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Abstract

Abstract

Some heavy metals e.g., zinc, copper or manganese serve as micronutrients for eukaryotic life
and play an important role for the cellular metabolism, growth of organisms, reproduction and
enzymatic activity. However, other metals like mercury or lead are not known to have any
beneficial effects for organisms and are believed to have a higher toxic potential. Heavy metals
occur naturally in the environment. However, in higher concentrations, they become toxic and
have hazardous effects on marine biota. Furthermore, they are highly persistent in the marine
environment as they are not readily degraded by organisms. Pollution originating from
anthropogenic sources, e.g., mining, industry and extensive land use, increased the heavy metal
concentration in certain areas above a critical level. Especially temperate and tropical coastal
environments act as natural catchment for anthropogenic pollutants because these areas are
densely populated and highly affected by industry, agriculture and urban runoff. Therefore, it
is vitally important to assess past heavy metal distributions, spatially and temporally and to
compare those with recent pollution in order to evaluate contemporary emission reduction
measures.

The chemistry of the tests of benthic foraminifera and the skeletons of scleractinian corals are
widely used for the reconstruction of changes in past environmental conditions including
temperature, salinity and carbonate system parameters. Recent studies further demonstrated that
the trace metal concentration in the aragonite of corals and the calcite of foraminifera is linked
to that in seawater. Therefore, the geochemical analysis of coral skeletons and foraminiferal
tests offers the opportunity to gain insights into past heavy metal concentrations in seawater,
which can in turn help to improve coastal management. However, it is important to understand
distribution patterns, ecological and environmental factors influencing the organism itself and
associated species in order to evaluate which species is suitable and representative for a certain
area. Therefore, the living and dead foraminiferal assemblage along a transect in the German
North Sea was investigated. The results of this study indicate that transport via tidal currents is
the dominant environmental factor shaping the foraminiferal assemblages. Haynesina
germanica, Ammonia batava and different Elphidium species from the living foraminiferal
fauna depict a close linkage between open North Sea areas like Helgoland and the mainland.
These species share an opportunistic behaviour and are able to occupy a variety of environments
rendering them as possible proxy-carriers for heavy metal contamination in seawater.
Nevertheless, an application of the heavy metal concentration in the calcium carbonate of both
of the organism groups will only be possible after a calibration of this proxy. Therefore, benthic
foraminifera from temperate environments (Ammonia aomoriensis, Ammonia batava and
Elphidium excavatum) and tropical corals (Porites lichen and Porites lobata) were exposed to
a mixture of dissolved chromium (Cr), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn),
silver (Ag), cadmium (Cd), tin (Sn), mercury (Hg) and lead (Pb) over a wide concentration
range. High frequency water monitoring in combination with laser ablation ICP-MS
measurements of the calcium carbonate, which was precipitated during the culturing period,
revealed the uptake of some of these metals mainly depends on its concentration in seawater,
which is indicated by strong positive correlations between the metal concentration in seawater
and in the calcium carbonate. All three foraminiferal species showed a strong positive
correlation between Pb and Ag in the water and their calcite. Ammonia aomoriensis further
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revealed a correlation with Mn and Cu, Ammonia batava with Mn and Hg and Elphidium
excavatum with Cr and Ni, and partially also with Hg. Zinc, Sn and Cd showed no clear trends
in all three foraminiferal species studied, which in case of Cd may be due to the exposure to
more than one metal at a time. The investigated coral species revealed a positive correlation
between the trace metal concentration in seawater and in the coral skeleton for Cr, Mn, Ni, Zn,
Ag, Cd and Pb. No correlation was found for Cu, Sn and Hg. The calculated partitioning
coefficients (Dve) allow a determination of the heavy metal concentrations in seawater.
Therefore, the trace element concentration in benthic foraminifera and in scleractinian corals
provides a promising tool for ecosystem status assessments in the future, which can serve as a
deciding support for governments and environmental agencies.
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Kurzfassung

Einige Schwermetalle, wie z.B. Zink, Kupfer oder Mangan sind in geringen Mengen essentielle
Mikro-Néhrstoffe fir Organismen. Sie werden verwendet, um den Zellmetabolismus aufrecht
zu erhalten, um das Wachstum oder die Vermehrung der Organismen zu ermdglichen und um
enzymatische Aktivitaten zu koordinieren. Andere Schwermetalle, wie z.B. Quecksilber und
Blei, nehmen keine essentielle Rolle im Zellmetabolismus ein und haben auch keine anderen
positiven Effekte, weshalb diesen Metallen ein hoheres toxisches Potential zugeschrieben wird.
Die meisten Schwermetalle kommen in sehr geringen Mengen in der Umwelt vor und haben
erst eine schadigende Wirkung auf marine Organismen, wenn héhere Konzentrationen erreicht
werden. Sobald ein bestimmter Grenzwert Uberschritten wird, kdnnen Schwermetalle extreme
toxische Wirkungen entfalten. Aufierdem sind sie in der marinen Umwelt nur schlecht abbaubar
und kénnen auch von Organismen nur schwerlich ausgeschieden werden. Durch Menschen
verursachte Verschmutzungen, die durch industrielle Produktion, extensiven Bergbau oder
durch intensive landwirtschaftliche Nutzung erzeugt werden, haben dazu gefuhrt, dass die
Schwermetallkonzentration in vielen Gebieten ein kritisches Level Gberschritten hat. VVor allem
kistennahe Regionen in tropischen und temperierten Klimazonen sind Gebiete, die stark unter
menschenverursachten Schadstoffeintragen leiden. Diese Gebiete werden sowohl von der
Industrie also auch von Landwirtschaft und den stadtischen Abwaéssern in der Nahe grofer
Ballungsgebiete beeinflusst. Dieser Umstand macht es umso wichtiger, dass raumliche und
zeitliche Verbreitungsmuster der Schwermetalle identifiziert und mit den heutigen
Schadstoffeintragen verglichen werden, um bereits etablierte Emissionsminderungs-
MaRnahmen zu beurteilen.

Die chemische Zusammensetzung der Gehéduse von benthischen Foraminiferen und der Skelette
von Steinkorallen wird genutzt, um Verédnderungen von Umweltparametern wie der Temperatur
oder der Salinitdt in vergangenen Zeitaltern zu rekonstruieren. Studien deuten an, dass die
Spurenmetallkonzentration im Aragonit der Korallen und im Kalzit der Foraminiferen von der
chemischen Zusammensetzung des Meerwassers abhdngt, was auch verschiedene
Kontaminationsstufen einschlie8t. Aufgrund dessen kdnnen chemische Untersuchungen des
Korallenskeletts und der Foraminiferengehduse neue Mdglichkeiten bieten, um Auskunfte tiber
die Schwermetallkonzentrationen im Meerwasser der vergangenen Jahrhunderte zu erlangen.
Dies wiederum kann dabei helfen, zukinftige Entwicklungen der Schwermetallkonzentrationen
im Meerwasser zuverldssiger vorherzusagen. Auf der Grundlage dieses Wissens kann
auBerdem das Management eines Okosystems verbessert werden. Vorab ist es jedoch
unabdingbar, die Verteilungsmuster sowie die 6kologischen und umweltbedingten Faktoren zu
verstehen, die den untersuchten Organismus und assoziierte Arten beeinflussen. Auf Grundlage
dessen kann entschieden werden, welche Spezies geeignete Indikatoren fur ein bestimmtes
Gebiet sind. Um dies herauszufinden, wurde die fossile und moderne
Foraminiferenvergesellschaftung entlang eines Transekts in der deutschen Nordsee untersucht.
Die Ergebnisse dieser Studie zeigen, dass Transportprozesse eine dominierende Rolle spielen
und die Zusammensetzung der Foraminiferengemeinschaft maligeblich beeinflussen.
Haynesina germanica, Ammonia batava und verschiedene Arten der Gattung Elphidium aus
der Lebendfauna zeigen eine enge Verbindung zwischen Gebieten der offenen Nordsee und
dem Festland. Alle drei Arten haben eine opportunistische Lebensweise und kdnnen eine
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Vielzahl verschiedener mariner Lebensraume besiedeln, was sie zu potentiellen Indikatoren fir
Schwermetallkontamination im Wasser macht. Bevor die Schwermetallkonzentration im
Kalziumkarbonat der Organismen angewandt werden kann, ist eine Kalibrierung des Proxys
zwingend erforderlich. Deswegen wurden im Rahmen dieser Studie tropische Korallen (Porites
lichen und Porites lobata) und benthische Foraminiferen aus temperierten Gebieten (Ammonia
aomoriensis, Ammonia batava und Elphidium excavatum) mit einer Mischung aus geléstem
Chrom (Cr), Mangan (Mn), Nickel (Ni), Kupfer (Cu), Zink (Zn), Silber (Ag), Cadmium (Cd),
Zinn (Sn), Quecksilber (Hg) und Blei (Pb) Uber einen weiten Konzentrationsbereich kultiviert.
Kontinuierliche Uberwachung der Schwermetallkonzentrationen im Kulturmedium zusammen
mit Laser Ablation ICP-MS Messungen des Kalziumkarbonats, welches wéhrend der
Kultivierung gebildet wurde, erwiesen, dass die Aufnahme bestimmter Schwermetalle
hauptsachlich von der Konzentration des jeweiligen Metalls im Meerwasser abhangt. Dies
zeigte sich anhand einer positiven Korrelation der Schwermetallkonzentrationen im
Meerwasser und im neu gebildeten Kalziumkarbonat. Die drei Foraminiferenarten zeigten eine
signifikante Korrelation der Blei- und Silberkonzentration im Kalzit zum umgebenden
Meerwasser. Ammonia aomoriensis wies zudem eine Korrelation fir Mn und Cu, Ammonia
batava fir Mn und Hg und Elphidium excavatum fir Cr und Ni, sowie teilweise auch fiir Hg
auf. In allen drei Foraminiferenarten zeigten Zn, Sn und Cd keine klaren Trends. Bei den
untersuchten Korallenarten zeigte sich eine positive Korrelation zwischen der
Spurenmetallkonzentration im Meerwasser und im Skelett fur Cr, Mn, Ni, Zn, Ag, Cd und Pb.
Fur Cu, Sn und Hg konnte keine Korrelation festgestellt werden. Die Ergebnisse dieser Studie
ermoglichen damit die Rekonstruktion der Schwermetallkonzentrationen im Meerwasser flr
diejenigen Elemente, welche eine positive Korrelation zwischen Meerwasser und
Kalziumkarbonat aufweisen. Die berechneten Partitionierungs-Koeffizienten (Dte) erlauben
eine  Abschatzung der Schwermetallkonzentration im Wasser. Damit bietet die
Spurenelementkonzentration in benthischen Foraminiferen und Steinkorallen ein sehr
vielversprechendes Instrument, um den Zustand eines Okosystems zu beurteilen. Dies kann
Regierungen und Umweltbehorden als Entscheidungshilfe fiir notwendige Manahmen dienen.
Aullerdem konnen Vorhersagen der Entwicklung der Schwermetallkontamination durch
chemische Analysen von Paldo-Archiven wie Korallen und Foraminiferen zukiinftig besser
eingeordnet werden.



Content

Content

AADSTFACT ...ttt bbbt e ettt b b nne s I

L 4 7= XS] o OSSR i

(0] 01 (=] | £ 7T R PP PR TR V

I 1 a1 1 oo [N o1 o] o SRS PRSPPI 1
1.1 Heavy Metals — Definition, application and threat .............ccocooiieiinniice, 1
1.2 Pale0-ClIMALE FECONTEIS ......oveeiieiiectieie sttt sttt sr e sneenneas 2
1.3 BIOMINEraliZation PrOCESSES. ......civitiitirtirtieieeieeie ettt sttt ettt bbb 5
1.4 Thesis objectives and OULIING ... 7

2. Scientific Chapter 1. Living and dead foraminiferal assemblage from the supratidal
sand Japsand, North Frisian Wadden Sea: Distributional patterns and controlling factors

01 - Tod RSP SPPSSRSRR 11
P20 I 113 oo [ od o ST PS 12
2.2 REGIONAI SELLING . ...ccuvetetete ettt bbbttt b bbbt 13
2.3 Material and METNOUS .........ceiiiieiie et nte e e sreenne e 14
2.4 RESUITS ...ttt ettt e s et e et e st e te e st e sRe e neene e Re e teeneenneenteeneenreenre e 16
2.4. 1 HYArOQrapRY......ccviieieieisiese et bbbttt bt 16
2.4.2 SEAIMENTOIOGY .. .cueiriitiitiiteei e bbbt b et 17
2.4.3 Living foraminiferal faunas............ccccoovviiiiic i 19
2.4.4 Dead foraminiferal assemblage ..........cooveviiiiiicic i 22
2.4.5 SIZ& ISIIIDULION. .......iitiiiiicieee ettt 24
2.5 DISCUSSION ...ttt sttt sttt ettt b et e bt e s e s et et e s be et e s b e e be e s e e st e e e b e ebenbeabeebeareeneeneens 26
2.5.1 Reproductive state of the foraminiferal faunas .............ccccccovoveve i, 26
2.5.2 Comparison of living and dead assembIlages ..........cocveiveeiieiiiivie e 27
2.5.3 Connectivity of the foraminiferal faunas ...........ccccooveiiiiiiii e 28
2.6 CONCIUSIONS ...ttt ettt be et se e bt e sbe et e sreesbeeneesbeenbe e 30
2.7 Supplementary INFOrMAtION ..........c.ooiiiiie i reesree s 32
2.8 Availability of data and Materials ...........cccveiiiiiiiiii e 32
2.9 ACKNOWIEAGMENTS ...ttt et e et e e baesneeaaeesrne s 32
N O (=] £ o0 SRS 32
p N o] =] o | USSP PO TP PRPRRPO 39



Content

2.11.1 Appendix 1. Foraminiferal reference list and taxonomic notes. ...........cccccvevvvrveennenn. 39
2.11.1.2 References of APPENdiX L.......ccccvoiiiieiiiie e 46
2.11.2 ApPENdiX 2: TADIES. ...ocveeieiie et 52

3. Scientific Chapter I1. Heavy metal uptake of near-shore benthic foraminifera during
multi-metal culturing experiments

ADSTTACT. .ot b b bbbt e e 61
TR oo [0od 1 o] o TSSOSO PP PRSPPI 62
3.2 Material and MELNOGS. .........oiiiiiieiee bbb 64
3. 2.1 Field SAMPIING ..ovecece e e 64
3.2.1.1 NOrth Sea, JAPSANG ........coveiiiieii ettt sre s 64
3.2.1.2 Baltic Sea, Kiel Bight.........coooiiieiiccceee e 64
I O (N ] T TSI (0 SRS 65
3.2.2.1 Picking Of the SAmMPIES.......cc.ooveiiiiicccece e 66
3.2.2.2 CUITUIING SYSTEIM <.ttt bbbttt 66
3.2.2.3 Preparation for iNCUDATION .........ccccviiiiiieieici e 67
3.2.2.4 CUltUring EXPEITIMENT. ...t bbb 67
3.2.3 WaALET SAMPIES ...t 69
3.2.3.1 Collection of water SAMPIES ........ccoeiiiiiiieieie e 69
3.2.3.2 Preparation of water samples before analysis ..., 69
3.2.4 Foraminiferal SAMPIES ..........ooiiiieeie s 70

B TR B (=11 ] | TSP 73
3.3.1 Survival Rates/ Growth rates / ReproduCtIONS ...........cccovvriririeiieiene e 73
3.3.2 CUIUIING MEAIA ...ttt bbb bbb e s 74
3.3.3 Incorporation of heavy metals into the foraminiferal shell .................c..cccooov i, 76
3.3.4 Partition COETFICIENT (DTE) «.voevverieeririeise ettt 81
312 DISCUSSION ..ttt sttt ettt ettt b et e st e s e s et et et e e b e e b e e bees e e se et e sebenbeabeebeareaneeneens 83
3.4.1 Experimental UNCEITAINTIES .......c.eoiiiiiieiie ittt e e 83
3.4.2 Incorporation of heavy metals in the foraminiferal test ............ccccovveviiiiiiii e 85
3.4.3 Interspecies VariabIlity ... 91

K TR 010 Tod [11S] o] o 1RO PRSPPI 92
B Y o] 1< 00 [ PSPPSR ORSPPRR 94
3.6.1 Appendix A: Additional TabIES .......cccveiieiiiciie e 94
3.6.2 Appendix B: Additional FIQUIES ........ceoiiiiiiiic e 100



Content

3.6.3 Appendix S: Supplementary material ............cccooveieiieniiiie e 104
3.7 Data avallability ........ccocoiiieiecc e 117
3.8 ACKNOWIEAGEMENES ...ttt e e e sre e e anes 117
B0 RETEIBICES ...ttt bbbttt b bbb e 117

4. Scientific Chapter I11. Incorporation of dissolved heavy metals into the skeleton of the
scleractinian corals Porites lobata and Porites lichen based on multi-element culturing
experiments

ADSTTACT. ..t bbb 133
o I [ oo 13 Tox 1 o] ISR PRSPPI 134
4.2 IMIBENOGS ... bbb bbbt bbb b b et 135
4.2.1 EXperimental CONCEPL.......covv it 135
4.2.1.1 CUIUIING SYSBIM ....iiuiiiiieie ettt ettt et este e sraesre e e e reeee e 136
4.2.1.2 Preparation for CUUIING .......cccoeiiiiieiice e 137
4.2.1.3 EXPErimental SELUP ........coviiiiice ettt 138
VA ] AT 1401 0] 1SR 139
4.2.3 COral SAMPIES ...t 140
G o (oS | USSR 141
4.3.1 SPeCies 1AeNTITICALION ......cc.oiviiiitiiieieeceee e 141
4.3.2 MELAIS TN WALEK ... .eeuieieieieiecie ettt e e ste et e st e te e e aneesreeaeeneeaneenneans 141
4.3.3 MEtalS 1N SKEIBTON.......cuiiieieii et et sre e e 148
G T8 A €1 0111 1 N ==L SO SSSSS 148
4.3.3.2 Metal incorporation into coral aragonite............cooereririierieniene e 151
4.3.4 Partition COETFICIENT DTE ....ooveviieiiisieciceee e 155
4.3.5 Comparison between species and colonies and between laser ablation lines within a
colony — Inter- and intraspecies variability ...........ccoooiiinii e, 156
4.3.5.1 Interspecies VariabDility ... 156
4.3.5.2 Intraspecies Variability ... 156

O D T 1T U1 o oSSR 157
4.4.1 EXperimental UNCEITAINTIES .......ccoiiiiiiiieieee e 157
4.4.2 Incorporation of heavy metals into the coral skeleton ..., 158
4.4.3 Partition COBTICIENT DTE ...eeiviiiiiieieeie e e 160
Y O] ol [1 ] o] TSRS PUR 164
SR AN o] o< a0 PSPPSR 166



Content

4.6.1 Appendix A: AditioNal FIGUIES ......ccveiieiieieciecieee s 166
4.6.2 Appendix B: Additional TabIes.........ccccoeiviiiiiieeese e 186
4.7 Supplementary MaLerial ............ccecveieiieiece e e 200
4.8 Data availability ........ccooiieieic e 200
4.9 ACKNOWIEAGEMENTS ..ottt et e e sreeneanes 200
4,10 RETEIBNCES ... ettt bbbttt ettt et bbbt 200
5 Summary, Conclusion and OULIOOK ...........cccviiiiieiicc e 211
5.1 Summary and CONCIUSIONS .........ccuiiiiieiieie e e e sre e anes 211
5.2 OULIOOK ...ttt ettt bbb 212
AdItIONAl RETEIENCES ... .eoiviiiiiie ettt esreeste e e neenne e 214
DANKSAGUING. ...ttt bbbttt b e bbbttt 225

VIl



Introduction

1. Introduction

1.1 Heavy Metals — Definition, application and threat

The term “heavy metal” was increasingly used in a multidisciplinary scientific context over the
past two decades. The use of these metals in an industrial, domestic, agricultural, medical and
technological context became vitally important over the past years (e.g., Bradl, 2005). They are
usually present in trace amounts in various environments (e.g., Kabata-Pendias and Pendias,
2001), making the term “trace elements” synonymous. Furthermore, they are natural
constituents of the Earth’s crust and are introduced in small amounts into the environment by
various natural processes including meteorite impacts, erosion of rocks, weathering of minerals
or volcanic eruptions. Heavy metals are often associated with pollution and toxicity although
many metals, like copper (Cu), chromium (Cr), manganese (Mn), nickel (Ni) or zinc (Zn), are
essential micro-nutrients for various biochemical and physiological processes and only become
toxic at critical concentrations (Prothro, 1993). Elements like cadmium (Cd), lead (Pb) or
mercury (Hg) are not essential for biological processes and do not have a physiological role,
which makes them toxic even in small amounts (Nordberg et al., 2007). As a by-product of the
expanded application of heavy metals, negative impacts on human health or on the environment
occurred. Nevertheless, a uniform definition for the term “heavy metals” is not given, even
though many authors tried to establish more specific definitions based on different criteria like
chemical behaviour, physical properties or toxicity (Duffus, 2002; Pourret, 2018). Generally,
heavy metals are a group of metals or metalloids with a relatively high atomic number (>23,
Bennett, 1986; >40 Rand et al., 1995) and density (> 7 g/cm?, Bjerrum, 1936; >5 g/ cm?, Passow
etal., 1961; >3.5 g/cm?, Falbe and Regitz, 1996). A more biochemical way of defining metals
is their behaviour as a Lewis acid, which is essential for the interaction of metallic elements
with living material. Lewis acids are electron acceptors, which means that every elemental
species with a positive charge behaves as a Lewis acid (Lewis, 1923). The classification of
metals by their Lewis acidity into Class A, B and borderline indicates the form of bonding in
organic complexes. Defining “heavy metals” in terms of toxicology would need to be based on
chemical properties in combination with biological impacts on the organism exposed to the
metals. This is at present not possible, because knowledge about the relationship between
biological processes and linked toxicity is still poor and a more fundamental understanding
would be necessary for a clear definition (Duffus, 2002). In summary, there are many different
ways to define the term “heavy metal” and no definition is commonly accepted to date.

The most abundant heavy metals in the marine environment originating mainly from
anthropogenic sources are chromium (Cr), manganese (Mn), nickel (Ni), copper (Cu), zinc
(Zn), silver (Ag), cadmium (Cd), tin (Sn), mercury (Hg) and lead (Pb). These metals are used
in different industrial and agricultural applications including mining and steel manufacturing,
for the production of alloys, fertilizers, pesticides, fungicides and marine paint including
antifouling treatments. They are also released by intensive animal farming, batteries, oil and
gas production, cosmetics, dental and pharmaceutical industry, biomass burning in forest fires,
and polymer production (Al-Rousan et al., 2007; Jaishankar et al., 2014; Richir and Gobert,
2016, Shah, 2021 and references therein). They can enter the marine environment through
several different ways including riverine and wastewater discharge, dumping of sewage sludge,
atmospheric transportation as dust, weathering processes, terrigeneous input via flash flooding,

1
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waste dumping or coal firing (Guzman and Jiménez, 1992; Esslemont, 1999; Al-Rousan et al.,
2007; Shah, 2021 and references therein).

Once heavy metals have reached the marine environment, they can enter the tissue of organisms
through the respiratory track, digestion or by penetration through the skin (Darmono, 2001) and
therefore pass through the food chain through various trophic levels (Das et al., 2013). Heavy
metals can occur in the water column and in the sediments in different forms and speciations
such as free ions, complexes, colloids, suspensions in the liquid phase or adsorbed to surfaces.
They are highly persistent, tend to bioaccumulate and are poorly removable from the organism
(Diagomanolin et al., 2004; Naser, 2013). Their toxicity depends on factors like chemical
speciation, type, concentration, synergistic-antagonist effects, environmental conditions
including pH, temperature, salinity and dissolved oxygen, the adaption of the organism to the
metal exposure or their biological role and pathways (Ansari et al., 2004; Akan et al., 2010).
Heavy metals can have different sub-lethal or even lethal effects and cause diseases in animals
and the human body. Some metals cause damage of the kidneys, lungs, heart, nervous system,
brain and can lead to the deformation of bones (Rieuwerts, 2015). Furthermore, heavy metals
can cause the alteration of enzyme functions, lead to oxidative stress in the cell, inhibit
reproduction, disrupt ion regulation and have mutagenic and carcinogenic effects (Natale et al.,
2000; McGeer at al., 2000; Bielmyer-Fraser et al., 2018).

In summary, heavy metals become an increasing threat for biota and humans, which makes it
essential to apply an adequate ecosystem management in order to inhibit heavy metal emissions
to the environment and to evaluate current pollution measures.

1.2 Paleo-climate recorders
Reliable instrumental measurements of chemical seawater conditions are limited to the period

after the industrialization (Woodruff et al., 2005). Environmental proxy records based on
geological and biological archives provide an insight into paleo-climatic and environmental
conditions. Various archives are used for unravelling the physical and chemical parameters of
different environments over time and these include corals, ice cores, sediment cores,
speleothems and tree rings. Information gained from paleo-archives is vitally important for the
understanding of the Earth system before and after the influences of human activities.
Furthermore, climate models are based on data from past environmental settings and an accurate
prediction of the future will only be possible by testing the models under different boundary
conditions including pre-impacted or pre-industrial conditions. Therefore, analysis and
understanding of paleo-archives will help to improve today’s ecosystem management and
remediation.

Chemical, physical or biological materials that are preserved in the fossil record can be analysed
and used as paleo-proxies because their composition is often correlated to climatic and
environmental parameters. Many different proxies can be used to identify changes in the past
climate and environmental system. For examples, physical parameters like sedimentary
properties (e.g., the sediment composition, structure or the texture) facilitate a reconstruction
of flow regimes of rivers, ocean currents or reveal ash from volcanic eruptions. Biological
proxies include the assemblage composition of different organisms, for example foraminifera,

2
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their shell morphology and mode of life. The past distribution patterns of corals and other
organisms reveals the environmental conditions of the past like temperature, salinity, nutrient
availability or turbidity. Chemical proxies are based on the element or isotopic composition of
biomineral material (e.g., calcite in foraminifera or aragonite in corals). This composition
depends on the environmental conditions of the ambient seawater and can therefore be used for
the reconstruction of parameters like temperature, salinity, carbonate system parameters and
primary productivity. For example, the sodium-to-calcium ratio (Na/Ca) in foraminifera is
correlated to the salinity in the seawater the foraminifera grew in (Wit et al., 2013; Mezger et
al., 2016; Bertlich et al., 2018), or the strontium-to-calcium ratio (Sr/Ca) in corals is a function
of seawater temperature (Shen et al., 1996; Marshall et al., 2002; Clarke et al., 2017). For the
application of chemical proxies, a comprehensive understanding of the relationship between the
element composition in the paleo-archive and the ambient seawater is crucial, which can be
achieved by culturing experiments investigating the environmental parameter and organism of
interest. Furthermore, ecological factors driving the distribution of the particular species and
associated organisms may be revealed by the assessment of ambiental environmental
parameters. Faunal analysis and correlation with the environmental parameters identify
indicator species and faunal assemblages.

The anthropogenic heavy metal contamination of the oceans and other environments is now a
serious issue. Therefore, monitoring of the development of this pollution is necessary for the
future to support governmental decisions concerning ecosystem management. Models for the
prediction of future development need paleo-data as a baseline enabling a comparison between
pre-impacted and recent pollution levels. Chemical proxies stored in the calcite of foraminifera
from sediment cores could deliver important insights into the development of heavy metal
concentration in areas of interest. In particular benthic foraminifera are suitable indicators for
anthropogenic pollution because they are known to incorporate heavy metals into their calcitic
shell (e.g., Smith et al., 2020; Sagar et al., 2021a; Titelboim et al., 2021). Furthermore, some
taxa are distributed all over the world (e.g., Ammonia, Figure 1.1), well preserved in the fossil
record (McGann, 2008; Xiang et al., 2008) and have a short life cycle (Wefer, 1976; Murray,
1992), which enables them to react immediately to changes in environmental conditions such
as contamination by varying heavy metal concentrations.

4

Figure 1.1: Global distribution of 13 Ammonia genotypes after Hayward et al. (2004).
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Besides foraminifera, scleractinian corals have also a great potential as a tool for monitoring
the heavy metal concentration in the environment. They are highly sensitive to chemical
changes in their surrounding (Shen, 1996; David, 2003) and can survive high heavy metal
concentrations (e.g., EI-Sorogy et al., 2012). Furthermore, coral reefs are globally distributed
in tropical regions between the 20 °C winter isotherms (see Figure 1.2). Corals have high
growth rates, which allows determining the elemental composition in the coral skeleton at sub-
annual resolution. Their size and growth rate creates environmental archives covering hundreds
of years. Therefore, both groups of organisms are excellent candidates for monitoring the spatial
and temporal distribution of heavy metals in seawater.
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Figure 1.2: Global distribution of coral reefs after Cardini et al., 2015.

The metal-to-calcium-ratio in foraminiferal tests and coral skeletons have been widely applied
for different purposes. The cadmium-to-calcium (Cd/Ca) and zinc-to-calcium ratio (Zn/Ca) in
foraminifera for example is used for the reconstruction of dissolved Cd and Zn concentration
in seawater (Bertram et al., 1995; Tachikawa and Elderfield, 2002) and as paleonutrient proxy
for the investigation of past deep ocean circulation patterns (Boyle and Keigwin, 1982;
Rosenthal et al., 1997; Marchitto and Broecker, 2006; Bryan and Marchitto, 2010). Cd/Ca in
corals is applied for reconstructions of upwelling (Shen et al., 1987; Reuer et al., 2003;
Matthews et al., 2008) and as a salinity proxy (Pretet et al., 2014). Cd/Ca and Zn/Ca are also
used as tracers for anthropogenic pollution (Hanna and Muir, 1990; Ramos et al., 2004; Jiang
et al., 2020). The lead-to-calcium ratio (Pb/Ca) of foraminiferal tests and coral skeletons is also
used for the evaluation of recent and past pollution levels (Shen and Boyle, 1987; Kelly et al.,
2009; Rumolo et al., 2009; Titelboim et al., 2018; 2021). Furthermore, the manganese-to-
calcium ratio (Mn/Ca) in foraminifera correlates with the oxygen content of the seawater (e.g.,
Groeneveld and Filipsson, 2013; Guo et al., 2019), and Mn/Ca in coral skeletons serve as proxy
for terrestrial input (Moyer et al., 2012; Lewis et al., 2018). This ratio can also be used for wind
reconstruction (Sayani et al., 2021).
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Culturing experiments enable the variation of only one environmental or chemical parameter
while all other are kept stable. This removes much of the ambiguity associated with calibration
by indirect means (Lea, 1999). Culturing experiments with foraminifera have been performed
for more than 150 years now starting with the early works of Gervais (1847) and Schultze
(1856). Most early works on foraminifera and corals focused on taxonomic and biological
studies addressing for example the life cycle of the organism or optimal growth conditions.
Delaney et al. (1985) were one of the first who performed chemical experiments on living
foraminifera in the laboratory to investigate the dependency of elements in the foraminiferal
test on its concentration in the culturing seawater. During the same time, Weil et al. (1981)
investigated the influence of temperature and light on the stable isotope composition in coral
skeletons. Since then, culturing techniques evolved a lot and culturing of foraminifera became
an important tool to assess the trace element incorporation into their calcite and for the
calibration of paleo-proxies (Nurnberg et al., 1996; Lea, 1999; Hintz et al., 2004; Linshy et al.,
2007 and references therein; Filipsson et al., 2010; Koho et al., 2017; Sagar et al., 2021a;
2021b). Scientific approaches addressing the trace element concentration in corals are still
mainly based on field sampling (Goreau, 1977; Shen and Boyle, 1988; Reichelt-Brushett and
McOrist, 2003; Kumar et al., 2010; Jiang et al., 2020).

1.3 Biomineralization processes
The application of paleo-climate recorders like foraminifera and corals requires a deeper

understanding of underlying biominineralization processes in order to assess the reliability of
paleo-archives.

Perforate or rotaliid foraminifera build three-dimensional test in various configurations starting
from simple one or few chambers and evolve to more complex forms like trocho- or planspiral
tests (Erez, 2003). Porcelaneous or miliolid foraminifera build complex tests in rare cases only.
Both groups have different calcification mechanisms. Porcelaneous foraminifera form high-
Mg, needle-like calcite crystals in an intracellular space that are precipitated without orientation
at the site of calcification (SOC) (Angell, 1980; Hemleben et al., 1986). Perforate foraminifera
form a thin high-Mg layer at the base of the shell, and a thicker low-Mg calcite layer with a
radial structure. They develop pores within their chamber walls and cover the pre-existing
chambers with a newly formed calcite layer every time a new chamber is added. This leads to
a lamination of the test (Reiss, 1957). An organic matrix forms the shape of the chambers in
both types of foraminifera before a new chamber is built. The pseudopodial network is
separating the SOC from the surrounding seawater, which enables a biological control on the
calcification mechanism (Banner et al., 1973). Foraminifera are known to create a CaCO3
supersaturated microenvironment from which they calcify from (Erez, 2003; Glas et al., 2012;
Toyofuku et al., 2017). The required ions are taken up from the surrounding seawater and are
pre-concentrated in order to enable calcification. For the concentration of ions, the foraminifera
either need to extract Ca?* and dissolved inorganic carbon or take up seawater and reduce the
concentration of other ions that would inhibit nucleation like Mg (Zeebe and Sanyal, 2002).
Another possible mechanism is the removal of protons from seawater taken up by endocytotic
pathways. During both processes, ions are either transported directly to the SOC (Erez, 2003;
Bentov and Erez, 2006) or they are intermediately stored in an internal pool (Ter Kuile and
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Erez, 1988; de Nooijer et al., 2009). A direct transport can be performed passively via diffusion
(Wolf-Gladrow et al., 1999) or actively through transmembrane channels (Nehrke et al., 2013).
Another widely accepted concept for the uptake of ions into foraminifera is endocytosis. This
mechanism involves special vesicles called vacuoles that transport the seawater into the cell of
the foraminifera (Erez, 2003; de Nooijer et al., 2008, 2009; Bentov et al., 2009) where it is
further processed. There is still an ongoing debate on which mechanism is predominant. The
incorporation of trace metals into the foraminiferal tests after the uptake from seawater can be
performed by Ca?* substitution in the calcite lattice (Branson et al., 2013). Furthermore, trace
metals can be bound to the organic matrix (Geerken et al., 2019) or they can be integrated into
the calcite lattice in interstitial positions where the lattice has defects (Ishikawa and Ichikuni,
1984; Okumura and Kitano, 1986).

The coral skeleton is constructed from mineral aragonite and an organic matrix (Mitterer, 1978;
Stolarski, 2003; Cuif and Dauphin, 2005). Similar to foraminifera, the organic matrix facilitates
a microenvironment suitable for controlled biomineralization and provides a structural basis for
crystal nucleation. The coral tissue is attached to the coral skeleton facing the outside of the
animal and consists of two organic tissues, the oral tissue at the seawater side and the aboral
tissue located at the side of the coral skeleton (e.g., Chevalier, 1987; Fautin and Mariscal, 1991).
Within the aboral tissue, the calicoblastic epidermis (also calicodermis) is located, which is
responsible for the formation of the coral skeleton (Von Heider, 1881; Galloway et al., 2007;
Puverel et al., 2005). The submicrometric interface between the calicodermis and the skeleton
is called the “extracellular calcifying medium” (ECM). This is the site of calcification and it is
filled with a hydrogel (Cuif et al., 2004). The sub-calicoblastic ECM is isolated from the
environment by an epithelium, which allows ions to access the site of calcification by creating
a certain degree of permeability (Tambutté et al., 2011). The type of permeability determines
the ion concentration at the site of calcification and is therefore fundamentally important for
the degree of incorporation of ions into the coral skeleton. It is believed that corals control the
composition of the ECM at least to a certain degree and it is suggested that an active transport
mechanism is involved to enable an adequate supply of ions to the site of calcification
(Allemand et al., 2011). pH investigations further suggested that the CaCOs3 precipitation from
the ECM is affected by more factors than just the chemical behaviour of the ions and molecules
(Al-Horani et al., 2003). The initial calcification takes place extracellularly and ions are
transported to the ECM either paracellular or transcellular. Active uptake by a transcellular
pathway involves that ions are transported through the calictodermis to the ECM inferring a
tight biological control. Passive paracellular pathways can be diffusion of ions or direct
diffusion of the seawater (Gagnon et al., 2012). In case of the diffusion of ions and molecules,
the chemical properties like size and charge are decisive and the uptake of ions is selective.
Direct diffusion of the seawater is non-selective (Tambutté et al., 2012). This suggest a
paracellular pathway for seawater entering the ECM without any physical barrier and biological
control (Cohen and McConnaughey, 2003). At present it cannot be clearly distinguished
between an active or passive route, but it is likely that paracellular and transcellular pathways
coexist and both pathways as well as the type of organic matrix contribute to the ion supply and
therefore on the incorporation of elements into the coral skeleton (Allemand et al., 2011). This
incorporation can be performed by different modes: (1) substitution of Ca?* in the aragonite
lattice, which depends on chemical properties like the effective ionic radius and the charge of
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the ion. Divalent metal ions similar to Ca?* substitute more readily than ions with a divergent
ionic radius. Nevertheless, it has also been reported that monovalent metal ions like Na* or Li™,
rare earth elements (REE) (Shannon, 1976) with a 3+ charge and smaller (Amiel et al., 1973a;
Shen and Boyle, 1988; Pingitore et al., 2002; Anu et al., 2007) or bigger (Inoue et al., 2004;
Shen and Boyle, 1988) divalent ions are also substituting Ca?* in the coral lattice. (2) The
formation of complexes with the organic matrix have been found to contribute significantly to
the overall trace metal budget in the coral skeleton. Amiel et al. (1973a, 1973b), Allison and
Finch (2007) and Shen et al. (1991) found for example a high amount of Sr, Mg, Na, Mn and
other trace metals connected to the organic compounds of the coral. (3) Trapping of particulate
material like clay minerals, organic matter, colloids or microorganisms in skeletal pores of the
coral was reported to play a role for turbid settings (Barnhard et al., 1974). (4) Trace metals
could also adsorb to bare skeletal surfaces during stress periods when the coral tissue retracts,
but should not influence the trace metal concentration in the coral skeleton during normal
environmental conditions (Brown et al., 1991; Saha et 2016).

1.4 Thesis objectives and outline
The principal objective of this thesis was to investigate the heavy metal incorporation into

benthic foraminifera and tropical corals as a potential proxy for the heavy metal concentration
in seawater. VVarious areas all over the world are threatened by anthropogenic pollution and this
study aims to establish a first step towards the application of foraminifera and corals as proxy-
carrier for heavy metals in seawater in pristine and polluted areas. Earlier studies mostly
addressed the impact of only one contaminant at a time, but in reality there is rarely only one
metal polluting environments but instead a combination of several pollutant metals is usually
found. This could lead to interactions between the metals and to synergetic effects and this is
also why this study investigated the impact of a mixture of metals in seawater on the metal
concentration in the calcium carbonate of foraminifera and corals. However, before the heavy
metal concentration in one of these paleo-archives can be applied, the selection of a suitable
species and the determination of factors influencing the respective distribution of this species
is necessary and was examined for a region in the North Sea of Germany in this study. In detail
this study addresses the following questions:

1. What is driving the ecology and distribution of benthic foraminifera around the
supratidal sand Japsand, North Sea, Germany?

2. How and to which extent do benthic foraminifera and stony corals incorporate heavy
metals into their calcium carbonate?

3. Does a mixture of different metals in seawater influence this incorporation?

4. Does the heavy metal concentration in the calcitic shell of benthic foraminifera and the
aragonitic skeleton of stony corals monitor the heavy metal concentration in seawater?

This thesis comprises three main scientific chapters. Each chapter is an individual publication
or is currently prepared to be submitted. Chapter 1 is published in Helgoland Marine Research.
Chapter 2 is accepted for publication in Biogeoscience and chapter 3 is in preparation for
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submission to another peer-reviewed journal. The main chapters are wrapped up by a general
introduction to the topic and an overall conclusion with outlook for possible future studies.

Chapter 1 introduces the ecology and distribution patterns of benthic foraminifera along a
transect from the supratidal barrier sand Japsand to Hallig Hooge, North Sea, Germany. The
living and dead foraminiferal assemblage was analyses and size distribution patterns gave
information on the reproductive cycle of distinct foraminiferal species. Furthermore, key
species revealed a connectivity and an active exchange between distant populations and areas.
This chapter is published in Helgoland Marine Research.

Contribution to Chapter 1: Dr. Joachim Schonfeld and | designed this study. | collected the
samples, processes them in the laboratory, analysed the living fauna, acquired, analysed and
interpreted the data. Furthermore, | created the figures and plates. Dr. Joachim Schoénfeld
designed the work concept in part, analysed the foraminifera from the dead assemblage and
contributed mainly to the taxonomic work of this manuscript. Both authors were equal
contributors in writing and editing of the manuscript.

Chapter 2 presents the results from multi-element culturing experiments with three different
foraminiferal species (Ammonia aomoriensis, Ammonia batava and Elphidium excavatum). The
foraminifera were cultured with a mixture of dissolved chromium (Cr), manganese (Mn), nickel
(Ni), copper (Cu), zinc (Zn), silver (Ag), cadmium (Cd), tin (Sn), mercury (Hg) and lead (Pb)
in artificial seawater with a wide concentration range of these metals. The partitioning factor
between seawater and the calcium carbonate of the foraminifera was constrained by continuous
water monitoring and laser ablation ICP-MS measurements on newly grown foraminiferal
calcite. A correlation between the heavy metal concentration within the culture medium and the
foraminiferal calcite was found for some metals. This chapter is accepted to be published in
Biogeoscience.

Contribution to Chapter 2: Dr. Ed Hathorne and Dr. Joachim Schonfeld proposed this study. |
collected the samples, cultured the foraminifera, processed the samples in the laboratory,
acquired, analysed and interpreted the water and foraminiferal data. Dr. Joachim Schonfeld
helped with the design of the study and sampling logistics and the implementation of the
culturing system. Dr. Ed Hathorne helped with the processing and analysis of the water samples.
Furthermore, Dr. Ed Hathorne and Dr. Dieter Garbe-Schonberg adviced me with the laser
ablation measurements of foraminiferal samples. As first author, | wrote the manuscript with
all the co-authors contributing to the data interpretation, discussion and editing of the work. 1
submitted and revised the manuscript according to the comments and suggestions of two
anonymous reviewers.

Chapter 3 addresses the relationship of heavy metal concentration in seawater and the coral

skeleton of two different Porites species (Porites lobata and Porites lichen). Culturing

experiments were similar to those described in Chapter 2 and exposed Porites spp. to a similar

metal mixture. Continuous water monitoring in combination with laser ablation ICP-MS

measurements of the coral aragonites revealed a positive correlation of Cr, Mn, Ni, Zn, Ag, Cd
8
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and Pb concentrations in the culturing medium and the coral aragonite. This chapter is in
preparation for the submission to a peer-reviewed journal.

Contribution to Chapter 3: Dr. Ed Hathorne and Dr. Joachim Schénfeld proposed this study. |
designed the experimental setup with input from Dr. Ed Hathorne and Dr. Joachim Schénfeld,
cultured the corals, processed the samples in the laboratory, acquired, analysed and interpreted
the water and coral data. Dr. Joachim Schonfeld organized the DNA analysis of the cultured
coral colonies. Dr. Ed Hathorne helped with the processing and analysis of the water samples.
Dr. Kathleen Gosnell performed the Hg measurements in the water samples. Furthermore, Dr.
Ed Hathorne and Dr. Dieter Garbe-Schonberg supervised the laser ablation measurements of
the coral samples. | wrote the manuscript and all co-authors contributed to the data
interpretation, discussion, and editing of the manuscript
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2. Scientific Chapter I. Living and dead foraminiferal assemblage
from the supratidal sand Japsand, North Frisian Wadden Sea:

Distributional patterns and controlling factors

Published in Helgoland Marine Research as: Schmidt, S., Schonfeld, J. Living and dead
foraminiferal assemblage from the supratidal sand Japsand, North Frisian Wadden Sea:
distributional patterns and controlling factors. Helgoland Marine Research 75, 6 (2021).
https://doi.org/10.1186/s10152-021-00551-2

Abstract.

Supratidal sands are vitally important for coastal defence in the German Wadden Sea. They are
less affected by human activities than other areas as they are located far off the mainland shore,
touristical and commercial activities are generally prohibited. Therefore, supratidal sands are
of high ecological interest. Nevertheless, the faunal inventory and distribution pattern of
microorganisms on these sands were studied very little. The composition of living and dead
foraminiferal assemblages was therefore investigated along a transect from the supratidal sand
Japsand up to Hallig Hooge. Both assemblages were dominated by calcareous foraminifera of
which Ammonia batava was the most abundant species. Elphidium selseyense and Elphidium
williamsoni were also common in the living assemblage, but Elphidium williamsoni was
comparably rare in the dead assemblage. The high proportions of Ammonia batava and
Elphidium selseyense in the living assemblage arose from the reproduction season that differed
between species. While Ammonia batava and Elphidium selseyense just finished their
reproductive cycles, Elphidium williamsoni was just about to start. This was also confirmed by
the size distribution patterns of the different species.

The dead assemblage revealed 20 species that were not found in the living assemblage of which
some were reworked from older sediments (e.g., Bucella frigida) and some were transported
via tidal currents from other areas in the North Sea (e.g., Jadammina macrescens). The living
foraminiferal faunas depicted close linkages between the open North Sea and the mainland.
Key species revealing exchange between distant populations were Haynesina germanica,
Ammonia batava and different Elphidium species. All these species share an opportunistic
behaviour and are able to inhabit a variety of different environments; hence, they well may cope
with changing environmental conditions. The benthic foraminiferal association from Japsand
revealed that transport mechanisms via tides and currents play a major ecological role and
strongly influence the faunal composition at this site.
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2.1 Introduction

The North Frisian supratidal sands Japsand, Norderoogsand and Siideroogsand are located at
the seaward border of the German Wadden Sea and North Sea (Fig. 2.1a). They are highly
significant for coastal defence because most of the energy of the incoming deep — water waves
from the North Sea is dissipated along the seaward slope of these sands [1, 2]. Therefore, the
sands are essential for the stability and protection of the North Frisian shoreline.

Besides their protective function, the North Frisian supratidal sands are uninhabited by humans
and therefore ideal resting places for birds and seals. As such, the sands have a high ecological
relevance. The faunal inventory and distribution pattern of smaller organisms on supratidal
sands has attracted less attention though. In particular, little is known about benthic
foraminiferal associations, their connectivity, i.e. relationship and exchange with faunas from
the open North Sea and the intertidal zone [3], which both are well investigated [e.g., 4-8].
Foraminifera are an important constituent of the benthic meiofauna and play a key role in
benthic biogeochemical cycles [e.g., 9, 10, 11]. The aim of this study was to address how
foraminiferal communities were connected over a wide range of facies and distance. In this
context, barrier sands like the Japsand act as connectors between the shelf sea environments
and the intertidal zone at the coast and can reveal new insights into the interaction, i.e. linkage
by exchange of different foraminiferal communities. Therefore, we investigated the
foraminiferal assemblages from Japsand and compared them with associations from the open
North Sea close to Helgoland and near shore associations from Schobiill and Bay of Tiimlau
(Fig. 2.1a).

A growing literature has demonstrated that benthic foraminifera were reliable indicators for
environmental and paleoenvironmental conditions as well as for the ecosystem status in general
[e.g., 12-22]. Furthermore, they are highly sensitive to small changes in critical environmental
parameters like salinity [23, 24], temperature [25, 26] or carbonate system parameters [27-30].
Their short generation time and good preservation potential of dead, empty tests [31-33], render
benthic foraminifera a prominent tool for reconstructing environmental parameters in the
present and past [34]. This particularly holds true under the ongoing anthropogenic pressure,
like global warming and pollution, as foraminiferal assemblage structures are going to change
dramatically [35-38]. Even though the sensitivity living species for certain environmental
parameters have been well constrained, the living fauna represents only a snapshot in time.
Therefore, dead foraminiferal assemblages comprising multiple generations have often been
used to calibrate palacoproxies for the reconstruction of past environmental conditions, for
instance the sea level [39—44]. However, dissolution [31, 45—47] or reworking [48] may well
have biased the composition of the dead assemblage, hence making it possible that the living
fauna and their driving environmental factors were not correctly mirrored anymore. A
comparison of the living faunas and modern dead assemblages from Japsand was attempted to
constrain processes that potentially have changed the foraminiferal assemblage composition on
sand flats and near shore sands. Size distribution analyses of the most abundant species may
reveal whether cohorts of juveniles are present in the living fauna, hence recent reproduction
has taken place. Differences in size distribution of living and dead assemblages allow to
constrain the timeframe that is necessary to transpose recent changes to the dead and subfossil
assemblage composition.
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2.2 Regional setting

The Wadden Sea covers an area of approximately 10.000 km? and extends from the city of Den
Helder in the Netherlands up north to Blavand headland in Denmark. The area is shaped by
tides and currents, hosts a dynamic shallow water body variable in salinity and temperature,
and sustains a high primary production and biodiversity. The German sector of the Wadden Sea
is characterized by extensive tidal mud flats, numerous inlets, four major estuaries, sandy
barrier islands and sands (Fig. 2.1a).
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Fig. 2.1: Locations of the Japsand and comparative sites (Helgoland, Schobiill and Bay of
Tiimlau) in the German North Sea (a). Location of the individual stations in the study area (b).
The outline of the Japsand represents the mean high water level. The map was drawn after
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satellite images from 2019 and the geological map of Schleswig Holstein (1:250 000, ed. 2012
© Landesvermessungsamt Schleswig-Holstein) and personal observations.

This study focuses on Japsand, which is located 2 km west of Hallig Hooge island (Fig. 2.1b).
Japsand, Norderoogsand and Siideroogsand form a chain of supratidal barrier sands with a
north-south extension of ca. 19 km and a width ranging from 4 km in the South to 1 km in the
North [1, 2]. Japsand is the smallest of these barrier sands, with a north-south extension of 3
km, a west-east extension of ca. 2 km at maximum and an area of ca. 3 km?. All barriers moved
continuously eastwards. The displacement velocity of Japsand has been estimated to 15-27 m
a’! [2] (Fig. 2.2a), an amalgamation with Hallig Hooge will hence take place in the future. The
tidal channel Hooger Loch separates Japsand and Norderoogsand, and the strong tidal currents
inhibited a merger of both barrier sands. Mean tidal range is approximately 2.7 m. Japsand is
not regularly submerged during spring tides. The mean wave height is 0.75 m, the prevailing
wind and wave directions are west to northwest [ 1]. Extensive storm floods during autumn and
winter episodically caused a flooding of the whole area of the barrier sand.

2.3 Material and methods

Foraminiferal samples were collected at 16 stations along an east-western transect from Hallig
Hooge to the western edge of Japsand on two sampling campaigns in Mai and July 2019 (Fig.
2.1b, Tab. 2.1). All stations were in the intertidal zone. They were either submerged or showed
evidences for recent flooding in terms of wet diatom mats, macroalgae, or living macrofauna.
The exact locations were chosen as being representative for the prevailing sedimentary
environment that we observed at certain intervals of the transect. The surface structures, algae,
macrofauna and sediment properties were described. The latter are of particular importance as
different substrates may house different foraminiferal associations.

The surface sediment was sampled using a handheld push corer of 54 mm inner diameter.
Supernatant water was carefully drained off, and the uppermost 1 cm of the surface sediment
was sliced off using a graduated plastic ring and a cutting plate [49]. Analysing the 0-1 cm
interval was common practice in foraminiferal surveys in the Baltic and in the North Sea [e.g.,
4, 50-52]. Duplicates were taken for Station A to G within a 30 x 30 cm square. All samples
were transferred into 100 ml PVC bottles (Kautex®). Vessels filled with muddy sediments were
gently slewed, bottles with sand-rich samples were cautiously tottered until the surface levelled
out and could be marked on the vials immediately after sampling [49]. Within a few hours after
collecting, the samples were preserved and stained with a solution of 2 g rose Bengal per 1 litre
ethanol (96 %, denaturised, technical quality). A preservative volume of at least 1.5 x the sample
volume was added [49].

Temperature and salinity of seep waters were measured with a WTW 3210 conductimeter in
nearby puddles or excavated holes in the vicinity, if possible. Precision of the conductimeter
was +0.5 % for conductivity and +0.1 °C for temperature according to a manufacturer’s test
certificate. The conductimeter was calibrated using substandards of artificial seawater, which
salinities were determined by using an OPTIMARE laboratory salinometer with a precision of
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0.0001 permil. The accuracy of the WTW 3210 conductimeter equipped with a TetraCon 325
probe was +0.13 units (1-sigma value).

Table 2.1: Geographical coordinates of sampling sites in the Japsand intertidal area, North
Frisian Wadden Sea, Germany

Station Sampling date Latitude (°N) Longitude (°E)
A 29.07.19 54°3428.3" 8°27'52.0"
1 29.05.19 54°34"28.8" 8°27'54.7"
B 29.07.19 54°34'35.5" 8°27'57.1"
2 29.05.19 54°3428.3" 8°27'56.3"
F 30.07.19 54°35'08.0" 8°28'58.0"
3 29.05.19 54°3427.5" 8°28'02.2"
4 29.05.19 54°3423.5" 8°28'16.0"
5 29.05.19 54°3420.7" 8°28'19.4"
6 29.05.19 54°34'18.9" 8°28'22.9"
7 29.05.19 54°34'14.9" 8°28'40.2"
E 30.07.19 54°34'33.1" 8°29'07.9"
C 30.07.19 54°34'06.5" 8°29'10.5"
8 29.05.19 54°33'56.2" 8°29'54.7"
D 30.07.19 54°33'47.4" 8°30'27.4"
G 30.07.19 54°33'56.4" 8°30'58.6"

Hooge 29.05.19 54°34'11.0" 8°31'16.3"

Foraminiferal samples were kept in the rose Bengal staining solution for at least two weeks at
ca. 8 °C in the dark to ensure that staining of the cytoplasm of formerly living foraminifera was
pervasive [53]. Afterwards, the samples were processed following the procedure described by
Wefer [54], Schonfeld et al. [55] or summarized by Liibbers and Schonfeld [56]. All samples
were wet sieved using stacked 2000 pm and 63 pm sieves in order to remove larger particles or
shell debris. The size fraction >2000 um containing fragments of mussels, crabs, snails and
seaweed was dried overnight at 50 °C, weighted and stored. The size fraction 63-2000 um was
also dried and weighed. After sample washing, the initial volume was determined by refilling
the empty PVC vessel with tap water up to the mark on the outside. The water was transferred
to a graduated cylinder and the volume was measured [49].

Due to the high amount of detrital sand and the low density of foraminiferal tests, a flotation
with a high density liquid was required. Sodium polytungstate (SPT) solution with a density of
2.3 g cm™ was applied following Parent et al. [57]. According to the authors, the recovery rate
of foraminiferal tests was >95 % using a SPT solution with a density of 2.3 g cm™. The density
of the fluid was checked after every use. Residues and flotates were rinsed with tap water
several times after the treatment to ensure that foraminiferal test were not coated by SPT crystals
or crusts after drying. Samples containing a large number of tiny clay lumps could not be treated
with SPT (Stations 1, Station B and Station D). The complete residues of these samples were
picked dry.
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Rose Bengal stained foraminifera were recognized by a bright red or pink coloration of the
cytoplasm [49, 55]. Only well-stained specimens were picked and considered for this study.
They were picked wet. After the stained individuals were sorted out, the flotates were dried at
50°C. In order to investigate the assemblage composition of non-living foraminifera, aliquots
were made with a Green Geological microsplitter from one sample per station. A target number
of 200-300 dead foraminiferal specimens was aimed to [34, 49]. The split was picked for
foraminiferal tests completely. If less than ca. 100 specimens were available in 'z split, the
entire floatate was picked. Living and dead foraminifera were sorted separately by species in
Plummer cell slides, fixed with glue and counted. The size distribution of the three-ranked
species was assessed by measuring the maximum test diameter on all intact specimens of
Elphidium selseyense, E. williamsoni and Ammonia batava collected in the cell slides. The
measurements were made with Leica Wild (Leica Wild M60 and M80) stereomicroscopes at
60 X magnification by using an eyepiece reticle with a resolution of 12.5 pm.

Light microscopic images for species’ documentation were taken with a Keyence VHX-700 FD
digital microscope (living specimens) and a Keyence digital microscope VHX.7000 at the
Institute of Geosciences, Kiel University. Statistical analysis of the census data, e.g., calculation
of diversity indices, were performed with Past 4.0 [58].

2.4 Results

2.4.1 Hydrography

On-site measurements of temperatures and salinities at low tide and comparison with those
recorded by the adjacent MARNET monitoring network stations are important to assess the
diurnal, intertidal variability of these environmental parameters. The surface temperature varied
from 19.4° C at Station 8 and 22.8° C at Station 3 in May 2019 (Table S2.1). The mean
temperature was 21.3 (+1.4)° C. The mean salinity was 34.0 (= 4.5) and varied between 40.4 at
Station 8 and 30.3 at Station 1. Temperatures in July ranged from 21.1° C at Station A to 26.3°
C at Station E (Table S2.1). The mean temperature was 23.9 (+2.7)° C. The mean salinity in
July was 34.8 (£1.7). The maximum salinity was 38.1 at Station E and the minimum salinity of
31.6 was measured at Station F. Overall, no pronounced trend in salinity or temperature was
recognised along the transect.

The temperature and salinity measurements on seep waters or in little puddles were strongly
influenced by evaporation and heating by the atmosphere and solar radiation during emergence
at low tide. Near-surface water data from Station Hérnum of the MARNET monitoring network
recorded water temperatures of 11°C in May and 18°C in July 2019 on average, i.e. lower by
about 10 K in May and 3 K in July as compared to measurements for the present study on
Japsand. Station Deutsche Bucht recorded salinities between 31.4 and 32.9 PSU in May, and
between 32.7 to 33.1 PSU in July 2019. The averages of both ranges were about 2 units lower
than the measurements on Japsand
(https://www.bsh.de/DE/DATEN/Meeresumweltmessnetz/Jahreszeitreihen/jah-

reszeitreihen _node.html).
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2.4.2 Sedimentology
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Fig. 2.2. Movement of the Japsand barrier sand towards Hallig Hooge. Comparison between
1988 indicated in black and 2018 indicated in red (a). The outline of the Japsand represents
spring high water level. The map was drawn after the geological map from Schleswig Holstein
(1:250 000, ed. 2012 © Landesvermessungsamt Schleswig-Holstein) and satellite images that
were calibrated with two fix points at Hallig Hooge (coordinates: 54°33'56.5"N, 8°32'50.7"E;
54°34'28.8"N, 8°31'02.6"E). Sediment surface images from the individual sampling stations
(A-G; 30.07.2019) (b).

Five stations (1-3, A, B) and Station F in the North were located on the seaward, western part
of the Japsand. This area is mainly influenced by waves from the open North Sea. Two different
surface sediments were recognised, sand and silty clay (Fig. 2.2b).

Stations 1 and B were the westernmost station closest to the average low tide level. An
extremely slippery and stiff silty clay prevailed. Diatom mats and bivalve shells were recorded.
The surface was extremely uneven and intersected by numerous erosional ditches. The sediment
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was most likely a glacial till or Eemian clay, which was exposed to the high wave energy at the
seaward side (Fig. 2.2b).

Station 2, A and F showed a completely different sedimentological inventory. The surface
sediment was a pure sand, wave ripple marks were common (Fig. 2.2b). The area characterizes
the beach face and swash zone, particularly at low tide.

Station 3 was located at the highest part, above mean water level, at a berm crest built of bivalve
shells. The sediment was sand, diatom mats were common and the surface of the sediment was
perforated by aeration holes (Fig. 2.2b).

The area between Station 4 and Station 8, including Station 5, 6, 7 and C, was situated at the
eastern, landward side of the Japsand. The sediment was predominately sand and drier than at
Stations 2 and 3. Nevertheless, the area was frequently flooded, which reflected in the presence
of bivalves and gastropods. Especially the surface of Station 7 was covered with ventilation
holes for snails and other animals. The colour of the sediment surface was slightly brownish to
black. Station E was located at the northeastern part of Japsand in an embayment with calm
conditions and represented a mixed mud flat. The sediment was a silty sand and contained shells
and fragments of bivalves and gastropods. Crabs and lugworms were common. Furthermore,
the sediment showed a marked shift in colour from brown to grey at a few mm depth. Station 8
represented the transition between sand flats and mixed flats. The sediment was a silty sand in
the uppermost cm, whereas the silt content increased and the colour darkened with depth.
Hydrobia and their corresponding ventilation holes were recognised in large numbers.

Stations D and G were located on the mud flat near Hallig Hooge. Brown algae, seaweed,
diatom mats, lugworm excrements as well as bivalves and gastropodes were recorded (Fig.
2.2b). Below 0.5 cm, the mud was anoxic as depicted by a shift of the sediment colour to darker
tones.

Station Hooge was close to the jetty of “Volkerswarft”. The sediment was a stiff and
consolidated silty sand (Fig. 2.2b).
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2.4.3 Living foraminiferal faunas

Plate 2.1. Live rose Bengal stained foraminifera from the Japsand area, North Frisian Wadden
Sea, Schleswig — Holstein, Germany. 1: Elphidium williamsoni (St. C) 1a: lateral view, 1b: side
view. 2: Haynesina germanica (St. D), 2a: lateral view, 2b: side view. 3: Saccamina sp. (St. 2).
4: Elphidium oceanense (St. D), 4a: lateral view, 4b: side view. 5: Haynesina depressula (St.
2), Sa: lateral view, 5b: side view. 6: Eggerelloides scaber (St. 2). 7: Bulliminella elegantissima
(St. D). 8: Elphidium selseyense (St. D), 8a: lateral view, 8b: side view. 9: Elphidium gerthi (St.
5). 10: Ammonia batava (St. D), 10a: spiral side, 10b: umbilical side, 10c: side view. The
locations of the individual stations are indicated on Fig. 2.1b.

The living foraminiferal faunas from Japsand comprised 10 different species, of which two
were agglutinated (Eggerelloides scaber and Saccammina sp.) (Plate 2.1, Table S2.1). Eight
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species were calcareous and belong to the genera Ammonia, Elphidium and Haynesina.
Ammonia batava, Elphidium selseyense and Elphidium williamsoni were the three most
common species with average proportions of 57%, 22% and 16%, respectively. Individual
proportions at the different stations ranged between 15 and 100% for Ammonia batava, 8 and
100 % for Elphidium selseyense and 2 to 100 % for Elphidium williamsoni (Fig. 2.3). Elphidium
oceanense, Elphidium gerthi and Haynesina depressula were rare.
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Fig. 2.3: Population density (individuals per 10 cm®) of living rose Bengal stained foraminifera
and sediment type from the Japsand area, North Frisian Wadden Sea, Germany. Pie charts show
the proportion of individual species on the living fauna. Pie charts grouped within a rectangle
represent duplicates at the same station where the upper pie chart represents sample 1 and the
lower pie chart represents sample 2. Please note that the vertical axis is clipped and the
horizontal axis is spread for the westernmost samples (St. A, 1, B and 2) for better visualization.

At three of 16 stations, i.e. Hooge, 8 and 4, no living foraminifera could be recovered. The
foraminiferal population density hence varied between 0 and 246 individuals per 10 cm® (Fig.
2.3). The highest standing stock values were recorded at the outer part of Japsand. The
population densities were very low or samples were barren between the luv side and the end of
the lee side of Japsand. From the end of Japsand at the landward side up to Hallig Hooge, the
foraminiferal population densities increased again. The Fisher’s alpha diversity index was
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generally very low and did not exceed 2.0 (Table S2.1). Surprisingly, the index displayed a
distribution pattern matching the foraminiferal population density distribution. This is most
likely due to the low population densities in that only the most frequent species were captured
at the given sample size.

Among the individual species, Ammonia batava was common at the seaward side of the Japsand
(Station A-Station 2) and re-appeared at two stations close to Hallig Hooge (Station D, G).
Elphidium selseyense showed a similar distribution pattern though this species was additionally
present at the landward extension of Japsand (Station 5, 6 and E) and at Station F in the
northernmost part. Elphidium williamsoni showed a trend almost opposite to Ammonia batava
and was found in substantial numbers at two stations only (Station 7 and C), which were located
on the landward side of Japsand. Haynesina germanica sporadically occurred at stations where
muddy fine sand or mud prevailed, and it was more common at the landward Stations D and G
(Fig. 2.3).

Duplicate samples were taken at Stations A-G and analysed separately. The statistical
significance of the similarity of the faunal composition of the duplicates was investigated with
a non-parametric Wilcoxon Mann-Whitney test using the program PAST [58]. The p-values
were all >0.05 (alpha = 5 %), indicating that the species proportions from the duplicates were
not significantly different with a 95 % confidence level. The only exception was Station E with
a p-value of 0.04, which demonstrated that the population of the two replicates at this station
were significantly different from each other.
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2.4.4 Dead foraminiferal assemblage
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Plate 2.2. Selected foraminiferal species from the dead foraminiferal assemblage from the
Japsand area, North Frisian Wadden Sea, Schleswig-Holstein, Germany. 1: Planorbulina
mediterranensis (St. 6). 2: Nonionella crassesuturalis (St. B). 3: Fissurina lucida (St. B). 4:
Elphidium voorthuyseni (St. D). 5: Trochamina inflata (St. 2). 6: Elphidium incertum (St. 8). 7:
Haynesina orbicularis (St. 2). 8: Elphidium waddense (St. 8). 9: Elphidium clavatum (St. D).
10: Elphidium oceanensis (St. D). 11: reworked foraminifera from the Cretaceous, 1la:
Praeglobotruncana sp. (St. 6), 11b: Hedbergella sp. (St. D), 11c: Heterohelix sp. (St. D). 12:
Ammonia aberdoveyensis (St. 2), 12a: spiral side, 12b: umbilical side, 12c: side view. The
locations of the individual stations are indicated on Fig. 2.1b.

The living fauna as described above represents only a snapshot in time, i.e. our sampling during
summer. The dead foraminiferal assemblage is considered a perennial product of multiple
generations, augmented by recent reproduction events and moulded by reworking and
dissolution. In particular, the dead foraminiferal assemblages at Japsand comprised 26 different
species of which 23 species were calcareous whereas only 3 species were agglutinating.
Elphidium represented the most diverse genus with 9 different species (Plate 2.2, Table S2.2).
The most abundant species were Ammonia batava (24%), Haynesina germanica (22.5%),
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Elphidium selseyense (13.8%) and Elphidium waddense (13%) (Fig. 2.4). These species were
found in every sample. Elphidium williamsoni (9.2%) was only the fifth ranked species. In
single samples, E. williamsoni represented more than 50 % of the assemblage (Station 7, Station
C, smp. 1).
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Fig. 2.4: Empty tests per 10 gram sediment of dead foraminifera from the Japsand area, North
Frisian Wadden Sea, Germany. Pie charts show the proportion of individual species on the dead
assemblage. Please note that the vertical axis is clipped and the horizontal axis is spread for the
westernmost samples (St. A, 1, B and 2) for better visualization.

The abundances of empty tests were highest at the seaward side of Japsand with a maximum of
2079 tests per 10 cm® at Station 2 (Fig. 2.4). The test density strongly declined eastwards up to
a minimum of 6 test per 10 cm?® at the landward side of the barrier sand. Similar low values
showed up at Station Hooge (12 empty tests per 10 cm?) (Fig. 2.4).

The Fisher's alpha diversity index was with 4.94 highest at Station Hooge and lowest (2.22) at
Station 1. The highest species richness was recorded at Station D, where 19 different species
were found (Table S2.2).
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2.4.5 Size distribution
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Fig. 2.5: Ranges of maximum test diameter of the most important foraminiferal species from
the Japsand area, North Frisian Wadden Sea, Germany. top: living rose Bengal stained
foraminifera and bottom: dead foraminifera. The vertical bar in the middle of the box represents
the median, the box edges are the first and third quartil (also upper and lower quartil) and the
whiskers represent 1.5 * IQR (Interquartil range = difference between lower and upper quartil).

Biometric measurements were performed to assess the growth state of the populations, and to
identify cohorts of juveniles as indicator of recent reproduction events. The most abundant
species of the living fauna, i.e. E. selseyense, E. williamsoni and A. batava were measured
considering both, living fauna (Fig. 2.5, Fig. 2.6, Additional file 3: Table S2.3) and dead
assemblage (Fig. 2.5, Fig. 2.6, Additional file 4: Table S2.4). The size distributions in terms of
maximum test diameter of living Elphidium selseyense were quite uniform in the individual
samples. According to the Wilcoxon Mann-Whitney test, the populations in duplicate samples
were not significantly different with the exception of Station A. The size distributions of the
dead assemblages were uniform as well (Fig. 2.5).

Elphidium williamsoni yielded a sufficient number of specimens only in three samples. The
individual mean value of these samples was in the range of upper and lower quartile of the other
samples (Fig. 2.5). The size distribution of Station C duplicates were almost identical.
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Living Ammonia batava showed a large scatter in the size distributions of individual samples.
Wilcoxon Mann-Whitney test revealed that the populations of duplicate samples of station A
and C were not significantly different, while Station B and G show significant differences (St.
B: p=0.004, St. G: p=0.03). The size distribution of the dead assemblages showed a large scatter

among individual samples as well (Fig. 2.5).
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Fig. 2.6: Maximum test diameter distribution of the most important foraminiferal species from
the Japsand area, North Frisian Wadden Sea, Germany. top: living rose Bengal stained
foraminifera and bottom: dead foraminifera. Please note the different y-axis scale of A. batava,
living. The interval size of 10 pm resembles the measurement accuracy, i.e. the resolution of
the eyepiece reticle.

Once the biometric data from all samples were merged, Elphidium selseyense showed an
asymmetric distribution in the living fauna, which appeared as a left skewed rather than log-
normal distribution (Fig. 2.5). The size distribution of the entire dead assemblage was almost
symmetrical. The mean value was 271 £54 um and thus substantially higher than in the living
fauna (180 +£54 um) (Fig. 2.6).

Elphidium williamsoni showed a symmetrical size distribution histogram in the combined living
fauna with a mean value of 264 £115 um. In the dead assemblages, E. williamsoni showed
much more scatter around a mean of 289 +80 um (Fig. 2.6). It has to be noted however, that
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the dead specimens from samples taken in July (Stations A through D), were consistently
smaller.

The histogram of the entire Ammonia batava population showed a log-normal distribution
pattern with a high number of small individuals and a low number of large specimens. The
mean value was 165 +65 um. The size distribution of the entire dead assemblage showed a
mean of 274 £66 um. The distribution was almost symmetrical and closely resembled a
Gaussian curve (Fig. 2.6).

The cumulative size distribution of Ammonia batava and Elphidium selseyense were plotted on
a log-probability scale (Fig. 2.7). The data pattern revealed that the living assemblage of both
species was composed of two different subpopulations, each having an individual log-normal
distribution that was displayed by a straight line (Fig. 2.7). The subpopulation of small
specimens ranged from 80 to 120 pum test diameter in E. selseyense and 80-100 um in 4. batava.

2.5 Discussion

2.5.1 Reproductive state of the foraminiferal faunas

Reproductive events in intertidal or near-shore foraminifera may take place several times during
the year [21, 54, 59], mainly depending on or triggered by the availability of fresh food [60,
61]. Even a continuous reproduction throughout the year has been suggested, though with lower
rates during winter [62]. The biometric data of the present study were therefore explored to
assess whether reproduction has recently taken place and how this may have influenced the
assemblage composition.
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Fig. 2.7: Cumulative size distribution of the most abundant foraminiferal species in the living
assemblage from the Japsand area on a log probability scale. A log-normal or normal
distribution is depicted by a straight line [63]. Breaks of their slope indicate the limits of
individual subpopulations [64].

The size distribution of living Ammonia batava and Elphidium selseyense revealed two different
subpopulations, of which the subpopulation of small specimens comprise 18 and 15 % of the
whole population only. If such small specimens were holding the majority of all living
individuals, this may indicate the onset of the reproductive season, which mainly takes place in

the summer months [e.g., 65]. During asexual reproduction, one single foraminifer may produce
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offspring of more than 100 very small juveniles [e.g., 6, 66]. It is evident that such a scaled
phenomenon can strongly influence the living assemblage. Elphidium williamsoni, on the other
hand, showed a straight line on log-probability plot (Fig. 2.7) indicating that only a single
population was present. Reproduction might not have been started, the juveniles were too small
to be captured by a 63-um mesh, or they could have been displaced by currents or tides. At
Station C, sample 1, however, the dead assemblage of E. williamsoni showed 23 well-preserved
specimens very uniform in size, which contained spratty, unstructured remnants of cytoplasm.
The sample has been taken in July. This observation corroborated the assumption that
reproduction of E. williamsoni was just commencing. The mean diameter of living E.
williamsoni was with ca. 263 £51 um slightly lower than 289 +80 um in the dead assemblage.
The mean diameter of dead specimens displays the average size of the individuals when
reproduction usually takes place. As such, the size difference of living and dead specimens
indicates that the specimens would have to grow for some more time before reproduction
maturity is reached. None-the-less, our sampling represents only two surveys in almost nine
weeks and at least bi-weekly sampling is required to constrain the timing of reproductive events
[62, 67].

2.5.2 Comparison of living and dead assemblages

The dead foraminiferal assemblage showed a species richness of 26 that was more than twice
as high as the 10 species recorded in the living fauna. Furthermore, the foraminiferal test
abundance of the dead assemblages exceed the abundance of living specimens by one order of
magnitude, which is a common feature and often reported in the literature [e.g., 39, 68]. General
patterns of abundance were uniform at the seaward side of Japsand in dead assemblages and
living faunas up to Station 3. This similarity was changing on the landward side of Japsand.
Especially at Stations 5 and 6, the dead assemblage showed much higher abundances and
species richness values. This was also mirrored in the Fisher's alpha index, which was close to
the maximum of all diversity index values in the dead assemblage and only slightly above the
minimum of all index values in the living fauna (Table S2.1, Table S2.2).

Ammonia batava was the most abundant species in the living fauna and dead assemblage, even
though its dominance was less pronounced. Haynesina germanica on the other hand, which was
the second ranked species in the dead assemblage, was with a relative abundance of ca. 3 % on
average comparatively rare in the living fauna. Elphidium selseyense was more common in the
living fauna. Elphidium williamsoni was replaced by Elphidium waddense in the dead
assemblage (13%) though still abundant. Several species were found in the dead assemblage
and not found in the living fauna at Japsand.

Single specimens of Fussurina lucida were found in the dead assemblages of samples Station
1, B and 8. This stenohaline species was common in near shore and shelf environments in NW
Europe [69, 70] and was scarcely recorded in intertidal environments of the North Sea [71].
Planorbulina mediterranensis was also found occasionally as single specimens. The species
was preferentially living attached to plants or hard substrates in subtidal waters or turbulent
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shelf environments [e.g., 72-74]. The agglutinating species Jadammina macrescens and
Trochammina inflata were recorded as one or two specimens in some samples. They were
generally associated with salt marsh plants [5, 6, 75]. The Japsand area neither exhibited salt
marshes nor deeper shelf environments. Therefore, these species must have been introduced
into the system via different pathways. The landward side of the Japsand was submerged during
high water and storm floods, and ebb currents may have transported foraminiferal tests from
other parts of the North Sea to the Japsand area [e.g., 76]. These tests accumulated in sheltered
areas, as the landward side of the Japsand [77, 78].

At the Stations 8 and D, Cibicides lobatus was present in the dead assemblage. This species
was living in open marine areas attached to plants, seaweed and hard substrates [79]. Therefore,
it was common in high-energy environments [80-82]. In the western Baltic Sea, small
populations attached to red algae were reported [83]. Alve and Murray [75] suggested that small
populations could enter more sheltered environments with adequate substrates and sufficient
food supply. Therefore, it is conceivable that this species has been displaced to the Japsand area
via currents. It is also possible that some individuals could recruit because the area is
characterized by seaweed and shell fragments, which are adequate substrate for living
Cibicicides lobatulus.

Bucella frigida was recorded at Stations 5, 6 and D. The species is known from water depth
>15 m and colder environments [84], also from Eemian deposits [85-87]. Ammonia
aberdoveyensis was common in the dead assemblage. This species is associated with warmer
temperatures and higher salinities [88]. Many shells of this species found in the dead
assemblages of the Japsand had a dull, whitish surface and the last chamber was often missing.
This points to an alteration process the shells underwent during fossilisation, which in turn may
be seen as an evidence for reworking from older sediments and redeposition, which lead to the
influx of fossil foraminifera into the dead assemblage. This also applies to Cretaceous
foraminifera that were reworked from Pleistocene glacial till, in which they have been
incorporated when glaciers eroded Chalk bedrock [59, 89].

2.5.3 Connectivity of the foraminiferal faunas

Langer et al. [90] and Haake [71] proposed conceptual models for the horizontal distribution of
foraminiferal species along a transect from the shoreline to the open sea, or from mud flats to
sand flats. According to these models, Haynesina germanica and Elphidium selseyense were
distributed nearly equally in all facies. Elphidium williamsoni was common on the mixed flats.
Ammonia batava was restricted to sand flats according to Langer et al. [90], while Haake [71]
found it more common on mud flats but not restricted to this environment. These models do
only partly apply to the Japsand area. Elphidium williamsoni was found to be confined to the
mixed flats (Fig. 2.3). Furthermore, Elphidium selseyense was common in all facies. Ammonia
batava was frequent on the sand flats, common on the mud flat but almost absent on the mixed
flat, which is in agreement with Haake [71] and Langer et al. [90]. Contrary to the conceptual
models, Haynesina germanica was rare on the mixed flats and constituted only a small
proportion of the fauna (Fig. 2.3).
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Fig. 2.8: Population density (individuals per 10 cm?) of living rose Bengal stained foraminifera
from the Japsand area, North Frisian Wadden Sea, Germany and comparative locations at
Helgoland, the Bay of Tiimlau [based on 4] and Schobiill. Pie charts show the proportion of
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Due to the permanent redeposition of intertidal sands and the ubiquitous lateral displacement
of foraminiferal tests, as explained above, it is necessary to assess the connectivity between
different foraminiferal faunas in a wider geographical range. Helgoland inner port represents a
first stage from the open sea to a more sheltered environment. The fauna showed several
foraminiferal species that were normally found at greater depths around the island (e.g.,
Hopkinsina pacifica). The dominant species was Elphidium selseyense (58 %). Ammonia
batava, Ammonia tepida and Haynesina germanica were rare (Fig. 2.8, Table S2.5).
Agglutinating littoral species were not found. A connectivity between Helgoland and Japsand
was clearly visible in the presence of Elphidium selseyense, Ammonia batava and Haynesina
germanica even though proportions of the species were shifting towards a dominance of
Ammonia batava (57.1 %) on the expense of Elphidium selseyense (22 %) (Fig. 2.8). Deep
water species were not present anymore, but agglutinating species were in minority, which was
due to the sandy environment and the strong hydrodynamics at Japsand [78]. Furthermore,
Elphidium williamsoni appeared, which marked a first connection to the higher, intertidal
environments.
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The next step on the way from the open North Sea to the mainland is the Bay of Tiimlau, near
Westerhever [4]. The most common species in samples with a sand content of more than 40 %
(see Table S2.6) from this area was Haynesina germanica (90.2 %). Ammonia batava,
Elphidium selseyense (Elphidium excavatum in [4]) and Elphidium williamsoni were present
with much lower proportions. This fauna was linking not only to Japsand but also to the tidal
flats at Schobiill (Fig. 2.8, Table S2.7).

The marginal mudflats before the indigenous saltmarsh at Schobiill depicted that the connection
between the different environments can be tracked further. The connecting species were
Haynesina germanica (73 %) and Elphidium selseyense (4 %) (Fig. 2.8). Ammonia batava was
replaced by Ammonia tepida (17 %), and Elphidium williamsoni disappeared, though it was
occasionally found in the salt marsh here [6].

2.6 Conclusions

Ammonia batava was the most abundant species in the living fauna and dead assemblage at
Japsand. Elphidium selseyense was more common in the living fauna. Haynesina germanica
was rare in the living fauna but frequent in the dead assemblage. Elphidium williamsoni was
common in the living fauna but rare in the dead assemblage. Elphidium waddense was only
found in the dead assemblage. It is conceivable that the high proportions of living Ammonia
batava and Elphidium selseyense were effected by reproduction. The size distribution curves of
both species indeed provided corroborating evidence that reproduction had recently taken place,
whereas reproduction of Elphidium williamsoni had probably just started (Fig. 2.5 and 2.6).
Several species were found in the dead assemblage and not found in the living fauna. Those
species have been reported from other areas of the North Sea and North Atlantic. As they were
comparatively rare, they were probably displaced to the Japsand area via tidal currents. Recent
distribution and preservation of Bucella frigida and Ammonia aberdoveyensis revealed their
reworking from older sediments. Therefore, fossil foraminifera could have a certain influence
on the structure of the dead assemblage. An ubiquitous lateral displacement of foraminiferal
tests at short distance certainly prevailed on Japsand, as evidenced by the uniform assemblage
composition of the dead assemblages, and the same size distribution of empty tests of different
species.

The conceptual model of Haake [71] and Langer et al. [90] on the distribution of sublitoral
foraminifera was confirmed in the present study, with the exception of Elphidium williamsoni.
It is a matter of further investigations whether this may be due to the specific ecological
requirements of this species, as it holds and sequesters chloroplasts [91, 92].

A connection between the open North Sea environment and the mainland can be tracked in the
living fauna of benthic foraminifera (Fig. 2.8). Species depicting this link at most were
Haynesina germanica, Ammonia batava and different Elphidium species. They are known to
have a wide range of distribution and also an excellent ability of adapting to different
environments [93-95] thus, they can be classified as opportunistic species. While major vectors
for the transoceanic transport of foraminifera were ships’ ballast water [96—-98] or the digestive
pathway of fish [99, 100], the proliferation of foraminifera and their propagules in intraoceanic
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settings like the North Sea was mainly effected by suspended load via currents and tides [76,
101]. Our results indicated that the latter of the before mentioned processes were dominant
environmental factors shaping in particular the dead foraminiferal assemblages in the Japsand
area.

31



Scientific Chapter I

2.7 Supplementary information

Additional file 3: Table S2.3. Biometric measurements of the most important foraminiferal
species from the living fauna, Japsand, German Wadden Sea.

Additional file 4: Table S2.4. Biometric measurements of the most important foraminiferal
species from the dead assemblage, Japsand, German Wadden Sea.

2.8 Availability of data and materials

All data generated or analysed during this study are included in this chapter and its appendices
or are available in the online version of the published manuscript at
https://hmr.biomedcentral.com/articles/10.1186/s10152-021-00551-2#Sec16 (Additional file 3
and 4).
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2.11 Appendix
2.11.1 Appendix 1. Foraminiferal reference list and taxonomic notes.

Taxonomy of benthic foraminifera identified in this study. Genera and species are listed in
alphabetical order. The type references were retrieved from the Ellis and Messina [ 1] catalogue.
Emphasis was given to publications on North Sea foraminifera for species determination.
Papers on genetic-morphological investigations of Ammonia and Elphidium species were also
considered. If possible, at least one reference to a high-quality image in a recent publication is
provided for each species.

Ammonia aberdoveyensis Haynes 1973 [2], p. 184, fig. 38, nos. 1-7, pl. 18, fig. 15. “Ammonia
beccarii var. aberdoveyensis [3], p. 56, fig. 18., nos. A-C. Horton and Edwards [4] (, p.
70, pl. 3, figs. 10a-c. “Ammonia sp. T2 Bird et al. [5], p. 19, fig. 2., nos. CK02, CK28,
CK69, LK74. Note: most specimens are dull and corroded, and the last chamber is often
missing. The spiral side of the biconvex test is shallow conical, the sutures are oblique
and slightly raised. The straight sutures on the umbilical side show narrow incisions close
to the umbilicus where the chamber extensions are raised and thickened. A small
umbilical knob is present in many specimens giving the umbilical area a stellate
appearance. Our specimens from Japsand are very similar to the T2b cryptic species of
[5], while this genotype has not been recorded in the North Sea to date. The umbilical
area of our specimens is similar to Ammonia catesbyana [6] reported from the southern
North Sea by Langer et al. [7], even though the spiral side of the latter is rather flat than
conical, and their outline is lobate rather than as smooth as in 4. aberdoveyensis.

Ammonia batava (Hotker) = Streblus batavus Hotker 1951 [8], p. 498, figs. 335, 340, 341.
“Streblus batavus* Haake [9], p. 52, pl. 6, figs. 6-12. Langer et al. [7], p. 90, pl. 1, figs.
8-13. Schonfeld et al. [10], fig. 2a, pl. 1, figs. 1-3, 14-17, 31-34. Miiller-Navarra et al.
[11], p. 74, fig. 3, nos. 15, 16. Note: the species is common in the North Sea. Their test is
compressed biconvex. The last chambers are inflated in adult specimens and may be
separated by a fissure from the penultimate whorl where the sutures are raised on the
spiral side. A distinct umbilical knob is surrounded by thickened and pointed chamber
extensions, which is a diagnostic character of this species. The genotype T3S has been
assigned to 4. batava by Bird et al. [5].

Ammonia tepida (Cushman) = Rotalia beccarii var. tepida Cushman 1926 [12], p. 79, pl. 1.
Hayward et al. [13] p. 353, pl. 1, figs. 1-8. Hayward et al. [14], p. 264, pl. 2-4, fig. T.
“Ammonia beccarii* Polovodova et al. [15], p. 141, pl. 1, figs. 1-4. ”Phylotype T6”
Richirt et al. [16], fig. 7, no. Ai052. Note: the specimens from Japsand show
morphological features of both, T1 and T6 genotypes, in particular raised or flush sutures,
a narrow or wide umbilicus. These features are not developed in a consistent manner in
that a secure distinction between both varieties would be possible. Therefore, the species
name Ammonia aomoriensis [17], which has been used for T6 [18], cannot be applied
here [5]. The pore size is, however, diagnostic for a morphological distinction of T1 and
T6 genotypes [16, p. 85]. This feature cannot be resolved by light microscopy, and not
every specimen can be examined under the SEM. As the Japsand specimens are
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morphologically in reasonable good agreement with A. tepida locotypes, we keep with
this more generally used species name [e.g., 19, p. 295].

Ammoscalaria runiana (Heron-Allen and Earland) = Haplophragmium runiana Heron-Allen
and Earland 1916 [20], p. 224, pl. 40, figs. 15-18. Kripner [21], p. 21, pl. 2, figs. 1-15.
Lutze [22], p. 91, pl. 11, figs. 1-18, pl. 15, figs. 18-20. Murray and Alve [23], p. 25, fig.
15, nos. 2-5. Nordberg et al. [24], pl. 1, fig. j. Note: the chambers are rather indistinct and
they rapidly increase in diameter, leaving the central area depressed. A detachment of the
last chambers was only observed in one specimen from Japsand.

Bolivina earlandi Parr 1950 [25], p. 339. Gabel [26], pl. 14, figs. 32, 33. “Brizalina earlandi‘
Kiippers [27], p. 129, pl. 5, figs. 13a, b. Note: Despite the findings of Gabel [26] and
Kiippers [27], Bolivina earlandi was not recorded in the North Sea, Channel and adjacent
northeastern Atlantic northward of Ria de Vigo, Spain [28]. The species was particularly
reported from cold seep sediments and oil production sites [29-31].

Bolivina pseudoplicata Heron-Allen and Earland 1930 [32], p. 81, pl. 3, figs. 36-40. Gabel [26],
pl. 14, figs. 38, 39. Kiippers [27], p. 125, pl. 5, figs. 8-11. Murray [33], p. 19, fig. 5, no.
17.

Bolivina pseudopunctata Hoglund 1947 [34], p. 273, pl. 24, fig. 5, pl. 32, figs. 23, 24. Hotker
[35], p. 241, pl. 4, fig. 24. “Brizalina pseudopunctata” Kiippers [27], p. 130, pl. 5, fig. 14.
“Bolivinella pseudopunctata” Gustafsson and Nordberg [36], p. 11, pl. 1, fig. 3. Note: the
specimens from Helgoland harbour are smaller than those from Gullmar fjord. The
twisted, irregular shape and coarse pores at the lower part of the chamber walls
discriminate this taxon from other Bolivina species [37].

Buccella frigida (Cushman) = Pulvinulina frigida Cushman 1922 [38], p. 12, fig. 144. Haake
[9], p. 44, pl. 4, figs. 3-6. Feyling-Hansen et al. [39], p. 253, pl. 8, figs. 12-14. Schroeder-
Adams et al. [40], p. 24, pl. 8, figs. 10,11.

Buliminella elegantissima (d’Orbigny) = Bulimina elegantissima d’Orbigny 1839 [6], p. 51, pl.
7, figs. 13, 14. Haake [9], p. 34, pl. 2, figs 1,2. Murray [3], p. 41, fig. 11, nos. K, L.
“Buliminella borealis* Miiller-Navarra et al. [11], p. 74, fig. 3, no. 10. Note: Haynes [2]
recognised a difference between a spruce-cone shaped North Atlantic and a spindle-
shaped Pacific morphotype. The latter is resembling d’Orbigny’s [6] species concept.
Buliminella borealis was consequently established as new species confined to the Atlantic
realm. However, specimens from the Peruvian Oxygen Minimum Zone [e.g., 41, fig.
12.17], are almost identical in shape to the holotype of B. borealis from Caernavon Bay,
Wales. Furthermore, Haake [9] recognised both end member morphologies in the same
population on tidal flats off Langeoog, southern North Sea. We therefore consider B.
borealis as junior synonym of Buliminella elegantissima.

Cassidulina laevigata d’Orbigny 1826 [42], p. 282, pl. 15, figs. 4, 5. Feyling-Hansen et al. [39],
p. 246, pl. 7, figs. 20,21, pl. 18, fig. 12. Schiebel [37], p. 39, pl. 2, fig. 11. Murray [33],
p. 21, fig. 6, nos. 8-10.
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Cibicides lobatulus (Walker and Jacob) = Nautilus lobatulus Walker and Jacob 1798 [43], p.
642, pl. 14, fig. 36. Haynes [2], p. 173, pl. 20, figs. 1-2, fig. 35, nos. 4-10. Horton and
Edwards [4], p. 72, pl. 3, figs. 14a-c. Kiippers [27], p. 152, pl. 7, figs. 1-3.

Eggerelloides scaber (Williamson) = Bulimina scabra Williamson 1858 [44], p. 65, pl. 5, figs.
136, 137. “Eggerella scabra“ Jarke [45], p. 27, pl. 1, figs. Sa-c. “Eggerelloides scabrum *
Haynes [2], p. 44, pl. 2, figs. 7, 8, pl. 19, figs. 10, 11, fig. 8, nos.1-4. ,,“Eggerella scabra‘**
de Nooijer [46], pl. 2, fig. B. Note: Eggerelloides scaber is common in the southern North
Sea [45], at depths below 20 m [cf. 47], and where the salinity is higher than 24 units
during most of the year [48].

Elphidium albiumbilicatum (Weiss) = Nonion pauciloculum Cushman subsp. albiumbilicatum
Weiss 1954 [49], p. 157, pl. 32, figs. 1, 2. “Nonion depressulum forma
asterotuberculatum‘ Haake [9], p. 41, pl. 3, fig. 5. “Cribrononion asklundi* Lutze [22],
p. 104, pl. 15, fig. 42. Alve and Murray [50], p. 191, pl. 1, figs. 12, 13. Polovodova et al.
[15], p. 141, pl. 1, figs. 17-19. Note: a few, faint bundles of pustules forming chamber
projections are bridging the sutures between later chambers. The sutures are markedly
curved and incised until close to the margin, whereas the sutural depressions of Haynesina
orbicularis are rather straight and terminate in the middle of the chambers. The similar
species Elphidium magellanicum Heron-Allen and Earland [51] shows commonly five
instead of seven to eight chambers as in E. albiumbilicatum. Their tests are more
compressed that in the latter species.

Elphidium clavatum Cushman = Elphidium incertum var. clavatum Cushman 1930 [52], p. 20,
pl. 7, fig. 10. “Cribrononion excavatum clavatum* Lutze [22], p. 96, pl. 15, figs. 40, 41.
“Elphidium excavatum forma clavata“ Miller et al. [53], p. 124, pl. 1, figs. 5, 6, pl. 2, figs.
3-8, pl. 3, figs. 3-8, pl. 4, figs. 1-6, pl. 5, figs. 4-8, pl. 6, figs. 1-5. “Elphidium excavatum
clavatum‘* Schonfeld and Numberger [54], p. 57, pl. 1, figs. 7-9. Darling et al. [55], p. 16,
fig. 3-F, no. S4. Note: the circular structure of chamber projections and a knob in the
umbilicus is diagnostic for this stout Elphidium. The higher thickness/diameter ratio of
ca. 0.5-0.6 discriminates it from Elphidium excavatum [56], which is with ca. 0.4-0.5
slightly more compressed [22]. Both taxa were considered as subspecies based on their
different habitats and distribution pattern in the western Baltic Sea [57]. This view has
been corroborated by genetic investigations [18]. The dissimilarity to other Elphidium
genotypes even justifies the consideration of E. clavatum as individual species [55],
which is followed herein.

Elphidium gerthi van Voorthuysen 1957 [58], p. 32, pl. 23, fig. 12. Haake [9], p. 46, pl. 5, fig.
10. “Cribrononion cf. gerthi* Kripner [21], p. 17, pl. 1, figs. 21-24. Feyling-Hansen et al.
[39], p. 274, pl. 11, fig. 14. Nikulina et al. [59], p. 46, pl. 1, figs. 16, 17. Note: the small
size, numerous chambers and dense sutural pits, and an umbilical boss or a depression
with glossy calcite are diagnostic for this species.

Elphidium incertum (Williamson) = Polystomella umbilicatula var. incerta Williamson 1858
[44], p. 44, pl. 3, fig. 82a. “Cribrononion incertum* Lutze [22], p. 103, pl. 21, figs. 43-
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44. Haynes [2], p. 199, pl. 22, fig. 6, pl. 24, figs 14-16, pl. 28, figs. 8, 9. Horton and
Edwards [4], p. 76, pl. 4, figs. 18 a, b. Darling et al. [55], p. 17, fig. 3/B, no. S6. Schonfeld
[60], p. 388, pl. 1, figs. 1-3, 6-15. Note: the test is rather compressed and shows narrow
sutural furrows that are bridged by a few bundles of pustules commonly recognised as
chamber extensions. Thereby, they create elongated, slit-like sutural pits. The chamber
projections form a circular, shield-alike structure around the umbilicus. Both features are
diagnostic for E. incertum.

Elphidium margaritaceum (Cushman) = Elphidium advenum (Cushman) var. margaritaceum
Cushman 1930 [52], p. 25, pl. 10, figs. 3a, 3b. Haake [9], p. 49, pl. 5, fig. 11. van
Voorthuysen [61], p. 45, pl. 4, figs 7a, b. Kiippers [27], p. 195, pl. 9, figs. 4, 5.

Elphidium oceanensis d’Orbigny = Polystomella oceanensis d'Orbigny 1826 [42], p. 285, no.
8. “Elphidium gunteri* Haake [9], p. 48, pl. 5, figs. 3, 4. “Elphidium gunteri* Richter
[62], p. 345, fig. 7. Alve and Murray [50], p. 190, pl. 1, figs. 14, 15. Austin [63], fig. 6.12
no. 5. Camacho et al. [64], p. 27, fig. 5, nos. 19-21. “Elphidium oceanense* Darling et al.
[55], p. 20, fig. 3/F, no. S3. Note: Elphidium gunteri Cole [65] is considered a junior
synonym of E. oceanensis [3, p. 52].

Elphidium selseyense (Heron-Allen and Earland) = Polystomella striatopunctata var.
selseyensis Heron-Allen and Earland 1911 [66], p. 448. Haake [9], p. 49, pl. 5, fig 15, pl.
6, fig. 1-5 (pars). Hofker [35], p. 257, pl. 8, figs. 8, 9, pl. 9, fig. 1. “Elphidium excavatum
selseyense’ Langer et al. [7], p. 90, pl. 2, figs. 19-21. “Elphidium excavatum* Miiller
Navarra et al. [11], p. 74, fig. 3, nos. 17-19. Darling et al. [55], p. 17, fig. 3/F, no. S5.
Note: The test is flat, the outline lobate and the chambers are inflated. The sutures are
curved backwards and show a few septal bars on later chambers. The depressed umbilical
area is covered with pustules and granules. Elphidium selseyense has been considered as
one of five ecophenotypes of Elphidium excavatum [56], which is linked to the other
formae in an intergradational series [53]. None-the-less, distinct distributional patterns
provided evidence for a discrimination of these formae on subspecies or species level
[e.g., 62, p 352 ff.]. While E. selseyense is frequent on near shore sands, the genuine E.
excavatum is found at greater depths in the North Sea [10, 27]. The latter species shows
no granules in the umbilical area but thin, pointed chamber extensions [67].

Elphidium voorthuyseni Haake 1962 [9], p. 50, pl. 5, figs 6, 7. “Elphidium sp.* Darling et al.
[55], p. 18, fig 3/B, no. S14. Note: The test shows 8-10 chambers and is very flat, the
outline is almost smooth. The sutures are slightly curved and sharply turning backwards
close to the margin. They show 3 — 5 sutural pits that are very small and indistinct. The
umbilicus is almost closed and surrounded by cuspid chamber projections. Haynes [2]
examined locotypic specimens and did not recognise a distinctive difference to E.
incertum, even though the latter is characterised by slit-like sutural openings and a
shielded umbilicus. The very similar and yet formally undescribed Elphidium sp. was
only recorded around Scotland and assigned to genotype S14 [55].

Elphidium waddense van Voorthuysen 1951 [68], p. 25, pl. 2, figs. 16a, b. “Elphidium
selseyense’ Haake [9], pl. 5, figs. 12-14 (pars, “Extremform 1°). Haynes [2], p. 206, pl.
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24, figs. 4, 10. Hofker [35], p. 259, pl. 9, fig. 6. “Elphidium excavatum forma selseyensis*
Kiippers [27], p. 186, pl. 8, figs. 10a, b. Note: This species has been confused with E.
selseyense in the literature, though the tests are rather discoidal than flat with a depressed
umbilicus. They are generally smaller than E. selseyense, the sutures are less curved and
less depressed, the umbilical area shows either a glassy boss or numerous small granules.
The umbilical area and earlier chambers often appear rough or frosty. It has to be noted
that SEM images of Elphidium lidoense Cushman [69], applied to genotype S13 [55],
depict an umbilical structure very similar to E. waddense but show no septal bars as the
latter.

Elphidium williamsoni Haynes 1973 [2], p. 207, pl. 27, fig. 7, pl. 25, figs. 6, 9, pl. 27, figs. 1-3.
“Elphidium excavatum* Haake [9], p. 47, pl. 5, fig. 5. “Elphidium excavatum’ Richter
[62], p. 345, figs. 3, 4. “Cribrononion cf. alvarezianum‘ Lutze [22], p. 101, pl. 15, fig.
46. Langer et al. [7], p. 90, pl. 2, figs. 22-25. Darling et al. [55], fig. 3/A, no. S1. Miiller-
Navarra et al. [11], p. 74, fig. 3, nos. 20, 21. Roberts et al. [70], p. 8, fig. 2, nos. A-F.
Note: Roberts et al. [70] studied and sequenced type specimens and topotypic material as
well as syntype specimens of Polystomella umbilicatula Walker and Jacob [43]. Even
though the assemblage from the type locality showed a wide morphological variety, a
particular combination of morphological characters allowed a secure discernation from
the co-occurring E. clavatum and E. selseyense. Genotype S1 has been assigned to E.
williamsoni by Darling et al. [55].

Fissurina lucida (Williamson) = Entosolenia marginata var. lucida Williamson 1848 [71], p.
17, pl. 2, fig. 17. Haake [9], p. 38, pl. 2, figs. 11, 12. Hofker [35], p. 239, pl. 4, fig. 17.
Gabel [26], pl. 15, figs. 34, 35. Note: Kiippers [27] recognised a continuous range of
variability between F. lucida and Fissurina laevigata Reuss [72] morphotypes and
therefore considered the latter as variant of F. lucida. Specimens from tidal flats are about
half the size as specimens from deeper waters in the North Sea.

Haynesina depressula (Walker & Jacob) = Nautilus depressulus Walker and Jacob 1798 [43],
p. 641, pl. 14, fig. 33. “Nonion umbilicatulum* Haake [9], p. 41, pl. 3, figs. 3, 4. “Nonion
depressulus Haynes [2], p. 209, pl. 22, figs. 8-11, pl. 29, fig. 9, fig. 44, nos. 1-3. “Nonion
depressulus Horton and Edwards [4], pl. 4, figs. 22a, b. “Nonion depressulum‘ Hofker
[35], p. 254, pl. 8, fig. 3. Darling et al. [55], p. 21, fig. 3/G, no. S17. Note: The tests of H.
depressula are rather compressed, the margin is acute rather than broadly rounded as in
Haynesina germanica [73], and the depressed umbilical area is covered with small
granules. The species has been assigned to Haynesina by Banner and Culver [74] due to
its possession of short, intercameral lacunae. Genetic data group H. depressula specimens
to a separate clade G, with a marked difference to another clade C with H. germanica
[55]. Therefore, the genus Haynesina could be polyphyletic.

Haynesina germanica (Ehrenberg) = Nonionina germanica Ehrenberg 1840 [75], p. 23.
“Nonionina germanica‘ Ehrenberg [73], pl. 2, figs. 1a-g. “Nonion depressulum‘ Haake
[9], p. 40, pl. 3, figs. 1, 2. “Protelphidium anglicum* Haynes [2], p. 216, pl. 22, figs. 15,
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16, pl. 23, figs. 1, 2, pl. 27, figs 6-9. Langer et al. [7], p. 90, pl. 2, figs. 14-18. 12-14.
Darling et al. [55], p. 21, fig. 3/C, no. S16. Miiller-Navarra et al. [11], p. 74, fig. 3, nos.
Note: The shape is highly variable. Most tests are planspiral involute, some are evolute
[e.g., 62, fig. 1]. The umbilicus is depressed or shows an umbilical boss on both sides,
which is created by earlier chambers [e.g., 11, fig. 3 no. 13] and oblique coiling [e.g., 60,
pl.1, fig. 23]. Later chambers may be slightly inflated or flush. Minute pustules cover the
umbilicus, extend into the intercameral lacunae [e.g., 11, fig. 3 no. 12], and may cover
the apertural face of the final chamber [76].

Haynesina orbicularis (Brady) = Nonionina orbiculare Brady 1881 [77], p. 415, pl. 21, fig. 5.
“Protelphidium orbiculare’ Feyling-Hanssen et al. [39], p. 289, pl. 14, figs. 8-11, pl. 24,
figs. 6-8. Schroder-Adams et al. [40], p. 32, pl. 8, fig. 9. Pillet et al. [78], p. 13, pl. 1, figs.
E-H., Liibbers and Schonfeld [79], pl. 2, figs. 4a-c. Note: the specimens from Japsand are
rather small, thin-shelled, and much thicker than H. germanica in the same samples. The
last whorl shows 4-6 instead of 8-11 chambers as in H. germanica. The inflated chambers
rapidly increase in size as added [e.g., 79, pl. 2, fig. 4b]. The umbilical area and sutural
depressions are covered by small pustules [e.g., 78, pl. 1 fig. F]. This feature, and the low
number of chambers is also recognised in Elphidium magellanicum Heron-Allen and
Earland [51] but their tests are much more compressed than H. orbicularis.

Hopkinsina pacifica Cushman 1933 [80], p. 86, pl. 8, fig. 16. “Spiroloxostoma sp.* — Moodley
[81], p. 60, pl. 1, figs. 1-3. Alve and Murray [82], pl. 2, fig. 10. “Hopkinsina atlantica
Debenay et al. [55], pl. 4, fig. 14. de Nooijer [46], pl. 1, fig. J. Note: Cushman [83]
introduced a new, atlantica variety of Hopkinsina pacifica by the disjunct distribution of
tropical Pacific and Atlantic New England coast, and because the Atlantic specimens
showed smaller, twisted and compressed tests with more oblique sutures. In the living
assemblage from the North Sea off Helgoland [10], any transitions between twisted and
compressed tests with oblique sutures and more cylindrical tests with straight sutures
were recognised. The cylindrical tests were even smaller than the compressed tests. We
therefore consider the atlantica variety of cylindrical specimens with straight sutures as
an endmember in the range of morphological variability of H. pacifica.

Jadammina macrescens (Brady) = Trochammina inflata var. macrescens Brady 1870 [84], p.
290, pl. 11, figs. Sa-c. “Jadammina polystoma‘ Haake [9], p. 31, pl. 1, figs. 7-9. Lehmann
[85], p. 133, pl. 5, figs. 1, 2. Horton and Edwards [4], p. 66, pl. 1, fig. 4. Miiller-Navarra
et al. [11], p. 74, fig. 3, nos. 4, 5. Note: The compressed test, supplementary, tubular
apertures on the areal face, the smooth test wall, in which planar agglutinated grains flush
with the surface, the almost closed umbilicus and comparatively long, later chambers
discriminate this species from Balticammina pseudomacrescens Bronnimann, Lutze and
Whittaker [86] or Trochamminita irregularis Cushman and Bronnimann [87].

Labrospira jeffreysii (Williamson) = Nonionina jeffreysii Williamson 1858 [44], p. 34, pl. 3,
figs. 72, 73. Hoglund [34], p.146, pl. 11, fig. 3. “Cribrostomoides jeffreysi Kiippers [27],
p. 40, pl. 2, fig. 3. “Cribrostomoides jeffreysii‘ Murray [33], p. 11, fig. 2, no. 5.

Morulaeplecta bulbosa Hoglund 1947 [34], p. 165, pl. 12, fig. 2, text-figs. 142a, b. Murray [33],
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p. 13, fig. 3, nos. 4, 5. Note: The specimens are very small and the test wall is rather
fragile. Fragments may easily be mixed with Textularia earlandi Parker [88]. Therefore,
this species is probably scarcely recorded.

Nonion pauperatus (Balkwill and Wright) = Nonionina pauperata Balkwill and Wright 1885
[89], p. 353, pl. 13, figs. 25, 26. “Nonion pauperatum “ Haake [9], p. 42, pl. 3, figs. 6, 7.
“Nonion pauperatum “ Gabel [26], pl. 12, figs. 14, 15. “Nonion (Florilus) pauperatum *
Haynes [2], pl. 22, figs. 13, 14, pl. 23, fig. 4, fig. 44, nos. 4-7. Murray [33], p. 24, fig. 9,
no. 1.

Nonionella crassesuturalis van Voorthuysen 1958 [90], p. 23. Hofker [35], p. 254, pl. 8, fig. 2.
Note: The specimens from Japsand are only half the size as those reported from the
Netherlands.

Paratrochammina (Lepidoparatrochammina) haynesi (Atkinson) = Trochammina haynesi
Atkinson 1969 [91], p. 529, pl. 6, figs. 1a—c. “Trochammina haynesi‘“ Haynes [2], p. 35,
fig. 6. Murray and Alve [92], p. 26, fig. 15, nos. 13, 14. Dorst and Schonfeld [93], p. 173,
fig. 2, no. 1, fig. 9, no. 5, fig. 10, no. 4.

Patellina corrugata Williamson 1858 [44], p. 46, pl. 3, figs. 86-89. Haake [9], p. 43, pl. 3, fig.
9. Kiippers [27], p. 83, pl. 4, figs. 5a-c. Murray [33], p. 24, fig. 9, nos. 6, 7.

Planorbulina mediterranensis d’Orbigny 1826 [42], p. 280, pl. 14, figs. 4-6. Jarke [45], pl. 4,
figs. la-c. Kiippers [27], p. 155, pl. 7, fig. 6. Murray [33], p. 24, fig. 9, no. 8. Mendes
[94], p. 193, pl. 4, figs. 1a-j. Note: The specimens from Japsand are very small and depict
the early ontogenetic phase [e.g., 94, plate 4, figs. 1d-f].

Quinqueloculina seminulum (Linné) = Serpula seminulum Linné 1758 [95], p. 786.
“Quinqueloculina seminula” Jarke [45], p. 27, pl. 1, fig. 6. Hofker [35], p. 234, pl. 3, fig.
3. “Quinqueloculina sp.* de Nooijer [46], pl. 1, fig. L. Note: This species is abundant in
the southern North Sea at salinities of >24 permil [35,45]. The elongated elliptical and
triangular shape, and the rounded chambers with thick walls discriminate Q. seminulum
from other Quinqueloculina species.

Stainforthia fusiformis (Williamson) = Bulimina pupoides d'Orbigny var. fusiformis
Williamson 1858 [44], p. 63, pl. 5, figs. 129-130. Gooday and Alve [96], figs. 3, 4, pl. 1,
figs. H-L, pl. 3, figs. A-J. Alve [97], fig. 1.

Trochammina inflata (Montagu) = Nautilus inflatus Montagu 1808 [98], p. 81, pl. 18, fig. 3.
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p. 141, pl. 4, figs. 10, 11. Miiller-Navarra et al. [11], p. 74, fig. 3, nos. 4, 5.
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2.11.2 Appendix 2: Tables.
Table S2.1: Foraminiferal census data of the living fauna, Japsand, German Wadden Sea.

Station A A 1 B B 2
Sample 1 2 1 1 2 1
Sampling date 29.07.19 29.07.19 29.05.19 29.07.19 29.07.19 29.05.19
Latitude 54°34.28.3'N  54°34.28.3'N  54°34.28.8'N  54°34.35.5'N  54°34.35.5'N  54°34.28.3'N
Longitude 8°27.52.0E 8°27.52.0'E 8°27.54.TE 8°27.57.1'E 8°27.57.1'E 8°27.56.3'E
Transect Distance (m) 0 0 45 50 50 77.4
Floatate / total residue: floatate floatate total residue  total residue  total residue floatate
Size fraction (um): 63-2000 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive alive alive alive alive alive alive
Ammonia batava 11 7 35 452 163 10
Elphidium gerthi

Elphidium selseyense 23 15 19 40 32 52
Elphidium williamsoni 1 1
Elphidium oceanense 2

Haynesina germanica 5 5 8

Haynesina depressula 1
Bulliminella elegantissima 1

Saccammina sp. 1
Eggerelloides scaber 1
Total: 36 22 60 499 203 66
Species no.: 3 2 4 5 3 6
Split (n): 1 1 1 1 1 1
Sample volume (cm?): 22 24 23 20 22 24
Abundance (tests/10 cm?): 16 9 27 246 91 27
Fisher alpha diversity 13 0.5 13 0.6 0.5 2.0
index:

Species richness: 3 2 4 5 3 6
Salinity: 34 34 30.3

Temperature (°C): 21.1 21.1 21.6

Table S2.1 Continued.

Station F F 3 4 5 6
Sample 1 2 1 1 1 1
Sampling date 30.07.19 30.07.19 29.05.19 29.05.19 29.05.19 29.05.19
Latitude 54°35.08.0'N  54°35.08.0'N  54°34.27.5'N  54°34.23.5'N  54°34.20.7N  54°34.18.9'N
Longitude 8°28.58.0E  8°28.58.0'E  8°28.02.2'E  8°28.16.0'E  8°28.194'E  8°28.22.9'E
Transect Distance (m) 90 90 183.6 441 513 583.2
Floatate / total residue: floatate floatate floatate floatate floatate floatate
Size fraction (pm): 63-2000 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive alive alive alive alive alive alive
Ammonia batava 5 1

Elphidium gerthi 1

Elphidium selseyense 12 3 1 26

Elphidium williamsoni
Elphidium oceanense
Haynesina germanica
Haynesina depressula
Bulliminella elegantissima
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Saccammina sp.
Eggerelloides scaber

Total:

Species no.:

Split (n):

Sample volume (cm®):
Abundance (tests/10 cm?):
Fisher alpha diversity
index:

Species richness:

Salinity:

Temperature (°C):

17

22

0.8

31.6
24.7

— D

24

0.5

31.6
24.7

0.4

31.5
22.8

—_ o O

26

29

0.6

Table S2.1 Continued.

Station

Sample

Sampling date
Latitude

Longitude

Transect Distance (m)
Floatate / total residue:
Size fraction (um):
Species dead/alive

7
1
29.05.19
54°34.14.9'N
8°28.40.2'E
990
floatate
63-2000
alive

E
1
30.07.19

54°34.33.1'N  54°34.33.1'N

8°29.07.9'E
1330
floatate
63-2000
alive

E
2
30.07.19

8°29.07.9'E
1330
floatate
63-2000
alive

C
1
30.07.19
54°34.06.5'N
8°29.10.5'E
1490
floatate
63-2000
alive

C
2

30.07.19

8
1

29.05.19

54°34.06.5'N  54°33.56.2'N

8°29.10.5'E

1490
floatate
63-2000

alive

8°29.54.7E

2320
floatate
63-2000

alive

Ammonia batava
Elphidium gerthi
Elphidium selseyense
Elphidium williamsoni
Elphidium oceanense
Haynesina germanica
Haynesina depressula
Bulliminella elegantissima
Saccammina sp.
Eggerelloides scaber

11

112

88

2

Total:

Species no.:

Split (n):

Sample volume (cm®):
Abundance (tests/10 cm?):
Fisher alpha diversity
index:

Species richness:

Salinity:

Temperature (°C):

11

29

0.4

38.1
26.3

22

0.8

38.1
26.3

112

23
48

0.2

&9

15
58

0.4

40.3
19.4

Table S2.1 Continued.

Station
Sample
Sampling date

D
1
30.07.19

D
2
30.07.19

53

G
1
30.07.19

G
2
30.07.19

Hooge

29.05.19

Total
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54

Latitude 54°33.47.4N  54°33.47.4'N  54°33.56.4N  54°33.56.4'N  54°34.11.0'N
Longitude 8°30.274'E  8°30.27.4'E  8°30.58.6'E  8°30.58.6'E  8°31.16.3'E
Transect Distance (m) 2950 2950 3460 3460 3700
Floatate / total residue: total residue  total residue floatate floatate floatate
Size fraction (um): 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive alive alive alive alive alive
Ammonia batava 18 22 15 13 754
Elphidium gerthi 1
Elphidium selseyense 40 27 4 5 303
Elphidium williamsoni 214
Elphidium oceanense 2 5
Haynesina germanica 6 2 4 7 38
Haynesina depressula 1
Bulliminella elegantissima 1 2
Saccammina sp. 1
Eggerelloides scaber 1
Total: 67 51 23 25 0 1320
Species no.: 5 3 3 3 0 10
Split (n): 1 1 1 1 1
Sample volume (cm®): 25 25 28 28 17
Abundance (tests/10 cm?): 27 21 8 9
Fisher alpha diversity index: 1.7 0.7 1.0 0.9
Species richness: 5 3 3 3
Salinity: 324 324 37.7 37.7
Temperature (°C): 24.4 24.4 23 23

Table S2.2: Foraminiferal census data of the dead assemblage, Japsand, German Wadden Sea.
Station A 1 B 2 3
Sample 1 1
Sampling date: 29.7.2019 29.5.2019 29.7.2019 29.5.2019 29.5.2019
Latitude (°N) 54°34.472'N 54° 34.480'N 54°34.592'N 54°34.472'N 54° 34 458'N
Longitude (°E) 8°27.867E 8°27912'E 8°27.952'E 8°27.938'E 8°28.037'E
Transect Distance (m) 0 45 50 77.4 183.6
Floatate / total residue: floatate total residue total residue floatate floatate
Size fraction (pm): 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive dead dead dead dead dead
Ammonia aberdoveyensis 8 6 27 4
Ammonia batava 88 54 31 115 10
Ammonia tepida 3 8 2
Ammoscalaria runiana 5 1 7
Buccella frigida
Buliminella elegantissima 3 1
Cassidulina laevigata 1
Cibicides lobatulus
Elphidium albiumbilicatum
Elphidium clavatum 6 5 7
Elphidium gerthi 1 6
Elphidium incertum 1 4
Elphidium oceanensis 1
Elphidium selseyense 1 54 26 9
Elphidium voorthuyseni 1
Elphidium waddense 13 2 52 13 11
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Elphidium williamsoni 5 17 15 31 1
Fissurina lucida 1 1

Haynesina depressula 1 14 1
Haynesina germanica 27 96 80 113 15
Haynesina orbicularis 21 5 3 1
Jadammina macrescens 1 1

Nonionella crassesuturalis 1
Nonion pauperatus

Planorbulina mediterranensis 1

Trochammina inflata 1

others, indet. spp. 2 1
Total: 162 199 283 346 56
Species no.: 15 10 15 12 12
Split (n): 1 0.538 0.2318 0.0685 1
Sample volume (cm?): 22 22.6 20.3 243 24.6
Abundance (tests/10 cm®): 74 164 601 2079 23
Fisher alpha diversity index: 4.04 2.22 3.38 2.41 4.69
Species richness 14 10 15 12 12

Table S2.2. Continued.

Station 4 5 6 F 7 E
Sample 1 1
Sampling date: 29.5.2019 29.5.2019 29.5.2019 30.7.2019 29.5.2019 30.7.2019
Latitude (°N) 54°34.392'N  54°34.345'N  54°34315'N  54°35.133'N 54°34.248'N  54° 34.552'N
Longitude (°E) 8°28.267E  8°28.323'E 8°28.382'E  8°28.967E  8°28.670'E  8°29.132'E
Transect Distance (m) 441 513 583.2 900 990 1330
Floatate / total residue: floatate floatate floatate floatate floatate floatate
Size fraction (um): 63-2000 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive dead dead dead dead dead dead
Ammonia aberdoveyensis 2 15 2 5 4

Ammonia batava 4 57 37 39 13 13
Ammonia tepida 1 5

Ammoscalaria runiana 1 3

Buccella frigida 1 2

Buliminella elegantissima 1

Cassidulina laevigata
Cibicides lobatulus

Elphidium albiumbilicatum 1

Elphidium clavatum 13 9 2 1
Elphidium gerthi 1 1

Elphidium incertum 4 1

Elphidium oceanensis 1

Elphidium selseyense 68 55 4 2
Elphidium voorthuyseni 1
Elphidium waddense 1 22 48 4 5 5
Elphidium williamsoni 1 26 20 6 49 3
Fissurina lucida

Haynesina depressula 6 21 1 3

Haynesina germanica 1 54 49 23 8 8
Haynesina orbicularis 1 5 4 1

Jadammina macrescens 1 1

Nonionella crassesuturalis

Nonion pauperatus 2

Planorbulina mediterranensis 1

Trochammina inflata

others, indet. spp. 2 1 1

Total: 9 269 261 92 92 33
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Species no.: 5 16 16 12 12 7
Split (n): 1 0.2547 0.4809 1 1 1
Sample volume (cm?): 15.6 18.3 20 22.3 23.5 22
Abundance (tests/10 cm?): 6 577 271 41 39 15
Fisher alpha diversity index: 4.63 3.73 3.76 3.68 3.68 2.72
Species richness 5 15 16 12 12 7
Table S2.2. Continued.
Station C 8 D G Hooge Total
Sample 1 1 1
Sampling date: 30.7.2019 29.5.2019 30.7.2019 30.7.2019 29.5.2019
Latitude (°N) 54°34.108'N  54°33.937'N  54°33.790'N  54°33.940'N  54°34.183'N
Longitude (°E) 8°29.175'E 8°29.912'E 8°30.457E 8°30.977E 8°31.272'E
Transect Distance (m) 1490 2320 2950 3460 3700
Floatate / total residue: floatate floatate total residue floatate floatate
Size fraction (pm): 63-2000 63-2000 63-2000 63-2000 63-2000
Species dead/alive dead dead dead dead dead
Ammonia aberdoveyensis 1 14 4 9 2 103
Ammonia batava 9 46 45 45 7 613
Ammonia tepida 4 2 1 29
Ammoscalaria runiana 1 18
Buccella frigida 1 4
Buliminella elegantissima 2 7
Cassidulina laevigata 1
Cibicides lobatulus 1 1 2
Elphidium albiumbilicatum 1
Elphidium clavatum 1 12 7 4 1 68
Elphidium gerthi 2 1 12
Elphidium incertum 2 2 1 15
Elphidium oceanensis 2 4
Elphidium selseyense 59 48 23 1 353
Elphidium voorthuyseni 7 2 11
Elphidium waddense 8 31 75 39 2 331
Elphidium williamsoni 27 10 15 6 2 234
Fissurina lucida 1 3
Haynesina depressula 1 5 13 1 67
Haynesina germanica 4 23 34 35 4 574
Haynesina orbicularis 32 9 82
Jadammina macrescens 4
Nonionella crassesuturalis 1 1 3
Nonion pauperatus 2
Planorbulina mediterranensis 2
Trochammina inflata 1
others, indet. spp. 1 1 1 1 11
Total: 52 205 296 180 20 2555
Species no.: 8 12 19 16 8
Split (n): 1 1 0.1227 0.4945 1
Sample volume (cm®): 23.3 19.5 24.8 28.3 16.5
Abundance (tests/10 cm?): 22 105 973 129 12
Fisher alpha diversity index: 2.64 2.78 4.53 4.24 4.94
Species richness 8 12 19 16 8

56



Scientific Chapter I

Table S2.5. Foraminiferal census data of the living fauna from Helgoland inner port.

Locality: Helgoland, inner port
Station: Bunkerpier
Sample: 0-1 cm
Sampling date: 29.03.2011
Latitude: 54°10.706'N
Longitude: 7° 53.305'E
Height (m NHN): -33
Floatate / total residue: Residue
Size fraction: 63-2000 pm
Species living
Ammonia batava 1
Ammonia tepida 1
Bolivina earlandi 1
Bolivina pseudoplicata 4
Bolivina pseudopunctata 8
Buliminella elegantissima 10
Cibicides lobatulus 1
Cribrostomoides jefreysii 2
Eggerelloides scaber 16
Elphidium albiumbilicatum 5
Elphidium margaritaceum 2
Elphidium selseyense 119
Fissurina lucida 1
Haynesina depressula 3
Haynesina germanica 6
Hopkinsina pacifica 4
Morulaeplecta bulbosa 2
Paratrochammina haynesi 3
Patellina corrugata 2
Stainforthia fusiformis 10
others, indet. spp. 3
Total: 204
Species no.: 23
Split (n): 0.1288
Sample volume (cm®): 11
Abundance (tests/10 cm?): 1440
Fisher alpha diversity index: 6.66
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Table S2.6: Foraminiferal census data of the living fauna from the Bay of Tiimlau, near
Westerhever [4] (reference list from main chapter) used for the comparison of locations in this

study.
Locality: Bay of Tiimlau Bay of Tiimlau Bay of Tiimlau Bay of Tiimlau Bay of Tiimlau
Station: D15 Ell E12 F13 F14
Sample: 0-1 cm 0-1 cm 0-1 cm 0-1 cm 0-1 cm
Sampling date: April 2013 April 2013 April 2013 April 2013 April 2013
Latitude (N) 54°22,0429'N  54°22,0659'N  54°22,0569'N  54°21,8749'N  54° 21,8699'N
Longitude (E) 8°40,5189'E 8°40,6559'E 8°40,6569'E 8°40,5999'E 8°40,5779'E
Height (m above
MTL) 0.92 0.72 0.84 1.21 0.35
Floatate / total residue: Residue Residue Residue Residue Residue
Size fraction: 63-500 pm 63-500 pm 63-500 pm 63-500 pm 63-500 pm
Species living living living living living Total  Percent
Ammonia batava 4 1 3 1 9 5.2
Ammonia cf. beccarii 2 2 1.2
Elphidium excavatum 1 1 1 3 1.7
Elphidium williamsoni 1 1 1 3 1.7
Haynesina germanica 20 6 56 6 68 156 90.2
Total 28 7 59 8 71 173
Species no.: 5 2 2 3 4
Sample volume (cm?): 32 42 39 32 30
frgk‘)r:‘dance (tests/10 8.8 1.7 15.1 25 23.7
Sand content (%) 49.7 57.2 41 58.5 67.5
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Table S2.7. Foraminiferal census data of the living fauna from Schobiill.

Locality: Schobiill, tidal flat
Station: 1
Sample: 1
Sampling date: 17.11.2018
Latitude: 54°30.752'N
Longitude: 8°59.383'E
Height (m NHN): 0.79
Floatate / total residue: Residue
Size fraction: 63-2000 pm
Species living
Ammonia aberdoveyensis 1
Ammonia tepida 19
Elphidium oceanensis 3
Elphidium selseyense 5
Haynesina germanica 83
Quinqueloculina seminulum 3
Total: 114
Species no.: 6

Split (n): 0.063
Sample volume (cm?): 10
Abundance (tests/10 cm?): 1810
Fisher alpha diversity index: 1.35
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3. Scientific Chapter II. Heavy metal uptake of near-shore benthic

foraminifera during multi-metal culturing experiments

Accepted to be published in Biogeoscience as: Schmidt, S., Hathorne, E. C., Schonfeld, J.,
& Garbe-Schonberg, D. (2021). Heavy metal uptake of near-shore benthic foraminifera
during multi-metal culturing experiments. Biogeosciences Discussions, 1-50.

Abstract.

Heavy metal pollution originating from anthropogenic sources, €.g., mining, industry and
extensive land use, is increasing in many parts of the world and influences coastal marine
environments even after the source has ceased pollution. The elevated input of heavy metals
into the marine system potentially affects the biota because of their toxicity, persistence and
bioaccumulation. An emerging tool for environmental applications is the heavy metal
incorporation into foraminiferal calcite tests, which facilitates monitoring of anthropogenic
footprints on recent and past environmental systems. The aim of this study was to investigate
whether the incorporation of heavy metals in foraminifera is a direct function of their
concentration in seawater. Culturing experiments with a mixture of dissolved chromium (Cr),
manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn), silver (Ag), cadmium (Cd), tin (Sn),
mercury (Hg) and lead (Pb) in artificial seawater were carried out over a wide concentration
range to assess the uptake of heavy metals by the near-shore foraminiferal species Ammonia
aomoriensis, Ammonia batava and Elphidium excavatum. Seawater analyses revealed
increasingconcentrations for most metals between culturing phases and high metal
concentrations in the beginning of the culturing phases due to the punctual metal addition.
Furthermore, a loss of metals during the culturing process was discovered, by an offset between
the added and the actual concentrations of the metals in seawater. Laser ablation ICP-MS
analysis of the newly formed calcite revealed species-specific differences in the incorporation
of heavy metals. The foraminiferal calcite of all three species exhibited Pb and Ag
concentrations strongly correlated with concentrations in the seawater culturing medium
(partition coefficients and standard deviation for Ag: Ammonia aomoriensis=0.50 +£0.02,
Ammonia batava=0.17 =£0.01, Elphidium excavatum=0.47 +0.04; for Pb: Ammonia
aomoriensis=0.39 £0.01, Ammonia batava=0.52 +£0.01, Elphidium excavatum=0.91 £0.01).
Ammonia aomoriensis further showed a correlation with Mn and Cu, 4. batava with Mn and
Hg and E. excavatum with Cr and Ni, and partially also with Hg. However, Zn, Sn and Cd
showed no clear trend for the species studied, which in case of Sn was maybe caused by the
lack of variation of the seawater Sn concentration . The calibrations and the calculated partition
coefficients render A. aomoriensis, A. batava and E. excavatum as natural archives that enable
the determination of variations of some heavy metal concentrations in seawater in polluted and
pristine environments.
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3.1 Introduction

Particular heavy metals e.g., zinc (Zn), iron (Fe), molybdenum (Mo), cobalt (Co) and copper
(Cu) serve as micronutrients (e.g., Hinsch and Mendel, 2009) for eukaryotic life and play an
important role for metabolism, growth, reproduction and enzymatic activity of organisms (e.g.,
Martin-Gonzélez et al., 2005; Gallego et al., 2007). Other metals like mercury (Hg), on the
other hand, are not known to have any positive effect on the body and are therefore believed to
have a higher toxic potential (Jan et al., 2015). All these metals occur naturally in the
environment as geogenic traces in soils, water, rocks and, consequently, in plants and animals.
However, at higher concentrations, most heavy metals become toxic and have hazardous effects
on marine biota (Stankovic et al., 2014). Heavy metals are defined herein as elements with a
density >7 g/cm® (Venugopal and Luckey, 1975) and an atomic number beyond calcium
(Bjerrum, 1936; Thornton, 1995). Furthermore, they are highly persistent in the marine
environment and are not easily excreted by organisms after the uptake of these metals into their
system and cells (Flora et al., 2012; Kennish, 2019). Coastal environments act as natural
catchments for anthropogenic pollutants because these areas are directly affected by industry,
agriculture and urban runoff (e.g., Alloway, 2013; Julian, 2015; Tansel and Rafiuddin, 2016).

In marginal seas and coastal areas, benthic foraminifera are common, and the chemical
composition of their calcite test can be used as proxies for changing environmental parameters
like water temperature (Mg/Ca; e.g., Niirnberg et al., 1995; 1996), salinity (Na/Ca; e.g., Wit et
al., 2013, Bertlich et al., 2018) and redox conditions (Mn/Ca; Groeneveld and Filipsson, 2013bj;
Koho et al., 2015; 2017; Kotthoff et al., 2017; Petersen et al., 2018; Guo et al., 2019).
Foraminifera take up heavy metals and incorporate them into their calcium carbonate shells
during calcification (e.g., Boyle, 1981; Rosenthal et al., 1997; Dissard et al., 2009; 2010a;
2010b; Munsel et al., 2010; Nardelli et al., 2016; Frontalini et al., 2018a; 2018b; Titelboim et
al., 2018; Smith et al., 2020). Moreover, foraminifera have a short life cycle (< 1 year; e.g.,
Haake, 1967; Boltovskoy and Lena, 1969; Wefer, 1976; Murray, 1992) and thus, react
immediately to changing environmental conditions and contamination levels of the surrounding
environment. Therefore, foraminifera archive environmental signals and fossil records from
sediments can be used to determine parameters of interest throughout space and time.

Species of the foraminiferal genera Elphidium and Ammonia are among the most abundant
foraminiferal taxa in intertidal and shelf environments worldwide. They are found from subtidal
water depths to the outer continental shelves (Murray, 1991). Furthermore, their calcite tests
are often well preserved in the fossil record (Poignant et al., 2000; McGann, 2008; Xiang et al.,
2008) and therefore provide the opportunity to assess past environmental conditions. The
combination of all these properties make foraminifera, and especially Elphidium and Ammonia
species, suitable indicators of anthropogenic pollution (e.g., Sen Gupta et al., 1996; Platon et
al., 2005). As such, this group of organisms are excellent candidates for monitoring the spatial
and temporal distribution of heavy metals in seawater to evaluate, for example, the effectiveness
of contemporary measures of reducing emissions caused by anthropogenic inputs.

The majority of culturing studies on heavy metal incorporation into benthic foraminifera were
designed to assess the influence and uptake of one particular metal, e.g., manganese (Mn)
(Barras et al., 2018), copper (Cu) (De Nooijer et al., 2007), chromium (Cr) (Remmelzwaal et
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al., 2019), lead (Pb) (Frontalini et al., 2015), zinc (Zn) (e.g., Smith et al., 2020), mercury (Hg)
(Frontalini et al., 2018a) or cadmium (Cd) (Linshy et al., 2013). This approach is adequate to
detail the effects on shell chemistry, growth or physiology. Only two studies reported culturing
experiments with elevated levels of Cu, Mn and Ni (Munsel et al., 2010) and elevated levels of
Mn, Ni and Cd (Sagar et al., 2021b) in the same culturing medium. However, in reality there is
rarely only one metal polluting environments but instead a combination of several pollutant
metals is usually found (e.g., Mutwakil et al., 1997; Cang et al., 2004; Vlahogianni et al., 2007,
Huang et al., 2011; Wokhe, 2015; Saha et al., 2017). How foraminifera incorporate and react
to heavy metals when they are co-exposed to more than one metal at a time is less constrained
to date. A mixture of different metals will lead to interactions, which may result in a more
severe damage of tissue than exposure to each of them individually (Tchounwou et al., 2012).
For example, a co-exposure to arsenic and cadmium causes more damage of human kidneys
than only one of these elements (Nordberg et al., 2005). Furthermore, a chronic low-dose
exposure to multiple elements can cause similar synergistic effects (e.g., Wang et al., 2008). It
is therefore reasonable to assume that other organisms are likewise harmed more when exposed
to several potentially toxic elements simultaneously.

Here we present results from culturing studies with Ammonia aomoriensis, Elphidium
excavatum and Ammonia batava assessing the relationship between heavy metal concentrations
in seawater and foraminiferal tests. The partitioning factor between the concentration of an
element in the ambient seawater and the calcium carbonate of the foraminifers is constrained
by determining both the dissolved metal concentrations in water and the metal contents of
individual chambers of the foraminiferal shell that have been precipitated in the culturing
medium. In particular, foraminifera were grown while exposed to a combination of ten different
heavy metals, i.e., cadmium (Cd), copper (Cu), chromium (Cr), lead (Pb), manganese (Mn),
mercury (Hg), nickel (Ni), silver (Ag), tin (Sn) and zinc (Zn) over a range of concentrations
that prevail in polluted near-shore environments today. These metals are the most common
representatives of marine heavy metal pollution (Alve, 1995; Martinez-Colon et al., 2009).
Once the carbonate/seawater metal partitioning coefficients are known, investigations of the
chemistry of benthic foraminiferal shells offer a reliable method to monitor short-term changes
of the concentration of heavy metals in seawater.
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3.2 Material and Methods
3.2.1 Field sampling
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Figure 3.1: Location of the sampling stations in the North Sea (Japsand area) and in the Baltic
Sea (Kiel Fjord, St.1 Strander Bucht, St. 2 Laboe, St. 3 Mdnkeberg). The map was drawn with
Ocean Data View (Schlitzer, 2016) on the basis of bathymetric data. Water depths in m are
indicated by the colour scale.

3.2.1.1 North Sea, Japsand

Living specimens of 4. batava were collected at the barrier sand Japsand near Hallig Hooge in
the German Wadden Sea in July 2019 at two stations (St. 1: 54°34.480'N, 8°27.919°E; St. 2:
54°34.491°N, 8°27.895°E) (Fig. 3.1). The sediment was a glacial till or Eemian clay at Station
1 and fine to medium sand at Station 2. Temperature and salinity of seep waters were measured
with a WTW 3210 conductivity meter in excavated holes in the vicinity. The temperature at
Station 1 was 21.1 ° C and at Station 2 21.6 ° C, respectively. Salinity was 34 PSU at station 1
and 33.6 PSU at station 2. The samples were recovered during low tide by scrapping off the
uppermost centimetre of the surface sediment with a spoon made out of stainless steel. Natural
seawater (NSW) with a salinity of 30.3 PSU was collected near the sites for further processing
of the samples. Once back on the nearby island Hallig Hooge, the sediment was washed with
NSW through stacked sieves with a mesh size of 2000 and 63 pm. The 2000 um sieve was used
to remove larger organisms and excess organic material (macroalgae, gastropods, lugworms
etc.) that could have induced anoxic conditions in the sediment during transport and storage.
The residue was stored in Mucasol soap-washed and acid-cleaned Emsa CLIP and CLOSE®
boxes, sparged with air and some algae food was provided. Back in the laboratory at GEOMAR,
the residue was stored at 8 °C in a fridge until culturing. These stock cultures were fed twice a
week with green-coloured Nannochloropsis concentrate (BlueBioTech) and water was partly
exchanged with NSW from the sampling site once a week.
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3.2.1.2 Baltic Sea, Kiel Bight

Living specimens of A. aomoriensis and E. excavatum were collected from different stations in
Kiel Fjord, western Baltic Sea (St.1, Strander Bucht, 54°26.001'N, 10°11.1078E; St. 2, Laboe,
54°25.254'N, 10°12.346’E; St. 3, Monkeberg, 54°20.752'N, 10°10.150°E; water depth: 12.5
m, 12.3 m and 14.3 m, respectively) in September and October 2019 with F.B. Polarfuchs and
F.S. Alkor, respectively (Fig. 3.1). A Rumohr corer (inner diameter 55 mm) was used on F.B.
Polarfuchs and 9 cores were taken (2 at St. 1 and 7 at St. 3). The sediment from the cores was
collected in Mucasol treated and acid-cleaned plastic containers with NSW from the site.

On F.S. Alkor, a Reineck box corer was used (200 x 250 mm) and 3 replicates at each station
were taken (St. 1-3). The first 1 to 2 cm of the sediment surface of the box core were scrapped
off with a spoon made out of stainless steel and the material was stored in a Mucasol treated
and acid-cleaned plastic box with NSW from the location.

Back in the laboratory at GEOMAR, the samples were treated the same way as Japsand samples
from the North Sea. Artificial seawater (ASW, Tropic Marin) with a salinity of 30 PSU was
used for washing and storage of the surface samples from Kiel Fjord. The use of artificial
seawater ensured that no harmful microorganism could invade the cultures.

3.2.2 Culturing setup
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Figure 3.2: Culturing setup. a: conceptual draft and b: assembly of the system. Tubing and
hoses were omitted from the draft for clarity. c: a well plate with mounted specimens and sand,
d: closed culturing vessel with well plates and conduits. e: with calcein stained foraminifer
under a fluorescence microscope. Please note that the last 2 2 chambers are labelled and
fluorescing brightly. The specimen shown in the picture was dead, cleaned and dried, which
ensured that the test itself and not the cytoplasm showed the fluorescence.
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3.2.2.1 Picking of the samples

The three foraminiferal species that were used in this study have been described in detail in the
literature (e.g., Lutze, 1965; Nikulina et al., 2008; Schweizer et al., 2011; Francescangeli et al.,
2021; Schmidt and Schonfeld, 2021). For extracting the foraminiferal specimens from the
sediment, about 1 cm® of the 63 to 2000 um size fraction was transferred to a petri dish. All
living specimens were picked with a paintbrush from this subsample and collected in a small
petri dish with ASW. All plastic utensils were treated with Mucasol water and rinsed with 5%
HNO:s prior to use. The paintbrush was cleaned with ethanol to protect the culture from harmful
microorganisms. Only specimens with a glossy, transparent and undamaged test were chosen.
After picking, a drop of concentrated food (pure culture of Nannochloropsis, green coloured
algae) was added and the foraminifera were left untouched for a night.

Specimens that met one or more of the following criteria were considered as living and used
for further procedures:

e The cytoplasm of the specimens was present in more than two chambers that were
connected and including the innermost chambers,

e Specimens showed a structural infill of cytoplasm with a bright green colour, indicating
they took up the food over night,

e they developed a film or strings of pseudopodia firmly sticking to sediment particles or
food,

e they had covered themselves or gathered a cyst of sediment or food particles.

Specimens were identified and sorted by speciesand stained with calcein (10 mg 1!, Bernhard
et al., 2004) (bis[N,N-bis(carboxymethyl)aminomethyl]-fluorescein) (Sigma-Aldrich) directly
before each culturing phase to ensure that freshly labelled foraminifera were inserted into the
culturing system (Fig. 3.2e). Staining lasted for 14 days. Petri dishes were stored at 8 °C in a
fridge, partial water exchanges and feeding of the foraminifera was performed twice a week.
After the staining, the foraminifera were transferred to a petri dish with ASW and left for 1 to
2 days to remove excess calcein from seawater vacuoles in their cytoplasm prior to the
introduction into the culturing system.

3.2.2.2 Culturing system

We used two closed-circulation incubation systems for foraminifera (Fig. 3.2a, b) provided by
the Institute of Microbiology, Kiel University (Woehle et al., 2018, their Fig. S3.4). The
systems were further developed based on earlier closed-circulation systems for culturing
foraminifera (Hintz et al. 2004; Haynert et al., 2011). They were slightly modified for the
requirements of this study, but the basic operational principle is described by Woehle et al.,
2018. In detail, the systems consisted of three levels with different functions. They were built
into a Bauknecht WLE 885 fridges for temperature control. Each system accommodated two
culturing vessels, which were arranged pairwise on a tray in a polycarbonate cabinet (Fig. 3.2a,
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b). The water was pumped from the collection tank at the lowest level to the top level into the
supply tank. From the supply tank, the water was directed to the culturing vessels and the flow
was regulated ensuring that the same amount of water was provided to every culturing vessel.
After passing the culturing vessels, the water was redirected to the collection tank. The systems
were filled with 15 L of ASW with a salinity of 30.5 PSU. The water was aerated in the supply
and the collection tank with filtered (0.2 um) air from outside the system. Monitoring of
temperature and salinity were performed with a WTW 3210 conductivity meter. Uncertainty of
the conductivity measurements was + 0.5% and + 0.1 °C for temperature according to the
manufacturer’s test certificate. pH was monitored using a pH electrode (GHL) for aquarium
purposes with uncertainties of £ 0.06. All parts that were introduced into the system were
sterilised before use either by autoclaving, UV-lamp exposure, or by applying DanKlorix®.

3.2.2.3 Preparation for incubation

For the incubation of the foraminifera, well plates with cavities made from PVC were used (Fig.
3.2c). All well plates had been used in previous experiments for culturing foraminifera in
seawater, which ensured that potentially toxic substances or additives were already released
from the material (Woehle et al., 2018). Before the foraminifera were placed in the cavities,
each cavity was filled with sterile quartz sand up to 1.5 mm height. The cavities were
subsequently filled with artificial seawater and the specimens were inserted randomly. Prepared
well plates were left untouched for one night, to make sure that the foraminifera were able to
spread their pseudopodial network before incubation. This ensures that they were stably
anchored in the cavities and did not float when the culturing vessels were filled and mounted
(Haynert et al., 2011). Four well plates were assembled in each airtight Emsa CLIP and
CLOSE® box (Fig. 3.2d).Each culturing vessel had a lid with an inflow and an outflow conduit,
for which cleaned food grade Tygon® tubing was used. To guarantee that the foraminiferal
specimens were not flushed away by the incoming water, the inflow conduit reached almost the
bottom of the culturing vessel and was placed between two well plates. Once all well plates
were arranged in the culturing vessel, the lid was equipped with an additional, elastic sealing
and closed. Before the culturing vessels were placed in the culturing systems, each chamber
was slowly filled with ASW. Thereafter, the culturing vessels were placed on the shelve in the
culturing system, and were connected to the supply hoses.

3.2.2.4 Culturing experiment

The culturing experiment had four different phases. The first, phase 0 was dedicated as control
phase and no heavy metals were added. This phase allowed both systems to equilibrate in terms
of physicochemical and biological processes and made it possible to determine the background
values in terms of seawater constituents. This phase lasted 21 days. Afterwards, one system
was used as the control system, where no heavy metals were added. In the other system, three
phases with elevated heavy metal concentrations were performed. The phases lasted 21 days
each. Tropic Marin Pro-Reef salt was mixed with deionized water for adjusting the salinity.
This artificial salt contains all elements and nutrients in sufficient amounts required by marine
organisms. A stock solution containing all metals of interest was mixed and this solution is
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called the multi metal stock solution hereafter. It was added to the supply tank of the system
(see Fig. 3.2a) (phase 1 = 1 ml, phase 2 = 10 ml, phase 3 = 150 ml) at the beginning of each
phase to reach the target concentration (Table 3.1). Additionally, a smaller aliquot of the same
multi metal stock solution (Phase 1 = 0.1 ml, Phase 2 = 1 ml, Phase 3 = 10 ml) was introduced
twice a week during the three weeks of a phase. This was to counteract the loss of metals during
the culturing phase through e.g., uptake of metals by foraminifera or algae or by adsorption to
surfaces of the culturing system. The target concentration of the elements at each phase were
chosen after earlier culturing experiments with foraminifers (Mn, Cu, Ni: Munsel et al., 2010;
Pb: Frontalini et al., 2015 & 2018b; Zn: Nardelli et al., 2016; Cd: Linshy et al., 2013; Cu: De
Nooijer et al., 2007; Le Cadre and Debenary et al., 2006; Cr: Remmelzwaal et al., 2019, Hg:
Frontalini et al., 2018a) and to resemble conditions observed in threatened environments.
Examples for such environments are the San Francisco Bay, California (Thomas et al., 2002),
the Black Sea, Turkey (Baltas et al., 2017) or the Gulf of Chabahar, Oman Sea (Bazzi, 2014).
Furthermore, the Adriatic Sea (Ag; Barriada et al., 2007), Jakarta Bay (Williams et al., 2000;
Putri et al., 2012), and polluted U.S. and European rivers (Byrd and Andreae, 1982; Kannan et
al., 1998; Thomas et al., 2002) were considered. Table A3.4 summarizes the heavy metal
concentration in seawater in different areas around the world to compare to the experimental
values. Additionally, the maximum metal concentration as recommended by the EPA
(Environmental Protection Agency, USA) is the lower boundary of the concentration range
from this study (Prothro, 1993). This was taken into account to ensure that the foraminifera
were not limited in their growth and able to maintain normal physiological functions. A lower
concentration than the EPA value is also covered by our study during the control phase or in
the control system. The heavy metal concentrations in the culturing media obtained during each
phase were monitored by frequent water sampling.

Table 3.1: Heavy metal concentration in the multi metal stock solution, target concentration of
these metals in each phase and used salt compounds. All salts used were provided in pro analysi
quality and were purchased from Carl Roth (CrCls - 6 H2O; SnCl, - 2 H>O and PbCly), Walter
CMP (CdClz) and Sigma Aldrich (MnCl; - 4 H>O, NiCl; - 6 H2O, CuCl; - 2 H>O, ZnCl,, AgNO3
and HgCD).

Target conc. in pg I'!

Conc. in mg I'!

Salt A Phase Phase Phase
compound Multi met‘al 1 ) 3
stock solution

Chromium (Cr) CrCl; - 6 H,O 25 0.5 5 50
Manganese (Mn) MnCl; - 4 H,O 40 40 400 4000
Nickel (Ni) NiCl; - 6 H,O 5 0.1 1 10
Copper (Cu) CuCl; - 2 H,O 2 0.05 0.5 5
Zinc (Zn) ZnCl, 50 0.8 8 80
Cadmium (Cd) CdCl, 4 0.08 0.8 8
Silver (Ag) AgNO; 35 0.1 1 10
Tin (Sn) SnCl, - 2 H,O 10 0.1 1 10
Mercury (Hg) HgCl, 0.04 0.01 0.1 1
Lead (Pb) PbClL, 10 0.1 1 10
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Over the entire culturing period, both systems were exposed to a natural day and night cycle
and the flow rate was adjusted to 1.02 ml min"' (one drop per second) within the culturing
vessels. The foraminifera were fed with Nannochloropsis concentrate twice a week (~ 2000
ng). After 21 days (meaning after each culturing phase) one culturing vessel per system was
exchanged. Vessels and specimens were left in the culturing system for the complete culturing
phase (21 days) and no exchange took place during a culturing phase.

Temperature and salinity were kept stable at 15.0 0.1 °C and 30.2 0.3 PSU (heavy metals)
and at 14.9 0.2 °C and 30.4 +£0.4 PSU (control) over the complete culturing period. As the
system was mostly closed, evaporation had a minor effect. Demineralized water was added
when necessary to keep the salinity stable. The exchanges of culturing vessels between phases
inferred a partial water exchange of approximately 10 % (= 1.5 1) every three weeks, which
ensured a repetitive renewal of water with adequate quality.

3.2.3 Water samples

3.2.3.1 Collection of water samples

Water samples for determining the heavy metal concentrations were taken frequently from the
supply tanks (see Fig. 3.2a) of both systems using acid cleaned syringes (Norm-Ject® disposable
syringe, 20 ml, sterile) and sample bottles (LLG narrow neck bottles, 50 ml, LDPE = Low
Density Polyethylene; Hg: GL 45 Laboratory bottle 250 ml with blue cap and ring, boro 3.3).
From the beginning of phase 1, sampling was performed once a week. Water samples to be
analysed for mercury concentrations had to be treated differently due to analytical constraints
as detailed below. The water was filtered through a 0.2 um PES filter (CHROMAFIL Xtra
disposable filters, membrane material: polyether sulfone pore) for heavy metal samples and
through a 0.2 pm quartz filter for Hg samples (HPLC syringe filters, 30 mm glass fibre syringe
filters/ nylon). Filters were rinsed with the sample water before taking the sample. Every water
sample was immediately acidified with concentrated ultrapure HCI to a pH of approximately 2
to avoid changes in the heavy metal concentrations due to adsorption to the sample bottle walls
or the formation of precipitates.

3.2.3.2 Preparation of water samples before analysis

For Mn, Zn, Ni, Pb, Cu, and Cd concentration analyses, the water samples were pre-
concentrated offline using a SeaFAST system (ESI, USA). Twelve mL of each sample were
used to fill a sample loop and preconcentrated by a factor of 25 using the SeaFAST column into
1.5M HNO:s. All samples were spiked with indium as an internal standard for monitoring and
the pre-concentration procedure. Both MilliQ water and bottle blanks of acidified MilliQ water
(pH ~ 2) stored in the same bottles until the samples were passed through the pre-concentration
system. Additionally, procedural blanks which were filtered as the samples were also pre-
concentrated and measured. A variety of international (Open Ocean Seawater NASS-6, River
Water SLRS-6, Estuarine Seawater SLEW-3, all distributed by NRC-CNRC Canada) and in-
house (South Atlantic surface water, South Atlantic Gyre water) reference materials were pre-
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concentrated like the samples. All samples were subsequently analysed by ICP-MS (inductively
coupled plasma mass spectrometry).

Other metals (Cr, Ag and Sn) were diluted 1/25 and directly introduced into the ICP-MS as
they are not retained on the Nobias resin used by the SeaFAST system. The dilution was
performed with indium-spiked nitric acid (2%) and to match the matrix of these samples, blanks
and standards with added NaCl were prepared.

All heavy metals except mercury were measured using an Agilent 7500ce quadrupole ICP-MS.
Raw intensities were calibrated with mixed standards, which were made from single element
solutions covering a wide concentration range. Additionally, a dilution series (dilution factors:
1, 1/10, 1/100 and 1/1000) of SLRS-6 of river water reference material (NRC Canada;
Yeghicheyan et al., 2019) was measured for quality control. Mean values and relative standard
deviations (RSD) derived from the reference materials are summarised in the appendix (Table
A3.2).

Prior to the measurements of Hg concentrations, all samples were treated with BrCl solution at
least 24 hours before the analysis to guarantee the oxidation and release of mercury species that
were possibly present in a different oxidation states or phases. The BrCl was removed again by
adding hydroxylamine hydrochloride at least one hour prior to analysis before the Hg was
reduced to the volatile Hg® species with acidic SnCl, (20 % w v'') during the measuring process.
All preparations of the water samples took place in a Clean Lab within a metal clean atmosphere
and all vials were acid cleaned prior to use. Mercury concentrations were determined using a
Total Mercury Manual System (Brooks Rand Model III). The reduced volatile Hg’ was
nitrogen-purged onto a gold-coated trap and released again by heating before it was measured
via cold vapour atomic fluorescence (CVAFS) under a continuous argon carrier stream. Quality
control of the Hg measurements was carried out by measuring mixed standards, made from
single element solutions and confirmed with replicate measurements throughout each analysis.
The measurement uncertainty was smaller than 4.5 % RSD for all analyses.

The calcium concentration of culture seawater was analysed using a VARIAN 720-ES ICP-
OES (inductively coupled plasma optical emission spectrometer). Yttrium was added as an
internal spike and samples were diluted 1/10. IAPSO seawater standard (ORIL) was measured
after every 15 samples for further quality control which revealed a measurement uncertainty <
0.35 (RSD %) for the elements analysed (mean Ca concentration IAPSO this study = 419.6 +
0.15 mg I'!; reference Ca concentration IAPSO Batch 161 =423 mg I').

3.2.4 Foraminiferal samples

After every culturing phase, the culturing vessels were taken out of the culturing system and
foraminiferal specimens were collected from their cavities within one day. The individuals were
cleaned with tap water and ethanol before they were mounted in cell slides to mechanically
remove salt scale and organic coatings with a paintbrush. Dead specimens could be identified
because they lost the colour of their cytoplasm and furthermore, they did not gather food and
particles anymore and thus were lacking a detritus cyst by their aperture.
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In order to check the growth of foraminifera during the culture experiment, the total number of
chambers were counted before and after the experiment for every specimen (Table 3.2). This
was performed to double check the growth in cases where calcein staining may have failed. As
the foraminifera were stained with calcein before the experiment, it was possible to cross-check
the growth with a fluorescent microscope (Zeiss Axio Imager 2) if new chambers without
fluorescence were added, and hence whether the specimen had grown or not (Fig. 3.2¢). Only
individuals clearly showing new chambers were analysed by Laser ablation ICP-MS.

Prior to the laser ablation analyses, the foraminifera were transferred into individual acid-
leached, 500 pl micro-centrifuge tubes and thoroughly cleaned, applying a procedure adapted
from Martin and Lea (2002). The specimens were rinsed three times with MilliQ water and
introduced into the ultrasonic bath for a few seconds at the lowest power setting after each rinse.
Afterwards, clay and adhering particles were removed by twice rinsing the sample with ethanol,
which was followed by three MilliQ rinses again with minimal ultrasonic treatment. Oxidative
cleaning was applied using 250 pl of a 0.1M NaOH and 0.3 % H>O> mixture added to each
sample and the vials were kept for 20 min in a 90 °C water bath. Afterwards, the samples were
rinsed with MilliQ three times to remove the remaining chemicals. The reductive step of the
cleaning procedure was not applied. This step is necessary to remove metal oxides, which of
course could also influence the heavy metal concentration within the foraminiferal shell
carbonate but these are usually considered to be added during early deposition (e.g., Boyle,
1983) and therefore unlikely to occur during culture experiments. For Laser Ablation
Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) measurements, all cleaned
specimens were fixed on a double-sided adhesive tape (PLANO).

Micro-analytical analyses with LA-ICP-MS were performed at the Institute of Geosciences,
Kiel University, using a 193nm ArF excimer GeoLasPro HD system (Coherent) with a large
volume ablation cell (Zurich-type LDHCLAC, Fricker et al., 2011) and helium as the carrier
gas with 14 mL min™' H, added prior to the ablation cell. For the foraminiferal samples, the
pulse rate was adjusted to 4 to 5 Hz with a fluence between 2 and 3.5 J cm™. The spot size was
set to 44 or 60 um depending on the size of the foraminiferal chamber. All chambers of a
foraminifer that were built up in the culturing medium were analysed, starting from the earliest,
inner chamber adjacent to the calcein-stained chamber. The laser was manually stopped once it
broke through the foraminiferal shell. The ablated material was analysed by a tandem ICP-
MS/MS instrument (8900, Agilent Scientific Instruments) in no gas mode. The NIST SRM 612
glass (Jochum et al., 2011) was used for calibration and monitoring of instrument drift while
NIST SRM 614 was measured for quality control. The glass was chosen because all elements
of interest (except Hg) were reported in the literature, which was not the case for established
carbonate reference materials. Glasses were ablated with a pulse rate of 10 pulses per second,
an energy density of 10 J cm™ and a crater size of 60 um. Duefias-Bohorquez et al. (2009)
demonstrated that different energy densities between the foraminiferal calcite and the glass
standard does not affect the analyses. Carbonate matrix reference materials coral JCp-1, giant
clam JCt-1, limestone ECRM752-1 and synthetic spiked carbonate MACS-3 (Inoue et al., 2004;
Jochum et al., 2019) in the form of nano-particle pellets (Garbe-Schonberg and Miiller, 2014)
were analysed for quality control. Carbonate reference material were ablated with a pulse rate
of 5 pulses per second, an energy density of 5 J cm™ and a crater size of 60 um. MACS-3 was
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used for calibrating the mercury content in the samples as Hg is not present in the NIST SRM
glasses. All results for the reference materials are given in the appendix (Table A3.3). Trace
element-to-calcium ratios were quantified using the following isotopes: Mg, 2’Al, >’Cr, > Mn,
80Ni, 93Cu, Cu, %Zn, 17Ag, 11'Cd, '*Cd, '8Sn, *'Hg, 2*’Hg and 2°*Pb normalised to “*Ca. If
more than one isotope was measured for an element, the average concentration of these was
used after data processing. Analytical uncertainty (in % RSD) was better than 5 % for all TE/Ca
ratios. The lowest RSD % based on the NIST SRM 612 glass was 2.1 % for Mn/Ca and the
highest 5.0 % for Ag/Ca. Uncertainties of all used standards and reference materials are
summarized in Table A3.3. Each acquisition interval lasted for 90 seconds, started and ended
with measuring 20 s of gas blank, used as the background baseline to subtract from sample
intensities during the data reduction process. Furthermore, the background monitoring ensured
that the system was flushed properly after a sample. In cases when foraminiferal test walls were
very fragile causing the test to break very quickly and, hence, the length of the sample data
acquisition interval was less than 15 seconds, these profiles were excluded from further
consideration.

Transient logs of raw intensities given in counts per seconds for all isotopes measured were
processed with the software Iolite (Version 4, Paton et al., 2011) producing averages of every
time-resolved laser profile. The determination of element/Ca ratios was performed after the
method of Rosenthal et al. (1999). High values of Mg, 2’Al or *Mn at the beginning of an
ablation profile were related to contamination on the surface of the foraminiferal shell or
remains of organic matter (e.g., Eggins et al., 2003) and these parts of the profiles were excluded
from further data processing. The detection limit was defined by 3.3*SD of the gas blank in
counts per seconds for every element in the raw data. Only values above this limit were used
for further analyses and no data below the LOQ (limit of quantification = 10*SD) were
interpreted. After processing the data with Iolite, an outlier detection of the TE/Ca ratios of the
samples was performed. If trace metal values from a spot deviated more than +2SD from the
average of the samples from the corresponding culturing phase, values were defined as outliers
and discarded. The number of rejected points is indicated in the supplementary material (Table
S3.1).

All statistical tests of the TE/Ca values in the foraminiferal shell and the water were carried out
using the statistical program PAST (Hammer, 2001). As the concentration of heavy metals in
seawater varied during individual phases in the metal system (Table A3.1 and Fig. B3.1 in the
appendix), the mean concentration was calculated by applying an individual curve fit for every
phase. The curve was either linear, exponential or a power function depending on the trend the
particular metal showed. If the type of trend was not clear, the curve type with the highest p
and R? values were chosen. Based on these curves, water values were calculated for every day
and the weighted average from all days was used for further calculations. This ensured that high
concentrations in the beginning of each phase did not influence the mean value
disproportionately. The partition coefficients of the different trace metal-to-calcium ratios were
calculated using the trace element (TE) and calcium ratios in calcite and seawater. The
following equation was used:

Dre= (TE/Ca)calcite/(TE/Ca)seawater-
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When the correlation between the metal concentration in seawater and the metal concentration
in the foraminiferal test was positive and significant (R?> 0.4, p < 0.05), the D1g’s are derived
from the mean values of all phases and represent the slope of the calculated regression line. In
cases where a significant positive correlation between phases could not be identified, the Dtg
values were calculated from the means of each phase separately and the ranges given. The
regression line was forced through the origin, which is a common practice and is applied in
many other studies (e.g., Lea and Spero, 1994; Munsel et al., 2010; Remmelzwaal et al., 2019;
Sagar et al., 2021a). The reason for this approach is that foraminifers are expected not to
incorporate any metals into their shell if the metals concentration is zero in the seawater. In
cases where there was clearly a non-zero intercept (Mn of A. batava with phase 3 and Hg of E.
excavatum without phase 3), obvious if the course of the regression line changed significantly
or the R? value decreased, then the trend line was not forced through the origin.

3.3 Results

3.3.1 Survival Rates/ Growth rates / Reproductions

Table 3.2: Number of inserted and recovered foraminifera from the different systems (C =
control system, M = metal system) and phases (0—3). Numbers of living individuals after the
experiment and individuals that formed chambers during their individual culturing phase are
given in %. Note that the percentage of living foraminifera is based on the number of
foraminifera that could be recovered alive and not on the number of inserted individuals. The
number of laser spots is indicated as well.

Co C1 C2 C3 MO M1 M2 M3  Total

No. of inserted individuals

Ammonia aomoriensis 50 24 20 20 19 70 70 72 345
Ammonia batava 22 20 20 20 16 43 72 72 285
Elphidium excavatum 45 24 20 20 19 70 69 70 337
Total 117 68 60 60 54 183 211 214 967

No. of recovered individuals

Ammonia aomoriensis 43 20 10 19 11 57 58 56 274
Ammonia batava 11 15 16 14 7 29 65 56 213
Elphidium excavatum 36 20 20 14 7 62 58 53 270
Total 90 55 46 47 25 148 181 165 757

Living individuals (end of experiment) in %

Ammonia aomoriensis 86 100 80 100 90.9 100 81 98.2 92.0
Ammonia batava 81.8 100 100 929 100 100 100 100 96.8
Elphidium excavatum 91.7 100 95 92.9 100 88.7 91.4 943 943
Total 86.5 100 91.7 953 970 962 90.8 975 944

Ind. that formed chambers (end of the experiment) in %

Ammonia aomoriensis 62.8 84.2 100 93.8 81.8 100 923 90 88.1
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Ammonia batava 455 85.7 100 100 714 100 100 100 87.8
Elphidium excavatum 69.4 65 563 385 57.1 67.7 75 623 614
Total 59.2 783 854 774  70.1 89.2  89.1 84.1 79.1

No. of laser spots

Ammonia aomoriensis 22 18 17 20 9 39 40 36 201
Ammonia batava 14 20 19 19 6 17 52 57 204
Elphidium excavatum 14 13 13 12 1 36 24 31 144
Total 50 51 49 51 16 92 116 124 549

On average 74.5 % of the specimens inserted into the experiment could be recovered after their
individual culturing phase of 21 days and 94.4 % of these recovered specimens survived.
Approximately 79.1 % of the surviving specimens also formed at least one new chamber. Fewer
specimens of E. excavatum formed new chambers (61.4 %) than 4. batava (87.8%) or A.
aomoriensis (88.1 %) (Table 3.2). On average, E. excavatum formed only one or rarely two
new chambers, whereas both Ammonia species formed usually more than four new chambers.
Reproduction happened very sporadically occurring in between 2 and 6 specimens per phase,
on average 5 %, for the two Ammonia species but not for E. excavatum. No malformed
chambers were observed in specimens that were recovered from the heavy-metal contaminated
system.

3.3.2 Culturing media

Table 3.3: Weighted mean TE/Ca values in the culturing medium of the control and the metal
system =+ the standard error of the mean (standard deviation o/An). Furthermore, the factors
between the target concentrations (Table 3.1) and the measured concentrations as well as the
factors between individual phases are given. Values given without a standard error originate
from only one measurement. Averaged TE/Ca values of a phase were calculated based on single
values measured on samples from different days during the culturing phase. These single values
can be found in the Appendix (Table A3.1). BDL = below detection limit.

Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca

Control pumol mmol pumol pmol pmol pmol pmol pmol nmol pmol
System mol'1 mol'1 mol'1 mol'1 mol'1 mol'1 mol'1 mol'1 mol'1 mol'1
BDL 0.94 + 7.0+ 93+ 1183+ 043+ 041+ 22+ 5.8+ 0.44 +
Phase 0 0.02 0.1 4.3 4.5 0.214 0.001 0.4 0.6 0.06
BDL 092+ 63+ 44+ 91.6+ 0.19x 041+ 2.5+ 4.5+ 0.39 +
Phase 1 0.00 0.1 1.4 1.1 0.013 0.002 0.1 1.0 0.02
1.3+ 0.90 + 5.7+ 2.1+ 74.8 £ 0.19 + 0.38 £ 2.1+ 132+ 0.31 =
Phase 2 0.3 0.02 0.1 0.2 2.0 0.003 0.006 0.1 5.8 0.02
2.0+ 0.89 + 6.8+ 1.5+ 78.3 £ 0.16 £ 037+ 1.8+ 58+ 0.28 =
Phase 3 0.4 0.01 0.3 0.1 0.8 0.009 0.006 0.1 1.8 0.01
Metal pmol mmol pmol pmol pmol pmol pmol pmol nmol pmol
System mol'1 mol™! mol'1 mol'1 mol™! mol’! mol'1 mol’! mol'1 mol’!
8.0+ 0.84 + 74+ 129 + 104.8+ 0.09+ 043 £ 3.0+ 508 0.50 =
Phase 0 1.8 0.01 0.1 4.5 1.4 0.02 0.002 0.1 0.04
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8.6 £ 0.83 £ 73+ 2.8+ 952+ 0.10 £ 1.12 £ 4.1+ 30.7+ 0.69 =
Phase 1 0.5 0.004 0.1 0.3 0.3 0.02 0.01 0.1 2.7 0.03
14.7 + 0.81 £ 9.6 + 2.4+ 134.8 0.40 £ 4.86 + 52+ 3376+ 2.63+
Phase 2 0.1 0.003 0.1 0.2 +0.5 0.14 0.03 0.03 52.1 0.3
36.3 £ 141+ 613+ 4.0+ 547.5 6.1 £ 78.92 + 7.5+ 31324 5784+
Phase 3 1.9 0.004 1.8 1.0 20.5 2.5 1.9 1.0 +323.7 6.4
Factor between target conc. and measured conc.
Phase 1 17.2 20.8 73.0 56.0 119.0 1.0 14.0 41.0 4.0 6.9
Phase 2 2.9 2.0 9.6 4.8 16.9 0.4 6.1 5.2 3.4 2.6
Phase 3 0.7 0.4 6.1 0.8 6.8 0.6 9.9 0.8 3.1 5.8
Factor between Phases
Phase 0-1 1.1 1.0 1.0 0.2 0.9 1.1 2.6 1.4 7.5 1.4
Phase 1-2 1.7 1.0 1.3 0.9 1.4 4.0 43 1.3 8.5 3.8
Phase 2-3 2.5 1.7 6.4 1.7 4.1 153 16.2 1.4 9.3 22.0
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Figure 3.3: Weighted mean TE/Ca values in the culturing medium in pmol mol™'. Error bars
display the standard error of the mean (standard deviation o/Yn). Open symbols represent the
control system, where no extra metals were added during the complete culturing period (phase
0 to 3) and closed symbols represent the metal system. In this system, phase 0 is the control
phase without any extra added metals and for phase 1 to 3, the heavy metal concentration in the
culturing medium was elevated. Note that the standard error is comparably high in phase 3
because the heavy metal concentration in this phase varied more strongly, which is shown in
the appendix (Table A3.1, Fig. B3.1). Therefore, this error is derived from the real values in the
seawater and not from analytical uncertainties. Note that the Cr/Ca values from the control
system in phase 0 and 1 are not given as these values were below the detection limit.

In phases 1 and 0 the concentration in both systems were nearly equal for most elements. Only
Cr and Sn had slightly elevated concentrations in the metal system. Furthermore, Cu
concentration was higher in the metal system in phase 0 and phase 3 (Fig. 3.3). In phase 2, all
metals but Mn and Cu showed higher concentrations in the metal system than in the control
system. Mn concentrations were higher in the control system during phase 0 to phase 2. In
phase 3, the concentration of all heavy metals were elevated in the metal system compared to
the control system. The variation of the metal concentration was highest in phase 3, in both
systems, for all elements but Cu, which showed highest variation in phase 0 (Fig. 3.3). The
control system generally displayed a smaller degree of variation than the metal system.

Even though, the aim was to maintain the target concentrations shown in Table 3.1 during the
21 days of each culturing period by the bi-weekly addition of an aliquot of the multi metal stock
solution, the target concentration of the metals was not obtained for most metals in phase 1 and
2, the only exception was Ag in phase 1 (Table 3.3). The difference factors between the target
and measured concentration was highest (> 50) for Ni, Cu and Zn in phase 1 and decreased in
phase 2 and 3. In phase 3, metals Cr, Mn, Cu, Ag and Sn reached concentrations closer (factor
0.4-0.8) to the target concentration and Ni, Zn, Cd, Hg and Pb concentrations were higher
(factor 3.1-9.9) than expected. Furthermore, the change in metal concentration was small for
the transition from phase 0 to 1 (factor <1.4) for all elements but Cd (factor 2.6) and Hg (factor
7.5).

3.3.3 Incorporation of heavy metals into the foraminiferal shell

Table 3.4: Mean heavy metal-to—calcium values of 4. aomoriensis, A. batava and E.
excavatum in the control and the metal system. Errors are standard errors of the mean (standard
deviation o/Vn). Values marked with an asterisk were derived from only one laser spot and thus
are not considered for further discussion. Furthermore, the calculated Dtg values, the slope of
the linear regression line (OLS-Ordinary Least Squares) of all means, Pearson’s correlation
coefficient (R?) and its significance (p) are given for the calculation with all phases and when
removing phase 3 from the calculations. Cases where the regression lines were forced through
the origin are indicated.. In cases when a regression did not show significant correlation, the
Dre range calculated separately from the individual phases is given. In cases when the
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regression was significant, the Dre values represent the slope of the regression line. Ph = Phase,
SD = Standard deviation. Values in Table S3.1 are the basis of all calculations.

Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca
Control System pmol mol!  mmol mol!  pmol mol!  pmolmol!  pmol mol!
0 18.6+2.5 0.11 £0.02 1.3+0.2 5.6+0.9 532+8.8
A aomoriensis 1 126 £0.6 0.53+£0.12 59+0.8 8.6+1.0 342+47
2 13.6+0.5 0.27 £0.07 2.1+0.2 3.6+0.2 186+1.9
3 10.2+0.6 0.43 +£0.08 43+0.7 8.1+2.0 29.5+6.1
0 11.6£0.7 0.04 +£0.01 14+02 72+1.1 239+45
1 109+0.5 0.03 £ 0.00 26+03 5.9+0.6 17.8+1.3
A. batava
2 9.0+0.3 0.03 +0.00 09=+0.1 50+1.0 129+1.4
3 9.1+0.4 0.03+£0.01 1.9+0.2 65+13 149+22
0 229+29 0.43+0.13 94+£25 223+7.9 28.1+4.5
E. excavatum 1 88.9+34.1 229+0.56 7.8+1.9 203 +8.0 489+12.1
2 162+1.7 1.55+0.26 59+1.0 6.7+14 219429
3 26.7+33 1.88 £0.55 44+0.6 4.7+0.7 16.8£2.0
Metal System
0 16.0+0.5 0.08 +=0.02 55+0.9 152+2.6 29.8+5.1
A aomoriensis 1 14.0+0.7 0.39+£0.08 3.1+03 6.7+0.7 30.0+4.0
2 11.1+£0.3 0.20 +£0.05 53+0.5 5.8+0.5 283+23
3 14.1+£1.0 0.71+£0.12 38+03 63+1.5 422+6.1
0 16.5+£0.7 0.07+£0.01 1.1+£0.1 7.7+1.6 68.0+9.6
1 152+1.2 0.04 +£0.01 1.8+0.3 2.5+£0.6 20.7+£2.7
A. batava
2 9.7+0.2 0.02 +0.00 1.8+0.1 83+1.8 129+1.2
3 122+0.3 0.17 £0.04 29+0.2 83+1.2 49.8+3.5
0 17.30* 0.29* 4.30* 12.20* 26.70*
E. excavatum 1 329+34 0.70 £0.12 82+1.1 128 +1.8 185+0.9
2 41.8+5.2 0.77+0.15 8.6+ 1.1 115+1.5 29.8+3.6
3 54.1+8.2 0.88 +0.15 17.0+2.2 22.6+3.6 43.1+33
Calculations with Phase 3
A. aomoriensis
Slope of regression line £SD 0.38 +£0.30 1.18 £0.25
Correlation coefficient (R?) 0.83 0.80
Significance (p) 0.05 0.05
Dt £SD 0.4-10.3 0.38 +0.30 0.06-0.94 1.18 £0.25 0.08-0.45
Forced through origin Su?gle Yes Slggle Yes Su?gle
points points points
A. batava
Slope of regression line +SD 0.23 £0.04
Correlation coefficient (R?) 0.84
Significance (p) 0.001
Dt £SD 0.4-6.8 0.23 +0.04 0.05-0.41 0.60-4.35 0.09-0.65
Forced through origin Siggle No Siggle Siggle Siggle
points points points points
E. excavatum
Slope of regression line +SD 2.1+0.28 0.19 £0.04
Correlation coefficient (R?) 0.82 0.79
Significance (p) 0.01 0.003
D1e+SD 2.1+0.28 0.34-2.50 0.19 +0.04 0.95-5.67 0.08-0.53
Forced through origin Yes Slggle No Slggle Slggle
points points points

Calculations without Phase 3

A. aomoriensis

Slope of regression line +SD
Correlation coefficient (R?)
Significance (p)
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Dt £SD 0.74-10.3 0.09-0.53 0.19-0.94 0.61-5.42 0.21-0.45
Forced through origin Siggle Siggle Siggle Siggle Siggle
points points points points points
A. batava
Slope of regression line £SD
Correlation coefficient (R?)
Significance (p)
Dt £SD 0.65-6.8 0.02-0.08 0.15-0.41 0.60-4.35 0.10-0.65
Forced through origin Sir?gle Sir?gle Siggle Siggle Sir?gle
points points points points points
E. excavatum
Slope of regression line £SD
Correlation coefficient (R?)
Significance (p)
Dt £SD 2.5-13.4 0.34-2.50 0.64-1.35 0.95-4.73 0.22-0.53
Forced through origin Sir?gle Sir?gle Siggle Sir?gle Sir?gle
points points points points points
Table 3.4 continued.
Phase Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Control System pmol mol! pmol mol! pmol mol! nmol mol! pmol mol!
A. aomoriensis 0 0.27 £ 0.08 7.6+1.0 0.33+£0.07 1.54 +0.46 1.23+£0.22
1 0.28 £ 0.05 3.8+03 1.60 +0.30 3.11 +£0.68 1.14+0.16
2 0.16 £ 0.04 3.6+0.2 0.21 £0.03 1.13+£0.31 0.81+0.10
3 031+0.11 29+0.2 0.19 +£0.03 8.02+1.72 1.45+£0.42
A. batava 0 0.09 +0.03 47+05 0.27 £0.05 1.3+04 0.67 £0.10
1 0.07 £0.01 2.5+0.2 0.65+0.09 1.2+03 0.29 £0.03
2 0.05 +£0.00 2.7+0.1 0.08 £0.02 1.5+04 0.39+£0.03
3 0.06 +0.01 1.9+0.1 0.10 +£0.02 44+0.6 0.36 £ 0.05
E. excavatum 0 0.22 +0.09 3.6+1.1 0.99 +0.40 150+4.4 1.83+£0.59
1 0.07 £0.01 20.1+9.2 8.21+2.63 83.0+334 2.22+0.54
2 0.10 +0.03 1.2+0.2 0.45 +£0.08 169 +£3.8 0.94+£0.10
3 0.04 £0.01 23+04 0.27 £0.03 358+6.3 0.55+0.11
Metal System
A. aomoriensis 0 0.08 +0.03 49+03 0.62+0.09 2.6+0.6 1.17+£0.24
1 0.25 +0.04 4.0+04 0.84 +£0.10 1.8+£0.2 0.90+0.13
2 0.52 +0.08 55+04 1.70 £0.17 9.1+1.7 3.85+0.45
3 3.03 £0.39 54+04 0.55+0.10 103+£1.3 22.14 £2.37
A. batava 0 0.06 +0.03 6.2+0.2 0.19+£0.04 1.0+£0.2 1.27+£0.08
1 0.04 £0.01 3.1+03 0.59+£0.12 02+0.0 0.42 £0.07
2 0.18 £0.04 3.1+0.2 0.46 +0.06 45+1.1 0.52 +0.05
3 1.05+£0.17 6.5+0.3 0.21 £0.02 7.7+1.0 29.82 £3.70
E. excavatum 0 0.40* 5.60* 0.18* 6.80%* 1.59*
1 0.03 £0.01 3.0+03 2.63+£0.32 85.7+19.7 1.36+£0.15
2 0.69 £0.18 39+0.5 2.89+047 1204+447 4.61+£0.86
3 2.84 +0.64 47+05 2.74+£0.42 949+162  52.51+6.17
Calculations with Phase 3
A. aomoriensis
Slope of regression line +SD 0.50 +0.02 0.39 +0.01
Correlation coefficient (R?) 0.97 0.97
Significance (p) <0.0001 <0.0001
Dre +SD 0.50 +£0.02 0.07-18.49 0.07-0.63 0.003-1.39 0.39 £0.01
Forced through origin Yes Slggle Su?gle Single points Yes
points points

A. batava
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Slope of regression line +SD 0.17 £0.01 0.003 £0.001  0.52 +£0.01
Correlation coefficient (R?) 0.98 0.63 1
Significance (p) <0.0001 0.01 <0.0001
Dt £SD 0.17 +£0.01 0.08-14.42 0.03-0.26 0.003 £0.001  0.52 +0.01
Forced through origin Yes Slggle Slr?gle Yes Yes
points points
E. excavatum
Slope of regression line £SD 0.47 £0.04 0.91 £0.01
Correlation coefficient (R?) 0.96 1
Significance (p) <0.0001 <0.0001
Dt £SD 0.47 £0.04 0.06-49.45 0.06-3.25 0.03-18.51 0.91 £0.01
Forced through origin Yes S1ggle Slggle Single points Yes
points points

Calculations without Phase 3

A. aomoriensis

Slope of regression line £SD 1.6 £0.17

Correlation coefficient (R?) 0.91

Significance (p) <0.001

Dre £SD 0.70-2.57 1.14-18.49 0.10-0.63 0.003-1.39 1.60 £0.17

Forced through origin Slr?gle Slr?gle Slr?gle Single points Yes

points points points

A. batava

Slope of regression line £SD 0.35 +£0.09

Correlation coefficient (R?) 0.91

Significance (p) 0.03

Dre+SD 0.35+0.09 0.63-14.42 0.04-0.26 0.005-0.76 0.20-5.52

Forced through origin Yes Slggle Slggle Single points Slggle
points points points

E. excavatum

Slope of regression line +SD 0.26 +0.11 2+0.28

Correlation coefficient (R?) 0.53 0.90

Significance (p) 0.05 0.003

Dre +£SD 0.23-4.25 0.80-49.45 0.06-3.25 0.26 £0.11 2.0+0.28

Forced through origin Slggle Slggle Slggle No Yes

points points points

Measurable incorporation into the foraminiferal calcite was found for all the heavy metals
analysed but the degree of incorporation varied profoundly within and between species (Fig.
3.4 and Table 3.4). In both systems, the heavy metal concentration in E. excavatum was higher
than in the other species (4. aomoriensis and A. batava) for Cr, Mn, Ni, Hg and Sn. This trend
is also visible but less pronounced in the Cu values of the control system.

Cr, Ni, Cu, Zn, Cd, Pb and Ag values of 4. aomoriensis displayed the highest standard error of
the mean paired with highest concentrations in the water in the metal system. Sn, Mn and Hg
did not show any clear pattern. In the control system, all heavy metal concentrations had higher
standard errors of the mean when the concentration of these metals in the culturing medium
was higher. The trend was also shown in A. batava and E. excavatum for all heavy metals of
the control and the metal system. Note that even though no extra metals were added to the
culturing medium of the control system, differences in the heavy metal concentration occurred
(Fig. 3.3 and Table 3.3).
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Calculations were performed with and without phase 3 of the metal system (Fig. 3.4, Fig. B3.2
and Table 3.4) to address a possible overload effect when it comes to higher metal
concentrations in the seawater.

When phase 3 was included, a strong positive correlation (R? > 0.9, p < 0.05) between Ag and
Pb concentrations in the foraminiferal shell and the culturing medium was found for all three
species. Furthermore, A. batava also displayed a positive correlation for Hg (R* = 0.63, p <
0.01), A. aomoriensis for Cu (R*>=0.80, p < 0.05) and E. excavatum for Cr (R?=0.82, p<0.01)
and Ni (R? = 0.79, p < 0.003). Weaker but still significant positive correlations were recorded
for Mn (R? > 0.84, p < 0.05) for both Ammonia species. An indistinct correlation of the
concentration in the seawater and in the foraminiferal test was recognised for Zn in all three
species, whereas Cd and Sn showed no covariance (Fig. 3.4 and Table 3.4).

When phase 3 was excluded from the calculations, A. aomoriensis and E. excavatum showed a
positive correlation for Pb (R > 0.9, p < 0.003), A. batava for Ag (R*=0.91, p = 0.03) and in
E. excavatum Hg correlated weaker positively (R? > 0.53, p < 0.05). All other elements show
no significant correlation (Fig. 3.4 and Table 3.4).
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Mean TE/Ca Control System - A. aomoriensis
Mean TE/Ca Metal System - A. aomoriensis
Mean TE/Ca Control System - A. batava
Mean TE/Ca Metal System - A. batava

Mean TE/Ca Control System - E. excavatum
Mean TE/Ca Metal System - E. excavatum
Regression line

>D>eomE]

Figure 3.4: Mean TE/Ca values in the foraminiferal calcite versus the mean TE/Ca values in
the corresponding culturing medium based on phase 0 to 3. Each data point represents the mean
value of all laser ablation ICP-MS measurements on single foraminiferal chambers built up
during the individual culturing phase plotted against the mean metal concentrations in the
seawater averaged over the culturing phase (Table 3.3). Because calculating p- and R? values
of the regression lines and the Dte’s with the mean per phase resulted in comparable values to
when calculating with the overall dataset, we considered this approach adequate. Error bars
symbolize the standard error of the mean. The linear regression line (+ standard deviation) is
displayed when elements showed a significant correlation between seawater and calcite. Dtg’s
of E. excavatum were considered without values for Phase 0 of the Metal System as only data
from one newly formed chamber are available. All values can be found in Table 3.4. An
enlarged graph based on the calculations without phase 3 is provided in the appendix (Fig.
B3.2).

The majority of Dte were lower than 1 in A. aomoriensis (with phase 3 = 61 %, without phase
3 = 57%) and A. batava (with phase 3 = 75%, without phase 3 = 73%), i.e., uptake but no
enrichment took place. Dte values derived from E. excavatum on the other hand showed a
smaller proportion < 1 (with phase 3 = 47%, without phase 3 = 42%). For most elements (Cr,
Mn, Ni, Cu, Cd, Sn, Pb and Hg) DrE derived from E. excavatum were higher than Dt from the
two Ammonia species (Table 3.4, Fig. 3.4), which showed comparable Drg values for most
elements. Dz, built the exception because all values were within a similar range (Dz, ~ 0.08-
0.65) independent of the species. For A. aomoriensis Dcy was > 1 and Dcq as well as Dpy, were
also > 1 when phase 3 was excluded from the calculations. Elphidium excavatum displayed Dt
values > 1 for Cr and Cu for the calculations with phase 3 and also for Pb without phase 3. The
highest variation between minimum and maximum Drg for all species was found for Cd and
Hg.

3.4 Discussion

3.4.1 Experimental Uncertainties

Calcein was used for staining the foraminiferal test before they were placed into the culturing
system. It can be assumed, that a period of 1 or 2 days for removing excess calcein was
sufficient because the youngest chambers were not stained. Calcein binds to Ca and is
incorporated into the mineralised calcium carbonate (Bernhard et al., 2004). It is conceivable
that the heavy metal incorporation could also be affected by calcein. However, no evidence for
such effects has been found so far in a variety of studies (e.g., Hintz et al., 2006; De Nooijer et
al., 2007; Dissard et al., 2009). Furthermore, calcein was only used prior to the experiment to
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mark the last chamber that was grown outside the culturing system. Therefore, the incorporation
of the metals measured in subsequent chambers was not affected by the calcein application.

The element concentrations within the culturing medium of each culturing phase were
comparably stable for most elements in the control system. In the metal system, the variations
were higher, which is due to the punctual input of the multi metal stock solution for reaching
the next phase concentration (Table A3.1, Fig. B3.1). This sudden addition of metals resulted
in a high peak concentration in the beginning of the new phase, which equilibrated after a while.
This trend was most pronounced in phase 3 as the added amount of the multi metal stock
solution was highest for this phase, which was also why the standard error of this phase was
comparably high. Furthermore, the variations of the metal concentrations were in a comparable
range than those presented in other culturing studies (e.g., Marechal-Abram et al., 2004; De
Nooijer et al., 2007; Munsel et al., 2010; Remmelzwaal et al., 2019). Generally, many other
studies (e.g., Remmelzwaal et al., 2019; Sagar et al., 2021a; Titelboim et al., 2021) measured
the heavy metal concentration in the seawater less frequently than done in this study. Therefore,
the stability of metal concentrations during the culturing phases of those studies are often
inferred. Furthermore, pollution events in nature are in most cases not persistent and stable but
transient as was mirrored by the concentration changes in our experiments.

The measured metal concentrations in the culturing seawater were smaller than expected (Table
3.3). This in combination with the varying metal concentration within one phase suggested that
several processes were affecting the concentration in such a complex culturing system. One
possible mechanism was sorption of the metals onto surfaces (e.g., tubing, culturing vessels,
plates, organic matter or the foraminiferal test itself), which could have lowered the metal
concentration in the culturing medium. Therefore, sorption could have contributed to the overall
budget of the metals. On the other hand, Cu appeared to have been released from components
of the culturing system even though the system was cleaned before use and was operated with
seawater for 14 days before the experiments begun. For instance, the concentration of Cu was
high in phase 0, where no metals were added suggesting release from system parts. In phase 1,
the Cu concentration decreased meaning the contamination derived from the system was
removed by a process similar to that observed for the other metals after additions were made.
Similar effects have been reported by De Nooijer et al. (2007) for Cu and Havach et al. (2001)
for Cd. Other processes like the uptake of the metals by the foraminifera itself and the growth
of algae could further have an influence on the metal concentration in the culturing medium.
Germs of algae were introduced accidentally together with the living foraminifera and grew
during the experiment. Such processes are difficult to predict and even more challenging to
avoid but probably mirror real environments more realistically than sterile petri dish
experiments (e.g., Havach et al., 2001; Hintz et al., 2004; Munsel et al., 2010).

Neither the survival rate nor the formation of new chambers was influenced by the elevated
metal concentrations during the culturing period. These features were rather constant between
the four different phases. Furthermore, no test morphology malformations were recognised.
Elevated heavy metal concentrations are thought to induce a higher rate of malformations in
benthic foraminifera (e.g., Sharifi et al., 1991; Yanko et al., 1998), whereas recent studies
constrained them as a reaction to stressful environments, not necessarily created by high heavy
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metal concentrations (Frontalini and Coccioni, 2008; Polovodova and Schonfeld, 2008). The
lack of malformations in our experiments suggested that the foraminifera were neither poisoned
by elevated heavy metal concentrations nor stressed too much by strongly varying
environmental parameters, maintaining a normal metabolism and growth. Reproduction was
generally very rare, which may indicate that the conditions were not ideal. In field studies
foraminiferal reproduction has been linked to short periods of elevated food supply (e.g., Lee
et al,, 1969; Gooday, 1988; Schonfeld and Numberger, 2007). The regular feeding of
foraminifera in our experiment twice a week at constant rates therefore probably did not provide
supply levels that trigger reproduction. Nevertheless, it can be assumed that a sufficient amount
of food was provided because after the experiments, leftovers covering the sediment surfaces
in the cavities were evident. This would have likely been consumed by the foraminifera if they
would have needed more. Furthermore, the foraminifera calcified, which would not be the case
if any malnourishment occurred (e.g., Lee et al., 1991; Kurtarkar et al., 2019). Therefore, the
nutritional status is unlikely to have influenced the metal uptake by the foraminifera.

The calibrations between the heavy metal concentration in seawater and the foraminiferal shell
rely on the TE/Ca values from phase 3 because the difference in seawater concentration was
highest compared to other phases. Nevertheless, data points from other phases do play a role
and forcing through the origin adds a further fixed point. High variability for Drg values like
observed here for Cd or Cu is difficult to explain. Such variability suggests there are factors
affecting these metals we do not understand and therefore it is also important to show the data
for these elements. Furthermore, the experimental design, especially the mixture of metals, was
chosen to best simulate metal conditions in real environments, which could naturally enhance
the variability of Dte. This knowledge is indispensable for the application of heavy metal
concentrations in foraminifera as a proxy for the heavy metal concentration in seawater.

3.4.2 Incorporation of heavy metals in the foraminiferal test

Many heavy metals have been demonstrated to be incorporated into the foraminiferal shell (e.g.,
Cr: Remmelzwaal et al., 2019; Mn: Koho et al, 2015; 2017; Barras et al., 2018; Cu: De Nooijer
et al., 2007; Ni: Munsel et al., 2010; Hg: Frontalini et al., 2018a; Cd: Havach et al., 2001; Pb:
Frontalini et al., 2018b; Titelboim et al., 2018; Sagar et al., 2021a; 2021b; Zn: Marchitto et al.,
2000; Van Dijk et al., 2017), and the incorporation of all of these metals has been measured
here. Additionally, to the best of our knowledge, Sn and Ag were investigated here for the first
time. The levels observed were well above control values indicating an elevated incorporation
of Ag and Sn into the foraminiferal test calcite with increasing metal concentrations in seawater.

Different factors can influence the incorporation of these metals into the foraminiferal test. First
of all, the uptake depends on metabolic pathways during the calcification process. Fundamental
biomineralization processes of foraminifera are the subject of an ongoing discussion and several
(partly) competing models have been proposed (e.g., Elderfield and Erez, 1996; Erez, 2003; De
Nooijer et al., 2009b, 2014; Nehrke et al., 2013). One model proposes that the foraminifera take
up ions directly from the surrounding seawater by endocytosis or by building seawater
vacuoles, which are transported to the site of calcification (SOC) (Elderfield and Erez, 1996;
Erez 2003; De Nooijer et al., 2009b; 2009a; Khalifa et al., 2016). The SOC is located outside
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the foraminiferal cell and the formation of new calcite takes place in this zone (see De Nooijer
et al., 2014 for a summary and illustration). There is evidence that this SOC is separated from
the surrounding seawater (e.g., Spindler, 1978; B¢ et al., 1979; De Nooijer et al., 2009b; 2014;
Glas et al., 2012; Nehrke et al., 2013). The other competing model suggests that the uptake of
ions and the transport to the SOC is performed directly from the seawater across the cell
membrane by active trans-membrane-transports (TMT) and/ or passive transport via gaps in the
pseudopodial network of the foraminifera (Nehrke et al., 2013; De Nooijer et al., 2014). The
dependence of heavy metal concentrations in the foraminiferal test on their seawater
concentration relies on the prevailing mechanism. Biomineralization based on endocytosis
would infer that the metal concentration in the seawater is directly mirrored by their
concentration in the foraminiferal shell, which is not generally supported by the results of our
study except for Ag and Pb. Several metals showed partition coefficients > 1 or < 1 when the
Dre’s were calculated separately for each culturing phase. Only Pb and Cr in E. excavatum and
Cu and Pb in A. aomoriensis consistently displayed mean Dre’s > 1 paired with a positive
correlation of the concentration in seawater and in the foraminiferal shell, which could indicate
a non-selective uptake of these metals meaning uptake not only driven by the chemical
properties of the ion such as the size of the metal ion itself. If this would have been the case,
Dre values > than 1 would be expected especially for metals ions that are smaller than Ca
(Rimstidt et al., 1998). On the other hand, the Drr values of many elements (Ni, Zn, Cd, Hg,
Pb) dramatically decreased with increasing concentration in the seawater in the highest metal
treatment in all species (Fig. 3.4). This kind of overload effect has also been noted by Nardelli
et al. (2016) for Zn, by Barras et al. (2018) for Mn, by Mewes et al., (2015) for Mg and by
Munsel et al. (2010) for Ni. Nardelli et al. (2016) suggested that some biological mechanism
expulse or block these metals if the concentration is too high and imminent intoxication is
probable, which may be managed by controlling the ion uptake via TMT. Therefore, it may
well be possible that the highest concentration of the metals in our study was close to the tipping
point of the biological mechanism taking over and protecting the organism.

Besides biologically controlled factors, physicochemical properties also play an important role
when it comes to the uptake of ions. One chemical factor is the aqueous speciation and solubility
of the metals. Metals with a free ion form with a charge of 2+ are more similar to Ca?’, which
makes incorporation more likely (Railsback, 1999). Nearly all metals in this study were added
as dissolved chlorides and therefore had a charge of 2+. The only exceptions were Ag, which
was added as AgNOs3 with a charge of 1+ and Cr, which was added as CrCl3*6 H>0. The charge
of the cation as such does not seem to make a major difference as Ag was incorporated into all
three species and Cr into E. excavatum with a significant positive correlation to concentrations
in the culturing medium. Furthermore, it is possible that the oxidative state of the elements
changed due to their pH dependency, which will be discussed for every element separately.
Furthermore, other ions with a charge of 1+ are also known to be incorporated in calcite.
Examples are Li* (e.g., Delaney et al., 1985; Hall et al., 2004) and Na* (e.g., Wit et al., 2013;
Bertlich et al., 2018), which are believed to occupy interstitial positions in calcite where the
calcite lattice has defects (Ishikawa and Ichikuni, 1984; Okumura and Kitano, 1986). In
addition, rare earth elements with a charge of 3+ are also detected in the foraminiferal calcite
(e.g., Haley et al., 2005; Roberts et al., 2012).
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The aqueous speciation of many metals is strongly influenced by the pH (e.g., Forstner, 1993;
Pagnanelli et al., 2003; Spurgeon et al., 2006; Powell et al., 2015; Huang et al., 2017). As the
pH during the experiment was stable around 8.0 + 0.1 (measured twice a week), speciation
changes between phases due to varying pH values can be excluded. However, it is possible that
some metals were not available in a form that could be readily incorporated in the calcite such
as the free ion or carbonate species. Cr was not available in an optimal speciation to substitute
Ca as a pH of 8 would favour Cr>* or Cr** as well as oxides and hydroxides (Elderfield, 1970;
Geisler and Schmidt, 1991). Furthermore, the used Cr-salt may not have dissolved completely,
even though the multi metal stock solution was heated and stirred during the process. Both in
combination may lead to the small variation in the seawater concentrations between the
different phases. Interferences that could possibly have influenced the Cr measurements in the
water samples are chlorine oxides or hydroxides (e.g., Tan and Horlick, 1986; McLaren et al.,
1987, Reed et al., 1994; Laborda et al., 1994). Measurements of reference materials revealed
slightly elevated Cr concentrations compared to those presented in the literature (Table A3.2),
which indicates that interferences could be responsible for some of the observed variability for
Cr. Similar pH dependant processes could also have affected Cu. Nevertheless, Cu and Cr were
taken up by all species and therefore, this factor cannot be decisive when it comes to
incorporation of these metals into the foraminiferal shell.

If the incorporation of metals would be straightforward and would only depend on the
speciation of the metal and other physicochemical factors, the behaviour of the metals would
mostly be influenced by the ionic radius in combination with the charge of the metal ions as
described for carbonate minerals by Rimstidt et al. (1998). The endocytotic pathway of seawater
into the foraminifer should produce a behaviour of ion incorporation comparable to inorganic
calcite precipitation. It was found that cations are incorporated into inorganic calcite by
substitution of Ca®" (e.g., Reeder et al., 1999), especially when the effective ionic radius of
these ions is comparable to the one of calcium (= 1.0 A).
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Figure 3.5: Comparison of Drg values of this study with Drg values from literature of different
rotaliid and miliolid foraminiferal species. The range of Dte based on the different culturing
phases is given and if a correlation between the heavy metal concentration in seawater and the

foraminiferal shell was detected, the mean Dtg value £SD (
indicated. Note that the x-axis was clipped for some elements. (Literature for inorganic calcite

Dre values: Ni = Rimstidt et al., 1998; Alvarez et al., 2021; Mn = Lorens, 1981; Dromgoole
and Walter, 1990; Wang et al., 2021; Cu =Kitano et al., 1973; 1980; Wang et al, 2021; Zn
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Kitano et al., 1973; 1980; Rimstidt et al., 1998; Wang et al., 2021; Cd = Rimstidt et al., 1998;
Day and Henderson, 2013; Pb = Rimstidt et al., 1998.)

Some metals like Mn, Zn and Cu are known to be fundamentally necessary as micro-nutrients
to maintain biological and physiological function of a cell (e.g., Mertz, 1981; Tchounwou et
al., 2012; Martinez-Colon et al., 2009; Maret, 2016). Therefore, these elements should
preferentially be taken up into the foraminiferal cell, where they are used for further processes.
This in turn could lead to the consumption of these metals before they can be incorporated into
the foraminiferal tests. The artificial sea salt used in this study ensured that these elements were
present in a sufficient amount of micronutrients. All of these ions have a similar ionic radius
(Cu=0.73 A,Mn=0.67 A, Zn=0.74 A) in six-fold coordination (Rimstidt et al., 1998), which
would also suggest, that their behaviour is comparable. The ionic radii are much smaller than
that of Ca, but are rather similar to Mg (0.72 A, Rimstidt et al., 1998).

Mn showed a positive correlation between its concentration in seawater and the foraminiferal
test in the two Ammonia species when the calculations included phase 3. This indicates that this
element serves as a well-behaved proxy influenced mainly by its concentration in seawater.
However, E. excavatum did not show this positive correlation. Dmn values of this study were
comparable with rotaliid and miliolid species and partly with Dmn values from inorganic
precipitation (Fig. 3.5). Species-specific partition coefficients of elements like Mg or Na are
already reported in the literature (e.g., Toyofuku et al., 2011; Barras et al., 2018; Wit et al.,
2013) and could also explain the different Dtg values of E. excavatum in this study (see below).
Furthermore, it is known that the presence of toxic metals such as Cd, Ni or Hg can inhibit the
uptake of essential metals like Mn into the cell if these metals are present in low concentrations
(e.g., Sunda and Huntsman, 1998a, 1998b). It is possible that this mechanism is more
pronounced in E. excavatum than in the Ammonia species. Zn was clearly incorporated above
control levels into all three species, but it’s behaviour was influenced by more factors than the
concentration of Zn in the culturing medium (Fig. 3.4, Table 3.4). Dz, values of this study are
in good agreement with those calculated by Van Dijk et al. (2017) for four hyaline species and
Nardelli et al. (2016) for the miliolid Pseudotriloculina rotunda (Fig. 3.5) Other studies
reported higher values. It is again possible that the mixture of metals inhibited the uptake of
essential metals like Zn similar to Mn. Cu showed a simple well-behaved proxy behaviour with
a significant positive correlation in 4. aomoriensis but not in the other two species. The Dcu
presented in the literature for rotaliid species are lower than Dcy from this study. Inorganic
values were mostly higher (Fig. 3.5). These differences could arise from the lower
concentration of Cu in this study or from the mixture of metals. It is also reported, that the
exposure to more than one metal can cause an increased uptake of another metal into the cell
(Archibald and Duong, 1984; Martinez-Finley et al., 2012; Bruins et al., 2000; Shafiq et al.,
1991). If more Cu is taken up into the cell after the usage of Cu as micronutrient more Cu is
left over and could possibly be deposited into the calcite. It is therefore conceivable that one
particular metal in our study was effecting a co-uptake of Cu, which lead to an elevated
incorporation into the calcite as compared to other studies.
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The non-essential elements Hg, Cd and Pb are not used in physiological processes and are
therefore believed to have a higher toxic potential (Barbier et al., 2005; Raikwar et al, 2008;
Ali and Khan, 2019). This could first of all make the foraminifera prevent the uptake of these
metals into their cell. But if the uptake of heavy metals into the cell cannot be prevented, the
foraminifera may remove the metals to their shell instead of keeping them in their cell. This is
a common mechanism for avoiding intoxication reported for various organisms (benthic
foraminifera: Bresler and Yanko, 1995; Yeast: Adle et al., 2007; Bacteria: Shaw and Dussan,
2015; Microalgae: Duque et al., 2019). Furthermore, this would mean thatthe incorporation of
these metals into the foraminiferal calcite increases. The ionic radii of Pb*" in calcite-
coordination is 1.19 A, which is remarkably higher than those of Hg** (1.02 A) and Cd** (0.95
A), which are comparable to Ca.This similarity should also favour the incorporation of Cd and
Hg into calcite, which holds only partly true, as Cd showed no trends with complex behaviour,
but Hg was linearly incorporated in A. batava and in E. excavatum if the high concentrations
of phase 3 are excluded. Pb emerged as a well-behaved proxy under these experimental
conditions with all three species incorporating Pb linearly (Fig. 3.4, Table 3.4). When
comparing Dpy values in the literature, our Dpy, are slightly lower (Fig. 3.5). For Hg, no partition
coefficients were published so far. Dcq values from different studies (Havach et al., 2001;
Tachikawa and Elderfield, 2002; Maréchal-Abram et al., 2004, Sagar at al., 2021b) have overall
a smaller range of Dcqg values than found here (Fig. 3.5). The greater variability in Dcqg of our
study makes a comparison difficult.

The importance of other metals like Sn, Cr, Ag and Ni is not fully understood yet but some of
them are believed to have certain biological functions in the cells of animals or plants (Horovitz,
1988; Mertz, 1993; Lukaski, 1999; Pilon-Smits et al., 2009; Hansch & Mendel, 2009; Chen et
al., 2009). For example, Ni is important for plants and bacteria (Poonkothai and Vijayavathi,
2012; Maret, 2016). The ionic radii of these metals in calcite-coordination is rather different
(Sn=1.18 A; Ag=1.15A; Cr=0.62 A; Ni=0.69 A) and deviate from the ionic radius of Ca",
too.

Ni was incorporated with a positive trend in E. excavatum, but with no clear trend in the
Ammonia species (Fig. 3.4, Table 3.4). Dni values from rotaliid and miliolid foraminifera and
from inorganic calcite are in good agreement with our results (Fig. 3.5). Ag exhibited a strong
positive correlation between seawater and foraminiferal shell in all three foraminiferal species.
Partition coefficients for Ag (4. aomoriensis Dag= 0.50 £0.02 , A. batava Dag=0.17 £0.01, E.
excavatum Dag = 0.47 +£0.04) cannot be compared to other studies as no literature data are
available.

Cr and Sn, on the other hand, were not incorporated in a higher amount when the concentration
of these metals in the culturing medium was raised, except for Cr in E. excavatum, which
showed a positive correlation. The D¢r values presented in Remmelzwaal et al. (2019) (Dc; >
107), based on culturing experiments with the tropical, symbiont bearing foraminifera
Amphistegina spp., are at least one order of magnitude higher than D¢, values in this study (4.
aomoriensis Dcr = 0.74-10.3, A. batava Dcr = 0.4-6.8, E. excavatum Dcr= 2.1 £0.28). One
possible reason for dynamics of Cr are the comparable low concentrations in the culturing
medium and furthermore, the differences between the phases were also very low (Fig. 3.3, Fig.
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B3.1 and Table 3.3). It may be that the concentration of Cr needs to be further elevated and the
concentration range needs to be extended before the foraminifera are able to incorporate Cr
with significant differences between concentrations. For Sn, no comparative studies are
available so we may speculate that the same could apply for Sn. Nevertheless, we recognised a
correlation between the concentration of Cr in the culturing medium and in the foraminiferal
calcite of E. excavatum, but not for both Ammonia species.

3.4.3 Interspecies variability

The three different species cultured in this study clearly incorporated the same metal in different
ways, which is most visible in the overall higher TE/Ca values of E. excavatum compared to
species from the genus Ammonia (Fig. 3.4 and 3.5, Table 3.4). Koho et al. (2017) suggested
that these differences in the incorporation result from different microhabitats used by different
foraminiferal species. This might be true in nature. In our experiments, however, the sediment
in the cavities was only a few mm thick and no redox horizon was recognised when recovering
the foraminifera after the experiment. Therefore, all foraminifera were living in the same
microhabitat. Leftover food may have created a microhabitat but this effect would have been
the same in all cavities and therefore cannot account for the differences between the species. In
our experiment, dead Nannochloropsis were fed, which is certainly not the preferred food
source for E. excavatum (Pillet et al., 2011). This could lead to a slower growth and E.
excavatum built on average only 1 chamber during the individual culturing period of 21 days
while Ammonia species built more than four chambers. Furthermore, E. excavatum did not
reproduce, even though the culturing period is close to the generation time of this species
(Haake, 1962). When growth is slower, it could be possible that a higher amount of a metal is
incorporated into the shell, which would lead to higher TE/Ca values in this species. It is
possible that a more preferred food source would have stimulated enhanced growth and
influenced the incorporation of heavy metal into the shells of E. excavatum. For instance, the
closely related species E. clavatum prefers bacillariophycean diatoms (Schonfeld and
Numberger, 2007). It may also be possible that E. excavatum is simply a slower growing species
than Ammonia, which seems not to be necessarily connected to a specific food source (e.g.,
Haynert et al., 2020). One could assume that a slower growth would provide more time to
remove potentially toxic metals from the cell to the foraminiferal shell, which could explain
why E. excavatum incorporated a higher metal concentration than 4. aomoriensis and A. batava.

Another possibility for the higher metal concentration found in E. excavatum is the timing of
chamber formation. As E. excavatum formed on average one new chamber, it is possible that
this chamber was formed during the high peak in the metal concentration during the beginning
of the culturing phases (Fig. B3.1, Table A3.1). This could in turn lead to a higher uptake of
the metals and apparently higher Dt values. Both Ammonia species on the other hand, formed
more chambers, which makes it most likely that the first high concentrations did not particularly
influence the overall Dte value. Unfortunately, it is not possible to constrain exactly when the
specimens formed their new chambers. It was checked whether the evolution of the metal
concentration in seawater of phase 3 was reflected in the intra-test (chamber to chamber) data
for the two Ammonia species. Particularly, the initial high concentration of certain heavy metals
was found in the first chambers of very few individuals after the staining (i.e. the first chamber
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built in culture). This is most likely due to the individual timing of calcification. Furthermore,
it could also be possible that the foraminifera did not calcify during the first high peak due to
an initial intoxication. Therefore, a mean value over the whole culturing phase was considered
as most representative.

Comparing Ammonia and Elphidium species showed that the Dt of the Ammonia species of
this study are partly comparable to literature data (Fig. 3.5).

Dre values are known to be generally higher in tropical high-Mg calcite taxa like Amphistegina
(e.g., Titelboim et al., 2021) and also high-Mg miliolid taxa like Amphisorus (e.g., Sagar et al.,
2021a) incorporate a higher amount of metals compared to rotaliid low-Mg taxa like Ammonia
or Elphidium. Comparing our data with high-Mg species, it is visible that this trend can be
partly confirmed (Fig. 3.5). For Mn, both Ammonia species of this study show lower values
than miliolid species but Dmn of E. excavatum is comparable. Dni values of 4. hemprichii
determined by Sagar et al. (2021b) display the same range as the values for low-Mg species
here and furthermore Dz, values of the miliolid P. rotunda (Nardelli et al., 2017) overlap with
our findings. On the other hand, Dz, values from miliolids in van Dijk et al., (2017) and high-
Mg rotaliids from Titelboim et al. (2021) are much higher. The same trend is observed for Dpp
(Titelboim et al., 2021; Sagar et al., 2021a). When comparing the Zn/Ca concentration in the
foraminiferal shell directly to values from Titelboim et al. (2018), who analysed the Cu, Zn and
Pb concentration in rotaliid and miliolid species from a field site, our values show similarities
with both groups. Zn/Ca in the foraminiferal calcite of our study was a maximal ~ 68 pmol/mol,
which is slightly lower than reported in Titelboim et al. (2018) for the low-Mg species
Pararotalia calcariformata (195 umol/mol), but much lower than Zn/Ca reported for the high-
Mg species Lachlanella (2540 pmol/mol). Differences between the low-Mg species may be
due to different concentrations in the seawater the foraminifera grew in. As the seawater metal
concentration is not given in Titelboim et al. (2018) this cannot be evaluated. It may also be
possible hat high-Mg species have more defects in their tests, which would result in more
interstitial space, leading to more space for ions other than Ca. Maximum Cu/Ca values of our
study are ~ 23 umol/mol in E. excavatum, which fits the findings of Titelboim et al. (2018) for
rotaliid species (P. calcariformata ~21 pmol/mol) and is lower than in high-Mg species
(Lachlanella ~ 186 pmol/mol). Pb/Ca of ~ 12 umol/mol in P. calcariformata described by
Titelboim et al. (2018) are lower than found here (max. Pb/Ca in E. excavatum of this study ~
53 umol/mol), whereas our findings are more comparable to Lachlanella (Pb/Ca ~ 125
umol/mol).

3.5 Conclusion

Culturing experiments with different foraminiferal species (4. aomoriensis, A. batava and E.
excavatum) that were exposed to a mixture of ten different metals (Cr, Mn, Ni, Cu, Zn, Ag, Cd,
Sn, Hg and Pb) at varying concentrations (Table 3.3, Fig. 3.3, Fig. B3.1) were carried out and
laser ablation ICP-MS analysis of the newly formed calcite revealed the following:

1. All metals used in this study were incorporated into the foraminiferal calcite of all three
species (Fig. 3.4, Table 3.4).
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2. Species-specific differences in the incorporation of heavy metals occurred.

3. The following metals showed a positive correlation between the metal concentration in
seawater and the foraminiferal calcite inferring that the uptake of these metals mainly
depends on its concentration in seawater:

a. Ammonia aomoriensis: Dyn = 0.38 £0.3, Dcu = 1.18 £0.25, Dag = 0.50 +£0.02,
Dpy, =0.39 £0.01

b. Ammonia batava: Dyin = 0.23 £0.04, Dag = 0.17 £0.01, Dyg = 0.003 +0.001; Dpp
=0.52 +0.01

c. Elphidium excavatum: D¢y = 2.1 £0.28, Dni =0.19 £0.04, Dag = 0.47 £0.04, Dpy
=0.91 +0.01

4. Other metals like Zn, Sn and Cd showed no clear correlation between seawater and
calcite, which may be linked to the mixture of metals leading to synergetic effects.

5. Dre values of Ni, Zn, Cd, Hg and Pb decreased with increasing heavy metal
concentration in the seawater, which may be evidence for an early protective
mechanism, prior to damage, reduced growth or death of the organism.

The results of this study facilitate the determination of variations in the heavy metal
concentration in seawater for elements showing a correlation between TE/Ca ratios in calcite
and seawater (4. aomoriensis = Mn, Cu, Ag, Pb; A. batava = Mn, Ag, Hg, Pb; E. excavatum =
Cr, Ni, Ag, Pb). Such estimates can be based on foraminiferal samples from the fossil sediment
record and recent surface sediments. This facilitates monitoring of anthropogenic footprints on
the environment today and in the past. Foraminifera offer the opportunity of long- and short-
term monitoring of the heavy metal concentration because they are storing environmental
signals over a period of time and not only at one point in time.
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3.6 Appendix

3.6.1 Appendix A: Additional Tables
Table A3.1: TE/Cascawater values from single weeks during the culturing period of the metal
system. Measurements were carried out with ICP-MS. These values are the basis for the
calculations of the mean TE/Ca values in Table 3.3 and for figure B3.1.

S“;;t;:l Sa’g;’:;“g Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
mol mol mol mol mol mol mol mol nmol mol

Phase  Day ﬁlol'l ﬁlol'l ilol‘1 ilol‘1 ilol‘1 ﬁlol'l ﬁlol'l ilol‘1 mol’! ﬁlol'l

FROW2 0 10 10220 1280 81854 7.60 2775 100.19 0.16 044 3.0 0.63
FROW3 0 17 19220 3.16 85894 723 374 107.69 005 043 294 528 043
FRIWI 1 27220 1359 86252  7.08 625 9745 037  1.00 498 4307  1.03
FRIW2 1 5320 586 79665 669 223 9309 004 106 3.8 1913  0.69
FRIW3 1 13 9320  7.03 81938 686 214 9550 006 108 423 2717  0.62
FRIW4 1 20 16320 775 84423 794 277 9575 0.1  1.19 411 6020  0.68
FR2W1 2 2 19320 1368 82559 1002 415 12909 1.88 520 537 93350  5.70
FR2W2 2 8 26320 1649 82063 975 278 13485 041 496 546 49426  3.07
FR2W3 2 15 2420 1331 81164 944 223 13212 031 48 510 28770  2.50
FROW4 2 19 6420 1547 78996 977 223 13550 033 475 519 21066  2.20
FR3WI 3 2 9420 5274 155873 7472 1589 77238 3153  87.65 1831 612375 12525
FR3W2 3 14420 3990 128158 4673  3.67 45531 795 6137 11.84 70.27
FR3W3 3 16 23420 2697 146959 6607 3.55 57952 413 8482 587 285826 53.51
FR3IW4 3 20 27420 2559 1397.18 6500 3.01 55078 431 8423 502 164001 4572

Table A3.2: Average concentration, RSD (16 in %), literature values, accuracy in comparison
to literature values and number of measurements of the reference materials SLRS-6, SLEW-3,
in-house reference materials (South Atlantic surface water and South Atlantic Gyre water) and
NASS-6 measured with ICP-MS. Average concentration, RSD and accuracy values displayed
here are averaged from single measuring days. Cr values are analysed after dilution of the
samples and all other elements were analyses after preconcentration with a SeaFAST system.
NRCC — National Research Council Canada. *Values originated from 1:10 dilution of SLRS-

6.
1;22‘1:‘:12 Cr Mn Ni Cu Zn cd Pb
SLRS-6 nmol kg'  nmol kg' nmol kg! nmol kg! nmolkg! nmol kg! nmol kg!
Average conc. 4732 52956 9811 338014* 31391* 62 786
RSD% 3.5 3.9 6.0 1.7% 7.2% 12.8 0.8
;eagilgzzan 4509 38616 10496 376378%  26920% 56 820
Accuracy 0.96 0.74 1.08 1.11* 0.86* 0.90 1.04
Number 4 11 11 13* 13* 7 7
SLEW-3
Average conc. 40007 17508 22907 4442 343
RSD% 4.3 3.5 4.2 9.1 4.8
Leonhard
et al., 2002 29326 20958 24409 3074 427
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Accuracy 0.74 1.21 1.07 0.78 1.28
Number 12 12 12 12 12

South Atlantic Gyre water

Average conc. 1615 2189 2649 5614

RSD% 6.2 3.7 53 13.2

Number 10 10 10 10

South Atlantic surface water

Average conc. 1959 2417 2646 39718

RSD% 6.8 2.8 5.8 2.2

Number 6 6 6 6

NASS-6

Average conc. 6747 11162 3557 5206 5158 169
RSD% 15.9 52 32 3.0 253 7.0
NRCC 2293 9654 5129 3528 3931 165
Accuracy 0.34 0.87 0.76 0.35 0.81 0.98
Number 9 11 11 11 11 2

Table A3.3: Average concentration, RSD (1 ¢ in %), literature values, accuracy in comparison
to literature values and number of measurements of the reference materials, NIST SRM 614,
JCt-1, JCp-1, MACS-3 and ECRM752-1 measured with LA-ICP-MS. Please note that for the
ECRM752-1 no reported values for the elements of interest are available, which is also the case
for some elements in other reference materials. It is important to note that the Hg/Ca values in
the NIST glasses are not reliable as Hg is volatile and most likely volatilized during the glass
formation. Average concentration, RSD and accuracy values displayed here are averaged from
single measuring days.

Refi
elerence Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca  Pb/Ca
materials
NIST SRM 614 um(_)l um(_)l um(_)l um(_)l um(_)l um(_)l um(_)l um(_)l nm(fl um(_)l
mol! mol! mol! mol! mol! mol! mol! mol! mol! mol!
Mean value 19.28 10.31 8.43 15.86 67.58 2.13 15.53 5.97 20.93 5.23
RSD% 10.57 4.47 4.66 3.03 2.44 4.92 5.69 2.98 20.69 1.98
;‘(’)Cll;um ctal, 1078 1218 8.83 1016 20.11 1.83 235 6.67 5.8
Accuracy 0.57 1.19 1.06 0.64 0.30 0.86 0.23 1.12 1.01
Number of spots 35 38 37 39 38 38 38 39 19 39
MACS-3 mmol mmol mmol mmol mmol mmol mmol mmol pmol mmol
) mol! mol! mol! mol! mol! mol! mol! mol! mol! mol!
Mean value 0.21 0.97 0.093 0.17 0.13 0.065 0.041 0.042 5.11 0.026
RSD% 1.60 1.36 1.90 1.92 2.19 6.37 2.83 2.68 9.23 2.18
;%i};um ctal, 0.23 0.99 0.10 0.19 0.20 0054 0051  0.049 5.41 0.031
Accuracy 1.13 1.02 1.09 1.11 1.50 0.84 1.24 1.15 1.07 1.16
Number of spots 45 45 44 46 46 42 46 46 44 46
pmol pmol pmol pmol pmol pmol pmol pmol nmol pmol
JCt-1NP -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
mol mol mol mol mol mol mol mol mol mol
Mean value 6.16 0.91 0.37 1.14 1.46 0.01 1.60 2.30 8.93 0.063
RSD% 14.25 15.59 9.56 7.44 10.37 6.57 11.75 5.06 23.95 5.86
Jochum et al.,
2019 0.93 1.01 1.03 1.48 0.064
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Accuracy 0.15 1.19 2.71 1.31 1.04
Number of spots 44 38 45 47 45 11 46 13 26 48
JCp-INP pmol pumol pmol pmol pumol pmol pmol pmol nmol pmol
mol! mol! mol! mol! mol! mol! mol! mol! mol! mol!
Mean value 9.61 2.11 0.50 0.84 1.81 0.02 0.98 0.06 8.25 0.13
RSD% 7.91 4.62 6.89 6.36 6.53 11.34 11.08 10.68 20.96 6.15
Jochum et al.,
2019 1.27 2.16 1.05 1.29 3.53 0.15
Accuracy 0.15 1.06 2.10 1.25 1.96 1.19
Number of spots 37 41 41 40 41 21 36 30 21 47
T
Mean value 14.75 144.44 3.87 2.34 8.40 0.01 1.54 0.04 19.14 0.86
RSD% 7.78 2.54 4.97 6.21 2.37 87.11 7.76 9.22 18.03 3.82
Number of spots 27 31 26 28 27 15 29 24 19 31

Table A3.4: Comparison of the heavy metal concentrations in seawater of different regions of
the world to values used for the culturing experiments in this study. It is indicated whether the
values of this study are comparable to environmental values or if values from this study are
higher or lower. EPA = Environmental Protection Agency, USA, FI = Field Injection, SF-ICP-
MS = Sector Field Inductively Coupled Plasma Mass Spectrometry, GF = Graphite Atomic,
(F)AAS = (Flame) Graphite Atomic Absorption Spectrometry, APDC-MIBK = Ammonium
Pyrrolidine Dithiocarbamat-Methyl Isobutyle Ketone, ASV = Anodic Stripping Voltammetry,

AES =

Spectrometry, FPD = Flame Photometric Detector.

Atomic Emission Spectrometry, CVAFS = Cold Vapor Atomic Fluorescence

Pretreatment +

trati
Element Study area Coni;en r:llon Comparable? Reference measurement
He technique
0.06-4.61 This study Dilution + ICP-MS
EPA Recommended
Values (acute) 1.9 yes Prothro, 1993
Restronguet Creek, U.K. + . FI preconc.+ SF-
Ag Adriatic Sea 0.0025-0.03 yes Barriada et al., 2007 ICP-MS
Solvent extraction,
. 4 .
IF)arak1 coast + Watarase 0.014-0.03 yes Shijo et al., 1989 Mlcrosca'le
river backextraction +
GFAAS
) SeaFAST preconc.
0.14-30.61 This study + ICP-MS
EPA Recommended
Values (chronic) 7.9 yes Prothro, 1993 -
Suva, Fiji 150-250 no, low Arikibe and Prasad, 2020 FAAS
cd Black Sea in Rize, Turkey 1-3 yes Baltas et al., 2017 ICP-MS
Gulf of Chabahar, Oman . APDC-MIBK
Sea 0.15-0.19 yes Bazzi, 2014 procedure + FAAS
If of Kutch, Arabi
S:a of Kutch, Arabian 200-1580 no,low  Chakraborty et al., 2014 AAS
East London + Port Fatoki and Mathabatha APDC-MIBK
200-72 1 ’
Elizabeth harbours, U.K. 00-72600 1o, 10w 2001 procedure + AAS
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Yalujiang Estuary, China 0.83-1.33 yes Lietal, 2017 ICP-MS
. APDC-MIBK
Gulf San Jorge, Argentina 0.01-0.09 yes Muse et al., 1999 procedure + AAS
Alang—Sosiya ship
. APDC-MIBK
scrapping yar'd, Gulf of 34-560 yes Reddy et al., 2005 procedure + FAAS
Cambay, India
Kamal estuary, Jakarta 0.01-0.02 no, high Putri et al., 2012 AAS
Jakarta Bay 0.04-0.104 yes Williams et al., 2000 ASV
. Sample
E:EZEE; a;rb?rr (;lf( 19-73800 yes ;{(;llrrlmz and Sadikoglu, mineralization +
& ey ICP-AES
0.1-14.0 This study Dilution + ICP-MS
EPA Recomm.e nded 50 no, low Prothro, 1993 -
Values (chronic)
Gulf of Chabahar, Oman . APDC-MIBK
Sea 20.16-21.46 yes Bazzi, 2014 procedure + FAAS
Se“;f of Kutch, Arablan 260-3010 no,low  Chakraborty et al., 2014 AAS
Cr Yalujiang Estuary, China 0.113-0.14 yes Lietal., 2017 ICP-MS
APDC-MIBK
Gulf San J Argenti 0.04-0.5 M tal., 1999
ulf San Jorge, Argentina yes use et al., procedure + AAS
Jakarta Bay 0.511-5.25 yes Williams et al., 2000 ASV
Alang—Sosiya ship
APDC-MIBK
scrapping yard, Gulf of 35-765 no, low Reddy et al., 2005 ¢
. procedure + FAAS
Cambay, India
. SeaFAST preconc.
0.6-6.2 This study + ICP-MS
EPA Recommended
Values (chronic) 3.1 yes Prothro, 1993 -
Suva, Fiji 880-10290 no, low Arikibe and Prasad, 2020 FAAS
Black Sea in Rize, Turkey 30-242 no, low Baltas et al., 2017 ICP-MS
Gulf of Chabahar, Oman . APDC-MIBK
Sea 3.37-5.74 yes Bazzi, 2014 procedure + FAAS
If of Kutch, Arabi
Gulf of Kutch, Arabian 1350-1850 no,low  Chakraborty et al., 2014 AAS
Cu Sea
East London + Port Fatoki and Mathabatha APDC-MIBK
500-42600 1 ’
Elizabeth harbours, U.K. 1o, low 2001 procedure + AAS
Yalujiang Estuary, China 1.8-4.7 yes Lietal, 2017 ICP-MS
. APDC-MIBK
Gulf San Jorge, Argentina 0.02-0.65 yes Muse et al., 1999 procedure + AAS
Jakarta Bay 0.405-4.04 yes Williams et al., 2000 ASV
Alang—Sosiya ship
. APDC-MIBK
scrapping yar'd, Gulf of 32-3939 yes Reddy et al., 2005 procedure + FAAS
Cambay, India
. amalgamation +
0.00035-0.273 This study CVAFS
EPA R
ccommended 0.94 yes Prothro, 1993 -
Hg Values (chronic)
. ) amalgamation +
South Florida Estuaries 0.0034-0.0074 yes Kannan et al., 1998 CVAFS
Guadalupe River and San amalgamation +
.0017-0.1 Th t al., 2002
Francisco Bay, California 0.0017-0.135 yes omas et al., 200 CVAFS
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amalgamation +

Vembanad, India 0.0024-0.206 yes Ramasamy et al., 2017 CVAFS
Kamal estuary, Jakarta 0.1-0.2 yes Putri et al., 2011 GFAAS
Yalujiang Estuary, China 0.006-0.049 yes Lietal., 2017 AFS
. SeaFAST preconc.
320-549 This study + ICP-MS
Black Sea in Rize, Turkey 3-14 yes Baltas et al., 2017 ICP-MS
Gulf of Chabahar, Oman . . APDC-MIBK
Sea 15.43-24.76 no, high Bazzi, 2014 procedure + FAAS
Mn Se“;f of Kutch, Arablan 13000-18000 no,low  Chakraborty et al., 2014 AAS
East London + Port 300-23900 o Fatoki and Mathabatha, APDC-MIBK
Elizabeth harbours, U.K. i Y 2001 procedure + AAS
Alang—Sosiya ship
. APDC-MIBK
scrapping yar.d, Gulf of 31-4920 yes Reddy et al., 2005 procedure + FAAS
Cambay, India
. SeaFAST preconc.
2.3-243 This study + ICP-MS
EPA Recommended
2 Prothro, 1 -
Values (chronic) 8 yes rothro, 1993
Suva, Fiji 230-800 no, low Arikibe and Prasad, 2020 FAAS
Black Sea in Rize, Turkey 0.006-0.036 yes Baltas et al., 2017 ICP-MS
. Gulf of Chabahar, Oman . APDC-MIBK
Ni Sea 16.42-17.14 yes Bazzi, 2014 procedure + FAAS
Se“;f of Kutch, Arablan 190-330 no,low  Chakraborty et al., 2014 AAS
Jakarta Bay 0.058-5.25 yes Williams et al., 2000 ASV
Alang—Sosiya ship
APDC-MIBK
i If of 2-944 R tal., 2
scrapping yar.d, Gulf o 32-9 yes eddy et al., 2005 procedure + FAAS
Cambay, India
. SeaFAST preconc.
0.11-28.35 This study + ICP-MS
EPA Recommended
Values (chronic) 5.6 yes Prothro, 1993 -
Suva, Fiji 880-1770 no, low Arikibe and Prasad, 2020 FAAS
Black Sea in Rize, Turkey 6-130 yes Baltas et al., 2017 ICP-MS
Gulf of Chabahar, Oman . APDC-MIBK
Sea 4.24-4.25 yes Bazzi, 2014 procedure + FAAS
S::f of Kutch, Arabian 20-120 yes Chakraborty et al., 2014 AAS
Pb East London + Port 600-16300 no. Io Fatoki and Mathabatha, APDC-MIBK
Elizabeth harbours, U.K. i oW 2001 procedure + AAS
Yalujiang Estuary, China 0.4-1.8 yes Lietal., 2017 ICP-MS
APDC-MIBK
If Argenti .1-0. M tal., 1
Gulf San Jorge, Argentina 0.1-0.5 yes use et al., 1999 procedure + AAS
Alang—Sosiya ship
APDC-MIBK
i If of -2 R tal., 2
scrapping yar.d, Gulf o 30-2036 yes eddy et al., 2005 procedure + FAAS
Cambay, India
Kamal estuary, Jakarta 1.3-4 yes Putri et al., 2011 AAS
Jakarta Bay 0.485-3.62 yes Williams et al., 2000 ASV
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. sample
gﬁjﬁﬁjﬁb‘}r (;lfqe 49-9390 yes ;{(;lﬁaz and Sadikoglu, mineralization +
RSy ICP-AES
0.86-3.95 This study Dilution + ICP-MS
estuarine s§awater, Galicia 0.53-1.23 yes Bermejo-Barrera et al., hydride generation
Sn Coast, Spain 1999 + AAS
hybri ti
U.S. and European rivers 0.0001-0.1 yes Byrd and Andreae, 1982 ybndj Ig;rle)rll)era o
) SeaFAST preconc.
30.0-226.9 This study + ICP-MS
EPA Recommended
1 Prothro, 1 -
Values (chronic) 8 yes rothro, 1993
Suva, Fiji 80-1450 yes Arikibe and Prasad, 2020 FAAS
Black Sea in Rize, Turkey 38-178 yes Baltas et al., 2017 ICP-MS
Gulf of Chabahar, Oman . APDC-MIBK
Sea 18.01-22.62 yes Bazzi, 2014 procedure + FAAS
Gulf of Kutch, Arabian 11000-31000 no,low  Chakraborty et al., 2014 AAS
Zn Sea
East London + Port 500-27600 o Fatoki and Mathabatha, APDC-MIBK
Elizabeth harbours, U.K. y 2001 procedure + AAS
Yalujiang Estuary, China 9.2-19.6 yes Lietal., 2017 ICP-MS
APDC-MIBK
Gulf San Jorge, Argentina 0.01-0.55 no, high Muse et al., 1999 procedfre T+ AAS
Jakarta Bay 2-30.1 yes Williams et al., 2000 ASV
Alang—Sosiya ship
APDC-MIBK
scrapping yard, Gulf of 33-5832 yes Reddy et al., 2005 proce du(r:e L FAAS

Cambay, India
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3.6.2 Appendix B: Additional Figures
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Figure B3.1: TE/Ca values in the culturing medium of the metal system in pmol mol™! or nmol
mol! divided by individual culturing phases. In this system, phase 0 is the control phase without
any extra added metals and for phase 1 to 3, the heavy metal concentration in the culturing
medium was elevated. The data the figure is based on can be found in Table A3.1.
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Mean TE/Ca Control System - A. aomoriensis
Mean TE/Ca Metal System - A. aomoriensis
Mean TE/Ca Control System - A. batava
Mean TE/Ca Metal System - A. batava

Mean TE/Ca Control System - E. excavatum
Mean TE/Ca Metal System - E. excavatum
Regression line

(2L L4 |m

Figure B3.2: Mean TE/Ca values in the foraminiferal calcite versus the mean TE/Ca values in
the corresponding culturing medium without phase 3. Each data point represents the mean value
of all laser ablation ICP-MS measurements on single foraminiferal chambers built up during
the individual culturing phase plotted against the mean metal concentrations in the seawater
averaged over the culturing phase (Table 3.3). Error bars symbolize the standard error of the
mean. The linear regression line is based on the calculations excluding phase 3 and is only
displayed when elements showed a significant correlation between seawater and calcite. Dtg’s
of E. excavatum where considered without values for Phase 0 as only data from one newly
formed chamber are available. All values can be found in Table 3.4.
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3.6.3 Appendix S: Supplementary material

Table S3.1: TE/Cacaicite Values from Ammonia aomoriensis. Values represent single laser
ablation spots on foraminiferal chambers that were formed during the individual culturing
period in the control and the metal system. Only values above the detection limits of the
individual element are presented. Furthermore, outliers are also excluded. These values are the
basis for the calculation of the mean TE/Ca values in Table 3.4 and Fig. 3.4. The sample ID
indicates the species (AA = A. aomoriensis), the culturing phase, the system (R = metal system,
L = control system), the individual and the chamber that was ablated, starting from the
innermost chamber going to the youngest one.

A. aomoriensis Phase Cr/Ca  Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca

Metal System pmol mmol pmol pmol pmol pmol pmol pmol nmol pmol

mol! mol! mol! mol! mol! mol! mol! mol! mol! mol!
AAORIF1 0 13.91 0.00 1.75 7.58 14.56 0.03 4.28 0.23 1.44 0.13
AAOR2F0 0 16.18 0.08 2.49 8.72 10.89 0.29 0.55
AAOR2F1 0 15.41 0.17 2.53 7.63 14.77 0.01 0.31 0.51
AAOR4F0 0 15.65 0.02 7.38 19.83 25.08 0.02 4.69 0.64 0.83
AAOR4F1 0 15.86 0.02 8.10 19.30 2447 0.01 491 0.53 0.70
AAORSF1 0 16.21 0.05 6.86 16.71 28.14 0.03 0.89 2.50 2.13
AAORSF2 0 0.09 48.61 0.18 0.92 3.76 1.69
AAORSF3 0 0.12 8.35 49.65 0.10 5.67 1.01 2.02
AAORSF4 0 18.83 0.14 6.68 26.42 51.79 0.27 0.74 1.96
AAIRI1FO 1 15.12 0.10 2.18 1.37 14.96 3.12 0.16 1.72 0.35
AAIRIF1 1 20.68 0.03 2.69 1.71 8.46 6.31 0.47 2.08 0.11
AAIRI1F2 1 13.38 0.02 1.31 431 9.82 3.31 0.35 0.21 0.28
AAI1RIF3 1 18.60 0.02 2.58 6.03 18.08 5.07 0.77 0.08 0.47
AA1R1F4 1 20.04 0.02 1.10 2.54 25.29 7.23 0.90 1.72 0.54
AAIRIN-0 1 10.97 0.39 4.65 5.93 10.78 0.04 0.31 0.62 0.47
AAIRIN-1 1 11.33 0.14 3.70 471 9.23 0.01 0.41 0.44 0.22
AAIRIN-2 1 20.32 0.26 11.93 13.58 0.06 1.00 1.04 0.47
AAIR2F0 1 10.83 0.49 1.40 4.05 8.41 2.66 0.31 2.64 0.28
AA1R2F1 1 10.27 0.68 2.58 5.14 15.45 0.56 2.83 0.37 4.05 0.70
AA1R2F2 1 13.19 0.30 3.73 7.60 31.71 0.25 3.61 1.06 0.66 1.09
AA1R2F3 1 14.20 0.29 4.49 10.33 43.04 0.20 4.68 1.86 1.37 1.12
AAIR2F4 1 21.21 0.22 6.61 8.97 46.29 0.16 8.04 1.89 2.46 0.77
AAIR2F5 1 0.20 5.21 5.26 33.25 9.34 1.11 3.85 0.67
AAIR3F0 1 9.72 1.51 2.22 2.24 6.17 2.08 0.19 0.99 0.14
AA1R3F1 1 12.85 0.50 2.98 3.30 14.13 3.62 0.21 2.50 0.65
AA1R3F2 1 11.07 1.93 3.04 4.53 20.30 0.10 2.96 0.36 1.37 1.12
AA1R3F3 1 11.82 3.70 6.51 36.10 0.08 3.28 0.48 2.26 1.50
AAIR3F4 1 11.26 2.57 4.30 32.87 3.76 0.41 1.44 1.41
AAIR4F0 1 16.25 0.07 0.46 0.63 14.65 2.93 0.23 1.21 041
AAIR4F1 1 15.47 0.39 1.64 4.57 33.93 0.36 343 0.83 0.45 1.01
AA1R4F2 1 12.47 0.13 0.87 8.33 26.64 0.33 2.69 0.46 1.13
AA1R4F3 1 14.32 0.06 091 6.78 40.98 0.45 4.02 0.40 1.16 1.22
AA1R4F4 1 14.57 0.09 1.89 9.90 72.55 0.48 5.58 1.05 1.24 2.19
AAIR4F5 1 9.42 0.06 1.88 5.68 56.27 0.28 4.06 0.87 1.63 1.66
AAIR4F6 1 7.93 0.09 3.01 5.10 60.92 0.36 4.34 0.91 2.12 1.73
AAIRSFO 1 16.43 0.66 5.28 492 10.78 3.29 1.78 0.81 0.64
AA1RSF1 1 15.00 0.74 4.03 4.01 14.91 0.07 3.99 0.86 0.11 0.69
AAI1RSF2 1 16.69 4.17 0.37 5.39 1.94 3.22
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AA3RS5F0 3 9.30 0.67 1.31 2.05 13.99 1.14 2.58 0.17 2.51 10.33
AA3RS5F1 3 10.57 0.72 1.72 2.52 18.61 1.75 3.55 0.26 5.32 13.41
AA3RS5F10 3 13.41 1.71 2.50 2.67 32.98 1.60 5.98 0.42 12.69 17.25
AA3RSF2 3 12.74 1.80 2.69 3.92 29.94 4.22 5.52 0.72 5.58 37.55
AA3RS5F3 3 13.31 1.64 2.36 2.88 19.02 0.97 6.26 0.53 4.67 18.93
AA3R5F4 3 12.97 3.74 4.92 33.78 5.49 6.14 0.51 7.97 23.53
AA3RSF5 3 14.30 3.44 4.66 39.60 5.39 7.56 0.57 8.21 20.27
AA3RSF6 3 12.57 2.20 341 4.35 42.11 6.20 5.71 0.35 7.30 17.47
AA3RSF7 3 13.14 2.06 3.82 4.53 57.61 4.18 5.49 0.54 7.85 26.76
AA3RSF8 3 13.16 1.64 2.83 3.81 44 .81 3.02 5.17 0.52 7.32 22.99
AA3RS5F9 3 12.10 1.55 1.96 2.58 32.98 1.73 4.85 0.30 8.38 17.45
AA3R6F0 3 9.48 0.03 3.46 2.73 7.56 0.31 2.91 0.15 4.39
AA3R6F1 3 11.82 0.17 4.74 4.11 14.32 1.11 3.12 0.41 2.46 10.12
AA3R6F2 3 10.19 0.87 2.72 4.70 13.78 1.13 2.94 0.22 26.78 6.84
AA3R6F3 3 13.12 0.81 4.54 8.35 43.22 2.31 4.89 0.36 5.86 15.19
AA3R6F4 3 11.02 0.61 3.69 6.01 35.74 2.22 4.69 0.59 8.24 12.51
AA3RTF0 3 13.81 0.11 3.67 4.11 64.83 0.42 5.97 0.29 6.83
AA3R7F1 3 17.22 0.04 9.01 13.86 52.91 2.65 6.28 0.49 19.07 16.21
AA3RTF2 3 0.18 9.09

AA3RT7F3 3 0.16 2.28

AA3R7F4 3 30.18 0.29 6.38 46.86 182.23 2.65 19.05 58.74
AA3RTF5 3 0.26 491 8.05 91.76 8.76 0.70 6.65 50.92
AA3RTF6 3 22.58 0.30 4.54 6.50 57.02 5.48 10.36 0.43 13.05 29.48
AA3RTF7 3 32.28 0.26 5.02 7.13 59.05 4.54 11.02 0.52 25.08
AA3RTFS8 3 14.85 0.60 3.93 5.15 31.80 3.67 5.16 0.31 19.57 17.59
AA3RT7F9 3 13.11 0.75 391 5.43 35.86 2.83 4.56 0.49 26.43 19.22
AA3RSF0 3 10.89 0.06 4.95 4.23 31.70 2.54 4.25 0.46 4.63 25.75
AA3RSF1 3 11.04 0.16 4.36 4.08 27.86 1.04 4.05 0.41 8.18 23.14
AA3RS8F2 3 12.07 0.26 4.48 4.92 41.54 4.51 4.85 0.51 10.01 30.90
AA3RSF3 3 12.39 0.26 6.55 6.07 53.82 4.47 5.51 0.60 10.74  40.06
AA3R8F4 3 13.15 0.61 6.14 10.75 69.07 3.63 5.17 0.58 11.41 19.79
AA3RS8F4 3 15.73 0.31 8.58 8.48 74.16 4.71 6.80 0.87 13.19 56.84
Control

System

AAOLI1FO 0 12.58 0.07 0.32 1.76 12.32 4.93 0.95 0.41
AAOLI1F1 0 12.08 0.10 0.57 2.58 35.50 4.86 1.18 0.83
AAOLI1F2 0 10.49 0.27 1.77 11.63 120.41 0.17 5.29 0.38 1.75 2.17
AAOLI1F3 0 14.62 0.39 1.87 12.77 146.06 0.27 8.84 0.25 2.41 2.09
AAOL2F2 0 33.18 0.07 0.93 5.99 39.73 0.10 6.92 1.10
AAOL3FO0 0 28.18 0.05 0.97 2.81 20.39 0.00 7.99 0.11 0.59
AAOL3F1 0 29.48 0.05 0.90 2.75 14.39 8.18 0.17 0.29
AAOL3F3 0 59.80 0.04 0.79 1.90 83.93 0.08 16.94 0.40 2.35
AAOL4F4 0

AAOLSFO 0 11.55 0.09 0.38 1.50 17.13 0.01 3.85 0.05 0.90 0.72
AAOLSF1 0 11.84 0.09 0.60 2.54 38.70 0.06 4.32 0.60 0.94
AAOQL5F2 0 11.01 0.04 0.41 1.64 9.87 0.01 4.19 0.00 0.37 0.30
AAOL5F3 0 13.05 0.05 0.62 2.77 17.92 0.05 4.98 1.12 0.41
AAOL6F0 0 13.65 0.09 2.22 6.39 42.05 0.14 6.97 0.22 0.70 0.98
AAOLG6F1 0 13.14 0.11 3.35 9.03 53.03 0.30 6.88 0.31 1.44 1.95
AAOLG6F2 0 15.44 0.12 3.08 11.67 79.97 0.64 10.33 0.31 1.64 2.52
AAOLGF3 0 14.22 0.14 3.87 12.66 131.77 0.53 15.32 0.52 4.48 4.25
AAOL7F1 0 13.28 0.07 0.85 6.71 39.22 0.27 4.02 0.33 0.66
AAOL7F2 0 11.39 0.08 0.62 2.45 36.86 0.17 3.07 0.21 0.48
AAOL7F3 0 13.74 0.07 0.69 3.64 36.06 0.21 4.45 0.34 0.49
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3.76
3.32
3.94
2.26
3.03
5.44
2.57
2.88
2.36
3.56
3.22

3.01
2.27
3.18
2.95

2.05
2.46
3.43

0.25
1.10
1.15
1.03
0.89
1.33
2.24
1.30
1.12
0.65
0.46
0.52
0.80
2.46
3.11
5.56

0.50
2.55
1.59
0.42
0.15
0.30
0.30
0.39
0.14
0.10

0.02
0.06
0.01
0.37
0.40
0.20
0.20
0.18
0.14
0.14
0.22
0.25
0.04
0.07
0.07
0.09
0.08
0.25
0.27
0.26
0.24
0.40

0.08
0.07
0.06

1.68
2.12
1.92
1.48
3.54
2.86

0.89
1.54
3.29
291
3.78
4.24
9.97

0.72
0.89
2.45
2.39
1.57
0.14
0.98

0.53

0.58
0.76
3.04
1.12

0.75
0.45

0.90

3.63
2.83
0.72

7.70
6.91
12.44

0.49
1.91
1.39
0.41
1.18
1.76

0.60
0.65
0.46
0.41
0.52
1.17
0.91
1.56
2.04
2.84
0.49
1.04
1.86
1.47
0.29
0.94
1.12
0.77
1.48
1.21
0.10
1.27
0.22
0.58
0.42
0.77
0.34
0.89
0.98
0.93
0.41
1.05
1.71
0.25
0.41
0.39
0.43
1.09
1.72
1.97
2.24
6.23
6.67

0.34
0.61
0.94
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AA3LSF1 3 7.94 0.13

1.12 3.17 5.80 0.33 1.68 0.30 6.07 0.53
AA3L5F2 3 9.78 0.90 1.18 6.71 11.00 3.01 0.28 12.97 0.23
AA3L5F3 3 941 1.34 1.95 10.86 20.98 2.65 0.44 11.13 0.26
Number of
rejected 15 13 10 12 9 45 17 19 63 11
points
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Table S3.2: TE/Cacarcite values from Ammonia batava. Values represent single laser ablation
spots on foraminiferal chambers that were formed during the individual culturing period in the
control and the metal system. Only values above the detection limits of the individual element
are presented. Furthermore, outliers are also excluded. These values are the basis for the
calculation of the mean TE/Ca values in Table 3.4 and Fig. 3.4. The sample ID indicates the
species (AB = A. batava), the culturing phase, the system (R = metal system, L = control
system), the individual and the chamber that was ablated, starting from the innermost chamber
going to the youngest one.

A. batava Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
mol mmol mol mol mol mol mol mol nmol mol
Metal System rplllol'1 mol! rlilol'1 rplllol'1 rlilol'1 rplllol'1 rlilol'1 rlilol'1 mol! rlilol'1
ABORI1F3 0 13.3 0.1 0.6 4.2 55.6 0.019 5.7 0.10 1.38 1.2
ABORI1F4 0 16.6 0.1 1.0 7.3 72.3 0.054 5.7 0.15 0.46 1.4
ABORI1F5 0 16.8 0.1 1.1 5.7 92.9 6.6 0.22 0.74
ABORI1F5.2 0 16.0 0.0 1.1 7.0 60.1 0.028 6.7 0.09 0.74 1.1
ABORI1F6 0 19.1 0.1 1.5 14.5 98.3 0.040 0.36 0.76 1.6
ABOR2F1 0 17.0 28.5 0.184 6.4 1.90 1.1
ABIRI1FO 1 10.1 0.0 0.9 1.2 2.1 2.2 0.22 0.1
ABIRIF1 1 11.3 0.0 0.5 0.8 42 2.3 0.20 0.18 0.2
ABIRIF2 1 12.9 0.0 1.1 9.9 40.5 0.072 2.7 0.66 1.3
ABIRIF3 1 14.0 0.0 3.1 88.0 0.295 2.3
ABI1R1F4 1 15.7 0.0 1.9 5.5 27.4 0.111 3.8 0.61 1.39 1.1
ABI1R2F1 1 12.6 0.1 3.5 2.9 15.0 3.1 1.25 0.3
ABI1R2F2 1 0.1 2.0 2.2 25.7 0.31 0.6
ABI1R3F0 1 13.4 0.1 1.8 2.1 18.0 0.011 2.4 0.19 04
ABIR3F1 1 12.2 0.1 1.5 1.1 22.3 2.4 0.27 0.3
ABIR3F2 1 16.2 0.0 2.8 1.7 18.7 3.6 0.39 0.3
ABI1R4F1 1 14.8 0.1 2.6 35 33.5 2.8 1.12 0.7
ABI1R4F2 1 20.7 0.1 3.2 3.6 29.2 4.1 1.75 0.5
ABIRS5F1 1 20.5 0.1 2.9 2.5 20.5 35 0.86 04
ABI1R6F0 1 15.7 0.1 1.0 1.4 153 3.9 0.41 04
ABIR6F1 1 20.5 0.0 1.8 1.4 28.0 0.32 0.4
ABIR6F12 1 7.9 0.0 0.3 1.5 9.6 0.035 2.1 0.19 0.2
ABI1R6F2 1 24.4 0.0 1.4 1.9 28.6 5.4 0.68 0.3
AB2R10F0 2 7.8 0.0 2.2 9.3 0.037 1.9 0.22 1.28 04
AB2R10F1 2 11.9 0.0 3.6 12.6 35 0.27 2.84 0.6
AB2R10F2 2 9.2 0.0 3.2 41.9 8.1 2.3 0.35 0.32 0.5
AB2R10F3 2 10.2 0.0 3.1 37.2 11.3 2.5 0.27 0.5
AB2R1F0 2 9.7 0.0 0.6 1.0 1.8 2.3 0.22 0.1
AB2RI1F1 2 9.9 0.0 0.9 1.6 5.5 2.5 0.33 0.2
AB2R1F2 2 9.4 0.0 1.1 4.8 10.2 0.124 2.8 0.36 0.3
AB2RI1F3 2 10.6 0.0 1.3 5.4 14.6 0.136 33 0.35 04
AB2R1F4 2 10.0 0.0 1.6 34 15.3 0.040 35 0.38 0.3
AB2R2F0 2 8.4 0.0 1.5 1.9 3.5 2.1 0.48 0.2
AB2R2F1 2 8.5 0.0 1.8 2.1 5.3 0.029 1.9 0.39 0.2
AB2R2F2 2 9.2 0.0 2.2 2.6 11.9 0.177 2.4 0.61 0.3
AB2R2F3 2 9.6 0.0 3.0 6.0 16.9 0.371 3.7 0.90 04
AB2R2F4 2 9.9 0.0 2.5 3.1 12.3 0.119 3.8 0.55 0.3
AB2R2F5 2 10.4 0.0 2.1 2.9 12.7 0.051 4.6 0.46 0.2
AB2R2F6 2 12.0 0.0 1.9 2.6 13.5 0.036 0.78 0.3
AB2R3F1 2 9.9 0.0 0.8 1.1 10.7 2.9 0.53 9.13 0.9
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AB3R3F10 3 10.4 0.0 3.8 32 40.5 0.485 4.0 0.10 2.80 10.9
AB3R3F2 3 11.3 0.8 2.5 5.2 23.3 0.593 6.4 0.05 1.43 10.9
AB3R3F3 3 9.8 1.3 2.7 7.6 36.8 1.635 6.1 0.08 0.67 13.8
AB3R3F4 3 12.8 3.1 5.7 38.9 2.039 7.1 0.18 0.72 13.0
AB3R3F4 3 12.7 0.0 3.0 5.3 60.8 1.494 6.0 0.20 5.22 14.6
AB3R3F5 3 12.9 3.8 7.3 52.1 2.181 6.5 0.26 1.86 16.4
AB3R3F5 3 15.8 0.0 4.8 5.5 65.3 1.209 6.0 0.65 6.14 26.9
AB3R3F6 3 15.1 0.1 9.7 83.2 1.562 7.5 0.40 4.36 26.3
AB3R3F7 3 13.6 0.1 3.5 3.1 32.6 0.311 7.0 0.03 2.78 17.2
AB3R3F8 3 12.9 0.0 4.8 3.8 34.9 0.368 53 0.13 2.02 11.5
AB3R3F9 3 11.6 0.0 3.7 33 35.9 0.534 4.4 0.42 2.30 9.7
AB3RA4F1 3 12.9 0.1 1.4 4.5 87.1 0.410 7.2 0.36 4.94 91.6
AB3R4F2 3 18.1 0.2 2.6 10.5 1.450 0.66 4.52
AB3R4F3 3 14.4 0.1 1.8 7.1 67.1 2.318 7.7 0.69 27.2
AB3R4F4 3 0.1 5.2 29.0 6.641 11.8 48.2
AB3R4F5 3 16.2 0.0 2.5 43 76.5 1.039 7.8 0.18 9.15 324
AB3R4F6 3 9.8 0.0 1.9 2.8 35.1 0.653 3.9 0.13 16.15 11.3
AB3R4F7 3 9.0 0.0 2.6 2.1 36.8 0.435 3.6 0.12 30.82 17.1
AB3RS5F1 3 8.7 0.0 1.0 3.9 12.4 0.620 3.0 0.06 3.22 4.0
AB3R5F2 3 9.1 0.1 2.0 2.9 15.0 0.560 3.7 0.06 5.97 54
AB3R6F0 3 12.5 0.1 1.5 2.0 39.1 0.315 54 0.38 421 62.8
AB3R6F1 3 17.7 0.1 2.6 4.9 86.8 1.145 10.2 1.85 96.8
AB3R6F2 3 11.6 0.1 1.3 4.0 83.2 0.479 8.3 0.18 7.95 57.3
AB3R6F3 3 14.5 0.1 2.5 6.8 96.1 0.823 11.3 0.25 4.05 45.7
AB3R6F4 3 12.5 0.1 3.5 6.0 122.0 0.890 8.3 0.55 14.42 58.1
AB3R6F5 3 18.7 0.1 4.6 10.9 140.1 2.174 0.36 16.37 324
AB3R6F6 3 15.3 0.0 4.7 5.7 91.3 1.271 8.1 0.25 10.72 38.0
AB3R7F0 3 11.1 0.0 1.7 7.7 36.3 0.128 54 0.10 21.60 343
AB3R7F1 3 14.6 0.0 3.1 8.7 433 7.5 0.12 22.85 21.6
AB3R7F2 3 15.3 0.0 3.1 10.0 63.6 9.1 0.19 20.00 30.9
AB3R7F3 3 13.8 0.0 3.2 14.1 36.0 7.0 0.07 8.24 18.8
AB3R8F1 3 8.7 0.1 1.7 16.5 74.7 0.075 4.9 0.12 22.28 64.8
AB3R8&F2 3 10.5 0.1 2.2 15.7 52.6 0.088 3.8 0.69 18.61 37.3
AB3RS8F3 3 10.1 0.1 2.8 11.0 48.8 0.068 4.0 0.10 15.96 30.2
AB3R9F0 3 8.1 0.1 2.4 24.1 49.8 0.111 5.7 0.09

AB3RY9F1 3 13.1 0.1 2.0 33.5 89.2 0.065 8.7 0.10 16.47 112.2
AB3R9F2 3 10.3 0.1 2.3 53.6 91.9 1.202 8.8 0.30 78.9
AB3R9F3 3 18.2 0.1 9.2 67.2
Control

System

ABOL2F0 0 9.7 0.1 1.0 13.1 17.3 0.076 2.3 1.01 0.7
ABOL2F1 0 114 0.0 1.0 11.1 33.9 0.228 2.3 0.98 0.9
ABOL2F2 0 13.6 0.0 2.2 29.8 3.8 1.41 1.0
ABOL3F1 0 15.6 0.1 0.4 3.9 34.5 0.056 4.4 2.75 0.9
ABOL3F2 0 0.1 2.0 8.8 21.7 0.067 6.2 0.27 0.8
ABOLA4F2 0 11.5 0.0 0.8 5.6 14.4 0.033 4.8 0.27 0.5
AbOLSF1 0 10.3 0.0 2.4 6.5 6.5 5.8 0.2
ABOL5F2 0 10.8 0.0 1.6 5.6 7.4 6.8 0.2
ABOLG6F3 0 9.8 0.0 1.1 3.5 49.5 0.078 5.8 1.0
ABILIF3 1 10.4 1.2 3.0 0.085 2.5 1.47 2.31 0.6
ABILIF5 1 10.0 0.1 0.9 2.9 30.1 0.057 3.2 0.10 0.3
ABIL2F1 1 7.6 0.1 1.0 5.8 17.6 0.059 1.6 0.50
ABI1L2F2 1 7.9 0.0 0.7 2.8 15.0 0.040 1.7 0.68 1.25 04
ABIL3F1 1 9.8 0.0 1.3 33 194 0.123 1.7 1.53 0.93 04
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0.085
0.046
0.126
0.026

0.009

0.043
0.049

0.040

0.044
0.053

0.054

0.082
0.080
0.082

0.019
0.017
0.119
0.131

0.039
0.057
0.058
0.054

0.023
0.042

1.7
1.7
1.7
1.7
4.2
3.0
2.1
2.7
2.0
3.1
3.7

5.4
1.7
2.7
2.5
2.2
2.5
3.2
2.6
2.5
2.9
3.1
2.5
2.9
3.0
24
2.2
2.6
33
2.4
2.2
2.3
3.2
24
2.8

2.7
1.7
1.7
1.6
1.7
1.6
1.6
1.8
1.9
2.8
1.6
1.6
2.1
1.7
1.7
1.9

0.60
0.40
0.67
0.57
0.11
0.97
0.98
0.32
0.61
0.61
0.52
0.33
0.35
0.50
0.47

0.04
0.04

0.03
0.02
0.03
0.02
0.11
0.04
0.06
0.05
0.07
0.04
0.28
0.20
0.19
0.16
0.36
0.15

0.16
0.09
0.07
0.07
0.11
0.07
0.06
0.08
0.08
0.09
0.12
0.06
0.11
0.13
0.07
0.09

1.25
1.72
0.59
0.39

1.01
0.46
1.68
0.09
0.64

3.84
1.91
0.59
1.80

0.78
3.75
1.06

1.48
2.07

5.99
4.10
3.88

0.63
0.32
2.45
5.20
5.08
4.70
5.90
6.14
6.30
7.17

0.4
0.5
0.2
0.3
0.3
0.2
0.2
0.2
0.3
0.2
0.1
0.2
0.2
0.2
0.3
0.2
0.2
0.3
0.5

0.4
0.4
0.5
0.4
0.5
0.4

0.2
0.4
0.4
0.5
0.6
0.3
0.4
0.7
0.7

0.5
0.1
0.4
0.6
0.1
0.1
0.2
0.4
0.5
0.2
0.4
0.2
0.2
0.5
0.5
0.2
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Number of
rejected
points

11

76 11 23 80

11
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Table S3.3: TE/Cacalcite values from Elphidium excavatum. Values represent single laser
ablation spots on foraminiferal chambers that were formed during the individual culturing
period in the control and the metal system. Only values above the detection limits of the
individual element are presented. Furthermore, outliers are also excluded. These values are the
basis for the calculation of the mean TE/Ca values in Table 3.4 and Fig. 3.4. The sample ID
indicates the species (E = E. excavatum), the culturing phase, the system (R = metal system, L
= control system), the individual and the chamber that was ablated, starting from the innermost
chamber going to the youngest one.

E. excavatum Phase Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Metal pmol  mmol pmol pmol pumol pmol pumol pmol nmol umol
System mol! mol’! mol’! mol’! mol! mol! mol! mol! mol!  mol"!
EORSF2 0 17.3 0.3 43 12.2 26.7 0.4 5.6 0.2 6.79 1.6
E1R1-0 1 69.8 1.4 24.7 26.0 7.1 131.13 3.5
E1R1-1 1 7.2 18.7 0.1 5.4 123.50
E1R2-0 1 29.8 0.2 6.4 6.5 20.0 0.0 3.6 0.7 38.71 0.5
E1R2-1 1 44.4 0.4 12.5 7.8 243 0.0 6.9 2.5 66.60 2.7
E1R3-0 1 90.7 0.3 8.9 34 21.2 0.1 0.3 132.46 0.5
E1R3-01 1 18.7 0.2 6.1 43 20.2 2.2 0.7 9.77 0.4
E1R3-1 1 47.0 0.3 2.8 2.5 14.2 0.0 6.5 0.6 83.77 0.7
E1R3-11 1 53.6 0.4 5.1 23 23.6 0.0 7.1 0.2 76.82 0.6
E1R3-2 1 18.9 0.2 2.7 1.5 12.0 0.1 2.2 0.2 6.63 0.7
E1R4-0 1 26.5 0.3 26.0 19.0 28.9 0.1 2.8 59 32.90 1.7
E1R4-1 1 235 0.7 14.0 10.5 229 0.0 2.4 34 30.52 1.9
E1R5-0 1 313 0.1 18.8 11.4 23.0 0.0 3.6 7.0 40.78 3.3
E1R5-1 1 28.0 0.1 15.5 9.2 15.6 3.3 3.8 44.15 2.0
E1R6-1 1 223 0.6 12.1 9.1 26.7 2.7 3.6 49.02 0.9
E1R7-0 1 18.4 0.0 3.0 23 14.6 2.0 1.5 16.93 0.6
E1R7-1 1 22.5 2.0 2.6 33 253 0.1 1.8 2.9 19.31 2.2
E1R7-2 1 28.3 3.0 4.6 6.0 2.9 6.5 42.92 3.3
E1R8-0 1 18.0 1.9 4.2 3.0 13.8 0.0 2.0 0.8 7.69 0.5
E1R8-1 1 16.6 2.1 52 4.7 13.9 0.0 1.6 1.7 9.36 1.3
E1RS8-2 1 36.2 1.2 4.8 4.1 13.0 4.5 1.2 35.66 0.7
E1RN1-0 1 1.1 23.1 39.2 21.4 3.8 2.3 1.2
E1RN10-0 1 76.2 0.1 15.0 333 15.8 0.0 7.7 2.7 81.07 1.3
E1RN11-0 1 25.5 0.4 8.3 27.1 239 1.4 2.1 16.73 1.4
E1RN12-0 1 12.9 0.1 2.8 10.8 11.1 0.7 0.9 7.77 0.3
E1RN13-B 1 13.1 1.0 33 11.4 10.8 0.0 0.7 2.2 5.21 1.0
E1RN2-0 1 34.5 1.2 2.8 23.6 18.9 0.0 2.5 4.5 2.3
E1RN2-0 1 13.1 0.0 3.1 4.8 9.6 0.0 0.3 0.6 474.19 0.4
E1RN3-0 1 30.9 0.3 5.6 37.1 12.8 0.0 2.0 2.7 54.72 1.5
E1RN3-0 1 17.8 0.1 2.6 7.7 11.5 0.5 0.8 21.43 0.5
E1RN4-0 1 1.6 9.1 19.7 252 3.2 3.8 35.98 1.9
E1RN5-0 1 423 0.4 7.2 19.6 153 0.0 3.9 2.6 300.41 1.5
E1RN5-0 1 17.6 1.1 1.7 4.2 14.9 0.0 0.4 0.7 270.91 0.7
E1RN6-0 1 29.4 0.1 59 26.9 15.0 1.7 4.2 438.99 2.1
E1RN6-0 1 0.7 3.5 9.6 25.1 3.2 4.2 26.18 1.2
E1RN8-0 1 64.5 1.0 20.1 21.0 0.0 4.0 2.3 142.17 1.4
E1RN9-0 1 56.6 0.1 9.6 19.7 18.8 0.1 3.2 2.1 40.81 0.9
E2R2-0 2 44.8 0.4 6.4 6.3 253 0.3 5.5 2.24 10.1
E2R3-0 2 39.2 0.2 8.1 6.1 26.2 0.8 4.8 54 31.13 5.5
E2R3-1 2 36.8 0.7 6.8 6.5 352 0.6 3.6 4.2 12.96 7.9

114



Scientific Chapter 11

E2R4-1 2 48.6 1.2 14.3 9.5 35.0 0.0 5.4 57.60 15.5
E2R5-0 2 53.7 0.6 23.3 20.7 1.0 8.0 65.98

E2R6-0 2 43.8 1.2 20.5 67.6 0.6 5.9 2.9 38.39 33
E2R7-0 2 13.8 1.3 1.9 2.1 11.4 0.1 1.4 0.6 7.85 1.0
E2R7-1 2 25.0 1.2 14.8 11.5 32.5 1.3 2.4 6.8 19.14 7.5
E2R8-0 2 18.5 0.0 2.4 1.8 9.6 0.0 1.5 0.6 6.77 0.5
E2R8-1 2 29.6 0.1 7.4 2.6 15.9 0.1 3.2 1.3 19.51 2.1
E2R9-0 2 18.0 0.0 5.0 5.8 26.3 0.2 1.6 0.9 6.21 0.7
E2R9-1 2 66.5 0.5 9.7 5.1 26.8 0.3 8.5 1.6 29.96 4.1
E2RNI1-0 2 64.0 0.7 13.9 26.9 37.3 5.2 3.1 242.63 2.6
E2RN10-0 2 50.9 2.0 11.0 18.7 33.8 0.7 32 4.3 21.84 5.1
E2RN11-0 2 27.3 2.2 6.2 20.0 393 0.3 1.9 5.2 98.30 4.0
E2RN12-0 2 127.8 0.3 9.1 21.6 40.3 0.3 10.3 6.7 33.04 4.8
E2RN12-1 2 54.1 0.1 6.4 11.4 25.4 0.2 3.7 32 5.88 43
E2RN13-0 2 18.1 1.5 2.2 4.6 10.5 0.1 0.9 0.9 47.56 0.8
E2RN2-0 2 71.4 0.4 11.4 19.7 42.2 3.4 6.5 5.5 625.94 5.3
E2RN3-0 2 2.4 68.0 2.5 828.07 15.0
E2RN5-0 2 46.1 12.0 15.8 25.5 1.5 3.1 1.5 2.5
E2RN6-0 2 17.4 0.2 9.2 14.6 16.6 1.6 0.7 1.6 471.33 1.5
E2RN7-0 2 29.0 0.0 53 7.9 19.1 0.1 1.5 0.8 87.26 1.0
E2RNS-0 2 18.0 0.4 3.0 4.7 15.4 0.1 1.0 0.5 9.14 1.0
E3R1-0 3 19.8 7.0 9.9 68.1 0.7 3.9 7.1 33.84 21.9
E3R2-0 3 26.8 0.1 27.5 13.0 46.8 0.3 2.5 5.1 27.55 26.2
E3R2-1 3 33.5 2.4 12.4 11.0 58.3 1.4 4.2 3.5 80.27 70.0
E3R3-0 3 11.5 2.2 17.9 18.7 43.4 3.1 1.4 1.2 4.96 91.1
E3R3-1 3 24.8 2.9 23.8 11.2 49.7 8.1 2.4 1.5 20.45 68.8
E3R3-2 3 30.7 0.6 22.6 11.3 38.8 12.1 3.6 2.0 44.04 70.6
E3R4-0 3 27.3 0.7 21.4 14.1 41.2 33 4.5 1.2 117.5
E3R4-1 3 19.2 1.9 10.7 5.6 15.6 1.4 1.6 0.5 4.04 23.3
E3R5-0 3 51.3 0.8 20.1 16.8 69.5 9.9 8.1 2.2 102.3
E3R5-1 3 25.0 0.3 7.3 11.4 58.9 54 4.2 1.6 84.9
E3R6-0 3 13.8 0.1 4.0 2.9 13.4 0.1 1.4 0.5 6.61 13.2
E3R6-1 3 25.6 0.7 11.7 7.0 39.0 0.7 2.8 2.1 71.7
E3R7-0 3 38.1 0.0 9.7 5.6 36.9 0.8 5.3 0.8 359
E3R7-1 3 20.8 0.7 6.7 7.0 49.0 3.4 2.8 0.8 68.7
E3R8-0 3 29.3 1.0 5.5 32 26.5 0.9 2.6 1.2 37.22 22.9
E3R9-0 3 82.5 0.2 7.4 35.0 35.7 0.0 5.5 146.20  39.2
E3RNI1-0 3 0.0 18.5 24.5 86.0 4.3 10.1 7.7 165.60  22.9
E3RN10-0 3 81.3 0.2 48.6 78.5 59.8 0.2 7.3 6.6 95.42
E3RNI11-0 3 45.2 0.1 12.1 32.8 34.8 5.0 33 1.4 92.49 39.1
E3RNI11-1 3 52.9 1.2 8.9 18.2 25.2 1.4 3.9 0.9 31247 205
E3RN12-0 3 160.0 0.0 24.1 36.5 35.7 1.0 8.6 4.7 105.58 27.1
E3RNI12-1 3 63.2 0.9 12.0 19.7 217.5 0.3 3.5 2.4 139.07 355
E3RN13-0 3 68.3 1.3 9.2 26.6 29.0 0.5 3.9 1.8 61.57 15.6
E3RN14-0 3 28.1 0.9 9.8 17.2 22.5 0.7 2.9 1.1 44.50 27.6
E3RN2-0 3 168.2 0.9 49.0 63.1 82.5 2.6 10.4 7.8 85.6
E3RN3-0 3 2.7 12.1 3.9 120.9
E3RN4-0 3 37.0 0.3 17.6 343 46.7 1.7 3.0 0.5 36.9
E3RN6-0 3 25.0 0.0 11.1 22.4 28.2 0.7 1.7 0.8 193.70 12.7
E3RN7-0 3 142.3 1.7 44.8 76.6 9.5 4.3 13440 1222
E3RNS8-0 3 75.4 16.1 29.7 36.5 9.4 1.4 173.07 54.2
E3RN9-0 3 141.7 0.7 12.8 13.4 44.9 0.0 7.8 5.7 163.93 26.3
Control

System
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16.1
13.0
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14.1
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Number of
rejected 9 5 10 6 11 30 8 9 15
points

3.7 Data availability
All data generated or analysed during this study are included in this chapter and its appendices.
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4. Scientific Chapter III. Incorporation of dissolved heavy metals
into the skeleton of the scleractinian corals Porites lobata and

Porites lichen based on multi-element culturing experiments

In preparation for submission to a peer-reviewed journal as: Schmidt, S., Hathorne, E. C.,
Schonfeld, J., Kathleen Gosnell & Garbe-Schonberg, D.: Incorporation of dissolved heavy
metals into the skeleton of the scleractinian corals Porites lobata and Porites lichen based on
multi-element culturing experiments.

Abstract.
Coral reefs house an extraordinary biodiversity and provides fish, a tourist attraction and natural

shoreline protection and are therefore vitally important for humans. Anthropogenic influences
like ship traffic, agriculture, urban runoff or mining increased the level of dissolved heavy
metals in some tropical near-shore environments threatening reef ecosystems. Monitoring of
the ecosystem status by using chemical tracers in sessile organisms becomes increasingly
important for reef risk assessment and environmental management. The skeleton of stony corals
like Porites species provide a high-resolution geochemical archive for the recent and past heavy
metal concentration in the ambient seawater, yet they are not sufficiently calibrated. To address
this, culturing experiments exposing Porites lobata and Porites lichen to a mixture of dissolved
chromium (Cr), manganese (Mn), nickel (Ni), copper (Cu), zinc (Zn), silver (Ag), cadmium
(Cd), tin (Sn), mercury (Hg) and lead (Pb) over a wide concentration range have been
performed. Water samples were taken frequently to monitor expected changes in the heavy
metal concentration due to adsorption. The concentrations of some metals declined as
anticipated but stabilised a few days after the input of the high metal stock solution. Laser
ablation ICP-MS measurements of the coral aragonite revealed metal concentrations that were
positively correlated with Cr, Mn, Ni, Zn, Ag, Cd and Pb concentrations in the culturing
medium. Cu and Sn showed no variance as the variation in the concentration of these metals in
the experimental seawater was minimal. Hg did not exhibit any clear trend, even though the Hg
concentration in seawater varied by a factor > 5 between phases. The calibrations and calculated
partition coefficients (Dtg) values for some metals enable a reconstruction of the heavy metal
concentration in seawater for ecosystem monitoring and potentially century long records
revealing baseline values before large-scale human disturbance.
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4.1 Introduction

Modern tropical reefs are undergoing increasing degradation by natural and man-made factors
such as global warming, extreme weather conditions, natural diseases, invasive coral predators,
urban and agricultural runoff, ship anchoring, over-tourism and plastic pollution (e.g.,
Mieremet, 1997; Dar et al., 2018). These impacts impose stress on the corals and other
organisms (e.g., Anthony, 1999; Correge, 2006), and also introduce heavy metals to the oceans.
Heavy metals occur naturally in the Earth’s crust in generally low concentrations and geogenic
sources include the chemical and physical weathering of rocks, leaching of soils and volcanic
eruptions (Mansour et al., 2013). Heavy metals are defined here as elements with a density >7
g/cm® (Venugopal and Luckey, 1975) and an atomic number beyond calcium (Bjerrum, 1936;
Thornton, 1995). They can reach toxic levels if the ambiental concentration exceeds a certain
threshold, which can be caused by anthropogenic activities, e.g., through emissions of industrial
by-products (e.g., Weis, 2015; Nour, 2019). Heavy metals are highly persistent, not readily
biodegradable and are thus concentrated in the food chain of aquatic organisms (Diagomanolin
et al., 2004; Santhanam, 2011; Zhang and Gao, 2015; Bosch et al., 2016; Liu et al., 2018;
Sonone et al., 2020). The metals occur as dissolved ions, molecular complexes, or bound to
colloids and (suspended) sediments (Larocque, and Rasmussen, 1998). Their individual
toxicity depends on factors like concentration, synergistic-antagonist effects and physico-
chemical properties. They can enter the tissue of organisms through the respiratory tract,
digestion or penetration through the skin (Darmono, 2001).

Various marine organisms have been investigated as environmental indicators of heavy metal
pollution. For example, plants like seaweed are able to accumulating heavy metals (Davis et
al., 2000; Besada et al., 2009; Arumugam et al., 2020), foraminifera can be used as bioindicators
for heavy metal pollution in temperate and tropical seas (Frontalini and Coccioni, 2008; Munsel
et al., 2010; Titelboim et al., 2021; Oron et al., 2021; Li et al., 2021), and marine sponges are
also reported to bioaccumulate heavy metals (Cebrian and Turon, 2007; Batista et al., 2014;
Rodriguez and Morales, 2020). Moreover, corals are used as a tool for pollution monitoring
because their skeletons are excellent environmental archives and accurately record long- and
short-term changes (Al-Rousan et al., 2007; Chen et al., 2010; Abdo et al., 2017; Nour and
Nouh, 2020). They are highly sensitive to physical and chemical changes in their environment
(Shen, 1996; David, 2003). Nonetheless, they can survive the exposure to high heavy metal
concentrations (Readman et al., 1996; El-Sorogy at al., 2012). Metal-to-calcium ratios in coral
skeletons are used to investigate historic human activities and long term impacts of these
activities on water quality throughout shallow water regions (e.g., Alibert et al., 2003;
McCulloch et al., 2003; Fleitmann et al., 2007; Carriquiry and Horta-Puga, 2010; Prouty et al.,
2010; Lewis et al., 2012; Nguyen et al., 2013; Sowa et al., 2014; Saha et al., 2016; Jiang et al.,
2020). These studies demonstrated changing water quality due to land-use changes,
industrialization, mining and deforestation. Guzman and Garcia (2002), for example,
investigated the mercury content in coral skeletons along the Caribbean coast and found
elevated values from various sources like erosion, mining or industrial waste. They concluded
based on their investigations that Hg is transported over long distances and is therefore also
affecting formerly pristine reefs far from the pollution source itself.

The scleractinian coral Porites is globally distributed and has a simple growth structure.
Different species are found in the tropical Indo-Pacific Ocean (Reyes-Bonilla, 1992;
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Kaczmarsky and Richardson, 2007; Tortolero-Langarica et al., 2017), the Great Barrier Reef
off eastern Australia (Lough and Barnes, 1996; Wu et al., 2021) and in the Caribbean (Green et
al., 2008; Lord et al., 2021). The high growth rate of these massive stony corals allows
measurements at sub-annual resolution as well as assembling continuous environmental
archives covering hundreds of years (Schneider and Smith, 1982; Kefu et al., 2001; Clark et al.,
2012; Leonard et al., 2019).

Most environmental pollution studies based on the analysis of coral skeletons were carried out
by using coral samples from field sites and investigated the heavy metal concentration in
naturally grown specimens to reconstruct the metal pollution during the past (Barakat et al.,
2015; Nour and Nouh, 2020; and reference therein). To date, no culturing studies addressed the
extent that changing seawater metal concentrations are incorporated into the coral skeleton.
Therefore, the main objective of the present study was to investigate the heavy metal
incorporation into the skeleton of the stony corals Porites lobate and Porites lichen. Culturing
experiments with a mixture of metals, i.e., chromium (Cr), manganese (Mn), nickel (N1), copper
(Cu), zinc (Zn), silver (Ag), cadmium (Cd), tin (Sn), mercury (Hg) and lead (Pb), were carried
out over a concentration range that covers the situation in polluted and unpolluted near-shore
environments today. The partitioning factor (Dtg) between the seawater and the aragonite of
the corals was constrained by relating the analytical data of weekly to biweekly water samples
to laser ablation (LA) ICP-MS measurements of the skeleton grown during culturing. The
results refine the use of stony corals as a reliable monitoring tool to track anthropogenic
footprints in presumably pristine tropical environments as well as in areas of high human
impact.

4.2 Methods

4.2.1 Experimental Concept

Culturing experiments were configured with two experimental aquaria of the same dimensions
and design in an air-conditioned room. In addition, one large host aquarium was used for
acclimation and nursery of commercially purchased corals. The host aquarium was described
by Taubner et al. (2017). Four different coral colonies were acquired and species determined
by genotyping. All colonies were divided into subcolonies and maintained in the host tank until
the tissue has overgrown the cutting planes. Afterwards, one subcolony was placed in each
experimental tank and one was left in the host aquarium. The control aquarium remained
unmodified while the trace metal concentration in the metal aquarium was elevated stepwise.
The trace metal concentration in both tanks was monitored during the culturing period.
Therefore, a direct comparison of a coral from the same colony growing in the same settings
with only the heavy metal concentration of the ambient seawater differing was possible. Growth
control was performed by Alizarin Red S staining prior and during the experiment. More than
15 months later after the experiment, specimens were cut again and the growth was estimated
from the stained bands and the trace metal concentration in the coral skeleton measured by
Laser ablation ICP-MS.
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4.2.1.1 Culturing System

The two identically aquarium systems were built by Whitecorals, Korntal-Miinchingen,
Germany (Figure 4.1a). The design was adapted from earlier culturing facilities and
professional aquaria (Allison et al., 2014; Taubner et al., 2017). Initial seawater was taken from
the host aquarium. This system, which was in operation since 2013 thus provided a complete
ecosystem with adequate microbiological ingredients. The host water was mixed with North
Sea water of 28 units and the salinity was adjusted to 35 units by adding synthetic sea salt
(Tropic Marin Pro-Reef ®). Water exchanges with artificial seawater of approximately 10 vol%
were carried out every three to four weeks during the complete culturing period. In addition,
one litre of water from the host tank was added to the experimental systems three times a week.
Aquaillumination Hydra FiftyTwo HD LED lamps were used for illumination. The down-
welling irradiation was set to 220-280 umol photos m™ s™! and a photoperiod of 10 h dark-14 h
light with a dimming period of one hour before transition from dark to light in the morning and
from light to dark in the evening was applied. The colour spectrum and intensity of the light
was tuned to the values of the illumination of the host tank, because the coral colonies grew in
this setting and were of good health before.

The main tank of each experimental aquarium had a water volume of 50 1 and was equipped
with a Tunze Turbelle nanostream 6045 streaming pump and an EHEIM aquaball 130 filter.
Furthermore, an adjustable plastic grid made especially for the tank was installed, which made
it possible to guarantee an optimal distance from the lamps to the coral colonies. The water
from the main tank flowed via a solid PVC tubing downwards into a filter tank with three
different chambers. Larger particles settled in the first chamber. An Aqua Medic Evo 1000
protein skimmer removed hydrophilic proteins by mixing air and water in the second chamber.
The protein molecules or particles stacked to the air bubbles and rose until they reached an
overflow collection cup where they were removed. The protein skimmer not only removed
possible hydrophilic contaminants but also added air to the system, which ensured oxygen
saturation of the water. The processed water was pumped back from chamber three into the
main tank by an EHEIM compact ON 300 pump with a flow rate of approximately 200 I per
hour for the whole system. Water loss through evaporation was compensated by adding
deionized water, which was automatically pumped into chamber three of the filter tank when
an optical water level sensor (GHL Level Sensor, Optolevel) registered a drop of the water
level. For maintaining the temperature at 25 °C, a JBL Cooler 100 chiller, placed on top of the
main tank, or an EHEIM thermocontrol 150 Watt heater was placed in the filter tank. Heater
and chiller were automatically controlled by the GHL Profilux computer.

Live rocks with a high porosity were placed in the main tank to ensure a functional
denitrification process, which is vitally important for the water quality of the aquaria. Soft corals
Capnella sp. and stony corals Pocillopora sp., Seriatopora sp. and Montipora sp. were the first
coral inhabitants. Furthermore, snails and hermit crabs were inserted, which cleaned the
aquarium from excessive algae and other leftover particles. The hermit crabs were fed 3 times
a week with 1.5 pieces of NovoCrab food from JBL.

During coral growth, calcium and bicarbonate were consumed from the seawater to form coral
skeleton. These constituents were replenished by adding an adequate amount of two different
stock solutions following the Balling Light method. Stock solution 1 consisted mainly of CaCl,
* 2 H20 and the Balling solutions 1 (high-purity water, BaCl> * 2 H>O, SrCl> * 6 H20) and 2
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(high-purity water, CoCl> * 6 H2O, MnSO4 * H,0, CuSOs4 * 5 H20, ZnSO4 * 7 H20, NiSO4 *
6 H>O, FeSO4 * 7 H2O, KCr(SO4)2 * 12 H>0). The main ingredient of stock solution 2 was
NaHCO3 mixed with Balling solution 3 (ultra-purity water, KI, NaF, Na;B4O7*10 H>O). Both
stock solutions were added four times a day by using a Dupla Marin Dosing Pump P4 Smart.
The total amount of the stock solution per day varied due to changes in calcification rates of the
corals between 16 and 24 ml.

For measuring salinity, temperature and pH, GHL sensors connected to a GHL Profilux 4
computer were placed in the main tank recording all parameters two times an hour.

Other water parameters like calcium, magnesium, nitrate and phosphate concentration and the
carbonate hardness, which approximated the alkalinity in seawater, were monitored once a
week. Phosphate and nitrate concentrations were measured with a custom Wasserpantcher
photometer. All other tests were performed with JBL quick test stripes. These quick tests were
adequate for frequent measurements, which is vitally important because it enables to react to
changes in the water quality immediately.
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Figure 4.1: Schematic drawing of the culturing system (a), staining procedure with Alizarin
Red S (b) and coral slices after culturing (c). Part ¢ shows corals A and C. Furthermore, the
course of the laser ablation line is indicated, and the reddish staining lines are visible. Staining
took place before phase 0 and before phase 1.

4.2.1.2 Preparation for culturing

Coral culturing was performed at GEOMAR Helmholtz Centre for Ocean Research Kiel from
February 2019 to September 2020. Three colonies of Porites were purchased from different
hobby aquarium zoological retailer companies in Germany. After arrival, samples for DNA
analyses of the coral tissue were taken to determine the species of the colonies. Genetic analyses
and genotyping were performed by omics2view.consulting, Kiel, Germany. Sanger sequencing

of cytochrome c oxidase subunit I mitochondrial genes (COI) and the nuclear ribosomal internal
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transcribed spacer region (ITS) was applied. The sequences were compared to GenBank data
for species determination. Reference sequences of COI and the ITS from Forsman et al.
(2009) were retrieved from NCBI (Sayers et al., 2009) and the program BLAST+
v2.9.0 (Altschul et al., 1990) was used to find close relatives for the sequences. Maximum
likelihood phylogenetic trees were calculated from multiple sequence alignments (produced
with MAFFT v7.427, Katoh et al.,, 2002; Katoh and Standley, 2013) with IQ-TREE
v1.6.10 (Nguyen et al., 2015).

Before the colonies were inserted into the culture aquaria, they were kept in the host tank for
several weeks to monitor their health and give them time to acclimate to the new environments.
These colonies were divided into three equal subcolonies using a disinfected handsaw.
Subcolonies, which were not able to stand on their own, were glued with AQUA SCAPE FIX,
Fauna Marin GmbH coral glue to a breed disc holder. The size of the different subcolonies
varied according to the size of the mother colony between 5 and 10 cm in diameter. All colonies
were maintained in the host tank again for at least 2 months to ensure an adequate recovery
after cutting. All colonies grew during that time, showed polyp activity and a bright colour.
The culturing aquaria underwent an initial warm-up period lasting approximately 4 months.
During this period, the biological parameters equilibrated (e.g., denitrification processes) and
accompanying corals were inserted stepwise. When these corals grew and showed a good
vitality, the subcolonies of Porites were inserted into the experimental tanks. Prior to this, the
growth stage was marked. The subcolonies were set into a smaller aquarium containing water
with Alizarin Red S (~16 mg/l; (3,4-Dihydroxy-9,10-dioxo-2-anthracenesulfonic acid sodium
salt, Sigma Aldrich; Figure 4.1) and left in there for approximately 8 hours for staining. In the
presence of calcium, Alizarin Red S, adsorbs to calcium and forms a pigment that is orange to
red in colour. Afterwards, the corals were put back into the host tank for recovery for
approximately 1 week until they were inserted into the culturing aquaria.

4.2.1.3 Experimental Setup

The culturing period was divided into different phases. Phase 0 lasted for 19 weeks, phase 1 to
3 took 10 weeks each and phase 4 covered 13 weeks. One aquarium was used as control, where
the water was never poisoned and the other tank was used for the heavy metal treatments.
Subcolonies from corals A through D were inserted into the metal and the control system. Phase
0 was an initial control phase without any extra-added metals in both systems. A second staining
with Alizarin Red S was carried out after phase 0 to mark the onset of the metal addition and to
estimate the growth rate of the colonies (Figure 4.1). Beginning with phase 1, the heavy metal
concentration in the metal system was elevated stepwise by adding a certain amount of the stock
solution (phase 1=8.2 ml; phase 2=82 ml, phase 3=410 ml; phase 4=2050 ml; Table 4.1). For
maintaining the heavy metal concentration during each culturing period as stable as possible,
an aliquot (phase 1=0.1 ml; phase 2=1 ml, phase 3=10 ml; phase 4=100 ml) of the stock solution
was added daily to counteract the uptake of heavy metals by the corals and other organisms or
removal by adsorption on surfaces of the system, protein skimmer and filters. On every water
exchange, a higher amount of the stock solution was added to ensure that the metal
concentration was not dropping due to the renewal of seawater.

The target concentrations of individual heavy metals (see Table 4.1) were selected to cover a
wide range of concentrations resembling conditions as observed in polluted tropical areas, e.g.,
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Jakarta Bay (e.g., Williams et al., 2000). The concentrations were aimed at not to reduce their
growth and normal metabolism. Therefore, recommended threshold values provided by the
Environmental Protection Agency, USA (EPA) were included. Additionally, values from
Reichelt-Brushett and Harrison (2005) addressing the effect of heavy metals on coral
fertilization were taken into account. Baudouin and Scoppa (1974) further investigated the
toxicity of heavy metals to zooplankton, which was also considered. The heavy metal
concentrations in the seawater during each phase were monitored by frequent water sampling.
Temperature, pH and salinity were kept stable at 25.1 (+0.2) °C, 8.3 (£0.1) and 34.9 (+0.3) units
in the metal system, and at 25.1 (£0.2) °C, 8.2 (£0.1) and 34.8 (+0.2) units in the control system
respectively over the entire culturing period.

Table 4.1: Heavy metal concentration in the stock solution, target concentration of these metals
in each phase in the metal system and salt compounds. All salts used were p.a. (pro analysi)
purity.

Target conc. in pg/l

Salt com!ooun(? Conc. in m‘g/l Phase 1 Phase 2 Phase 3 Phase 4
(pro analysi quality) Stock solution

Chromium (Cr) CrClz * 6 H,O 25 0.25 2.5 12.5 62.5
Manganese (Mn) MnCl, * 4 H,O 40 0.4 4 20 100
Nickel (Ni) NiCl; * 6 H,O 5 0.05 0.5 2.5 12.5
Copper (Cu) CuCl, * 2 H,O 2 0.02 0.2 1 5

Zinc (Zn) ZnCl, 50 0.5 5 25 125
Cadmium (Cd) CdCl, 4 0.1 1 5 25
Silver (Ag) AgNO; 3.5 0.04 0.4 2 10
Tin (Sn) SnCL * 2 H,O 10 0.1 1 5 25
Mercury (Hg) HgCl, 0.04 0.004 0.04 0.2 1

Lead (Pb) PbCly 10 0.1 1 5 25

4.2.2 Water Samples
To constrain the heavy metal concentration in the culturing medium, water samples were

frequently taken from the metal and the control system (Table 4.2).

The samples were taken with 25 ml syringes, filtered through a 0.2 pm filter and stored in
HDPE bottles until analysis. Filters were flushed with the sample water before the sample was
taken. Immediately after collection, the samples were acidified using distilled, concentrated
HCI (0.1 vol % of the sample volume). Hg samples were further treated with BrCl to ensure the
release of mercury species that are possibly present in a different oxidation state. All water
samples were preconcentrated offline with a SeaFAST system (ESI, USA). For metals that
cannot be preconcentrated by the SeaFAST system (Cr, Ag and Sn) samples were diluted and
analysed directly (Schmidt et al., 2021).

The element concentration in the seawater was determined by different techniques at GEOMAR
(Table 4.2). For major elements like Ca, inductively coupled plasma optical emission
spectrometry (ICP-OES, Model VARIAN 720-ES) was used. Frequent measurements of an
IAPSO standard seawater revealed an internal precision expressed as the relative standard
deviation (RSD %) of less than +0.35 % (mean Ca concentration IAPSO standard = 419.6 +
0.15 mg/l; reference Ca concentration of IAPSO Batch 161 =423 mg/l). Cr, Mn, Ni, Cu, Zn,
Ag, Cd, Sn and Pb concentrations were measured using an Agilent 7500ce quadrupole ICP-
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MS. The accuracy and precision derived from measurements of reference materials are given
in Table B4.1. A Total Mercury Manual System (Brooks Rand Model III) was used for
analysing the Hg content of the samples. Quality control of the Hg measurements revealed
uncertainties smaller than 4.5 % RSD for all analyses.

4.2.3 Coral Samples

After the culturing period, the corals were taken out of the experimental tanks and slices were
cut from each individual colony (see Figure 4.1c). These slices were subsequently treated with
sodium hypochlorite solution (NaClO, 13% Cl,) for at least 24 hours to remove organic
compounds. Afterwards, the coral slices were rinsed with pure, CaCOs3 equilibrated MilliQ
water, which was used to avoid leaching of elements from the aragonite surface and dried in an
oven over night (T<40 °C).

Micro-analytical analyses with LA-ICP-MS were performed at the Institute of Geosciences,
Kiel University, to analyse the heavy metal concentration in the coral skeleton. A 193 nm ArF
excimer GeoLasPro HD system (Coherent) with a large volume ablation cell (Zurich-type
LDHCLAC, Fricker et al., 2011) and helium as the carrier gas was used. An amount of 14 ml
min™' H> was added to the helium prior to passing the ablation cell. Line scans were performed
orthogonally to the growth direction of the coral from the periphery to the inner parts until
below the first staining line that marked the onset of the experiment (see Figure 4.1). Replicate
lines were drawn on different parts of the colonies. The energy density of the laser was set to
10 J/cm?, the laser spot size was 120 um diameter and the stage moved 50 um/s. Prior to every
scan, a preablation pass with a spot size of 160 um diameter was carried out to clean the cut
surface of the coral skeleton. Before and after each line scan, the gas blank was measured for
at least 30 s. These values are considered as the background intensities of the different isotopes.
The background signals were subtracted from each ablation profile during the data reducing
process. The isotope *Ca was used as an internal standard and the trace metal concentration of
the samples was calibrated using the reference material NIST SRM 612 glass (Jochum et al.,
2011). Glasses were ablated with a pulse rate of 10 pulses per second, an energy density of 10
J/cm and a spot size of 60 um. Since the NIST glass does not contain any mercury, the synthetic
spiked carbonate MACS-3 (Inoue et al., 2004; Jochum et al., 2019) was used for the calibration
of Hg. Furthermore, carbonate matrix reference materials (coral JCp-1, giant clam JCt-1,
limestone ECRM752-1; Inoue et al., 2004; Jochum et al., 2019) were analysed in the form of
nano-particle pellets (Garbe-Schonberg and Miiller, 2014) for additional quality control. The
trace-element-to-calcium ratios were calculated using the following isotopes: Mg, 2’Al, 3*Cr,
55Mn, Ni, ©*Cu, %Cu, %Zn, 197Ag, ''Cd, '*Cd, !'¥Sn, *'Hg, 2°?Hg and 2*®Pb. Once more than
one isotope was analysed, the average value of these isotope was used for further analysis.
External relative precision, expressed as the relative standard deviation in % (RSD% = standard
deviation/averagex100), of all TE/Ca measurements was less than 5.5 %. TE/Ca values and
uncertainties of all reference materials are provided in the appendix (Table B4.2). Internal
relative precision, measured through repeated line scans on the reference materials JCp-1 and
MACS-3, were less than 10 % and 5 %, respectively. Time resolves raw intensities (in counts
per seconds) for all isotopes measured were processed with the software Iolite (Version 4).
Statistical analysis of the data was performed with the program PAST (Hammer, 2001; Schmidt
et al., 2021).
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The partition coefficients (Drr) of the different trace metal-to-calcium ratios were calculated
by using the corresponding concentrations in aragonite and seawater:

D1 = (TE/ Ca)aragonite/ (TE/ Ca)seawater-

The calculation of growth rates for each subcolony was primarily based on the stained lines that
marked the onset of phase 0 and 1. The division between the following culturing phases was
based on sudden and persistent elevations of metal concentrations in the coral skeleton as
displayed in the LA-ICP-MS records. These markers were available only in the metal system.
The surface of the corals after termination of the experiment provided a third age control point
available for all subcolonies that survived the experiment.

A composite line was calculated individually for all colonies consisting of the laser ablation
measurements along the main growth axis of the coral (coral A line 1-3, coral B line 1-3, coral
C line 2 + 3, coral D line 1). Laser ablation measurements along lines that deviated from the
main growth axis of the coral were not included in the composite line. Calculations were
performed with QAnalyseries (Kotov and Paelike, 2018).

4.3 Results

4.3.1 Species identification

The placement of the samples in the COI tree suggested that samples from coral A, B and C
were almost identical, while sample D differed from the others. Combined with information
from the ITS phylogeny, the species identification revealed that coral A, B and C belong to the
species Porites lobata and coral D was identified as Porites lichen. Porites lobata is a common,
cosmopolitan species. Both species co-occure in the tropical parts of the Indian Ocean (e.g.,
Cacciapaglia and van Woesikand, 2018; Séré et al., 2012) and in the Pacific Ocean (e.g., D'Croz
et al., 2001; Tisthammer and Richmond, 2018).

4.3.2 Metals in water

Table 4.2: TE/Ca values in the culturing medium of the control and the metal system.
Furthermore, the mean values + the standard error of the mean (standard deviation 0/\/n) are
given for both systems at the bottom of the table. Note that no Hg values are available for phase
0 of both systems. CL=Metal system, CR=Control system, W=week, D=Day, SE=Standard
Error, Ph=Phase.

Sample ID Ph Sag:tle‘“g Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca
Metal System pmol/mol  mmol/mol pmol/mol pmol/mol pmol/mol
CLO W2 0 16.8.19 17.2 0.36 2.22 3.97 1.88
CLO W3 0 25.8.19 15.2 0.28 2.01 5.28 1.68
CLO W4 0 29.8.19 18.6 0.59 2.23 4.71 1.69
CLO W5 0 4.9.19 16.5 0.30 2.02 4.00 1.27
CLO W6 0 9.9.19 17.5 0.29 1.89 3.47 0.87
CLO W7 0 16.9.19 16.4 0.53 2.00 3.45 1.06
CLO W8 0 23.9.19 7.4 0.34 1.87 3.18 0.84
CLO W9 0 2.10.19 52 1.65 2.16 3.11 1.19
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CLO W10 0 7.10.19 1.0 0.38 1.94 2.81 1.01
CLO W11 0 15.10.19 3.3 0.42 2.76 4.56 1.80
CLO W12 0 21.10.19 52 0.99 2.77 4.19 1.60
CLO W13 0 28.10.19 22.1 0.41 2.36 3.39 1.07
CLO W14 0 4.11.19 4.8 15.46 242 3.47 1.67
CLO W15 0 11.11.19 4.7 1.10 2.29 3.75 1.56
CLO W16 0 21.11.19 3.0 0.48 2.14 3.07 0.89
CLO W17 0 28.11.19 9.0 54.42 2.35 3.78 1.85
CLO W18 0 5.12.19 59 0.58 2.26 3.51 1.21
CLO W19 0 10.12.19 8.2 0.42 1.96 2.86 1.19
CL1 W1Dl1 1 16.12.19 16.2 42.66 1.91 3.22 4.28
CL1 W1D2 1 17.12.19 6.1 4.08 1.66 2.71 1.96
CL1W1D3 1 18.12.19 1.46 1.61 2.58 1.71
CL1 W1 D4 1 19.12.19 4.8 0.98 1.59 2.45 1.40
CL1 W1 D5 1 20.12.19 34 0.72 1.58 2.44 1.38
CL1 W4 1 6.1.20 12.6 0.47 1.52 2.02 1.07
CL1 W5 1 16.1.20 16.6 0.33 1.48 1.87 0.85
CL1 W6 1 23.1.20 17.2 0.32 1.50 1.84 0.97
CL1 W6 D2 1 24.1.20 6.5 53.75 1.77 2.53 4.60
CL1 W7 1 28.1.20 6.6 0.71 1.57 2.14 1.49
CL1 W8 1 6.2.20 11.8 0.38 1.62 2.01 1.25
CL1 W9 1 10.2.20 9.7 0.40 1.68 2.01 2.00
CL1 W10 1 18.2.20 9.9 0.35 1.70 1.90 1.38
CL2 W1 D1 2 24.2.20 21.3 65.72 4.12 3.04 24.45
CL2 W1 D2 2 25.2.20 10.1 13.68 444 343 24.06
CL2 W1 D3 2 26.2.20 11.4 4.71 4.23 3.25 19.02
CL2 W1 D4 2 27.2.20 10.0 2.11 3.89 3.11 13.61
CL2 W2 2 2.3.20 15.2 0.81 2.50 2.29 5.65
CL2 W3 2 9.3.20 15.6 0.39 2.35 2.12 3.00
CL2 W4 2 16.3.20 235 0.74 2.46 2.38 4.25
CL2 W5 2 26.3.20 23.4 0.40 2.38 2.04 4.69
CL2 W6 2 31.3.20 23.7 36.35 3.42 3.10 11.70
CL2 W7 2 7.4.20 12.9 0.94 3.16 2.69 7.83
CL2 W8 2 14.4.20 14.4 0.77 3.23 2.60 6.48
CL2 W9 2 23.4.20 16.4 0.90 3.51 2.52 6.70
CL2 W10 2 30.4.20 19.2 0.78 3.41 243 5.35
CL3 W1Dl1 3 4.5.20 253 471.60 35.74 7.32 231.38
CL3 W1D2 3 5.5.20 21.5 28.64 25.53 6.23 147.40
CL3 W1D3 3 6.5.20 21.6 7.93 24.20 6.22 125.60
CL3 W1 D4 3 7.5.20 23.2 4.46 21.68 6.08 97.91
CL3 W1 D5 3 8.5.20 21.1 4.83 21.26 6.06 95.07
CL3 W2 3 12.5.20 28.4 3.97 20.98 6.90 74.34
CL3 W3 3 19.5.20 29.0 1.09 18.50 6.47 54.85
CL3 W4 3 26.5.20 36.6 9.62 23.01 7.61 96.69
CL3 W5 3 4.6.20 33.6 1.49 18.18 7.10 51.46
CL3 W6 3 11.6.20 43.8 1.14 18.00 6.64 49.56
CL3 W7 3 18.6.20 35.7 1.57 19.52 7.27 66.41
CL3 W8 3 25.6.20 35.1 1.48 18.95 6.91 64.78
CL3 W9 3 2.7.20 343 2.04 21.37 7.18 80.55
CL3 W10 3 9.7.20 40.8 3.41 22.40 7.33 82.62
CL4 W1 D1 4 15.7.20 45.6 1481.77 115.78 13.96 838.40
CL4 W1 D2 4 16.7.20 43.6 500.63 102.15 13.06 558.04
CL4 W1 D3 4 16.7.20 43.6 169.29 93.66 12.82 474.13
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CL4 W1 D4 4 17.7.20 42.7 27.98 85.11 12.02 383.54
CL4 W2 4 22.7.20 43.4 6.02 78.73 10.70 295.59
CL4 W3 4 27.7.20 48.5 6.37 66.31 9.42 239.15
CL4 W4 4 6.8.20 50.4 4.33 26.81 4.42 80.54
CL4 W5 4 13.8.20 52.5 3.89 54.85 9.76 196.20
CL4 W6 4 20.8.20 52.4 3.06 22.87 4.76 67.26
CL4 W7 4 25.8.20 62.6 1.38 24.44 4.58 71.32
CL4 W7D2 4 27.8.20 41.6 2.04 49.85 8.75 154.53
CL4 W8 4 31.8.20 38.1 1.49 43.09 7.64 112.10
CL4 W8 D2 4 1.9.20 37.7 1.44 43.34 7.46 111.72
CL4 W8 D3 4 2.9.20 354 1.48 42.32 7.52 113.40
CL4 W8 D4 4 3.9.20 353 1.30 40.38 6.98 105.46
CL4 W9 4 7.9.20 343 1.25 37.74 6.69 91.56
CL4 W9 D2 4 8.9.20 37.1 1.19 36.33 6.22 84.47
CL4 W10 4 14.9.20 39.7 131.52 37.21 7.40 152.20
CL4 W10 D2 4 15.9.20 425 9.96 32.45 5.96 125.73
CL4 W10 D3 4 17.9.20 38.5 2.97 29.70 5.22 101.48
CL4 W10 D6 4 21.9.20 33.8 1.36 27.61 4.18 63.49
CL4 W11 D1 4 22.9.20 37.8 3.83 27.67 4.28 65.48
CL4 W11 D2 4 24.9.20 30.4 1.08 25.39 3.94 46.74
CL4 W12 4 28.9.20 33.1 1.33 22.83 3.60 37.77
CL4 W12 D2 4 1.10.20 293 1.06 22.09 3.51 33.00
CL4 W13 D1 4 5.10.20 31.5 0.13 2.56 0.30 3.18
CL4 W13 D2 4 6.10.20 28.6 0.09 2.66 0.32 3.09
Metal Mean + SE 0 10.1+1.5 44+30 22+0.1 3.7+£0.2 1.4+0.1
Metal Mean + SE 1 9.7+13 82+48 1.6+0.03 23+0.1 1.9+03
Metal Mean + SE 2 16713  99+52 33+£02 2.7+0.1 10.5+2.0
Metal Mean + SE 3 30719 388+321 221+12 6.8=+0.1 942+124
Metal Mean + SE 4 404+15 87.7+56.0 442+54 69+0.7 170.7+36.1

Control System

CRO W2 0 16.8.19 19.7 0.28 1.92 3.22 2.37
CRO W3 0 25.8.19 23.1 0.24 1.70 5.31 1.22
CRO W4 0 29.8.19 22.0 0.82 3.14 6.79 3.06
CRO W5 0 4.9.19 22.0 0.95 2.98 5.63 1.72
CRO W6 0 9.9.19 21.7 1.98 2.81 5.68 1.50
CRO W7 0 16.9.19 20.9 0.80 2.90 5.21 1.64
CRO W8 0 23.9.19 0.2 0.53 2.64 4.37 1.28
CRO W9 0 2.10.19 2.4 1.72 221 3.35 1.31
CRO W10 0 7.10.19 0.6 0.38 2.16 3.10 0.81
CROWI1 0 15.10.19 0.36 2.50 3.84 0.98
CRO W12 0 21.10.19 2.5 0.77 2.67 3.68 1.34
CRO W13 0 28.10.19 0.8 0.34 2.49 7.22 1.78
CRO W14 0 4.11.19 2.8 11.71 2.49 3.08 1.39
CRO W15 0 11.11.19 2.9 1.25 2.33 3.47 1.66
CRO W16 0 21.11.19 34 0.42 2.23 3.09 1.41
CRO W17 0 28.11.19 4.7 51.13 2.47 4.18 2.72
CRO W18 0 5.12.19 6.6 0.68 2.26 3.88 34.48
CRO W19 0 10.12.19 1.4 0.42 2.08 3.01 1.66
CR1 W1 D1 1 16.12.19 19.6 54.02 1.82 4.14 2.63
CR1 W4 1 6.1.20 19.0 0.37 1.80 2.38 1.28
CRI1 W5 1 16.1.20 7.0 0.35 1.49 2.25 1.37
CR1 W7 1 28.1.20 8.2 0.29 1.59 2.55 1.24
CR1 W10 1 18.2.20 6.0 58.22 1.89 2.90 1.84
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CR2 W3 2 9.3.20 23.1 0.32 1.65 2.30 0.96
CR2 W6 2 30.3.20 23.5 26.87 1.80 3.16 2.06
CR2 W8 2 14.4.20 22.9 0.43 1.73 2.46 1.27
CR2 W10 2 30.4.20 14.6 0.43 2.82 3.28 1.78
CR3 W2 3 12.5.20 20.7 0.37 2.25 2.40 1.05
CR3 W5 3 4.6.20 21.9 0.34 2.37 2.60 1.00
CR3 W8 3 25.6.20 12.7 0.49 3.51 2.92 1.71
CR3 W10 3 9.7.20 16.2 0.44 3.37 2.85 1.70
CR4 W4 4 6.8.20 23.7 0.31 221 1.91 0.82
CR4 W7 4 27.8.20 22.4 0.34 2.03 1.85 0.77
CR4 W11 4 22.9.20 12.9 0.50 2.73 2.25 1.24
CR4 W12 D2 4 1.10.20 15.7 4.62 26.32 21.97 11.41
CR4 W13 4 5.10.20 15.6 0.62 6.88 2.08 1.29
Control Mean+ SE 0 8.7+22 42+28 24+0.1 43+03 35+1.8
Control Mean+ SE 1 12.0+2.7 227+122 1.7+0.1 2.8+0.3 1.7£0.2
Control Mean+ SE 2 21.0+19 7.0+57 2.0+0.2 2.8+02 1.5+£0.2
Control Mean+ SE 3 179+1.8 041+003 29+03 2.7+0.1 14+0.2
Control Mean+ SE 4 181+19 1.3+£0.7 8.0+42 6.0+£3.6 3.1+£19

Table 4.2 continued.

Sample ID Ph Sag‘:tl;“g Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
Metal System nmol/mol pmol/mol  pmol/mol nmol/mol pmol/mol
CLO W2 0 16.8.19 14.8 0.041 10.27 0.061
CLO W3 0 25.8.19 20.4 0.033 10.97 0.054
CLO W4 0 29.8.19 11.8 0.052 9.23 0.058
CLO W5 0 4.9.19 0.034 9.10 0.045
CLO W6 0 9.9.19 24 0.030 9.20 0.040
CLO W7 0 16.9.19 22.6 0.041 8.37 0.047
CLO W8 0 23.9.19 0.027 9.65 0.042
CLO W9 0 2.10.19 0.057 7.60 0.071
CLO W10 0 7.10.19 0.031 7.22 0.037
CLO W11 0 15.10.19 0.035 7.75 0.051
CLO W12 0 21.10.19 0.051 7.06 0.053
CLO W13 0  28.10.19 16.1 0.033 7.45 0.035
CLOWI14 0 4.11.19 2.0 0.033 7.09 0.045
CLO W15 0 11.11.19 0.047 6.74 0.046
CLO W16 0 21.11.19 0.030 6.72 0.031
CLOW17 0 28.11.19 7.5 0.069 6.30 0.138
CLOWI18 0 5.12.19 0.039 6.39 0.036
CLO W19 0 10.12.19 0.2 0.030 6.68 0.027
CL1 W1Dl1 1 16.12.19 247.9 0.349 6.05 7.93 0.451
CL1 W1D2 1 17.12.19 18.9 0.235 5.83 0.117
CL1 W1D3 1 18.12.19 11.4 0.187 5.63 0.084
CL1 W1 D4 1 19.12.19 0.143 5.57 0.072
CL1 W1 D5 1 20.12.19 5.1 0.125 5.64 0.063
CL1 W4 1 6.1.20 26.2 0.062 6.90 2.50 0.070
CL1 W5 1 16.1.20 14.0 0.043 7.10 1.14 0.050
CL1 W6 1 23.1.20 17.4 0.045 7.34 6.41 0.054
CL1 W6 D2 1 24.1.20 27.8 0.123 6.20 0.90 0.302
CL1 W7 1 28.1.20 0.080 6.58 1.02 0.067
CL1 W8 1 6.2.20 0.063 6.94 0.96 0.067
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CL1 W9 1 10.2.20 19.1 0.101 7.04 2.03 0.088
CL1 W10 1 18.2.20 0.067 7.05 0.085
CL2 W1 D1 2 24.2.20 641.0 3.772 6.48 66.51 4.038
CL2 W1 D2 2 25.2.20 46.4 4.191 5.98 1.695
CL2 W1 D3 2 26.2.20 259 3.785 6.01 1.115
CL2 W1 D4 2 27.2.20 35.2 3.203 5.99 4.68 0.805
CL2 W2 2 2.3.20 33.9 1.518 6.28 10.58 0.407
CL2 W3 2 9.3.20 27.5 0.805 6.51 4.04 0.309
CL2 W4 2 16.3.20 37.2 0.995 5.95 9.03 0.346
CL2 W5 2 26.3.20 43.4 1.042 6.37 6.69 0.372
CL2 W6 2 31.3.20 193.8 1.607 5.99 31.78 1.052
CL2 W7 2 7.4.20 90.7 1.704 6.35 9.23 0.574
CL2 W8 2 14.4.20 60.7 1.582 6.58 7.05 0.631
CL2 W9 2 23.4.20 47.6 1.733 6.27 7.47 0.574
CL2 W10 2 30.4.20 48.6 1.461 6.82 0.606
CL3 W1Dl1 3 4.5.20 16850.5 43.472 6.66 1021.90 54.957
CL3W1D2 3 5.5.20 801.3 36.611 6.58 191.13 9.399
CL3 W1D3 3 6.5.20 270.5 34.488 6.21 152.03 5.997
CL3 W1 D4 3 7.5.20 167.7 30.639 6.31 78.45 4.688
CL3 W1 D5 3 8.5.20 214.1 29.142 6.08 79.88 4.473
CL3 W2 3 12.5.20 235.8 26.277 6.55 49.18 4.054
CL3 W3 3 19.5.20 132.4 20.974 6.81 12.66 2.514
CL3 W4 3 26.5.20 202.7 26.664 6.38 29.20 4.625
CL3 W5 3 4.6.20 136.5 18.387 6.46 18.59 3.027
CL3 W6 3 11.6.20 122.8 17.833 7.90 15.25 3.372
CL3 W7 3 18.6.20 2554 20.500 6.43 24.98 3.482
CL3 W8 3 25.6.20 272.4 19.904 6.74 24.07 3.483
CL3 W9 3 2.7.20 245.5 23.377 6.12 27.19 3.531
CL3 W10 3 9.7.20 424.1 24.621 7.22 7.56 4.118
CL4 W1 D1 4 15.7.20 52629.0 176.034 5.36 2307.70 145.848
CL4 W1 D2 4 16.7.20 15954.7 154.304 5.27 787.39 37.910
CL4 W1 D3 4 16.7.20 5865.4 147.473 6.30 807.65 26.514
CL4 W1 D4 4 17.7.20 1750.2 139.322 5.96 574.19 16.860
CL4 W2 4 22.7.20 706.4 127.810 6.80 405.30 11.794
CL4 W3 4 27.7.20 494.0 104.438 7.56 430.77 9.299
CL4 W4 4 6.8.20 1578.3 41.647 7.43 658.99 5.238
CL4 W5 4 13.8.20 2367.2 75.609 8.40 944.75 8.508
CL4 W6 4 20.8.20 3789.6 30.389 8.10 678.67 4.882
CL4 W7 4 25.8.20 4071.6 32.304 8.98 800.37 4.548
CL4 W7 D2 4 27.8.20 2838.9 58.698 6.76 7.278
CL4 W8 4 31.8.20 2040.1 47.816 5.83 299.57 5.952
CL4 W8 D2 4 1.9.20 1926.4 45.766 5.72 5.474
CL4 W8 D3 4 2.9.20 1792.1 44.499 5.84 5.758
CL4 W8 D4 4 3.9.20 1518.5 40.283 5.71 5.481
CL4 W9 4 7.9.20 872.6 33.733 5.52 151.21 5.523
CL4 W9 D2 4 8.9.20 828.0 30.321 5.74 0.00 5.111
CL4 W10 4 14.9.20 1097.4 31.508 6.31 42.27 14.818
CL4 W10 D2 4 15.9.20 917.3 28.635 6.44 6.434
CL4 W10 D3 4 17.9.20 397.4 20.320 5.68 5.146
CL4 W10 D6 4 21.9.20 149.7 4.693 4.98 3.914
CL4 W11 D1 4 22.9.20 148.2 4.997 5.14 12.75 3.876
CL4 W11 D2 4 24.9.20 154.2 3.862 4.86 3.477
CL4 W12 4 28.9.20 142.7 3.108 5.04 3.039
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CL4 W12 D2 4 1.10.20 130.6 2.995 5.06 2.899
CL4 W13 DI 4 5.10.20 137.4 0.366 4.82 0.258
CL4 W13 D2 4 6.10.20 150.9 0.386 4.92 0.259
Metal Mean + SE 0 0.1£29 0.04+0.003 8.0+0.3 0.05+0.01
Metal Mean + SE 1 28.5+17.8 0.1+0.02 6.5+0.2 29409 0.12+0.03
Metal Mean + SE 2 102.4 +44.7 2.1+0.3 6.3+£0.1 15.7+5.9 1.0£0.3
Metal Mean + SE 3 14523 +1142.3 26.6+19 6.6 £0.1 123.7 £ 68.1 8.0+£3.5
Metal Mean + SE 4 3868.5+1932.6 53.0+10.0 6.1+0.2 635.8+145.7 13.2+52
Control System

CRO W2 0 16.8.19 46.2 0.039 9.40 0.047
CRO W3 0 25.8.19 74.8 0.036 10.65 0.036
CRO W4 0 29.8.19 30.6 0.083 8.96 0.071
CRO W5 0 49.19 6.9 0.057 8.71 0.076
CRO W6 0 9.9.19 34.0 0.049 9.21 0.056
CRO W7 0 16.9.19 12.0 0.068 8.27 0.059
CRO W8 0 23.9.19 77.8 0.051 8.29 0.045
CRO W9 0 2.10.19 2.4 0.064 7.30 0.097
CRO W10 0 7.10.19 0.031 6.97 0.048
CRO W11 0 15.10.19 0.042 7.83 0.053
CRO W12 0 21.10.19 2.3 0.061 6.87 0.067
CRO W13 0 28.10.19 0.038 6.56 0.182
CRO W14 0 4.11.19 1.1 0.037 6.80 0.061
CRO W15 0 11.11.19 0.050 5.46 0.069
CRO W16 0 21.11.19 0.032 6.04 0.053
CRO W17 0 28.11.19 6.3 0.093 5.48 0.205
CRO W18 0 5.12.19 0.037 5.13 0.039
CRO W19 0 10.12.19 70.8 0.033 5.18 0.050
CR1 W1 D1 1 16.12.19 11.4 0.061 5.37 0.263
CR1 W4 1 6.1.20 13.7 0.026 6.07 0.75 0.051
CR1 W5 1 16.1.20 6.5 0.025 6.54 1.03 0.040
CR1 W7 1 28.1.20 7.9 0.031 5.35 1.56 0.044
CR1 W10 1 18.2.20 22.7 0.056 5.44 1.48 0.241
CR2 W3 2 9.3.20 15.1 0.022 5.51 0.68 0.056
CR2 W6 2 30.3.20 194.0 0.055 431 0.34 0.183
CR2 W8 2 14.4.20 27.9 0.026 4.39 2.40 0.051
CR2 W10 2 30.4.20 6.8 0.038 4.37 1.14 0.053
CR3 W2 3 12.5.20 31.7 0.028 3.66 4.42 0.034
CR3 W5 3 4.6.20 22.8 0.027 3.68 0.87 0.033
CR3 W8 3 25.6.20 13.5 0.038 8.92 1.60 0.037
CR3 W10 3 9.7.20 8.8 0.039 4.75 0.91 0.042
CR4 W4 4 6.8.20 28.0 0.026 3.75 0.72 0.054
CR4 W7 4 27.8.20 20.8 0.027 4.59 2.21 0.090
CR4 W11 4 22.9.20 35.8 0.045 3.77 0.40 0.053
CR4 W12 D2 4 1.10.20 22.0 0.327 3.45 0.304
CR4 W13 4 5.10.20 33.0 0.044 3.38 0.032
Control Mean+SE 0 16.8+7.2 0.05+0.004 74+04 0.07+£0.01
Control Mean + SE 1 12.5+2.6 0.04 £0.01 5.8+0.2 1.2+0.2 0.13+0.05
Control Mean+ SE 2 61.0+38.6 0.04 £0.01 46+03 1.1+£04 0.09 +0.03
Control Mean+ SE 3 19.2+44 0.03+0.003 53=x1.1 1.9+0.7 0.04 + 0.002
Control Mean+ SE 4 27.9+2.6 0.09+£0.05 3.8+0.2 1.1£0.5 0.11 £0.04
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Figure 4.2: TE/Ca values in the culturing medium in pmol mol™! during phases 0 through 4 on
a logarithmic scale. Note that the Hg/Ca values from phase 0 of both systems are not given
because no Hg samples were taken during this period.

The concentration of all metals used in this study was overall lower in the control system than
in the metal system (Figure 4.2, Table 4.2). The concentrations of Cr, Cu and Sn were similar
in both systems and no clear elevation was visible in the course of the onset of subsequent
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culturing phases in the metal system. In the first phases 0 and 1, for Mn and Ag also in phase
2, the metal concentrations in the control system was nearly the same as in the metal system,
but in phases 2, 3 and 4, the metal system showed elevated concentrations as expected. The
differences between culturing phases in the metal system were clearly visible for Ni, Zn, Ag,
Cd, Hg and Pb, and also for Mn even though the elevation between phases was less pronounced.
In the beginning of each phase, most elements (Mn, Ni, Cu, Zn, Ag, Cd, Hg and Pb) showed a
high peak, which declined after one week. This feature was caused by the sudden addition of
the stock solution to reach the next concentration level. Furthermore, some smaller peaks within
one culturing phase were linked to water exchange, when stock solution was added to balance
the dilution of metals due to the addition of fresh seawater. The concentrations in the control
system were comparatively stable over the entire culturing period. A higher scatter was found
for Cr and Mn. In the end of the culturing experiment after phase 4, the trace metal
concentrations in the metal system overall decreased drastically, which was attributed to the
fact that the stock solution was out.

4.3.3 Metals in skeleton

4.3.3.1 Growth rates

Table 4.3: Growth rates of the different coral colonies A, B, C and D in mm/ year. Calculations
are based on the staining lines and the outer surface of the colonies after the experimental
period. Staining took place before phase 0 (control phase) and before phase 1 (first metal phase).
The system, the elemental scan line number and the growth rate in phase 0 and during phases 1
through 4 are indicated. (1) = polluted sites.

Growth Rate Phase 0  Growth Rate Phase 1-4
Coral System Line No. row ate Phase row ate Phase

(mm/yr) (mm/yr)
A Metal 1 2.7 4.8
A Metal 2 4.1 4.8
A Metal 3 2.7 4.8
A Control 1 9.6 7.3
A Control 2 9.6 7.3
A Control 3 5.5 6.7
A* Control 4 6.8 4.2
B Metal 1 8.2 12.1
B Metal 2 8.2 12.1
B Metal 3 5.5 12.1
B* Metal 4 6.8 9.1
B Control 1 6.8 10.9
B Control 2 6.8 10.3
C* Metal 1 12.3 7.9
C Metal 2 16.4 7.3
C Metal 3 16.4 6.7
C Control 1 12.3 10.3
C Control 2 13.7 9.7
Cl Control 1 6.0
Cl Control 2 5.4
Cl Control 3 6.0
D Metal 1 9.6 8.8
D* Metal 2 8.2 9.6
D* Metal 3 4.1 4.0
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D* Metal 4 2.7 2.4

D* Metal 5 2.7 2.4

D Control 1 8.2 4.8

D* Control 2 3.0

D* Control 3 3.6

D* Control 4 3.6

D* Control 5 3.0
Mean + SD

A Metal 3.2+0.6 4.8+0.0

A Control 7.9 £1.8 6.3£1.2

B Metal 7.2+1.1 11.3+1.3

B Control 6.8 £0.0 10.6 +0.3

C Metal 15.1£1.9 7.3+0.5

C Control 13.0 £0.7 7.5+2.0

D Metal 55429 54431

D Control 8.2+0.0 3.6 0.7
Mean + SD without lines on the side of the colonies

A Control 8.2+£1.9 7.1 +£0.3

B Metal 73+1.3 12.1 £0.1

D Metal 9.6 8.8
Growth rates from literature
Reference Species Growth rate (mm/yr) Location
Edinger et al., 2000 Porites lobata 13.5-16.0 Ambon (1)
Edinger et al., 2000 Porites lobata 14.0-16.2 Sulawesi
Edinger et al., 2000 Porites lobata 11.7-16.3 Java
Fallon et al., 1999 Porites lobata 53+1.2 Japan
Guzman and Cortes, 1989 Porites lobata 6.5-19.3 Costa Rica
Klein and Loya, 1991 Porites lobata 4.8-9.4 Red Sea
Smith et al., 2007 Porites lobata 1.2-9.8 American Samoa
Al-Rousan et al., 2007 Porites sp. 8.8-10 Red Sea (1)
Cooper et al., 2008 Porites sp. 12.8-15.2 Great Barrier Reef (1)
Lough et al., 1999 Porites lobata 13.9 Great Barrier Reef
Tortolero-Langarica et al., 2016 Porites lobata 3.3-6.5 Central Mexican Pacific

* line at the side of a coral colony

Growth rates of the corals varied between subcolonies and within an individual coral specimen
(Table 4.3). Furthermore, variations of the growth rate during different culturing phases and
between the metal and the control system were identified. It should be noted that coral D died
2.5 weeks after the exposure to the highest metal concentration in phase 4.

Coral colony A in the metal system showed the overall lowest growth rates between 2.3 to 4.8
mm/year. Coral C on the other hand was the fastest growing coral during the control phase 0 in
both systems (Mean=7.3 +0.5-15.1 £1.9 mm/year). For coral A, the growth rates were generally
higher in the control system, which was not the case for the other colonies. Corals A, B and D
in the metal system had increased or stable growth rates in phases 1 to 4 compared to the control
phase without any added metals. The growth of coral C decreased as soon as the metal
concentration in the culturing medium was increased. Within a colony, the growth rates were
lower at the sides of the corals. This can for example be seen in coral D in the metal system
(line 2 to 5) and in coral B in the metal system (line 4).

The growth rates of this study were overall variable, which was also found by other authors
(Table 4.3) in different regions of the world in polluted (Erdinger et al., 2000; Cooper et al.,
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2008; Al-Rousan et al., 2007) and less- or unpolluted areas (e.g., Klein and Loya, 1991; Fallon
et al., 1999; Tortolero-Langarica et al., 2016). Corals A, B and D from this study showed values
that were more comparable to the medium and lower literature values like described by Fallon
et al. (1999), Tortolero-Langarica et al. (2016) and Smith et al. (2007), while coral C compared
also to higher growth rates like those reported by Guzman and Cortes (1989), Edinger et al.
(2000) or Cooper et al. (2008).

Overall, changing growth rates in this study did not follow any clear trends with reference to
the culturing system or the heavy metal concentration. Furthermore, the growth rates of the
corals compared well to growth rates observed in nature.
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4.3.3.2 Metal incorporation into coral aragonite
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Figure 4.3: Composite line along the maximum growth axis profiles of TE/Ca values of corals
A, B, C and D in the metal system measured by laser ablation ICP-MS (lower graphs) and
corresponding TE/Ca values in the culturing seawater medium (topmost graph). To facilitate a
comparison, all coral and water lines were transformed to the same Y-scale and therefore,
differences in growth rates cannot be seen in this figure (see Table 4.3 for growth rates). The
lines represent a running average over 5 points. The composite line of all laser scans along the
maximum growth axis per colony was calculated with QAnalyserie (Kotov and Paelike, 2018).
Note that coral D died at the beginning of phase 4 after approximately 2.5 weeks. All elements
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but Cr, Cu, Sn, Sr and Mg are displayed with a logarithmic scale for the water measurements.
All values can be found in Table 4.2, Table B4.3 and Tables S4.1-S4.4.

Measurable (> 3 times limit of detection (LOD)) amounts of all metals investigated in this study
were detected in the skeleton of all four coral colonies from all phases, but the degree of
incorporation varied (Figure 4.3, Table B4.4). Differences between culturing phases occurred
and in some lines, not all elements were detectable. Sn was not detectable in Coral D line 5
(Figure A4.8) and Hg in line 3 of coral A and B (Figure A4.2, Figure A4.4). Hg was only
detectable in phase 4 in line 2 of coral D (Figure A4.8).

The heavy metal concentration in the coral skeleton partly followed the concentration changes
in the culturing medium. No element showed a covariance between the metal concentration in
the coral aragonite and the seawater in phase 0, 1 and 2, but several elements showed a
covariance in phases 3 and 4, when the heavy metal concentration in seawater was higher. Hg
and Sn concentration in the coral skeleton of all colonies in all phases did not follow the
concentration changes in the culturing medium.

The seawater Cr concentration was mirrored in coral A in phase 4. Coral C also showed slightly
elevated Cr/Ca values when the Cr/Ca concentration in the seawater is highest in phase 4. Corals
B and D did not show any covariance. The elevated Mn concentration in the seawater was
mapped by all colonies in phase 4 and in coral A and D also partly during phase 2 and 3. During
phase 4 and partly in phase 3, all coral colonies had higher concentrations of Ni, Zn, Ag and Pb
in their skeleton. Increased Cu concentrations in the coral skeleton was found in coral colonies
A and B in phase 4. Coral colony D did not show any clear patterns for Cu. Cd concentrations
in the coral skeletons of all colonies were higher in phase 4 compared to the other phases.
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Figure 4.4: TE/Ca values of all coral colonies in the metal system derived from the composite
line per colony. TE/Ca in the coral aragonite versus the TE/Ca values in the corresponding
culturing medium based on phase 0 to 4 is shown. Each data point represents the averaged phase
value plotted against the mean metal concentrations in the seawater averaged over the culturing
phase (Table 4.2). Error bars symbolize the standard error of the mean (standard deviation
o/vn). Note that error bars are only given for the TE/Ca values of the coral aragonite as the

metal concentration in the culturing medium was strongly varying (see Figure 4.2) due to the
punctual input of the stock solution. This results in a disproportional high standard error, which
in turn would make it impossible to see distinct features in the plot if it would be displayed. The
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linear regression line is given, when elements showed a significant correlation between
seawater and aragonite. Dtg (+SE) values represent the slope of the regression line, which is
forced through the origin in all cases but Sn and Hg. All values can be found in Table B4.4.

Partition coefficients for the different trace elements were deduced from molar coral aragonite
TE/Ca and the values of the culturing medium from the corresponding culturing phase. Note
that the Drtg values represented the slope of the regression line when a positive correlation
between seawater TE/Ca and coral aragonite TE/Ca was detected (p < 0.05, R?> 0.45). If no
correlation was found, no Drr values were given in the figure but in Table B4.4, where all
values can be found. Dte values calculated separately for every individual phase are also given.
When looking at the values derived from all coral composite lines and all colonies together,
significant positive correlations between the TE/Ca was found for Cr, Mn, Ni, Zn, Ag, Cd and
Pb. Cu, Sn and Hg overall showed no or negative correlation between seawater and skeleton.
Mean Drg derived from the composite lines of all coral colonies was highest for Cr (Dc=0.21
+0.1), Zn (Dz,=0.35 £0.05) and Pb (Dpp=0.37 +£0.07) and lowest for Mn (Dms=0.01 £0.002).
Values derived from calculations based on single phases only showed that higher heavy metal
concentrations in the seawater did not reveal lower Drg values (Table B4.4).

4.3.5 Comparison between species and colonies and between laser ablation lines within a
colony — Inter- and intraspecies variability

4.3.5.1 Interspecies variability
When considering every coral colony from the metal system individually, significant positive

correlations between seawater and aragonite was visible in all colonies for Cr, Mn, Ni, Zn, Ag,
Cd and Pb (Figure 4.4, Table B4.4). No correlation was found for Cu in all colonies and for Sn
in all but colony A (negative correlation p=0.002, R?>=0.97). Colonies B showed a negative
correlation for Hg. The Hg concentration was overall very low in the coral skeleton, which
makes any interpretation of the data difficult.

Comparison between different colonies revealed no clear trends between colonies of the same
species or between species. Coral A displayed generally higher TE/Ca values than all other
colonies for Cr, Mn, and Ni as well as a steeper regression line. Coral D (P. lichen) showed
higher TE/Ca values for Ag and Pb. The colonies C and D were generally at the lower boundary
of the range of values and coral colony B represented the lowest TE/Ca values for Cr, Mn, Zn,
Ag, and Pb. The range of Dwmn, Dni, Dzn and Dcg between the different colonies was within one
order of magnitude. D¢y, Dag and Dpy, displayed a wider range.

4.3.5.2 Intraspecies variability
On coral colony A and C grown in the metal system, three lines were measured and clear

differences between line 3 and 1, respectively, and the other lines were visible (Figure A4.1,
A4.2, Figure A4.5, A4.6). TE/Ca values were remarkably higher for Cr, Ni, Zn, Ag, Cd and Pb
compared to the other lines, which showed similar TE/Ca values. These lead in turn to higher
DrE values, which were up to ten times higher than those of the other lines (see Table B4.4).
Four lines were measured on coral colony B of the metal system and overall all showed the
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same trends for all elements used in this study (Figure A4.3, A4.4). When looking at one
specific metal, differences between individual laser lines showed up but no general patterns
were found. Dtg values were also variable, but these differences were lower than that found in
coral colony A. All five lines measured on coral colony D did not show clear trends or offsets,
but when looking at one specific heavy metal, smaller variations were found (Figure A4.7,
A4.8). These variations could not be traced to one specific line. For example, line 4 indicated
the highest TE/Ca values for Cr, line 3 for Ni, Zn and Cd and line 5 for Ag.

4.4 Discussion

4.4.1 Experimental uncertainties

The TE/Ca concentrations in the culturing medium of the metal system varied at the beginning
of each new phase due to the sudden input of the stock solution for rising the concentration of
the next phase. Furthermore, variations within a phase occurred due to regular water exchanges.
Overall, the measured concentrations during periods of stability were lower than expected (see
Table 4.1 and Table 4.2). Ag, Hg and Pb concentrations were 20 to 50 percent lower than the
target concentrations in all phases. In phase 1 the concentration was approximately 10 to 20
times higher for Cr, Mn, Cu and Sn. In all other phases, the measured concentration was lower
than the target concentration by a factor of 5 to 10 for all elements. The recognized loss of
metals could have several different reasons. One possibility was the uptake by the
accompanying organisms living in the culturing system, or by algae growth. The protein
skimmer, which ensured the oxygenation and skimmed proteins or exopolymers from the
system, could also have removed metals adsorbed to these substances. Indeed, metal ions are
surface reactive, and it is therefore imaginable, that a certain amount adhered to the inner
surface areas of system components, which included the glass panes, tubings, hoses and the
fibre filter for larger particles. As the surface space for adhesion was limited, it appears plausible
that the concentration of the metals was decreasing until all adhesion spaces were taken.
Afterwards, the concentration would be expected to stabilize, and this was observed
approximately five days after the input of the stock solution for Ni, Zn, Ag, Cd, Hg and Pb
(Figure 4.2). Having foreseen this possibility, it was attempted to counteract adsorptive loss of
metals by a regular addition of a certain amount of the stock solution to the metal system.
However, this measure was not fully sufficient for maintaining a stable metal concentration.
Nevertheless, the short-term concentration changes were mirrored in the aragonite of the corals.
This coherent data pattern justified the inclusion of the first, high concentrations at the
beginning of a phase for the calculation of average values for each phase.

The growth rates of the corals indicated that the elevated heavy metal concentrations as applied
in this experiment did not inhibit or decrease growth. It was therefore expected that coral
metabolism maintained at normal levels, also during higher heavy metal concentrations (Table
4.3). Furthermore, Dtg values did also not decrease in higher metal phases (Table B4.4). If this
would have been the case, an overload effect would be indicated, which was also described for
other organisms, e.g., foraminifera (Munsel et al., 2010; Nardelli et al., 2016). It has been
suggested that this effect comes into action as soon as the metal concentration exceeds a
threshold above which an imminent intoxication is probable. Biological mechanisms expelling
metals or blocking the metal uptake take over to protect the organism. There was no evidence
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for such a response in this study, which corroborated that the metal concentration was within
levels at which the corals remain healthy. Generally, all coral colonies were found thriving well
over the entire culturing period by visual inspections. A loss of vitality was therefore not
recognised as a biasing factor for the heavy metal incorporation into the coral skeleton. One
clear exception was coral D, which died after 2.5 weeks in the highest metal phase 4 but showed
elevated TE/Ca values prior to death. Coral D belonged to the species Porites lichen. We
therefore may speculate that this species could have a lower tolerance for heavy metal input.
Prior to phase 4, coral D did not show a reduced fitness. As such, a biological effect or disease
cannot be excluded. It is possible that the symbionts of coral D were less fit or the amount of
symbionts was lower than for the other colonies. The elevation of the heavy metal concentration
in phase 4 could therefore have caused the symbionts to disappear within a short period causing
the decease of the coral. The other coral colonies may have had the chance to recover from the
first high metal concentration peak in the beginning of phase 4 because they had more or fitter
symbionts.

Measurements at different positions within the coral colony revealed that line 3 at coral A
(Figure A4.1, A4.2) and line 1 at coral C (Figure A4.5, A4.6) showed systematically higher
values for Cr, Ni, Zn, Ag, Cd and Pb. Lines on coral colonies B (Figure A4.3, A4.4) and D
(Figure A4.7, A4.8) did not show any systematic offset. Sr/Ca and Mg/Ca profiles from coral
A line 3 were more variable and had elevated values in phase 4. The same trend was found in
coral C line 1 for Mg/Ca. Both other lines on the respective corals did not show strong variations
for Sr/Ca, but smaller variations for Mg/Ca. These variations could be connected to higher metal
incorporation. Line 3 of coral A was at the side of the colony, while line 1 of coral C was at the
top-middle of the colony. If the position in the colony itself would cause a systematic offset, it
would be expected that this also influenced the growth rates. This was not the case for coral A,
because the growth rates were similar for all lines in phase 1 to 4 (4.8 mm/year). Line 1 of coral
C on the other hand, showed slightly higher growth rates of 7.9 mm/year as compared to line 2
and 3 (6.7-7.3 mm/year). If this higher growth rate of line 1 at coral C influenced the
incorporation, a higher uptake of the heavy metals from the seawater resulting in the observed
higher TE/Ca values in the coral skeleton seems plausible.

Line 1 of coral D showed higher Sr/Ca values than the other lines (Figure A4.7, A4.8).
Furthermore, line 3 to 5 showed slightly oscillating features, which point towards a deviation
from the main growth axis, which was also indicated by the growth rates and therefore, these
lines were not considered for the Dk calculation.

4.4.2 Incorporation of heavy metals into the coral skeleton

Corals have a long history as environmental archives based on the incorporation of different
trace elements and metals into their skeleton (e.g., Sr, Na, Mg, K, Zn in Amiel et al., 1973;
Cd, Pb, V, Mn, Zn, Ba in Shen and Boyle, 1988; Hg, Cu, Zn, Pb, Mn, Fe, Ni, Cd, V, Al Cr,
Mg, B, Ca, Cd in Hanna and Muir, 1990; Pb, Cu, Zn, Ni, Cr in Esslemont, 2000; Fe, Mn, Ni,
Cu, Pb, Zn in Mohammed and Dar, 2010; Mn, Zn, Cu, Cr, Co, Ni, V, As, Cd, Hg, Pb in
Jafarabadi et al., 2018; Mg, Cr, Mn, Ni, Cu, Zn, Sr, Cd, Ba, Pb, U, Fe, Co, V in Kourandeh et
al., 2021). Saha et al. (2016) provided a comprehensive review on this issue. Nevertheless, to
reconstruct past ocean environmental signals like heavy metal concentration in seawater, it is
crucial to understand the fundamental biomineralization processes of these animals to gain
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insights about the way ions are taken up from the ambient seawater. Furthermore, sample
preparation and measurement techniques should be reconsidered to be aware of what part of
the coral or what kind of incorporation is measured exactly.

Corals precipitate carbonate with the help of their extracellular calicoblastic epithelium. This
tissue contains calcifying cells that control the composition of the extracellular calcifying
medium (ECM) located between the calicoblastic ectoderm and pre-existing skeleton (e.g.,
Allemand et al., 2004 & 2011; Tambutt¢ et al., 2011). Different mechanisms are hypothesised
to be involved into the transport of ions relevant for calcification from the seawater to this area.
One mechanism is the transcellular calcium transport, i.e., describes the transport of calcium
ions through the cell membrane of the calicoblastic epithelium via specific biomolecules
building ion channels or ion exchangers (Allemand et al., 2004; Capasso et al., 2021). However,
many cations other than Ca are also present in the ECM and subsequently in the coral skeleton,
which lead to the assumption that Ca transporters may also transport other ions similar to Ca in
size and charge. Alternative concepts explain the occurrence of ions other than calcium by
direct seawater transport via paracellular pathways or via vacuoles (Gagnon et al., 2012; Mass
et al., 2017; Sun et al., 2020). Erez and Braun (2007) also found evidence for paracellular
pathways by adding the fluorescent dyes Calcein and FITC-Dextran to seawater and let
different coral species grow in this mixture. This means that the composition of the coral
skeleton is directly depending on the seawater chemistry, which enables corals to monitor the
seawater composition. This theory would also explain the incorporation of ions that have a
different size or charge compared to calcium.

In this study, it was found that Cr, Mn, Ni, Zn, Ag, Cd and Pb were incorporated into the coral
aragonite following a linear relationship with the seawater concentration (Figure 4.4, Table
B4.4). This suggests a paracellular pathway is the major route for the uptake of these metals
into the ECM or to a very unspecific uptake via transcellular proteins. Nevertheless, the
seawater concentration was not mirrored one by one, which indicates that biological processes
indeed affect the metal uptake.

From a crystallographic point of view, Cr, Ni, Mn, Zn and Ag have a smaller effective ionic
radius than Ca=1.12 A, Pb has a slightly bigger one and only Cd shares a similar size (Cr=0.80
A, Ni=0.69 A, Ag=0.94 A, Mn=0.96 A, Zn=0.90 A, Cd=1.10 A, Pb=1.29 A, Shannon, 1976).
It is known that ions with a smaller radius than Ca®" tend to form rhombohedral carbonates
while octahedral forms like in aragonite are favoured by bigger ions (Shannon, 1976; Terakado
and Masuda, 1988). Nevertheless, Ca?" substitution is reported for Mn?>", Ni**, Zn**, Cd*" and
Pb>" (e.g., Amiel et al., 1973; Shen and Boyle, 1987; 1988; Pingitore et al., 2002; Anu et al.,
2007) even though the ionic radii and the preferred crystal structure deviated from that of Ca®*.
Adsorption onto the skeletal surface was found in earlier studies to play a role during times of
temporal tissue retraction during stressful situations (St John, 1974; Amiel et al., 1973; Brown
et al., 1991). In our experiments, no tissue retraction was observed. One exception was the
sudden death of coral D. Afterwards the tissue retracted but previously no reduced fitness was
detected and furthermore, coral D showed elevated heavy metal concentrations in the skeleton
before death. We therefore consider this process as unlikely to have contributed to the metal
concentration in the coral skeleton. Furthermore, massive colonies would adsorb more metals
than branching specimens would, because their skeletal-surface-to-tissue ratio is bigger (Anu
et al., 2007). This would mean that the branching coral D should show systematically lower
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TE/Ca values than the massive corals A, B and C, which was not the case (see Figure 4.4, Table
B4.4). Our cleaning procedure should additionally guarantee that as much contamination on the
coral surface as possible was removed prior to analysis.

Metals can bind to organic matter in the coral lattice, which was indicated in previous studies
(e.g., Bilings and Ragland, 1968; Shen et al., 1991; Allison and Finch, 2004). Cuif et al. (1999)
found that coral fasciculi consist of aragonite crystal bundles that are formed from repeated
superimposition of few microns thick growth layers. Organic compounds and trace metals like
Mg are concentrated at these boundaries (Cuif et al., 2003). The organic matter represents 1 to
2.5 wt% of the coral skeleton (Cuif et al., 2004) and it was found that trace elements concentrate
up to 3.5 % in this organic matter (Finch and Allison, 2008, Allison and Finch, 2004). It is
possible that this mechanism was contributing to the TE/Ca values of this study, which can be
neither proven nor rejected from our dataset. Mg profiles of the composite lines revealed
elevated values during phase 4 in the corals A to C, which could hint towards an elevated
amount of organic matter that could also have caused an elevated incorporation of heavy metals
into this organic matter. Sr profiles did not show or only very barely show any variation in the
corals B to D (Figure 4.4, Figure A4.4, A4.8). Only Sr/Ca in coral A was slightly elevated in
phase 4, which could point towards deviating calcification.

As mechanism other than Ca?" substitution and binding to organic matter were excluded or
considered to play a minor role, most of the metals were thus expected to be incorporated into
the coral aragonite lattice or organic matter. Extra-lattice elements could, however, depend on
the metal concentration in seawater. If this was the case, an appropriate estimate of past
environmental concentrations would likewise have been possible and could not be resolved.
No correlation between the TE/Ca values in seawater and those in the coral aragonite was found
for Cu, Sn and Hg (Figure 4.4, Table B4.4). In the cases of Cu and Sn, this pattern was
evidentially due to the small variations of these elements in the culturing medium (Figure 4.2,
Table 4.2). An assignment of a relationship between these elements in the water and in the coral
skeleton was therefore impossible. On the other hand, the dissolved Hg concentration in the
seawater covered an appropriate range (Figure 4.2, Table 4.2) but the Hg/Ca values in the coral
skeleton were very low making any interpretation speculative.

In summary, the metals showing a linear correlation between seawater and aragonite can be
used for the reconstruction of past seawater conditions based on coral skeletons. Their
incorporation into the aragonite skeleton of the coral was most likely by Ca?* substitution or by
binding to organics and mirrored the seawater concentration without any major counteracting
effects.

4.4.3 Partition coefficient Dte

Table 4.4: Comparison of Drr values of the present study to other studies and other coral
species. Dtg values are derived from the composite line of all coral colonies. Sample
preparation: 1 = NaClO+preablation, 2 = H,O> + HNOs3, 3 = acid leaching/ oxidative/ reductive
cleaning procedure after Shen and Boyle (1988), 4 = procedure Boyle et al., (1988) deionized
water rinse, 5 = destilled water, HNOs, H,O, + NaOH, HoNNH, + NH4OH + CsHsO»,
coprecipitation with APDC + HNOj3, 6 = dilution HCI, AgNO3 carrier for precipitating AgCl,
HNOs, NH4OH, scavenging with ferric chloride, re-precipitation of silver with nitric acid,
drying, dissolving in NH4OH.
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Element Species Dre Comparable? Reference Location Samplc.z Measur.ement
y/n preparation techniques
1?0rttes lobata, Porites 021 0.1
lichen (Mean) Laboratory
Porites lobata, Porites This study culture 1 LA-ICP-MS
lichen (Range of 0.03-0.68
colonies)
Porites lutea 0.5 Yes |
Cr Favia palauensis 0.6 Yes Jiang et al., 2020 i(:faizagos 2 ICP-MS
Pavona decussata 0.5 Yes
Meso-
american
Montastrea faveolata 0.3 Yes Prouty et al., 2008 Caribbean 3 HR_ISVIE:CP_
Reef
System
Porites lobata, Porites 0.01
lichen (Mean) +0.002 Laboratory
Porites lobata, Porites This study culture 1 LA-ICP-MS
lichen (Range of 0.01-0.02
colonies)
Mn Pavona clavus 1 No, lower Linn et al., 1990 Galapagos
Porites panamensis 0.1-0.6 No, lower Shen et al, 1991 island
Porites panamensis 0.13+0.10 No, lower . southern 3 GFAAS
Pavona clivosa 0.10 £0.10 No, lower Ca‘trrlqulry and Gulf of
) Villaescusa, 2010 . .
Pavona gigantea 0.03 +0.02 Yes California
Porites lobata, Porites 0.03
lichen (Mean) +0.005 Laboratory
Porites lobata, Porites This study culture 1 LA-ICP-MS
Ni lichen (Range of 0.02-0.06
colonies)
. Sabah,
Porites lobata 0.59 No, lower Mokhtar et al., 2012 3 FAAS
Borneo
1?0rttes lobata, Porites 0.35 20,05
lichen (Mean) Laboratory
Porites lobata, Porites This study culture 1 LA-ICP-MS
lichen (Range of 0.16-0.54
colonies)
Porites lutea 1.4 Yes |
Favia palauensis 1.8 Yes Jiang et al., 2020 i(:faizagos 2 ICP-MS
Zn Pavona decussata 1.2 Yes
Montastrea annularis 11 No, lower Shen and Boyle, FlOI:lda 5 GFAAS
1988 strait
neutron
Porites lutea 0.4 Ves Livingston and Florida 4 activation +
Thompson, 1971 keys y-spectrometry,
ICP-OES
Diploria strigosa 1 Yes Shen, 1986 Bermuda 3 GFAAS
I-'.’orites lobata, Porites 0.18 £0.06
lichen (Mean) Laboratory
Porites lobata, Porites This Study culture 1 LA-ICP-MS
lichen (Range of 0.02-0.52
colonies)
Ag Central pacific corals 0.13 Yes Cet.ral
average pacific
Pocillopora 0.09 Yes Veeh and Turekian, — Hawaii n.eutrhon
Leptastrea 0.27 Yes 1968 Hawaii 6 activation
. y-spectrometry
Leptoria 0.15 Yes Samoa
Acropora 0.04 Yes Samoa
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Pocillopora 0.05 Yes Tahiti
Acropora 0.06 Yes Tahiti
Favia 0.06 Yes Tuamotu
Fungia (septa) 0.18 Yes Tuamotu
Fungia (base) 0.06 Yes Tuamotu
1?0rttes lobata, Porites 0.11 £0.01
lichen (Mean) Laborator
Porites lobata, Porites This study culture y LA-ICP-MS
lichen (Range of 0.07-0.13
colonies)
Porites lutea 1 No, lower Gal
Favia palauensis 0.6 Yes Jiang et al., 2020 isfaigagos ICP-MS
Pavona decussata 1.2 No, lower
eastern
Sh d Sanford .
Pavona clavus 0.7-1.3 Partly en and Santord, tropical
1990 .
Pacific GFAAS
cd Pavona clavus 0.7 Yes Linn et al., 1990 Qalapagos
island
Pavona clavus 1 No, lower  Shen etal., 1988 Galapagos GFAAS
Islands
various in
Porites panamensis 0.9-2.0 No, lower Shen, 1991 the tropical GFAAS
Pacific
Pavona clavus 1.3-1.7 No, lower Grottoli et al., 2013 Gulf of LA-ICP-MS
Panama
Porites panamensis 0.83 +0.53 Yes Carriqui d southern
Pavona clivosa 0.3240.17 Yes arrquity an Gulf of GFAAS
. Villaescusa, 2010 . .
Pavona gigantea 0.15+0.08 Yes California
1?0rttes lobata, Porites 0.37 £0.07
lichen (Mean) Laborator
Porites lobata, Porites This study culture y LA-ICP-MS
lichen (Range of 0.13-0.63
colonies)
Pb Porites lutea 1.1 Yes Gal
Favia palauensis 1.1 Yes Jiang et al., 2020 islaazgagos ICP-MS
Pavona decussata 1.9 Yes
Pavona clavus 1.8 Yes Linn et al., 1990 Qalapagos GFAAS
island
. . . Shen and Boyle, North Rock,
Diploria strigose 2.1-2.3 Yes 1988 Bermuda GFAAS
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Figure 4.5: Comparison of Drg values of this study with Drg values from literature of different
coral species. The range of Drg from the different coral colonies and the mean Drg from all
colonies is given. Drg values are based on the correlation between TE/Ca in seawater and the
coral skeleton.

Biological processes are believed to have had an influence on the ion uptake of corals. It is
imaginable, that essential elements like Mn, Ni or Zn were introduced into the coral or the
symbiont cells and were consumed there, which would have eliminated at least a certain amount
of them for incorporation into the coral skeleton. Non-essential elements like Cr, Cd and Pb on
the other hand could have been actively pumped out of the cell to prevent from intoxication and
lethal effects, which would have also prevented a certain amount of the metals to be
incorporated. These residual metals were potentially immobilized in the coral skeleton, but this
would rather result in a Dtg>1, which was not found in this study. Furthermore, transcellular
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proteins could introduce elements other than Ca to a smaller amount and discriminated against
them before they even got the chance to be incorporated.

DrE values of this study did partly agree with literature values derived from field studies (see
Table 4.4, Figure 4.5). Some values derived from literature were higher than values reported in
this study. Dc; values of this study compared to the lower values of Jiang et al. (2020) and
Prouty et al. (2008). Dma was in the same range than values from Carriquiry and Villaescusa
(2010) for Pavona gigantean, but lower than other literature values, which also held true for
Dni. Dzn was in the same range than values from Jiang et al. (2020), Livingston and Thompson
(1971) and Shen (1986). Calculated Dag values of this study compared to Dag from Veeh and
Turekian (1968), but it has to be noted that the Dag range of this study was much higher. The
Dca values of this study were partly in agreement with the lower Dcq values of studies like Jiang
et al. (2020), Shen and Sanford (1990) and Carriquiry and Villaescusa (2010) for Pavona
gigantean, but were generally lower than literature reported. Dpy displayed a similar pattern.
Dcu, Dsn and Dyg values were not compared to literature as no correlation between the metal
concentration in seawater and in the coral skeleton was found for these elements.

Arising disagreements could possibly be explained by the different species that were used,
which is not always likely as in some cases, e.g., for Ni, a Porites species was compared
(Mokhtar et al., 2012), which should display comparable values but did not. On the other hand,
different species compared very well, e.g., Cd in Pavona gigantean from Carriquiry and
Villaescusa (2010). Therefore, it is unlikely that only the species differences caused
disagreements. Another factor that could cause deviation from the literature are different sample
preparation and measurement techniques. In earlier studies, more intensive cleaning procedures
involving various oxidative and reductive chemical treatments prior to analysis were applied
(Table 4.4). An extensive cleaning procedure could lead to the removal of metals from the coral
skeleton, which would lead to lower TE/Ca values and therefore lower Drg values. This cannot
be proven as the majority of our Dtg values were lower and not higher than in the literature. On
the other hand, softer cleaning procedures like applied by Jiang et al. (2020), Livingston and
Thompson (1971) or Veeh and Turekian (1968) did generally lead to more comparable Drg
values indicating that cleaning does make a difference. Measurements techniques were hard to
compare because only Grottoli et al. (2013) used LA-ICP-MS for analysis and Dcq of their study
was higher than values of this study. Besides the presented differences in species, cleaning and
analytics, the exposure to a mixture of metals may lead to synergetic effects between the metals.
We cannot clearly entitle one reason for the variation of our values compared to literature, but
nevertheless, the presented Dtg values did compare to the literature and can possibly enable a
reconstruction of the heavy metal concentration in paleo-seawater based on analysing coral
skeletons.

4.5 Conclusion

Many environmental studies based on the heavy metal content in the coral skeleton
demonstrated that coral aragonite can be used as indicator for heavy metal pollution (e.g.,
Guzman and Jiménez, 1992; Esslemont, 2000; Jupiter, 2008; Ali et al., 2011; Nour and Nouh,
2020). In this study, culturing experiments exposed Porites lobata and Porites lichen to a
mixture of ten different metals (Cr, Mn, Ni, Cu, Zn, Ag, Cd, Sn, Hg and Pb) at varying

164



Scientific Chapter 111

concentrations (Figure 4.2, Table 4.2). Laser ablation ICP-MS measurements of the newly
formed aragonite exhibited the following findings:

1. All metals but Hg were detectable above the LOD in all coral colonies (Figure 4.3).

2. Interspecies differences in TE/Ca values occurred but did not follow any systematic
patterns.

3. Intraspecies variations could be linked to deviating growth rates (Figure 4.4, Figure
A4.1, A4.3, A4.5, A4.7, Table B4.4).

4. Cr,Mn, Ni, Zn, Ag, Cd and Pb showed a positive linear relationship between the heavy
metal concentration in the coral skeleton and the culturing medium (Figure 4.4)
suggesting that the uptake of these metals mainly depended on their concentration in
seawater.

5. The incorporation of heavy metals into the corals aragonite was most likely performed
by Ca?" substitution or by adsorption to organic matter.

6. Cu, Sn and Hg did not reveal a correlation between seawater and aragonite (Figure 4.4,
Table B4.4). In cases of Cu and Sn, the low variability of these metals in the culturing
medium made any correlation unlikely (Figure 4.2, Table 4.2). Hg showed an
appropriate concentration range in seawater (Figure 4.2, Table 4.2), but Hg/Ca values
in the coral skeleton were too low to interpret (Figure 4.4).

7. DrE values partly compared to a variety of other studies (Table 4.4, Figure 4.5) even
though our Drg values were lower than some reported ones.

Generally, the results of this study show new insights into the uptake of heavy metals by corals,
provide well-constrained TE/Ca values, and therefore facilitate the use of coral skeletons for
paleo-reconstructions. The Drg values presented herein permit an approximation of heavy metal
concentrations in seawater, which provides a promising tool for ecosystem status assessments
in the future.
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4.6.1 Appendix A: Additional Figures
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Figure A4.1: Comparison of TE/Ca values of different laser ablation lines of coral colony A.
Mean TE/Ca in the coral aragonite versus the mean TE/Ca values in the corresponding culturing
medium based on phase 0 to 4 of the metal system is shown. Each data point represents the
mean value of laser ablation ICP-MS measurements calculated from the individual culturing
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phase plotted against the mean metal concentrations in the seawater averaged over the culturing
phase (Table 4.2). Error bars symbolize the standard error of the mean (standard deviation
6/\n). Note that error bars are only given for the TE/Ca values of the coral aragonite as the
metal concentration in the culturing medium was strongly varying (see Figure 4.2) due to the
punctual input of the stock solution. This results in a disproportional high standard error, which
in turn would make it impossible to see distinct features in the plot if it would be displayed. The
linear regression line is given, when elements showed a significant correlation between
seawater and aragonite. Dt (£SE) values represent the slope of the regression line, which is
partly forced through the origin. All values can be found in Table B4.4.
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Figure A4.2: TE/Ca values of single lines on coral A cultured in the metal system measured
by laser ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing
medium (topmost graph). To facilitate a comparison, all coral and water lines were transformed
to the same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see
Table 4.3 for growth rates). Hg were not detectable in line 3. All elements but Cr, Cu, Sn, Sr
and Mg are displayed with a logarithmic scale for the water measurements. All values can be
found in Table 4.2 and Tables S4.1-S4.4 (available at PANGAEA =
https://doi.pangaea.de/10.1594/PANGAEA.938748).
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phase (Table 4.2). Error bars symbolize the standard error of the mean (standard deviation
6/\n). Note that error bars are only given for the TE/Ca values of the coral aragonite as the
metal concentration in the culturing medium was strongly varying (see Figure 4.2) due to the
punctual input of the stock solution. This results in a disproportional high standard error, which
in turn would make it impossible to see distinct features in the plot if it would be displayed. The
linear regression line is given, when elements showed a significant correlation between
seawater and aragonite. Dt (£SE) values represent the slope of the regression line, which is
partly forced through the origin. All values can be found in Table B4.4.
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Figure A4.4: TE/Ca values of single lines on coral B cultured in the metal system measured by
laser ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing medium
(topmost graph). To facilitate a comparison, all coral and water lines were transformed to the
same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table
4.3 for growth rates). Hg were not detectable in line 3. All elements but Cr, Cu, Sn, Sr and Mg
are displayed with a logarithmic scale for the water measurements. All values can be found in
Table 4.2 and Tables S4.1-S4.4 (available at PANGAEA =

https://doi.pangaea.de/10.1594/PANGAEA.938748).
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Figure A4.5: Comparison of TE/Ca values of different laser ablation lines of coral colony C.
Mean TE/Ca in the coral aragonite versus the mean TE/Ca values in the corresponding culturing
medium based on phase 0 to 4 of the metal system is shown. Each data point represents the

mean value of laser ablation ICP-MS measurements calculated from the individual culturing
phase plotted against the mean metal concentrations in the seawater averaged over the culturing
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phase (Table 4.2). Error bars symbolize the standard error of the mean (standard deviation
6/\n). Note that error bars are only given for the TE/Ca values of the coral aragonite as the
metal concentration in the culturing medium was strongly varying (see Figure 4.2) due to the
punctual input of the stock solution. This results in a disproportional high standard error, which
in turn would make it impossible to see distinct features in the plot if it would be displayed. The
linear regression line is given, when elements showed a significant correlation between
seawater and aragonite. Dt (£SE) values represent the slope of the regression line, which is
partly forced through the origin. All values can be found in Table B4.4.
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Figure A4.6: TE/Ca values of single lines on coral C cultured in the metal system measured by
laser ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing medium

(topmost graph). To facilitate a comparison, all coral and water lines were transformed to the

same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table
4.3 for growth rates). All elements but Cr, Cu, Sn, Sr and Mg are displayed with a logarithmic
scale for the water measurements. All values can be found in Table 4.2 and Tables S4.1-S4.4
(available at PANGAEA = https://doi.pangaea.de/10.1594/PANGAEA.938748).
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Figure A4.7: Comparison of TE/Ca values of different laser ablation lines of coral colony D.
Mean TE/Ca in the coral aragonite versus the mean TE/Ca values in the corresponding culturing
medium based on phase 0 to 4 of the metal system is shown. Each data point represents the
mean value of laser ablation ICP-MS measurements calculated from the individual culturing
phase plotted against the mean metal concentrations in the seawater averaged over the culturing
phase (Table 4.2). Error bars symbolize the standard error of the mean (standard deviation
o/\n). Note that error bars are only given for the TE/Ca values of the coral aragonite as the
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metal concentration in the culturing medium was strongly varying (see Figure 4.2) due to the
punctual input of the stock solution. This results in a disproportional high standard error, which
in turn would make it impossible to see distinct features in the plot if it would be displayed. The
linear regression line is given, when elements showed a significant correlation between
seawater and aragonite. Dtg (xSE) values represent the slope of the regression line, which is
partly forced through the origin. All values can be found in Table B4.4.
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Figure A4.8: TE/Ca values of single lines on coral D cultured in the metal system measured by
laser ablation ICP-MS (lower graphs) and corresponding TE/Ca values in the culturing medium
(topmost graph). To facilitate a comparison, all coral and water lines were transformed to the
same Y-scale and therefore, differences in growth rates cannot be seen in this figure (see Table
4.3 for growth rates). Note that coral D died at the beginning of phase 4 after approximately 2.5
weeks. In some cases, Sn (line 5) and Hg (line 2, Phase 0 to 3) were not detectable. All elements
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but Cr, Cu, Sn, Sr and Mg are displayed with a logarithmic scale for the water measurements.
All values can be found in Table 4.2 and Tables S4.1-S4.4 (available at PANGAEA =
https://doi.pangaea.de/10.1594/PANGAEA.938748).

4.6.2 Appendix B: Additional Tables
Table B4.1: Average concentration, RSD (1o in %), literature values, accuracy in comparison
to literature values and number of measurements of the reference materials SLRS-6, SLEW-3,
in-house reference materials (South Atlantic surface water and South Atlantic Gyre water) and
NASS-6 measured with ICP-MS. Average concentration, RSD and accuracy values displayed
here are averaged from single measuring days. Cr values are analysed after dilution of the
samples and all other elements were analyses after preconcentration with a SeaFAST system.
NRCC-National Research Council Canada. *Values originated from 1:10 dilution of SLRS-6.
See also Schmidt et al., 2021.

Reference

Materials Cr Mn Ni Cu Zn Cd Pb
SLRS-6 nmol kg' nmol kg' nmol kg' nmol kg' nmol kg! nmol kg! nmol kg!
Average conc. 4732 52956 9811 338014* 31391* 62 786
RSD% 3.5 3.9 6.0 1.7* 7.2% 12.8 0.8
;eiﬁlggiy;n 4509 38616 10496 376378%  26920% 56 820
Accuracy 0.96 0.74 1.08 1.11%* 0.86* 0.90 1.04
Number 4 11 11 13* 13* 7 7
SLEW-3

Average conc. 40007 17508 22907 4442 343

RSD% 4.3 3.5 4.2 9.1 4.8

Leonhard 20326 20958 24409 3074 427

et al., 2002

Accuracy 0.74 1.21 1.07 0.78 1.28

Number 12 12 12 12 12

South Atlantic Gyre water

Average conc. 1615 2189 2649 5614

RSD% 6.2 3.7 5.3 13.2

Number 10 10 10 10

South Atlantic surface water

Average conc. 1959 2417 2646 39718

RSD% 6.8 2.8 5.8 2.2

Number 6 6 6 6

NASS-6

Average conc. 6747 11162 3557 5206 5158 169

RSD% 15.9 5.2 32 3.0 253 7.0

NRCC 2293 9654 5129 3528 3931 165

Accuracy 0.34 0.87 0.76 0.35 0.81 0.98

Number 9 11 11 11 11 2
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Table B4.2: Average concentration, RSD (1o in %), literature values, accuracy in comparison
to literature values and number of measurements of the reference materials NIST SRM 614,
JCt-1, JCp-1, MACS-3 and ECRM752-1 measured with LA-ICP-MS. Please note that for the
ECRM?752-1 no reported values for the elements of interest are available, which is also the case
for some elements in other reference materials. Please note further that the Hg/Ca values in the
NIST glasses are not reliable as Hg is volatile and most likely volatilized during the glass
formation. Average concentration, RSD and accuracy values displayed here are averaged from
single measuring days.

Reference materials Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca

pmol pmol pumol  pmol pmol  pmol pmol  umol  pumol  pmol

NIST SRM 614 mol!  mol! mol' mol! mol! mol! mol'! mol! mol! mol!
Mean value 14.30 10.93 9.74 10.22  85.88 1.82 3.13 6.05 0.28 5.70
RSD% 6.89 6.04 10.77 231 1.80 2.88 4.95 296 4543 3.29
Jochum et al., 2011 10.78 12.18 8.83 10.16  20.11 1.83 2.35 6.67 5.28
Accuracy 0.79 1.12 0.93 0.99 0.23 1.01 0.79 1.11 0.93
Number of spots 24 24 24 24 24 24 24 24 12 24
mmol mmol mmol mmol mmol mmol mmol mmol pmol mmol
MACS-3 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
mol mol mol mol mol mol mol mol mol mol
Mean value 0.21 0.96 0.09 0.18 0.15 0.06 0.05 0.04 5.41 0.03
RSD% 1.08 1.39 1.28 1.27 1.96 4.51 2.53 2.05 11.41 2.51
Jochum et al., 2019 0.23 0.99 0.10 0.19 0.20 0.05 0.05 0.05 5.41 0.03
Accuracy 1.10 1.04 1.10 1.10 1.39 0.87 1.11 1.16 1.00 1.20
Number of spots 22 22 22 22 22 22 22 22 22 22
pmol pmol pumol  pmol pmol  pmol pmol  umol  pumol  pmol
JCt-1INP -1 -1 -1 -1 -1 -1 -1 -1 -1 -1
mol mol mol mol mol mol mol mol mol mol
Mean value 8.70 0.78 0.61 1.19 1.95 0.003 0.08 0.01 0.20 0.07
RSD% 2.40 3.31 3.52 3.71 6.30 26.03 24.17 10.77 20.54 2.65
Jochum et al., 2019 0.93 1.01 1.03 1.48 0.06
Accuracy 0.03 0.55 0.33 1.20 0.71
Number of spots 38 38 38 38 38 36 38 38 29 38
pmol pmol  pmol umol  pmol pmol umol pmol pmol  pmol
JCp-INP mol’! mol!  mol! mol' mol' mol! mol! mol! mol' mol'
Mean value 11.93 1.63 1.77 0.92 1.59 0.01 0.07 0.07 0.02 0.14
RSD% 6.30 5.22 6.39 4.42 5.21 1229 12,56 1049 14.81 4.85
Jochum et al., 2019 1.27 2.16 1.05 1.29 3.53 0.15
Accuracy 5.78 0.61 4.72 1.26 0.51 0.67
Number of spots 34 34 34 34 34 34 34 34 20 34
ECRM752-1 pm(?l pmc_'l pm(?l pm(?l pm(?l pmc_'l pm(?l pmc_'l pm(?l pm(?l
mol! mol!  mol! mol' mol!' mol! mol! mol! mol' mol'
Mean value 16231  4.77 2.75 10.60  0.005 0.59 0.06 0.05 0.92 0.92
RSD% 2.25 541 5.76 3.51 16.41 2.29 5.79 18.44 5.56 5.56
Number of spots 22 22 22 22 22 22 22 19 22 22

Table B4.3: Mg/Ca and Sr/Ca values in the culturing medium of the metal system. CL=Metal
system, W=week, D=Day, Ph=Phase.

Sampling

Sample ID Phase Date

Mg/Ca Sr/Ca
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Metal System mmol/mol pmol/mol
CLO W2 0 16.8.19 3.89 7.97
CLO W3 0 25.8.19 3.86 7.94
CLO W4 0 29.8.19 3.83 7.92
CLO W5 0 4.9.19 3.76 7.97
CLO W6 0 9.9.19 3.72 7.97
CLO W7 0 16.9.19 3.69 7.91
CLO W8 0 23.9.19 3.93 7.98
CLO W9 0 2.10.19 4.02 8.05
CLOWI0 0 7.10.19 3.98 8.00
CLO W11 0 15.10.19 3.97 8.07
CLOWI2 0 21.10.19 3.99 7.98
CLO W13 0 28.10.19 3.98 8.04
CLO W14 0 4.11.19 3.96 8.09
CLO W15 0 11.11.19 3.99 8.12
CLOWI16 0 21.11.19 3.94 8.09
CLOWI17 0 28.11.19 3.96 8.10
CLOWI8 0 5.12.19 391 8.19
CLOWI9 0 10.12.19 3.92 8.22
CL1 W1 D1 1 16.12.19 3.98 8.17
CL1 W1 D5 1 20.12.19 3.95 8.20
CL1 W4 1 6.1.20 3.99 8.18
CL1 W5 1 16.1.20 3.96 8.30
CL1 W6 1 23.1.20 3.98 8.40
CL1 W6 D2 1 24.1.20 4.08 8.42
CL1 W7 1 28.1.20 4.08 8.41
CL1 W8 1 6.2.20 4.14 8.50
CL1 W9 1 10.2.20 4.21 8.58
CL1 W10 1 18.2.20 4.29 8.64
CL2 W1 D1 2 24.2.20 4.38 8.53
CL2 W1 D4 2 27.2.20 4.39 8.63
CL2 W2 2 2.3.20 4.42 8.64
CL2 W3 2 9.3.20 4.48 8.75
CL2 W4 2 16.3.20 4.61 8.62
CL2 W5 2 26.3.20 4.74 8.67
CL2 W6 2 31.3.20 4.82 8.64
CL2 W7 2 7.4.20 4.75 8.53
CL2 W8 2 14.4.20 4.86 8.48
CL2 W9 2 23.4.20 5.03 8.47
CL2 W10 2 30.4.20 5.12 8.43
CL3 W1 D1 3 4.5.20 5.11 8.41
CL3 W1 D5 3 8.5.20 5.12 8.38
CL3 W2 3 12.5.20 5.17 8.36
CL3 W3 3 19.5.20 5.21 8.29
CL3 W4 3 26.5.20 5.13 8.27
CL3 W5 3 4.6.20 5.09 8.17
CL3 W6 3 11.6.20 5.06 8.12
CL3 W7 3 18.6.20 5.01 8.08
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CL3 W8 3 25.6.20 4.96 8.04
CL3 W9 3 2.7.20 4.90 7.98
CL3 W10 3 9.7.20 4.90 8.01
CL4W1Dl1 4 15.7.20 4.87 8.00
CL4 W1 D4 4 17.7.20 4.76 8.00
CL4 W2 4 22.7.20 4.72 7.97
CL4 W3 4 27.7.20 4.67 7.92
CL4 W4 4 6.8.20 4.62 7.91
CL4 W5 4 13.8.20 4.57 7.92
CL4 W6 4 20.8.20 4.51 7.93
CL4 W7 4 25.8.20 4.47 7.90
CL4 W8 4 31.8.20 4.37 7.88
CL4 W9 4 7.9.20 431 7.87
CL4 W10 4 14.9.20 4.28 7.87
CL4 W11 D1 4 22.9.20 4.19 7.84
CL4 W12 4 28.9.20 4.11 7.83
CL4 W13 D1 4 5.10.20 4.00 7.82

Table B4.4: Mean heavy metal-to—calcium values of single lines and the composite line of the
coral colonies A to D in the metal system. The mean heavy metal-to-calcium ratio per phase,
the standard errors of the mean (standard deviation o/\n) and the Dre values calculated for
single phases without any correlation are given. Furthermore, the Dt values calculated with all
phases, representing the slope of the linear regression line (OLS-Ordinary Least Squares) of all
means, Pearson’s correlation coefficient (R?) and its significance (p) are given. Values marked
in italic are outlier and were not considered for further calculations. Cases where the regression
lines were forced through the origin are indicated. In cases when a regression did not show
significant correlation, the Dte range calculated separately from the individual phases is given.
Ph = Phase, SD = Standard deviation. Values in Table S4.1-4.4 are the basis of all calculations
(available at PANGAEA = https://doi.pangaea.de/10.1594/PANGAEA.938748).

Ph Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
pmol/ mmol/ pmol/ pmol/ pmol/ nmol/ pmol/ pmol/ nmol/  pmol/
Coral A
mol mol mol mol mol mol mol mol mol mol
Mean Metal
Coral A, Line 1 0 6.75 0.26 0.29 1.31 5.97 6.92 0.16 0.17 0.39 0.01
Coral A, Line 1 1 6.74 0.24 0.28 1.61 3.97 6.32 0.13 0.22 0.47 0.01
Coral A, Line 1 2 7.14 0.35 0.23 0.95 7.26 8.52 0.15 0.97 0.56 0.07
Coral A, Line 1 3 7.27 0.50 0.39 0.81 20.08 108.38 1.21 0.77 0.55 1.24
Coral A, Line 1 4 7.05 0.67 0.68 0.88 38.42 103.05 4.78 0.52 0.42 1.67
Standard Error
Coral A, Line 1 0 0.03 0.00 0.00 0.02 0.06 0.16 0.00 0.00 0.01 0.00
Coral A, Line 1 1 0.03 0.00 0.00 0.02 0.04 0.17 0.00 0.00 0.01 0.00
Coral A, Line 1 2 0.05 0.01 0.00 0.02 0.10 0.22 0.00 0.01 0.01 0.00
Coral A, Line 1 3 0.05 0.01 0.01 0.01 0.34 5.12 0.03 0.01 0.01 0.04
Coral A, Line 1 4 0.04 0.02 0.02 0.03 1.02 5.77 0.21 0.00 0.01 0.07
D1 Single Phases
Coral A, Line 1 0 0.67 0.06 0.13 0.35 4.41 76.67 3.98 0.02 0.25
Coral A, Line 1 1 0.70 0.03 0.17 0.70 2.12 0.22 1.08 0.03 0.17 0.09
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Coral A, Line 1 2 0.43 0.04 0.07 0.35 0.69 0.08 0.07 0.15 0.04 0.07
Coral A, Line 1 3 0.24 0.01 0.02 0.12 0.21 0.07 0.05 0.12 0.004 0.15
Coral A, Line 1 4 0.17 0.01 0.02 0.13 0.23 0.03 0.09 0.09 0.001 0.13
Dye£SD 0.17- 0.005 0.008 0.12- 0.21 0.04 0.07 0.02-  0.001- 0.14
0.70 +0.001  £0.001  0.70 +0.01 +0.01 +0.006 0.15 0.17 +0.02
Correlation
coefficient (R?) 0.93 0.99 0.93 0.93 0.98 0.96
Significance (p) 0.008 0.001 0.001 0.01 0.002 0.01
F o.rc.ed through Sir%gle No No Sin.gle Yes Yes Yes Sin.gle Sir%gle Yes
origin Points Points Points  Points
Mean Metal
Coral A, Line 2 0 7.83 0.19 0.28 1.37 3.13 6.91 0.20 0.34 0.61 0.02
Coral A, Line 2 1 8.16 0.29 0.24 1.16 6.62 7.81 0.16 1.08 0.65 0.08
Coral A, Line 2 2 7.15 0.31 0.25 1.51 10.93 10.26 0.19 0.90 0.47 0.16
Coral A, Line 2 3 7.80 0.48 0.49 1.40 27.49 132.96 1.56 0.78 0.49 1.67
Coral A, Line 2 4 7.65 0.86 1.02 0.85 60.75 146.48 7.24 0.59 0.44 2.82
Standard Error
Coral A, Line 2 0 0.06 0.00 0.00 0.03 0.05 0.18 0.00 0.01 0.02 0.00
Coral A, Line 2 1 0.07 0.01 0.00 0.03 0.09 0.21 0.00 0.01 0.02 0.00
Coral A, Line 2 2 0.04 0.01 0.00 0.04 0.12 0.29 0.00 0.01 0.01 0.00
Coral A, Line 2 3 0.06 0.01 0.01 0.04 0.68 6.25 0.06 0.01 0.01 0.06
Coral A, Line 2 4 0.07 0.02 0.02 0.02 1.05 6.84 0.21 0.01 0.01 0.07
D1 Single Phases
Coral A, Line 2 0 0.78 0.04 0.13 0.37 232 76.62 4.95 0.04 0.37
Coral A, Line 2 1 0.84 0.04 0.15 0.51 3.54 0.27 1.31 0.17 0.23 0.63
Coral A, Line 2 2 0.43 0.03 0.07 0.56 1.04 0.10 0.09 0.14 0.03 0.16
Coral A, Line 2 3 0.25 0.01 0.02 0.21 0.29 0.09 0.06 0.12 0.004 0.21
Coral A, Line 2 4 0.19 0.01 0.02 0.12 0.36 0.04 0.14 0.10 0.001 0.21
Die 4SD 0.19- 0.007 0.02 -0.13 0.28 0.04 0.1 0.04-  0.001- 0.19
0.84 +0.001  +0.003 +0.01 +0.04  +0.003 +0.02 0.17 0.23 +0.02
Correlation
coefficient (R?) 0.97 0.9 0.96 0.93 0.98 0.91 0.97
Significance (p) 0.002 0.01 0.003 0.01 0.001 0.02 0.003
Fo.rc'ed through Slggle No No No No Yes Yes Sm'gle Slggle Yes
origin Points Points  Points
Mean Metal
Coral A, Line 3 0 8.03 0.52 0.32 2.06 3.95 27.16 0.11 0.46 0.02
Coral A, Line 3 1 10.15 0.64 0.39 1.28 6.12 7.31 0.16 1.30 0.07
Coral A, Line 3 2 16.50 2.90 0.68 1.82 13.84 17.23 0.66 1.40 0.50
Coral A, Line 3 3 2341 2.22 1.38 1.32 63.35  496.57 4.52 1.41 6.61
Coral A, Line 3 4  85.86 4.14 6.99 5.17 147.15  1112.58 14.20 2.35 0.73 17.31
Standard Error
Coral A, Line 3 0 0.09 0.01 0.01 0.10 0.04 2.68 0.002 0.01 0.001
Coral A, Line 3 1 0.13 0.01 0.01 0.04 0.11 0.41 0.01 0.02 0.003
Coral A, Line 3 2 0.40 0.13 0.02 0.04 0.31 0.95 0.02 0.02 0.01
Coral A, Line 3 3 0.47 0.06 0.04 0.03 2.15 27.65 0.16 0.03 0.25
Coral A, Line 3 4 4.32 0.25 0.34 0.30 3.28 55.96 0.44 0.08 0.10 0.59
DrE Single Phases
Coral A, Line 3 0 0.80 0.12 0.14 0.56 2.92 300.99 2.87 0.06 0.48
Coral A, Line 3 1 1.05 0.08 0.24 0.56 3.27 0.26 1.25 0.20 0.60
Coral A, Line 3 2 0.99 0.29 0.20 0.68 1.32 0.17 0.31 0.22 0.52
Coral A, Line 3 3 0.76 0.06 0.06 0.19 0.67 0.34 0.17 0.21 0.83
Coral A, Line 3 4 2.13 0.05 0.16 0.75 0.86 0.29 0.27 0.39 0.001 1.31
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1.52 0.05- 0.14 0.19- 0.85 0.31 0.26 0.06- 1.23
+ *
Dre 5D 1066 029  £003 075 2005 2002 =003 0390 0T o5
Correlation
coefficient (R?) 0.84 0.93 0.99 0.99 0.98 0.97
Significance (p) 0.05 0.02 0.001 0.001 0.002 0.003
Fo.rc.ed through Yes Sln.gle Yes Sln.gle Yes Yes Yes Sln.gle Slr%gle Yes
origin Points Points Points  Points
Coral A Compositeline
Coral 4, 0 748 033 030 157 428 1223 021 040 050 0.2
Composite Line
Coral A,
o 1 8.37 0.40 0.30 1.32 5.50 7.14 0.42 1.02 0.56 0.05
Composite Line
Coral A,
o 2 10.25 1.19 0.39 1.41 10.78 11.19 0.58 0.99 0.51 0.25
Composite Line
Coral A,
o 3 13.16 1.07 0.78 1.16 38.52 25231 2.17 0.95 0.50 3.49
Composite Line
Coral A,
o 33.02 1.88 2.99 2.25 83.60  492.12 6.49 1.21 0.44 7.49
Composite Line
Standard Error
CoralA 4 004 0003 0002 004 003 093 000 001 002 00003
Composite Line
Coral A,
o 1 0.05 0.005 0.003 0.02 0.05 0.14 0.01 0.02 0.01 0.001
Composite Line
Coral A,
o 2 0.14 0.05 0.01 0.02 0.15 0.29 0.01 0.01 0.01 0.01
Composite Line
Coral A,
o 3 0.20 0.02 0.02 0.02 1.04 12.26 0.07 0.01 0.01 0.13
Composite Line
Coral A,
o 1.43 0.09 0.13 0.10 1.72 27.64 0.18 0.03 0.01 0.25
Composite Line
DrE Single Phases
Coral A,
o 0 0.74 0.08 0.13 0.42 3.16 135.58 5.21 0.05 0.36
Composite Line
Coral A,
o 1 0.86 0.05 0.19 0.58 2.94 0.25 3.38 0.16 0.20 0.43
Composite Line
Coral A,
o 2 0.61 0.12 0.12 0.52 1.02 0.11 0.27 0.16 0.03 0.26
Composite Line
Coral A,
o 3 0.43 0.03 0.04 0.17 0.41 0.17 0.08 0.14 0.004 0.44
Composite Line
Coral A,
o 4 0.82 0.02 0.07 0.33 0.49 0.13 0.12 0.20 0.001 0.57
Composite Line
Dre 4SD 0.68 0.02 0.06 0.17- 0.47 0.13 0.11 -0.40  0.001- 0.53
* 021 +0.005 +0.01 058  £0.03  £0.01 =001 004 02  =0.04
Correlation
.94 . 91 . . . . .
coefficient (R?) 0.9 0.76 0.9 0.99 0.99 0.97 0.97 0.99
Significance (p) 0.04 0.05 0.01 0.001 0.001 0.004 0.002 0.001
Fo.rc.ed through Yes No Yes Sm.gle Yes Yes Yes No Slng le Yes
origin Points Points
Coral B
Mean Metal
Coral B - Line 1 0 6.99 0.15 0.89 1.30 0.85 11.42 0.07 0.22 4.89 0.03
Coral B - Line 1 1 6.65 0.15 0.74 1.09 2.49 10.94 0.07 0.80 6.93 0.04
Coral B - Line 1 2 6.93 0.17 0.50 0.98 1.84 18.20 0.08 0.78 8.58 0.03
Coral B - Line 1 3 7.82 0.33 0.73 1.24 1.95 12.68 0.21 0.81 10.12 0.24
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Coral B - Line 1 4 7.67 0.96 1.56 1.34 30.66 61.85 7.35 0.57 3.92 2.22
Standard Error

Coral B - Line 1 0 0.05 0.002 0.01 0.02 0.01 0.24 0.001 0.004 0.06 0.001
Coral B - Line 1 1 0.04 0.003 0.01 0.02 0.04 0.35 0.001 0.01 0.06 0.001
Coral B - Line 1 2 0.05 0.004 0.01 0.02 0.02 0.74 0.001 0.01 0.10 0.0005
Coral B - Line 1 3 0.06 0.01 0.01 0.02 0.03 0.30 0.005 0.01 0.14 0.01
Coral B - Line 1 4 0.04 0.02 0.02 0.03 0.64 1.41 0.18 0.003 0.07 0.03
DrE Single Phases
Coral B - Line 1 0 0.69 0.03 0.41 0.35 0.63 126.56 1.86 0.03 0.50
Coral B - Line 1 1 0.69 0.02 0.45 0.48 1.33 0.38 0.60 0.12 2.42 0.36
Coral B - Line 1 2 0.42 0.02 0.15 0.36 0.18 0.18 0.04 0.12 0.55 0.03
Coral B - Line 1 3 0.25 0.01 0.03 0.18 0.02 0.01 0.01 0.12 0.08 0.03
Coral B - Line 1 4 0.19 0.01 0.04 0.19 0.18 0.02 0.14 0.09 0.01 0.17
Dye£SD 0.03 0.01 0.57 0.18- 0.14 0.02 0.11 0.03- 0.01- 0.13
+0.01  +£0.001  +0.18 0.48 +0.05  +0.003 +0.04 0.12 242 +0.05
Correlation
coefficient (R?) 0.81 0.98 0.85 0.81 0.87 0.82 0.82
Significance (p) 0.04 0.003 0.04 0.05 0.03 0.05 0.05
Fo.rc.ed through No Yes Yes Sm.gle Yes Yes Yes Sm.gle Slr%gle Yes
origin Points Points  Points
Mean Metal
Coral B-Line2 0 7.10 0.58 0.79 0.99 0.84 10.06 0.07 0.14 0.02
Coral B - Line 2 1 6.66 0.52 0.70 0.85 2.78 9.71 0.07 0.62 0.03
Coral B-Line2 2 6.77 0.48 0.49 0.69 2.04 8.08 0.08 0.59 0.02
Coral B-Line2 3 7.23 0.56 0.57 0.86 222 10.05 0.24 0.59 0.32 0.20
Coral B-Line2 4 6.95 1.19 1.31 0.79 38.53 41.02 8.47 0.43 0.26 1.74
Standard Error
Coral B-Line2 0 0.07 0.01 0.02 0.02 0.01 0.29 0.00 0.00 0.00
Coral B - Line 2 1 0.07 0.01 0.01 0.02 0.07 0.46 0.00 0.01 0.00
Coral B-Line2 2 0.08 0.01 0.01 0.01 0.03 0.29 0.00 0.01 0.00
Coral B-Line2 3 0.08 0.01 0.01 0.02 0.05 0.29 0.01 0.01 0.10 0.01
Coral B-Line2 4 0.05 0.03 0.03 0.03 1.10 1.64 0.29 0.00 0.01 0.04
D1 Single Phases
Coral B-Line2 0 0.71 0.13 0.36 0.27 0.62 111.50 1.74 0.02 0.40
Coral B - Line 2 1 0.69 0.06 0.43 0.37 1.49 0.34 0.58 0.10 0.25
Coral B-Line2 2 0.41 0.05 0.15 0.26 0.19 0.08 0.04 0.09 0.02
Coral B-Line2 3 0.24 0.01 0.03 0.13 0.02 0.01 0.01 0.09 0.003 0.02
Coral B-Line2 4 0.17 0.01 0.03 0.11 0.23 0.01 0.16 0.07  0.0004 0.13
Die 4SD 0.17- 0.01 0.03- 0.11- 0.18 0.01 0.13 0.02-  0.0004 0.10
0.71 +0.002 0.43 0.37 +0.06  £0.002 +0.04 0.10 -0.003  +0.04
Correlation
coefficient (R?) 0.85 0.81 0.88 0.82 0.82
Significance (p) 0.02 0.05 0.02 0.05 0.05
Fo.rc'ed through Siggle No Sin'gle Sin'gle Yes Yes Yes Sin'gle Siggle Yes
origin Points Points  Points Points  Points
Mean Metal
Coral B-Line3 0 7.16 0.22 0.90 1.34 1.03 13.29 0.05 0.17 19.65 0.02
Coral B - Line 3 1 7.37 0.27 0.73 1.08 2.35 10.65 0.06 0.78 19.46 0.04
Coral B-Line3 2 7.77 0.34 1.02 1.28 2.46 12.34 0.08 0.91 16.75 0.05
Coral B-Line3 3 8.40 0.46 1.20 1.16 2.55 19.08 0.17 0.84 13.51 0.24
Coral B-Line3 4 9.80 1.21 1.87 3.03 30.87 130.10 6.01 0.86 5.47 2.56

Standard Error
Coral B - Line 3 0 0.04 0.002 0.01 0.02 0.01 0.22 0.001 0.003 0.21 0.0004
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Coral B - Line 3 1 0.05 0.004 0.01 0.01 0.03 0.26 0.001 0.01 0.18 0.001
Coral B-Line3 2 0.05 0.005 0.01 0.02 0.03 0.33 0.001 0.01 0.16 0.0007
Coral B-Line3 3 0.05 0.01 0.03 0.02 0.03 0.62 0.003 0.01 0.16 0.01
Coral B-Line3 4 0.06 0.02 0.02 0.08 0.88 3.73 0.18 0.01 0.11 0.04
D1 Single Phases
Coral B-Line3 0 0.71 0.05 0.41 0.36 0.76 147.32 1.38 0.02 0.44
Coral B - Line 3 1 0.76 0.03 0.45 0.47 1.26 0.37 0.51 0.12 6.80 0.32
Coral B-Line3 2 0.47 0.03 0.31 0.47 0.23 0.12 0.04 0.15 1.07 0.05
CoralB-Line3 3 0.27 0.01 0.05 0.17 0.03 0.01 0.01 0.13 0.11 0.03
Coral B-Line3 4 0.24 0.01 0.04 0.44 0.18 0.03 0.11 0.14 0.01 0.19
Dig £SD 0.08 0.01 0.05 0.17- 0.15 0.03 0.09 0.02- -0.02 0.15
+0.01  +£0.001 +0.003 047 +0.05  £0.006 +0.03 0.15  +0.004 +0.05
Correlation
coefficient (R?) 0.89 0.95 0.74 0.83 0.94 0.82 0.94 0.81
Significance (p) 0.02 0.004 0.01 0.05 0.01 0.05 0.03 0.05
Fo.rc.ed through No Yes Yes Sln.gle Yes Yes Yes Sln.gle No Yes
origin Points Points
Mean Metal
Coral B-Line4 0 6.71 0.26 1.08 0.76 0.87 20.60 0.06 0.11 3.10 0.02
Coral B - Line 4 1 7.26 0.12 0.79 0.85 1.51 20.63 0.07 0.33 0.91 0.02
Coral B-Line4 2 7.74 0.25 0.99 0.92 3.49 19.72 0.08 0.95 0.16 0.05
Coral B-Line4 3 9.02 0.39 0.87 0.99 3.29 25.89 0.23 0.89 0.35
Coral B-Line4 4 9.20 1.10 1.68 1.91 26.54 96.57 4.84 0.67 0.43 2.35
Standard Error
Coral B-Line4 0 0.03 0.01 0.01 0.01 0.01 0.15 0.001 0.001 0.02 0.0002
Coral B - Line 4 1 0.05 0.003 0.02 0.01 0.03 0.22 0.001 0.01 0.02 0.0004
Coral B-Line4 2 0.05 0.01 0.02 0.01 0.05 0.25 0.001 0.01 0.04 0.001
Coral B-Line4 3 0.06 0.01 0.01 0.02 0.06 0.66 0.01 0.01 0.02
Coral B-Line4 4 0.05 0.03 0.03 0.04 0.65 341 0.14 0.01 0.03 0.05
DrE Single Phases
Coral B-Line4 0 0.67 0.06 0.49 0.20 0.64 228.24 1.52 0.01 0.36
Coral B - Line 4 1 0.75 0.01 0.49 0.37 0.80 0.72 0.58 0.05 0.32 0.18
Coral B-Line4 2 0.46 0.03 0.30 0.34 0.33 0.19 0.04 0.15 0.01 0.05
Coral B-Line4 3 0.29 0.01 0.04 0.14 0.03 0.02 0.01 0.13 0.04
Coral B-Line4 4 0.23 0.01 0.04 0.28 0.16 0.02 0.09 0.11 0.001 0.18
Dis £SD 0.08 0.01 0.04- 0.14- 0.13 0.02 0.07 0.01-  0.001- 0.14
+0.01  +0.002 0.49 0.37 +0.04  £0.003 +0.02 0.15 0.32 +0.04
Correlation
coefficient (R?) 0.92 0.95 0.86 0.89 0.83 0.85
Significance (p) 0.01 0.01 0.05 0.01 0.04 0.04
Fo.rc.ed through No Yes Sin'gle Sin'gle Yes Yes Yes Sin'gle Siggle Yes
origin Points  Points Points  Points
Coral B Compositeline
ComlB- 4 710 032 08 120 090 1156 007 0.8 1224 002
Composite Line
Coral B- I 690 033 072 100 257 1037 007 074 1337  0.04
Composite Line
Coral B- 2 706 034 067 096 210 1267 008 076 1231  0.03
Composite Line
Coral B -
N 3 7.60 0.45 0.81 1.09 2.22 14.44 0.21 0.76 11.74 0.24
Composite Line
Coral B -
4 7.94 1.13 1.61 1.71 34.92 75.43 7.62 0.63 4.57 2.16

Composite Line
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Standard Error

Coral B- 0 004 0003 00l 00l 00l 013 00005 0002 0.4  0.001
Composite Line
Coral B- 1 004 0003 0005 00l 004 018 0001 0010 012 0001
Composite Line
Coral B- 2 004 0004 001 00l 001 032 0001 0004 011  0.0005
Composite Line
Coral B- 3004 0004 00l 00l 002 025 0003 0005 012 001
Composite Line
Coral B- 4 004 002 002 004 085 226 022 00l 010 003
Composite Line
D1 Single Phases
Coral B- 0 071 007 039 032 066 12812 165  0.02 0.44
Composite Line
Coral B -
T 1 071 004 044 044 138 036 056 011 467 030
Composite Line
Coral B- 2 042 003 020 036 020  0.12 004 012 078 004
Composite Line
Coral B -
oo 3025 001 004 016 002 001 0.01 0.11 009 003
Composite Line
Coral B -
T 4 020 001 004 025 020  0.02 014 010 001  0.16
Composite Line
b 45D 003 0.0l 002  016- 016 0.2 012  002- -001 0.3
TE £0.004  +£0.001 +0.005 044  +0.06 +0.003 4004 012 +0.001  +0.04
Correlation
. 94 81 82 92 82 . 82
coufficiont (R?) 095 0.9 08 0.8 0.9 08 099 08
Significance (p) 0004 001  0.04 005 001 0.05 005  0.05
Fo.rc.ed through No No No Sm.gle Yes Yes Yes Sm.gle No Yes
origin Points Points
Coral C
Mean Metal
Coral C-Linel 0 845 017 049 101 893 479 005 057 048 003
Coral C-Linel 1 931 023 050 222 1337 1064 008 090 069 004
Coral C-Linel 2 1008 022 056 299 1914 2083 0.3 099 077  0.09
Coral C-Line1 3 1255 040 074 110 4722 12302 134 091 141 181
Coral C-Linel 4 1993 115 228 169 141.18 640.17  8.65 106 374 736
Standard Error
Coral C-Linel 0 005 0002 00l 002 008 008 0001 001 00l 00003
Coral C-Linel 1 009 001 00l 006 021 027 000l 001 00l 0001
Coral C-Linel 2 008 0004 001 012 028 049 0003 001 002  0.003
Coral C-Linel 3 012 001 001 002 097 470 004 001 003  0.06
Coral C-Linel 4 024 002 004 003 188 1887 018 002 009  0.16
D1 Single Phases
Coral C-Linel 0 084 004 022 027 660 5307 117 007 0.56
Coral C-Linel 1 096 003 031 097 714 037 064 014 024 032
Coral C-Linel 2 060 002 017 111 182 020 006 016 005  0.10
CoralC-Linel 3 041 001 003 016 050 008 005 014 001 023
Coral C-Linel 4 049 001 005 025 08  0.17 016 017 001 056
032 0.0l 004 016- 076  0.16 014  -025 290 44
Dr £SD +0.000
+0.07 +0.001 +0.01 1.11 +0.12 +0.02 +0.03 +0.02 ) +0.11
Correlation 0.87 097 088 0.95 0.97 090 098 099 091
coefficient (R?) ' ' ’ ' ' ’ ' ’ '
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Significance (p) 0.02 0.003 0.02 0.01 0.003 0.02 0.001  0.0001 0.02
Fo.rc.ed through No Yes No Sln'gle Yes Yes Yes No No Yes
origin Points
Mean Metal
Coral C-Line2 0 7.98 0.27 0.76 2.08 10.10 18.78 0.03 0.71 0.51 0.07
Coral C - Line 2 1 7.54 0.34 0.51 1.29 11.89 9.33 0.04 0.80 0.40 0.06
Coral C-Line2 2 7.31 0.20 0.35 1.39 14.52 10.61 0.12 0.68 0.38 0.12
Coral C-Line2 3 8.19 0.56 0.71 1.72 38.81 93.30 1.08 0.53 0.35 1.24
Coral C-Line2 4 10.10 0.99 1.26 1.08 94.22 162.22 8.33 0.53 0.57 2.83
Standard Error
Coral C-Line2 0 0.04 0.003 0.01 0.04 0.10 0.36 0.0005 0.01 0.01 0.001
Coral C - Line 2 1 0.05 0.005 0.011 0.03 0.15 0.23 0.001 0.01 0.01 0.001
Coral C-Line2 2 0.05 0.00 0.00 0.03 0.19 0.28 0.01 0.00 0.01 0.00
Coral C-Line2 3 0.05 0.01 0.03 0.04 0.56 2.74 0.02 0.01 0.01 0.04
Coral C-Line2 4 0.07 0.02 0.02 0.02 1.05 4.82 0.18 0.00 0.01 0.04
DrE Single Phases
Coral C-Line2 0 0.79 0.06 0.34 0.56 7.46 208.17 0.79 0.09 1.35
Coral C - Line 2 1 0.78 0.04 0.32 0.56 6.35 0.33 0.35 0.12 0.14 0.51
Coral C-Line2 2 0.44 0.02 0.11 0.52 1.38 0.10 0.05 0.11 0.02 0.12
Coral C-Line2 3 0.27 0.01 0.03 0.25 0.41 0.06 0.04 0.08 0.003 0.16
Coral C-Line2 4 0.25 0.01 0.03 0.16 0.55 0.04 0.16 0.09 0.001 0.21
Dye£SD 0.25- 0.01 0.03- 0.16- 0.53 0.05 0.13 0.08-  0.001- 0.2
0.79 +0.001 0.34 0.56 +0.07  £0.002 +0.03 0.12 0.14 +0.03
Correlation
coefficient (R?) 0.99 0.96 0.98 0.89 0.96
Significance (p) 0.001 0.01 0.0003 0.02 0.01
F o.rc.ed through Slr%gle Sm.gle Sm.gle Yes Yes Yes S1n.gle Slr%gle Yes
origin Points Points  Points Points  Points
Mean Metal
Coral C-Line3 0 7.81 0.22 0.60 0.88 8.90 5.77 0.03 0.52 0.33 0.03
Coral C - Line 3 1 7.55 0.27 0.42 1.18 10.26 7.58 0.04 0.72 0.32 0.03
Coral C-Line3 2 8.00 0.27 0.44 1.71 18.18 18.40 0.07 0.80 0.36 0.06
Coral C-Line3 3 8.70 0.43 0.52 1.05 33.55 62.78 0.71 0.66 0.39 0.80
Coral C-Line3 4 9.90 1.04 1.25 0.82 99.39 194.50 7.37 0.62 0.53 3.06
Standard Error
Coral C-Line3 0 0.04 0.003 0.01 0.01 0.08 0.10 0.0004 0.01 0.01 0.0004
Coral C - Line 3 1 0.05 0.006 0.01 0.03 0.11 0.17 0.001 0.01 0.01 0.001
Coral C-Line3 2 0.06 0.00 0.01 0.06 0.18 0.67 0.00 0.01 0.01 0.00
Coral C-Line3 3 0.05 0.01 0.01 0.03 0.52 2.49 0.02 0.01 0.01 0.03
Coral C-Line3 4 0.07 0.03 0.02 0.01 1.02 6.82 0.15 0.01 0.01 0.06
D1 Single Phases
Coral C-Line3 0 0.78 0.05 0.27 0.24 6.58 63.96 0.83 0.06 0.64
Coral C - Line 3 1 0.78 0.03 0.26 0.52 5.48 0.27 0.32 0.11 0.11 0.26
Coral C-Line3 2 0.48 0.03 0.13 0.63 1.73 0.18 0.03 0.13 0.02 0.06
Coral C-Line3 3 0.28 0.01 0.02 0.15 0.36 0.04 0.03 0.10 0.003 0.10
Coral C-Line3 4 0.25 0.01 0.03 0.12 0.58 0.05 0.14 0.10 0.001 0.23
Die 4SD 0.06 0.01 0.02 0.12- 0.54 0.05 0.11 0.07-  0.001- 0.2
+0.01  +£0.001 +0.004  0.63 +0.08  +0.001 +0.03 0.13 0.11 +0.04
Correlation
coefficient (R?) 0.95 0.98 0.83 0.94 0.99 0.89 0.93
Significance (p) 0.005 0.001 0.03 0.01 <0.0001 0.02 0.01
Fo.rc.ed through No No No Sln'gle Yes Yes Yes Sm'gle Slggle Yes
origin Points Points  Points
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Coral C Compositeline
Coral C -

o 785 024 067 144 945 1289 003 062 044 005
Composite Line
Coral C -

o 757 029 046 122 1105 857 004 076 036 005
Composite Line
Coral €~ 766 023 039 146 1629 1416 009 075 037  0.09
Composite Line
Coral €~ 837 049 061 128 3550 7590 086 059 036 098
Composite Line
Coral C- 1005 126 129 098  99.04 23179 825 057 057  3.16
Composite Line
Standard Error
Coral €~ 003 0002 001 002 006 022 00003 001 00l  0.001
Composite Line
Coral C- 004 0004 001 002 010 015 00005 001 001  0.001
Composite Line
Coral €~ 003 0003 0003 002 013 033 0004 001 001  0.002
Composite Line
Coral €~ 003 001 001 002 049 228 002 0004 001 003
Composite Line
Coral C -

o 005 003 001 00l 093 5.32 0.16 0004 001  0.04
Composite Line
D1 Single Phases
Coral €~ 078 006 030 039 698 14290 081 008 0.99
Composite Line
Coral C -

o 078 004 028 053 590 030 034 012 013 039
Composite Line
Coral C -

o 046 002 012 054 155 014 004 012 002  0.09
Composite Line
Coral C -

o 027 0.0l 003 019 038 005 003 009 0003 0.2
Composite Line
Coral C -

o 025 0.0l 003 014 058  0.06 0.16 009 0001 024
Composite Line
b 45D 007 0.0l 002 014- 054 0.6 013 008 0001- 021
TE £0.02  +0.001 +0.005 0.54  +0.08 +0.003  +0.03 0.12 0.13 +0.04
Correlation
coetTiciont (R 082 097 080 095  0.99 0.87 0.94
Significance (p) 003 0003 004 001 00002  0.03 0.01
Fo.rc.ed through No No No S1n.gle Yes Yes Yes Sm.gle Slr%gle Yes
origin Points Points  Points
Coral D
Mean Metal
Coral D -
Composite Linie 0 7.84 019 042 164 472 5317 0.1 021 674 001
(=Line 1)
Coral D -
Composite Linic 1 8.61 032 043 221 636 6204 0.1 092 1129  0.02
(=Line 1)
Coral D -
Composite Linie 2 893 044 051 206 841 6198 021 125 895  0.07

(=Line 1)
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Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)
Standard Error
Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

D1 Single Phases
Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

Coral D -
Composite Linie
(=Line 1)

D1g £SD

Correlation
coefficient (R?)
Significance (p)
Forced through
origin

8.84

10.52

0.03

0.04

0.05

0.07

0.16

0.78

0.89

0.54

0.29

0.26

0.04

+0.02

0.81
0.04
No

0.94

0.99

0.002

0.00

0.01

0.03

0.07

0.04

0.04

0.04

0.02

0.01

0.01

+0.003

0.77
0.05
No

1.03

2.26

0.004

0.004

0.006

0.03

0.14

0.19

0.27

0.15

0.05

0.05
0.04
+0.004
0.97
0.002
No

1.76

2.84

0.02

0.03

0.04

0.05

0.17

0.44

0.97

0.77

0.26

0.41

0.26-
0.97

Single
Points

24.44

35.51

0.05

0.07

0.13

0.43

1.97

3.49

3.40

0.80

0.26

0.21
0.19
+0.01
0.99
0.0003
No

397.15

2142.55

0.97

1.10

1.21

27.19

224.11

589.20

2.17

0.61

0.27

0.55
0.52
+0.07
0.97
0.004
Yes

3.09

3.11

0.001

0.001

0.004

0.12

0.30

2.88

0.91

0.10

0.12

0.06
0.07
+0.02
0.90
0.03
Yes

0.95

2.10

0.002

0.01

0.01

0.02

0.07

0.03

0.14

0.20

0.14

0.35

0.03-
0.35

Single
Points

237

0.57

0.06

0.08

0.09

0.06

0.05

3.94

0.57

0.02

0.001

0.001-
3.94

Single
Points

2.14

10.06

0.0001

0.0003

0.0013

0.160

0.75

0.22

0.21

0.07

0.27

0.76
0.63
+0.15
0.89
0.02
Yes

Mean Metal

Coral D - Line 2
Coral D - Line 2
Coral D - Line 2
Coral D - Line 2
Coral D - Line 2
Standard Error
Coral D - Line 2

AW N = O

8.81
9.08
8.63
8.23
9.24

0.04

0.51
0.83
0.54
0.95
0.77

0.01

0.55
0.63
0.55
1.05
1.64

0.01

4.77
6.49
3.04
2.59
2.13

0.10
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10.03
12.86
10.05
28.78
38.05

0.14

184.12
264.31
124.36
302.21
1086.80

2.93

0.33
0.25
0.18
2.52
3.11

0.005

0.98
1.45
1.67
1.19
1.85

0.01

0.26
0.22

0.03
0.04
0.08
3.04
8.33

0.0003
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Coral D - Line 2 1 0.04 0.01 0.01 0.13 0.14 4.92 0.003 0.02 0.0005
Coral D-Line2 2 0.04 0.01 0.01 0.04 0.12 3.96 0.003 0.02 0.002
Coral D-Line2 3 0.08 0.02 0.04 0.09 1.69 12.45 0.12 0.03 0.04 0.34
Coral D-Line2 4 0.15 0.02 0.07 0.09 1.39 91.77 0.12 0.06 0.02 0.45
D1 Single Phases
Coral D-Line2 0 0.88 0.12 0.25 1.29 7.41 2040.40 8.33 0.12 0.54
Coral D - Line 2 1 0.94 0.10 0.39 2.84 6.87 9.26 2.01 0.23 0.35
Coral D-Line2 2 0.52 0.05 0.17 1.13 0.96 1.21 0.08 0.27 0.09
Coral D-Line2 3 0.27 0.02 0.05 0.38 0.31 0.21 0.09 0.18 0.38
Coral D-Line2 4 0.23 0.01 0.04 0.31 0.22 0.28 0.06 0.30  0.0004 0.63
Dye£SD 0.23- 0.01- 0.03 0.17 0.18 0.27 0.07 0.12-  0.0004 0.56
0.94 0.12 +0.001 +£0.02  +0.02 +0.04 +0.01 0.30 * +0.08
Correlation
coefficient (R?) 0.99 0.98 0.91 0.90 0.96
Significance (p) 0.004 0.002 0.01 0.01 0.01
Fo.rc.ed through Sir%gle Sin.gle No Sin.gle No Yes Yes Single Single Yes
origin Points Points Points Point Point
Mean Metal
Coral D-Line3 0 10.92 0.81 1.16 5.10 10.25 360.45 0.84 0.83 3.93 0.03
Coral D - Line 3 1 12.38 0.99 1.55 15.88 1327  242.66 1.16 1.83 5.09 0.03
Coral D-Line3 2 10.19 0.55 1.01 15.18 11.98 62.26 0.77 231 5.06 0.11
Coral D-Line3 3 10.30 0.63 1.67 1438 35.00  232.60 3.20 221 5.92 1.70
Coral D-Line3 4 11.63 0.96 4.05 17.54 8259  443.13 6.25 3.09 6.01 11.24
Standard Error
Coral D-Line3 0 0.13 0.03 0.02 0.13 0.29 8.07 0.02 0.03 0.06 0.001
Coral D - Line 3 1 0.12 0.02 0.03 0.53 0.28 8.61 0.03 0.07 0.07 0.001
Coral D-Line3 2 0.07 0.02 0.02 0.38 0.23 2.12 0.02 0.04 0.06 0.005
Coral D-Line3 3 0.10 0.01 0.05 0.35 0.92 8.85 0.09 0.05 0.07 0.07
Coral D-Line3 4 0.24 0.03 0.17 0.82 3.57 15.99 0.22 0.11 0.13 0.75
DrE Single Phases
Coral D-Line3 0 1.09 0.18 0.53 1.38 7.58 399450  21.21 0.10 0.54
Coral D - Line 3 1 1.28 0.12 0.95 6.95 7.09 8.50 9.29 0.28 1.78 0.25
Coral D-Line3 2 0.61 0.06 0.30 5.64 1.14 0.61 0.37 0.37 0.32 0.12
Coral D-Line3 3 0.34 0.02 0.08 2.11 0.37 0.16 0.12 0.33 0.05 0.21
Coral D-Line3 4 0.29 0.01 0.09 2.55 0.48 0.11 0.12 0.51 0.01 0.85
Die 4SD 0.29- 0.01- 0.06+  1.38- 0.46 0.11- 0.10 + -1.0 0.01- 0.68
1.28 0.18 0.01 6.95 +0.05 399450  0.006 +0.25 1.78 +0.21
Correlation
coefficient (R?) 0.86 0.96 0.98 0.87 0.85
Significance (p) 0.02 0.004 0.001 0.03 0.04
Fo.rc.ed through Siggle Sin'gle No Sin'gle Yes Sin'gle No No Siggle Yes
origin Points Points Points Points Points
Mean Metal
Coral D-Line4 0 9.16 0.35 1.90 54.21 5.44 79.77 0.52 4.04 0.16 0.04
Coral D-Line4 1 9.67 0.78 4.08 29045 12.51 92.05 0.74 23.39 0.23 0.09
Coral D-Line4 2 10.25 0.60 2.98 84.10 16.55 65.83 0.77 6.88 0.31 0.07
Coral D-Line4 3 12.16 2.08 3.87 40.75  49.01 477.25 3.71 4.59 0.36 5.08
Coral D-Line4 4 12.25 1.32 5.27 19.99  65.45 896.41 5.84 2.71 0.47 15.72
Standard Error
Coral D-Line4 0 0.07 0.01 0.03 1.14 0.10 3.13 0.01 0.12 0.01 0.001
Coral D-Line4 1 0.10 0.03 0.12 11.66 0.40 3.00 0.02 1.32 0.01 0.003
Coral D-Line4 2 0.12 0.02 0.07 2.36 0.40 2.33 0.02 0.20 0.01 0.002
Coral D-Line4 3 0.16 0.29 0.08 1.48 1.14 14.85 0.10 0.15 0.01 0.40

198



Scientific Chapter 111

CoralD-Line4 4 0.30 0.06 0.34 1.00 1.19 22.52 0.13 0.13 0.04 0.40
D1 Single Phases

Coral D-Line4 0 0.91 0.08 0.87 14.66 4.02 883.97 13.11 0.51 0.69
Coral D-Line4 1 1.00 0.10 2.51 127.14  6.68 3.23 591 3.62 0.08 0.73
Coral D-Line4 2 0.61 0.06 0.90 31.22 1.57 0.64 0.37 1.10 0.02 0.08
Coral D-Line4 3 0.40 0.05 0.18 5.98 0.52 0.33 0.14 0.69 0.003 0.64
Coral D-Line4 4 0.30 0.02 0.12 2.91 0.38 0.23 0.11 0.44 0.001 1.19
Die £SD 0.10 0.02- 0.12- 2.91- 0.34 0.24 0.10 0.44-  0.001- 1.04
+0.02 0.10 2.51 127.14  +0.04 +0.02 +0.006 3.62 0.08 +0.18
Correlation
coefficient (R?) 0.93 0.97 0.97 0.99 0.94
Significance (p) 0.01 0.003 0.001 0.0003 0.01
Fo.rc.ed through No Sin'gle Sin'gle Sin'gle No Yes No Sin'gle Siggle Yes
origin Points Points  Points Points  Points
Mean Metal
Coral D-Line5 0 9.51 0.87 3.25 82.38 10.03 39.53 0.47 0.11 0.04
Coral D - Line 5 1 8.92 0.86 2.61 10592 11.24 74.66 0.51 0.10 0.05
Coral D-Line5 2 10.11 0.76 2.52 39.29 17.72 51.45 0.69 0.19 0.06
Coral D-Line5 3 11.81 2.27 3.86 2447  39.67  405.52 3.14 0.21 5.14
Coral D-Line5 4 11.03 5.50 3.62 10.67  66.63 859.12 5.65 0.19 13.54
Standard Error
Coral D-Line5 0 0.16 0.06 0.20 4.95 0.64 1.54 0.01 0.02 0.001
Coral D - Line 5 1 0.17 0.04 0.13 491 0.62 5.68 0.02 0.02 0.002
Coral D-Line5 2 0.21 0.04 0.13 1.62 0.70 3.65 0.03 0.05 0.00
Coral D-Line5 3 0.28 0.38 0.14 0.96 1.18 18.48 0.12 0.03 0.53
Coral D-Line5 4 0.49 1.24 0.30 0.82 1.28 52.32 0.20 0.05 0.38
DrE Single Phases
Coral D-Line5 0 0.95 0.20 1.48 22.28 7.42 438.09 11.98 0.70
Coral D - Line 5 1 0.92 0.10 1.60 46.36 6.01 2.62 4.06 0.04 0.38
Coral D-Line5 2 0.61 0.08 0.76 14.58 1.68 0.50 0.33 0.01 0.06
Coral D-Line5 3 0.38 0.06 0.17 3.59 0.42 0.28 0.12 0.002 0.64
Coral D-Line5 4 0.27 0.06 0.08 1.55 0.39 0.22 0.11 0.0003 1.03
Dye£SD 0.07 0.06 0.07- 1.55- 0.32 0.23 0.10 0.0003 0.92
+0.03  +0.004 1.60 46.36  +0.02 +0.01 +0.0007 -0.03 +0.13
Correlation
coefficient (R?) 0.74 0.99 0.99 0.98 0.99 0.96
Significance (p) 0.05 0.001 0.0002  0.0002 * 0.004
F o.rc.ed through Slr%gle S1n.gle S1n.gle S1n.gle No Yes No Slr%gle Yes
origin Points Points Points  Points Points

Metal - Mean of all colonies (composite lines)
Ph Cr/Ca Mn/Ca Ni/Ca Cu/Ca Zn/Ca Ag/Ca Cd/Ca Sn/Ca Hg/Ca Pb/Ca
no no

Dre 4SD 0.21 0.01 0.03 correla 0.35 0.18 0.11 -0.37 correla 0.37
e +0.1  +0.002 +0.005 +0.05  +0.06  +0.01  +0.11 ) +0.07
tion tion

Correlation

coefficient (R?) 0.47 0.65 0.71 0.79 0.44 0.85 0.39 0.70
Significance (p) 0.04 * * * 0.01 * 0.003 *

F th h

o.rc.ed roug No No No Yes Yes Yes No Yes
origin
*<0.0001
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4.7 Supplementary Material

Table S4.1-S4.4: Time resolved trace element—to—calcium values of coral A to D in the metal
system along the measured LA-ICP-MS scanning lines and values derived from the composite
lines. Measurements were carried out from the top of the coral to the bottom and the distance
starting from the top is indicated as “Elapse Time”. TE/Ca values are already processes as
described in the main manuscript and outliers are rejected. Note that the composite line of coral
D is identically with line 1 as this was the only measurement along the main growth axis. The
dataset is available at PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.938748).

4.8 Data availability
All data generated or analysed during this study are either included in this article and its

appendices. The supplementary material (Table S4.1-S4.4) is available at PANGAEA
(https://doi.pangaea.de/10.1594/PANGAEA.938748).
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5 Summary, Conclusion and Outlook

5.1 Summary and Conclusions

This thesis provides fundamental research on the uptake and incorporation of ten different
heavy metals (Cr, Mn, Ni, Cu, Zn, Ag, Cd, Hg, Sn and Pb) into the calcium carbonate of three
benthic foraminifera (A. aomoriensis, A. batava and E. excavatum) and two tropical coral
species (P. lichen and P. lobata). Furthermore, the distribution of foraminiferal species and the
connectivity between different environments in the North Sea was assessed by using the living
fauna and dead foraminiferal assemblages.

Chapter 1 investigated the living fauna and dead foraminiferal assemblages along a transect
from the supratidal Japsand up to Hallig Hooge. The most abundant species in both assemblages
was Ammonia batava. Elphidium selseyense and Elphidium williamsoni were also common in
the living fauna. The size distribution curves of the three most abundant species from the living
fauna revealed that Ammonia batava and Elphidium selseyense reproduced recently, while
Elphidium williamsoni had just started to reproduce. Haynesina germanica was rare in the
living fauna but frequent in the dead assemblage. The dead assemblage yielded species that
were not found in the living fauna from the area. Some of these species, e.g., Bucella frigida,
were reworked from older sediments while others, e.g., Jadammina macrescens, originated
from other areas of the North Sea or the North Atlantic and were transported to Japsand via
tidal currents. Haynesina germanica, Ammonia batava and different Elphidium species from
the living fauna depicted a close linkage between the open North Sea and marginal marine
environments close to the mainland. These species behave opportunistic and are able to occupy
a variety of environments. Hence, they well may cope with environmental changes in the future.
The results of this study indicated that transport mechanisms were dominant environmental
factors shaping in particular the dead foraminiferal assemblages in the Japsand area.

Chapter 2 assessed the heavy metal incorporation into the calcite of the foraminiferal species
Ammonia aomoriensis, Ammonia batava and Elphidium excavatum and its dependency on the
heavy metal concentration in the ambient seawater. Culturing experiments with a mixture of
ten different metals over a wide concentration range revealed species-specific differences in the
incorporation of heavy metals. All metals used in this study were incorporated into the
foraminiferal calcite of all three species. Laser ablation ICP-MS analysis of the foraminiferal
calcite of all three species exhibited a strong positive correlation with Pb and Ag concentrations
in the culturing medium. A. aomoriensis further revealed a correlation with Mn and Cu, A.
batava with Mn and Hg and E. excavatum with Cr and Ni. Zn, Sn and Cd showed no clear
trends. Dte values of Ni, Zn, Cd, Hg and Pb decreased with increasing heavy metal
concentration in the seawater, which may point towards an early protective mechanism, prior
to damage, reduced growth or death of the organism. The results of this study facilitate a
reconstruction of the heavy metal concentration in seawater for those elements showing a
correlation between TE/Ca ratios in calcite and seawater. The partition coefficients allow a
quantification of metal concentrations in polluted or pristine areas.
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The aim of Chapter 3 was to examine whether the incorporation of heavy metals into the
aragonitic skeleton of the scleractinian corals Porites lobata and Porites lichen is a direct
function of their concentration in seawater. Culturing experiments exposed P. lobata and P.
lichen to a mixture of ten dissolved metals. Laser ablation ICP-MS measurements of the coral
aragonite precipitated during the culturing showed only minor, non-systematic interspecies
differences in the trace metal concentrations. Intraspecies variations could be linked to
measurements deviating from the maximum growth axis. A positive correlation between the
TE/Ca values and the coral skeleton was found for Cr, Mn, Ni, Zn, Ag, Cd and Pb. The uptake
of these metals therefore mainly depended on their concentration in seawater. The incorporation
of the heavy metals into the coral skeleton was most likely performed by Ca?* substitution or
by adsorption to organic matter. Cu, Sn and Hg did not show any clear trend, which for Cu and
Sn was caused by the low variability in the culturing medium. Hg concentration in seawater
varied appropriately, but the Hg concentration in the coral skeleton was too low to interpret.
The calibrations of this study and the Drte values permit a determination of heavy metal
concentrations in seawater, which provides a promising tool for ecosystem status assessments
in the future.

Overall, this study provided new insights into the distribution patterns and ecological driving
factors that are shaping the foraminiferal assemblages in the Japsand area in the German North
Sea. Besides ecological insights, this study also provides new information concerning
biomineralization processes of benthic foraminifera and tropical corals. Both were
incorporating a variety of heavy metals into their skeleton or their test, of which the majority
depended mainly on the heavy metal concentration of the water the organism grew in. Species-
specific differences in the uptake of heavy metals emerged, which makes future research vitally
important. Moreover, laser ablation ICP-MS has been proven as a useful method for analysing
the heavy metal concentration in calcium carbonate archives like foraminiferal shells and coral
skeletons. Major advantages of this method are a minimal destruction of the sample material, a
high spatial resolution, minimal sample preparation and a high analysis output. This provides
the opportunity to resolve seasonal profiles and to identify short-term events like the punctual
introduction of contaminants into the environment, in particular for corals. Furthermore,
foraminifera can be measured without dissolving their entire test. The specimens may be kept
and curated as taxonomic references for future investigations. Suitable geological archives in
combination with laser ablation ICP-MS analysis enable a reconstruction of the heavy metal
concentration in seawater for both, ecosystem monitoring and reconstructions of heavy metal
input in the past.

5.2 Outlook
This thesis answers basic questions addressing the heavy metal incorporation into the calcitic

test of benthic foraminifera and into the aragonitic skeleton of tropical corals. Nevertheless,
there are still uncertainties and unanswered questions, which deserve further research.

First of all, this study focussed on benthic foraminifera from temperate environments and
tropical corals, that are restricted to near-shore environments. These areas are especially under
threat by anthropogenic and natural heavy metal input, but other areas can also be influenced
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by elevated heavy metal concentrations. Therefore, it would be interesting to investigate the
heavy metal concentration in the shell of foraminifera and corals that are living in different
environments e.g., the continental shelf and the deep-sea, especially in the vicinity of cold and
warm seeps, and submarine lava flows. Besides tropical corals, also cold-water corals like
Lophelia could serve as an archive for the heavy metal concentration and isotopes in these
deeper environments, in particular around mud volcanos (Little et al., 2021). Furthermore, the
analysis of deep-sea corals could make such environments accessible and investigate the
anthropogenic impact on the deep sea (Qu et al., 2021). In different environments, other coral
and foraminiferal species need to be investigated. Ideally, culturing experiments with
representative species for the specific environments should be carried out to analyse the
sensitivity of different species to the heavy metal concentration in the ambient seawater, which
varies between species. Some studies already approached the heavy metal concentration in
tropical foraminifers (e.g., Titelboim et al., 2018 and 2021; Sagar et al., 2021a), but much more
research is necessary, in particular on oceanic islands and comparing bioprovinces on the
Pacific Ocean.

Besides the calcite or the aragonite of foraminifera or corals, other materials and organisms
may also have the ability to serve as environmental archives for heavy metal contamination. It
could for example be possible to analyse the TE/Ca values in the shell or skeletons of snails,
sponges, brachiopods, ostracods, bryozoa or crabs to investigate environments on land, fresh
water or marine environments that are lacking foraminifera and corals. For a reliable application
of these organisms, culturing studies would be necessary to identify what is influencing the
heavy metal concentration in the shell or skeleton.

Corals and foraminifera could also incorporate other pollutants like organic compounds, e.g.,
PAH (polycyclic aromatic hydrocarbons) and microplastic. A few studies are already
addressing the uptake of such pollutants by foraminifera and corals (Hall et al., 2015; Han et
al., 2020; Yang et al., 2020; Birarda et al., 2021). Culturing experiments that could provide a
quantitative correlation between the compound in the water and in the test or skeleton are yet
to be performed. A quantitative investigation could further reveal if corals and foraminifera in
large reefs are possible sinks for environmental pollutants. This could in turn enable an
application of them to remove elements from the seawater permanently and therefore serve as
cleaning agents for the oceans.

Coral skeletons have a long history as archives for various environmental conditions including
heavy metal concentration (e.g., Guzman and Jiménez, 1992; Esslemont, 2000; Ali et al., 2011,
Yang et al., 2020). However, so far no culturing studies investigated the uptake mechanism of
these heavy metals in very detail and from a physiological aspect. The heavy metal
concentration of the test of foraminifera on the other hand are less studied and most literature
concerning the influence of heavy metals on foraminifera are based on assemblage analysis or
surface sediment studies (e.g., Ferraro et al., 2006; Carnahan et al., 2008; Martins et al., 2013;
Li et al., 2021). Therefore, down-core sediment records of TE/Ca values based on foraminifera
are rare and more research on this topic is needed. The analysis of TE/Ca concentrations in the
foraminiferal tests of high-resolution down-core records could provide insights into the
historical development of the heavy metals in seawater (e.g., Rumolo et al., 2009).
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