeHg bioaccumulation in LMA and HMA sponges alongside
the outcomes of the KS-and-W tests, in comparison with the observations reported by Orani et al. (2020).
In LMA sponges, a KS-p value of 0.32 and a D-statistic of 0.36 suggest no substantial difference in the
modeled and observed distribution, while the MPB of -13% indicates a small bias between the modeled3400

and observed mean. This is supported by a W-p of 0.23 which indicates no significant deviation between
the modeled and observed median. For HMA sponges, there is no significant discrepancy between the
observed and modeled distributions as signified by a KS-p value of 0.35. Additionally, the D-statistic of
0.46 indicates a moderate similarity between the modeled and observed distributions. The MBP of -23%
along with a W-p value of 0.33 indicates a small bias in the mean, and no significant difference between3405

the modeled and observed median. To summarize, in the scenario with 2.5 gC rDOM m-3 there is no
significant difference in either the median or the distribution of MeHg bioaccumulation in both LMA and
HMA sponges. Since the consumption of rDOM alone accounts for the low MeHg levels in HMA sponges,
the model was not rerun with a demethylation rate and 2.5gC m-3, as this was unnecessary to explain the
observed low MeHg concentrations in HMA sponges.3410

Table 6.4: Observed and modeled bioaccumulation of MeHg in LMA and HMA sponges The mean, mini-
mum, and maximum observed and modeled values are shown. Bioaccumulation values are shown in ng
Hg mgC-1. For the model scenarios, the mean percentile bias (MBP), the Kolmogorov–Smirnov p-values
(KS-p) and D-statistic (D) are shown, as well as the Wilcoxon p-value (W-p). A * marks a significant differ-
ence at the 95% confidence level between the model and observations.

LMA HMA

Mean MPB (%) Min Max KS-p D W-p Mean MPB (%) Min Max KS-p D W-p

Observations 31 – 10 45 – 13 – 5 20 –
Base model 30 -3 18 72 0.12 0.45 0.26 31 +138 22 52 <0.001* 1.0 <0.001*
2.5 gC rDOM 27 -13 9 69 0.32 0.36 0.23 10 -23 3 39 0.35 0.46 0.33
1% Demethylation 29 -6 18 71 0.12 0.45 0.24 10 -23 7 30 0.39 0.45 0.79
2.5% Demethylation 25 -19 14 50 0.014 0.59 0.078 5 -62 3 16 0.0072 0.84 0.019

* indicates signicant deviations between the model and observations at the 95% confidence interval.
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6.4.3 Low MeHg bioaccumulation in fish due to rDOM consumption in HMA sponges

In our model, consumption of rDOM can influence MeHg bioaccumulation in three ways. First, in our cur-
rent parameterization, rDOM binds dissolved MeHg, with the same strength as lDOM and sDOM. If we
include rDOM, the MeHg concentration per DOM can be reduced due to biomass dilution. This will result
in lower concentration of MeHg in suspension feeders consuming DOM, and consequently in predators 3415

consuming these suspension feeder. Secondly, the consumption of rDOM by HMA sponges allows the
consumption of carbon that is otherwise not bioavailable. This increases the biomass of HMA sponges,
and consequently, it increases the biomass of the benthic predator and benthic fish. The shift in biomass
causes a shift in the diet of the benthic predator; in the base model, the majority of their diet would consist
of deposit feeders and LMA sponges, whereas in the 2.5 gC rDOM setup, their diet would mostly consist 3420

of HMA sponges followed by deposit feeders. Since HMA sponges have an extremely low MeHg concen-
tration, this results in low MeHg in benthic predators and, consequently, in benthic fish. The concentration
of MeHg in benthic fish is 68 ng Hg g-1 in the base model and only 61 ng Hg g-1 in the setup with 2.5 gC
rDOM-3. If we run the model with 2.5 gC rDOM -3, but without HMA sponges, the bioaccumulation of MeHg
in fish is 124 ng Hg mgC-1. This means that the HMA sponges in this setup reduce the MeHg content of 3425

the fish by 45%. This effect is not present in the base model, nor in the setup with 1% demethylation
d-1, which can be explained by the low biomass of HMA sponges in the base setup compared to the 2.5
gC rDOM m-1 setup. This shows that the 45% reduction is an upper bound of the reduction that can be
expected in benthic fish in ecosystems that are dominated by HMA sponges at the base of the food web
compared to ecosystems without sponges. 3430

6.4.4 The maximum and minimum demethylation rates

Since we can replicate the low MeHg content of both LMA and HMA sponges in the 2.5 gC rDOM scenario,
we conclude that in vivo MeHg demethylation is not necessary to explain the observed iHg and MeHg
content of either LMA or HMA sponges. However, it must be noted that the bioconcentration rates of iHg
and MeHg in HMA sponges in the model are very uncertain. Because of this, it is also possible that the 3435

uptake rate is higher, which would mean a higher demethylation rate is necessary to explain the observed
values. The iHg concentration in LMA and HMA sponges can be assessed by simulating a tenfold rise in
LMA sponge uptake rates and a twentyfold rise for HMA sponges. This results in uptake rates of 1.68E-4
and 3.35E-4 in m3 mgC d-1 for iHg in LMA and HMA sponges, respectively, and uptake rates of 2.20e-4 and
4.41e-4 m3 mgC d-1 for MeHg. The modeled iHg and MeHg concentrations under these circumstances 3440

are shown in Table 6.5. Under these circumstances, a demethylation rate of 16% in HMA sponges gives
the best agreement with observations, rounded to the nearest full percent point.

Table 6.5: Observed and modeled concentrations of iHg and MeHg in LMA and HMA sponges. The High
Uptake (HU) models has uptake rates of 1.68E-4 and 3.35E-4 in m3 mgC-1 d-1 for iHg in LMA and HMA
sponges, respectively, and uptake rates of 2.20e-4 and 4.41e-4 m3 mgC-1 d-1 for MeHg in LMA and HMA
sponges respectively. In the low Release Rate (LR) model the release rate of iHg is reduced and this is
equal to the respiration rate. In the LR model the earlier estimated 1% d-1 in vivo demethylation rate is
used while in the HU model the in vivo demethylation rate required to reproduce observels MeHg levels is
estimated to be 16% d-1. Additonally the mean percent bias (MPB) between the modeled and observed
concentration is shown. All bioaccumulation values are in ng Hg mgC-1.

iHg MeHg

Observed Model (HU) MPB (%) Model (LR) MPB (%) Observed Model (HU) MPB (%) Model (LR) MPB (%)

LMA 696 659 6 592 18 31 122 −75 28 11
HMA 1523 1476 3 1448 5 13 13 0 10 30
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6.4.5 The high iHg of LMA and HMA sponges.

An additional method for the model to reproduce the high iHg content of sponges is to reduce the release
rate. As shown in Table 6.5, the model also reproduces the high iHg content of both LMA and HMA if3445

we assume that iHg is strongly retained in sponges and only released equal to the respiration rate of
sponges. This model is referred to as the Low Release (LR) rate model. In this parameterization, there is
no additional release rate of iHg in sponges. This parameterization can reproduce both the iHg and MeHg
bioaccumulation in both LMA and HMA sponges with an MPB of 30% or lower.

6.5 Discussion3450

A summary of the results is shown in Fig. 6.6. Here we see that the model can produce the observed
MeHg concentration in both LMA and HMA sponges if we assume either rDOM consumption or in vivo
MeHg demethylation in HMA sponges of 1%. Additionally, it shows that if we assume a reduced release
rate of sponges, the model can replicate the high iHg and low MeHg concentration in both LMA and HMA
sponges. In this study, we tested several different scenarios for the bioaccumulation of iHg and MeHg in3455

sponges; here we discuss the differences between these scenarios and how the results of this study can
help us better understand the bioaccumulation of Hg in sponges.

6.5.1 With or without rDOM; what is the most realistic scenario

As mentioned in the model development segment, an rDOM concentration of 2.5 mgC m-3 is observed.
However, as the name suggests, this rDOM is refractory and generally unresponsive. This raises the3460

question as to what degree it should be incorporated in the model. There are 2 key questions;

• To what degree do sponges feed on rDOM compared to lDOM and sDOM

• Does Hg bind with equal preference to rDOM, sDOM and lDOM, and is this different for iHg and
MeHg.

An argument for focusing solely on lDOM and sDOM is presented by Seelen et al. (2023). They show3465

that the thiol content of DOM is lower in marine environments than in rivers and that DOM of terrestrial
origin has a stronger affinity to bind MeHg as it is richer in thiol groups. If terrestrial DOM that is non-
refractory has a considerably higher affinity to bind DOM, it is likely that this transfers MeHg to sponges
upon consumption. If this is the case, having lDOM and sDOM in our model to bind and transfer MeHg,
while excluding rDOM, might replicate real-world circumstances. Where labile fractions of DOM dominate3470

MeHg binding and transfer.

Figure 6.6: Summary visualising the important results. The triangles represent model values and the
circles observations of LMA and HMA sponges. The scenario with a demethylation rate of 1% d-1 and
reduced Hg release rate has a strong overlap with the observed LMA and HMA sponges. The MeHg
concentration in fish (Blue) is reduced by 45% in the scenario where sponges have high biomass.
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Additionally, while it is currently understood that HMA sponges can consume DOM, including rDOM, the
degree to which they do this is poorly understood. In shallow Mediterranean Sea water, other food sources
are available. Because of this, HMA sponges might predominantly feed on the more labile fractions of
DOM, and rDOM could play a minor or insignificant role, both in carbon cycling and in MeHg bioaccumu- 3475

lation.
Arguments in favor of including rDOM are that we know it is present in large concentrations and there is
only limited evidence to suggest it does not play a major role in both Hg and carbon cycling. This is also
supported by our model. Our model shows good agreement (% MPB < 26) with no significant difference
(ks-P > 0.28) between the modeled and observed MeHg concentrations in both LMA and HMA sponges 3480

when we incorporate rDOM in the model.
Additionally, it is established knowledge that DOM plays an important role in Hg bioaccumulation, as
demonstrated by Schartup et al. (2015), and that different DOM fractions can affect Hg bioaccumulation
in distinct ways, as shown by Seelen et al. (2023). Therefore, improving the representation of DOM and
detritus cycling, particularly by including distinct fractions such as rDOM, represents a logical step forward 3485

to increase Hg cycling and bioaccumulation models, even in models that do not incorporate HMA sponges.
To improve the model in this regard, more empirical data is needed to link rDOM to concentrations and
composition to bioaccumulation. Improved knowledge of which fractions of DOM are consumed by LMA
and HMA sponges and to which degree, coupled with a better understanding of the MeHg binding strength
of this DOM fraction, could greatly improve our understanding of what drives these low MeHg concentra- 3490

tions in HMA sponges.

6.5.2 The important role of HMA sponges in lowering MeHg content of fish

While demethylation and DOM consumption can both play a role in causing the low MeHg content of
sponges, especially HMA sponges, they certainly have an extremely low MeHg content. In addition, HMA
sponges can have large biomass and be the main part of low-trophic-level biomass. Our model shows that 3495

this can dramatically reduce the MeHg content of higher benthic fish; in our model, this is a reduction of
45%. This percentage is, of course, highly dependent on the MeHg concentration of sponges, the MeHg
concentration of other megabenthos, and the degree to which sponges are consumed. While the role of
sponges in the ecosystem is understudied, as discussed in the model development section, it is clear that
sponges are both directly and indirectly consumed by important commercial species of fish. 3500

6.5.3 The iHg content of sponges

The model mainly focuses on explaining the low MeHg content of the sponges and the observed difference
between LMA and HMA sponges. However, investigating the unusually high iHg content of HMA sponges
is an essential part of the Hg sponge biochemistry and should be taken into account. We demonstrate
that we can explain both the iHg and MeHg concentrations found in HMA sponges by assuming an iHg 3505

and MeHg uptake rate of 3.88E-9 for iHg and 5.10E-9 for MeHg. The issue with this parameterization is
that we can offer no explanation for the low MeHg content of LMA sponges. An additional way we can
reproduce the observed iHg content of sponges is if we alter the release rate. We can reproduce the high
iHg content of both HMA and LMA sponges if we assume that the release rate of iHg is equal to the carbon
respiration rate of the sponge, which is much lower than what has been observed for other animals such 3510

as small crustaceans and bivalves (Tsui and Wang 2004; Pan and Wang 2011). While this is speculative
at the moment, a potential explanation can be found in the unique structure of sponges. A study on the
glass sponge Euplectella aspergillum found that they have elevated Hg levels in the spicules. C. nucula is
a demosponge, not a glass sponge, but it still has glass spicules. But a similar buildup of iHg in structural
components of the sponge might be happening in other components of the sponge. Demosponges rely 3515

on a protein called spongin and sulfated polysaccharides (SPs) to bind the sponge together. A possible
explanation for the reduced release rate of iHg in sponges could be that iHg remains bound to the SPs in
sponges.

134



CHAPTER 6. DOM CONSUMPTION AND DEMETHYLATION IN HMA SPONGES

We propose this for three reasons.3520

• SPs in C. nucula have a very high sulfate to sugar ratio of 1:5 (Vilanova et al. 2007).

• SPs with high sulfate content have been found to bind 50 mg of Hg g-1 SPs (Cruz et al. 2017).

• Sponges contain up to 3% SPs, providing abundant bindings sites for iHg (Esteves et al. 2011).

Combining these observations, we can estimate that sponges with 3% dry weight SPs would be able to
bind 1500 ng Hg mg-1 dry weight, or 7500 ng Hg mgC-1 assuming a 1:5 carbon to weight dry weight ratio.3525

This is higher than observed and shows that the SPs in C. nucula would be able to store the observed Hg
concentrations. Note that this is a rough estimation and, for example, the iHg binding data of the SPs are
based on bacterially produced linear SPs rather than branched SPs produced by demosponges. It does,
however, indicate that the high SPs content of the sponge could explain its high iHg content. Given that
our model predicts elevated iHg concentrations in sponges due to DOM consumption, but it cannot fully3530

reproduce the observed iHg levels, it seems the high iHg content in sponges results from a combination of
both drivers.

6.5.4 Low MeHg in HMA sponges; Demethylation, DOM consumption or both

The fact that our model can reproduce MeHg concentrations without demethylation in both HMA and LMA
sponges shows that demethylation may not be necessary to describe the observed patterns. This does3535

not mean that demethylation cannot play a role, but since LMA sponges do not contain large amounts
of sulfate-reducing bacteria that can demethylate MeHg, a compelling argument can be made based on
our model that the low MeHg concentration in LMA sponges is caused by the consumption of DOM and
detritus, which make up a substantial part of their diet. The even lower MeHg content of HMA sponges can
then be explained by an increased dependence on DOM by HMA sponges, in vivo MeHg demethylation,3540

or a combination of both.
The expected demethylation rate is linked to the uptake rate of MeHg, which is uncertain. Because of this,
we see two potential pathways that lead to the observed bioaccumulation of iHg and MeHg in LMA and
HMA sponges.
The scenario with no in vivo MeHg demethylation, as is explored in the 2.5 gC rDOM scenario, and low3545

in vivo MeHg demethylation, as is explored in the 1% demethylation scenario, can both reproduce the ob-
served MeHg concentration in MeHg sponges, but lack a full explanation for the elevated iHg concentration
in sponges. Because of this, we conclude that both no or low in vivo MeHg demethylation in HMA sponges
is possible, and we supplement this paper with a proposed explanation on why sponges could have high
iHg based on their chemical composition.3550

An alternative explanation for the observations presented in this paper is that sponges may bioconcentrate
Hg at an accelerated pace, accounting for the elevated iHg levels, coupled with a rapid demethylation rate
reaching up to 16%, which accounts for the low observed MeHg. The challenge with this explanation is
the lack of compelling evidence for a rapid in vivo demethylation rate in LMA sponges, and consequently,
this model fails to reproduce the low MeHg levels observed in LMA sponges.3555

Consequently, we consider it most likely that the high iHg content of sponges results from their increased
ability to concentrate iHg due to their substantial SPs content. The low MeHg levels in LMA sponges are
attributed to the consumption of DOM, while the reduced MeHg levels in HMA sponges arise from DOM
consumption, possibly accompanied by an in vivo demethylation rate of 1%.

6.5.5 Limitations of the rDOM implementation3560

A major simplification in our model lies in the implementation of rDOM. In our setup, rDOM serves as a
proxy for organic material that can be consumed by HMA sponges but is not dissimilated by non-sponge-
associated microbes on timescales relevant to our model. This approach is particularly suited to a 1D
configuration, where a constant flow of rDOM can be assumed throughout the system. The current imple-
mentation was chosen to ensure consistency in nutrient availability for phytoplankton growth, to preserve3565

mass balance across the model, and to enable HMA sponges to use rDOM for growth; as such, it serves
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as a useful proof of concept to explore whether rDOM could play a meaningful role in ecosystem function-
ing. However, this implementation is limited in scope. In a 3D model or in stratified water columns where
vertical mixing is reduced, rDOM transport may significantly influence the distribution and cycling of Hg.
Furthermore, potential effects of rDOM, such as its role in light attenuation, are not incorporated in the 3570

model. To fully assess the role of rDOM in both HMA sponge ecology and Hg biogeochemistry, cycling,
and bioaccumulation, a more realistic representation will be necessary.

6.5.6 A potential role of sponges in bioremediation

Sponges are unique in their ability to bioaccumulate Hg, as they both have extremely high levels of iHg
while maintaining very low levels of MeHg. This characteristic makes them a prime candidate for bioreme- 3575

diation studies. If the model is accurate for sponge grounds, they could be advantageous for Hg remedia-
tion. On the one hand, in Hg-polluted regions, sponges could bioaccumulate the less toxic iHg, which could
then be extracted for bioremediation, with a diminished risk of MeHg since the majority of the Hg remains
in its unmethylated form. Furthermore, the low MeHg content in HMA sponges means that organisms
feeding on them would accumulate less MeHg, ultimately resulting in lower MeHg levels in higher trophic 3580

levels, as demonstrated in our model. These findings suggest that actively managing sponge grounds
could both mitigate MeHg accumulation in fish and provide a sustainable method for extracting Hg from
the marine environment.

6.6 Evaluate the hypotheses

We accept the hypothesis that the consumption of DOM can explain the low MeHg content of LMA 3585

sponges, while a combination of consumption of DOM and demethylation explains the even lower
concentration in HMA sponges. We expand this by showing that while demethylation can play a role,
DOM consumption can explain both the low MeHg concentration in LMA sponges, while the even lower
concentration in HMA sponges can be explained by rDOM consumption or a demethylation rate of 1% d-1.
We reject the hypothesis that the consumption of DOM can explain the high iHg values of LMA and 3590

HMA sponges. Even with an assimilation of 0.95 for iHg when DOM was consumed, our modeled iHg
bioaccumulation was still an order of magnitude lower than observed. We demonstrate that the consump-
tion of DOM can increase the iHg content in sponges, but to reproduce the iHg bioaccumulation, we need
to assume that iHg is only released with respiration and not through an additional turnover or respiration
rate, or that sponges have an elevated iHg uptake rate. We expand by providing an explanation of how we 3595

think that the binding of iHg to SPs in sponges can reduce the iHg from sponges.
We accept the final hypothesis that sponges can lower the concentration of MeHg in fish. We supple-
ment this by showing a reduction of 45% in our model.
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6.7 Summary and Conclusion

In this study, we modeled the benthic ecosystem of the Bay of Villefranche using the 1D GOTM-ECOSMO-3600

MERCY coupled system. The simulated chlorophyll concentrations align with the NASA MODIS-A satellite
time series. Pelagic iHg and MeHg concentrations are consistent with observations by Cossa et al. (2017),
and MeHg bioaccumulation falls within the range reported by Llull et al. (2017) and Tesán Onrubia et al.
(2020). We ran the simulations assuming both that rDOM influences the ecosystem and Hg cycling, and
assuming that rDOM is unreactive and does not play a key role. Comparison of our model results with the3605

observations by Orani et al. (2020) demonstrates the following.

• The consumption of DOM in sponges can explain the low MeHg content in LMA sponges.

• The difference between MeHg bioaccumulation in LMA and HMA sponges can be explained by (1)
the consumption of rDOM by HMA sponges, or (2) an in vivo demethylation rate of 1% d-1 in HMA
sponges.3610

• If in vivo demethylation occurs in HMA sponges, it is likely 1% d-1 and unlikely faster than 16% d-1.

• The consumption of DOM by sponges contributes to elevated iHg levels, but this mechanism alone
is insufficient to explain the extremely high iHg concentrations observed in both LMA and HMA
sponges. This suggest that sponges either have an icnreases uptake or a reduced release rate
of iHg. We present evidence to support the further hypotheses that the high iHg concentration in3615

sponges is caused by a reduced release rate of iHg.
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Metric Formula

Root Mean Square Error (RMSE) RMSE =
√

1
n

∑n
i=1(xi − yi)2

Pearson correlation coefficient r r =
∑n

i=1(xi−x̄)(yi−ȳ)√∑n
i=1(xi−x̄)2

√∑n
i=1(yi−ȳ)2

Standard deviation σ σ =
√

1
n

∑n
i=1(xi − x̄)2

Bias Bias = 1
n

∑n
i=1(xi − yi)

Mean Percent Bias (MPB) MPB = 100× x̄−ȳ
ȳ
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CHAPTER 7
Summary and conclusions; What are

the key biological drivers of MeHg

bioaccumulation in the marine food

web

In order to evaluate the main research question; ”What are the key biological drivers of methylmer-
cury(MeHg) bioaccumulation in the marine food web?”, I will first summarize the previous chapters, then
I will evaluate the 5 sub research questions. After this I will combine these results into a comprehensive
overview to summarize my contributions to our understanding of biological drivers of MeHg bioaccumu-
lation. The main research question is then evaluated in the next discussion, which is the next chapter.

7.1 Summary of the chapters3635

Chapter 1; Introduction

Chapter 1 is the introduction to this thesis. Here I present a brief history of mercury (Hg) pollution and
bioaccumulation research. I briefly explain why Hg is a pollutant of global concern and what knowledge gap
complicates Hg management. Here I also introduce the basis of numerical modeling, and why this tool is
used in this thesis to investigate Hg bioaccumulation in the marine environment. Finally, I present how the3640

research presented in this thesis was conceptualized and how this should contribute to the management
of Hg.

Chapter 2; How can the bioaccumulation of inorganic mercury (iHg) and
methylmercury (MeHg) be parameterized in a biogeochemical model?

This chapter explains how I incorporated bioaccumulation into the MERCY v2.0 model. This is the first3645

model to couple atmospheric Hg concentrations with the bioaccumulation of methylmercury (MeHg) in fish.
Furthermore, it is the only coupled Hg bioaccumulation model that resolves both the bioaccumulation of
inorganic Hg (iHg) and the bioconcentration of iHg and MeHg at every trophic level while including high
trophic level biota. Finally, we show in the validation of this model that all plankton bioaccumulation is
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within the range of observations and that there is good agreement between the modeled and observed 3650

concentrations of MeHg in fish.

Chapter 3; How does ecosystem structure and function influence mercury
cycling in marine environments?

In this chapter, I analyze three idealized 1D water column setups representing coastal dynamics common
in the North and Baltic Seas to quantify the effect of bioaccumulation, biogenic reduction, and the parti- 3655

tioning of Hg into detritus and Dissolved Organic Matter (DOM). Furthermore, I analyze the 3D ECOSMO-
HAMSOM-MERCY coupled system to quantify the effect of bioaccumulation on the Hg budget of the North
and Baltic Seas. In this chapter, I present the following results.

1. Bioaccumulation can increase marine total MeHg by 44%.

2. Biogenic reduction by cyanobacteria can decrease marine average tHg by 9% through evasion to 3660

the atmopshere.

3. Bioaccumulation reduces total Hg burial in the North and Baltic seas by 14 kg y-1.

These results demonstrate that the ecosystem can play an important role in Hg cycling.

Chapter 4; What are the dominant drivers of MeHg bioaccumulation in high-
trophic-level fish? 3665

In the second chapter, I analyze the effect of iHg bioaccumulation and MeHg bioconcentration at higher
trophic levels on MeHg bioaccumulation. I analyzed this by running the three idealized 1D water column
setups used in paper 1 with and without these interactions. This showed that:

1. The fraction of MeHg bioaccumulation that is caused by the bioconcentration of MeHg at higher
trophic levels depends on the trophic level and increases on average 15% per trophic level. 3670

2. The reduction in dissolved Hg2+ due to bioaccumulation does not result in a lower bioaccumulation
of MeHg.

Chapter 5; How does the feeding strategy of low-trophic-level biota affect
the bioaccumulation of iHg and MeHg?

In the third chapter, I updated megabenthos and fish in the ECOSMO E2E ecosystem model to represent 3675

a more diverse megabenthic community. This was used to investigate the large variability that is observed
in Hg bioaccumulation at the base of the food web. I run this model in two 1D water column models of the
North Sea. This chapter shows that:

1. The feeding strategy is a key driver of the bioaccumulation of iHg.

2. The trophic level is the main driver of tHg concentrations in animals with a high trophic level. 3680

3. The feeding strategy is the main driver of high tHg variability in low trophic level animals.

4. The high observed levels of tHg in low-trophic-level animals are probably due to less toxic iHg rather
than MeHg.
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Chapter 6; What explains the low MeHg concentrations observed in high
microbial abundance (HMA) sponges, and how does this influence MeHg3685

exposure in higher trophic levels?

In chapter 6 and the final chapter, I updated the model used in Chapter 3 so that the animals not only
have different dietary preferences but resemble their counterparts more closely in the real world. Addi-
tionally, I overhauled the DOM cycle in the model and added DOM-consuming sponges as a functioning
megabenthos group. I run this model in one 17-m deep-water column setup that resembles the hydrody-3690

namic conditions in the Bay of Villefranche. This was done to compare it with observations about Hg and
MeHg in sponges. In this chapter, I show that:

1. The high iHg and low MeHg content of Low Microbial Assemblage (LMA) sponges can be explained
by their consumption of DOM.

2. An in vivo demethylation rate of 1%, or the consumption of rDOM in HMA sponges is sufficient to3695

cause the observed difference between HMA and LMA sponges

3. The consumption of DOM in sponges contributes to their high iHg content, but it is not enough to
fully explain the high observed iHg content in either LMA or HMA sponges

4. The MeHg content of high-trophic level fish can be reduced by up to 45% in ecosystems where the
base of the foodweb is dominated by HMA sponges3700

7.2 Short evaluation of the research questions

All the sub-research questions are evaluated in their respective chapters, but here I provide a small answer
to all the sub-research questions.

”How can the bioaccumulation of inorganic mercury (iHg) and methylmercury (MeHg) be
parameter- ized in a biogeochemical model?”3705

Bioaccumulation can be achieved accurately in a fully coupled model by simulating marine Hg cycling and
incorporating bioconcentration and biomagnification.

”How does ecosystem structure and function influence mercury cycling in marine environ-
ments?”

The ecosystem influences Hg cycling by removing aquatic MeHg during the phytoplankton bloom and3710

releasing it after the bloom. MeHg is unusual as a pollutant because MeHg is readily replaced by new
methylated Hg. This process increases total MeHg.

”What are the dominant drivers of MeHg bioaccumulation in high-trophic-level fish?”

Bioaccumulation at high trophic levels is primarily driven by bioconcentration of MeHg into primary pro-
ducers and consequent biomagnification, but bioconcentration of MeHg in consumers has an important3715

role.

”How does the feeding strategy of low-trophic-level biota affect the bioaccumulation of iHg and
MeHg?”

The feeding strategy of the low trophic level megafauna has a very strong influence on the bioaccumulation
of Hg. In particular, DOM consumption by suspension feeders leads to high iHg content, while filter feeding3720

results in the highest MeHg content.

”What explains the low MeHg concentrations observed in high microbial abundance (HMA)
sponges, and how does this influence MeHg exposure in higher trophic levels?”
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The low MeHg content in LMA sponges can be attributed to their consumption of DOM. The even lower
concentration in HMA can either be caused by a 1% in vivo demethylation d-1 or the consumption of rDOM. 3725

Additionally, the low concentration of MeHg in HMA sponges can cause a reduction of MeHg in benthic fish
of up to 45% in an ecosystem dominated by HMA sponges compared to an ecosystem without sponges.

7.3 Conclusion

Based on the 5 sub-research questions, we can now answer the main research question:

”What are the key biological drivers of MeHg bioaccumulation in the marine food web?” 3730

The bioaccumulation of MeHg is typically modeled on the basis of the bioconcentration of MeHg into
primary producers and consequent biomagnification. Based on the work in this thesis, I expand on this
and conclude that the bioaccumulation of MeHg in the marine food chain is also influenced by:

1. Feedback mechanism of the ecoystem on marine Hg cycling.

2. The bioconcentration of MeHg in consumers. 3735

3. The feeding strategy of low trophic level biota and consequently the species composition.

4. The bentho-pelagic coupling, and ecosystem structures influencing this coupling.

5. In vivo MeHg demethylation rates, which strongly affect bioaccumulation of MeHg but remain under-
studied.

In addition to this qualitative evaluation, the results are summarized in Fig. 7.1. This figure illustrates 3740

that Hg is a unique pollutant whose marine cycle is strongly influenced by the ecosystem. To predict
the MeHg content of seafood, both ecosystem characteristics and bioaccumulation processes must be
considered. The established understanding that bioconcentration in primary producers and subsequent
biomagnification drives MeHg concentrations in high trophic level fish is expanded by our finding that
bioconcentration in consumers and feeding strategy at the base of the food web also play an essential 3745

role in MeHg bioaccumulation. Additionally, I demonstrate that the low MeHg content of LMA sponges
can be explained by their consumption of DOM, while the even lower MeHg bioaccumulation in HMA
sponges is driven either by the consumption of rDOM or by an in vivo MeHg demethylation rate of 1%
d-1. We demonstrate that the low MeHg content in HMA sponges can lead to a 45% reduction in MeHg
concentrations in high trophic level fish when HMA sponges dominate the base of the food web. The ability 3750

of HMA sponges to accumulate large amounts of Hg while storing it in the less toxic iHg form makes them
an important target for future research on their potential role in bioremediation.
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Figure 7.1: Schematic overview of the contributions of this thesis to our understanding of the bioaccumu-
lation of MeHg. The feedback from the ecosystem on Hg cycling and MeHg concentrations (blue lines) is
discussed in chapter 3. How bioconcentration in consumers (orange lines) increases the bioaccumulation
of MeHg is discussed in Chapter 4. On the left of the plots is visualised how different benthic feeding
strategies can influence MeHg bioaccumulation (red lines), which is discussed in Chapter 5. Finally, it is
shown that the low MeHg concentration in HMA sponges can reduce the MeHg bioaccumulation in higher
trophic levels (purple lines), as is discussed in Chapter 6. Thicker lines indicate more MeHg transfer, but
line thickness is is just a visual indicator and their is no direct relationship between line thickness and
MeHg transfer.
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Figure 7.2: White Sea-squirt (Phallusia mammillata), a tunicate. Picture taken by Dr. Eric Wurtz.
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CHAPTER 8
Discussion

The field of Hg research is relevant and fast-evolving. In this chapter, the noval contributions of this thesis
to Hg research are first reiterated. Then the apparent paradox in the results about the significance of
iHg bioaccumulation for MeHg bioaccumulation. Chapters 3 and 4 suggest minimal iHg impact, whereas
Chapter 6 shows that iHg can crucially influence the MeHg bioaccumulation via in vivo Hg speciation.
Subsequently, I will examine how factors such as the carbon content, the trophic levels of organisms, and
the type of observations influence my ability to evaluate the model against observations. I will then ad-
dress the model’s inherent limitations, discussing the necessity of aggregating various biological groups
into functional categories as a simplification and how these choices might challenge bioaccumulation
modeling related to carbon dynamics. Following this, I will consider how models can assist the Mina-
mata Convention on Mercury. I propose that while comprehensive models are not yet practical, they can
nonetheless highlight critical knowledge gaps needed for effective policy-making. I will then delve into the
policy ramifications of this thesis, noting how standardized iHg and MeHg measurements can improve
model validations and how ecosystem structure might affect MeHg bioaccumulation in top-level preda-
tors. Finally, I will outline my views on the future of marine bioaccumulation research and its potential to
aid the Minamata Convention on Mercury.

8.1 Novel contributions of this thesis

This thesis advances the field of Hg biogeochemistry by quantifying biological drivers of MeHg bioaccu-3755

mulation that have previously been underrepresented or absent in models. The novel contribution of this
thesis comes in several steps: the design and implementation of the first Hg model linking atmospheric
Hg concentration to MeHg in fish, as presented in Chapter 2, the quantification of several pre-identified,
yet understudied drivers, as presented in Chapter 3, 4, and 5, and the identification of new Hg bioaccu-
mulation mechanisms, as is presented in Chapter 6. I demonstrate that bioaccumulation has an integral3760

role in Hg cycling, quantify the importance of bioconcentration in consumers, and establish that feeding
strategy is a key driver of Hg bioaccumulation in lower trophic level biota. Most notably, it is the first study
that identifies DOM consumption as a critical driver of low MeHg bioaccumulation in suspension feeders
and identifies this as a potential mitigator of MeHg bioaccumulation in fish. However, model results must
always be interpreted with a degree of skepticism, and it is important to identify and evaluate what results3765

of this thesis conflict with established literature, what uncertainties might be present in our results, and
how these results can be utilized to further advance the field of Hg bioaccumulation modeling.

8.2 Conflicting results in this thesis

A conflict in the results of this thesis is the impact of iHg bioaccumulation on MeHg bioaccumulation.
Initially, in Chapter 4, I show that iHg bioaccumulation does not have a significant effect on MeHg bioac-3770

cumulation. In contrast, Chapter 6 investigates the link between iHg bioaccumulation and MeHg through
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in vivo Hg speciation. This apparent contradiction suggests that the role of iHg in the bioaccumulation of
MeHg depends on the significance of in vivo Hg speciation. In the case of the HMA sponges, enough
high-quality data were available, and the sponges are at the base of the food web, so the uptake of iHg
and MeHg could reasonably be assessed. 3775

To determine whether the importance of in vivo Hg speciation is HMA sponge specific or common through-
out the marine food web requires further investigation. This can be achieved by laboratory studies that
investigate the interaction directly, or by collecting data that include iHg, MeHg, and trophic levels. Ide-
ally, both laboratory studies are used to assess speciation rates, and field studies are performed to obtain
data so that these rates can be verified using models. If in vivo Hg speciation occurs at significant rates, 3780

the bioaccumulation of iHg would provide a substrate for in vivo iHg methylation, thereby increasing the
bioaccumulation of MeHg. Although this hypothesis is speculative at the moment, it provides a fascinating
direction for future research. This highlights the ecosystem-specific nature of Hg dynamics, and under-
standing how different ecosystems impact Hg speciation and bioaccumulation is an essential step in further
developing the predictive capacity of Hg bioaccumulation models. This complexity also demonstrates the 3785

unique attributes of Hg as a pollutant. A major distinction between MeHg and other persistent pollutants,
such as persistent organic pollutants (POPs), is that MeHg is actively formed in marine environments
through microbial methylation of inorganic mercury, whereas POPs are synthetic and highly resistant to
degradation (Ramlal et al. 1986). Because conventional POPs are anthropogenic compounds not naturally
synthesized, an increase in biomass can cause these pollutants to be diluted across the higher biomass, 3790

thereby reducing their concentration in other biota and in the water (Dachs et al. 2000). This is not the case
for MeHg, as it is actively formed in nature; an increase in biomass may initially reduce MeHg concentra-
tions through a process called growth dilution, where biomass growth temporarily outpaces the production
of new MeHg, but the dissolved MeHg concentration will re-equilibrate over time, as shown in Chapter 3.
This is supported by observations of this effect in eutrophic estuaries in Northern Taiwan, where increased 3795

phytoplankton biomass led to decreased MeHg concentrations (biomass dilution) Fang and Chang (2024),
and by laboratory studies demonstrating that rapid zooplankton growth can reduce MeHg bioaccumulation
in fish (growth dilution) Karimi et al. (2007). Thus, while phytoplankton growth can temporarily lower MeHg
concentrations, this effect is typically temporary due to ongoing in situ MeHg production.

8.3 Limitations in model validation 3800

Validating bioaccumulation models against field observations is essential for ensuring model quality. How-
ever, several challenges complicate this process in the case of Hg. Primarily due to:

• The uncertainty of the carbon content of biota

• Variability of the trophic level of biota

• Quantity and quality of the data 3805

8.3.1 The uncertainty of the carbon content of biota

The ECOSMO E2E model is extensively used in this thesis to model an ecosystem in which bioaccumula-
tion occurs. This model assumes a Redfield ratio to simulate ecosystem dynamics (Daewel and Schrum
2013). Although this implication allows for efficient tracking of nutrients in the ecosystem, it introduces
uncertainties. Some animals deviate from the Redfield ratio (Sicko-Goad et al. 1984). Our model simu- 3810

lates biomass in carbon per volume and bioaccumulation in bioaccumulated Hg per volume, so we model
bioaccumulation in Hg C-1. However, most measurements, including those used in Chapter 2, 3, 5, and
6, are made in wet weight or dry weight, which can introduce a large uncertainty when the exact carbon
and water content of the animals is not known. Although this inaccuracy is consistent, its overall effect
remains limited. While there are variations in the carbon content of biota within the same functional group. 3815

Especially in high trophic level animals such as fish, the carbon content was found to vary between 42.8
and 48.4% in Lake Superior (Tanner et al. 2000). This is an 11.6% deviation, which is not insignificant, but
manageable.
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8.3.2 Variability of the trophic level of biota

In Chapters 3, 4, and 5 I investigated the trophic level as a driving force of the bioaccumulation of MeHg.3820

Models and measurements do not always estimate the trophic level. Although often an estimation of the
trophic level can be assessed, knowing the exact trophic level under different circumstances provides great
insight. While in this thesis I show that MeHg bioaccumulation is not solely determined by bioconcentration
at the base of the food web and consequent biomagnification, this is still the main pathway for MeHg bioac-
cumulation, and bioconcentration at the base of the food web combined with the trophic level is the most3825

important determinant for MeHg bioaccumulation (Wu et al. 2019). Several interactions, such as cannibal-
ism within the functional group (Fraser et al. 2005), parasites (Lafferty et al. 2006), and consumption of
detritus or DOM (Albeny-Simões et al. 2015), can influence the trophic level of animals and consequently
their trophic level, but these interactions are not necessarily included in the functional approach used by
most models (Daewel et al. 2019). Estimating the trophic level in bioaccumulation models should be seen3830

as a near-essential tool to take into account when comparing model data with field observations. Since
biomagnification is exponentially related to trophic level, the bioaccumulation in high trophic levels is ex-
tremely sensitive to the modeled trophic level. The upside is that the trophic level is often measured in
observational studies and it can be modeled for a fair comparison. This is discussed in more detail later in
the discussion when recommendations for future Hg bioaccumulation are discussed.3835

8.3.3 Quantity and quality of the data

Proper model validation would best be performed using datasets in which key parameters, including iHg,
MeHg, trophic level, and carbon content, are measured simultaneously in the same samples. This is be-
cause there is a significant increase in statistical power and a reduction of type II errors when matched
samples are used rather than unmatched samples, as extensively discussed in textbooks such as Experi-3840

mental Design and Data Analysis for Biologists (Quinn and Keough 2002). This can be more critical than
increasing the number of samples. Some samples in which both iHg, MeHg, the trophic level, and the
carbon content are estimated would be perfect. Of course, enough samples should be taken to estimate
whether the values are representative of the larger population or an outlier. Not knowing the MeHg con-
tent, trophic level, or carbon content of the samples introduces additional uncertainties in the comparison3845

between models and observations. For example, Chapter 5 uses a large dataset for model validation,
but many samples lack the trophic level or MeHg content. Samples missing one or more key parameters
could not be used in every analysis, weakening both the statistical analyses and the robustness of the
model validation. I understand the limitations that empirical scientists face, but if the trophic level of 10
fish is estimated and the Hg content of 10 different fish is estimated in a different study, it is hard to merge3850

those values into a robust dataset, which would not be the case if the Hg content and trophic level were
assessed in the same 10 fish. In this scenario, extensive sampling is performed; aligning key parameters
within the same sample could greatly enhance the utility and reduce the number of samples required. In
addition, often only the mean and standard deviation of the data are published rather than the full dataset.
When validating models, raw data can often be a very valuable addition to the paper. The sharing of raw3855

datasets according to the FAIR principle could significantly improve the validation of the model and the
reproducibility of the research findings (Wilkinson et al. 2016). In addition to this, sharing metadata such
as sampling conditions, depth, or other noteworthy circumstances, even those that are seemingly unimpor-
tant, can help modelers contextualize the observed data, making it more useful for validation and further
research. An observational study supporting this is that of Hammerschmidt and Fitzgerald (2006), which3860

found a significant increase in MeHg concentrations in longer-lived fish, even when their trophic level was
unchanged. Including measurements that estimate the age of fish species could therefore improve model
validation by accounting for factors beyond trophic position. Another example of this is the study by Chen
et al. (2004), who discusses the complexity of comparing observations of Hg bioaccumulation in different
aquatic environments and shows better conclusions can be derived when data is published that facilitates3865

the comparison between observational studies.
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8.4 Model limitations

The models used in this thesis are designed to replicate Hg bioaccumulation in line with observations and
allow us to study Hg bioaccumulation. That does, however, not mean there are no limitations to what the
models presented in this thesis can be used for. Here I would like to discuss the main limitations of the 3870

models by discussing the limitations of the employed models, and evaluate the choice of predominantly
using 1D models in this thesis, by discussing the benefits and limitations of using 1D models.

8.4.1 Diversity between organisms within a functional group

A challenge in modeling bioaccumulation is the diversity between organisms. When assessing the rate
of chemical or physical processes, several key drivers can often be identified. For example, in the Hg 3875

cycling, several processes are influenced by photochemistry and the partitioning of Hg and MeHg to DOM
is influenced by the chemical composition of the DOM (Seelen et al. 2023). While these interactions can
be complicated to quantify in the lab, and even harder to assess their influence in nature, they depend on
several key interactions that can be estimated because they depend on well-defined interactions.
However, when considering biota the situation becomes far more complicated. There are approximately 3880

35,600 species of fish (Fishbase 2024), not to mention the vast invertebrate and microbial diversity that
is essential in Hg cycling. A key complication in modeling ecosystems is the existence of stable sub-
optimal equilibria in biodiversity. By this I mean that ecosystems are often shaped by the species that
are already present and use the available resources, preventing other species from settling (Folke et al.
2004). This means that the species living in a certain area at a moment in time are very dependent on 3885

which species were already there. For carbon models, this complexity is often addressed by the earlier
discussed functional group approach, where species are grouped under the assumption that their average
traits represent the group as a whole (Zakharova et al. 2019). While this approach effectively models av-
erage carbon fluxes, it creates a problem when dealing with specific hard-to-assess reactions such as in
vivo Hg speciation, as can be seen in Chapter 6 and is discussed in Li et al. (2022). Both studies show 3890

that bioaccumulation is extremely sensitive to an in vivo demethylation rate, and it shows that organisms
with similar carbon cycling can have drastically different effects on MeHg bioaccumulation. If different
similar trophic level animals have small differences in their size, mobility, respiration rate, or chemical com-
positions, there might be differences in how much MeHg they bioconcentrate, and thus how much MeHg
eventually reaches top predators, as is discussed in Chapter 5 and 6. Examples of this would be sea stars, 3895

crabs, and small fish. They are all typically seen as middle trophic level benthic animals, but their MeHg
and iHg levels are very different, as shown in the literature study component of Chapter 5. However, in the
ECOSMO E2E model, they would all be categorized as macrobenthos Daewel et al. (2019). Even when
animals are classified by feeding strategy, significant variability in internal chemistry can influence Hg and
MeHg uptake. An example of this is the microbiome of HMA sponges, which is studied in this thesis in 3900

Chapter 6. However, while HMA sponges are unique for having such a large microbiome both in size and
variability, there is evidence that smaller microbiomes of other animals also influence Hg speciation (Gentè
et al. 2023; Gorokhova et al. 2020). The relevance of this is demonstrated in Chapter 6, where I demon-
strate that even a very low demethylation rate of 1% d-1 still can explain the observed difference between
LMA and HMA sponges, a difference of 57% in MeHg concentrations. For basic carbon cycling models 3905

HMA sponges can be seen as just another suspension feeder, but for Hg cycling they are very unique, and
essential to understand. This highlights that biological groups critical to carbon cycling are not necessarily
the same as those driving Hg speciation and bioaccumulation, and how sensitive MeHg bioaccumulation
can be to in vivo Hg speciation rates. If we use a functional group-based carbon model that is optimized
for carbon we might miss these types of organisms. 3910

Despite these limitations, a functional group approach is still a necessary simplification. Even if we know
all the in vivo Hg speciation and bioaccumulation rates, accurately modeling the bioaccumulation and
speciation of iHg and MeHg of 2000 animals in the North Sea alone would require 4000 state variables
to run, making it computationally unfeasible. In addition to this, the amount of laboratory work to obtain
unique rates for each animal would be enormous. Nonetheless, existing data reveal several general pat- 3915

terns in in vivo Hg speciation. To evaluate whether these patterns are trivial or indicative of significant

148



CHAPTER 8. DISCUSSION

interactions, it is essential to measure rates in a sufficient number of animals so that we understand the
interaction enough to identify key groups to undergo Hg in vivo Hg speciation. This will help determine
the significance of the reaction and allow the estimation of in vivo Hg speciation rates for all functional
groups. The sponge study also exemplifies a practical application of a model, in which rates are estimated3920

based on the available data. Although there is a substantial amount of data, some influencing factors re-
main unknown. This underscores the necessity for additional measurements, experimental research, and
modeling to close the gaps in our comprehension.

8.4.2 Model Complexity vs. Realism; the choice of using 1D models

Most studies in this thesis were performed using the 1D Generalized Ocean Turbulence Model (GOTM)3925

(Burchard et al. 1999b). Setups were designed to either represent a variety of hydrodynamical circum-
stances expected in coastal oceans, as was the case in Chapter 3, 4, and 5, or to represent a specific
scenario, as was the case in 6. Here I will discuss more about why modeling in 1D was a deliberate choice
and what advantages and limitations this approach has. Following the rule that a model should be as
simple as possible but not simpler, we chose the appropriate model based on the requirements of each3930

research question . Generally, models of low complexity are more suitable for process understanding,
while models of high complexity are more suitable for projections and predictions (O’Neill and Rust 1979;
Hasselmann 1976; Jakeman et al. 2006).

Advantages of 1D:

The main benefit of using a 1D model is its straightforwardness in terms of implementation, validation,3935

and cost-effectiveness in computational resources Bruggeman et al. (2024). While not every configuration
was used, several versions of the 1D model were often run simultaneously to test different hypotheses
and determine which interactions warranted further research. This method is impractical for complex 3D
models, as executing the model with even a few hundred configurations would require an excessive amount
of computational power. Therefore, I believe that 1D models serve as an ideal tool for the current stage of3940

marine Hg modeling. They allow for a rapid evaluation of existing knowledge on a topic, identification of
knowledge gaps, and assessment of uncertainty in drivers under various simplified scenarios. This comes
with an additional benefit that using 1D simulations isolates the effect of the study. By removing variable
drivers such as horizontal transport, a 1D model can reduce its internal variability compared to a 3D model.
This reduced internal variability means that the processes of interest can be better studied under varying3945

circumstances. This allows the 1D model to make generalized observations about key interactions.

Limitations of 1D:

However, this improved efficiency comes at the cost of reduced applicability to real-world scenarios. The
1D water column models are very good at identifying key factors under controlled conditions but are of
limited use in predicting actual outcomes or estimating a budget, as is shown by Hwong et al. (2022) and3950

discussed in Chapter 3. As illustrated in Chapter 6, HMA sponges can lower MeHg levels in fish by up to
45%. However, the 1D model used in this study doesn’t serve as a comprehensive representation of the
Mediterranean Sea ecosystem, as it does not contain a validated spatial HMA sponge biomass component
which could influence organic carbon transfer from HMA sponges to benthic predators. Therefore, although
1D models excel in pinpointing potentially influential drivers, their ability to predict their impact on real-3955

world systems is limited. To address this issue, the method used in Chapter 3 can be used. In this chapter,
I first evaluate the hypothesis that the ecosystem considerably influences the marine Hg cycle across
three 1D setups, simulating idealized scenarios of permanently mixed, seasonally mixed, and permanently
stratified water columns. Subsequently, the influence on the Hg budget in the North and Baltic Seas was
assessed via an already validated 3D model. The limitation here is the dependency on existing 3D models3960

that accurately represent marine carbon and Hg fluxes. In the context of Chapter 6, such a model was
unavailable, limiting our ability to estimate the impact of HMA sponges on Mediterranean Sea fish until
model improvements are made.
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To summarize: 3D models provide a more realistic representation of the natural environment because they
account for spatial variability in three dimensions. As a result, they have a better capacity to reproduce and 3965

predict real-world conditions. Whereas 1D models simplify the system by focusing on vertical processes
at a single location. This makes them well-suited for isolating and understanding key mechanisms through
controlled in silico experiments.It is generally advisable to choose a model that is sufficiently complex to
address the research question without being unnecessarily complicated (Höge et al. 2018). This approach
suggests that, for analyzing knowledge gaps and pinpointing essential drivers, simpler 1D models are the 3970

best choice. These models provide the flexibility needed to test hypotheses, and their simplicity offers an
in-depth comprehension of the model dynamics and the influences driving the outcomes.

Future Directions:

As the research gaps in Hg bioaccumulation modeling are reduced, research questions are increasingly
likely to focus on assessing complex policy scenarios, for example, via the Multi-Compartment Hg Modeling 3975

and Analysis Project (MCHgMAP) (Dastoor et al. 2024). Because of Hg’s nature as a global pollutant,
understanding how different policy scenarios can shape anthropogenic Hg emissions, and how this would
influence the MeHg exposure to humans can only be fully understood using a 3D fully coupled global
ocean-atmosphere model (Sunderland and Selin 2013). Because of this, it makes sense that as knowledge
gaps are reduced and lessons are learned from simpler models, these lessons can be implemented in 3980

more complex models to investigate more complex research questions.

8.5 Using models to assist the Minamata convention

It is important to keep the previously discussed topic of model complexity into account when considering
how models should be used in support of the Minamata Convention. While there are multiple ways in
which models can serve as useful tools, when modeling MeHg bioaccumulation, the first and perhaps the 3985

most obvious is using models to predict real-world scenarios. Notably, models such as the study by Zhou
et al. (2025) attempt to estimate the predicted MeHg content of fish. An ideal for this would be a full-earth
digital twin, such as Destination Earth, that can estimate food safety under different emission scenarios
(Attinger et al. 2024). However, it is crucial to ensure the quality of the models before important policy
decisions are made based on an overestimated performance of the models. Currently, several key drivers 3990

of Hg bioaccumulation are still highly uncertain, as is both discussed in this thesis and by (Kotalik et al.
2025), and these predictions should be viewed with a high degree of skepticism. The use case for models
that is primarily used in this thesis is to identify gaps in our current understanding. A model can be seen
as an in-silico experiment, in which assumptions about a problem are tested and it is observed whether
the model’s predictions align with observations. If the model successfully replicates the observations, we 3995

can be more confident in our understanding of the problem. If this isn’t the case, or the model needs to be
heavily tuned or constrained, it indicates that crucial drivers are missing or wrongly parameterized. In this
case, models can be used to identify these gaps and determine the empirical data needed to improve the
model Rykiel (1996).

4000

8.6 My recommendation for the the Multi-Compartment Hg Modeling and
Analysis Project in terms of bioaccumulation parametisation

In this thesis, several drivers are identified that are key biological drivers of MeHg bioaccumulation. In
investigating this, several drivers are also identified that appear to be of little significance. The next logical
step in Hg bioaccumulation modeling is to implement the drivers that are identified in this thesis in global 4005

models. In this thesis, there are several lessons that are easy to translate into the parameterization of
bioaccumulation that could help the modeling efforts of the MCHgMAP (Dastoor et al. 2024).
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Results in this thesis support the need for the MCHgMAP

The need for the MCHgMAP is demonstrated by several studies, for example the study by Zhang et al.
(2023b), which demonstrates that an updated global Hg model that incorporates vegetation uptake, seawa-4010

ter sources, riverine discharge, and atmospheric Hg redox chemistry estimates 40% higher Hg re-emission
than previous models, mostly due to higher ocean re-emissions. Studies such as this demonstrate that in
order to fully understand Hg fluxes, all compartments of the Hg cycle should be accounted for. The results
of Chapter 3 expand on this by showing that the ecosystem is an integral part of the Hg cycle as well. This
further demonstrates the importance of a large modeling framework by demonstrating that Hg cycling can-4015

not be accurately estimated without an ecosystem model. Naturally, fully coupled end-to-end models that
simulate bioaccumulation would account for bioaccumulation. However, several other ecosystem drivers
of Hg cycling, such as cyanobacterially induced biogenic reduction, can only be properly accounted for
in a model that takes both ecosystem dynamics, marine Hg cycling, and atmospheric Hg dynamics into
account. And drivers such as this can have a major influence over regional and global Hg dynamics.4020

8.6.1 What I recommend doing

Based on the results of my thesis and the lessons I learned during my project, there are several biological
drivers of MeHg bioaccumulation that I think should be incorporated in any large-scale end-to-end model.
While I recognize that elements added to such a model incur a considerable cost, there are factors of MeHg
bioaccumulation that, in my opinion, are important enough to justify the trade-off. My recommendations4025

are visualized in Fig. 8.1 and discussed in more detail in the paragraph below.

Model bioaccumulation when Hg speciation should be resolved

One of the main contributions of this paper is the evaluation and quantification of the feedback between
bioaccumulation of iHg and MeHg and marine Hg cycling. This builds on the work of Kuss et al. (2015),
which demonstrates the important role of biota in Hg cycling in the Baltic Sea, by demonstrating the control4030

of cyanobacteria on the air-sea exchange of Hg. I expand on this in Chapter 3 by showing that biota can
have an influence on the seasonal cycling of MeHg and increase total MeHg by taking up MeHg from
the water column in spring, and protecting it from photodemethylation while light intensity is highest and
releasing it in winter when the light intensity is lower. On the other hand, this paper demonstrates that the
effects of bioaccumulation on tHg are much less pronounced. Because of this, I would recommend that4035

any models that do not solely focus on tHg fluxes, but attempt to understand Hg speciation as well, should
include bioaccumulation.

Modeling the trophic level

It is recommended to model the trophic level of all modeled biota in order to ensure a valid validation
of the model performance. This is essential, and it is worth it. It is a useful simplification to combine4040

different animals into functional groups, but this does mean that it can be hard to evaluate exactly which
real-world animals represent your modeled organism for validation. Because of this, the trophic level
is an essential parameter to evaluate for each modeled functional group before bioaccumulation can be
accurately validated.
The importance of modeling the trophic level two-fold. First of all, as shown in Chapter 3 there was a4045

consistent negative bias in the used ecosystem model vs. the observed trophic level. This is caused by the
functional group approach of models, in which ecosystem complexity is reduced to increase model viability.
This is an important step in model development, but the reduced ecosystem complexity can reduce the
amount of trophic interactions (Haller-Bull and Rovenskaya 2019). This means that the modeled trophic
level can be consistently lower than the observed, which would result in reduced bioaccumulation. This can4050

be compensated for in the model by increasing the uptake or trophic transfer efficiency of Hg. However,
in doing so, the model does not reproduce the right results for the right reason. By adjusting parameters
to fit observed data despite structural inaccuracies, the model may lose its ability to predict outcomes in
different scenarios, as the adjustments are not grounded in reality (Gygi et al. 2023).
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Figure 8.1: My recommendation for future work on Hg science based on my experience writing this doctoral
thesis.

The second reason is that bioaccumulation is extremely sensitive to the trophic level, as is shown in Chap- 4055

ter 3. Here the BMF is modeled in line with observations, but because the model underestimates the
trophic level of cod, by 0.5-0.7, the bioaccumulation of MeHg is underestimated by 64-79%. Because
biomagnification is exponentially related to the trophic level, a small difference in trophic position can have
a dramatic effect on the modeled bioaccumulation. Should a model predicts a change in MeHg bioaccu-
mulation, it might relate to shifts in trophic positions owing to food web reorganization or to variations in Hg 4060

dynamics.

The trophic level implementation in this thesis
The way the trophic level was estimated in Chapters 3, 4, and 5 was by incorporating one additional
state variable for each ecosystem functional group. Whenever carbon fluxes occur, this tracer variable is
updated simultaneously with the state variables. The rate of change is calculated as:

dTracerg

dt
=

nz∑
s=1

(
Fpred(g,s) · (TLs + 1)

)
−

nl∑
l=1

Fex(g,l) · TLg (8.1)

Where:
Tracerg – tracer variable of functional group g [mgC−1m3]
t – time [s] 4065

Fpred(g,s) – total flux of tracer due to predation by group g on group s [m3 mgC−1 s−1]
TLs – trophic level of functional group s [unitless]
TLg – trophic level of functional group g [unitless]
Fex(g,l) – total flux of tracer lost by excretion from group g due to loss process l [m3 mgC−1 s−1]
nz – number of functional groups that group g predates on [unitless] 4070

nl – number of loss terms for functional group g [unitless]

152



CHAPTER 8. DISCUSSION

This means that the TLg can be calculated as:

TLg =
Tracerg

OCg
(8.2)

OCg- the organic carbon of functional group g [mgC m-3]

The benefit of this approach is that it resolves every trophic level on both a spatial and temporal scale; this4075

means that it can be evaluated how the trophic dynamics change with depth, if there is a seasonal effect
on the trophic level or the bentho-pelagic coupling. The downside of this approach is its computational
cost, as it requires adding one state variable per biological functional group.

The cost of calculating the trophic level4080

In my 1D setup, the expense of including additional state variables was not a concern. However, in a
global 3D model, the computational cost of introducing extra state variables can be substantial (Kern
et al. 2024). There are several methods for estimating trophic level, each with distinct advantages and
limitations. For example, the EcoTrop model (Gascuel and Pauly 2009) employs a dynamic ecosystem ap-
proach, representing marine ecosystems as a continuous flow of biomass across trophic levels rather than4085

focusing on individual species. While this method is efficient for estimating system-level trophic structure,
it does not resolve gross carbon fluxes and is therefore limited in its ability to assess bioaccumulation. Ul-
timately, the choice of method involves balancing computational efficiency with ecological realism. Given
the importance of trophic level in bioaccumulation modeling, explicit implementation, despite its higher
computational cost, may often be the most robust approach.4090

Be very critical about the role of detritus DOM in Hg cycling, and its link to bioaccumulation

The results of Chapter 5 and 6 are largely driven by the consumption of detritus and DOM and its effect on
the bioaccumulation of iHg and MeHg. This is in line with studies such as the ones from that demonstrate
the importance of detritus and DOM on Hg bioaccumulation (Seelen et al. 2023; Schartup et al. 2015). Es-4095

pecially the partitioning behaviour of DOM to iHg and MeHg can be radically different for DOM of different
origin, and the fate of this DOM can heavily be influenced by the ecosystem, for example due to microbial
degradation of DOM (Graham et al. 2012), a change in photochemical processes due to light shading of
phytoplankton (Fleck et al. 2013), and the direct consumption of DOM by sponges (De Goeij et al. 2013).
Additionally, sometimes the consumption of detritus in higher trophic level animals is included in models,4100

as is the case in the ECOSMO E2E model. The complication is that if detritus is only modeled as one state
variable, there is likely a very significant difference between the partitioning behavior of iHg and MeHg with
microscopic detritus fractions and large detritus particles. High trophic level fish would consume large
detritus particles such as deceased animals, while they would not hunt for microscopic particles that are
more efficient in Hg scavenging. While this is no issue for carbon fluxes, the parameterization that is, for4105

example, used in the ECOSMO E2E model, can affect bioaccumulation.

Challenges in DOM modeling
Improving the representation of detritus and DOM cycling in models is challenging for several reasons.
The first is a large knowledge gap, both in DOM cycling and in the interactions between Hg and DOM.4110

DOM is typically operationally defined as which carbon can pass through a filter with a pore size between
0.2 to 0.7 µm (Lønborg et al. 2024). However, this distinction between DOM and detritus is somewhat
arbitrary, especially regarding Hg partitioning. There might be more overlap in Hg partitioning between
DOM and barely-particulate organic carbon fractions than between smaller and larger fractions of detritus,
as detritus captures such a large range of particle sizes. Additionally, the chemical composition, particularly4115

the thiol content of DOM, plays a key role in the partitioning between Hg and DOM. (Seelen et al. 2023;
Schartup et al. 2018).
An additional point of complication is that DOM is often clustered by its turnover rate, and especially re-
fractory DOM (rDOM) has some hard-to-model properties. The definition of rDOM is reviewed by Baltar

153



QUANTIFYING DRIVERS OF MERCURY BIOACCUMULATION

et al. (2021) which discusses the lack of a clear definition of the term. In a model, I would refer to rDOM as 4120

DOM with such a long residence time that its degradation would be out of the scope of the biogeochemical
model used, but this lack of a clear definition complicates the intercomparison between studies, as some-
thing that could be classified as rDOM in an incubation experiment lasting days might not be considered
rDOM in a model that simulates decades. In Chapter 6 I solved this by making rDOM a fixed parameter.
This approach works in a 1D setup as there would be a constant flux of terrestrial DOM, and the uptake 4125

from our local ecosystem would be unlikely to dramatically lower the rDOM concentration. In a 3D model,
however, that does not work, because even if we assume that rDOM is not dissimilated into nutrients, it
can still be transported, and when it is transported, it could affect the transport of Hg bound to this rDOM.

Coupling DOM and detritus to marine Hg cycling 4130

The coupling to detritus and DOM is a key, understudied parameter in Hg cycling. This involves under-
standing the dynamics of marine DOM, its interactions with Hg, and the most effective ways to represent
these processes in models. Multiple implementations are feasible, but based on my experience, care must
be taken to ensure internal consistency in how detritus is represented. For example, it would be inconsis-
tent to implement Hg binding to detritus as if it involves only small particles, while simultaneously modeling 4135

high trophic level fish feeding on detritus assumed to be large carcasses. To my knowledge, this specific
issue has not been widely addressed in the literature, but I consider it an important point for future model
development. This issue arises because separating detritus into different fractions might not be necessary
for carbon cycling, and bioaccumulation models, such as those used in this thesis, often rely on models
developed for carbon cycling. Some level of particle clustering will always be necessary, but splitting de- 4140

tritus into several sub-fractions may be essential to accurately capture both bioaccumulation and carbon
fluxes.
It is crucial in a Hg cycling model to ensure that when DOM and detritus are grouped, each group has
a partitioning coefficient with iHg and MeHg that mimics natural partitioning. While extensive studies on
partitioning coefficients between organic carbon and different Hg species have been performed, there are 4145

variations in the observed partition coefficients (Tesán Onrubia et al. 2020; Allison et al. 2005; Batrakova
et al. 2014). This variability is also evident in nature, where a study by Cui et al. (2021) found significant
differences in partitioning between detritus, DOM, and Hg across the Arctic, Atlantic, and Pacific Oceans.
Combined with the observations of Seelen et al. (2023) that partitioning between DOM and MeHg can
vary due to small-scale differences in DOM composition, it becomes clear that correctly parameterizing 4150

the partitioning of detritus and DOM to Hg in a global Hg model is both essential and complex.

Model the bioconcentration of consumers

This recommendation is straightforward and forms the main conclusion of Chapter 4. This thesis demon-
strates that the relevance of bioconcentration in consumers increases with food chain length. Especially
when analyzing bioaccumulation in seafood, which is often of a high trophic level, the uptake of MeHg from 4155

the water column should be incorporated at every trophic level. Parameterizing a bioaccumulation model
for high trophic level animals without accounting for bioconcentration in consumers likely results in one of
three issues: underestimation of bioaccumulation, overtuning the model to exaggerate biomagnification,
or overestimating bioaccumulation at the base of the food web. In all cases, this leads to an overfitted
model, which can, as discussed before, reduce its predictive capabilities. 4160

8.6.2 What I think might be good

There are several interactions that my thesis suggests are important, though the evidence is less conclu-
sive than for the previously discussed points. I believe these drivers should be considered for inclusion in
every model, but they can be omitted depending on the circumstances.

Evaluate the role of in vivo Hg speciation 4165

I think there is currently not enough information to accurately incorporate in vivo Hg speciation into models.
However, both the results of Chapter 6 and the modeling study by Li et al. (2022) demonstrate the very
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high sensitivity of bioaccumulation to in vivo Hg speciation. When combined with observations that confirm
the existence of in vivo Hg speciation in at least some animals (Gorokhova et al. 2020; Gentè et al. 2023;
Wang et al. 2017), it seems likely that this could be a major biological driver of MeHg bioaccumulation.4170

Nevertheless, the rates of these processes remain highly uncertain, and caution should be taken when
incorporating processes to which the model is highly sensitive, especially when there is limited knowledge
of the underlying interactions and few means to validate the assumed rates due to the broader uncertainties
in the system. Given these uncertainties, I recommend that dedicated studies be conducted to investigate
in vivo Hg speciation, but I advise caution when incorporating this process into general Hg bioaccumulation4175

or cycling models.

Incorporate the role of different ecological regimes on bioaccumulation

An interaction potentially valuable for inclusion in global models, despite possible drawbacks, is the inves-
tigation of how various biological regimes influence bioaccumulation at the base of the food web. In many
ecosystems, similar physical conditions can support different biological communities, but the presence4180

of one community may prevent the establishment of another. For example, both filter-feeding mussels,
deposit-feeding lugworms, and seagrasses can exist under comparable conditions in the Wadden Sea,
but these species exist as ecosystem engineers, modifying their surroundings in ways that favor their own
persistence while inhibiting the establishment of other species (Rehlmeyer et al. 2024; Meadows et al.
2012; Volkenborn et al. 2007). Since MeHg concentrations at the base of the food web drive overall bioac-4185

cumulation, and our results in Chapter 5 demonstrate differences in bioaccumulation between feeding
strategies, it follows that similar physical environments could produce different MeHg levels in high trophic
level fish depending on the community composition at the food web’s base. This recommendation aligns
with recent observations that ecological drivers are essential for predicting Hg bioaccumulation, as shown
in studies of North American dragonflies Kotalik et al. (2025). Even if the biological regime differences are4190

not explicitly incorporated, they may be implicitly accounted for if animals are modeled as consuming the
most abundant food sources, thus reflecting real feeding dynamics. I suggest that if a large model predicts
a patchy distribution of bioaccumulation, evaluating the causes of this patchiness can be a worthwhile
endeavor, rather than focusing solely on comparing modeled and observed means.

8.6.3 What I think is not worth it4195

Several interactions I examined are not significant enough and remain insufficiently researched to be
incorporated into the models. As such, I would not recommend them to be included at this time. That does
not mean that these interactions should never be included in a model, but that their implementation should
be very critically evaluated.

Model bioconcentratated and biomagnified iHg and MeHg as seperate state variables4200

In my model, I incorporated the bioconcentrated and biomagnified iHg and MeHg as separate state vari-
ables so that they could have different release rates. I came to the conclusion that this might not be worth
it. Having 2 extra state variables in a global 3D model is extremely computationally expensive, and the
certainty about different release rates based on the origin of the Hg bioaccumulation is very uncertain. I
would not say that it can never be worth it to keep these variables separate. Maybe our understanding4205

of rates improves, or it can be helpful to troubleshoot if certain bioaccumulation originates from certain
interactions. But overall, I think the effect on the bioaccumulation of MeHg is limited.

Model the bioconcentration of iHg, as long as in vivo Hg speciation is not incorporated

The relevance of iHg in MeHg bioaccumulation is nuanced. Based on the results of Chapter 3 I would
think that the ecosystem has no significant impact on iHg levels, while the results of Chapter 4 verify4210

this and demonstrate that the bioaccumulation of iHg has no significant impact on the bioaccumulation of
MeHg. But, as discussed above, the system is highly sensitive to in vivo Hg speciation. Because of this, I
would not recommend incorporating the bioaccumulation of iHg into a large 3D end-to-end model, unless
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sufficient evidence emerges that demonstrates that the in vivo methylation of iHg is a significant contributor
to MeHg bioaccumulation. 4215

8.7 Broader policy implications

My results demonstrate several points that are potentially relevant for policy in support of the Minamata
convention. Although Chapters 3 and 4 focus mainly on quantifying the importance of various drivers in
Hg modeling, Chapters 5 and 6 identify drivers that are directly relevant to Hg management.
In Chapter 5 I demonstrate ecosystem community structure has a strong effect on the bioaccumulation of 4220

MeHg in seafood. This is important as it ties together several key points in environmental management,
demonstrating how biodiversity influences bioaccumulation. While the model results should be verified in
experimental settings, it is evident that the filter feeder bioaccumulates more Hg than comparable trophic-
level animals. This is of relevance since filter feeders, known for their rapid growth and edibility, are
extensively cultivated as seafood in many coastal regions. Our model indicates that if filter feeders were 4225

the majority of the base of the benthic food web, the MeHg content of animals of high trophic level would
increase.

8.7.1 Sponge based Hg remediation in aquaculture

Furthermore, the potential for demethylation and Hg scavenging by HMA sponges, as demonstrated in
Chapter 6, suggests a promising avenue for mercury management. HMA sponges are capable of filtering 4230

substantial amounts of Hg from the water column and can either demethylate MeHg into the less toxic
iHg or efficiently scavenge iHg. While the large-scale application of sponges for bioremediation in natural
environments may be challenging, sponges are shown to be extremely resilient to Hg and they have been
shown to grow in areas with heavy Hg pollution due to artisanal mining (Santos-Gandelman et al. 2014b;
Cardona et al. 2022). Their usage as a nature-based filtration system in aquaculture settings could be both 4235

practical and cost-effective. Additionally, given that HMA sponges consume DOM, it is plausible that they
could also remove organic pollutants that bind to organic matter via hydrophobic interactions. The usage
of sponges for bioremediation is suggested and reviewed in other scientific literature, such as the review
by Amato et al. (2023). But for Hg, the benefits of using sponges could prove to be even more significant
than for other pollutants, as not only do the sponges filter out Hg from the water column, they also store Hg 4240

as the less toxic iHg, reducing the risk of direct or indirect trophic transfer via either the direct consumption
of sponges, or the excretion of detritus by sponges. Although further research is needed, these findings
highlight the potential multifunctional role of HMA sponges in contaminant management.
A final potential component of the Hg remediation in aquaculture that warrants further research is the
combination that the partitioning between Hg and DOM is heavily influenced by the thiol content of DOM 4245

and the ability of sponges to consume non-labile DOM (Seelen et al. 2023; De Goeij et al. 2013). This is
pure speculation at this point, but in closed aquaculture settings, you could potentially introduce non-labile
thiol-rich DOM into the system. This DOM would bind Hg extremely resistant, resist microbial degradation,
but would be able to be consumed by sponges. This might make sponges even more efficient at filtering
out Hg. Greatly increasing the Hg scavenging potential of DOM. 4250

8.7.2 Policy to support the use of Hg remedation by sponges

Using sponges for Hg remediation in natural environments presents additional challenges, as it is not
feasible to control entire ecosystems to manage Hg bioaccumulation. However, these results indicate that
certain vulnerable ecosystem components, such as HMA sponges, could provide significant benefits and
should be protected. Based on these findings, I recommend: 4255

• Supporting empirical validation of the link between MeHg bioaccumulation in seafood and the feeding
strategies of low trophic level animals.

• Promoting biodiversity in coastal areas, with particular emphasis on protecting HMA sponge com-
munities, to help reduce the risk of MeHg bioaccumulation.
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• Investigating the potential role of HMA sponges as a nature-based solution for MeHg management4260

in aquaculture and/or coastal zones.

• Incorporating standardized measurements of iHg, MeHg, trophic level, and carbon content in the
same samples as part of the Minamata Convention effectiveness evaluation, to improve our under-
standing of Hg transfer through food webs.

If empirical studies confirm these model results, I would also recommend investigating whether DOM4265

consumption by HMA sponges increases their uptake of other pollutants, such as POPs. Care must be
taken not to over-extrapolate model results; nevertheless, these findings have the potential to inform and
support the objectives of the Minamata Convention. Finally, I would like to note that the GMOS-TRAIN
ITN framework was designed to foster interdisciplinary collaboration, and it has been very successful in
facilitating significant discussion and exchange between specialists from different disciplines. However,4270

ongoing collaboration between modelers and empirical scientists remains essential for producing reliable,
high-quality models, and there is always room for improvement. I hope such collaboration will be further
strengthened in the future.

8.8 Final Outlook: The Future of Hg Modeling in Support of the Minamata
Convention4275

As discussed above, I believe that Hg (and pollution) modeling has a clear and critical goal: to enable
the generation of models that can estimate the spread, levels, and toxicity of pollutants under different
emissions scenarios. Ideally, such models would allow policymakers to assess the impact of specific
emissions on Hg pollution across temporal and spatial scales. While varying degrees of accuracy are
inevitable, the ultimate goal is to reach a point where models can provide actionable estimates.4280

This thesis contributes to this by identifying key drivers of MeHg bioaccumulation that are critical to en-
suring the quality of the predictive capacity of such a model. Understanding the key drivers of marine Hg
speciation and MeHg bioaccumulation in seafood is crucial to making such a global model. In fields such
as marine pollution research, data collection is extremely challenging and expensive, so ensuring that ev-
ery data point collected contributes effectively to making such a model is essential. Whether we design4285

such a digital twin around traditional differential models or the Bayesian probability distribution of modern
machine learning techniques, the challenge of predicting 100% of outcomes based on a limited amount of
data is daunting.
I encourage empirical scientists to read this work and critically evaluate the results of my model so that
collaboration can be a two-way street. On the one hand, I would like empirical scientists to validate or4290

disprove the conclusions I draw in this thesis. On the other hand, I hope empirical scientists read this
thesis and critically evaluate their own measurement techniques or data-sharing practices and consider
taking my recommendations into account. Hopefully, this way we can increase our understanding of Hg
pollution and better manage it as a collaborative effort.
In conclusion, this thesis not only advances our fundamental understanding of the biological drivers of Hg4295

bioaccumulation, but also outlines critical directions for future research and offers practical guidance for
both policy development and the refinement of modeling approaches. In the following chapter, I will expand
on these proposed research directions and discuss what I believe should be the next steps for Hg science.
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Figure 8.2: The SA agulhas II during the SCALE-WIN22 crusie in which we samples Hg in the Southern
Ocean. Picture taken by David Amptmeijer.
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CHAPTER 9
Future research

This chapter discusses key interactions that potentially influence Hg bioaccumulation but could not be
incorporated into the model. These are interactions that I believe to be important, but their significance is
based on unknown key drivers. After extensive work on modeling MeHg bioaccumulation in the marine
food chain, I identify three main directions for future research: the role of ecosystem complexity, in vivo
Hg speciation, and the bioaccumulation of gaseous Hg species.

9.1 The role of ecosystem complexity4300

I discuss the importance of capturing ecosystem complexity in Chapter 3 and Chapter 5, where I compare
the trophic levels that are modeled and measured in the North and Baltic Seas. The trophic level remains
an important contributor to the MeHg content of consumers, and I strongly advise both modelers and em-
pirical scientists to assess the trophic level to ensure a fair comparison of MeHg content. In Chapter 8, I
discuss these findings and explain why it is crucial to consider this in a comprehensive modeling framework4305

like the MCHgMAP project. Here, I wish to discuss the specific future efforts that I believe are necessary
to better encapsulate ecosystem complexity in the context of bioaccumulation modeling.

I think future work to increase our understanding of the effect of ecosystem complexity on bioaccumulation
modeling is necessary, as the complexity in marine ecosystems is more than just the number of trophic in-4310

teractions. Marine animals typically consume a diverse range of prey items. I demonstrate the importance
of this in Chapters 5 and 6, where I discuss the role of the feeding strategy and the importance of DOM
as a food source. Since DOM and phytoplankton have different inorganic Hg (iHg) and methylmercury
(MeHg) values, a trophic chain with DOM as part of the base will have different iHg and MeHg values than
a food chain that starts exclusively with phytoplankton. It is important to identify which animals will likely4315

have a large effect on the bioaccumulation of iHg and MeHg. During my presentation on HMA sponges
at the GMOS-Train annual meeting, my colleague Jan Gačnik wondered if sponges are unique, or are the
models so sensitive that the inclusion of another animal group affects everything? This is a valid question,
but the evidence suggests that HMA sponges are unique. Most animals exhibit relatively similar behaviors.
Hence, I doubt that the bioaccumulation in Atlantic cod would be significantly affected by the presence4320

of more mussels or oysters in an area. The main focus should not be on adding as many species as
possible, but rather on identifying key interactions that could drive bioaccumulation and are currently being
overlooked. Some interactions that I believe are often overlooked but that might significantly influence
bioaccumulation are;

• Salp blooms and consequent Hg sedimentation4325

• Benthic diversity

• Biogenic Anoxia and its role in MeHg production
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A potential role for salps in global Hg cycling

Salps, cnidarians, and ctenophores are fast-growing pelagic animals that I believe could significantly im-
pact global Hg cycling. Especially salps, for example, can grow incredibly fast, and during salp blooms, 4330

they may account for up to 82% of the total particulate organic carbon generated by all epipelagic zoo-
plankton. Upon their death, this organic material is effectively transported to the deep sea. It is estimated
that salps and other tunicates contribute to the downward export of 2.7 billion tonnes of carbon each year
(Steinberg et al. 2022). If this exported carbon contains a high concentration of Hg, it could represent a
crucial Hg sink. 4335

Future research into these interactions would, in my opinion, come in 2 steps. First, reliable measurements
and bioaccumulation factors for salps should be measured in nature. Since the carbon cycling effect of
salps is already understood to a degree, this would allow the formation of a non-spatial model in which
we estimate the Hg export based on the concentration in salps and the estimated carbon export. This in
itself is already very useful as it verifies or rejects the hypothesis that salps have a significant effect on Hg 4340

cycling. If this predicts an important role, I believe that a fast-growing fast-sinking zooplankton functional
group should be included in the MCHgMAP.
While I looked at the benthic food web in chapter 5 and 6, I think there might be interactions that can play
key roles. This is particularly important, as coastal areas that are rich in benthos are often important areas
for fisheries, and megabenthos is also eaten as seafood. 4345

9.1.1 Improving bentho-pelagic coupling in models

I believe a driver that might cause inaccuracy in the models is the bentho-pelagic coupling. It is often
underestimated how big the benthic food web is. The highest trophic levels of benthic invertebrates are
typically megafaunal predatory seastars, with a trophic level of 4.2-5.0, which gives them a similar trophic
level as tuna and higher than cod (Amiraux et al. 2023). These sea stars, however, are not consumed by 4350

pelagic fish and are therefore not likely to influence MeHg concentrations in seafood. There are, however,
plenty of high trophic level invertebrates such as the red king crab and the Atlantic blue crab with high
trophic levels of 3.0-3.5 that are consumed by predatory fish (Fuhrmann et al. 2017; Baird and Ulanowicz
1989). If a benthic predatory fish, such as cod, eats a benthic invertebrate with a trophic level of 2.0 or a
benthic invertebrate with a trophic level of 3.5 we would expect the MeHg content of this fish to be 10-15x 4355

higher, even though megabenthos is often seen as the same functional group. Because of this, I believe
further modeling efforts are needed to ensure a proper bentho-pelagic coupling in the model. An example
from my own work is the consumption of the macrobenthos functional group by both functional group fish
1 and functional group fish 2 in the ECOSMO E2E model. While there may not be a difference in carbon
fluxes, when fish 1 resembling herring would eat macrobenthos, it would eat lower trophic level small inver- 4360

tebrates, whereas fish 2, which would resemble cod, would prey on large megabenthos, such as crabs and
benthic fish. If macrobenthos is only 1 functional group, the high difference in MeHg concentration between
the low trophic level animals consumed by herring and the high trophic level animals consumed by cod
cannot easily be accounted for. In coastal waters, I believe expanding the benthic food web is necessary
in order to fully capture bioaccumulation. I don’t think this needs to be overly complex; a first-order benthic 4365

consumer feeding on pelagic plankton and a second-order consumer preying on the first-order consumer,
as well as potentially on mesozooplankton and fish 1, should suffice. In this setup, fish 1 can feed on the
first-order benthic consumers, while fish 2 would prey on the second-order benthic consumers. Then the
modeled trophic level of both benthic groups can be assessed and they can individually be compared to
field observations. 4370

9.1.2 Biogenic Anoxia and its role in MeHg production

Another potentially important interaction of the megabenthos is biologically induced anoxia. Several re-
gions, such as the Baltic and the Mediterranean Sea, can have anoxic conditions (Diaz 2001). While
anoxia can occur naturally, it is greatly increased by eutrophication, as more eutrophication means larger
production in the surface water, which leads to more sinking of organic material that is consumed by biota. 4375

When this is consumed, oxygen is used and anoxia can be formed (Dai et al. 2023). In well-mixed water,
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such as the North Sea, this does not lead to anoxia, as oxygen is remixed from the surface water. In
stratified water, this can create persistent anoxia. Anoxic conditions increase MeHg production and can
therefore greatly increase the MeHg content of biota (Jensen and Jernelov 1969; Compeau and Bartha
1985). Even if megabenthos does not survive during long periods of anoxia, the MeHg can be mixed4380

towards shallow water, or mobile animals can feed on scavenged detritus in the anoxic zone (Ramalhosa
et al. 2006; Riedel et al. 2010). This aspect is already recognized, and I am not claiming that it is a novel
contribution of my thesis. However, I want to mention it, as it is crucial to acknowledge that biota can im-
pact anoxia, and accurately understanding this relationship is vital for precise predictions of marine MeHg
concentrations, and consequently, MeHg bioaccumulation.4385

I would expand on this by theorizing that HMA sponges could play a role in anoxia-induced Hg methy-
lation. I believe this might be the case for several reasons. First of all, when HMA sponges consume
DOM, they consume food that is otherwise not available and in doing so respirate oxygen that would oth-
erwise not be respirated (De Goeij et al. 2013). Additionally, it is shown that HMA sponges are resilient
against anoxic conditions, meaning that they can sustain themselves longer when anoxia occurs (Hanz4390

et al. 2019). Finally, as shown by (Hoffmann et al. 2006) and discussed in chapter 6, HMA sponges have
sulfate-reducing bacteria. Sulfate-reducing bacteria are known to anaerobically respirate by producing sul-
fide. When the area is oxygenated again, this sulfide will first react with oxygen before oxygen becomes
available, strengthening the anoxia even further. While anoxia is known in the Mediterranean Sea, the link
between HMA sponges and anoxia is, to my knowledge, not investigated. This remains purely speculative,4395

as too many key drivers are currently unknown to model the interaction. However, HMA sponges may
contribute to anoxia in the Mediterranean Sea, potentially influencing MeHg production.
A final role for HMA sponges that I identified in my model is the potential for phytoplankton fertilization
by HMA sponges. It must again be noted that this is extremely speculative, as this is an observation in
a model focused on Hg dynamics, rather than in a model focused on understanding sponge dynamics.4400

Phytoplankton growth is typically controlled by Liebig’s law of the minimum (Baar 1994). This states that
phytoplankton grows until one of the essential drivers of growth is limiting. This is typically light, carbon, ni-
trogen, or phosphorus. The requirement for phytoplankton growth is controlled by the Redfield Ratio, which
states that phytoplankton grows with a C:N:P ratio of 106:16:1 (Redfield 1934). In the bay of Villefranche,
phytoplankton is limited by light in winter, but when light is sufficient during spring, summer, and autumn,4405

the size of the phytoplankton bloom is limited by phosphorus. One of the drivers of phosphorus limitations
for phytoplankton is that a large portion of the phosphorus is in the form of (refractory) Dissolved Organic
Phosphorus (DOP) (Thingstad and Rassoulzadegan n.d.). While the Redfield ratio is 106:16:1, the ratio of
DOC:DON:DOP in the Mediterranean Sea is very similar in non-refractory DOM with a ratio of 160:15:1,
but it is higher in refractory DOM with a ratio of 950:55:1 (Aminot and Kérouel 2004). This means that4410

if refractory DOM is respirated, and the nutrients are released and made available for phytoplankton, the
system will remain phosphorus limited, as the amount of phosphorus in the DOM is below the Redfield
ratio. However, it is still phosphorus that is being made bioavailable while it would otherwise not be, which
could facilitate increased phytoplankton growth.

9.2 In vivo Hg speciation4415

A key component that I mention in the discussion in Chapter 8 is the potential role of in vivo Hg speciation.
This is mostly because it is demonstrated both in Chapter 6 and Li et al. (2022) how sensitive bioaccumu-
lation is to in vivo Hg speciation. In chapter 6 I demonstrate the relevance of in vivo Hg speciation in the
form of demethylation of MeHg in Mediterranean HMA sponges and how this can lead to a reduction of
MeHg in benthic fish. HMA sponges are unique in many ways that are often poorly understood, but they4420

are also unlikely to be the only animals that influence the bioaccumulation of Hg due to the process of in
vivo Hg speciation.
Biogenic Hg speciation has been shown to be very important in the case of biogenic reduction of Hg2+ to
Hg0 by cyanobacteria. This is discussed in great detail by Kuss et al. (2015) and quantified in Chapter 3.
Less is known about potential Hg speciation in other primary producers. However, it has been proposed4425

that phytoplankton can contribute to the MeHg demethylation or the transfer of Hg to cinnabar (HgS). A
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recent review paper by (Cossart et al. 2022) describes this as overlooked. I agree with this conclusion,
as there is neither understanding nor rates to implement these interactions in the current models; it could,
however, play an important role in controlling Hg speciation. The effect of Hg methylation in invertebrates
is being further investigated; the problem is that invertebrates are such an incredibly diverse group that it is 4430

hard to transfer data of individual species to a fair representation in a functional-based ecosystem model.
However, research on cuttlefish and copepods shows these animals can methylate Hg (Gentè et al. 2023;
Gorokhova et al. 2020). The issue is that the proof of concept and the quantified interaction that can
be used in the models are not the same. That being said, studies such as the one in chapter 6 can be
performed to estimate the rates of interactions that would be required to produce the data we observe. 4435

However, this was only possible because there was a lot of data on Hg concentration and speciation in
HMA sponges. Performing a similar study on copepods or cuttlefish would require a lot of data on both Hg,
MeHg in both copepods and their food. The issue is that there is currently such a range in observations
that the model already produces results that are within the observed range, but we don’t understand the
drivers of the large variation in iHg and MeHg concentrations sufficiently to narrow estimate the rates of 4440

potential missing drivers. This means that I could not do a sensitivity study on these rates and validate it
the same way as the study in Chapter 6.
In vivo Hg speciation from a modeler’s perspective is an interesting problem. The only coupled models
that include this interaction are the model presented in Chapter 6 and the model published by Li et al.
(2022). However, both models only include in vivo MeHg demethylation. Having a low uptake and low 4445

demethylation rate and a high uptake and high demethylation rate leads to similar concentrations of MeHg
higher in the food chain, as long as the assimilation efficiency and grazing pressure remain constant. The
main driver of the MeHg content that is transferred in trophic interactions is the MeHg content of the prey.
It does not matter whether this MeHg content is low due to a low bioconcentration rate, a low uptake due
to trophic interactions, or a high demethylation rate. In this regard, even if in vivo Hg demethylation is 4450

poorly understood, measurements of Hg release rates combined with observed MeHg can give modelers
an estimated MeHg loss term, which would implicitly include all loss terms of MeHg, be it direct excretion
or demethylation. However, there are strong benefits in understanding in vivo Hg speciations. The first is
that the demethylation rates of MeHg could not be directly correlated with other drivers of MeHg release
for biota. Understanding the individual drivers of MeHg release will lead to a better understanding of 4455

which animals release MeHg at which rate under which circumstances. This information can be used to
help modelers estimate MeHg loss rates or inform empirical scientists of the animals that might be worth
studying. The second reason why understanding in vivo Hg speciation is essential for Hg modeling is its
significance in determining whether MeHg can be formed via in vivo Hg methylation of iHg. In such a
case, the impact of in vivo Hg speciation could not be covered by a single general term but would instead 4460

rely on the bioaccumulation and in vivo methylation rates of iHg. This implies that to fully understand
MeHg bioaccumulation, a comprehensive understanding of iHg bioaccumulation is necessary. Research
by Gorokhova et al. (2020) and Gentè et al. (2023) provides substantial evidence that in vivo methylation
of iHg into MeHg is possible, but estimating if this is a significant driver of MeHg bioaccumulation is an area
that needs further study. At this time, the inclusion of in vivo Hg speciation would benefit greatly from more 4465

laboratory studies that study and quantify this interaction in key species. If consistent patterns emerge this
can be translated to a rate estimation for specific functional groups, however, at this time I believe there
is so much uncertainty that an attempt to model this in anything else than a highly constrained setting
would likely just be an exercise in model overfitting. When enough empirical knowledge is established
models can be used to estimate the sensitivity of the systems to in vivo Hg speciation, and quantify the 4470

effect of this in nature. In Chapter 6 in vivo Hg speciation is implemented using the modular Framework
for Aquatic Biogeochemical Modeling (FABM). It must be noted that the FABM implementation used in this
model would be highly suitable to model in vivo Hg speciation. The modularity of the FABM framework
allows to quickly add or remove bioccumulation of different Hg species and can easily include methylation
and demethylation rates to couple the different state variables. 4475

Another possible route for in vivo MeHg formation is the demethylation of dimethylmercury (DMHg) into
MMHg+. At present, this is not included in any model, as there is no evidence for the bioaccumulation
of Dissolved Gaseous Hg (DGM) (Morel et al. 1998), which includes DMHg, but as discussed below, this
interaction may also prove important; however, evidence is lacking to verify or reject this hypothesis.
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9.3 The role of DGM in Hg bioaccumulation4480

DGM is the sum of Hg0 and DMHg. The bioaccumulation of DGM is a complicated topic and, as argued,
an understudied one. New evidence suggests DMHg plays a key role in MeHg cycling (Kleindienst et al.
2023). It is impossible to accurately model the bioaccumulation of DGM without more laboratory data, but
it might be an important driver of Hg bioaccumulation. I think this is important following a discussion I had
with Prof. Dr. Milena Horvat. She pointed out that from a cell biological point of view, there is no reason4485

why DGM would not easily penetrate through cells. I would expand on this by noting that fish gills are
optimized to absorb large amounts of gaseous compounds from water. If DGM comes into contact with the
gills or other organic membranes, there is no biochemical explanation why this would not be taken up at a
fast rate. The essential question is what happens after Hg enters the organism? I will first discuss what I
think will happen with DGM when it is absorbed in plankton and then discuss how I think this is different in4490

fish. Note that this is pure speculation as no data on the topic exists.

9.3.1 DGM in phytoplankton

For phytoplankton, DGM is generally assumed to enter and exit cells with relative ease due to the nonpolar
nature of the compounds (Morel et al. 1998). Although this is a common belief, I propose that within
phytoplankton, DMHg may remain inside the cells. Given that DMHg is susceptible to photodegradation4495

and that phytoplankton cells are permeable to light. This means that DMHg could be photodegraded into
MMHg+ within these cells. I hypothesize that some portion of DMHg entering the cells will convert to
MMHg+, which will bind organic material, thereby promoting bioaccumulation.

9.3.2 DGM in invertebrates

I believe the logic applies to zooplankton as phytoplankton, at least in the case of microzooplankton. Mi-4500

crozooplankton such as copepods are permeable to light, and since they take up oxygen they would likely
also absorb DGM, meaning that the non-polar DMHg could be photoreduced to the polar MMHg+, facilitat-
ing bioaccumulation. I think this is different in the case of large invertebrates, such as mesozooplankton or
megabenthos. While I think they would still take up DGM via respiration, larger animals are impermeable
to light, and if photodegradation does not occur the stability of DGM might increase, meaning its subse-4505

quent fate is even less clear. Invertebrates may expel it during respiration. The lack of photodegradation
does, however, not guarantee the stability of DMHg. Studies have demonstrated the presence of methylat-
ing and demethylating bacteria in invertebrates like cuttlefish, copepods, and sponges (Gentè et al. 2023;
Orani et al. 2020; Gorokhova et al. 2020). Consequently, it is conceivable that DGM could be converted
to Hg2+ or MMHg+ after being absorbed by invertebrates; however, this process remains largely unknown4510

and under-researched.

9.3.3 DGM in fish

In fish, there is more evidence to suspect the importance of DGM bioaccumulation and formation of
MMHg+, although much is still unclear. The gills of fish are optimized organs to facilitate the transfer
of gases from water to the blood of fish (Park et al. 2014), so the gills of the fish will likely filter out DGM4515

as a gaseous compound . When DGM is taken through the gills into the bloodstream, it is transported
to the liver and intestines. While there is no direct evidence to support that DMHg will be transformed to
MeHg in fish, MeHg can be demethylated into iHg in the liver and intestine of fish (Wang et al. 2017). This
would indicate to me that the liver can potentially transfer DMHg to MeHg. The importance of DMHg for
Hg cycling is an evolving topic, but DMHg is shown to be dominant Hg species in some areas, such as4520

the deep Atlantic and the Mediterranean Sea. Because of this, I think DMHg can be taken up through the
fish gills and converted to MeHg in the liver, which can then bioaccumulate. However, how important this
interaction is currently is unknown.
Although all modeling takes educated guesses to a greater or lesser degree, there is a line between
uncertain numbers and random numbers. However, if a relatively small number of studies are performed4525
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to estimate in vivo Hg speciation rates, especially DMHg demethylation rates, models can be used to
estimate the importance of this interaction in nature.

9.4 Summary

To use predictive models coupling Hg emissions with MeHg in fish at higher trophic levels, three steps
must still be taken. 4530

• Specific high-quality ecosystem models must be designed with bioaccumulation in mind. Then their
quality in bioaccumulation modeling needs to be evaluated on a regional and global scale.

• The bioconcentration of DMHg and Hg0 and their fate in the organism after bioaccumulation need to
be evaluated and, if it is shown to be important, implemented.

• The in vivo Hg speciation rates need to be estimated, at least on the functional group level, so that 4535

an estimation of these rates can be implemented.

9.5 Final outlook

An observant reader might have noticed in the paragraph above that I believe from all the directions of
future work the potential for in vivo Hg speciation should be prioritized as I discuss the importance of
this interaction on the relevance of ecosystem complexity and the bioaccumulation of DGM. I believe that 4540

in vivo Hg speciation is potentially a core component of the bioaccumulation of MeHg that is currently
extremely understudied and poorly understood. It is entirely possible that laboratory studies will show
these rates are too low to be significant, but both Chapter 6 and Li et al. (2022) demonstrate the strong
sensitivity of bioaccumulation to demethylation rates, and here I discuss how these demethylation rates
could further influence the bioaccumulation of MeHg. Once in vivo Hg speciation is better understood, 4545

model ecosystems can be adjusted accordingly. Only then can the importance of DGM bioaccumulation
be reliably understood and quantified, and its current assumed insignificance be confirmed or challenged.
With these steps, I believe that modeling of the bioaccumulation of MeHg can be drastically improved.
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Figure 10.1: Pancake ice in the Southern Ocean. Picture taken by David Amptmeijer.
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Gentè, Sophie et al. (2023). “In Vivo Mercury (De)Methylation Metabolism in Cephalopods under Different4885

pCO 2 Scenarios”. In: Cite This: Environ. Sci. Technol 57, p. 5770.
Ghodrati Shojaei, Mehdi, Lars Gutow, Jennifer Dannheim, Eike Rachor, Alexander Schröder, and Thomas
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Kleindienst, Alina, Igor Živković, Emmanuel Tessier, Alkuin Koenig, Lars Eric Heimbürger-Boavida, Milena
Horvat, and David Amouroux (Oct. 2023). “Assessing comparability and uncertainty of analytical meth-
ods for methylated mercury species in seawater”. In: Analytica Chimica Acta 1278, p. 341735.5005
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187



QUANTIFYING DRIVERS OF MERCURY BIOACCUMULATION

With penguins during field work in Rothera. Picture by Gerrit van der Goot.
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