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Abstract

Cold-water coral reefs are distributed all over the world’s oceans and form a high variety
of ecosystems depending on their specific environmental factors. The surrounding
parameter of cold-water coral reef growth is characterised by hydrophysical signals such
as temperature and salinity, both yielded in potential density as a function of temperature,
salinity and pressure. Within the past years a serious increase in knowledge on these
cold-water coral occurrences and their hydrographic boundary conditions yielded
worldwide, especially in the north-east Atlantic. This study investigates in the assessment
of the environmental conditions of cold-water coral (CWC) growth in response to
geochemical, hydrographic and oceanographic boundary processes. This study aims to
unravel the environmental signals that influence CWC growth in different latitudes, which
are of great importance for growth and occurrences. For this purpose, cold-water coral
reefs in the north Atlantic margin, in the Gulf of Mexico, off Bahamas, in the Bay of
Biscay, and off Morocco as well as Mauretania were selected. The comparison of data
sets collected with identical tools yielded detailed information on the environmental

conditions needed for healthy cold-water-reef growth.

The second chapter (Glogowski et al. 2015) reports on a new cold-water coral (CWC)

province covering ~410 km? off western Morocco. Based on CTD measurements and
associated with known oceanographic settings of CWC occurrences along the north-
eastern Atlantic margin, hydroacoustic tools are additionally used to detect this CWC
area. This comparable CWC reef is located in the upwelling regime within the North
Atlantic Current Water (NACW), slightly above the Mediterranean Outflow Water (MOW).
However, U-Th isotope systematics for macroscopically altered buried Lophelia material

yielded absolute ages dating back to the late Holocene at least.
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The third chapter (submitted) demonstrates geochemical investigations on Lophelia
pertusa. Various geochemical proxies are investigated and used the determination of the
coral skeleton into theca wall (TW) and center of calcification (CoC) without mentioning
how and where exactly the boundary of both is settled. This study investigates into
detailed measuring procedures in order to test the reliability of this differentiation process
for distinct applications.

Combined measurements of trace element contents, such as Mg/Ca, Sr/Ca, Na/Ca ratios
of CWC samples are applied to obtain a detailed record of the coral skeleton. These
investigations into this difference show that by combined methods it is possible to
differentiate geochemically between these microstructures. However, most CoC derived
Me/Ca ratios exhibit better correlations to temperature and salinity than TW derived data.
Additionally, Na/Ca data derived from CoC exhibit stronger correlations with salinity as
well as temperature with respect to the TW, resulting in enriched crystal lattice defects
(CLDs) within the CoC.

The fourth chapter (Hebbeln et al. 2014) focuses on the seawater mass density gradient
in the Gulf of Mexico, at the Campeche Bank. This Campeche cold-water coral province
was found during the cruise MSM20. The locality is particularly distinguished by an
important oceanographic setting such as e.g. high current regime, high productivity right
above the living CWC reefs system by vertical migration of nutrients. Thus an example,
highlighting the density gradient as a trap for food source in order to supplemental serve
the CWC reefs in the intermediate water depth. This observed hydrological setting fits the

vividness of cold-water coral ecosystems.

The fifth chapter (to be submitted) also based on the density gradient, shows that it is
derived by calculating the difference in water mass density between 10 m intervals
resulting in the term of Ac®4, and demonstrates the use of this hydrographic property in
the northern East Atlantic and the Gulf of Mexico. Results show chances of finding living
CWC reefs if the density gradient of maximum Ac©;q, values is >0.02 kg/m>. Moreover,
results rather show that by using the maximum Aoc®, values of the density gradient it
forms layer within the water column. If these layers are thin, it might be an indication for
well developed CWC reefs. In contrast, thick layers of maximum Ac®4o, values seem to

present poor occurrences of living CWC reefs.
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Kurzfassung

Kaltwasser-Korallenriffe sind weltweit in den Ozeanen verbreitet und bilden eine grolRe
Variabilitat in ihrem Okosystem und ihren damit einhergehenden, spezifischen
Okologischen Faktoren. Die umgebenden hydrophysikalischen Parameter, die das
Wachstum der Kaltwasser-Korallenriffe kennzeichnen, sind u.a. Temperatur und
Salzgehalt, welche die potenzielle Dichte als eine Funktion aus Temperatur, Salzgehalt
und Umgebungsdruck ergeben. Innerhalb der vergangenen Jahre haben sich die
Erkenntnisse der weltweiten, hydrografischen Randbedingungen zu diesen existierenden
Kaltwasser-Korallenriffen erheblich verstarkt, insbesondere im Nordost-Atlantik. Diese
Studie untersucht und beurteilt die vorhandenen Wachstums- und Umweltbedingungen
der Kaltwasser-Korallenriffe in Abhangigkeit zu den geochemisch, hydrographisch und
ozeanographisch abgrenzenden Prozessen. Ein Ziel dieser Studie ist die Entwirrung der
bestehenden Signale, welche das Wachstum der Kaltwasser-Korallenriffe in
unterschiedlichen Breitengraden beeinflussen und von groRRer Bedeutung fir deren
Wachstum und Vorkommen sind. Zu diesem Zweck werden die Kaltwasser-Korallenriffe
im Nord-Atlantik, im Golf von Mexiko, vor den Bahamas, im Golf von Biskaya, und vor
Marokko und Mauretanien herangezogen. Fur diesen Datenvergleich wurden identische
Bedingungen, Instrumente und Methoden zur Datengewinnung verwendet, mit dem Ziel,
detaillierte Informationen zu den umgebenden Bedingungen zu erzielen, die als
Voraussetzung fir ein gesundes Wachstum und zur Verbreitung der Kaltwasser-
Korallenriffe bendtigt werden. Kaltwasser-Korallenriffe sind weltweit in den Ozeanen
verteilt und bilden eine groRe 6kologische Bandbreite fiir das jeweilige Okosystem, das

von den dort vorherrschenden spezifischen Faktoren abhangig ist.
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Das zweite Kapitel (Glogowski et al. 2015) berichtet liber eine neu entdeckte Kaltwasser-
Korallen-Provinz mit der GréRe von ~410 km?, westlich vor Marokko. Basierend auf
vorgenommenen CTD-Messungen aus dem Nordost-Atlantik, deren umgebende
Ozeanographie bereits bekannt ist, wurde das neue Kaltwasser-Korallen-Vorkommen mit

zusatzlichen hydroakustischen Daten assoziiert und entdeckt.

Lokalisiert wurde dieses vergleichbare Kaltwasser-Korallen-Vorkommen in einem Bereich
mit starkem Tiefenwasserauftriecb in der Wassermasse des Nordatlantischen
Stromungswassers (NACW), leicht oberhalb des ausstrbmenden Wassers aus dem
Mittelmeer (MOW). Zuséatzlich wurde per U-Th-Isotopie, anhand von makroskopisch

verandertem Lophelia Material, ein Alter bis zum spaten Holozan ermittelt.

Das dritte Kapitel (eingereicht) demonstriert die geochemischen Untersuchungen von
Lophelia pertusa. Eine Vielzahl von geochemischen Proxies wurden bereits unter-sucht,
und haben dazu die Unterscheidung innerhalb des Korallenskeletts in die auliere
Seitenwand (TW) und inneres Zentrum der Kalzifikation (CoC) verwendet. Es wurde
meist nicht genau benannt, wo exakt die Grenze zwischen diesen beiden Strukturen
verlauft. Diese Studie untersucht im Detail, anhand von mehreren Messmethoden, wo
genau diese Grenze verlauft und wie glaubwirdig verschiedene Anwendungsprozesse
zur Differenzierung sind. Kombinierte Messungen der Verhaltnisse der Spurenelemente,
wie Mg/Ca, Sr/Ca, Na/Ca der jeweiligen Kaltwasser-Korallen-Proben wurden detailliert fur
jedes Korallenskelett aufgenommen. Diese Untersuchungen zur Differenzierung zeigen,
dass eine Kombination der verschiedenen Methoden eine geochemische Mdglichkeit zur
Differenzierung der Mikrostruktur bietet. Allerdings zeigen die meisten Metall/Kalzium
Verhaltnisse in der CoC eine bessere Korrelation mit der Temperatur und dem
Salzgehalt, im Vergleich mit den Daten der Verhaltnisse in der TW. Zusatzlich zeigen die
Spurenverhéaltnisse von Na/Ca aus dem CoC eine deutlichere Korrelation mit dem
Salzgehalt und der Temperatur im Gegensatz zur TW, dieses resultiert aus der

Anreicherung von Fehlstellen im Kristallgitter (CLDs) innerhalb der CoC.
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Das vierte Kapitel (Hebbeln et al. 2014) konzentriert sich auf den Dichte-Gradienten des
Ozeanwassers im Golf von Mexiko, an der Campeche Bank. Die an der Campeche Bank
vorkommende Kaltwasser-Korallen-Provinz wurde wahrend der Forschungsausfahrt
MSM20 entdeckt. Diese Lokation ist besonders durch die umgebende Ozeanographie
gekennzeichnet, wie zum Beispiel starkes Stromungsgebiet und hohe Produktivitat direkt
Uber den lebenden Kaltwasser-Korallen-Vorkommen durch die vertikale Migration der
Nahrstoffe.

Dies ist ein hervorragendes Beispiel dafiir, dass die Dichte-Gradienten als eine Art
Barriere dienen, an der Nahrstoffpartikel, das Futter der Kaltwasser-Korallen-
Vorkommen, akkumulieren und die Kaltwasser-Korallen-Vorkommen im Zwischenwasser
damit bedienen. Diese hydrologische Entdeckung unterstiitzt die Vitalitat der Kaltwasser-

Korallen-Vorkommen und deren Okosystem.

Das funfte Kapitel (in Vorbereitung zum Einreichen) basiert ebenfalls auf den Dichte-
Gradienten und zeigt, per Berechnung der jeweiligen Dichte-Gradienten in der
Wassersaule im 10 m Intervall, ein hydrografisches Merkmal A0O©4y, und wird
demonstriert fir den Nordost-Atlantik und den Golf von Mexiko. Die erzielten Ergebnisse
zeigen eine Moglichkeit zur Auffindung von lebenden Kaltwasser-Korallen-Vorkommen
sobald das Maximum des Dichte-Gradienten Ac®, Werte von >0.02 kg/m® zeigt.
Weiterhin zeigen die Ergebnisse, anhand der Werte des maximalen Dichte-Gradienten
A0O1on, dass sich eine Gradienten-Schicht innerhalb der Wassersaule bildet. Ist diese
Gradienten-Schicht dinn angelegt, so kann sie offensichtlich ein Indikator fiir lebende,
gesunde und gut ausgepragte Kaltwasser-Korallen-Vorkommen sein. Im Gegensatz dazu
ist eine massiver ausgebildete Gradienten-Schicht der maximalen Werte des Ac®om €in

Hinweis flr weniger gut ausgepragte lebende Kaltwasser-Korallen-Vorkommen.
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Chapter 1

Introduction

1.1 General Introduction

Cold-water coral (CWC) reefs are under threat both by climate change and in turn by
ocean acidification as well as by bottom trawling as a result of overfishing. To better
protect these unique ecosystems, an improved understanding of the physical properties
fit the surrounding seawater is required. Enhanced protection is needed to better protect
the worldwide occuring CWC reefs (Bennecke et al. 2016), which even influence the
global carbonate budget (Lindberg and Mienert 2005; Titschack et al. 2009). In this study,
the habitats of the cold-water coral reefs were quantitatively described in relation to the
surrounding oceanographic properties (e.g. depth, salinity, temperature, density, which is
water masses) and geochemical signatures (e.g. Mg/Ca, Sr/Ca, Na/Ca ratios), which may
portray ongoing climate changes. Although there are several CWC species, this study

focussed on the primary frame builder Lophelia pertusa (Fig. 1.1).

Fig. 1.1 Lophelia pertusa caught during
cruise MSM32 off Morocco and
redrawn by Gabriel Engelen
(Waldorfschule Kiel 2017)




1.2 Motivation and main objectives

Several studies show the mediation between the occurrence of living cold-water coral
reefs and climate as well as environmental data which are locked in the skeletons of the
cold-water corals, especially in L. pertusa (e.g. Cohen et al. 2006; Raddatz et al. 2013).
The overall goal of this study is to focus on the oceanographic properties shaping the
environment of living CWC reefs in the part north of the equator of the Atlantic Ocean.
Therefore, the intention is to respond the several questions addressed: (1) What are the
physical and geochemical boundary conditions / characteristics of living CWC reefs?
What is the influence of bottom water (density) on CWC reefs? (3) What is the
hydrographic (density) and hydrochemical signature of ambient bottom water masses
bathing living cold-water corals in the northern Atlantic, where cold-water corals obviously
live within a well defined hydrochemical window? (4) Which physical boundary conditions
favour CWC growth and distribution? These questions are addressed and compared in
three case studies from off Morocco (chapter 2), the geochemical analyses of different
localities (chapter 3), and the study of density gradients within the water column above

the living cold-water coral reef systems in chapter 4 and 5.

1.3 The cold-water coral Lophelia pertusa

The cold-water coral Lophelia pertusa (Fig. 1.1 and 1.2) is a cosmopolitan cold-water
species. Taxonomically (Table 1.1) L. pertusa belongs to the order of Scleractinia. This
cold-water coral occurs in different colour varieties, e.g. white, grey or red and builds
cold-water coral reefs along the continental margins, which are among the most diverse

deep-sea habitats. They are azooxanthellate and are able to live within the aphotic zone.




Table 1.1

Taxonomy Lophelia pertusa (Linnaeus 1758)

Taxon Name

Phylum Cnidaria
Class Anthozoa
Subclass Hexacorallia
Order Scleractinia

Suborder Caryohyllina

Family Caryophyllioidea
Genus Lophelia
Species Lophelia pertusa

Fig. 1.2 Living Lophelia pertusa (Photo: R. Wynn; MSM32 off Morocco)

1.3.1 History

The existence of cold-water corals were mentioned and described first by Dr. Erich
Pontoppidan (1752) and later included into the taxonomic description of Carl von Linné
within the “Systema Naturae” (1758) as Madrepora pertusa. The occurrence of those
cold-water corals were linked to “vegetables of the ocean” and ,carbonate knolls” (Fig.
1.3) with only little interest, except the early studies of Gunnerus (1768) and Flemming
(1846). The deep-sea CHALLENGER expedition (1872-1878) and fishermen dredging
Lophelia pertusa during cruises to the Porcupine Seabight favoured the research on this
species, e.g. Charles Wyville Thomson's “The depths of the sea” (1873). Further
research during mid 20th century was done by Le Danois (1948) with speculations that
cold-water corals build reef-like structures in the same way as their tropical counterparts
did. During the LOGATCHEYV cruises in the 80ths of the last century, mound like CWC

structures were discovered (Henriett et al. 1998).




Since technical improvements made it more easy to hydroaccoustically map large
seafloor areas, research efforts on the topic of CWC reefs increased (Roberts et al.
2006). The improvements allowed the detailed mapping and observation of the cold-
water coral environment (e.g. Huvenne et al. 2003; Huvenne et al. 2005) and drastically
expanded the knowledge of CWC provinces. By recognising their distribution, also the
understanding of cold-water coral ecosystem functioning increased continuously, and
CWC reefs were soon recognised as important biodiversity hotspot (Reed et al. 1982;
Jensen and Fredericksen 1992; Buhl-Mortensen and Mortensen 2005; Mortensen and
Fossa 2006; Roberts et al. 2006).

et forfte Forfog
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fornuftige Creature tif \nom €ftertantes Anledning,

EricH PONTOPPIDAN Dr.

Epife. Bergenl, Membr, Reg. Socict. Sciént. Hafoieo

Kisbenbavn, 1752
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Fig. 1.3 Dr. Erich Pontoppidan, Bishop of Norway (1698 — 1764),
“Meeresgemiise — vegetables of the ocean” (1755)




1.3.2 Distribution, occurrences and habitat characteristics of Lophelia

pertusa

L. pertusa is widely distributed with dominant occurrences from 30°N to 70°N (Fig. 1.4)
and seems to be most abundant in the Northeast Atlantic Ocean (Zibrowius 1980; Rogers
1999; Fosséd et al. 2002). However, this distribution is certainly biased by the
predominance of European initiated research projects, based both on national and

European funding (Roberts et al. 2006).

The frame building cold-water coral L. pertusa forms habitats with highest abundances of
associated species (e.g. McCloskey 1970; Connell 1978; Reaka-Kudla 1997) and
supporting a hot spot biodiversity of continental margin marine life (Dons 1944; Burdon-
Jones & Tambs-Lyche 1960; Jensen & Frederiksen 1992; Fossa & Mortensen 1998;
Rogers 1999; Mortensen and Fossa 2006).

Fig. 1.4 Distribution of cold-water reefs after Roberts et al. (2006)




The present day known places of occurrences match the intensity of research along the
continental margins and the number of identified reefs worldwide. Especially in the
eastern Atlantic they range from the Norwegian margin at ~70°N (Roberts et al. 2006)
down to tropical sites off Angola at ~7°S (Le Guilloux et al. 2009). To cite a few sites L.
pertusa reefs were reported off the NE Atlantic on the Norwegian margin (Fossa et al.
2002; Freiwald 2002; Freiwald et al. 2004; Hovland et al. 2012) and on the Irish margin
(Ruggeberg et al. 2005; Dorschel et al. 2005; White et al. 2007; Mazzini et al. 2012)
along the eastern continental margin down to Bay of Biscaya (Huvenne et al. 2011; Dullo
et al. 2017), the Mediterranean Sea (Taviani et al. 2005; Savini et al. 2014), off Morocco
(Glogowski et al. 2015), off Mauretania (e.g. Eisele et al. 2014). Similar CWC reefs occur
in the Gulf of Mexico (HUbscher et al. 2010), at the West Florida slope, the Florida Strait
(Cairns 1984; Cairns et al. 2009), the Campeche Bank (Hebbeln et al. 2014) and around
the Great Bahama Bank (e.g. Neumann et al. 1977; Mullins et al. 1981; Grasmueck et al.
2006; Reed et al. 2006; Correa et al. 2012).

L. pertusa tolerates a wide range of environmental settings in North Atlantic Ocean. This
cold-water coral occurs in water depth from 39 m (Trondheimsfjord, Norway; Rapp and
Sneli 1999) down to 3.383 m (New England Seamount Chain; Zibrowius 1980; Freiwald
et al. 2004), with largest abundances from 200 m — 1.000 m water depth where this

species forms reefs (Freiwald and Wilson 1998; Freiwald et al. 2004).

Lophelia-reefs are complex habitats constituted by coral colonies and fragments of dead
skeleton with variable size and age (Wilson 1979; Mortensen et al. 1995; Hovland et al.
1998). According to Flogel et al. (2014) cold-water coral reefs were segmented in three
major subhabitats with category I: real CWC framework of several 100 m elevation,
category II: patchy CWC growth of some horizontal extension but very limited vertical

elevation forming a thin veneer and cateogory Ill: small, isolated colonies.

Cold-water corals are sessile filter feeders needing solid hard substratum to settle on.
Preferring bathymetrical highs favouring increased water currents associated with high
productivity (Jensen and Fredericksen 1992), they frequently form CWC reefs and as a

result feedback intensifying CWC reef growth.




Moreover, L. pertusa is dependent on hydrographic regimes in order to advect nutrients
and to remove suspended inorganic matter from the water column above the living L.
pertusa (Freiwald 2002; Freiwald et al. 2004). The toleranced temperature ranges
between 4° — 12 °C (Roberts et al. 2006; Freiwald et al. 2004) and dissolved oxygen
levels are preferentially between 2.60 — 6.65 ml I (Schroeder 2002; Dodds et al. 2007;
Davies et al. 2008). L. pertusa lives most commonly in salinities between 35 — 37
(Roberts et al. 2003; Freiwald et al. 2004; Davies et al. 2008), although they can tolerate
ranges of <33 in Norwegian fjords up to >37 in the Mediterranean Sea (Taviani et al.
2005). As a result of temperature, the preferred density envelope proposed by Dullo et al.
(2008) is 0O 27.5 £ 0.15, this number is typical for all Atlantic sites. Although, cold-water
corals in the Mediterranean Sea seem to occur in seawater densities around 29.1 kg m™
(Freiwald et al. 2009). This density envelope may favour the accumulation and advection
of nutrients (Duineveld et al. 2004; Waller and Tyler 2005) and to speculate the lateral
transport of coral larvae. The CWCs feed on particulate organic matter and “other”
nutrients derived from high productive sea surface waters (White et al. 2007). The
process of nutrient transport to the CWCs is still not well understood (Davies et al. 2009).
Strong bottom currents at tidal frequencies (Pingree and Le Cann 1989) seem to be
important (Frederiksen et al. 1992; White 2007) as well as internal waves (Frederiksen et
al. 1992; Messing et al. 1990; White 2007), local downwelling and associated mixing
processes (Davies et al. 2009). Furthermore, hydrographic properties, such as e.g.
density gradients (Dullo et al. 2008; Hebbeln et al. 2014) control the CWC settlement.

Several studies identified that CWC reefs often occur at a pycnocline that coincides with
the interface of two different intermediate water masses (Dullo et al. 2008; Eisele et al.
2008; Hovland 2008; Ruggeberg et al. 2008; Roberts et al. 2008; Wheeler et al. 2008;
Wienberg et al. 2008; Davies et al. 2009; De Haas et al. 2009; Dorschel et al. 2009;
Foubert & Henriet 2009; Frank et al. 2009; Guinan et al. 2009; Huvenne et al. 2009;
Lavaleye et al. 2009; Mienis et al. 2009; Titschak et al. 2009; Wehrmann et al. 2009;
Davies et al. 2010; McCulloch et al. 2010; Purser et al. 2010; Thierens et al. 2010; Van
Rooij et al. 2010; Wienberg et al. 2010; Davies et al. 2011; De Mol et al. 2011; Eisele et
al. 2011; Flégel & Dullo 2011; Frank et al. 2011; Foubert et al. 2011; Henriett et al. 2011;
Hernandez-Molina 2011; Howell 2011; Huvenne et al. 2011; Larmagnat et al. 2011;
Maignien et al. 2011; Margreth et al. 2011; Pirlet et al. 2011; Raddatz et al. 2011;




Riggeberg et al. 2011; Van Rooij et al. 2011; Wagner et al. 2011; Wheeler et al. 2011;
Wheeler & Stadnitskaia 2011; Correa et al. 2012; Form et al. 2012; Mienis et al. 2012;
Mienis et al. 2012b; Munoz et al. 2012; Tong et al. 2012; Allers et al. 2013; Amundsen et
al. 2013; Brooke et al. 2013; Brooke & Jarnegren 2013; Joseph et al. 2013; Fillinger &
Richter et al. 2013; Findlay et al. 2013; Forster 2013; Gori et al. 2013; Naumann et al.
2013; Purser et al. 2013; Raddatz et al. 2013; Rogers et al. 2013; Spezzaferri et al. 2013;
Thierens et al. 2013; Tong et al. 2013; Wienberg et al. 2013; Eisele et al. 2014; Findlay et
al. 2014; Flogel et al. 2014; Gori et al. 2014; Gori et al. 2014b; Henriet et al. 2014; lacono
et al. 2014; Larsson et al. 2014; Mohn et al. 2014; Movilla et al. 2014; Naumann et al.
2014; Navas et al. 2014; Neves et al. 2014; Raddatz et al. 2014; Roberts & Cairns 2014;
Sanchez et al. 2014; Smeulders et al. 2014; Somoza et al. 2014; Stalder et al. 2014;
Stewart et al. 2014; Van der Land et al. 2014; Davies et al. 2015; Fink et al. 2015;
Glogowski et al. 2015; Gori et al. 2015; Robert et al. 2015; Roik et al. 2015; Riiggeberg et
al. 2015; Stalder et al. 2015; Stalder et al. 2015b; Titschack et al. 2015; Amaro et al.
2016; Anderson et al. 2016; Cordes et al. 2016; Fox et al. 2016; Georgian et al. 2016;
Hebbeln et al. 2016; Raddatz et al. 2016; Rlggeberg et al. 2016; Soetaert et al. 2016;
Tong et al. 2016; Victorero et al. 2016; Buhl-Mortensen et al. 2017; Fabri et al. 2017;
Fernandez-Arcaya et al. 2017; Johanson et al. 2017; Kenchington et al. 2017; Lim et al.
2017; Reolid et al. 2017; Van Den Beld et al. 2017; lacono et al. 2018). These water
mass characteristics and the interaction of the associated hydrographic regimes are one
of the major properties supporting the formation of living CWC reef systems (Davies et al.
2009; Flogel et al. 2014).
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Chapter 2

The Eugen Seibold coral mounds offshore western Morocco: oceanographic
and bathymetric boundary conditions of a newly discovered cold-water

coral province
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Geo-Mar Lett 35(4):257-269 (2015)

Abstract

This study reports a new cold-water coral (CWC) province covering ~410 km? off western
Morocco (ca. 31°N) ~40 nautical miles north of the Agadir Canyon system between 678
and 863 m water depth, here named the Eugen Seibold coral mounds. Individual mounds
are up to 12 m high with slope angles varying between 3° and 12°. Hydroacoustic data
revealed mound axes lengths of 80 to 240 m. Slope angle, mound height, and density of
mounds decrease with increasing water depth. The deepest mounds are composed of
dead and fragmented Lophelia pertusa branches. Living CWCs, mainly L. pertusa, were
sampled with box cores between 678 and 719 m water depth. Conductivity-temperature-
depth (CTD) measurements revealed living CWC colonies to occur within the deeper part
of the North Atlantic Central Water (NACW,; conservative temperature © of 9.78°-9.94°C,
absolute salinity SA of ca. 35.632 g/kg, and seawater density 0© of 27.31-27.33 kg/m®).
Comparable CWC reefs off Mauritania (17°N-18°N) and on the Renard Ridge (35°N) in
the Gulf of Cadiz, the latter consisting only of a dead CWC fabric, are also located in the
deeper layer of the NACW slightly above the Mediterranean Outflow Water. The new
CWC province, with its thin cover of living corals and much larger accumulations of dead
thickets and fragmented coral rubble, was successfully discovered by CTD
reconnaissance applying seawater density as a potential indicator of CWC occurrences,
followed by hydroacoustic mapping. U-Th isotope systematics for macroscopically altered
buried Lophelia material (25 cm sediment depth) yielded absolute ages dating back to the

late Holocene at least.
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2.1 Introduction

Cold-water coral (CWC) reefs are widespread along the continental margins of global
ocean basins (Roberts et al. 2006). Since the discovery of spectacular CWC mounds in
the Porcupine Seabight (Henriet et al. 1998), many more reef sites have been identified
worldwide, predominantly in the North Atlantic. Indeed, the presence of Lophelia pertusa
as a main frame-builder of CWC reefs is today known from, for example, the Norwegian
margin (e.g. Freiwald 2002; Fossa et al. 2002; Hovland et al. 2012), the Porcupine,
Rockall and Hatton banks (e.g. White et al. 2007; Sayago-Gil et al. 2010; Mazzini et al.
2012), the Celtic margin (e.g. Wheeler et al. 2007), the Armorican margin (e.g. Reveillaud
et al. 2008), the Cantabrian Sea (e.g. Sanchez et al. 2014), the Iberian margin (e.g.
Hernandez-Molina et al. 2011; Somoza et al. 2014), the Mediterranean Sea (e.g.
Freiwald et al. 2009; Palomino et al. 2011; Taviani et al. 2011; Fink et al. 2012; Gori et al.
2013; Savini et al. 2014), the Gulf of Cadiz (GoC; e.g. Van Rensbergen et al. 2005; Van
Rooij et al. 2011; Ledn et al. 2012), off northern Morocco (southern GoC; e.g. Foubert et
al. 2008), off Mauritania (e.g. Eisele et al. 2011, 2014), the Angola margin (e.g. Le
Guilloux et al. 2009), the Gulf of Mexico (e.g. Brooke and Schroeder 2007; Hiubscher et
al. 2010; Hebbeln et al. 2014), and around the Bahamas (e.g. Reed et al. 2006; Correa et
al. 2012a, b). Many of these studies explored the impact of various hydrographic factors
and nutrient availability (e.g. Hovland et al. 2012) on CWC reef growth. In addition,
Martorelli et al. (2011) demonstrated the positive influence of topography-enhanced
bottom current velocity on coral occurrences. Temperature and salinity are other key
factors constraining the distribution of live corals (e.g. Davies et al. 2009; Davies and
Guinotte 2011; Vierod et al. 2014), and indirectly ambient seawater density (e.g. Dullo et
al. 2008; Flogel et al. 2014).

A new CWC province was discovered off western Morocco during research cruise 32 of
R/ Maria S. Merian in October 2013, which mainly targeted the morphology,
sedimentary processes and geohazards of giant landslides of the Agadir Canyon system
(Krastel et al. 2013). This study explores the recent oceanographic and bathymetric
boundary conditions of these CWCs, based on a combination of seafloor bathymetric and
acoustic data as well as conductivity-temperature-depth (CTD) data collected from the
overlying water masses. One of the cruise aims was to test whether seawater density can
be used as a predictive tool to detect living CWC occurrences. The new province is here
named the Eugen Seibold coral mounds in honour of the pioneering marine geologist
Eugen Seibold (1918-2013).

24



20°N 25°N 30°N 35°N 40°N

30.5°N 31.5°N 32.5°N

29.5°N

11°W

10°W

9°W

Fig.21 Top Map showing the
locations of the study area off western
Morocco (black box; green dot mound
field), and the CTD stations (stars) of
earlier cruises off Mauritania
(MSM16/3) and in the Gulf of Cadiz
(MSM1/3; cf. Table 1), with depth
contours and water masses. North
Atlantic Central Water: solid blue
arrows after Vandorpe et al. (2014);
dotted blue arrow its continuation,
present study. Mediterranean Outflow
Water: red area and arrows after
Hernandez-Molina et al. (2011),
including preferred meddy pathways;
orange arrows its continuation, CTD
data of present study. North Atlantic
Deep Water: solid dark grey arrows
after Hernandez-Molina et al. (2011);
dark grey dotted arrow its continuation,
present study. Bottom Green
Multibeam bathymetry coverage. Note
the location of CTD station MSM32-1-1
(cf. Fig. 3, Table 1)
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2.1.1 Physical Settings

This study focuses on the Atlantic Moroccan continental slope off northwest Africa at
32°54'-31°08'N and 10°34'-10°49'W (Fig. 2.1). Three investigated sites exhibit the
following water masses from the surface to the seafloor. The Central Water (CW) masses
comprise Subtropical Underwater (SUW), South Atlantic Central Water (SACW) and
North Atlantic Central Water (NACW; Mittelstaedt 1991; Van Camp et al. 1991; Morigi et
al. 2001; Vandorpe et al. 2014). According to Mittelstaedt (1991) and Aristegui et al.
(2009), SACW and predominantly NACW upwell seasonally. The presence of
Mediterranean Outflow Water (MOW) below the NACW is associated with a pronounced
increase in salinity favouring the formation of a pycnocline—for example, in the GoC
(Fusco et al. 2008). Alves et al. (2011) described the MOW off Morocco at 34°N, while
Pelegri et al. (2005) reported this water mass extending as far south as 30.5°N. In the
present study area, the deepest part of the water column is formed by the North Atlantic
Deep Water (NADW). Unpublished analogue TOPAS (TOpographic PArametric Sonar)
sub-bottom profiles kindly supplied by G. Ercilla of the Institute of Marine Sciences
(CSIC), Barcelona had revealed the presence of acoustically transparent mounds at more
than 750 m water depth ~40 nautical miles north of the upper Agadir Canyon (Fig. 2.1),
one of the largest submarine canyons worldwide (Wynn et al. 2002) and characterised by
tectonic morphologies and giant landslides (Talling et al. 2007; Frenz et al. 2009).
Examination of those preliminary data showed that the dimensions and acoustic
character of the features were similar to those of known carbonate mounds in the
northeast Atlantic (DeMol et al. 2002; Riggeberg et al. 2011). Subsequent cruises
gathered hydrographic data including seawater density, reported to be a predictive tool
for coral occurrence in other regions (Foubert et al. 2008; Somoza et al. 2014).
Prospective sites were mapped by swath bathymetry and side scan sonar in order to,
amongst others, define targets for box coring. Indeed, these confirmed the suspected
presence of mostly dead and some living corals in an extensive province of >400 km?
(Fig. 2.2).
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Fig. 2.2 Top 3D perspective view of multibeam bathymetry (lateral pixel resolution 30 m)
across the Eugen Seibold coral mounds, and locations of the seven box corer stations
(cf. Table 2) with live or dead corals, as well as three areas selected for estimation of
coral mound density (cf. Fig. 4). With the exception of CTD station MSM32-1-1, situated
further north beyond the currently known boundaries of the coral mound site (cf. Fig. 1),
the locations of the other ten CTD stations were essentially identical or very close to
those of the box corer stations (cf. Table 1). Bottom Bathymetric profile 1 crosses the site
from its shallowest to its deepest part, profile 2 incorporates a coral mound with living
CWCs, and profile 3 a coral mound with dead corals (box corer stations MSM32-49-2 and
46-1 respectively). V.E. Vertical exaggeration
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2.2 Material and Methods

2.2.1 Hydrography

Water masses above the coral mounds were investigated by performing 11 CTD casts
(Supplementary Material=SM Table 2.1) using a Seabird ‘SBE 911 plus’ underwater unit
additionally equipped with two oxygen sensors and a turbidity sensor (including SBE data
processing). CTD data were visualized using Ocean Data View (ODV) software, version
4.5.3 (Schlitzer 2013). Temperatures and salinities are reported as conservative
temperature (O, °C) and absolute salinity (SA, g/kg; TEOS-10, McDougall and Barker
2011). T-S plots of temperature vs. salinity are commonly used to delineate water

masses and their geographical distribution as well as dynamics (Tomczak 1999).

2.2.2 Hydroacoustic data

Water masses above the coral mounds were investigated by performing 11 CTD casts
(SM Table 2.1) using a Seabird ‘SBE 911 plus’ underwater unit additionally equipped with
two oxygen sensors and a turbidity sensor (including SBE data processing). CTD data
were visualized using Ocean Data View (ODV) software, version 4.5.3 (Schlitzer 2013).
Temperatures and salinities are reported as conservative temperature (©, °C) and
absolute salinity (SA, g/kg; TEOS-10, McDougall and Barker 2011). T-S plots of
temperature vs. salinity are commonly used to delineate water masses and their
geographical distribution as well as dynamics (Tomczak 1999). Hydroacoustic data
Multibeam bathymetric data were collected by means of the shipboard Kongsberg Simrad
EM122 multibeam echo sound system (MBES) operating with a nominal frequency of 12
kHz. Data were processed by QPS Fledermaus and MBE-system software (Caress and
Chayes 1995), including application of local sound velocity profiles, the creation of a
CUBE surface (Calder and Mayer 2003) with a pixel resolution of 30 m, and manual
removal of spikes. Coral mound heights and extensions were evaluated from these data
for each of three sites within the mound field (Fig. 2.2). Mound heights were measured
along N-S oriented depth profiles run parallel to the slope, in each case crossing the
highest elevation down to the first break in slope. It should be noted that these values
represent conservative approximations. A TOBI (Towed Ocean Bottom Instrument)
system, comprising a 30 kHz side scan sonar (Flewellen et al. 1993) and 7 kHz sub-
bottom profiler, served to collect a ~13 km long side scan sonar line across the south-

eastern sector of the coral province.
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Side scan sonar data were corrected for radiometric and geometric artefacts (Blondel
2009), and processed to a pixel size of ~3 m. The system was towed ~500 m above

seafloor, producing a swath width of ~6 km (Murton et al. 1992).

3.2.3 Box cores
Based on hydroacoustic mapping, sites were selected for box coring (50x50 cm) to
enable ground-truthing of seafloor sediments and potential CWC coverage. Seven box

cores were taken (SM Table 2.2) distributed over the entire study area (Fig. 2.2).

3.2.4 Geochronology

Box core MSM32-3-1 was selected for a comparison of U-Th absolute ages of exposed
surface branches of a living Lophelia reef structure with those of buried branch fragments
from the underlying sediment.

Measurements were conducted on a multi-collector inductively coupled plasma mass
spectrometer (MC-ICP-MS, VG-Axiom), following Fietzke et al. (2005). The required
mineralogical pre-investigation was based on Xray diffractometry (XRD, Philips PW-
1820). All analyses were performed using GEOMAR facilities.

Sample preparation, laboratory treatment and age determination followed Liebetrau et al.
(2010). All uncertainties represent the 2 SE level, and the age data are rounded off to
decades. Whole procedure blanks matched typical values of ca. 10 pg for U, 2 pg for
#32Th and 0.1 fg for 2°Th.

2.3 Results

2.3.1 Hydrography

In October 2013, assessments of regional oceanographic conditions characterising the
deep-water MSM32-1-1 site to the north of the study area (4,224 m water depth; Figs. 2.1
and 2.3, SM Table 2.1) revealed an upper surface layer of ~30 m with a mean
conservative temperature (©) of 23.06 °C, absolute salinity (SA) of 36.917 g/kg, and
oxygen concentration of 4.53 ml/l. Below, the Central Water (CW) masses comprised
Subtropical Under Water (SUW), South Atlantic Central Water (SACW) and North Atlantic
Central Water (NACW). The SUW (31-64 m water depth) had © between 23.03°C and
17.73°C, SA of 36.914 to 36.526 g/kg, 0© of 25.23 to 26.38 kg/m?, and oxygen values of
4.51 t0 5.09 ml/l.
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The SACW (65-94 m) had © of 17.69°C to 16.52°C, SA of 36.535 to 36.483 g/kg, 0O of
26.38 to 26.66 kg/m°, and oxygen values of 4.67 to 5.10 ml/l. The top of the NACW (99—
860 m) can be delimited by a strong decrease in® (from 16.71°C to 10.75°C) and in SA
(from 36.512 to 36.072 g/kg). 0O varies between 26.60 and 27.52 kg/m® and oxygen
values between 4.56 and 3.65 ml/l. The deeper part of the NACW can be constrained by
a minimum SA range of 35.769 to 35.530 g/kg between 774 and 904 m water depth.
Below the NACW, the Mediterranean Outflow Water (MOW, 863-1,252 m) can be
identified in terms of small © variations in the range 10.77-9.71 °C, and elevated SA of
36.088-36.200 g/kg. cO ranges from 27.53 to 27.80 kg/m®, and oxygen values from 3.69
to 3.89 ml/l. Below the MOW at depths of 1,250—4,224 m, the North Atlantic Deep Water
(NADW) had ©=1.65°C, SA=35.065 g/kg, 0©=27.88 kg/m® and [02]=4.60 ml/l (Fig. 2.3).
In the vicinity of two living CWC sites discovered during the cruise—MSM32-3-2 and
MSM32-51-2 at 704 and 678 m water depth respectively (see below)—Ilocal bottom water
masses comprise the deeper part of the NACW. The deeper site at 704 m had ©=9.78°C,
SA=35.632 g/kg, oxygen=3.14 ml/l, whereas the shallow site at 678 m had ©=9.94°C,
SA=35.632 g/kg, oxygen=3.15 ml/l (SM Table 2.1). Conservative temperature and
absolute salinity are lower than those of the deep MSM32-1-1 station in 700 m water
depth, exhibiting ©=10.79°C, SA=35.807 g/kg (Fig. 2.3).

2.3.2 Hydroacoustic data

Seafloor bathymetric data (Fig. 2.2) reveal that the mapped mound field extends up to 40
km alongslope (north to south) and up to 13 km downslope (east to west), covering an
area of ~410 km?. Cold-water coral mounds occur between 678 and 863 m water depth,
immediately downslope of a relatively flat ‘plateau’ on the upper continental slope (Fig.
2.2). Individual mounds have circular to elliptical shapes in planform, and reach maximum
heights of up to 12 m in the shallower part of the mound field. However, heights between
4 and 8 m are dominant (Fig. 2.2). Lengths of mound axes vary between 80 and 240 m,
the longer axis being E-W aligned parallel to the direction of slope inclination. Maximum
slope angle (12°) and maximum height (12 m) of individual mounds tend to decrease with

increasing water depth (Fig. 2.4), as does the density of mounds.
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Fig. 2.3 T-S plot (O cons. temperature, S, absolute salinity) for CTD stations MSM32-1-1
(see Fig. 1 for location) and MSM32-3-2 (location as for box corer station MSM32-3-1 in
Fig. 2). Water masses comprise (from shallowest to deepest) an upper surface layer,
Subtropical Under Water (SUW), South Atlantic Central Water (SACW), North Atlantic
Central Water (NACW), Mediterranean Outflow Water (MOW), and North Atlantic Deep
Water (NADW). Living CWCs, especially Lophelia pertusa, occur in the deeper part of the
NACW roughly 150 m above the MOW characterised by still relatively elevated salinities
and limited variation in temperature. Isopycnals are calculated with the reference
pressure at 0 m (00©), i.e. sea level
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Fig. 2.4 Shaded relief (fop row) and slope map (bottom row) across selected coral mound
areas at three different water depths based on multibeam bathymetry data. Abundance,
elevation and slope of coral mounds decrease as water depths increase from area 1 to
area 3 (700, 780 and 890 m respectively). See Fig. 2 for locations of selected areas
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Densities of mounds with slope inclinations larger than approx. 3° were assessed in three
areas, each 4 km? in size (Fig. 2.2). Mound density varied from 12 mounds/km? (area 1)
at ~700 m water depth, to 8 mounds/km? (area 2) at ~790 m water depth, and 2
mounds/km? (area 3) at ~880 m water depth (Figs. 2.4, Supplementary Material=SM Fig.
2.5). The individual mound-like structures appear as areas of higher backscatter (bright)
in TOBI side scan sonar data compared to the lower backscatter of the surrounding
seafloor (SM Fig. 2.6). Acoustic shadows (black) are commonly observed on the flanks of
the steeper mounds. Shallower settings with more elevated mounds (~700 m water
depth) display higher backscatter intensities compared to deeper settings (>750 m) with

less elevated mounds (SM Fig. 2.6).

2.3.3 Box cores

All seven box cores (see Fig. 2.2 and SM Table 2.2) contained fragments of dead CWCs.
The three box cores from the deeper sites (MSM32-46-1, 801 m; MSM32-47-1, 835 m;
MSM32-48-1, 863 m) recovered 18—40 cm of a sandy to silty, light and pale brownmud
containing dead Lophelia pertusa bioclasts of up to 2 cm. Most of the Lophelia branches
are fragmented down to the size of one polyp. Two shallower box cores (MSM32-45-1,
701 m; MSM32-50-2, 788 m) sampled abundant dead Lophelia thickets up to 8 cm long.
These are commonly accompanied by bivalve shells embedded in sandy to silty brown
mud, with a maximum recovery of 15 cm. The abundance of bioclasts was more than
twice as high in box core MSM32-50-2 and well exposed at the surface, in contrast to all
other cores with dead CWC material. Box cores MSM32-49-2 (678 m) and MSM32-3-1
(719 m) contained large specimens of mainly dead but also a few living Lophelia. In box
core MSM32-3-1, living branches of Lophelia exhibited up to 15 consecutive living polyps.
Moreover, this box core had a single, live Madrepora oculata and Desmophyllum sp.
specimen (Fig. 2.7). The coral framework stood well above the sediment between 10 and
20 cm. Further downcore, coral fragments and bioclasts associated with brown silty to
sandy mud were recorded to at least 25 cm (maximum recovery). These shallower core
sites are located within area 1 where highest elevations of coral mounds occur (see
above). The box core sites deeper than 800 m are located within area 3 where the
mounds are less elevated and less abundant (SM Table 2.2, Figs. 2.2, 2.4, SM Fig. 2.5).
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Fig. 2.7 Photograph showing the contents of the box core recovered from station
MSM32-3-1. The large colony of Lophelia pertusa (1) exhibits up to 15 consecutive living
polyps in one branch. Madrepora oculata (2) settled on dead branches of L. pertusa,
which evidently collapsed prior to settlement as indicated by the different orientation of
the polyps of both corals. This is the only living M. oculata recovered during the cruise.
Desmophyllum sp. (3) settled also on dead L. pertusa branches. In this box core, the
numerous dead corals partly buried in the muddy, bioclast-rich sediment comprise only L.
pertusa. Among the coral debris, a few bivalves occur. See Fig. 2 for location of box core
station

These cores recovered only dead CWCs, except for box core MSM32-50-2 (788 m; see
above) which also contained a single living polyp of L. pertusa, unlike box core MSM32-3-
1 (719 m) earmarked by more profuse live corals. In all box cores L. pertusa is by far the

dominant CWC species.

2.3.4 Geochronology

U-Th isotope systematics (SM Table 2.3) were determined for the youngest parts of
growing (live) Lophelia branches recovered above the sediment surface, and for
macroscopically altered material buried at 25 cm sediment depth (max. penetration depth
of box core MSM32-3-1, 719 m water depth). All analysed samples had aragonite

contents exceeding 98%.

33



Based on Liebetrau et al. (2010), and in addition to the common detrital Th correction, the
data were normalised in terms of a potentially site-specific initial *°Th/?**U activity ratio of
0.0005+0.0002, here deduced from three live juvenile branch tops. These integrate only
the youngest 2 to 4 mm of sub-recent skeletal growth and are therefore assumed to
provide zero age reference values. Their 3**U signature of 149 +2.5%. is in good
agreement with the modern seawater reference of 146.8+0.4%. (2 SE) proposed by
Andersen et al. (2010). The growth systematics of this reef structure spanning approx. 40
cm (Fig. 2.7) enabled the identification of a root-like segment at its base with a maximum
age of 60420 years before present (BP) and a modern seawater matching initial 5***U
value of 147.3+2.1%0.. Uth data on two branch fragments from 25 cm sediment depth
revealed ages of 1,810+30 years BP (initial 5?**U of 144.2+2.2%.) and 2,680+30 years BP
(initial 3°**U of 141.9+2.4%). Inherently, the different degree of morphologically visible
alteration implies the former as more reliable than the latter. This is supported by the fact
that only the former fragment displays a within error modern seawater matching initial

52U value.

2.4 Discussion

Hydrographic measurements above the Eugen Seibold CWC mounds (between 65 and
863 m water depth) revealed that the oceanic water column is controlled mainly by the
interaction of SACW and NACW with underlying MOW, which enters the Atlantic Ocean
via the Strait of Gibraltar (Figs. 2.1, 2.3). The subsurface SACW flows northwards and
typically displays lower salinity, oxygen depletion and nutrient enrichment (Aristegui et al.
2009) relative to the deeper southwardflowing NACW (Mittelstaedt 1991; Pastor et al.
2008; Vandorpe et al. 2014).

The MOW is characterised by a very small temperature gradient, but shows a marked
increase in salinity and density between 863 and 904 m water depth (Fig. 2.3). These
water mass signatures are similar to those documented by Mittelstaedt (1991) and
Pelegri et al. (2005) off northwest Africa (25-35°N, and Cape Ghir at 30-36°N).
According to Dullo et al. (2008) and Flégel et al. (2014), most of the pristine and profuse
live CWC coral reefs along the European continental margin occur at water mass
densities of 0©=27.35-27.65 kg/m>. Living CWCs of the Eugen Seibold province at water
depths between 678 and 719 m with density values of about 0©=27.33 kg/m* correspond
to the deeper part of the NACW.
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Fig. 2.8 Detailed T-S plot (cf. Fig. 3) of water masses bathing living and dead CWCs of
the Eugen Seibold coral mounds north of Agadir Canyon (cruise MSM32 of the present
study, colour), compared with dead CWC sites in the Gulf of Cadiz (cruise MSM1/3, light
grey) and living CWC sites off Mauritania (cruise MSM16/3, dark grey). Dashed ellipses
Temperature—salinity occurrence range of dead CWCs; yellow, white circles living CWCs,
all category Il of Flogel et al. (2014). Isopycnals are calculated with the reference
pressure at 0 m (00©), i.e. sea level

Their occurrence is therefore just above the defined density window of Dullo et al. (2008),
and ~150 m above the upper limits of the MOW (Figs. 2.3, 2.8) identified at ~863 m water
depth.

Flégel et al. (2014) differentiated between three types of living CWC assemblages.
Category | is characterised by dense horizontal and, most importantly, vertical reef
growth, category Il by patchy growth with colonies of some square meters, and category
[Il by smaller and commonly more widely scattered isolated colonies. Living CWCs in the
present study area are attributed to category lll. This category is further supported by

lower oxygen values of 3.14-3.15 ml/l at the study sites, contrasting with a global mean
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of ~6 ml/l for ambient water masses around flourishing CWC reefs (Davies et al. 2008).
The classification of three categories in combination with seawater density works well in
the Atlantic, but can not be applied to the Mediterranean due to its higher density and
higher alkalinity (cf. Fl6gel et al. 2014).

Although the information available to date from box cores represents only snapshots of
the coral mounds, the general distinction between living mounds clustering around 700 m
water depth and dead mounds in deeper waters (Figs. 2.2, 2.3, 2.8) is supported by the
acoustic data (Fig. 2.4). Contrasting with presumably dead mounds, areas inhabited by
living CWCs generally have more elevated (up to 12 m) and more steeply (up to 12°)
inclined mounds (Figs. 2.4, SM Fig. 2.5) associated with higher backscatter intensities
(SM Fig. 2.6). One might argue that high mounds may result from the higher baffling
capacity of CWC fabrics. Less elevated mounds with lower slope inclinations may be a
sign of partial burial of dead CWCs, which may explain the reduced occurrence of
mounds in such areas. Another mechanism could be that the bathymetrically deeper
mounds are already affected by erosion, but this awaits confirmation by additional optical
ground-truthing and dating.

A similar situation has been described for CWC mounds off Mauritania—e.g. the Banda
Mounds at 17—18°N, which were actively growing from 65 to 57 ka, 45 to 32 ka, and at
about 14 ka (Eisele et al. 2011). The Banda Mounds are bathymetrically above the
density envelope of Dullo et al. (2008; 0©=27.5+0.15 kg/m®), and are also situated within
the lower part of the NACW (RV Maria S. Merian cruise MSM16/3 in October 2010,
Westphal et al. 2012; see Fig. 2.8). Today, these mounds show only a very thin cover of
living Lophelia between 415 and 570 m water depth, corresponding to category Il of
Flogel et al. (2014).

The Renard Ridge (35°N) in the Gulf of Cadiz (GoC) is another prominent region of CWC
mound occurrence; however, there are no living CWC colonies reported so far (e.g.
Foubert et al. 2008; Wienberg et al. 2009, 2010). These dead CWCs are today found at
relatively shallow water depths typified by densities not exceeding 0©=27.5+0.15 kg/m®
(RV Maria S. Merian cruise MSM1/3 of January 2006, Pfannkuche and cruise participants
2006; see Fig. 2.8). There is evidence that, over the last 400 ka, these reefs also
flourished during glacial times and up to the very early Holocene (Wienberg et al. 2010).
Although Davies and Guinotte (2011) predict a high suitability for CWC growth, especially
of Lophelia pertusa, between the GoC and Mauritania, to date living CWCs have been
found only off Mauritania (17—18°N) and now off western Morocco (31°N) as small

isolated colonies or forming a thin and patchy cover. Vigorous and extensive CWC reef
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growth apparently occurred only during glacial times in this region, which would explain
why the few modern living colonies reported to date do not match bathymetrically with the
water mass density values known for CWC reefs belonging to category | of Flégel et al.
(2014). The Eugen Seibold coral mounds exhibit a few living colonies (albeit based on
limited sampling), and most sampled mound structures consist of a dead fabric.

Dating of a large living coral branch indicated a time span of 60+20 years BP from the
base to its living topmost part. The large uncertainty of £20 years mainly results from the
correction for the initial 2°Th/?**U activity ratio. This implies a mean growth rate of 0.5 to 1
cm/year. An alternative age estimate is provided by counting the number of polyps in
straight succession from the root segment to the juvenile top, which on average could
correspond to the number of years according to Freiwald (2002). Resulting in 30+5
polyps (varying with the sub-branch to follow), this approach suggests a slightly younger
age. Based on CaCO® accumulation rates of 8.70+3.18x107°% per day (Form and
Riebesell 2012), the maximum mass of 465 g of the dated branch implies a similar value
of 9+2x107% per day in terms of polyp counting age, and 5+2x10™°% per day in terms of
U-Th age. Deducing in first approximation a local sediment accumulation rate from the
most reliable age of the dead fragments (1,810+30 years BP) and the observed burial
depth results in 14 cm/1,000 years. This is consistent with the background flux of 12.15
0.6 cm/1,000 years for the nearby Canary Basin reported by Hendericks et al. (2002).

In their overview of north-eastern Atlantic CWC reefs and climate change, Frank et al.
(2011) argue that CWC reefs were growing south of 50°N predominantly during the last
glacial periods and the deglacial on the Armorican margin (Reveillaud et al. 2008), the
Iberian margin (Hernandez-Molina et al. 2011), in the GoC (Wienberg et al. 2009, 2010)
and the Banda Mounds (Eisele et al. 2011, 2014), including the Mediterranean (Savini et
al. 2014), with the exception of sites in the Alboran Sea still growing until 5 ka (Fink et al.
2012). This would be in contrast with the CWC reef formation north of 50° being
constrained to interglacials, including the late Holocene (e.g. Riggeberg et al. 2007;
Frank et al. 2009; Raddatz et al. 2013). The predominantly dead CWC assemblages of
the newly discovered Eugen Seibold coral mounds off western Morocco may support the
hypothesis of Frank et al. (2011). However, the initial dataset displays CWC growth since

about 2 ka at least.
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Therefore, interglacial growth periods cannot be excluded in general south of 50°N, as
demonstrated also by the discovery of live juvenile corals in the present case. Providing a
more comprehensive record of emplacement time intervals for the Eugen Seibold coral
mounds requires more detailed archives, notably a drill core through at least one of the

major mound structures well identified in this study.

2.5 Conclusions

The newly discovered Eugen Seibold coral mounds off western Morocco extend over
more than 410 km?, associated with known oceanographic settings of CWC occurrences
along the north-eastern Atlantic margin. Mounds with living CWCs occur in a bathymetric
range between 678 and 719 m characterised by Lophelia pertusa, at one site
accompanied by a single Madrepora oculata excrescent and a single Desmophyllum sp.
specimen. Most CWCs are represented by dead thickets which are more fragmented in
the mounds at deeper water depths (>710 to 860 m). Shallower mounds are more
elevated (12 m) and exhibit higher backscatter in contrast to mounds at deeper sites.
Absolute ages of dead coral fragments indicate growth since the late Holocene at least,
and imply a sediment accumulation rate of about 14 cm/1,000 years. These initial
geochronological results and the patchy distribution of the cold-water corals suggest re-
colonization of this area by Lophelia, rather than the continuous evolution of large
flourishing reef build-ups. This interpretation for the Eugen Seibold coral mounds awaits
confirmation based on additional evidence from optical ground-truthing and dating of

longer downcore records.
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Supplementary Material

Fig. 2.5 Number of mounds with respect to height for the three selected areas (each
4 km?) shown in Fig. 4. Mound height decreases from shallower depths of area 1, where
living corals have been sampled, to deeper depths of area 3. Mean elevation and
standard deviation for area 1 = 6.9+2.2 m, area 2 = 6.0+1.4 m, and area 3 = 3.6£1.0 m.

Refer to Fig. 2 for area locations
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Fig. 2.6 Left TOBI side scan sonar (30 kHz) imagery across the carbonate mound
province (swath width 6 km). Individual coral mounds are recognized by high acoustic
backscatter on flanks inclined towards the side scan sonar track, and low backscatter
shadows on the lee sides. Right Higher-resolution imagery in the vicinity of two box corer
stations (red stars): top right MSM32-49-2, with living corals; bottom right MSM32-50-2,
with dead corals. For corresponding locations in study area, see Fig. 2
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Supplementary Material

Table 2.1 CTD stations off Morocco during cruise MSM32 (present study), and off Mauritania (cruise MSM16/3) and in the Gulf of Cadiz
(cruise MSM1/3 (for data sources, see main text). T, S, density and oxygen values are given for the deepest sampling location

Station Date Time Bottom Lat. Long. Lophelia. Conservative Absolute Density
Number (UTC) Depth*  (°N) (°E) pertusa Temperature Salinity Sigma-theta
(m) (C) (Sh) (kg/m®)
MSM32-41-1 24.10.13 16:09 90 30°18.170 09°47.440 unknown 15.56 36.403 26.78
MSM32-12-1 09.10.13 13:20 2667 30°42.240 10°59.710 unknown 2.71 35.156 27.88
MSM32-1-1 01.10.13 13:53 4224 32°54.400 10°49.060 unknown 1.65 35.065 27.88
MSM32-52-1 26.10.13 09:39 619 31°12.740 10°34.491 unknown 10.60 35.704 27.25
MSM32-51-2" 25.10.13 18:37 678 31°12.740 10°37.530 living 9.94 35.632 27.31
MSM32-45-2 26.10.13 14:37 694 31°18.945 10°40.318 dead 10.31 35.678 27.28
MSM32-3-2 02.10.13 16:39 704 31°08.055 10°36.248 living 9.78 35.632 27.33
MSM32-50-3 25.10.13 11:02 763 31°09.784 10°38.236 dead 9.64 35.602 27.33
MSM32-46-2 26.10.13 16:17 794 31°25.094 10°40.067 dead 9.64 35.621 27.35
MSM32-47-2 26.10.13 17:55 830 31°21.020 10°44.794 dead 8.99 35.572 27.42
MSM32-48-2 26.10.13 12:38 857 31°12.470 10°42.850 dead 8.89 35.546 27.41
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Table 2.1 CTD stations off Morocco during cruise MSM32 (present study), and off Mauritania (cruise MSM16/3) and in the Gulf of Cadiz
(cruise MSM1/3 (for data sources, see main text). T, S, density and oxygen values are given for the deepest sampling location

CTD- stations with respect to Figure 5 off Mauretania taken during cruise MSM16/3 and Gulf of Cadiz taken during cruise MSM1/3

Station Date Time Bottom Lat. Long. Lophelia. Conservative Absolute Density

Number (UTC) Depth*  (°N) (°E) pertusa Temperature Salinity Sigma-theta
(m) (C) (Sh) (kg/m®)

MSM16/327.10.10 20:40 504 19°41.990 17°11.479 cat. Il 10.10 35.450 27.15

(GeoB14778)

MSM1/3-268 17.01.06 16:46 632 35°21.340 06°51.029 cat. Il 10.68 35.758 27.26

*CTD stopped ~5 m above the seafloor
'repeated-CTD; first single data

Reference: MSM16/3, MSM1/3



Table 2.2 Box corer stations off Morocco taken during cruise MSM32

Station Date Time Depth Lat. Long. Lophelia.

Number (UTC) (m) (°N) (°E) pertusa

MSM32-49-2 25.10.13 15:08 678 31°12.740 10°37.540  living
MSM32-45-1 25.10.13 07:55 701  31°18.945 10°40.318  dead
MSM32-3-1  02.10.13 15:06 719  31°08.055 10°36.248  living
MSM32-50-2 25.10.13 17:18 788 31°09.784 10°38.236  dead
MSM32-46-1 25.10.13 09:32 801  31°25.094 10°40.067  dead
MSM32-47-1 25.10.13 11:00 835 31°21.039 10°44.794  dead
MSM32-48-1 25.10.13 12:55 863 31°12.470 10°42.850  dead

Reference: MSM32, this study
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Table 2.3 U -Th isotope systematics and age determination of Lophelia pertusa from box core MSM32-3-1-1 (719 m water depth), cruise

MSM32 off Morocco (uncertainties at 2 SE level)

mean sample 238
origin / lab- ident . aliqout U conc.
code * No descript. core anal (ug/g)
: depth of {18, Ho'9
fragment 9
(cm)
juvenile branch tops of sampling site
969-14 * #3 Loph. juv. 38 4.08 + 0.02
. approx.
971-14 * #13  Loph. juv. 83 3.97 + 0.02
15 cm
970-14*  #15  Loph. juv. above 51 3.31 + 0.01
sedim.
average values: 3.79 + 0.48
oldest growth segment of subrecent reef structure
968-14 #4 Loph. root seg. 0 109 3.50 = 0.01

buried branch fragments of different macroscopical alteration status
978-14 #8 Loph. str. alt. 25 127 3.74

979-14 #9 Loph. sl. alt. 25 141 3.42

All uncertainties are calculated on 2 SE level.

Whole precedure blanks of this sample set were around 10 pg for U, 2 pg for “**Th and 0.1 fg for “**Th, which is matching the typical range of applied method and used facilities.

+

+

0.02

0.01

232Th conc.
(ng/g)

1.036 = 0.011
0.464 = 0.003
0.509 = 0.004
0.670 = 0.637
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0.616 = 0.004
0.288 = 0.002
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Chapter 3

Geochemical, optical, microstructure and growth systematics of the

scleractinian cold-water coral Lophelia pertusa

by Silke Glogowski, Wolf-Christian Dullo, Sascha Flogel and Jacek Raddatz
(Submitted)

Abstract

Cold-water corals record environmental conditions during calcification by systematic
variations in trace metal incorporation. This study presents geochemical ratios of Mg/Ca,
Sr/Ca, and Na/Ca in Lophelia pertusa skeletons collected alive from the West- and East
Atlantic Ocean and the Gulf of Mexico. In order to evaluate geochemical variability and
empirical relationships between Me/Ca ratios and corresponding seawater paramaters
theca walls (TW) and centers of calcification (CoC) were analysed applying Laser
Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) and Electron
Probe Microanalyser (EPMA) technique. Additionally, semi-quantitative element surface
mapping and two different optical methods were applied. The results reveal that Mg/Ca
ratios are increased within the CoCs and provide an excellent tool to differentiate
between TW and CoC, whereas the Sr/Ca ratios variability is rather ubiquitous. Na/Ca
ratios derived from LA-ICP-MS analysis correlate negative to both, salinity and
temperature, hampering this potential proxy for seawater salinity reconstructions.
However, there is a stronger correlation of Na/Ca data derived from CoC measurements
with salinity (R°=0.73) and temperature (R?*=0.60) compared to the TW (salinity: R?>=0.51;
temperature: R*=0.34). As Na may be enriched within crystal latice defects (CLDs), this
suggests a precipitation control on Na/Ca ratios in L. pertusa. Such defects preferentially
occur in the fast precipitating and small crystals of the CoC in contrast to the fasciculate
crystals of the TW. High precipitation rates result in an increase of CLDs and this is

portrayed by ongoing calyx growth.
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3.1 Introduction

Lophelia pertusa (Linneaus 1758) is the dominant scleractinian cold-water coral (CWC)
today, tolerating a wide range of physical and chemical environmental settings (e.g. Dullo
et al. 2008; Flogel et al. 2014; Freiwald et al. 2004; Roberts et al. 2006). This species is
found in various depth levels ranging from 39 m (Trondheimsfjord) to 3380 m (western
Atlantic Ocean), whereas L. pertusa reefs are most abundant in water depths between
200 and 1000 m (Freiwald and Wilson 1998; Freiwald et al. 2004). Observed
temperatures vary between 4°C — 14°C while measured salinities range between 34.85
g/kg and 38.75 g/kg (Davies et al. 2008; Dullo et al. 2008; Mienis et al. 2012; Fldgel et al.
2014). The development of a density gradient (Dullo et al. 2008) appears to be important
to favour lateral nutrient advection (Kiriakoulakis et al. 2004; Grasmueck et al. 2007;
White et al. 2007) and/or larval dispersal. Dullo et al. (2008) indicated that living cold-
water coral reefs occur at density surfaces supporting intermediate nepheloid layers
(INLs), where food accumulation and availability for bottom biota increases.

During biomineralisation, CWCs, like their shallow water counterparts, incorporate distinct
amounts of trace elements as well as specific isotope ratios, which are proxies for the
physical and chemical conditions of the ambient seawater, such as e.g. temperature. In
due consideration of the biological processes like “vital-effects” (e.g. Urey et al. 1951,
Weber and Woodhead 1972; McConnaughey 1989; Adkins et al. 2003; Cohen et al.
2006) CWC-skeletons are a potential archive recording water mass variability (Smith et
al. 2000; Lutringer et al. 2005). It has been demonstrated that L. pertusa is a reliable
archive for temperature reconstructions (e.g. Case et al. 2010; Montero-Serrano et al.
2013; Raddatz et al. 2013; Raddatz et al. 2014a; Montagna et al. 2014; Raddatz et al.
2016).

Early studies (Wells 1956; Wainwright 1964) on L. pertusa skeletons have shown that
they consist of a calcified outer part of the coral fibre, the theca wall (TW) and the inner
part, the center of calcification (CoC). Rollion-Bard and Blamart (2015) refer to the
aragonite fibres as Thickening Deposits (TDS) and the CoC is termed as Rapid Accretion
Deposits (RAD), which was described as Early Mineralisation Zone (EMZ) by Cuif et al.
(2003) and Centers of Rapid Accretion (CRA) by Stolarski (2003). In this paper the terms
of TW and CoC are used.
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Both, surrounding fibres (TW) and CoC have their own chrystallographic characteristics
and exhibit different compositions of trace element concentrations (Adkins et al. 2003;
Gagnon et al. 2007; Robinson et al. 2006; Rollion-Bard et al. 2010; Raddatz et al. 2014b;
Rollion-Bard and Blamart 2014). The TW consists of elongated aragonite crystals
arranged with organic macromolecules forming the bulk of the total skeleton and
providing mechanical robustness (Meibom et al. 2004). In contrast, the CoC is formed by
submicron-sized granular aragonite crystals. These are encircled by short needle-like
disorganised bundles of crystals (Gladfelter 1983; Cohen et al. 2001; Gagnon et al.
2007).

Previous investigations applying trace element and isotope ratios as proxies for past
seawater mass reconstructions were performed in the skeletal parts either of the theca
wall (TW; Cuif et al. 2003; Blamart et al. 2007) or in the center of calcification (CoC;
Gladfelter 1982) or in a combination of both (e.g. Blamart et al. 2005; Lutringer et al.
2005; Rollion-Bard et al. 2009). Biomineralisation and calcification processes influence
the skeletal architecture and the micro-fabric variability (Adkins et al. 2003; Rollion-Bard
et al. 2003; Cohen and McConnaughey 2003; Meibom et al. 2004). Most authors agreed
that CoC’s represent the zone where skeletal growth and CaCOj; precipitation is initiated
(Cuif and Dauphin 1998). The higher precipitation rate of the CoC and the possible
influence of an amorphous precursor phase also may lead to greater incorporation of
organics and/or trace elements (Meibom et al. 2007; Sinclair et al. 2006; Gothmann et al.
2015), characterised also by different Me/Ca ratios, in particular highest ratios for Mg/Ca
and Na/Ca are observed in the CoC (e.g. Cohen et al. 2006; Sinclair et al. 2006; Hoppe
et al. 2013; Raddatz et al. 2013; Montagna et al. 2014; Rollion-Bard and Blamart 2015).
Together with kinetic fractionation (Sinclair et al. 2006) they overprint the thermodynamic
relationship, and obscure the primary environmental signal to derive e.g. precise
temperature reconstructions (Montagna et al. 2005; Cohen et al. 2006; Gagnon et al.
2007; Meibom et al. 2008; Holcomb et al. 2009; Allison and Finch 2010).

Since geochemical proxy data in CWC skeletons vary between TW and CoC a distinct and
careful differentiation between both is crucial. Based on two different optical methods and a
semi-quantitative Mg-mapping this study presents Mg/Ca and Sr/Ca ratios measured by
Electron Probe Microanalyser (EPMA) and Mg/Ca, Sr/Ca and Na/Ca ratios measured by
Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) derived from
TW and the CoC in L. pertusa specimen from eight different locations situated in the mid-

latitudinal Atlantic.
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Comparing the Me/Ca ratios of different microstructures with in-situ temperatures and
salinities highlighted that most of the CoCs derived ratios exhibit stronger correlations than
TW data.

3.2 Materials and Methods

Samples of living L. pertusa were collected at six different sites in the Gulf of Mexico
(GoM) and on the western margin of the Bahama Bank during cruise MSM20-4 of R/V
MARIA S. MERIAN in March/April 2012 (Hebbeln et al. 2014). Two additional samples
derive from the Eugen Seibold coral garden ~40 nautical miles north of the Agadir
Canyon off Morocco (Glogowski et al. 2015) sampled during cruise MSM32 with R/V
MARIA S. MERIAN in October 2013 (SM Fig. 3.1).

Sample ID Area Station ID Cruise / Samples Lat. Long. Sagapt:ng Depth ?.::T‘ls;?’:tﬁ:: As:s"l:;;e
[°N] [°'w] [m] [°C] [psu]
GeoB 16312-1 GoM, Campeche Bank CB MSM20-4, ROV 3, Sample 3 | 23°51.511 | 87°12.124 | 23.03.12 558 7.92 35.16
[Yo-Yo CTD]
GeoB 16334-1 GoM, West Florida Slope W-FI | MSM20-4, ROV 6, Sample 1 | 26°20.201 |84°45.597 | 27.03.12 | 513 7.67 35.14
[Yo-Yo CTD]
GeoB 16347-1 | GoM, Southwest Florida Slope | SW-FI1 | MSM20-4, ROV 8, Sample 8 | 25°16.341 | 84°26.693 | 29.03.12 | 493 8.05 35.15
[Single CTD]
GeoB 16350-1 | GoM, Southwest Florida Slope | SW-FI2 | MSM20-4, ROV 9, Sample 4 | 24°58.164 | 84°17.973 | 30.03.12 | 483 8.29 35.17
[Single CTD]
GeoB 16362-1 Atlantic, Bimini Slope BS | MSM20-4, ROV 11, Sample 6 | 25°56.230 | 79°18.611 | 02.04.12 | 487 12.95 35.81
[Single CTD]
GeoB 163731 | Atlantic, G“”salggsha’"a Bank GBB | MSM20-4, ROV 13, Sample 3 | 24°33.635 | 79°21.211 | 04.04.12 | 618 9.30 35.28
[Yo-Yo CTD]
MSM32-3-2 Morocco, Agadir Canyon MAC1 MSM32, Box Corer 31°08.055 | 10°36.248 | 02.10.13 | 704 9.87 35.63
[Single CTD]
MSM32-49-2 Morocco, Agadir Canyon MAC2 MSM32, Box Corer 31°12.740 | 10°37.540 | 25.10.13 | 674 10.12 35.65
[Yo-Yo CTD]

Table 3.1 Sampling location and hydrographical in-situ data (according to Hebbeln et al.
2014; Glogowski et al. 2015). *Yo-yo-data represent mean values of 13 CTD casts
covering a time window of 13 hours
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The hydrography of the investigated sites such as Campeche Bank (CB; NE Yucatan
Strait Peninsula), West-Florida Slope (W-Fl), Southwest-Florida-Slope (SW-FI), Bimini
Slope (BS) and Great Bahama Bank Slope (GBB) were reported in Hebbeln et al. (2014),
while the respective data off Morocco (MAC; Agadir Canyon) are described in Glogowski
et al. (2015). According to TEOS-10 (Thermodynamic Equation Of Seawater) all
temperatures and salinities within this study are presented as conservative temperature
(©; °C) and absolute salinity (Sa; g/kg), (McDougall and Barker 2011; Schlitzer 2013).
During MSM20-4, samples were collected with the ROV ,QUEST" of MARUM (University
of Bremen) while the samples off Morocco were collected with a standard box corer
providing a sampling surface of 50x50 cm (Table 3.1).

The study of geochemical proxies requires detailed information of the microstructure of
the coral skeleton (e.g. Blamart et al. 2005; Lutringer et al. 2005; Rollion-Bard and
Blamart 2014).

The aim of this study was to define the location of the boundary between TW and CoC as
accurate as possible. The microstructural differentiation is based on optical and electron

optical as well as on high resolution geochemical analysis.

3.2.1 Optical images

In order to optically differentiate between the TW and CoC all polished sections of the
corals were examined in reflected and insident light with two different cameras (SM Fig.
3.a). All samples were examined applying a standard Binocular-Microscope-Camera
(binocular) equipped with a microscope camera (GEOMAR, Kiel). The other visualisation
was applied by the Keyence-Digital-Highspeed-Camera (keyence) and digital microscope
(University Kiel, Marine Micropaleontology Research Group). The samples have been
visually observed before and after geochemical analyses. All images were analysed in
detail with low-contrast and highly reflective targets and a magnification of 250 exhibiting

the EPMA transect, the laser spots, and the difference of the coral skeleton structure.
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3.2.3 Preparation

All samples were cleaned with Milli-Q water and dried overnight at 40°C. Every sample
was photographed and optically scanned (SM Fig. 3.2 and SM Fig. 3.a). In order to
measure the same individual coral calyx the samples were cut parallely to the main axis
of growth into two halves. Each half was prepared for measurements with EPMA and LA-
ICP-MS, which require flat and highly polished sample surfaces. Therefore, the sample
splits were vacuum embedded in epoxy resin and were afterwards polished to ensure a
flat surface for signal stability during measuring EPMA and LA-ICP-MS (SM Fig. 3.2 and
SM Fig. 3.a). Before the measurements each sample was cleaned in an ultrasonic bath,
dried, optically scanned and photographed again. Sampling followed a line perpendicular
to the longitudinal growth extension of the calices from the outer part of the TW crossing
the CoC until the septum for both, EPMA and LA-ICP-MS analysis.

3.2.4 Element distribution mapping with EPMA

A section of each calyx from the CWC was used to study major and trace element
distributions of Magnesium (Mg), Calcium (Ca), and Strontium (Sr) using the EPMA, a
JEOL JXA-8200 super probe with five wavelength dispersive (WD) X-ray spectrometers,
one energy dispersive (ED) X-ray detector, backscatter electron and secondary electron
detectors and an optical microscope at the GEOMAR Helmholtz Centre for Ocean
Research, Kiel. Sodium (Na) was not detectable with the EPMA due to the detection limit
(<100 ppm) and measuring in ms. The revealed elemental precisions (relative standard
deviation, 10) span for the ratios of Mg/Ca: +2.15 % and Sr/Ca: +5.06 % respectively.
The uncertainties of the ratios obtained by EPMA span for the ratio of Mg/Ca from £0.39
— 120.62 mmol/mol, while the ratio of Sr/Ca range from £0.33 — +0.64 mmol/mol for the
mean samples. Each scan was acquired at an acceleration voltage of 15.0 kV, a beam
current of 100 nA, the width of the beam was 60 uym with a dwell time per pixel per
accumulation of 100 ms per channel, the electron beam diameter was focused to a spot
size of 3 ym and an amount of 4 accumulations for each image (400 ms dwell time per
pixel). The defined pixel size was 3 x 3 um. Calibration of Mg and Ca concentrations were
based on an international major and minor element standard with known average
concentrations Calcite-USNM 136321 (Jarosewich and Maclintyre 1983; Jarosewich
2002) and KAN-1 (Reay et al. 1993; Jarosewich 2002; SM Table 3.a), calibration of Sr
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concentrations was based on Strontianite (R10065; Jarosewich 2002). The detailed
position of each measurement is shown by a small red rectangle encircled within the
bigger red rectangle in Fig. 2 for e.g. sample GeoB16312-1 (Campeche Bank, GoM). The
calibration of the raw data was performed using an offline spreadsheet for data reduction
and standardisation (Fietzke et al. 2015). The most recent recalibration of the EPMA at
GEOMAR Kiel, applying a calcareous versus a siliceous standard revealed that the raw
strontium concentrations (and calculated Sr/Ca ratios) presented in this study were
underestimated and therefore corrected by a factor of 1.2 (Ruggeberg; personal
comment) for aragonitic corals. This correction does not affect the other measured trace
element signatures (Wisshak et al. 2009). Element composition of the calices was
mapped and was arranged as a semi-quantitative contour plot for Magnesium (Mg). Mg
compositions were displayed in colour and counts per pixel (cts/pxl; resolution 66 x 320
points, interval 3 ym; SM Table 3.b), representing semi-quantitative Mg data. These
cts/pxl show that the CoC has higher Mg values than the adjacent TW skeleton. This
criterion is often used to determine growth bands within the coral skeleton (Shirai et al.
2008). Thus, element maps can be used to differentiate between microstructures of CWC

skeletons.

3.2.5 Element distributions mapping with LA-ICP-MS

LA-ICP-MS, at GEOMAR, Kiel, is a double-focussing, high-resolution magnetic sector
mass spectrometer (Nu Instruments, AttoM). The ICP-MS was combined with a 193 nm
excimer laser ablation system (Coherent, GeoLasPro). Ablation was performed under He
carrier gas, additionally Ar carrier gas was mixed prior to the plasma torch. Spot analyses
were conducted by 30 s ablation with a laser repetition rate at 5 Hz, 3 J/cm?, with 150
pulses/s (p/s). Spot diameters between 32 — 44 — 60 — 90 pm were tested for
measurements (at sample GeoB16350-1 and GeoB16373-1), the best fit of 60 um spot
size were used for all samples. Additionally, 60 ym spot size was used 50 s of gas
background data for pre-ablation prior to each ablation. NIST SRM 610 glass (30 s, 44
pm spot, 10 Hz, 5 J/cm?, 32 uym spot, 300 p/s was used as external reference material
(Jochum et al. 2011). MPI-DING glass standards (ATHO-G and T1-G; 30 s, 44 pm spot,
10 Hz, 5 J/cm? 300 p/s) were used to check the accuracy of the measurements

(http://georem.mpch-inz.gwdg.de/sample).
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For example the reference material has been measured for sample GeoB16373-1 by the
following way: NIST SRM 610 - 300 p/s, coral-spot 1 + 2 - 150 p/s, NIST SRM 610 - 300
p/s, coral-spot 3 + 4 - 150 p/s, NIST SRM 610 - 300 p/s, MPI-DING-ATHO-G - 300 p/s,
MPI-DING-T1-G - 300 p/s, NIST SRM 610 - 300 p/s, coral-spot 5 + 6 - 150 p/s, NIST
SRM 610 - 300 p/s, coral-spot 7 + 8 - 150 p/s, NIST SRM 610 - 300 p/s.

Backgrounds and standards were collected before and at the end of the measurements.
The synthesised standard glass and the coral were pre-ablated to clean the surface of
contaminants (10 shots / 60 um) in order to remove the expected contamination at the
upper few microns (Sinclair et al. 1998). The reproducibility (external errors) of the
method is assessed by the repeated measurement of the standards with 300
measurements each. To correct for variations in ablation yield and instrumental drift,
element signals were normalised to **Ca as the internal standard (Hathorne et al. 2013)
obtained prior by EPMA analysis. The mean ,minimum detection limits=m.d.L.“ for the
relevant elements (ppm) are the following: Na(23)=0,31
(m.d.l.), Mg(25)=0,14 (m.d.l.), Ca(44)=2,2 (m.d.l.) and Sr(88)=0,02 (m.d.l.), this implicates
that the element distribution of Sodium (Na) is detectable with LA-ICP-MS by using spot
size with lower detection limits. The in-situ determination of the sampling transect was
ablated parallely along to the EPMA transect line with the same direction, across the TW
of the L. pertusa specimens, from the external rim of the skeleton towards the CoC, for
the isotopes Mg, *°Mg, *'Ca, **Ca, **Ca, %°Sr, ®8Sr, *®Na simultaneously.

The whole measurement procedure for each sample contains 8 replicated single routine
shot measurements. Spot sized analyses instead of lines or mapping were used in order
to measure simply, quickly at low-cost, homogenous and free from cycle-variation. All
element ratios were calculated using blank corrected rates for the isotopes selected *°Mg,
*Ca, ¥Sr, #®Na and the corrected count rates of isotopes. The revealed elemental
precisions (relative standard deviation, 10) span for the ratios of Mg/Ca: 2.06 — 2.75%,
Sr/Ca: 1.50 — 1.91% and Na/Ca: 1.83 — 2.53% respectively. During the measurements of
this study the ,normalised argon index“ NAI values reclined between 36 and 39 with
excellent ,hot plasma“ conditions not influencing matrix effects as mentioned in Fietzke
and Frische (2016).
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3.2.6 Analytical considerations

EPMA provides good spatial resolution and accurate surface mapping of trace elements,
which relies on the analysis of an individual track (line of EPMA spots). In contrast, LA-
ICP-MS was used, characterised by a higher sensitivity for various elements and a higher
precision, but with limitations of a larger diameter spot which in fact is a three-
dimensional cylinder of 60 um diameter, except for the tested measurements. Throughout
this study, elemental ratios of Mg/Ca, Sr/Ca and Na/Ca are given in mmol/mol including
the standard deviation (10). Each data represents the arithmetic mean of Me/Ca ratios at
a specific point in a specific part, TW and CoC, of the coral skeleton. In addition, we
calculated the arithmetic mean of the bulk sample to which we refer as the mean sample.
For both analytical methods the analyses on the TW and CoC zone were focused.
Measurements neither from the nucleation zones nor from the septum were included,
since their Me/Ca ratios are frequently high due to the larger volumes of the ,vital effects®.
The calibration slopes, regression coefficients and associated errors were calculated
using standard Microsoft Excel analyse function. The standard residuals were calculated
by Analysis ToolPak. The coefficient of determination (R?) was applied to test the
significance of the relationships, being insignificant (R?<0.5) or significant (R*=0.5).
Furthermore, related p-values for each element ratio are presented. Based on the
calculated correlation coefficient (R) and corresponding p-value the probability of finding
observed, or more extreme results when the null hypothesis (Hy) of a study question is
true — statistically significant p-values are p<0.05 and statistically highly significant p-
values are p<0.001. The correlation between linear regression residuals of the elemental
ratios and seawater properties like conservative temperature and absolute salinity was
tested, and no significant correlation was found. Therefore, with the present dataset it
was not possible to disentangle dependency between the residuals and conservative
temperature or absolute salinity (all R?<0.3 for EPMA, all R?<0.6 for LA-ICP-MS).
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3.2.7 Calyx relative growth

Coral calices from the different locations were measured by using a sliding calliper (0.01
mm-scale). From each calyx its length was measured (SM Fig. 3.b), starting with the
oldest part of the calyx (budding zone) with location to the youngest part of the calyx
(apical zone), while the individual measurements of the diameter moving along the calyx
beginning at the base of each calyx as shown in SM Fig. 3.b and SM Table 3.c, according
to Buhl Mortensen (2001). The average values for each sample were calculated.
Additionally, only the sectioned samples were measured which were used for the
geochemical analysis with LA-ICP-MS (SM Table 3.d). The calyx length and calyx
diameter was normalised by dividing length through diameter resulting in the calyx factor
(CF). The CF was plotted against the arithmetic mean element ratios (measured by LA-
ICP-MS and EPMA) of the mean sample, the TW and the CoC for each sample.
Additionally, the CF was plotted against the single calyx measured by LA-ICP-MS.

3.3 Results

For all eight L. pertusa samples that were collected alive, temperature and salinity of the
ambient seawater were measured with a conductivity, temperature and depth (CTD,
Table 3.1) using a Seabird ‘SBE 911 plus’ underwater unit additionally equipped including
SBE data processing.

Due to the different depth distribution of the samples (484 — 704 m), in-situ temperature
(7.67°C — 12.95°C) varies considerably, while in-situ salinity (35.144 — 35.809 g/kg)

exhibits little variations.

3.3.1 Optical visualisation

Differences between the TW and CoC are optically visible, since the CoC appears more
opaque in contrast to the more translucent material of the TW. The TW is shown in dark
grey (binocular) and in dark green (keyence; SM Fig. 3.a). The outer septal region is
characterised by a slightly greyish colouration (keyence: darker greenish colouration
respectively) and in some samples by a zone of almost colourless fibres. In contrast, the
more opaque region in lighter grey (keyence: brighter green respectively) of the skeleton
represents the CoC. In some samples, a metallic shimmer towards the inner rim to the

septum can be observed.
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Therefore, these regions were avoided for geochemical analyses. The optical
differentiation between TW and CoC corresponds well to the geochemically derived data,
which allows to asign the analytical sites to distinct CWC microstructures (SM Table 3.2).
In all samples the profile of the EPMA analytical line is seen in lighter grey (binocular) or
lighter green (keyence) respectively as well as the eight spots of LA-ICP-MS analysis

represented as white circles (SM Fig. 3.a).

3.3.2 Mapping of Magnesium (Mg) distribution by EPMA

The distribution of Mg by semi-quantitative elemental EPMA mapping is visualised by the
relationship between signal counts and elemental concentrations in different colours (SM
Table 3.b). Red dots represent the highest concentration of number of counts (cts/pixel)
from 217 — 313, whereas blue dots represent lowest Mg values ranging between 55 — 82
cts/pixel (SM Table 3.b). The transition zone is characterised by prismatic coloured dots
and this mapping technique was applied to differentiate in-between TW and CoC. The Mg
distribution pattern shows clear boundaries between the TW and the CoC, indicated by a
sharp contrast of blue (and prismatic) and red dots (= 200 cts/pixel). This semi-
quantitative mapping tool exhibits better results for Mg instead of Sr due to the higher

range in cts/pixel for Mg, and therefore was combined with the different methods.

3.3.3 Mg/Ca ratios obtained by EPMA

The assignment of individual section lines to the microstructure of the skeleton is given in
SM Table 3.2. Mg/Ca ratios are presented in detail in SM Table 3.3. Mg/Ca ratios exhibit
no significant correlation to temperature (SM Fig. 3.3) neither in the arithmetic mean
sample, the TW nor in the CoC. Mg/Ca ratios demonstrate no significant correlation to
salinity (SM Fig. 3.c), neither in the arithmetic mean sample, the TW nor in the CoC.
Considering the mean values of the TW and the CoC the Mg/Ca ratios are similar within
uncertainties for five of the corals.

Irrespectively of their location Mg/Ca ratios are higher in the CoC with respect to the TW,
this is evident in the arithmetic mean (SM Table 3.3), as well as by selecting the minimum
(min.) value within the TW and the maximum (max.) value within the CoC. Both
enrichment factors are presented in SM Table 3.3. The min./max. approach was
previously used in other studies (e.g. Raddatz et al. 2013; Rollion-Bard and Blamart
2015), however, the arithmetic mean is the only appropriate approach because min./max.

values overestimate the differences between the TW and the CoC.
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In this study only the arithmetic mean values are further discussed, and the standard
deviations were calculated for the different data sets in order to quantify the associated
uncertainty. The arithmetic mean enrichment factor of Mg/Ca is up to 1.58 relative to TW
(SM Table 3.3). For example, the minimum of sample GeoB16350-1 range from 0.404
mmol/mol at 116 um, 0.653 at 147 ym, 0.658 at 105 pm to 0.681 at 182 uym. The data
were corrected to 0.653 at 147 ym for the min. value, resulting in an enrichment factor of
4.26 for the EPMA measurement, which is representing the more reliable data. Therefore,

the enrichment factor was corrected to 6.89 (SM Table 3.d).

3.3.4 Mg/Ca ratios obtained by LA-ICP-MS

Mg/Ca ratios obtained by the LA-ICP-MS exhibit no significant correlations to temperature
(SM Fig. 3.3) and to salinity (SM Fig. 3.c), neither in the arithmetic mean sample, the TW
nor in the CoC. The assignment of each spot to the microstructure is shown in SM Table
3.2 and distances at SM Table 3.e. Observed variabilities within TW and CoC for all
samples and each spot are summarised in SM Table 3.3. Measuring was done from the
outer wall to the inner wall of the CWC and parallel to the EPMA profile. The arithmetic
mean enrichment factor ranges from 1.01 — 1.42.

In most of the CWCs, the Me/Ca ratios measured by LA-ICP-MS are slightly higher than
those obtained by using EPMA, this is in accordance to the methodological comparison of
both published by Weiss et al. (2008). Comparison between the line profil (EPMA) and
the single spots (LA-ICP-MS) yields similar results within the analytical uncertainty e.g.
for Mg/Ca ratios (mean sample: R?=0.97; TW: R?*=0.77; CoC: R*=0.97).

3.3.5 Sr/Ca ratios obtained by EPMA

In contrast to Mg/Ca ratios, Sr/Ca ratios exhibit small variabilities. The assignment of
individual section lines to the microstructure of the skeleton is given in SM Table 3.2 and
values for the Sr/Ca ratios are presented in SM Table 3.4. Sr/Ca ratios reveal significant
correlations to temperature (Fig. 3.4) in the arithmetic mean sample (eq 1: y =-0.1014x +
10.776) and in the CoC (eq 2: y = -0.198x + 11.735), but demonstrate no significant
correlation in the TW. Sr/Ca ratios exhibit significant correlations to salinity (SM Fig. 3.d)
in the arithmetic mean sample (eq 3: y = -0.7501x + 36.37) and in the CoC (eq 4:y = -
1.3706x + 58.381), but demonstrate no significant correlation in the TW. Sr/Ca ratios in
the CoC are increased by the arithmetic mean enrichment factor of up to 1.06 with

respect to the TW.
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3.3.6 Sr/Ca ratios obtained by LA-ICP-MS
The assignment of each spot for the Sr/Ca ratios to the microstructure is given in SM
Table 3.2, observed variabilities within TW and CoC are summarised in SM Table 3.4 and

distances at SM Table 3.e, and values obtained differ within the same CWC and profile.
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Fig. 3.4 Sr/Ca ratios (mmol/mol) versus in-situ temperature (°C) of EPMA and LA-ICP-
MS in L. pertusa, differentiated in arithmetic mean sample (overview of the whole sample)
top, the arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at
the bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the
p-values are given for both EPMA and LA-ICP-MS. Arithmetic mean enrichment factors
are presented at SM Table 3.4
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Sr/Ca ratios exhibit no significant correlation to temperature (Fig. 3.4), neither in the
arithmetic mean sample nor in the TW, nor in the CoC (eq 5: y = -0.0837x + 11.351;
R?=0.27). Sr/Ca ratios exhibit no significant correlation to salinity (SM Fig. 3.d), neither in
the arithmetic mean sample nor in the TW and nor in the CoC. Sr/Ca ratios of the

arithmetic mean enrichment factor in the CoC are up to 1.07.

3.3.7 Na/Ca ratios obtained by LA-ICP-MS

All profiles show an increased Na/Ca ratio in the CoC with respect to the TW and the
assignment of each spot for the Na/Ca ratios to the microstructure is given in SM Table
3.2. The observed distinct increase marks the transition from the TW into the CoC (SM
Table 3.5 and distances at SM Table 3.e). Na/Ca ratios reveal a significant inverse
correlation to temperature (Fig. 3.5) in the arithmetic mean sample (eq 6: y = -1.0651x +
29.887) and in the CoC (eq 7: y = -1.2468x + 32.43), but demonstrate no significant
correlation in the TW (eq 8: y =-0.6568x + 25.101).

Na/Ca ratios exhibit significant correlations to salinity (Fig. 3.6) in the arithmetic mean
sample (eq 9: y =-7.0958x + 271.01), and in the CoC (eq 10: y = -8.6553x + 327.03), but
demonstrate a lower significant correlation in the TW (eq 11: y = -5.0431x + 197.4). The
lowest value in the TW is increased by the arithmetic enrichment mean factor of 1.35
(GeoB16334-1) and 1.16 (GeoB16350-1).

3.3.8 Equations

Sr/Ca ratios display an inverse correlation with temperature measured by EPMA that was
decribed by the eq 1 (R?=0.61) in the arithmetic mean sample and eq 2 (R*=0.67) in the
CoC. The best fit to the Sr/Ca ratios was versus salinity measured by EPMA and can be
described by eq 3 (R*=0.84) in the arithmetic mean sample and in the CoC by eq 4
(R?=0.80). The significant correlation between Na/Ca ratios and temperature measured
by LA-ICP-MS are described by eq 6 (R?*=0.58) in the arithmetic mean sample and in the
CoC by eq 7 (R?*=0.60), eq 8 (R°=0.34) in the TW exhibit no significant correlation. The
Na/Ca ratios versus salinity measured by LA-ICP-MS exhibits significant correlations
described by eq 9 (R?*=0.65) in the arithmetic mean sample and demonstrated by the
considerably higher value for the statistical R in the CoC and described by eq 10
(R*=0.73), and lower values in the TW by eq 11 (R*=0.51).
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Fig. 3.5 (/eft) Na/Ca ratios (mmol/mol) versus in-situ temperature (°C) of LA-ICP-MS in L.
pertusa and Fig. 3.6 (right) Na/Ca ratios (mmol/mol) versus in-situ salinity (g/kg) of LA-
ICP-MS in L. pertusa. Both figures are differentiated in arithmetic mean sample (overview
of the whole sample) top, the arithmetic mean TW plotted in the middle and the arithmetic
mean CoC plotted at the bottom. Error bars = +1 SD (10). The linear regression, the
corresponding R? and the p-values are given for LA-ICP-MS. Arithmetic mean enrichment
factors are presented at Table 3.5
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3.3.9 Skeleton calyx length and cross-sectioned diameter / relative growth
Arithmetic mean in calyx length differs regionally at the eight different sample sites and
range from 8.28 mm at BS and 10.32 mm at the GBB to 14.04 — 14.59 mm at Morocco
and 15.14 — 21.03 mm in the GoM (SM Table 3.c, bottom). The arithmetic mean of the
diameter ranges from 2.63 mm at BS and 4.84 mm at the GBB to 3.47 — 4.32 mm at
Morocco and to 4.31 — 7.03 mm in the GoM (SM Table 3.c, fop). The relationship
between these averages of length and diameter show only a weak correlation (R?=0.25;
p=0.10; SM Fig. 3.e, top). Calyx length and the corresponding calyx diameter of the
single, geochemically (LA-ICP-MS) analysed specimen (SM Table 3.d) do not exhibit a
significant correlation (R2=O.15; p=0.18; SM Fig. 3.e, bottom).

3.4 Discussion

Sr/Ca and Mg/Ca ratios

The results of this study do not exhibit a correlation between Mg/Ca ratios and
temperature or salinity, neither in LA-ICP-MS nor in EMPA analyses, irrespectively from
which microstructure the data derived (SM Fig. 3.3 and SM Fig. 3.c), eventhough such a
relationship was initially proposed by Shirai et al. (2005) in Caryophyllia. The observed
Sr/Ca to temperature sensivity are in line with more recent studies, albeit measured in
other mineralogical parts of the skeleton (Allison and Finch 2004; Cohen et al. 2006;
Gagnon et al. 2007; Montagna et al., 2014; Raddatz et al., 2013). The Sr/Ca ratios in this
study exhibit a significant inverse relationship to temperature measured by EPMA (Fig.
3.4) in the arithmetic mean sample and in the CoC of L. pertusa, but no correlation was
found in the TW neither for the EMPA nor for the LA-ICP-MS measurements. In contrast,
the results of Raddatz et al. (2013) with 0.08 mmol/mol per °C the Sr/Ca ratios show a
significant inverse correlation with temperature (y=-0.083x+10.451; R?>=0.65) in the TW. A
similar observation was reported by Cohen et al. (2006) revealing a strong temperature
sensitivity of 0.18 mmol/mol per °C in Sr/Ca ratios derived in the TW of L. pertusa (Sr/Ca
=-0.038(+0.004)x+10.43(x0.19); R*=0.95).

However, the corresponding measurements in this study obtained by laser ablation reveal
no significant correlation to temperature (Fig. 3.4). This might be due to the limitation of
eight LA-ICP-MS spots for some of the samples in the TW and CoC. The good correlation
between Sr/Ca ratios and temperature within the TW reported by Cohen et al. (2006) with
4.8°C — 8.7°C for NE Skagerrak and Raddatz et al. (2013) with 6°C — 13.7°C (for
European continental margin) may result from cooler temperatures of the sites they

investigated in the NE Atlantic (4.8°C — 9.6°C), in contrast to the elevated temperatures in
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this study (7.7°C — 13°C) with highest temperatures off the Bahama area. These previous
studies reported only a significant correlation of Sr/Ca ratios with temperature but no
correlation with salinity was observed. However, the corresponding Sr/Ca ratios (EPMA)
of this study exhibit a significant inverse correlation with salinity in the data of the
arithmetic mean sample and the CoC, but not with TW data.

DePaolo (2011) exhibits Sr incorporation as a function of calcite growth rates and the rate
of solution-surface molecular exchange and therefore incorporation of Sr/Ca into calcite
increases as calcification rate increases (Gabitov and Watson 2006; Dissard et al. 2010).
If this is also true for aragonitic CWCs this may explain the observed Sr/Ca ratios in this

study.

3.4.1 Na/Ca ratios

Rollion-Bard and Blamart (2015) presented Na/Ca ratios of L. pertusa with values in the
TW from 23.19 — 27.37 mmol/mol and in the CoC from 19.55 — 28.88 mmol/mol. This
range is in line with the results of this study, where Na/Ca ratios show an arithmetic
enrichment mean factor of 1.35 (GeoB16334-1) and 1.16 (GeoB16350-1; SM Table 3.5).
In contrast to published data with up to 1.5 for the min./max. method (Rollion-Bard and
Blamart 2015) these are lower factors. Na/Ca ratios of this study decrease with
increasing temperature especially derived from CoC crystals, while those derived from
TW do not correlate significantly. Experimental precipitation studies of inorganic aragonite
in relation to Na/Ca ratios were published already by Kinsmann (1970) for a temperature
range between 15°C to 96°C and later by White (1977) for a temperature range between
25°C to 75°C.

They demonstrated a relation of decreasing Na/Ca ratios versus increasing temperature.
Ragland et al. (1979) stated that Na+ is incorporated into biogenic carbonates in
equilibrium to seawater. Swart (1981) showed a trend for the amounts of Na* to be
related to salinity, but this does not portray the Na/Ca ratios of the ambient seawater.
Since no Na data were published from CWC in relation to salinity we have to refer to
foraminifera and shallow water corals. Mitsugushi et al. (2010) studied Na concentrations
in Porites lobata and suggested that the observed correlation with salinity is one but not
the main controlling factor. Wit et al. (2013) observed no correlation between Na/Ca

ratios and temperature in benthic foraminifera.
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Na/Ca ratios demonstrate a significant positive correlation to salinity in the benthic
foraminifera Ammonia tepida (Wit et al. 2013). Similar findings have been made in the
planktonic foraminifera Globigerinoides ruber and Globigerinoides sacculifer (Allen et al.
2016; Mezger et al. 2016).

However, the Na/Ca ratios measured in the skeleton of CWCs in this study show a
negative correlation to salinity (Fig. 6; TW: R?=0.51; CoC: R?=0.73). This inverse
correlation rather excludes any influence of salinity on Na/Ca ratios in L. pertusa
skeletons. The significant negative correlation of Na/Cac.c) as well as Na/Carw ratios to
both temperature and salinity may indicate that possibly biomineralisation processes are
influencing this ratio. In this study the relationship between in-situ salinity versus in-situ
temperature correlates significantly (R?=0.85), which points into the same direction and
therefore temperature is not excluded as influencing factor.

Furthermore, Na/Ca ratios in the coral skeleton are significantly enriched in the CoC
relative to the TW. Biological and/or mineralogical processes during calcification appear
to be the main controlling mechanism with the effect of higher Na incorporation in the
CoC. In particular, the crystallographic structure exhibits for both, TW and CoC, a nine-
fold orthorhombic lattice (CaOg polyhedron) with potential different lattice defects
(Gladfelter 1983; Busenberg and Plummer 1985; Mitsugushi et al. 2010; Brahmi et al.
2012; Rollion-Bard and Blamart 2015) and degrees of deformation (Mitsugushi et al.
2001). The number of these crystal lattice defects = CLDs in the crystallographic
structure increases with higher precipitation rate (Mitsugushi et al. 2010; Rollion-Bard and
Blamart 2015).

Since the CoC crystals are very small and result from very rapid precipitation, this may
lead to irregular crystal growth (Gladfelter 1983) and CLDs (Okumura and Kitano 1986)
are much more frequent in the CoC than in the TW (Mitsugushi et al. 2010). Moreover,
the observed best fit between Na/Ca ratios and temperature as well as salinity within the
CoC and to a lesser degree within the TW, implies a strong biological control on Na
incorporation into the coral skeleton, as detected by Rollion-Bard and Blamart (2015).
Amiel et al. (1973) hypothesised that the Na-ions fit into the aragonite lattice because of
their similar ion radius of Na to Ca (Na*=0.95 and Ca*=0.97 x 107" m).

Paquette and Reeder (1995, calcite), Reeder (1996, calcite) and Sinclair et al. (2005,
aragonite, Porites lobata) argued that these cations may substitute their positions within

the lattice and that this phenomenon is more common in crystals having higher CLDs.
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This might explain the different Na/Ca ratios between TW and CoC and the enrichment
within the CoC found in this study. In contrast, Yoshimura et al. (2017) described the
altervalent substitution of Na into Ca sites in the lattice structures of calcite and aragonite.
By using micro-X-ray fluorescence they showed for the fossil aragonitic coral
Desmophyllum sp. that Na is homogeneously distributed throughout the skeletal
microstructure, indicating that this process has only a minor influence on skeletal Na
concentrations. The inhomogenous distribution of Na/Ca ratios observed in this study
seem to be controlled by the precipitation rate, the regional differences (Fig. 5 and 6)
were linked to growth rates, without proving the variations in precipitation rates. Van de
Locht et al. (2013) hypothesise that in Porites lobata the difference in growth between TW
and CoC might be directly correlated to the coral growth, where the CoC is the result of
rather rapid growth compared to the TW. If this is also true for CWCs, it could be
explained by the calyx factor (CF) which is defined as calyx length / calyx diameter (SM
Fig. 3.e) and is thus an expression of growth rate, assuming that one calyx is formed
during one year (Freiwald et al. 1997; Buhl Mortensen 2001; Gass and Roberts 2010).
Hence, a higher CF expresses more rapid growth and therefore an increased rate of
precipitation. Maximum growth rates of L. pertusa were published by e.g. Gass and
Roberts (2006 and 2010) with 26£5 mm/year up to 33+5 mm/year for the North Sea and
by Brooke and Young (2009) with up to 16 mml/year in the GoM. Since the
measurements of calyx length and calyx diameter vary considerably, the CF was applied
for further analyses. The CF was calculated for the youngest calyx and the oldest calyx in
each sample. The correlation between Na/Ca ratios and the CF exhibits a positive
relationship for the arithmetic mean sample, and the CoC for the single calyx measured
by LA-ICP-MS (Fig. 3.7). The non-existing correlation between Na/Ca TW data and CF
factor results from a positive correlation between Na/Ca and CF of the youngest polyp
and the negative correlation between the oldest polyp (SM Table 3.c). Therefore
secondary thickening is crucial, however, it occurs obviously only in the TW. Since we
argue that the variations in Na/Ca occur mainly in the CoC as a result of different rates of
crystal precipitation this secondary thickening is only of minor or negligible importance.

The incorporation of Na/Ca into the aragonitic TW and CoC seems to be linked to
changes in the CLDs. The number of CLDs may depend on the precipitation rates: high

rate corresponds to a higher number of CLDs.
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Since high Na/Ca ratios positively correlate with high relative CFs it is assumed that also
precipitation rates are high. Na/Ca ratios of the TW (SM Fig. 3.f) do not show a
correlation with CF values but with CoC data applying all CF values of the respective
coral branch. This is in accordance with the CF values derived from the analysed calyx
for LA-ICP-MS measurements correlating in the CoC (Fig. 3.7). Therefore, Na/Ca ratios
in L. pertusa are controlled by the rate of precipitation of aragonite in the CoC and to a
lesser degree in the TW. This observation is further supported by the significant
correlations of CF data and Mg/Cacqc) ratios measured by LA-ICP-MS and EPMA (Fig.
3.8 and SM Fig. 3.g). However, Mg/Ca ratios in L. pertusa cannot be applied as a proxy
for environmental controls like Na/Ca in contrast to Sr/Ca ratios (Fig. 3.9 and SM Fig.
3.h), which do not show any correlation to CF data in the coral skeleton. This is supported
by Brahmi et al. (2012), who state also for scleractinian reef corals that there is no
relationship between Sr/Ca und growth rate (CF).

Furthermore, the Sr/Ca ratios show ubiquitos variations within the coral architecture
which indicates caution when applying Sr/Ca as a paleo-temperature proxy (Smith et al.
1979; Beck et al. 1992; Rlggeberg et al. 2008; Raddatz et al. 2013), though should future
studies try to minimise the scatter.

Only Mg/Ca ratios inferred from EPMA show a clear distinction between TW and CoC
and provide the proper tool for their differentiation as shown in Fig. 3.10. Both Mg/Ca
ratios and Na/Ca ratios in combination with the two optical visualisations provide a
method to select the proper site within CWC skeleton (Fig. 3.10), which is only the TW
where suitable Me/Ca ratios may allow to reconstruct past environmental conditions
(Cohen et al. 2006; Anagnostou et al. 2011; Raddatz et al. 2013).
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Fig. 3.7 (left) Na/Ca ratios versus Calyx factor (CF) derived from the analysed calices,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for LA-ICP-MS

Fig. 3.8 (right) Mg/Ca ratios versus Calyx factor (CF) derived from the analysed calices,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for both EPMA and LA-ICP-MS
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Fig. 3.10 Mg concentrations and Me/Ca ratios derived by different methods from L.
pertusa (GeoB16312-1; Campeche Bank) are shown to illustrate their distribution in
relation to the different microstructures and are representative for all samples.

a) Semi-quantitative mapping of Mg distribution (EPMA) exhibiting low concentrations in
blue (82 counts per pixel=cts/pixel) and high concentrations in red (>217 cts/pixel). The
boundary between the theca wall (TW) and the center of calcification (CoC) would be
assigned at ~150 ym distance from the outer rim (=DFOR). The elongated red rectangle
indicates the measured profile in b

b) Mg/Ca ratio EPMA profile (spot size 3 um) plotted as overlay on a black and white
binocular image (c). The boundary between TW and CoC is almost identical to the
mapping in a) and is located at 156 ym DFOR (Mg/Ca 10 = +0.4; see Table 3). The spots
refer to the LA-ICP-MS measurements in d)

¢) The corresponding boundary between TW and CoC on the basis of the binocular
image is indicated by the black line

d) The resolution of the LA-ICP-MS spot (light, large circles) is more than one order of
magnitude larger than the EPMA spot. Note that the diameter of the shooted spot is not
similar to the diameter of the mapped shot. The boundary between TW and CoC based
on minima for the TW and maxima for the CoC would assign it between spot 4 and 5. The
large spot size of the laser may capture Mg/Ca ratios (mmol/mol) from the CoC crystals
below the ablated surface and vice versa.

The lowest Mg/Ca ratios at spot 5 (Mg/Ca 10 = +0.2; see Table 3), although visualy
located within the CoC, also according to the Keyence image (e) may result from such a
“mixing” signal.

Na/Ca ratio (mmol/mol) measured by LA-ICP-MS (Na/Ca 10 = 11.28; see Table 5)
overlain on the Keyence image demonstrate the maximum within the TW at spot 4 and
the minimum at the “mixing” signal of spot 5 within the CoC. The large spot size does not
allow a clear differentiation between TW, CoC and the septum. The individual spot 8
might result from density differences within the material, or from a pore under the epoxy
resin, or from an exploded crystal under the 150 shots of the laser ablation

e) Based on the Keyence®© image the corresponding boundary between TW and CoC is
indicated by the black line (bottom panel). Differentiation between TW and CoC on the
basis of the different method a) — e) of TW (yellow) and CoC (red)
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3.5 Conclusions

The aim of this research was to resolve the spatial variability of Mg/Ca, Sr/Ca and Na/Ca
ratios with respect to the microstructure of the coral skeleton, e.g. TW versus CoC and
the correlation / non-correlation of these Me/Ca ratios to in-situ seawater temperature and
salinity. Normalised growth rates, calyx length / calyx diameter (CF) were used to
evaluate the influence of crystal growth (kinetic effects) on these Me/Ca ratios:

(1) A series of geochemical analyses applying EPMA and LA-ICP-MS measurements
show that the spatial distributions of Mg/Ca and Na/Ca ratios in the CWC L. pertusa from
eight environmentally different locations are strongly dependent on the skeletal
architecture, i.e. differentiation between TW and CoC

(2)  The significant difference of Mg/Ca between TW and CoC, observed in previous
studies, may as well strengthen the methological approach to use Mg/Ca ratios to identify
different skeletal features in CWCs

(3) Most CoC derived Me/Ca ratios exhibit better correlations to temperature and
salinity than TW derived data. Therefore, these differences can be used to differentiate
geochemically between these microstructures

(4) LA-ICP-MS spots a simple, quick, low-cost, homogenous, free from cycle-variation
technique (instead of laser mapping) method is inappropriate to define the boundary
between TW and CoC, since the large laser spot may ,capture” mixed signals between
both. Furthermore, pre-ablation on the coral surface does not guarantee the full removal
of altered material, which might be another source for mixed signals

(5) Na/Ca data measured by LA-ICP-MS correlate negative both to salinity and
temperature and correlate stronger for CoC data with respect to the TW data. This
suggests a precipitation biomineralisation control (CLDs) of Na/Ca ratios in L. pertusa
and therefore are crucial to use as a geochemical tracer

(6) This twofold correlation in the present dataset does not allow to distinguish the
primarily control of Na/Ca in the CWCs yet. Further investigations on this proxy are

needed to develop it as a possible tool to reconstruct past oceanographic changes
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Supplementary Material

Fig. 3.1 Coral sample locations. Gulf of Mexico (GoM; MSM20-4), CB = Campeche Bank,
W-FI = West-Florida Slope, SW-FI (1,2) = South-West-Florida Slope. Left: West-Atlantic
(MSM20-4), BS = Bimini Slope, GBB = Great Bahama Bank. Right: East-Atlantic
(MSM32), MAC (1,2) = Morocco

100°W | ?O°W | |80°W | 0°
| | | |
35°N— . z —35°N
s0oN—] ¢ L 30°N
.BS
25°N —25°N
2 oGBB
20°N —frad — 20°N
& S
15°N S e i 15°N
100°W 90°W 80°W 0°

Fig. 3.2 a) ROV image showing the coral habitat at the Campeche Bank (image copyright
MARUM, Bremen, ROV Cherokee team, MSM20-4). Note the squat lobster within. b) — ¢)
Sample GeoB16312-1, b) the analysed calyx shown within the red rectangle and c) the
resin embedded, polished L. pertusa. The red point within the red rectangle indicates the
location used for geochemical analyses exactly (in order to avoid the organic interior
lining in brownish colour)
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Fig. 3.3 Mg/Ca ratios (mmol/mol) versus in-situ temperature (°C) derived by EPMA and
LA-ICP-MS in L. pertusa, differentiated in arithmetic mean sample (overview of the whole
sample) top, the arithmetic mean TW plotted in the middle and the arithmetic mean CoC
plotted at the bottom. Error bars = +1 SD (10). The linear regression, the corresponding

R? and the p-values are given for both EPMA and LA-ICP-MS.

enrichment factors are presented at Table 3.3
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Fig. 3.9 Sr/Ca ratios versus Calyx factor (CF) derived from the analysed calices,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for both EPMA and LA-ICP-MS
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Supplementary Material

Fig. 3.a Sample GeoB16312-1 under a) binocular-microscope-camera and b) Keyence-
Digital-Highspeed-Camera. Images display sections from the TW to the CoC. The EPMA
analyses track is indicated by the thin rectangle above the laser spots (white circles). The
CoC exhibits lighter colours in contrast to the TW and is indicated by the black line

Fig. 3.b Position of measurements in L. pertusa sample GeoB16347-1 (SW-FI1) of calyx
length and calyx diameters a) used for mean sample (1 — 6), and b) used for geochemical
analyses (7 — 8)
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Fig. 3.c Mg/Ca ratios (mmol/mol) versus in-situ salinity (g/kg) of EPMA and LA-ICP-MS in
L. pertusa, differentiated in arithmetic mean sample (overview of the whole sample) top,
the arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for both EPMA and LA-ICP-MS. Arithmetic mean enrichment factors are
presented at Table 3.3. n = the number of individual data points
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Fig. 3.d Sr/Ca ratios (mmol/mol) versus in-situ salinity (g/kg) of EPMA and LA-ICP-MS in
L. pertusa, differentiated in arithmetic mean sample (overview of the whole sample) top,
the arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for both EPMA and LA-ICP-MS. Arithmetic mean enrichment factors are
presented at Table 3.4
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Fig. 3.e fop) Calyx length (mm) versus calyx diameters (mm) used for calculating the
calyx Factor (CF), differentiated in all arithmetic mean sample at the top and the calyx
used for geochemical analyses at the bottom plot
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Fig. 3.f Na/Ca ratios versus Calyx factor (CF) derived from all analysed samples,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. The linear regression, the corresponding R? and the p-values are given for
measurements applied by LA-ICP-MS. Error bars = £1 SD (10)
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Fig. 3.g Mg/Ca ratios versus Calyx factor (CF) derived from all analysed samples,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. The linear regression, the corresponding R? and the p-values are given for
measurements of both EPMA and LA-ICP-MS. Error bars = 1 SD (10)
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Fig. 3.h Sr/Ca ratios versus Calyx factor (CF) derived from all analysed samples,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. The linear regression, the corresponding R? and the p-values are given for
measurements of both EPMA and LA-ICP-MS. Error bars = 1 SD (10)
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Table 3.2 Analytical data for mean sample, TW and CoC for each L. pertusa and different methods: EPMA, LA-ICP-MS, binocular camera,
Keyence camera. n = the number of individual data points. Analytical results present mean sample values, TW values, and CoC values by
different colours (cream=mean sample; grey=TW,; green=CoC).

EPMA Laser Spot Binocular - Camera |Keyence - Camera
Distance outer—inner [um] Distance outer—inner number of spots [di 60 pm]|Spots outer—inner Spots outer—inner
Sample Mean Sample | Mean Sample Theca Wall Theca Wall CoC CoC Theca Wall | Theca Wall CoC CoC Theca Wall CoC Theca Wall CoC
[um] =] [um] [n=] [um] [n=] [spots=] [n=] [spots=] [n=] [spots=] [spots=] [spots=] [spots=]
6-7 1-4 6-7
GeoB16312-1 1-286 286 26 - 151 125 156 - 245 89 1-3 3 6-7 2 1-4 8=Septum 5=Mix 8=Septum
GeoB16334-1 1-281 281 13-48 35 49-165 116 1 1 2-5 4 1 2 1 aoE
B B - - : 6 - 8=Septum 6 - 8=Septum
GeoB16347-1 1-436 436 5-89 84 99 - 265 166 1-2 2 3-6 4 1-2 96 1-2 9L
7 - 8=Septum 7 - 8=Septum
6-7 6-7
GeoB16350-1 1-729 729 15-211 196 230 - 550 320 1-5 4 6-7 2 1-5 1-5
8=Septum 8=Septum
GeoB16362-1 1-591 591 53 - 266 213 300 - 435 132 1-2 2 3-5 3 1-2 I 1-2 Ik
i 6 - 8=Septum 6 - 8=Septum
2-3 5.6 2-3 5.6
GeoB16373-1 1-651 651 27 - 145 118 472 - 524 52 1-2 2 5-6 2 1=Mix o 1=Mix C e
A 7 - 8=Septum v 7 - 8 =Septum
4=Mix 4=Mix
2-4 6-7 2-4 6-7
MSM32-3-2 1-559 559 20 - 154 134 213-392 179 2-4 3 6-7 2 1and5=Mix | 8=Septum | 1and 5=Mix | 8=Septum
1-2 5-6 1-2 5-6
MSM32-49-2 1-313 313 16-99 83 169 - 239 70 1-2 2 5-6 2 3-4Mix | 7-8=Septum | 3-4=Mix |7-8=Septum




Table 3.3 Assignment of the LA-ICP-MS analytical spots of Mg/Ca and the analytical points of the EPMA according to each microstructure
of the arithmetic mean sample, TW and CoC of each individual section for L. pertusa and uncertainties respectively. Enrichment factors of
the arithmetic mean and min./max. values are presented (and uncertainties respectively). The total number (n) of measurements as the
basis of each individual data point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the TW and the CoC are
listed in detail in Table 3.2

of all samples

EPMA EPMA LA-ICP-MS LA-ICP-MS
Mg/Ca Mg/Ca Mg/Ca Mg/Ca
Mean Mean
sample Mean Th_e ca W_aII Theca _Coc " Factor Theca Wall CoC sample Mean Th.e ca W_aII Theca .CoC . Factor Theca Wall CoC
a a arithmetic arithmetic CoC n 0 o 0 Factor 5 " arithmetic arithmetic CoC , q P q Factor
Sample arithmetic [ sample Wall arithmetic| 1 SD [o] | minimum | maximum a 18D [o] | arithmetic | sample Wall arithmetic| 1 SD [o] | minimum | maximum q 18D [o]
mean mean 18D [o] min/max mean mean 18D [o] min/max
mean 18D [o] 18D [o] mean [mmol/mol]| mmol/mol mean 18D [o] 18D [o] mean [mmol/mol]| [mmol/mol]
[mmol/mol] [mmol/mol] [mmol/mol] [mmol/mol]
[mmol/mol] [mmol/mol]
GeoB16312-1 2.53 0.40 2.59 0.30 2.66 0.22 1.03 0.05 1.66 3.92 2.36 1.60 3.28 0.20 3.20 0.21 3.38 0.10 1.03 0.13 2.96 3.45 1.16 0.34
GeoB16334-1 273 0.51 2.77 0.61 2.80 0.41 1.01 0.02 1.69 3.90 2.30 1.56 3.65 0.53 3.01 0.88 3.81 0.60 1.27 0.57 3.01 4.20 1.40 0.84
GeoB16347-1 263 0.39 243 0.29 2.71 0.45 1.11 0.19 1.75 3.69 2.1 1.37 3.38 0.39 3.45 0.08 3.52 0.35 1.02 0.05 3.39 3.92 1.16 0.37
GeoB16350-1 1.48 0.44 1.13 0.27 1.79 0.29 1.58 0.46 0.65 2.78 4.26 1.51 240 0.47 213 0.22 3.02 0.43 1.42 0.63 1.87 3.33 1.78 1.03
GeoB16362-1 2.08 0.62 1.91 0.31 2.85 0.29 1.49 0.66 1.01 3.44 3.40 1.72 3.05 0.49 295 0.37 3.46 0.19 1.17 0.36 2.69 3.58 1.33 0.63
GeoB16373-1 133 0.43 1.67 0.40 1.73 0.52 1.04 0.04 0.77 2.87 3.71 1.48 2.41 0.35 2.56 0.43 2.58 0.04 1.01 0.02 225 2.61 1.16 0.26
MSM32-3-2 1.65 0.54 1.76 0.55 1.85 0.33 1.05 0.06 0.76 2.79 3.67 1.44 2.62 0.56 2.55 0.57 2.83 0.64 1.1 0.20 1.98 3.28 1.65 0.91
MSM32-49-2 249 0.49 2.18 0.28 3.09 0.24 1.42 0.65 1.47 3.68 251 1.57 3.25 0.34 2.94 0.17 3.22 0.02 1.09 0.20 2.82 3.24 1.15 0.29
FEEFICED e 1.22 3.04 1.14 1.35
of all samples
Factorranges g 101-158 2.11-6.89 101-1.42 115-1.78
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Table 3.4 Assignment of the LA-ICP-MS analytical spots of Sr/Ca and the analytical points of the EPMA according to each microstructure of
the arithmetic mean sample, TW and CoC of each individual section for L. pertusa and uncertainties respectively. Enrichment factors of the
arithmetic mean and min./max. values are presented (and uncertainties respectively). The total number (n) of measurements as the basis of
each individual data point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the TW and the CoC are listed in
detail in Table 3.2

EPMA EPMA LA-ICP-MS LA-ICP-MS
Sr/Ca SriCa SrCa Sr/Ca
Mean Mean
sample Mean Th_e ca W_all Theca . Ce " Factor Theca Wall CoC sample Mean Th_e ca W_aII Theca _CoC " Factor Theca Wall CoC
A g arithmetic arithmetic CoC a N s N Factor - . arithmetic arithmetic CoC e N g A Factor
Sample arithmetic | sample Wall arithmetic |1 SD [o]| minimum | maximum p 1 SD [o]| arithmetic | sample Wall arithmetic |1 SD [o]| minimum | maximum e 18D [o]
mean mean 18D [o] . P e mean mean 18D [o] N P o
mean 18D [o] 18D [o] mean I 1 [ 1 mean 18D [o] 18D [o] mean 1
[mmol/mol] [mmol/mol] [mmol/mol] [mmol/mol]
[mmol/mol] [mmol/mol]
GeoB16312-1 10.02 0.64 9.85 0.36 10.45 0.80 1.06 0.42 9.41 11.96 1.27 1.80 10.88 0.43 10.82 0.35 10.97 0.01 1.01 0.11 10.46 10.97 1.05 0.36
GeoB16334-1 9.85 0.62 9.54 0.35 10.10 0.65 1.06 0.40 8.50 11.55 1.36 2.16 10.52 0.52 10.10 0.40 10.40 0.47 1.03 0.21 10.10 10.89 1.07 0.56
GeoB16347-1 9.98 0.56 9.86 0.55 9.91 0.55 1.00 0.03 9.07 11.44 1.26 1.68 10.25 0.42 10.15 0.22 10.41 0.55 1.03 0.18 9.95 11.12 1.12 0.83
GeoB16350-1 10.14 0.59 9.83 0.35 10.45 0.67 1.06 0.44 9.14 12.16 1.33 2.14 10.37 0.44 10.12 0.33 10.81 0.26 1.07 0.49 9.59 10.99 1.15 0.99
GeoB16362-1 9.53 0.41 9.48 0.28 9.34 0.34 0.98 0.10 8.83 10.22 1.16 0.98 10.29 0.26 10.21 0.09 10.11 0.26 1.00 0.07 9.85 10.36 1.05 0.36
GeoB16373-1 9.95 0.33 9.86 0.34 9.93 0.30 1.01 0.04 9.19 11.24 1.22 1.45 10.51 0.28 10.77 0.48 10.45 0.05 1.00 0.22 10.43 10.49 1.01 0.04
MSM32-3-2 9.56 0.36 9.41 0.31 9.50 0.27 1.01 0.06 8.81 10.31 1.17 1.06 10.48 0.52 10.17 0.72 10.79 0.32 1.06 0.44 9.35 11.02 1.18 1.19
MSM32-49-2 9.66 0.39 9.90 0.48 9.53 0.34 0.96 0.26 9.19 10.23 1.11 0.73 10.74 0.42 10.33 0.29 10.67 0.72 1.03 0.24 10.13 11.18 1.10 0.74
SEEREEY o 1.02 1.24 1.03 1.09
of all samples
Factorranges g 0.98- 1.06 1.11-1.36 1.00-1.07 104-1.18
of all samples




Table 3.5 Assignment of the LA-ICP-MS analytical spots of Na/Ca and the analytical points of the EPMA according to each microstructure
of the arithmetic mean sample, TW and CoC of each individual section for L. pertusa and uncertainties respectively. Enrichment factors of
the arithmetic mean and min./max. values are presented (and uncertainties respectively). The total number (n) of measurements as the
basis of each individual data point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the TW and the CoC are
listed in detail in Table 3.2

LA-ICP-MS LA-ICP-MS
Na/Ca Na/Ca
Mean Theca Wall CoC
sample Mean . . Theca . . Factor Theca Wall CoC
. f arithmetic arithmetic CoC . . . Factor
Sample arithmetic | sample Wall arithmetic| 1 SD [o] min max . 1 SD [o]
mean mean 18D [o] min/max
mean 18D [o] 1 SD [o] mean [mmol/mol] | [mmol/mol]
[mmol/mol] [mmol/mol]
[mmol/mol]
GeoB16312-1 22.67 1.28 22.12 0.74 23.06 0.96 1.04 0.66 21.41 23.74 1.1 1.65
GeoB16334-1 23.84 2.89 18.87 2.21 2542 1.91 1.35 4.63 18.87 28.03 1.49 6.48
GeoB16347-1 21.88 212 21.87 1.05 23.06 1.19 1.05 0.84 21.13 23.96 1.13 2.00
GeoB16350-1 19.42 1.78 18.49 0.92 21.46 2.38 1.16 2.10 17.46 23.15 1.33 4.02
GeoB16362-1 17.77 1.00 17.82 0.77 18.45 0.26 1.04 0.45 17.27 18.66 1.08 0.98
GeoB16373-1 18.92 1.52 18.75 1.70 19.65 1.29 1.05 0.63 17.55 20.57 1.17 2.13
MSM32-3-2 17.63 1.27 16.91 1.77 18.21 0.95 1.08 0.92 15.16 18.88 1.24 2.63
MSM32-49-2 17.96 1.14 17.27 1.27 17.67 0.09 1.02 0.28 16.37 17.73 1.08 0.96
Factor mean n=8 110 120
of all samples
Factorranges g 1.02 - 1.35 1.08 - 1.33
of all samples
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Table 3.a Electron

Probe Microanalyser

(EPMA)

calibration

for

quantitative

measurements (Calcite after Jarosewich and Maclintyre 1983; KAN-1 after Reay et al.

1993)

Peak/Time/
Element | Standard Crystal Count [sec]
Mg 1 Calcite USNM 136321 TAPH 20
Ca 3 KAN 1 Kakanui Anorthoclase, PETJ 20
Otago, Neuseeland
Sr 4 Strontianite R10065 TAP 40

Table 3.b EPMA semi-quantitative measurement of Mg in counts per pixel (cts/pxl).
Highest concentration represent of highest cts/pixel, whereas lowest concentration
represent of lowest cts/pixel

Calices diameter Calyx Calyx Calyx Calyx Calyx Calyx Calyx Calyx
used for Diameter 1 | Diameter 2 | Diameter 3 | Diameter 4| Diameter 5| Diameter 6 D|a1m§ter Diameter
mean sample O
[mm] . . . . . arithmetic| 4 g 14
Station ID |~ with location from the budding to the apical zone - mean
GeoB16312-1 CB 4.21 4.16 3.70 5.17 4.31 0.62
GeoB16334-1 W-FI 6.37 4.78 5.22 4.11 5.12 0.95
GeoB16347-1 SW-FI1 4.49 (6) 4.79 (4) 4.37 (2) 4.09 (7) 4.44 0.54
GeoB16350-1 SW-FI2 7.46 7.60 5.86 7.21 7.03 0.80
GeoB16362-1 BS 2.66 2.43 2.33 2.51 3.23 2.63 0.36
GeoB16373-1 GBB 3.70 3.61 6.89 5.16 4.84 1.54
MSM32-3-2 MAC1 4.58 4.48 3.72 4.60 4.97 3.55 4.32 0.56
MSM32-49-2 MAC2 3.70 3.77 3.23 3.51 2.47 4.14 3.47 0.57
Calices Length Calyx Calyx Calyx Calyx Calyx Calyx L(t:a?\g:h Calyx
Length1 | Length2 | Length3 | Length4 | Length5 | Length 6 Length CF
used for 1-6 length/
mean sample . . .
arithmetic diameter
[mm] 18D [o]
Station ID |~ with location from the budding to the apical zone -+ mean
GeoB16312-1 CB 18.06 13.99 10.63 19.33 15.50 3.97 3.60
GeoB16334-1 W-FI 18.65 22.53 21.35 21.58 21.03 1.67 4.11
GeoB16347-1 SW-FI1 13.04 (5) 16.06 (3) 10.54 (1)  20.93 (8) 15.14 4.47 3.41
GeoB16350-1 SW-FI2 17.31 22.33 17.82 20.21 19.42 2.32 2.76
GeoB16362-1 BS 9.22 9.68 7.90 6.74 7.87 8.28 1.18 3.15
GeoB16373-1 GBB 10.29 9.69 7.25 14.05 10.32 2.81 2.13
MSM32-3-2 MAC1 14.18 12.11 14.17 14.58 16.94 12.27 14.04 1.77 3.25
MSM32-49-2 MAC2 10.97 14.47 14.52 13.40 14.87 19.32 14.59 2.72 4.21
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Table 3.c Each coral branch was measured approximately 4 — 6 times from the budding
to the apical zone (calyx length) and at the base of each calyx (cross section). Values are
averaged for each calyx length and diameter used for the mean sample. The numbers in
parentheses (1 — 8) are corresponding to SM Fig. 3.b. Error bars = £1 SD (10)

Calyx measured by Calyx .Calyx Calyx Calyx CF
LA-ICP-MS Diameter | Di2Meter | | ongth | Lenath length/
[mm] . . 1.SD [o] . 15D [o] diameter
Station ID| - with location from the budding to the
GeoB16312-1 CB 5.17 0.66 19.33 3.84 3.74
GeoB16334-1 W-FI 4.11 0.70 21.58 1.46 5.25
GeoB16347-1 SW-FI1 4.09 (7) 0.54 20.93 (8) 4.66 5.12
GeoB16350-1 SW-FI2 7.21 0.43 20.21 2.04 2.80
GeoB16362-1 BS 3.23 0.47 7.87 0.70 244
GeoB16373-1 GBB 5.16 0.72 14.05 2.28 272
MSM32-3-2 MAC1 4.48 0.32 12.11 1.77 2.70
MSM32-49-2 MAC2 414 0.71 19.32 3.23 4.67

Table 3.d Each sectioned coral sample was measured 2 times from the budding to the
apical zone (calyx length) and at the base of each calyx (cross section) for the calyx used
for the LA-ICP-MS measurement. The numbers in parentheses (7 — 8) are corresponding
to SM Fig. 3.b. Error bars = +1 SD (10)

Sample ID Station ID Counta/pixel
for Mg
GeoB16312-1 CB 82-217
GeoB16334-1 W-FI 69-239
GeoB16347-1 SW-FI1 60—242
GeoB16350-1 SW-FI2 67-220
GeoB16362-1 BS 70-264
GeoB16373-1 GBB 76220
MSM32-3-2 MACH1 75-278
MSM32-49-2 MAC2 55-313
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Table 3.e Mg/Ca, Sr/Ca, Na/Ca values for Lophelia pertusa measured by LA-ICP-MS
versus distance

Sample ID Spot | Spot | Distance Mg/Ca Na/Ca Sr/Ca
Size LA-ICP-MS | LA-ICP-MS| LA-ICP-MS
[um] [um] [mmol/mol] | [mmol/mol]| [mmol/mol]

GeoB 16312-1 1 60 67 3.35 22.07 10.83
2 60 93 3.29 22.89 11.17

3 60 123 2.96 21.41 10.46

4 60 149 3.57 24.23 10.58

5 60 173 3.03 20.65 10.36

6 60 201 3.45 23.74 10.98

7 60 231 3.31 22.38 10.97

8 60 261 3.32 24.01 11.71

GeoB 16334-1 1 60 25 3.01 18.87 10.10
2 60 53 4.25 25.10 9.82

3 60 94 2.95 23.45 10.89

4 60 124 3.84 25.08 10.65

5 60 156 4.20 28.03 10.23

6 60 182 3.85 23.88 10.60

7 60 211 3.97 25.62 10.08

8 60 255 3.17 20.69 11.50

GeoB 16347-1 1 60 41 3.39 22.61 10.31
2 60 75 3.51 21.13 10.00

3 60 113 3.36 23.88 10.30

4 60 156 3.12 21.40 11.12

5 60 214 3.92 23.96 10.43

6 60 240 3.69 23.01 9.78

7 60 278 2.61 17.37 9.87

8 60 367 3.45 21.69 10.17

GeoB 16350-1 1 32 6 2.36 19.79 10.47
2 32 26 2.25 18.92 10.13

3 44 44 1.92 17.46 9.59

4 44 69 1.87 17.79 10.09

5 44 176 2.22 18.47 10.32

6 44 276 3.32 23.14 10.99

7 44 490 2.72 19.77 10.63

8 44 641 2.50 20.00 10.71

GeoB 16362-1 1 60 55 2.16 15.88 10.51
2 60 104 2.69 16.87 10.67

3 60 135 3.22 18.47 10.41

4 60 185 3.58 18.66 10.36

5 60 224 3.25 18.15 10.10

6 60 257 3.56 18.52 9.85

7 60 350 3.21 18.36 10.15

8 60 483 2.69 17.27 10.27

GeoB 16373-1 1 44 19 2.25 17.55 10.43
2 60 69 2.86 19.96 10.10

3 90 126 2.49 21.06 10.12

4 44 364 1.84 16.93 10.57

5 60 447 2.57 19.03 10.60

6 90 498 2.55 20.57 10.49

7 44 553 2.61 18.74 10.44

8 60 607 2.11 17.55 10.37

MSM32-3-2 1 60 25 212 17.71 10.91
2 60 56 1.98 15.16 10.57

3 60 91 3.13 18.70 10.61

4 60 126 2.53 16.87 9.35

5 60 163 3.37 18.97 10.18

6 60 222 3.28 18.88 10.56

7 60 336 2.38 17.54 11.02

8 60 493 2.16 17.25 10.60

MSM32-49-2 1 60 31 2.82 16.37 10.13
2 60 65 3.06 18.16 10.53

3 60 105 3.10 17.19 10.95

4 60 138 3.13 17.71 11.16

5 60 173 3.23 17.61 10.16

6 60 208 3.20 17.73 11.18

7 60 244 3.55 18.63 10.90

8 60 275 3.92 20.25 10.94

100



Chapter 4

Seawater mass density gradient of the Campeche cold-water coral province,

southern Gulf of Mexico

Based on: Environmental forcing of the Campeche cold-water coral province,
southern Gulf of Mexico by Dierk Hebbeln, Claudia Wienberg, Paul Wintersteller,
Andre Freiwald, M. Becker, Lydia Beuck, Wolf-Christian Dullo, Gregor P. Eberli,
Silke Glogowski, Lelia Matos, Nina Forster, Hector Reyes-Bonilla, Marco Taviani,

and the MSM 20-4 shipboard scientific party (2014)
Biogesciences (11):1799-1815

Abstract

With an extension of >40 km? the recently discovered Campeche cold-water coral
province located at the northeastern rim of the Campeche Bank in the southern Gulf of
Mexico belongs to the largest coherent cold-water coral areas discovered so far. The
Campeche province consists of numerous 20—40 m-high elongated coral mounds that are
developed in intermediate water depths of 500 to 600 m. The recent environmental
setting is characterised by a high surface water production caused by a local upwelling
center and a dynamic bottom-water regime comprising vigorous bottom currents, obvious
temporal variability, and strong density contrasts, which all together provide optimal
conditions for the growth of cold-water corals. This setting — potentially supported by the
diel vertical migration of zooplankton in the Campeche area — controls the delivering of
food particles to the corals. The Campeche cold-water coral province is, thus, an
excellent example highlighting the importance of the oceanographic setting in securing

the food supply for the development of large and vivid cold-water coral ecosystems.
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4.1 Introduction

The last decade has witnessed a tremendous progress in our knowledge about
“framework-building cold-water corals” (CWC) as their role as ecosystem engineers
creating highly diverse ecosystems in water depths far beyond the shelf edge is
becoming more and more obvious (Roberts et al. 2009). The biodiversity associated with
these ecosystems may be comparable to that found in tropical coral reefs (Roberts et al.
2006), and they occur almost worldwide except for the highest latitudes (Davies and
Guinotte 2011). The availability of advanced deep-sea technologies (e.g., remotely
operated vehicles) greatly supported the discovery and investigation of large, thriving and
(so far) unknown CWC ecosystems in remote places. Successful studies such as those
performed off Mauritania (Colman et al. 2005), off Angola (Le Guilloux et al. 2009), and in
various parts of the Mediterranean demonstrate the potential use of these technologies
for future discoveries.

The scleractinian coral Lophelia pertusa is among the most common and most
widespread CWC species worldwide and is particularly abundant in the eastern North
Atlantic (Davies and Guinotte 2011). This species withstands a rather wide range of
physicochemical conditions (see summary in Davies et al. 2008), a fact that explains its
almost global distribution at depths between a few tens of meters to over 2000 m
(Freiwald and Roberts 2005). Another critical factor controlling its distribution is sufficient
food supply that is commonly driven by the interplay of surface water productivity and the
local nature of the bottom current regime (e.g. currents, stratification, internal waves and
tides) delivering food particles to the CWC (Duineveld et al. 2004, 2007; White et al.
2005).

In addition to the CWC hotspot in the eastern North Atlantic, L. pertusa also contributes to
numerous coral mound structures in the western North Atlantic along the continental
margin along the Florida—Hatteras slope (Paull et al. 2010), and the Bahamas to the
Florida Straits (e.g. Neumann et al. 1977; Mullins et al. 1981; Grasmueck et al. 2006;
Correa et al. 2012a, b). Further west in the Gulf of Mexico, L. pertusa appears to be more
scattered, forming isolated mound-like structures along the west Florida slope (Newton et
al. 1987; Hibscher et al. 2010) and in the northern Gulf of Mexico (Moore and Bullis
1960; Schroeder 2002; Reed et al. 2006; Cordes et al. 2008; Becker et al. 2009; Davies
et al. 2010).
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In this paper, we document for the first time build-ups at the seafloor formed by
framework-building scleractinian corals on the slope of the Mexican Campeche Bank,
southern Gulf of Mexico. These build-ups are mainly formed by Enallopsammia
profunda—Lophelia pertusa communities. This finding was unexpected as available data
from a few dredge haul stations only described the occurrence of the scleractinian CWC
Madrepora oculata along the margin of the Campeche Bank, north of the Mexican
Yucatan Peninsula (Cairns 1979; Schroeder et al. 2005).0Only in 2010 was more detailed
information provided, when hydroacoustic surveys revealed “mound-like” structures
between 500 and 600 m water depth along the margin of the bank (Hubscher et al. 2010).
Without any groundtruthing being available at that time, it only has been speculated that
these structures might be CWC mounds (HUbscher et al. 2010). This region was revisited
in 2012 and extensive field data (bathymetry, hydrography, and video observations)
revealed the existence of a large thriving CWC ecosystem, which is the focus of this
paper. This hitherto unknown CWC site is here termed the “Campeche CWC province”.
The scope of the present study is to describe this extensive (> 40 km?) CWC province
with respect to morphology, the megafaunal community, and the oceanographic setting
and to put it into a larger framework analysing the overall forcing factors controlling its

development.

4.1.1 Regional Settings

The Campeche Bank is a large shelf area extending approximately 200 km northward
from the Mexican Yucatan Peninsula into the Gulf of Mexico. The Gulf of Mexico is a
largely oligotrophic basin with enhanced productivity only along the continental shelves
(Muller-Karger et al. 1991), where seasonal coastal upwelling provides additional
nutrients to the surface waters (Zavala-Hidalgo et al. 2006). A major source of nutrients is
the Mississippi plume fertilising the northeastern shelves of the Gulf with enhanced
productivity partly extending over the continental slope (Wawrik and Paul 2004). The
enhanced productivity triggered by the Mississippi plume most likely plays an important
role in sustaining CWC populations along the Louisiana and Florida continental slopes
(e.g. Newton et al. 1987; Schroeder 2002). Apart from the typical coastal upwelling,
another upwelling regime has been described further offshore along the eastern margin
of the Campeche Bank (Merino 1997).
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As the curl of the prevailing wind stress is not likely to induce upwelling along the eastern
Yucatan slope, the upwelling observed there is probably caused by bottom friction or
other topographical effects (Merino 1997). Nevertheless, the advection of nutrients into
the photic zone (although rarely to the sea surface; Merino 1997) induces very high
productivity reaching a peak in September (Zavala-Hidalgo et al. 2006) when sites near
the Campeche CWC province appear prominently in satellite-based productivity maps.
According to Merino (1997) three main water masses comprise the water column there.
Salinity and temperature increase together from the Antarctic Intermediate Water (AAIW,
7°C, salinity 34.9) in the deep towards the salinity maximum of the Subtropical
Intermediate Water (STUW, 23°C, salinity 36.8) at ~150 m depth. Further above,
temperature rises and salinity declines until from 50m to the surface both parameters
remain relatively constant (26°C-27.5°C, salinity < 36.4), representing the Caribbean
Surface Water (CSW). At depths greater than ~650 m, the Yucatan and Cuban
countercurrents transport water southward while being confined to the western, Mexican
side and to the eastern, Cuban side of the Yucatan Strait, respectively (Sheinbaum et al.
2002).

With respect to the strength of the bottom current regime, the best information is provided
by mooring data obtained slightly further south in the Yucatan Strait (~21.5°C; N; e.g.
Sheinbaum et al. 2002). Along a W-E transect through the area, the mean northward
current velocities at the western margin decrease rapidly from almost 100 cm s at the
surface to < 10 cm s~ at 200m water depth. However, at the depth of the Campeche
CWC province (~550 m) the bottom current velocities in the Yucatan Strait increase again
to > 10 cm s™' (Sheinbaum et al. 2002).

4.2 Material and Methods

All data presented here were collected during expedition MSM 20-4 with the German R/V
Maria S. Merian in spring 2012 (Hebbeln et al. 2012). They include hydroacoustic
measurements, water column studies, and seabed ROV video observation (Table 4.1).
Instrument specifications and applied settings for all measurements are described in
detail in Hebbeln et al. (2012). Hydrographic measurements through the water column
were obtained from two single CTD casts in (GeoB 16305-1; GeoB 16303-1) and one
Yoyo-CTD covering a full tide cicle of 13 hours (GeoB 16316-1-13; Table 4.1).
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4.2.1 Water column analyses

To determine the physical parameters of the water masses in the area of the Campeche
CWC province and to trace their variability, CTD measurements were performed as a
Yoyo CTD comprising 13 individual casts taken within 12 h at station GeoB 16316 (Fig
4.1; Table 4.1). The CTD measurements of the water column down to a maximum water
depth of 1246 m were conducted using a SEABIRD “SBE 9 plus” underwater unit and a
SEABIRD “SBE 11 plus V2” deck unit. The vertical profile over the water column provided
standard data for conductivity, temperature, pressure, and dissolved oxygen. Conductivity
and temperature data were used to compute salinity (with the latter being presented here
unitless). The data presented here all refer to the downcast of the individual CTD

deployments.

Table 4.1 Metadata of CTD casts conducted at the Campeche cold-water coral province
during R/V Maria S. Merian cruise MSM 20-4. Abbreviations: WD: water depth

Station
[GeoB-No.] Gear Lat. Long. Date WD Remark
[°N] W] [m]
MSM20-4 [Yo-Yo o o Hourly casts over ~12h;
GeoB 16316-1 CTD] 23°51.51 | 87°12.12 | 24.03.12 576 ADCP data
MSM20-4 [Single

GeoB 16303-1 CTD] 22°00.98 | 86°12.27 | 21.03.12 | 1246 Sound velocity profile

MSM20-4 [Single

GeoB 16305-1 CTD] 23°49.87 | 87°12.27 | 22.03.12 506 Sound velocity profile
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4.3 Results

4.3.1 Water column structure/dynamics

The CTD measurements allow the identification of the most important regional water
masses, based on temperature (potential temperature) and mainly on absolute salinity
data (Fig. 4.1). The uppermost ~80m of the water column are characterised by water with
salinities of <36.4, which is indicative of the presence of the CSW. The salinity maximum
(~36.8) between 100 and 160 m water depth is characteristic for the STUW. At 540 m
water depth salinity drops below 35.0, marking the presence of AAIW. In the depth range
where living CWC have been observed (520 to 580 m) temperatures range 7.5°C-9.5°C
and salinities 34.9-35.1. Dissolved oxygen contents vary between 2.74 and 2.8mLL™".
The Yoyo-CTD station (GeoB 16316) consisting of 13 individual, hourly taken casts
reveal small but significant variations also in the deepest part of the water column just
above the Campeche CWC province (Fig. 4.2): for example, at 519 m water depth the
temperature varies by almost 1°C up to three times over the 12 h measuring period (Fig.
4.2c). These temperature changes are also reflected in the depth position of individual
isotherms (8°C to 9.5°C, Fig. 4.2b). They fluctuate vertically by up to 20 m, thereby
reflecting the same temporal forcing as the temperatures at 519m depth. Along with
these temperature changes a distinct density gradient induced by temperature and
salinity changes, almost reaching 0.7°C and 0.07, respectively, over a 10 m depth interval
(Fig. 4.2d) propagates across the site. With ~0.06 kg m™ per 10 m depth interval this
density gradient is strongest for the lower part of the water column at 525 m depth and
significantly higher than the density gradients between 380 m and the sea floor that

otherwise reach maximum values of ~0.04 kg m™ per 10m depth interval (Fig. 4.2a).
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Fig. 4.1 Water mass structure in the Yucatan Strait (GeoB 16303-1) and in the
Campeche cold-water coral province (GeoB 16316-1 to - 16, Yoyo CTD station; see
Table 4.1). Shown is a temperature—salinity plot; temperature is displayed as potential
temperature (T,), grey lines indicate levels of isodensity (c®) in kgm™ (plotted using
Ocean Data View v.4.5.1; http://odv.awi.de; Schlitzer, 2012). Abbreviations: CSW:
Caribbean Surface Water; STUW: Subtropical Intermediate Water; AAIW: Antarctic
Intermediate Water
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4.4 Discussion

Large CWC-formed seafloor structures have been reported from many regions in the
world’s oceans (Freiwald and Roberts 2005). In addition to the >300 m high CWC
mounds off Ireland (Kenyon et al. 2003; Mienis et al. 2007; Dorschel et al. 2010), the
extensive reefs off Norway (e.g. Fossa et al. 2005) are the most impressive features.
Extending over tens of kilometers (e.g. the Sula Reef, ~14 x 0.5 km, Freiwald et al. 2002;
the Rast Reef, ~40 x 3 km, Fossa et al. 2005) and reaching up to ~40m in height, these
reefs generally comprise clusters of individual frameworks rather than a single coalescent
structure (Freiwald et al. 2002). The Campeche CWC province shows a similar
appearance as it comprises a cluster of individual elongated coral mounds rather than a
single clearly confined reef structure.

The term “province” is used for the present study to describe the CWC mounds along the
Campeche Bank following the nomenclature developed for the Irish margin where
numerous individual CWC mounds occur clustered in provinces (e.g. White and Dorschel
2010). With its mapped area of 10 x 4 km, and most likely further northwest and
southeastward extensions, the Campeche CWC province is comparable with the large
Norwegian reefs and, thus, belongs to the largest mapped CWC provinces in the world.
In addition, the Campeche CWC province represents the most important and extensive

flourishing azooxanthellate coral area in the entire Gulf of Mexico discovered so far.
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Fig. 4.2 Hydrological variability derived from the Yoyo CTD station GeoB 16316 (see also
Table 4.1). (a) Variability of the temperature distribution in the entire water column over a
time interval of 12 h (comprising 13 individual CTD casts). The red inset shows the
density gradient over 10 m depth intervals for the water column below 380 m taken from
CTD cast GeoB 16316-1 (00:20 UTC). (b) Depth variation of the 8°C to 9.5°C isotherms
in the lower part of the water column >500 m water depth over the same time period
shows partly vertical movements of >20 m. Variations in water depth (black denotes the
sea floor) are caused by slight movements of the vessel (~600m N-S, ~50m E-W) at the
Yoyo CTD station (including the crossing of a CWC mound). (¢) Water temperature at
519 m depth measured over the same time period indicates a variability of up to 1°C. (d)
Gradients in temperature, salinity, and density over 10 m depth intervals. Data were
obtained during the individual CTD cast GeoB 16316-1 (00:20 UTC) and reveal

particularly strong gradients around 520 m water depth (see also a).
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4.4.1 Environmental control on the Campeche cold-water coral ecosystem
The known ranges of temperature (4°C—-13.9°C; Roberts et al. 2006; Freiwald et al.
2009), salinity (31.7-38.8; Freiwald et al. 2004; Davies et al. 2008), dissolved oxygen
(2.7—7.2mLL'1; Dodds et al. 2007; Davies et al. 2008; Davies et al. 2010) and other
physicochemical parameters defining the ecological niche of L. pertusa in the eastern
North Atlantic (see summary in Davies et al. 2008) are found in many parts of the world’s
oceans (Davies and Guinotte 2011). Water mass properties obtained for the Campeche
margin, such as temperature (9.5°C — 7.5°C) and salinity (35.1 — 34.9), fit well into these
defined thresholds). The observed content of dissolved oxygen of ~2.7mLL™" matches
observations from the Viosca Knoll area in the northern Gulf of Mexico, where Lophelia
colonies currently thrive at the lowest reported oxygen levels of 2.7-2.8mLL™" (Davies et
al. 2010). It is assumed that these extreme oxygen conditions cause decreased growth
rates or even inhibit reproductive processes (Brooke and Young 2003).

However, despite a suited physicochemical setting, the presence of suitable hardgrounds
for the corals to settle on, and even more importantly the availability of sufficient food, is
crucial for the establishment and long-lasting development of a vivid CWC ecosystem. In
general CWC feed on fresh phytodetritus (Duineveld et al. 2004; Kiriakoulakis et al. 2005;
Duineveld et al. 2007), on zooplankton (Carlier et al. 2009; Dodds et al. 2009) or on a
combination of both (Becker et al. 2009; van Oevelen et al. 2009). Recent laboratory
studies also revealed the importance of dissolved organic matter which might be actively
absorbed by CWC especially during periods when particulate food is scarce (Gori et al.
2014). However, independent of the food source, the sessile CWC rely on sufficient food
supply, which is based on primary production in the surface waters and the delivery of
food particles to the CWC living at intermediate depths. For the latter, various
mechanisms were identified to enhance and transport food particles to the CWC,
including strong bottom currents, downwelling and cascading, internal tides and waves,
and nepheloid layers which act as a pathway for lateral transport (White et al. 2005;
Dorschel et al. 2007; Duineveld et al. 2007; Mienis et al. 2007; Davies et al. 2009; Orejas
et al. 2009). On the local to regional scale, topography also influences hydrodynamic
processes, as, e.g. internal waves, down- or upwelling. Thus, for any given location it is

the interplay of all these factors allowing for or prohibiting the presence of CWC.
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Furthermore, the strong density gradient undulating around 520 m (Fig. 4.2d) might act
as a decelerator for sinking (food) particles, thereby prolonging their residence time within
the reach of the CWC and, thus, enhancing the probability of these particles to be caught
by the corals. With salinities varying around 35, this density gradient possibly marks the
upper limit of the core of the AAIW. A similar mechanism has been suggested to support
the CWC off Ireland, there benefitting from the density gradient developed at the upper
limit of the Mediterranean Outflow Water (White and Dorschel 2010). For the
northeastern North Atlantic, Dullo et al. (2008) described a narrow potential density
envelope of sigma-theta (0®) = 27.35-27.65 kg m™ preferred by the CWC. Along the
Campeche Bank the density of the water masses surrounding the CWC is slightly lower,
at 27.18-27.29 kg m~3, and, thus, close to data reported from the Viosca Knoll area
(27.1-27.2 kg m™®) (Davies et al. 2010). In contrast, living CWC settings in the
Mediterranean Sea are associated with much higher densities of > 29 kg m™. Thus, if
applicable, the concept of a narrow density envelope defining the overall habitat range of
the CWC as suggested by Dullo et al. (2008) needs to be regionalised (Flégel et al.
2014). However, the obvious steep gradient in density (Fig. 4.2d) seems to be a sensitive
indicator for living CWC reef communities.

As indicated by the undulating isotherms the temporal variability of the local hydrographic
setting, which might reflect the presence of internal waves, literally might pump the food
particles through the CWC ecosystem, especially those particles temporarily
accumulating along the strong density gradient, as suggested by Mienis et al. (2012).
Over the observed 13 h, the depth range covered by the fluctuating maximum near-
bottom density gradient aligns with the upper range of observed living CWC in ~515 —
530 m water depth. Assuming a larger variability associated with monthly (i.e. lunar) to
seasonal forcing, one may speculate that the entire depth range of living CWC off the
Campeche Bank might intermittently be affected by such a pumping process. Due to the
limited length of the 13 h of observation no tidal signal providing additional energy to the
bottom current regime could have been clearly detected. However, along the mooring
transect across the Yucatan Strait mentioned before (Sheinbaum et al. 2002), a
comparably high amplitude of the major axis of the dominant diurnal 0, tide was
observed exactly in the depth range of the Campeche CWC province (Carrillo Gonzalez
et al. 2007).
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4.5 Conclusions

The Campeche CWC province is one of the largest coherent CWC areas discovered so
far, and the most relevant in the western Atlantic Ocean. A healthy and highly diverse
CWC ecosystem is developed on top of a complex system of 20-40 m-high, partly
interconnected elongated mounds.

The location of the Campeche CWC province appears to be almost perfect for the
establishment of such a large CWC ecosystem. It is (a) located underneath a local
upwelling center providing high primary production, (b) influenced by a very dynamic
bottom current regime delivering food particles to the corals, and (c) characterised by a
physicochemical setting that fits the recognised ecological needs of L. pertusa. The
observed diel vertical migration of zooplankton possibly reaching the intermediate depth
of the CWC ecosystem may even serve as a supplemental food source as already
indicated by Mienis et al. (2012).

In many places in the world’s oceans the physicochemical setting comply with the niche
requirements of L. pertusa and other CWC (Davies and Guinotte 2011); however, only in
some of these places have CWC ecosystems developed. Thus, the Campeche CWC
province appears to be an excellent example showing that food supply — controlled by a

variety of mechanisms — plays a major role in the development of CWC ecosystems.
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Chapter 5

Hydrographic properties of living cold-water coral reefs in the northern East
Atlantic and the Gulf of Mexico

by Silke Glogowski, Wolf-Christian Dullo and Sascha Flogel
(to be submitted)

Abstract

The hydrographic properties of living cold-water coral (CWC) reefs in the North Atlantic
are discussed. Cold-water corals (CWCs) are sessile filter feeders and depend on
hydrographic properties providing suspended nutrients as well as on the removal of
resuspended sediments. Furthermore, living CWC reefs occur in a distinct density (c©)
window as a result of temperature and salinity variabilites. The development of a steep
density gradient above living CWC reefs seems to be necessary to advect and
accumulate nutrients. The density gradient at the sites on the eastern Atlantic margin
north of Gibraltar up to Norway are mainly controlled by changes in salinity, while those
south of Gibraltar and in the Gulf of Mexico are more influenced by temperature.

The density gradient is derived by calculating the difference in water mass density
between 10 m intervals resulting in the term of Ao®+on. As soon as this gradient is >0.02
kg/m®, there is a chance of finding living CWC reefs. Furthermore, if the density gradient
of maximum Ao®om values forms a thin layer, obviously well developed CWC reefs
growth, while a thick layer of maximum Ao®om values seem to indicate only thin veneers
of living CWC reefs.

5.1 Introduction

Cold-water coral (CWC) reef systems are receiving increasing attention worldwide. The
principle cold-water coral species found are the azooxanthellate reef forming
scleractinians Madrepora oculata, Linneus 1758 and Lophelia pertusa (Linneus 1758),
living in cold waters of the global ocean (Rogers 1999), with the exception of the polar
regions (Le Goff-Vitry et al. 2004; Addamo et al. 2012).
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In the northern Atlantic such CWC reefs occur e.g. in the Gulf of Mexico, the Strait of
Florida, (Cairns 1984; Bryan and Metaxas 2006; Cairns et al. 2009), Campeche Bank
(Hebbeln et al. 2014), NE Atlantic (Zibrowius 1980; Freiwald & Wilson 1998; Rapp &
Sneli 1999; Fossa et al. 2002; Freiwald et al. 2004), North Atlantic (Leverette 2004;
Braga-Henriques et al. 2013), eastern Atlantic: off Morocco (Glogowski et al. 2015) and
Mauretania (Colman et al. 2005; Le Guilloux et al. 2009), and the Mediterranean
(Mortensen 2001; Freiwald 2002; Fink et al. 2012; Gori et al. 2013). Temperature and
salinity are key factors constraining the distribution of live corals (e.g. Davies et al. 2009;
Davies and Guinotte 2011; Vierod et al. 2014), and indirectly ambient seawater density
(e.g. Dullo et al. 2008; Flogel et al. 2014). The biogeographical limitation is caused e.g.
by changes in sea-surface productivity (Eisele et al. 2011; Wienberg et al. 2011),
upwelling regimes (Wienberg et al. 2011), and bottom currents (Huvenne et al. 2005;
Ruggeberg et al. 2005), which in turn were affected by changes in intermediate water
mass variability (Raddatz et al. 2014).

L. pertusa CWC reefs and coral assemblages occur in different water depths and water
masses. This species is found in various depth levels ranging from 39 m
(Trondheimsfjord) to 3380 m (western Atlantic Ocean), whereas reefs are most abundant
in water depths between 200 and 1000 m (Freiwald and Wilson 1998; Freiwald et al.
2004). Observed temperatures vary between 4°C — 14°C while measured salinities range
between 34.8 g/kg and 38.7 g/kg (Davies et al. 2008; Dullo et al. 2008; Mienis et al. 2012;
Flégel et al. 2014). This would allow the distribution of living corals over a wide
hydrographical range in the water column. However, CWC distribution seems to be
limited to suspension-dominated waters (Correa et al. 2011). Furthermore, the
investigated sites of living CWC reefs are characterised by a distinct density contrast of
the water masses. The habitat of living CWC reefs is characterised by a development of a
density gradient (Dullo et al. 2008), which seems to favour lateral nutrient advection and
enrichment (Kiriakoulakis et al. 2004; Grasmueck et al. 2007; White et al. 2007; Flogel et
al. 2014) and/or larval dispersal. Dullo et al. (2008) indicated that living CWC reefs occur
around density surfaces supporting intermediate nepheloid layers (INLs), where food
accumulation and availability for bottom biota increases. According to Dullo et al. (2008)
most of the pristine and profuse living CWC reefs along the European continental margin

occur in water mass densities of 00=27.35 — 27.65 kg/m°.
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Thus, the concept of a narrow density envelope defining the overall habitat range of the
CWC reefs was further related to DIC concentrations resulting in the definition of reef
categories by Flogel et al. (2014) with category |: real CWC framework of several 100 m
elevation, category Il: patchy CWC growth of some horizontal extension but very limited
vertical elevation forming a thin veneer, and cateogory Ill: small, isolated colonies.
Hebbeln et al. (2014) further argued that a steep gradient in density seems to be a
sensitive indicator for living CWC reef communities.

This study presents the measured and calculated hydrographic gradients at different

locations in the northern Atlantic in a comparative way.

5.1.1 Water mass characteristics

The most basic and common tool to describe the distribution of the major water masses
is the temperature-salinity (T-S) plot, which has a specific relationship to the observed
values of temperature, salinity (Emery and Meincke 1986; Emery 2001) and to the water
depth accordingly. This T-S diagram can be used to define water masses by locating their
extrema, which are devided into three main sections from the surface to the bottom with
the upper surface water, the intermediate water and the deep water.

The current and the water mass regime of the North Atlantic is an essential part of the
global thermohaline circulation with large water mass transports (Stramma 2001) driven
by temperature and salinity gradients. The surface circulation of the North Atlantic is
controlled by the anticyclonic and clockwise subtropical gyre including the East- (EGC),
and West- (WGC) Greenland Current the North Atlantic Current (NAC), the Florida
Current (FC), the Gulf Stream (GS), the Azores and the Canary Currents (CC), the North
Equatorial Current (NEC), and the Loop Current (LC) in the Gulf of Mexico (Stramma
2001; SM Fig. 5.1). The general surface hydrography in the North Atlantic is
characterised by the northward transport of warm subtropical water to the higher
latitudes, the NAC, which split into two branches (northward into the Norwegian-
Greenland Sea and southward into the Bay of Biscay; Pingree 1993). Emery (2001)
described this component of the North Atlantic circulation with surface water masses (0 —
500 m water depth) and its separation into Western North Atlantic Central Water
(WNACW: 7° — 20°C; 35 — 36.7 g/kg) and Eastern North Atlantic Central Water (ENACW:
8° —18°C; 35.2 — 36.7 g/kg) (Emery and Meincke 1986; Pollard et al. 1996; White 2007).
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In the northern part the North Atlantic interacts with the Arctic Ocean through the
Norwegian Sea and the Fram Strait with the Atlantic Subarctic Upper Water (ASUW: 0° —
4°C; 34 — 35 g/kg).

The boundaries between surface and intermediate waters are identified by the shape and
the pattern of profiles in T-S plots (Emery and Meincke 1986). The intermediate depth
Atlantic Ocean exhibits a northward transport as Western Atlantic Subarctic Intermediate
Water (WASIW: 3° — 9°C; 34 — 35.1 g/kg) and an eastward transport as Eastern Atlantic
Subarctic Intermediate Water (EASIW: 3° — 9°C; 34.4 — 35.3 g/kg). The WASIW consists
of Labrador Sea Water (LSW), which is formed on the offside of the Labrador Current
(LAC). Additionally, the Antarctic Intermediate Water (AAIW) is one of the prominent
water masses in the North Atlantic. The AAIW is formed at the Antarctic Polar Front and
migrates northward between 800 — 1000 m water depth. The AAIW is characterised by
low salinities (minimum of 34.9 g/kg), higher oxygen content, nutrient richness and
relatively cool temperatures (Emery 2001). Another important component of the
intermediate Atlantic Ocean is the Mediterranean Outflow Water (MOW: 2.6° -11°C; 35 —
36.2 g/kg), which is assigned to an increase of salinity and temperature with respect to
surrounding water masses. This salty water flows out of the Mediterranean Sea through
the Strait of Gibraltar splitting into two braches. The first one flows northward along the
European continental margin beneath the ENAW with mixing processes between both in
the eastern North Atlantic and in addition with Subtarctic Intermediate Water (SAIW) in
the western area of the North Atlantic. The second branch is bathymetrically deeper and
mix with Labrador Sea Water (LSW; White et al. 2005; White 2007). The upper level of
MOW is associated with a permanent thermocline. The depth of this thermocline matches
the mean water depth where living CWC reefs and their associated carbonate mounds
are found on the European continental margin. This water depth corresponds to the
density envelope of 0©=27.35 — 27.65 kg/m® (Dullo et al. 2008). There is a link between
the top of the MOW and the peak abundance of CWC reefs (Freiwald 2002). De Mol et al.
(2005) suggested that this possible relationship between mounds and MOW during
different geological periods transported larvae of CWCs from the Mediterranean Sea to

initiate the formation of the various mound provinces.
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In the North Atlantic the deep and abyssal waters (>1500 m) are the North Atlantic Deep
Water (NADW: 1.5° — 4°C; 34.8 — 35 g/kg) and the Arctic Bottom Water (ABW: -1.8° — -
10.5°C; 34.88 — 34.94 g/kg); (Emery and Meincke 1986; Emery 2001). The cold and
dense NADW is formed in the subpolar gyre in the Greenland Sea (GS) overflows the
Denmark Strait and moves southward between 1200 — 4000 m water depth (Stramma
2001). The deep water formed in the Antarctic is the densest water mass, the Antarctic
Bottom Water (AABW: -0.9° — -1.7°C; 34.64 — 34.72 g/kg) and can be traced up to north
of 40°N (Stramma 2001).

5.1.2 Physical settings of investigated sites

Gulf of Mexico (GoM)

The GoM is a semi-closed basin of approximately 1.5 million km? with continental shelves
surrounding a deep abyss (Brooke and Schréder 2007). From the Caribbean Sea and
through the Yucatan Strait (YS), Carribean Surface Water (CSW), Subtropical
Intermediate Water (STUW) and Antarctic Intermediate Water (AAIW), inflow and spread
throughout the whole GoM-basin, becoming denser while flowing in direction to the
Atlantic (Gyory et al. 2005 a). The occurrence of a clockwise flow that extends northward
into the GoM and joins the Yucatan Current and the Florida Current is known as the Loop
Current (Hofmann and Worley 1986). The Loop Current influences the hydrodynamics
even down to 1000 m water depth of the GoM (Hamilton 1990) and is variable in position
(Gyory et al. 2005c) with some direct extremes to the Florida Current (Molinari and Mayer
1982; Hofmann and Worley 1986).

Campeche Bank / Yucatan Strait

The Yucatan Strait, at the southeastern slope of the Campeche Bank marks the western
boundary of the gateway between the Carribean and the GoM (Ordonez 1936). The
Caribbean Current transports water northward into the GoM via the Yucatan Current
through the Yucatan Channel (Sheinbaum et al. 2002; Gyory et al. 2005b; Hubscher et al.
2010; Wei et al. 2012). The Campeche Bank borders the Yucatan Strait on its eastern
margin. According to Merino (1997) three main water masses comprise the water column
there: the Caribean Surface Water (CSW), the Subtropical Intermediate Water (STUW)
and the Antarctic Intermediate Water (AAIW). The uppermost surface water of ~80 m
water depth with salinities of <36.4 g/kg indicating the CSW (26° — 27.5°C).
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Between 100 and 160 m water depth the detected salinity maximum (<37 g/kg)
characterises the upper STUW (25.3° — 21.2°C, 36.58 — 37.0 g/kg), which comprises the
water column down to 540 m. There, salinity drops below 35.0 g/kg, marking the
presence of upper AAIW and the homogenous deeper portion portray the AAIW down to
the CTD water depth of 1200 m (Fig. 5.2).
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Fig. 5.2 left) T-S plot of water masses observed at the studied sites. Each different site is
marked by a different color: CB=red, GBB=yellow, BB=blue, PS=black, Norwegian
margin=magenta, MAC=grey, MAU=green. Abbrevations for water masses are:
STUW=Subtropical Intermediate Water; ENACW=Eastern North Atlantic Central Water;
AW=Atlantic Water; NCW=Norwegian Coastal Water; ACW=Antilles Current Water;
MOW=Mediterranean Outflow Water; AAIW=Antarctic Intermediate Water; NADW=North
Atlantic Deep Water; NSDW=Norwegian Sea Deep Water. right) The position of living
CWC reefs are indicated by blue dots. The color coding represents the depth. The
different site to which each T-S profile belongs can be depicted from color coded profiles
in the left panel
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West-Florida Slope

Off West-Florida the uppermost part of the water column down to 80 m comprises the
shallow water mass of the Florida Shelf Surface Water (FSSW) with the lowest salinities
around 34.14 g/kg shallower than 50 — 60 m. This water mass is characterised and
influenced by the occurrence of relatively fresh water inflow of the Mississippi Water.
Below 84 m salinities increase and indicate the onset of the Subtropical Intermediate
Water (STUW). The salinity maximum in the water column from 120 — 160 m ranges
between 36.72 and 36.87 g/kg, which comprises the water column down to 620 m. There,
the upper Antarctic Intermediate Water (AAIW) with a salinity minimum of 34.90 g/kg is
found in water depths between 620 — 700 m, and the homogenous deeper portion portray
the AAIW down to the CTD water depth of 1280 m.

Great Bahama Bank

The Bahama Archipelago is a complex system of shallow banks and deep basins. It
forms a triangle between the Florida Current (FC), the Atlantic Ocean Subtropical gyre
and the Antilles Current (AC), and the Carribean Sea (CS) and these water masses reach
the Great Bahama Bank (GBB); (Chérubin 2014).

The uppermost part of the water column comprises the shallow water mass of the
Tropical Surface Water (TSW) and is influenced by the FC. This water mass is identified
by salinities of 36.18 g/kg at ~60 m water depth down ~160 m. There, the onset of the
Florida Current Surface Water (FCSW) is indicated by the maximum salinity of 36.9 g/kg,
and down to the minimum salinity in ~700 m (35.01 g/kg) indicating the onset of the
Antilles Current Water (ACW,; Fig. 5.2). At ~1000 m water depth the onset of the Deep
Western Boundary Current Water (DWBCW) occurs which is of lower salinity and lower

temperature with respect to the intermediate water masses (Chérubin 2014).

St. Nazaire Canyon / Bay of Biscay

The water masses presented in St. Nazaire Canyon on the Amorican Margin are
prevalently of North Atlantic and Mediterranean origin (Pollard et. al 1996). The surface
water is the Eastern North Atlantic Central Water (ENACW) and extends down to 450 and
550 m respectively. The salinity values are indicated between 35.60 g/kg on the Pagés
Escarpment, and 35.71 g/kg in the St. Nazaire Canyon in water depths of 750 — 798 m
(Dullo et al. 2017).
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The lower part of the ENACW indicated by a salinity minimum of ~ 35.60 g/kg and
seemingly influenced by the Subarctic Intermediate Water (SAIW). Below the ENACW,
the rapid increase in salinity emblematise the Mediterranean Outflow Water (MOW),
which is distributed down to ~1500 m water depth. Within this water column the salinity
maxima occur between 35.80 and 36.17 g/kg in 900 - 1100 m water depth respectively.
The influence of the MOW is highest among the sites on the Galicia margin (36.17 g/kg),
while its influence slightly decreases gradually from 35.83 g/kg on Pagés Escarpment to
35.79 g/kg in St. Nazaire Canyon (Dullo et al. 2017). Below the MOW (Fig. 5.2), the North
Atlantic Deep Water (NADW) underlies between 1500 m and 3000 m. The detected
salinity decreases at 1800 m water depth and is influenced by the Labrador Sea Water
(LSW) according to Pingree and Morrison (1973) and Gonzales-Pola et al. (2006).

Porcupine Seabight

Within the Porcupine Seabight the distribution of water masses show a warm and
homogenously distributed surface layer of 40 to 50 m depth. Below, the Eastern North
Atlantic Central Water (ENACW) exhibits a linear, uniform distribution down to a salinity
minimum in ~650 m — 700 m water depth, according to Pollard et al. (1996). Below 700 m
water depth the onset of the upper Mediterranean Outflow Water (MOW) appears by
increasing salinity with maximum values of 35.6 g/kg and lower temperatures. In this
water column ENAW and MOW dominate the intermediate hydrography.

On Rockall Bank margin the surface layer stretches down to 50 m water depth and is
further influenced by Subarctic Intermediate Water (SAIW) down to ~300 m water depth.
This water mass is colder and less saline with respect to the Porcupine Seabight margin.
Eastern North Atlantic Central Water (ENACW) follows below down to a salinity minimum
in 800 — 1000 m suggesting an insignificant MOW advection to this area. The influence of
the MOW might be portayed by a slight increase of salinity (35.6 g/kg). Below 1000 m
water depth, with salinity of 35.45 g/kg appears to be the onset of NADW (Fig. 5.2).
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Norwegian Sea

The Norwegian margin is characterised by the Norwegian Coastal Water (NCW) with
salinities less than 35 g/kg in water depths of >50-250 m with an increase in salinity from
33.5 to 35 g/kg within the first 200 m. Below this surface water and between 250 and 600
m (Skardhamar & Svendsen 2005) the distinct maximum in salinity >35 g/kg and a
decrease in temperature <8.5°C indicates the Atlantic Water (AW). Below 600 — 800 m
the boundary occurs between AW and Norwegian Sea Deep Water (NSDW) occurs.
NSDW is characterised by salinities below 34.95 g/kg and low temperatures less than
0°C (Fig. 5.2). At the Stjernsund sill the variability of temperature and salinity was already
reported by Dons (1944), who published the first paper on the occurrence of living CWC
reefs from that region. NCW with salinities <35 g/kg occupies the complete water column
east of the sill, while Atlantic Water (AW) occurs below ~250 m west of the sill.

At Sveinsgrunen margin salinity values at the surface layer reveal a slight decrease down
to 35.01 g/kg at 100 m water depth, indicating the Norwegian Coastal Water (NCW). This
surface water mass is influenced by continental river discharge and inflowing fjord water.
Below the NCW, salinity increased to 35.24 g/kg at 176 m water depth, and marks the
presence of Atlantic Water (AW) with this maximum in salinity. At ~760 m water depth the
boundary occurs between AW and the below NSDW, and reveals the salinity minimum
with 34.92 g/kg (Fig. 5.2).

Morocco and Mauretania

The uppermost part of the water column down to 52 m comprises the upper surface layer
and is identified as shallow water mass of the Subtropical Underwater (SUW), which may
be influenced by the Surface Canary Current Water (SCCW) with the lowest salinities
around 36.31 g/kg. The salinity maximum values between 99 and 117 m water depth
range from 36.35 to 36.36 g/kg and characterise the North Atlantic Central Water
(NACW), which reaches up north into the Agadir region. The NACW is a subsurface
water mass with moderately temperatures around 16.5°C (Mittelstaedt 1991; Van Camp
et al. 1991; Morigi et al. 2001; Vandorpe et al. 2014). According to Mittelstaedt (1991)
and Aristegui et al. (2009), the predominantly NACW is upwelling seasonally. Deeper,
around a water depth of 650 m, the salinity maximum of 35.69 g/kg is attributed to the
Mediterranean Outflow Water (MOW) in combination with relatively high temperatures of
9.87°C. Below ~1250 m water depth, the deepest part of the water column is formed by
the North Atlantic Deep Water (NADW) and the topmost portione is characterised by
temperatures of 9.7°C and salinities of <35 g/kg (Fig. 5.2).
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5.1.3 Density gradient

Different physical properties such as density, potential temperature and salinity have
been applied in order to identify the suitable habitats for CWCs. In this study, we focus on
the gradients of these properties in relation to depth and their possible influence on living
CWOC reefs.

Density Density

Depth
Depth
o
o)

dp
small = large —-

Time Time

Fig. 5.3 Steepness of density gradients over

=

f f a very short depth range, e.g. A0Oqgm
maximum, results in very little mixing

Less energy More energy processes

required to mix required to mix

A steep gradient is characterised by a very rapid change of a property over a very short
depth range. This relation portrays the variability in vertical seawater stratification. Steep
density gradients therefore result in stable conditions — with only little mixing (Fig. 5.3).
Therefore, a steep density gradient at water mass boundaries can have the effect of
trapping nutrients, preventing vertical mixing and favour lateral advection and transport of
particles (e.g. POC and DOC).

This enhanced stratification as a result of steep gradients may also favour the distribution
of larvae (gametes) of L. pertusa as a self enhancing process of CWC reef growth Dullo
et al. (2008). In this study, we try to relate the measured / calculated gradients to the

CWOC reef categories (I — lll) according to Flogel et al. (2014).
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5.2 Material and Methods

5.2.1 Hydrography

Single conductivity-temperature-depth (CTD) data were obtained in order to determine
the physical properties of the water masses in the different investigated sites. In addition,
repeated CTD measurements were performed as Yoyo-CTDs (Dullo and Flégel 2011) at
the same spot, comprising up to 13 individual casts within 12 h to cover a tidal cycle. The
CTD measurements of the water column down to each maximum water depth were
conducted using a SEABIRD “SBE 9 plus” underwater unit and a SEABIRD “SBE 11 plus
V2" deck unit. The vertical profile over the water column provided standard data for
conductivity, temperature, pressure and dissolved oxygen (Schlitzer 2013). Conductivity
and temperature data were used to compute salinity. All data presented refer to the
downcast of the individual CTD deployments.

CTDs were collected at different sites (SM Fig. 5.4) in the Gulf of Mexico (GoM) and on
the western margin of the Great Bahama Bank (GBB) during cruise MSM20-4 of R/V
Maria S. Merian in March/April 2012 (Hebbeln et al. 2014). Additional data derive from

the Eugen Seibold coral garden ~40 nautical miles north of the Agadir Canyon off

Morocco (Glogowski et al. 2015) sampled during cruise MSM32 with R/V Maria S. Merian
in October 2013), and on the North-East Atlantic: Ireland / Porcupine Seabight during
Meteor cruise M61-1 (April 2004), Norwegian margin during cruises POS325 (July 2005)
and POS434 (May 2012), and in the Bay of Biscay during cruise M84-5 (May 2011).

The hydrography of the investigated sites such as Campeche Bank (CB; NE Yucatan
Strait Peninsula), West-Florida Slope (W-Fl), and Great Bahama Bank Slope (GBB) were
reported in Hebbeln et al. (2014), while the respective data off Morocco (MAC; Agadir
Canyon) are described in Glogowski et al. (2015). NE-Atlantic: e.g. Porcupine Seabight
data and Norwegian Reefs e.g. Sula reef data are described in Dullo et al. (2008) and
Flogel et al. (2014).

The derived potential density (c©=sigma-theta) is defined as:
00= 1/ Vsep — 1000 kg/m® (%5.2)

with V=specific volume, S=salinity, ©=potential temperature and p=pressure at the sea

surface.
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Since seawater density increases with water depth we calculated the gradient by
substracting the measured seawater density in a distinct depth from the equivalent value
10 m above resulting in AG®1om (kg/m®). This Ac®;om varies within the depth range of
living L. pertusa CWC reef and we selected for each site the Ac®4,, maximum value to
portray this variability. These gradients for other properties like potential temperature and

absolute salinity were derived in the same way.

5.3 Results

5.3.1 Hydrography around living CWC reefs

CTD measurements of the ambient seawater were used to identify the distribution of
water masses in the North Atlantic. Regional temperature-salinity (T-S) plots (Fig. 5.4)
were used to determine the variability of water masses right on top of living L. pertusa
reefs and are given in SM Table 5.1. The Yoyo-CTDs reveal the variability of the
gradients. However, since repeated Yoyo-CTD casts never reach exactly the identical
bottom regime due to navigational issues and current regimes only the first cast is being
used. Although the plotted measurements of the repeated casts reveal the same

information about the different amplitude in gradients within the same water depth.

Campeche Bank

Occurrences of living L. pertusa reefs were observed during ROV dives of MSM20-4
(Hebbeln et al. 2012) in water depth from 497 to 560 m. The analysis of the CTD
measurement (Fig. 5.5) at 552 m water depth reveal a potential temperature of 7.92 °C,
an absolute salinity of 35.16 g/kg and a potential density, sigma-theta 0® of 27.27 kg/m®.
The calculated maximum values of Ad® 1o, at 0.0621 kg/m® (0©=27.28 kg/m®) were found
in water depth of 518 m and are mainly the result of temperature in this area, and Ac®1gm

maximum was found 34 m above the living CWC reefs (SM Table 5.2).

West-Florida

During the cruises MSM20-4 (Hebbeln et al. 2012) and M78/1 (Schénfeld et al. 2009) and
ROV dives revealed the occurrences of living L. pertusa reefs in the depth range between
513 - 530 m. The potential temperature varies between 7.67° — 7.80°C and the absolute
salinity between 35.12 — 35.14 g/kg, and the potential density (sigma-theta; 0@) between
27.27 — 27.28 kg/m® (Fig. 5.5). The density gradients are as well mainly result of
temperature in this area and Ac®9, maximum was found 10 — 17 m above the living
CWC reefs (SM Table 5.2).
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Fig. 5.5 Variability of water masses of the studied sites with respect to potential
temperature, salinity and potential density portrayed in T-S diagrams. Living Lophelia
pertusa reefs are indicated by purple dots. Isopycnals are calculated with the reference
pressure at 0 m (0©), i.e. sea level. Abbrevations for localities are: Campeche Bank (CB),
Great Bahama Bank (GBB), St. Nazaire Canyon (BB), Porcupine Seabight (PS),
Norwegian margin, Agadir Canyon (MAC)

Great Bahama Bank

Occurrences of living L. pertusa reefs were observed during ROV dives of cruise MSM20-

4 (Hebbeln et al. 2012) in depth between 618 m and deeper. CTD measurement at 618 m
revealed a potential temperature of 9.30°C, absolute salinity of 35.28 g/kg and a potential
density (sigma-theta; 0® of 27.15 kg/m® Fig. 5.5). The density gradients are more
influenced by salinity and less by temperature in this region. The Ac®1om maximum was
found 60 m above the living CWC reefs (SM Table 5.2).
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St. Nazaire Canyon

Living L. pertusa reefs were found between 700 — 850 m water depth in the St. Nazaire
Canyon during METEOR cruise M84-5 (Flogel et al. 2011). CTD measurements revealed
in water depths of 798 and 844 m a potential temperature range between 9.92° and
10.26°C, an absolute salinity between 35.71 and 35.72 g/kg, whereas the potential
density ranges between 27.46 and 27.51 kg/m® (Fig. 5.5). Maximum values of AG®1on
were found between at 0.0266 kg/m*® (0©=27.40 kg/m®) and 0.0449 kg/m® (0©=27.47
kg/m®) at water depth of 765 m and 834 m. The density gradients are mainly driven by
temperature in this area and Ac® o, maximum was found 10 — 55 m above the living
CWC reefs (SM Table 5.2).

Porcupine Seabight

Living CWC reefs were found between 600 — 800 m water depth (Rlggeberg et al. 2007;
Wienberg et al. 2008), and at 810 — 901 m water depth (Flégel et al. 2014). During
METEOR M61-1 (Pfannkuche et al. 2004) ccurrences of living L. pertusa reefs were
observed on the Galway mound in a depth range between 800 — 924 m where the
potential temperature ranged from 8.96° - 9.78°C, the absolute salinity varied between
35.46 — 35.53 g/kg, and the potential density c® ranged from 27.38 — 27.54 kg/m® (Fig.
5.5). Highest calculated gradients range between A0®;o, maximum values of 0.0769
kg/m® and 0.0785 kg/m® at water depth from 783 m to 859 m. The density gradients
dependend mainly on salinity in this area and AcOo, maximum was found 12 - 27 m
above the living CWC reefs (SM Table 5.2).

Norwegian margin

On the Norwegian margin living CWC reefs occur in water depth between 150 and 400 m
(Dullo et al. 2008). During POSEIDON cruises POS434 (Pannkuche et al. 2012) and
POS325 (Freiwald and Dullo 2005) occurrences of living L. pertusa reefs were observed
in depth range between 140 — 380 m, in detail: at Rast Reef between 300 and 380 m,
around 140 and 250 m at Fuglgybanken, between 300 and 380 m at Sula Reef, and in
Stjernsund at 208 m, and at Traenadjupet around 297 m. The potential temperature (O;
°C) varies between 5.79° at Stjernsund to 7.24°C at Traenadjupet. Absolute salinity

ranges from 34.90 at Stjernsund to 35.4 g/kg at R@st Reef and Traenadjupet.
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The potential density, sigma-theta 0© varies between 27.35 at Stjernsund to 27.61 kg/m®
at Rost Reef (Fig. 5.5). At Rest Reef and Traenadjupet localities the envelope of the
maximum density gradient Ac®1on, range between 0.0113 kg/m® (0©=27.59 kg/m?) and
0.0170 kg/m® (0©=27.59 kg/m®) at water depth from 248 m to 286 m. Whereas, the
classical locality of Stjernsund the density gradients (A0®qy) vary between maximum
values of 0.033 kg/m® (0©=27.47 kg/m®) and 0.0704 kg/m® (c©=27.36 kg/m®) at water
depth from 163 m to 223 m.

At the classic locality of Stjernsund the Ac® o, maximum was found 45 - 60 m above the
living CWC reefs like at Rgst Reef (54 - 55 m) and Traenadjupet (49 m; SM Table 5.2).

The density gradients of all Norwegian sites are mainly driven by changes in salinity.

Morocco

During cruise MSM32 (Krastel et al. 2013) occurrences of living L. pertusa reefs reveal a
depth range between 674 — 704 m, with detected potential temperature between 9.87° -
10.12°C and absolute salinity between 35.63 — 35.65 g/kg (Fig. 5.5). The potential density
(00) varies between 27.29 — 27.33 kg/m®. The maximum of Ac®;o,, was found at 0.0502
kg/m® (0©=27.32 kg/m®) at water depth of 662 m. AcO1o, maximum was found 9 m
above the living CWC reefs (SM Table 5.2).

Mauretania

During POS346 (Westphal et al. 2006; Westphal et al. 2012) living L. pertusa reefs were
observed around 575 m, having potential temperatures of 9.46°C, absolute salinities of
35.37 g/kg and a potential density, sigma-theta 0©® of 27.20 kg/m® (Fig. 5.5). The
maximum of Ac®+o, was found at 0.0343 kg/m® (0©=27.06 kg/m°) at water depth of 546
m. Ao®4om maximum was found 28 m above the living CWC reefs (SM Table 5.2).

For both sites, Morocco and Mauretania the density gradients result more from

temperature variabilities than from changes in salinity.

132



5.4 Discussion

Living CWC reefs occur in water masses of different temperatures and salinities almost
everywhere in the global ocean (Rogers et al. 2002; Roberts et al. 2006). A critical factor
controlling their distribution is sufficient food supply that is commonly driven by the
interplay of surface water productivity and the local hydrographic regime (e.g.
stratification, internal waves and tides) delivering food particles to the CWCs (Duineveld
et al. 2004 and 2007; White et al. 2005).

However, living CWC reefs seem to be linked to water masses of distinct densities (Dullo
et al. 2008; Flogel et al. 2014). This relation was confirmed in several other studies (e.g.
van Rooij et al. 2010; De Mol et al. 2011). Hebbeln et al. (2014) argued that one of the
main forcing factors favouring the existence of living CWC reefs, is a strong density
gradient, which might act as a trap for sinking food particles and may enhance their
residence time in the upper intermediate water column leading to an accumulation of
nutrients just above the living CWC reefs.

Following the idea of Hebbeln et al. (2014), this study demonstrates that density
gradients occur above each investigated locality of living CWC reefs in the North Atlantic,
independent from water mass, water depth and region (SM Table 5.2). Looking at the
calculated maximum values of AcOqy, these range from very low values at e.g. in the
Stjernsund, were CWC reefs cover an existing relief (Rliiggeberg et al. 2011) but do not
form carbonate mounds such as those in the Porcupine Seabight (Riggeberg et al.
2007), with highest maximum values of Ac®1om (Fig. 5.6).

According to Flogel et al. (2014) both CWC reefs belong to category I, and therefore the
maximum values of Ac®4¢, do not tell anything about the reef category. This is also seen
at the other investigated sites belonging to other categories like in the St. Nazaire Canyon
(Fig. 5.7), or the Campeche Bank CWC reefs (SM Fig. 5.8), and off Morocco region (Fig.
5.9 and SM Table 5.2). The maximum values of AcO®,y, of the density gradients

irrespectively of any reef category vary considerably (Fig. 5.10).
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distance of 2.5 km and the density gradients between 10 m interval. The bottom
figure zoomed in the section, where living Lophelia pertusa reefs were found
(AG®10m maximum >0.07)
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Regardless of categories of living CWC reefs sensu Flogel et al (2014), there is a link
between the regional occurrences of CWC reefs and the yielded density gradient. The
calculated density gradient of AcO©+q, is defined by seawater temperature and salinity
(*5.2). This density gradient of Ac®1g, reaches maximum values up to >0.07 kg/m°,
which are highest in the studied area of Porcupine Seabight and are driven by changes in
salinity. In contrast, the living CWC reefs in the Norwegian Stjernsund occur in much
shallower water depth (SM Table 5.2) and are as well salinity controlled density gradients
(AoO1om). Similarly the density gradient in the Bay of Biscay region is mainly caused by
variabilities in salinity (Dullo et al. 2017). This is in contrast to Morocco and Mauretania,
and the Campeche Bank province (Fig. 5.10; category lll), where the calculated density
gradients are mainly driven by temperature on top of the living CWC reefs. Thus,
localities mainly driven by salinity, seem to be regions with enhanced productivity like the
Porcupine Seabight (White et al. 2005) or off Norway (Freiwald et al. 1997).

Irrespectively of categories, however, the density gradient expressed as Ac®@om S€eeMSs to
be indicative for living CWC reefs as soon as its value is >0.02 kg/m®. In addition, each
studied site shows the density gradient maximum peak Ac®qoy similar to the maximum
peak of the temperature gradient or the salinity gradient respectively, undulating more or
less in the same water depth (e.g. GoM SM Fig. 5.11). This is also demonstrated by the
repeated Yoyo-CTD measurements of the Campeche Bank, portayed as an example

about the amplitude in temperature and salinity variability of uneven casts (SM Fig. 5.12).

Moreover, using the classification of category | the density gradient maximum occurs ~45
— 60 m above the living CWC reefs on the Norwegian Stjernsund margin, and ~12 — 27 m
in the Porcupine Seabight region. At sites of category Il the density gradient maximum is
located ~10 — 55 m above the living CWC reefs, and at sites of category Il the density
gradient maximum is located ~9 — 60 m above the living CWC reefs (SM Table 5.2).

The comparison between reef categories sensu Flogel et al. (2014) and the presented
data of Ac®4o density indicates differences around the lower boundaries. While there is
a link between the depth range in peak abundance of the maximum of Ac®4 above the
living CWC reefs, it seems that this particular height of thickness of maximum AcOon
may be indicative for the distribution of living CWC reefs. Living and pristine reef systems
of category | (Flogel et al. 2014) exhibit 15 m thickness of AcO,m on the Norwegian
Stjernsund margin, same as in the Porcupine Seabight, while the poor occurrences of

category Il show such a thickness of 50 m over of the living CWC reefs.
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These differences may explain a possible vertical deceleration of accumulated food
particles (Mienis et al. 2012). A narrow bathymetrical thickness of Ao®on accumulates
nutrients but releases them after a shorter time (category 1), while a larger bathymetrical
thickness of AcO4on accumulates as well, but may capture and retain nutrients over a
longer time until they are laterally removed by currents and only a reduced amount may
reach the bottom where poor living CWCs are settled (category IlI).

CWC reefs seem to develop best right below a permanent density gradient, which is
either salinity or temperature driven which accumulates nutrients by the interaction of
surface and intermediate water masses (Mienis et al. 2007). Localities, which are
characterised by salinity driven gradients exhibit a density envelope of c0=27.34 — 27.61
kg/m®. In contrast sites, where gradients are mainly driven by temperature the density
window is little lower with 6©=27.15 — 27.33 kg/m°.

5.5 Conclusions

(1) Irrespectively of the geographical region, water masses, and water depth, all
investigated sites exhibit a density gradient expressed as Ac®+o, above the living CWC
reefs. This density gradient seems to be indicative for living CWC reefs as soon as its
value is >0.02 kg/m?®, independently from large CWC reef structures or living CWC cover
(2) The CWC reefs on the southern part of the North Atlantic margin such as Morocco
and Mauretania, as well as those in the semi-closed basin of the Gulf of Mexico belong to
CWC reef category Il (Flbgel et al. 2014). There, the gradients are mainly driven by
changes in temperature. In contrast, the living CWC reef on the northern part of the North
Atlantic margin off Norway, as well as in the Porcupine Seabight — belong to category |,
while those in the Bay of Biscay (St. Nazaire canyon) belong to category Il. At these sites,
the density gradient is mainly driven by changes in salinity

(3) The calculated maximum density gradients of AcO,o, differ in their bathymetrical
thickness right above the living CWC reefs. Healthy and pristine reef systems on the
Norwegian margin, of category | exhibit in a range of ~15 m maximum Ao®gm thickness,
whereas, the poorly developed structures of category Ill show ~50 m thickness

(4) The development of density gradients favour nutrient accumulations. Thin layers of
maximum of Ac®4y, release nutrients obviously more rapidly, while in thicker layers of

maximum of Acg®4q, nutrients are more retained
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Supplementary Material

Fig. 5.1 Simplified map of the thermohaline circulation system in the North Atlantic Ocean
(available at: http://pordlabs.ucsd.edu/ltalley/sio210/Atlantic_deep; Prof. Dr. Lynne Talley,
Climate atmospheric science & physical oceanography)
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Fig. 5.4 Location map is illustrating sample areas indicated by red dots
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Fig. 5.8 Cross sectioned gradients through (Ac®1omm) water masses Campeche Bank (CB)
— category |. The upper section displays the site over a distance of 3km. The bottom figure
zoomed in the section, where living Lophelia pertusa reefs were found (Ao®1om maximum
>0.06)
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Fig. 5.11 Plots illustrating the relation of hydrological variability derived as Ac®om density,

temperature, salinity for Gulf of Mexico (GoM) and the sites of Campeche Bank (CB) and
West-Florida Slope (W-FI)
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Fig. 5.12 Plots illustrating the relation of hydrological variability derived as Ac® o, density,
temperature, salinity for the Yoyo-CTD on Campeche Bank (CB)
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Supplementary Material

Table 5.1 Sampling location and hydrographical in-situ data for the studied regions of
Campeche Bank (CB), Great Bahama Bank (GBB), St. Nazaire Canyon (BB), Porcupine
Seabight (PS), Norwegian margin, Agadir Canyon (MAC). *Yo-yo-data represent mean
values of 13 CTD casts covering a time window of 13 hours

Depth Water Water
Station Area Station ID Lat. Long. Sampling living Conservative Ahsf:l}lte Density v‘na‘ss mass
Date Temperature [ Salinity living
L.pertusa boundary
L.pertusa
[°N] [w] [m] [°Cl [psu] [kg/m3]
MSM20-4 o, o
GoM, Campeche Bank CB 23°51.511 | 87°12.124 | 23.03.12 562 7.92 35.16 27.27 suw AAIW
GeoB 16316-1
[Yo-Yo CTD]
MSM20-4 : o. o,
GoM, West Florida Slope W-FI 26°20.201 | 84°45.597 | 27.03.12 513 7.67 35.14 27.28 Suw AAIW
GeoB 16340-1
[Yo-Yo CTD]
M78-194 GoM, West Florida Slope W-FI 26°12.108 | 84°43.552 | 07.03.09 530 7.80 35.12 27.27 suw AAIW
[Yo-Yo CTD]
MSM20-4 o o:
Great Bahama Bank Slope GBB 24°33.635 | 79°21.211 | 04.04.12 618 9.30 35.28 27.15 Suw DWBC
GeoB 16386-1
[Yo-Yo CTD]
M84-5-666 BoB, St. Nazaire Canyon BB 46°13.588 | 4°19.300 | 16.06.11 798 10.26 35.71 27.46 ENACW Mow
[Single CTD]
M84-5-656 BoB, St. Nazaire Canyon BB 46°13.480 | 4°21.1080| 15.06.11 n;?i?:ng 6.79 35.43 27.79
[Single CTD]
M84-5-658 BoB, St. Nazaire Canyon BB 46°14.204 | 4°20.960 | 15.06.11 844 9.92 35.72 27.51 ENACW MOow
[Single CTD]
M61-1-1 Ireland, Porcupine Seabight PS 51°27.87 | 11°45.05 | 23.04.04 810 9.72 35.49 27.38 ENACW Mow
[Yo-Yo CTD]
M61-1-10 Ireland, Porcupine Seabight PS 51°26.39 | 11°45.51 | 23.04.04 873 8.96 35.53 27.54 ENACW Mow
[Single CTD]
M61-1-4 Ireland, Porcupine Seabight PS 51°27.18 | 11°45.17 | 23.04.04 800 9.78 35.46 27.35 ENACW Mow
[Single CTD]
M61-1-2 Ireland, Porcupine Seabight PS 51°27.63 11°45.27 | 23.04.04 901 9.07 35.53 27.52 ENACW Mow
[Single CTD]
M61-1-5 Ireland, Porcupine Seabight PS 51°27.10 11°45.14 | 23.04.04 780 9.90 35.48 27.34 ENACW Mow
[Single CTD]
M61-1-17 Ireland, Porcupine Seabight PS 51°26.72 | 11°48.54 | 24.04.04 n;(lz\?iig 8.16 35.50 27.64
[Single CTD]
POS434-143 Norway, Stjernsund STJ 70°16.303 |22°25.928 | 31.05.05 283 5.90 34.90 27.35 NCwW AW
[Single CTD]
P0OS325-421 Norway, Stjernsund STJ 70°16.01 | 22°28.46 | 25.07.05 208 5.79 35.07 27.51 NCW AW
[Single CTD]
P0OS325-375 Norway, Rest Reef RR 67°31.60 | 09°29.60 | 19.07.05 301 7.08 35.41 27.61 NCwW AW
[Single CTD]
P0OS325-373 Norway, Rest Reef RR 67°31.51 09°29.40 | 19.07.05 303 7.07 35.41 27.61 NCwW AW
[Single CTD]
POS325-354 Norway, Treenadjupet TJ 66°58.15 11°07.27 | 16.07.05 297 7.24 35.41 27.58 NCwW AW
[Single CTD]
POS325-394 Norway, Sveinsgrunen sV 69°42.82 16°09.81 | 22.07.05 noslizvzing 4.64 35.28 27.81
[Single CTD]
P0OS325-383 Norway, Sveinsgrunen SV 69°43.01 16°07.48 | 21.07.05 nc:(l)i\?izg sensor defect 35.11 28.07
[Single CTD]
MSM32-3-2 Morocco, Agadir Canyon MAC1 31°08.055 | 10°36.248 | 02.10.13 704 9.87 35.63 27.33 NACW Mow
[Single CTD]
MSM32-49-2 Morocco, Agadir Canyon MAC2 31°12.740 | 10°37.540 | 25.10.13 674 10.12 35.65 27.29 NACW Mow
[Yo-Yo CTD]
POS346 Mauretania, Golf d’Arguin MAU 17°32.489 | 16°40.122| 16.11.10 574 9.46 35.37 27.20 NACW Mow
GeoB14906-1 ’ 9 ) ) o ’ ) )
[Yo-Yo CTD]
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Table 5.2 Shown are the various locations and their hydrographic and oceanographic in-
situ bottom water fingerprints of the presented data set

Cruise Date Area Category Site Station ID Depth m |Sigma-Theta| Reference Depth m Depth m Delta Sigma-Theta
livin, o living AGradient Difference AGradient c
9 9 max max (kg/m3 )
MSM20-4 | Mar 2012 cagapnelfhe i #16316-1 cB 552 2728 | ROVA4#16312| 518 34 0.0621 27.16
MSM20-4 | Mar2012 | W-Florida i #16340 WFL1 513 2728 | ROVH3#16334| 504 10 0.0237 27.25
M78-1 | Feb2009 | W-Florida i #194-1 WFL2 530 27.27 | OFOS#189-1 513 17 0.0219 27.23
MSM20-4 | Mar 2012 Greaég::ama i #16386-1 GBB 618 2715 |ROV#4 #16373| 558 60 0.0421 27.03
M84-5 | Juni 2011 Stcg'lf;(fr']'e 1 #M666 BB2 798 27.46 | TVGrab#M644 765 55 0.0266 27.40
M84-5 | Juni 2011 S‘(':'::YZ;"'e [ #M658 BB3 844 2752 | TVGrab#Meds | 834 10 0.0449 27.47
M61-1 Apr2004 | Foreupine cTD 1 PS1 810 27.38 OFOS#203 837 27 0.0527 27.43
Seabight
M61-1 Apr 2004 Ps‘gzgl‘;;f cTD 10 ps2 873 27.54 OFOS#203 859 14 0.0769 27.45
M61-1 Apr 2004 "S"g;gl‘;:f CTD4 PS3 800 27.34 OF0S#203 783 17 0.0785 27.30
M61-1 Apr 2004 Porcupine CTD 2 PS4 901 27.52 OFOS#203 876 25 0.0484 27.45
Seabight
M61-1 Apr 2004 Porcupine CTD5 PS5 780 27.34 OFOS#203 768 12 0.0341 27.33
Seabight
POS434 | May2012 | Stiemsund #143 STI1 283 27.35 Jago#412 223 60 0.0330 27.47
POS325 | July2005 | Stiemsund #421 STJ2 208 27.51 WGH#A16 163 45 0.0704 27.36
POS325 | July2005 | Rast Reef #375 RR1 301 27.61 VVGH#369 264 37 0.0128 27.59
POS325 | July2005 | Rast Reef #373 RR2 303 27.61 VWGH3T2 286 17 0.0170 27.59
POS325 | July 2005 | Traenadjupet #354 TRA 297 27.58 ROV#356 248 49 0.0113 2755
MSM32 | Oct2003 | Agadir Canyon i #512 MOR 671 2729 |BoxCorer#32 | 662 9 0.0502 27.32
MSM32 | Oct2003 | Agadir Canyon i #3-2 MOR 704 27.32 | Box Corer#3-2 | 691 13 0.0350 27.30
o ROV#10
MSM16-3 | Oct2010 | Golf d’Arguin i #14906-1 MAU 574 27.20 414908 546 28 0.0343 27.06
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Summary

The aim of this study was to focus on the environmental control of cold-water coral reefs
and to unravel the processes and controlling factors that influence the cold-water coral
ecosystems. For this purpose, geochemical proxies from the scleractinian cold-water
coral Lophelia pertusa - the important and representative reef builder of the cold-water
coral reefs - as well as surrounding oceanographic and hydrographic properties have
been analysed. In summary, the chapters presented in the context of this thesis have led
to some new findings regarding the setting of CWC reefs. These results are summarised

and presented in four chapters, which comprise this thesis.

Chapter 2

In this paper, the newly discovered Eugen Seibold coral mounds off western Morocco are
presented. Living CWCs dominated by Lophelia pertusa, occurred between 678 and 719
m water depth, whereas dead thickets were found at water depths of >710 to 860 m. CTD
measurements revealed living CWCs within the NACW, were hydroacoustic data
exhibited individual mounds of up to 12 m height. U/Th isotope systematics derived from

L. pertusa yielded ages of dead coral fragments of the late Holocene at least.

Chapter 3

From different localities geochemical analyses applying EPMA and LA-ICP-MS
measurements revealed spatial distributions of Mg/Ca, Sr/Ca and Na/Ca ratios in the
CWC L. pertusa. One of the key aspect of this research was to resolve the skeletal
architecture, i.e. differentiation between theca wall (TW) and the centre of calcification
(CoC), and to differentiate both geochemically. The variability of Mg/Ca ratios is the best
methological approach to identify geochemically the different skeletal features in the
CWCs. However, most of the CoC records showed stronger correlations to both
temperature and salinity with respect to the TW derived data. Moreover, the present
thesis demonstrates a negative correlation of Na/Ca ratios to temperature and salinity,
with stronger negative correlations within the CoC than within the TW. These observed
Na/Ca data (measured by LA-ICP-MS) are crucial to use as a geochemical proxy since
their ratio may be entirely controlled by precipitation / biomineralisation processes in L.

pertusa.
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Chapter 4

The Campeche Bank CWC province is a highly diverse CWC ecosystem in the western
Atlantic Ocean, dominated by e.g. Lophelia pertusa. The rich cold-water coral location is
characterised by high surface water production, which appeared to be optimal for the
establishment of this CWC ecosystem, supported by the local nutrient rich upwelling
regime. Additionally, a dynamic bottom current regime with available supplemental food
source for CWC growth, reached the CWC ecosystem by vertical migration. The
observed strong density gradient within the intermediate water column controlled the food

supply as well and plays a major role in the development of this CWC ecosystem.

Chapter 5

Flourishing cold-water coral reefs seem to depend on the development of a density
gradient above the living reef. This density gradient accumulates sinking particulate
nutrients and may even advect them laterally. This density gradient expressed as AG@1gm
right above the living CWC reefs was recognised at each studied locality in the North
Atlantic. The eastern North Atlantic margin south of Gibraltar and the Golf of Mexico
exhibit density gradients mainly driven by changes in temperature and these sites have
moderately developed CWC reefs. In contrast, the eastern North Atlantic north of
Gibraltar shows density gradients mainly driven by changes in salinity. These sites are
characterised by well-developed CWC reefs. Further, the bathymetrical thickness of the
maximum density gradients of Ac®40,, may be influential, since CWC reefs below thicker
layers are less developed and vice versa. Maybe particulate nutrients are more effectively

accumulated on thinner layers.
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Index of Figures

Fig. 1. 1

Lophelia pertusa catched during cruise MSM32 off Morocco and redrawn by Gabriel
Engelen (Waldorfschule, Kiel)

Fig. 1.2 3
Living Lophelia pertusa (Photo: R. Wynn; MSM32 off Morocco)
Fig. 1.3 4

Erich Pontopiddan, Bishop of Norway (1698 — 1764), “MeeresgemUlise vegetables — of
the ocean” (1755)

Fig. 1.4 5
Distribution of cold-water reefs after Roberts et al. (2006)
Fig. 2.1 25

Top Map showing the locations of the study area off western Morocco (black box; green
dot mound field), and the CTD stations (stars) of earlier cruises off Mauritania (MSM16/3)
and in the Gulf of Cadiz (MSM1/3; cf. Table 1), with depth contours and water masses.
North Atlantic Central Water: solid blue arrows after Vandorpe et al. (2014); dotted blue
arrow its continuation, present study. Mediterranean Outflow Water: red area and arrows
after Hernandez-Molina et al. (2011), including preferred meddy pathways; orange arrows
its continuation, CTD data of present study. North Atlantic Deep Water: solid dark grey
arrows after Hernandez-Molina et al. (2011); dark grey dotted arrow its continuation,
present study. Bottom Green Multibeam bathymetry coverage. Note the location of CTD
station MSM32-1-1 (cf. Fig. 3, Table 1)

Fig. 2.2 27

Top 3D perspective view of multibeam bathymetry (lateral pixel resolution 30 m) across
the Eugen Seibold coral mounds, and locations of the seven box corer stations (cf.
Table 2) with live or dead corals, as well as three areas selected for estimation of coral
mound density (cf. Fig. 4). With the exception of CTD station MSM32-1-1, situated further
north beyond the currently known boundaries of the coral mound site (cf. Fig. 1), the
locations of the other ten CTD stations were essentially identical or very close to those of
the box corer stations (cf. Table 1). Bottom Bathymetric profile 1 crosses the site from its
shallowest to its deepest part, profile 2 incorporates a coral mound with living CWCs, and
profile 3 a coral mound with dead corals (box corer stations MSM32-49-2 and 46-1
respectively). V.E. Vertical exaggeration
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Fig. 2.3 31

T-S plot (© cons. temperature, Sp absolute salinity) for CTD stations MSM32-1-1 (see
Fig. 1 for location) and MSM32-3-2 (location as for box corer station MSM32-3-1 in
Fig. 2). Water masses comprise (from shallowest to deepest) an upper surface layer,
Subtropical Under Water (SUW), South Atlantic Central Water (SACW), North Atlantic
Central Water (NACW), Mediterranean Outflow Water (MOW), and North Atlantic Deep
Water (NADW). Living CWCs, especially Lophelia pertusa, occur in the deeper part of the
NACW roughly 150 m above the MOW characterised by still relatively elevated salinities
and limited variation in temperature. Isopycnals are calculated with the reference
pressure at 0 m (00©), i.e. sea level

Fig. 2.4 31

Shaded relief (fop row) and slope map (bottom row) across selected coral mound areas
at three different water depths based on multibeam bathymetry data. Abundance,
elevation and slope of coral mounds decrease as water depths increase from area 1 to
area 3 (700, 780 and 890 m respectively). See Fig. 2 for locations of selected areas

Fig. 2.5 46

Number of mounds with respect to height for the three selected areas (each 4 km?)
shown in Fig. 4. Mound height decreases from shallower depths of area 1, where living
corals have been sampled, to deeper depths of area 3. Mean elevation and standard
deviation for area 1 = 6.9+2.2 m, area 2 = 6.0x1.4 m, and area 3 = 3.6x1.0 m. Refer to
Fig. 2 for area locations

Fig. 2.6 47

Left TOBI side scan sonar (30 kHz) imagery across the carbonate mound province
(swath width 6 km). Individual coral mounds are recognized by high acoustic backscatter
on flanks inclined towards the side scan sonar track, and low backscatter shadows on the
lee sides. Right Higher-resolution imagery in the vicinity of two box corer stations (red
stars): top right MSM32-49-2, with living corals; bottom right MSM32-50-2, with dead
corals. For corresponding locations in study area, see Fig. 2

Fig. 2.7 33

Photograph showing the contents of the box core recovered from station MSM32-3-1.
The large colony of Lophelia pertusa (1) exhibits up to 15 consecutive living polyps in one
branch. Madrepora oculata (2) settled on dead branches of L. pertusa, which evidently
collapsed prior to settlement as indicated by the different orientation of the polyps of both
corals. This is the only living M. oculata recovered during the cruise. Desmophyllum sp.
(3) settled also on dead L. pertusa branches. In this box core, the numerous dead corals
partly buried in the muddy, bioclast-rich sediment comprise only L. pertusa. Among the
coral debris, a few bivalves occur. See Fig. 2 for location of box core station
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Fig. 2.8 35

Detailed T-S plot (cf. Fig. 3) of water masses bathing living and dead CWCs of the
Eugen Seibold coral mounds north of Agadir Canyon (cruise MSM32 of the present
study, colour), compared with dead CWC sites in the Gulf of Cadiz (cruise MSM1/3, light
grey) and living CWC sites off Mauritania (cruise MSM16/3, dark grey). Dashed ellipses
Temperature—salinity occurrence range of dead CWCs; yellow, white circles living CWCs,
all category Ill of Flogel et al. (2014). Isopycnals are calculated with the reference
pressure at 0 m (00©), i.e. sea level

Fig. 3.1 SM 84

Coral sample locations. Gulf of Mexico (GoM; MSM20-4), CB = Campeche Bank, W-FI =
West-Florida Slope, SW-FI (1,2) = South-West-Florida Slope. Left: West-Atlantic
(MSM20-4), BS = Bimini Slope, GBB = Great Bahama Bank. Right: East-Atlantic
(MSM32), MAC (1,2) = Morocco

Fig. 3.2 SM 84

a) ROV image showing the coral habitat at the Campeche Bank (image copyright
MARUM, Bremen, ROV Cherokee team, MSM20-4). Note the squat lobster within. b) — ¢)
Sample GeoB16312-1, b) the analysed calyx shown within the red rectangle and c) the
resin embedded, polished L. pertusa. The red point within the red rectangle indicates the
location used for geochemical analyses exactly (in order to avoid the organic interior
lining in brownish colour)

Fig. 3.3 SM 85

Mg/Ca ratios (mmol/mol) versus in-situ temperature (°C) derived by EPMA and LA-ICP-
MS in L. pertusa, differentiated in arithmetic mean sample (overview of the whole sample)
top, the arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at
the bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the
p-values are given for both EPMA and LA-ICP-MS. Arithmetic mean enrichment factors
are presented at Table 3

Fig. 3.4 64

Sr/Ca ratios (mmol/mol) versus in-situ temperature (°C) of EPMA and LA-ICP-MS in L.
pertusa, differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for both EPMA and LA-ICP-MS. Arithmetic mean enrichment factors are
presented at Table 4
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Fig. 3.5 66

Na/Ca ratios (mmol/mol) versus in-situ temperature (°C) of LA-ICP-MS in L. pertusa,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for LA-ICP-MS. Arithmetic mean enrichment factors are presented at
Table 5

Fig. 3.6 66

Na/Ca ratios (mmol/mol) versus in-situ salinity (g/kg) of LA-ICP-MS in L. pertusa,
differentiated in arithmetic mean sample (overview of the whole sample) top, the
arithmetic mean TW plotted in the middle and the arithmetic mean CoC plotted at the
bottom. Error bars = +1 SD (10). The linear regression, the corresponding R? and the p-
values are given for LA-ICP-MS. Arithmetic mean enrichment factors are presented at
Table 5

Fig. 3.7 72

Na/Ca ratios versus Calyx factor (CF) derived from the analysed calices, differentiated in
arithmetic mean sample (overview of the whole sample) top, the arithmetic mean TW
plotted in the middle and the arithmetic mean CoC plotted at the bottom. Error bars = +1
SD (10). The linear regression, the corresponding R? and the p-values are given for LA-
ICP-MS

Fig. 3.8 72

Mg/Ca ratios versus Calyx factor (CF) derived from the analysed calices, differentiated in
arithmetic mean sample (overview of the whole sample) top, the arithmetic mean TW
plotted in the middle and the arithmetic mean CoC plotted at the bottom. Error bars = £1
SD (10). The linear regression, the corresponding R? and the p-values are given for both
EPMA and LA-ICP-MS

Fig. 3.9 SM 86

Sr/Ca ratios versus Calyx factor (CF) derived from the analysed calices, differentiated in
arithmetic mean sample (overview of the whole sample) top, the arithmetic mean TW
plotted in the middle and the arithmetic mean CoC plotted at the bottom. Error bars = £1
SD (10). The linear regression, the corresponding R? and the p-values are given for both
EPMA and LA-ICP-MS
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Fig. 3.10 73

Mg concentrations and Me/Ca ratios derived by different methods from L. pertusa
(GeoB16312-1; Campeche Bank) are shown to illustrate their distribution in relation to the
different microstructures and are representative for all samples.

a) Semi-quantitative mapping of Mg distribution (EPMA) exhibiting low concentrations in
blue (82 counts per pixel=cts/pixel) and high concentrations in red (>217 cts/pixel). The
boundary between the theca wall (TW) and the center of calcification (CoC) would be
assigned at ~150 um distance from the outer rim (=DFOR). The elongated red rectangle
indicates the measured profile in b

b) Mg/Ca ratio EPMA profile (spot size 3 um) plotted as overlay on a black and white
binocular image (c). The boundary between TW and CoC is almost identical to the
mapping in @) and is located at 156 ym DFOR (Mg/Ca 10 = £0.4; see Table 3). The spots
refer to the LA-ICP-MS measurements in d)

¢) The corresponding boundary between TW and CoC on the basis of the binocular
image is indicated by the black line

d) The resolution of the LA-ICP-MS spot (light, large circles) is more than one order of
magnitude larger than the EPMA spot. Note that the diameter of the shooted spot is not
similar to the diameter of the mapped shot. The boundary between TW and CoC based
on minima for the TW and maxima for the CoC would assign it between spot 4 and 5. The
large spot size of the laser may capture Mg/Ca ratios (mmol/mol) from the CoC crystals
below the ablated surface and vice versa.

The lowest Mg/Ca ratios at spot 5 (Mg/Ca 10 = +0.2; see Table 3), although visualy
located within the CoC, also according to the Keyence image (e) may result from such a
“mixing” signal.

Na/Ca ratio (mmol/mol) measured by LA-ICP-MS (Na/Ca 10 = +1.28; see Table 5)
overlain on the Keyence image demonstrate the maximum within the TW at spot 4 and
the minimum at the “mixing” signal of spot 5 within the CoC. The large spot size does not
allow a clear differentiation between TW, CoC and the septum. The individual spot 8
might result from density differences within the material, or from a pore under the epoxy
resin, or from an exploded crystal under the 150 shots of the laser ablation

e) Based on the Keyence®© image the corresponding boundary between TW and CoC is
indicated by the black line (bottom panel). Differentiation between TW and CoC on the
basis of the different method a) — e) of TW (yellow) and CoC (red)
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Fig. 4.1 107

Water mass structure in the Yucatan Strait (GeoB 16303-1) and in the Campeche cold-
water coral province (GeoB 16316-1 to - 16, Yoyo CTD station; see Table 4.1). Shown is
a temperature—salinity plot; temperature is displayed as potential temperature (Tpo), grey
lines indicate levels of isodensity (0©) in kgm™ (plotted using Ocean Data View v.4.5.1;
http://odv.awi.de; Schlitzer, 2012). Abbreviations: CSW: Caribbean Surface Water;
STUW: Subtropical Intermediate Water; AAIW: Antarctic Intermediate Water

Fig. 4.2 109

Hydrological variability derived from the Yoyo CTD station GeoB 16316 (see also Table
4.1). (a) Variability of the temperature distribution in the entire water column over a time
interval of 12 h (comprising 13 individual CTD casts). The red inset shows the density
gradient over 10 m depth intervals for the water column below 380 m taken from CTD
cast GeoB 16316-1 (00:20 UTC). (b) Depth variation of the 8°C to 9.5°C isotherms in the
lower part of the water column >500 m water depth over the same time period shows
partly vertical movements of >20 m. Variations in water depth (black denotes the sea
floor) are caused by slight movements of the vessel (~600m N-S, ~50m E-W) at the
Yoyo CTD station (including the crossing of a CWC mound). (c) Water temperature at
519 m depth measured over the same time period indicates a variability of up to 1°C. (d)
Gradients in temperature, salinity, and density over 10 m depth intervals. Data were
obtained during the individual CTD cast GeoB 16316-1 (00:20 UTC) and reveal
particularly strong gradients around 520 m water depth (see also a)

Fig. 5.1 SM 148

Simplified map of the thermohaline circulation system in the North Atlantic Ocean
(available at: http://pordlabs.ucsd.edu/ltalley/sio210/Atlantic_deep; Prof. Dr. Lynne Talley,
Climate atmospheric science & physical oceanography)

Fig. 5.2 123

left) T-S plot of water masses observed at the studied sites. Each different site is marked
by a different color: CB=red, GBB=yellow, BB=blue, PS=black, Norwegian
margin=magenta, MAC=grey, MAU=green. Abbrevations for water masses are:
STUW=Subtropical Intermediate Water; ENACW=Eastern North Atlantic Central Water;
AW=Atlantic Water; NCW=Norwegian Coastal Water; ACW=Antilles Current Water;
MOW=Mediterranean Outflow Water; AAIW=Antarctic Intermediate Water; NADW=North
Atlantic Deep Water; NSDW=Norwegian Sea Deep Water. right) The position of living
CWC reefs are indicated by blue dots. The color coding represents the depth. The
different site to which each T-S profile belongs can be depicted from color coded profiles
in the left panel
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Fig. 5.3 127

Steepness of density gradients over a very short depth range, e.g. Ao®1om maximum,
results in very little mixing processes (Ocean dynamics stability in the water column;
available at: www.maths.unsw.edu.au/~katrinmeissner/.../wk4_ handouts_large)

Fig. 5.4 SM 149
Location map is illustrating sample areas indicated by red dots
Fig. 5.5 130

Variability of water masses of the studied sites with respect to potential temperature,
salinity and potential density portrayed in T-S diagrams. Living Lophelia pertusa reefs are
indicated by purple dots. Isopycnals are calculated with the reference pressure at 0 m
(00@), i.e. sea level. Abbrevations for localities are: Campeche Bank (CB), Great Bahama
Bank (GBB), St. Nazaire Canyon (BB), Porcupine Seabight (PS), Norwegian margin,
Agadir Canyon (MAC)

Fig. 5.6 134

Cross section of density gradients (Ac©®iom) through water masses in the Porcupine
Seabight (PS) — category lll. The upper section shows the slope over a distance of 2.5
km and the density gradients between 10 m interval. The bottom figure zoomed in the
section, where living Lophelia pertusa reefs were found (A0®1om maximum >0.07)

Fig. 5.7 135

Cross sectioned density gradients (Ac®qm) through water masses in the St. Nazaire
Canyon (BB) — category Il. The upper section figure shows the slope over a distance of
310 km. The bottom figure zoomed in the section, where living Lophelia pertusa reefs
were found (A0®1om maximum >0.04)

Fig. 5.8 SM 150

Cross sectioned gradients through (Aoc®:om) water masses Campeche Bank (CB) —
category |. The upper section displays the site over a distance of 3km. The bottom figure
zoomed in the section, where living Lophelia pertusa reefs were found (Ac® 1, maximum
>0.06)

Fig. 5.9 136

Cross sectioned gradients (Ao®1om) through water masses in the Agadir Canyon (MAC) —
category Ill. The upper section figure shows the site over a distance of 65km. The bottom
figure zoomed in the section, where living Lophelia pertusa reefs were found (AGOom
maximum >0.03)
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Fig. 5.10 138

Plots illustrating the relation of hydrological variability derived as AcOo, density,
temperature, salinity versus categories | — Il for Ireland (Porcupine Seabight) category I,
Bay of Biscay (St. Nazaire Canyon) category Il and Morocco (Agadir Canyon) category
lll. Note the strong influence of salinity in the Porcupine Seabight versus the strong
influence of temperature in Agadir Canyon, Morocco

Fig. 5.11 SM 151

Plots illustrating the relation of hydrological variability derived as AcOo, density,
temperature, salinity for Gulf of Mexico (GoM) and the sites of Campeche Bank (CB) and
West-Florida Slope (W-FI)

Fig. 5.12 SM 152

Plots illustrating the relation of hydrological variability derived as AcO;o, density,
temperature, salinity for the Yoyo-CTD on Campeche Bank (CB)
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Table 1.1 3
Taxonomy Lophelia pertusa
Table 2.1 SM 48

CTD stations off Morocco during cruise MSM32 (present study), and off Mauritania
(cruise MSM16/3) and in the Gulf of Cadiz (cruise MSM1/3 (for data sources, see main
text). T, S, density and oxygen values are given for the deepest sampling locations

Table 2.2 SM 50
Box corer stations off Morocco during cruise MSM32
Table 2.3 SM 51

U-Th isotope systematics and age determination of Lophelia pertusa from box core
MSM32-3-1-1 (719 m water depth), cruise MSM32 off Morocco (uncertainties at 2 SE
level)

Table 3.1 55

Sampling location and hydrographical in-situ data (according to Hebbeln et al. 2014,
Glogowski et al. 2015). *Yo-yo-data represent mean values of 13 CTD casts covering a
time window of 13 hours

Table 3.2 SM 84

Analytical data for mean sample, TW and CoC for each L. pertusa and different methods:
EPMA, LA-ICP-MS, binocular camera, Keyence camera. n = the number of individual
data points. Analytical results present mean sample values, TW values, and CoC values
by different colours (cream=mean sample; grey=TW, green=CoC).

Table 3.3 SM 95

Assignment of the LA-ICP-MS analytical spots of Mg/Ca and the analytical points of the
EPMA according to each microstructure of the arithmetic mean sample, TW and CoC of
each individual section for L. pertusa and uncertainties respectively. Enrichment factors
of the arithmetic mean and min./max. values are presented (and uncertainties
respectively). The total number (n) of measurements as the basis of each individual data
point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the
TW and the CoC are listed in detail in Table 2
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Table 3.4 SM 96

Assignment of the LA-ICP-MS analytical spots of Sr/Ca and the analytical points of the
EPMA according to each microstructure of the arithmetic mean sample, TW and CoC of
each individual section for L. pertusa and uncertainties respectively. Enrichment factors
of the arithmetic mean and min./max. values are presented (and uncertainties
respectively). The total number (n) of measurements as the basis of each individual data
point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the
TW and the CoC are listed in detail in Table 2

Table 3.5 SM 97

Assignment of the LA-ICP-MS analytical spots of Na/Ca and the analytical points of the
EPMA according to each microstructure of the arithmetic mean sample, TW and CoC of
each individual section for L. pertusa and uncertainties respectively. Enrichment factors
of the arithmetic mean and min./max. values are presented (and uncertainties
respectively). The total number (n) of measurements as the basis of each individual data
point (EMPA and LA-ICP-MA) and different colours for the arithmetic mean sample, the
TW and the CoC are listed in detail in Table 2

Table 4.1 105

Metadata of CTD casts conducted at the Campeche cold-water coral province during R/V
Maria S. Merian cruise MSM 20-4. Abbreviations: WD: water depth

Table 5.1 SM 153

Sampling location and hydrographical in-situ data for the studied regions of Campeche
Bank (CB), Great Bahama Bank (GBB), St. Nazaire Canyon (BB), Porcupine Seabight
(PS), Norwegian margin, Agadir Canyon (MAC). *Yo-yo-data represent mean values of
13 CTD casts covering a time window of 13 hours

Table 5.2 SM 154

Shown are the various locations and their hydrographic and oceanographic in-situ bottom
water fingerprints of the presented data set
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Abstract. With an extension of- 40 kn? the recently dis- importance of the oceanographic setting in securing the food
covered Campeche cold-water coral province located at theupply for the development of large and vivid cold-water
northeastern rim of the Campeche Bank in the southern Gultoral ecosystems.

of Mexico belongs to the largest coherent cold-water coral
areas discovered so far. The Campeche province consists of

numerous 20—-40 m-high elongated coral mounds that are de- ]
veloped in intermediate water depths of 500 to 600m. Thel Introduction
mounds are colonized by a vivid cold-water coral ecosys-
tem that covers the upper flanks and summits. The rich cor
community is dominated by the framework-building Sclerac-
tinia Enallopsammia profundand Lophelia pertusawhile
the associated benthic megafauna shows a rather scarce

he last decade has witnessed a tremendous progress in our

nowledge about “framework-building cold-water corals”
(CWC) as their role as ecosystem engineers creating highly
Q(ti:iyerse ecosystems in water depths far beyond the shelf edge

currence. The recent environmental setting is characterize hbegprg_lng ”.‘tore and.rrlo(rje o.l‘i)%/ '?# s (Roberts tet al, 2009&'
by a high surface water production caused by a local up- € biodiversity associated wi ese ecosystems may be

welling center and a dynamic bottom-water regime Compris_comparable to that found in tropical coral reefs (Roberts et
ing vigorous bottom currents, obvious temporal variability, a!., 2006),_and they oceur almos_t worldwide except fo_r th_e
and strong density contrasts, which all together provide op-.h'gheSt latitudes (Davies and Gumot’Fe, 2011). The availabil-
timal conditions for the growth of cold-water corals. This ity of advanced deep-sea technologies (e.g., remotely oper-

setting — potentially supported by the diel vertical migration ated vehicles) greatly supported the discovery and investiga-

of zooplankton in the Campeche area — controls the deliver:tlon of large, thriving and (so far) unknown CWC ecosystems

ing of food particles to the corals. The Campeche cold-watef" remote places. Successful studies such as those performed

: ; T off Mauritania (Colman et al., 2005), off Angola (Le Guil-
coral province is, thus, an excellent example highlighting the, . . .
P P ghlighting loux et al., 2009), and in various parts of the Mediterranean

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Sea (Freiwald et al., 2009; Orejas et al., 2009; Fink et al.|
2013; Gori et al., 2013) demonstrate the potential use of thes
technologies for future discoveries.

With their rigid carbonate skeletons that can persist over
geological timescales CWC shape the sea floor by creatin
large three-dimensional structures, e300 m-high coral
carbonate mounds along the Irish margin (e.g., Kenyon e
al., 2003; Mienis et al., 2007) reaching back to Pliocene
times ¢~ 2.6 Ma; Kano et al., 2007) and 100 kn?-large reef s L ¥ |
structures off Norway (Fossa et al., 2005) formed during thel  Hi = s S ol 0012
Holocene (e.g., Lopez Correa et al., 2012). These structure = \ i
consist of a mixture of coral skeletons, the skeletal remains o]
the coral-associated megafaunal community, and pelagic g
hemipelagic sediments that can serve as paleoenvironment
archives allowing to reconstruct the long-term development
of the CWC ecosystems (e.g., Dorschel et al., 2005; Frankig. 1. SEAWIFS satellite ocean color data transferred into

et al., 2009; Titschack et al., 2009; Wienberg et al. 2009:chlorophyll @ concentrations for the Gulf of Mexico (source:
Eisele et al., 2011; Fink et al., 2012; Lépez Correa et al.,http://oceancolor.gsfc.nasa.gm(a) The map refers to an 8-day

2012: Douarin et al., 2013; Thierens et al., 2013). composite representing the period 22-29 September 2010. Black

Th | . alopheli . h indicates data gaps. The Campeche cold-water coral province (CP)
e scleractinian cor °|_° elia pertusais among the is influenced by increased productivity probably forced by local up-
most common and most widespread CWC species worldyejing at the northeastern rim of the Campeche Bank (Molinari

wide and is particularly abundant in the eastern North At- and Morrison, 1988). The white dot in the Yucatan Strait (YS) indi-
lantic (Davies and Guinotte, 2011). This species withstandsates CTD station GeoB 16303-1. The white line marks the 200 m
a rather wide range of physicochemical conditions (see sumisobath within the Gulf of Mexico. VK: Viosca Knoll cold-water
mary in Davies et al., 2008), a fact that explains its almostcoral setting (e.g., Brooke and Schroeder, 2007); WF: west Florida
global distribution at depths between a few tens of meters tgold-water coral mounds (Newton et al., 198B). The inset shows
over 2000 m (Freiwald and Roberts, 2005). Another criticalthe same data as a composite for the entire SEAWIFS mission
factor controlling its distribution is sufficient food supply that (4 September 1997 to 30 November 2010). The black arrow indi-
is commonly driven by the interplay of surface water produc- cates th_e area _of the Campeche cold-water coral provmce_that is
- . located in a region marked by a long-term enhanced productivity.
tivity and the local nature of the bottom current regime (e.g.,
currents, stratification, internal waves and tides) delivering
food particles to the CWC (Duineveld et al., 2004, 2007;
White et al., 2005). Paleoenvironmental studies revealed that
food supply often is the decisive factor triggering on- or off- so far in this region (Brooke and Schroeder, 2007; Davies et
sets of coral growth in a given setting (e.g., Dorschel et al.,al., 2010) probably as a consequence of enhanced produc-
2005; Wienberg et al., 2010; Eisele et al., 2011; Fink et al. tivity driven by nutrient-enriched Mississippi River outflow
2013). (Wawrik and Paul, 2004). Apart from the Campeche Bank,
In addition to the CWC hotspot in the eastern North At- the southern Gulf of Mexico is generally characterized by
lantic, L. pertusaalso contributes to numerous coral mound meager planktonic biomass along the Mexican slope mirror-
structures in the western North Atlantic along the continen-ing the low-productivity Caribbean water that enters the Gulf
tal margin from North Carolina (Ross and Nizinski, 2007), of Mexico through the Yucatan Strait (Wei et al., 2012).
along the Florida—Hatteras slope (Paull et al., 2010), and The In this paper, we document for the first time build-ups
Bahamas to the Florida Straits (e.g., Neumann et al., 1977at the sea floor formed by framework-building scleractinian
Mullins et al., 1981; Grasmueck et al., 2006; Correa et al.,corals on the slope of the Mexican Campeche Bank, south-
2012a, b). Further west in the Gulf of Mexicb, pertusa  ern Gulf of Mexico. These build-ups are mainly formed
appears to be more scattered, forming isolated mound-likdoy Enallopsammia profunda—Lophelia pertusammunities.
structures along the west Florida slope (Newton et al., 1987 This finding was unexpected as available data from a few
Hubscher et al., 2010) and in the northern Gulf of Mexico dredge haul stations only described the occurrence of the
(Moore and Bullis, 1960; Schroeder, 2002; Reed et al., 2006scleractinian CWMadrepora oculataalong the margin of
Cordes et al., 2008; Becker et al., 2009; Davies et al., 2010)the Campeche Bank, north of the Mexican Yucatan Penin-
Summarizing the current knowledge, Mienis et al. (2012) sula (Cairns, 1979; Schroeder et al., 2005). Only in 2010 was
conclude that within the Gulf of Mexico CWC mound struc- more detailed information provided, when hydroacoustic
tures have been rarely found, except on the west Florida slopsurveys revealed “mound-like” structures between 500 and
and in the Viosca Knoll area (Fig. 1). The latter area has600 m water depth along the margin of the bank (Hiubscher
been considered the most extendiapheliahabitat found et al., 2010). Without any groundtruthing being available at

a concentration [mg m3]
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that time, it only has been speculated that these structure@6-27.5°C, salinity< 36.4), representing the Caribbean
might be CWC mounds (Hibscher et al., 2010). Surface Water (CSW). At depths greater thaB50 m, the
This region was revisited in 2012 and extensive field dataYucatan and Cuban countercurrents transport water south-

(bathymetry, hydrography, and video observations) revealedvard while being confined to the western, Mexican side and

the existence of a large thriving CWC ecosystem, which isto the eastern, Cuban side of the Yucatan Strait, respectively

the focus of this paper. This hitherto unknown CWC site (Sheinbaum et al., 2002).

is here termed the “Campeche CWC province”. The scope With respect to the strength of the bottom current regime,

of the present study is to describe this extensivé kn?) the best information is provided by mooring data obtained

CWC province with respect to morphology, the megafaunalslightly further south in the Yucatan Strait 1.5 N; e.g.,

community, and the oceanographic setting and to put it intoSheinbaum et al., 2002). Along a W—E transect through the

a larger framework analyzing the overall forcing factors con-area, the mean northward current velocities at the western

trolling its development. margin decrease rapidly from almost 100 cmh sit the sur-
face to<10cms?! at 200m water depth. However, at the
depth of the Campeche CWC province $50 m) the bot-

2 Regional setting tom current velocities in the Yucatan Strait increase again to
>10cms ! (Sheinbaum et al., 2002).

The Campeche Bank is a large shelf area extending approxi-

mately 200 km northward from the Mexican Yucatan Penin-

sula into the Gulf of Mexico (Fig. 1). The Gulf of Mex- S Methods

ico is a largely oligotrophic basin with enhanced produc- All data presented here were collected during expedition

tivity only along the continental shelves (I\/I_uller-Karger et MSM 20-4 with the German R/\Waria S. Merianin spring
al., 1991), where seasonal coastal upwelling provides ad:

o . : 2012 (Hebbeln et al., 2012). They include hydroacoustic
ditional nutrients to the surface waters (Zavala-Hidalgo et . .
. : . . Y- “'measurements, water column studies, and seabed ROV video
al., 2006). A major source of nutrients is the Mississippi

o . observation (see Table 1 and Fig. 2 for relevant site in-
plume fertilizing the northeastern shelves of the Gulf with . e : i
. : . formation). Instrument specifications and applied settings
enhanced productivity partly extending over the continen-

tal slope (Wawrik and Paul, 2004). The enhanced Ioroduc_for the hydroacoustic measurements are described in detail

. X RN . in Hebbeln et al. (2012). For all hydroacoustic measure-
tivity triggered by the Mississippi plume most likely plays . . . )

; . - . ments introduced below, the essential sound velocity profile
an important role in sustaining CWC populations along the

Louisiana and Florida continental slopes (e.g., Newton et al through the water column was obtained from two CTD casts
1987; Schroeder, 2002; Fig. 1). in (GeoB 16305-1) and close to (GeoB 16303-1) the working

Apart from the typical coastal upwelling, another up- area (Figs. 1 and 2, Table 1).
welling regime has been described further offshore along the; | Hydroacoustic measurements
eastern margin of the Campeche Bank (Merino, 1997). As
the curl of the prevailing wind stress is not likely to induce 3.1.1 Multibeam echosounder (MBES)
upwelling along the eastern Yucatan slope, the upwelling ob-
served there is probably caused by bottom friction or otherSeabed mapping was performed using a KONGSBERG
topographical effects (Merino, 1997). Nevertheless, the adEM1002 multibeam echosounder system (MBES) operating
vection of nutrients into the photic zone (although rarely to at a frequency of 95kHz. The EM1002 emitted 111 beams
the sea surface; Merino, 1997) induces very high productivityper ping, covered a depth range of 2 to 1000 m and achieved
reaching a peak in September (Zavala-Hidalgo et al., 2006a high depth resolution of 2-8 cm, depending on the pulse
when sites near the Campeche CWC province appear promiength (0.2—-2 ms). Achievable swath width on a flat bottom
nently in satellite-based productivity maps (Fig. 1). was up to 5 times the water depth dependent on the char-

Along its eastern edge the Campeche Bank borders thacter of the seafloor. Spatial integrity of the mapping data
Yucatan Strait that forms the main passage connecting thevere achieved by combining the ship’'s SEAPATH 200 in-
Caribbean Sea and the Gulf of Mexico through which the Yu-ertial navigation system (INS) including differential global
catan Current transports24 Sv from south to north (Shein- positioning system (DGPS) information with motion data
baum et al., 2002). According to Merino (1997) three main (roll, pitch, heave) provided by the motion reference unit
water masses comprise the water column there. Salinity an@VIRU) 5. The open-source software package MB-System
temperature increase together from the Antarctic Intermediv.5.3.1 (Caress and Chayes, 1996) and the Generic Mapping
ate Water (AAIW, 7PC, salinity 34.9) in the deep towards Tool (GMT) v.4.3.1 (Wessel and Smith, 1998) were used for
the salinity maximum of the Subtropical Intermediate Wa- bathymetric data processing, editing and evaluation. ESRI
ter (STUW, 23C, salinity 36.8) at~ 150 m depth. Further ArcGIS v.10 was used to create maps (grid cell size: 10 m)
above, temperature rises and salinity declines until from 50 mand a sustainable spatial data management.
to the surface both parameters remain relatively constant

www.biogeosciences.net/11/1799/2014/ Biogeosciences, 11, 1TA%-2014
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87°15'W 87°14'W 87°13'W 87°12'W 87° 1MW 87°10'W 87°9'W 87°8W 87°7T'W 87°6'W
] [l | T [ T T T T ] T

—— ROV dive GeoB 16317-1
—— ROV dive GeoB 16312-1
ROV dive GeoB 16307-1

[F23°53'N

[-23°52'N

[-23°51'N

[-23°50'N

|-23°49'N

Amplitude
<-1500
I -750

o]

transparent
mounds/ridges

N,
ey drift ™
n ~._sedimentsy,
S >,

750

>1500

Fig. 2. Overview on the Campeche cold-water coral province (for location see Fi(p)IDetailed bathymetric map showing the eastern
margin of the Campeche Bank comprising the Campeche cold-water coral province revealing numerous individual elongated coral mounds
located mainly between 500 and 600 m water depth. Indicated are CTD sites (black dots) and ROV dive tracks (colored lines; GeoB station
numbers are indicated) conducted during RWdria S. Meriancruise MSM 20-4 (for detailed site information see Table(lh). PARA-

SOUND profile crossing the slope and highlighting the main morphological njtsligh-resolution view on some of the elongated coral
mounds (for position see dotted rectangla)ywith the dominant northwesterly directions marked by dashed lines and with the sub-dominant
northeasterly directions marked by the dotted lines.

3.1.2 Acoustic Doppler current profiler (ADCP) presented as a stationary 12 h record collected at site GeoB
16316 (Fig. 2, Table 1).

Current velocity and direction, and backscatter data throughg.2 ROV video observation and sampling

the water column were measured with an RDI Ocean Sur-

veyor acoustic Doppler current profiler (ADCP) operating at Three video surveys (GeoB 16307-1, GeoB 16312-1,
a frequency of 75kHz. Data were acquired using the RDIGeoB 16317-1; Table 1, Fig. 2) were conducted with the
software VMDAS (Vessel-Mount Data Acquisition) using ROV Cherokee(Sub-Atlantic, Aberdeen, Scotland; oper-
128 depth bins of 5m bin size. Backscatter data were corated by MARUM, Bremen, Germany) crossing several CWC
rected for beam spreading and water absorption (Deinesnounds along the Campeche margin. The ship-based IXSEA
1999). For the backscatter data set presented in this study, global acoustic positioning system (GAPS) coupled with
constant water absorption coefficient of 0.0272dB'rwas  the ship’s DGPS provided an absolute positioning accuracy
used (Schulkin and Marsh, 1962). Due to the simultaneousvithin 1-2 % of the slant range. The ROV was equipped
deployment of several hydroacoustic devices, backscattewith a hydraulic manipulator system for sampling purposes,
and current velocity data were affected by acoustic interferfour video cameras including a color video zoom camera
ence, which was removed using appropriate filters. Backscatfor detailed seafloor observation and a digital still camera.
ter data close to the seafloor were biased by side-lobe inThe cameras were equipped with two lasers for object size
terferences and not used for interpretation. ADCP data areneasurements on the seabed; laser scaling was adjusted to

Biogeosciences, 11, 1799815 2014 www.biogeosciences.net/11/1799/2014/
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Table 1. Metadata of CTD casts and RG¥herokeevideo surveys conducted at the Campeche cold-water coral province during&is
S. Meriancruise MSM 20-4. Abbreviations: WD: water depth.

Station Gear Date uUTC Latitude Longitude WD  Remark
[GeoB-No.] [2012] [hh:mm]  [N] (W] [m]

16303-1 CTD 21 March  14:59 2D0.98 86°02.93 1246 Sound velocity profile
16305-1 CTD 22 March  05:21 239.87 87°12.27 506  Sound velocity profile

Start: 24 March  00:20 25157 8712.12 576  Hourly casts over 12h;
ADCP data were recorded
End: 24 March 12:01 2%1.52 87°12.13 558  simultaneously over 13h

Start: 22 March  13:51 230.83 87°10.03 547

16316-1t0 16316-13 Yoyo CTD

16307-1 ROV End: 22March 1620 235049 871071 577  Videoobservation
Start  23March 14:31 25035 871176 523 .

163121 ROV End: 23March 1831 23257 871249 531 Videoobservation

16317-1 ROV Start: 24 March  13:37 2$H1.12 8mr12.53 555 Video observation

End: 24 March  15:02 %177 87 12.186 556

11.5cm in a horizontal direction. All video and still-image plain area from a gently dipping slope to the east, which cov-
data were digitally stored. Navigational data (ship, ROV), ers the water depths between 480 and 600 m. Further downs-
video recordings, and still images are all time-referencedlope below~ 600 m water depth, the slope is followed by a
With the manipulator of the ROV several coral samples weremore gently dipping area which comprises smooth sediment
collected to assess the phenotypes of the different CW®f a major drift sediment body (Hlbscher et al., 2010). The

species. first 3—5 km of the dipping slope east of the edge are covered
by linear and steep-sided elongated mounds between 500 and
3.3 Water column analyses 600 m water depth. This belt of parallel elongated mounds is

situated between the escarpment and the continuous drift de-
To determine the physical parameters of the water masses igosit, with a few stratified sediment bodies also occurring be-
the area of the Campeche CWC province and to trace theifyeen the mounds. Both the mounds and the sediment drift
variability, CTD measurements were performed as a Yoyopverlay a regional truncation surface (Fig. 2b; Hiibscher et
CTD comprising 13 individual casts taken within 12 h at sta- 3|., 2010).
tion GeoB 16316 (Fig. 2, Table 1). The CTD measurements The mounds have average heights between 20 and 40 m
of the water column down to a maximum water depth of phut can even reach heights of up to 50 m. They vary in length
1246 m were conducted using a SEABIRD “SBE 9 plus” un- from a few tens of meters ts 1000 m, and trend in two di-
derwater unit and a SEABIRD “SBE 11 plus V2" deck unit. rections. The dominant direction is NW-SE and the second
The vertical profile over the water column provided stan- opne NE-SW (Fig. 2c). In many cases both directions merge,
dard data for conductivity, temperature, pressure, and disthereby forming V-shaped elongated mounds pointing with
solved oxygen. Conductivity and temperature data were useghe tip to the WNW. ROV-based video observations reveal
to compute salinity (with the latter being presented here unitthat the morphology of these mounds is mostly rather steep
|ESS). The data presentEd here all refer to the downcast of th\ﬁlth estimated ang|es of up to 3@91 F|g 3e) These elon-
individual CTD deployments. gated mounds are often aligned by a moat towards the next

mound (Fig. 2). In addition, on some of the mound flanks ex-

humed carbonate crusts with irregular upper and lower sur-

4 Results faces have been observed (Fig. 3h). As the video observations
) ] clearly indicate that these mounds are covered by a vivid

4.1 Morphology and dimensions of the Campeche CWC ecosystem (Figs. 3a, b and 4a, b), the entire structure
cold-water coral province is termed here the Campeche CWC province. The minimum

he hvd . . B0k extension of the Campeche CWC province is 4@khow-
The hydroacoustic mapping encompasses an area of 180 Mever, most likely this CWC province is even larger, as it still

along the northeastern slope of the Campeche Bank and digsa 4 significant width at the northern and southern bound-

plays three distinct topographical features (Fig. 2). The Wes,t'aries of the mapped area (Fig. 2). Thus, the ultimate north-

ern part of the map shows an extensive more or less plalrérn and southern boundaries of the Campeche CWC province
area at~440m water depth. A NNW-SSE orientated and still need to be verified

~ 40 m-high escarpment separates this rather shallow and

www.biogeosciences.net/11/1799/2014/ Biogeosciences, 11, 1TA%-2014
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Fig. 3. ROV images showing the variety of facies types observed for the Campeche cold-water coral province (images copyright MARUM,
Bremen, ROVCherokedgeam).(a) Coral mound summit: dense colonieslafphelia pertusa- note Hexactinellid spongd#phrocallistes

sp.) and squat lobste(b) current-exposed coral mound flank: ensemble of the fréfilallopsammia profundand thebrachycephala
morphotype ofL. pertusa (c) mound flank packed with dead coral framewof#) arcuateE. profundathicket on a low-relief mound;
(e)sudden facies change from flat soft sediment plain to steeply inclined coral moundfjdoker coral mound flank: dispersed fragments

of E. profunda (g) intermound area: strongly bioturbated soft sediment — note stalked spdgg®iiemasp.) colonized by actiniarians;
and(h) occasionally observed outcropping carbonate crusts.

Biogeosciences, 11, 1799815 2014 www.biogeosciences.net/11/1799/2014/
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4.2 The Campeche cold-water coral ecosystem branches with extremely wide calicular diameters of the
brachycephaldorm (Fig. 4a) described by Moseley (1881)
Observations during three ROV dives that cross severabnd Cairns (1979). The latter phenotype occurs in low num-
mounds of the Campeche CWC province reveal the combers in the Campeche CWC province, but the co-occurrence
position of the structure-forming CWC and their associatedof the two L. pertusagrowth forms is a well-known phe-
megafaunal community. The dive tracks of the video surveyshomenon in the northern Gulf of Mexico (Newton et al.,
had an NNW-SSE orientation in water depths ranging 510-1987; Brooke et al., 2009). THeopheliaframework can at-
580 m (Fig. 2). All mounds studied are colonized by colo- tain heights of 50 cm, and the zone of live polyps and translu-
nial scleractinians representirignallopsammia profunda— cent tissue coverage stretch over a range of 20-30cm.
Lophelia pertusacommunities (Figs. 3 and 4), whereas the  The live coral zone is utilized by the associated community
flat seabed between the mounds consists of pelagic unconsdh various ways and differs largely in terms of species com-
idated mud enriched by globigerinid foraminifers and theco-position and richness from the associated community found
somatous gastropods, locally admixed with patches of corain the tissue-barren, exposed coral framework beneath. Com-
rubble and mollusk shell hash (see detailed description ofmon organisms observed (although not exclusively) in the
collected sediment samples in Hebbeln et al. (2012)). Theséve zone are the predatory decap@ithynectes longispina,
intermound areas are strongly bioturbated as indicated b¥fumunida picta, Chaceon fennghlunidopsissp. andRo-
widespread lebensspuren and burrows (Fig. 3g). chinia crassaand the grazing echinoid€idaris sp. and
Coral colonization, coral density and coral species dis-Gracilechinussp. (Fig. 4e). The latter echinoid has been rec-
tribution show a clear zonation related to current exposureognized as a corallivore in CWC habitats of the eastern North
and position on the mound flank. In general, living corals Atlantic (Stevenson and Rocha, 2013). Other organisms with
occur at the highest parts of the mounds, followed downs-corallivore affinities in the live coral zone are star fishes of
lope by a zone of coral rubble and by plain soft sediments inthe genu$lippasteria(Mah et al., 2010) and the muricid gas-
the lower parts of the mounds and in the areas between th#opod Coralliophila richardi (Taviani et al., 2009), which
mounds (Fig. 3). However, on some steeply inclined moundsvere commonly collected from the live coral zone. Stalk-
(up to 30), coral colonization starts already at the base ofless crinoids have been occasionally observed to take ad-
their current-exposed side (SSE), thereby generating a shanmantage of the elevated and current-exposed position of live
change of sedimentary facies from pelagic muds to a livingcoral branches for filtering particles from the water. Indica-
CWC ecosystem. On less steep mounds live coral coloniesion of probably necrotic epibiosis of live scleractinians by
start to appear halfway upslope the current-exposed flankzoanthids and actiniarians in some scleractinian colonies is
or the mound flanks are entirely covered by a dead and cola common feature and seems to cause local mortality. Poly-
lapsed coral framework or coral rubble with only few live chaetes of the genu&unice from which several species are
coral colonies in between. For both types of mounds, coralknown as symbionts df. pertusaand other colonial CWC
fade off halfway along the leeward flanks of the mounds. (e.g., Buhl-Mortensen and Mortensen, 2004; Mueller et al.,
Overall, the density of coral framework and the proportion 2013), are surprisingly rare in the Campeche CWC province.
of live coral colonies become progressively higher towards Characteristic organisms of the tissue-barren, ex-
the summit, where they can form very dense coral thickets ugposed coral framework are flytrap anemones (probably
to 60 cm thick. The mound flanks are dominatedbypro- Actinoscyphiasp.; Fig. 4b), isidid coralsKeratoisis sp.),
funda wheread.. pertusabecomes increasingly abundant, if and solitary scleractiniansDésmophyllum dianthus, Ja-
not dominant on the summits. vania cailetti, Stenocyathus vermiformis, Trochopsammia
The dendroicE. profundacolonies display an open-spaced infundibulun). The glass spongéphrocallistessp. was
growth habit with individual colony branches pointing in all found attached to the coral framework. Apparently the
directions (Fig. 4a and b). This growth habit results in a looseglass sponges are living together with masses of yellow
mesh of coral framework, thus facilitating framework dis- actiniarians (Fig. 4f), thus resembling the recently de-
integration of individual branches into stick-like fragments. scribed symbiotic relationship between the glass sponge
Colony heights vary from 20 to 60 cm; thus only the upper Hyalonema sieboldi with the actiniarian Spongiactis
10-15cm of a colony yields live coral polyps and translu- japonica (Sanamyan et al., 2012). Common fishes encoun-
cent tissuelLophelia pertusalso constructs an open-spaced tered frequently in the coral framework wekéelicolenus
coral framework. However, secondary fusion between ad-dactylopterusand Nettenchelys exorigGorgonians and an-
jacent coral branches is a very common feature, thus intipatharians that are elsewhere common in CWC ecosystems
creasing the structural integrity of the entire framework con-are extremely rare here.
siderably in comparison t&. profunda The branches of The coral rubble is strongly admixed with unconsoli-
L. pertusaare strongly calcified and slender with individ- dated pelagic mud, thereby providing small hard-substrate
ual corallite lengths of 2.5-3.5cm and calicular diametersislands within soft sediment. Common megafaunal organ-
of 0.5-0.8 cm. This phenotype has been described as form@sms are large astrorhizid foraminifers, cerianthids, pennat-
gracilis by Duncan (1873) and is in contrast to the stout ulaceans, stalked glass spongelydlonemasp.), and the

www.biogeosciences.net/11/1799/2014/ Biogeosciences, 11, 1TA%-2014



1806 D. Hebbeln et al.: Environmental forcing of the Campeche cold-water coral province

Fig. 4.ROV images showing examples for the megafaunal community present in the Campeche cold-water coral province (images copyright
MARUM, Bremen, ROVCheroked¢eam).(a) Dense colonization dfophelia pertusaat the coral mound togb) flytrap anemone (probably
Actinoscyphiasp.) colonizing tissue-barren, exposed coral framewgkdisplaced but still alive colony dEnallopsammia profundgd)
brachyuran cralRochinia crassa(e) grazing of living corals by the echinoi@racilechinussp.;(f) glass spongéphrocallistessp. living

together with masses of yellow actiniariaifg) the giant cirolanid isopo@athynomus gigantepand (h) the anglerfisitChaunax suttkusi
commonly spotted near the coral mounds resting on the seabed.

common decapods (same as in the live zone) and shrimpsn the northern North Atlantic, the anglerfi€haunax sut-
Amongst the mobile organisms, the giant isopod crustaceatkusi(Fig. 4h) was commonly spotted near the coral mounds
Bathynomus gigantewsas detected (Fig. 4g). Like in other resting on the seabed (Caruso et al., 2007). Other common
coral rubble habitats elsewhere in the Gulf of Mexico andfishes observed in the coral rubble and pelagic mud areas
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vertically by up to 20 m, thereby reflecting the same temporal
forcing as the temperatures at 519 m depth. Along with these
temperature changes a distinct density gradient induced by
temperature and salinity changes, almost reaching@ahd
0.07, respectively, over a 10 m depth interval (Fig. 6d) prop-
agates across the site. With0.06 kg3 per 10m depth
interval this density gradient is strongest for the lower part
of the water column at 525 m depth and significantly higher
than the density gradients between 380 m and the sea floor
that otherwise reach maximum values-00.04 kg nT3 per

10 m depth interval (Fig. 6a).

The ADCP data collected over a 13 h time interval (simul-
taneously to the Yoyo CTD data; see Table 1) allow distin-
guishing between three major layers that show some inter-
nal (although less pronounced) horizontal structuring (Figs. 7
and 8). Within the upper 130 m of the water column, the
highest current velocities (74—83 cmi§ occur together with
a high backscatter (94-98 dB). Current directions vary be-
tween 322 and 335. The second layer between 130 and
460 m is characterized by continuously decreasing current
velocities from 63 to 42 cmg, again by rather stable cur-
rent directions similar to the uppermost layer (32%336),

nd by low backscatter values (84-94 dB). The bottom layer

16, Yoyo CTD station; see Table 1). Shown is a temperature—salinit
plot; temperature is displayed as potential temperatijgy) grey
lines indicate levels of isodensity§) in kg m—3 (plotted using
Ocean Data View v.4.5.1ttp://odv.awi.de Schlitzer, 2012). Ab-
breviations: CSW: Caribbean Surface Water; STUW: Subtropical
Intermediate Water; AAIW: Antarctic Intermediate Water.

(> 460 m) is marked by a significant change in current direc-
tion (343 to 360) and by the lowest but still strong currents
flowing at a rate of 24 to 42 cnT3$.

At the beginning of the stationary ADCP record (ca.
00:00UTC, 24 March 2012) enhanced backscatter signals
move upward through the water column towards the sea
surface. By the end (ca. 11:30 UTC), similar signals move
downward towards the seabed (Fig. 7). Similar observations
were made during additional ADCP surveys in the working
area during cruise MSM 20-4 (Hebbeln et al., unpublished
data). In total, four upward (always at around 0:00 UTC,
corresponding to 18:15local “solar” time at 88/, i.e.,
The CTD measurements allow the identification of the mostsunset) and two downward movements (always at around
important regional water masses, based on temperature (pd-1:30 UTC, corresponding 05:45local solar time at 86
tential temperature) and mainly on salinity data (Fig. 5). Thei.e., sunrise) were observed.
uppermost- 80 m of the water column are characterized by
water with salinities of< 36.4, which is indicative of the
presence of the CSW. The salinity maximum 36.8) be- 5 Discussion
tween 100 and 160 m water depth is characteristic for the
STUW. At 540 m water depth salinity drops below 35.0, Large CWC-formed seafloor structures have been reported
marking the presence of AAIW. In the depth range wherefrom many regions in the world’s oceans (see compilation in
living CWC have been observed (520 to 580 m) temperature$reiwald and Roberts (2005)). In addition to the300 m-
range 7.5-9.5C and salinities 34.9-35.1. Dissolved oxygen high CWC mounds off Ireland (Kenyon et al., 2003; Mienis
contents vary between 2.74 and 2.8 mit!L et al., 2007; Dorschel et al., 2010), the extensive reefs off

The Yoyo CTD station (GeoB 16316) consisting of 13 in- Norway (e.g., Fossa et al., 2005) are the most impressive
dividual, hourly taken casts reveal small but significant vari- features. Extending over tens of kilometers (e.g., the Sula
ations also in the deepest part of the water column just abov&eef, ~ 14 x 0.5 km, Freiwald et al., 2002; the Rgst Reef,
the Campeche CWC province (Fig. 6): for example, at 519 m~ 40 x 3km, Fossa et al., 2005) and reaching up-td0m
water depth the temperature varies by almosE Lip to three  in height, these reefs generally comprise clusters of indi-
times over the 12 h measuring period (Fig. 6¢). These temvidual frameworks rather than a single coalescent structure
perature changes are also reflected in the depth position qfreiwald et al., 2002). The Campeche CWC province shows
individual isotherms (8 to 9.5C, Fig. 6b). They fluctuate a similar appearance as it comprises a cluster of individual

areChlorophthalmus agassidiaemonemap.,Nezumiasp.,
Phycidae and Rajidae.

4.3 Water column structure/dynamics
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Fig. 6. Hydrological variability derived from the Yoyo CTD station GeoB 16316 (see also Table 1 and Rig) Wariability of the tempera-

ture distribution in the entire water column over a time interval of 12 h (comprising 13 individual CTD casts). The red inset shows the density
gradient over 10 m depth intervals for the water column below 380 m taken from CTD cast GeoB 16316-1 (00:2®UDeYth variation

of the 8°C to 9.5°C isotherms in the lower part of the water columrb00 m water depth over the same time period shows partly vertical
movements of- 20 m. Variations in water depth (black denotes the sea floor) are caused by slight movements of the- &1 N-S,

~50m E-W) at the Yoyo CTD station (including the crossing of a CWC moujeji\Water temperature at 519 m depth measured over the
same time period indicates a variability of up tdCL (d) Gradients in temperature, salinity, and density over 10 m depth intervals. Data were
obtained during the individual CTD cast GeoB 16316-1 (00:20 UTC) and reveal particularly strong gradients around 520 m water depth (see
alsoa).

elongated coral mounds rather than a single clearly confined- 10000 years of the Holocene (e.g., Lopez Correa et al.,
reef structure. The term “province” is used for the present2012), when during the last deglaciation the Fennoscandian
study to describe the CWC mounds along the Campechdce Sheet retreated beyond the present-day coastline. Large
Bank following the nomenclature developed for the Irish seafloor structures formed by CWC cannot easily be trans-
margin where numerous individual CWC mounds occur clus-ferred into age, as, for example, the Irish mounds at some
tered in provinces (e.g., White and Dorschel, 2010). With itspoint in time changed from a distinct accumulation stage
mapped area of 104 km, and most likely further northwest- into an almost stagnation stage marked by CWC growth
and southeastward extensions, the Campeche CWC provin@nd sediment deposition alternating with extensive periods
is comparable with the large Norwegian reefs and, thus, bedominated by erosion (Dorschel et al., 2005; Kano et al.,
longs to the largest mapped CWC provinces in the world.2007; Eisele et al., 2008). Thus, the average height of the
In addition, the Campeche CWC province represents the&Campeche coral mounds of 20 to 40 m does not allow for es-
most important and extensive flourishing azooxanthellatetimating the onset of coral growth in the region. Nevertheless,
coral area in the entire Gulf of Mexico discovered so far. their size and the collection ofa 10 m-long sediment core
The geographically closest CWC province is situated alongcontaining abundant coral fragments embedded in a matrix
the Miami Terrace in the Straits of Florida, where 27%m of hemipelagic sediments (Hebbeln et al., 2012) reveal that
of elongated coral mounds are mapped in detail by an aualso the Campeche CWC ecosystem has a relevant, although
tonomous underwater vehicle (Correa et al., 2012a) in an areget not constrained, history.
where earlier studies have reported occurrences of “muddy This sedimentary record adds to the PARASOUND ev-
mounds” and “sand ridges” (Neumann and Ball, 1970). idence for a “CWC origin” of these mounds. The coral
Whereas the large lIrish coral mounds have been accumounds show little to no internal layering and are often trans-
mulated over> 2 million years (Kano et al., 2007), the parent (Fig. 2b), which is a common feature for coral car-
Norwegian reefs have been formed only during the lastbonate mounds (e.g., Van Rooij et al., 2003; Savini et al.,
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Fig. 7. ADCP-derived backscatter data obtained during a 13 h stationary measurement from 00:00 to 13:00 UTC on 24 March 2012. ADCP
data were recorded simultaneously to the Yoyo CTD station GeoB 16316 (see Table 1). This backscatter record shows the upward (0:00-
0:30UTC, local sunset) and downward (11:30-12:00 UTC, local sunrise) migration of the zooplankton. Probably biased data close to the
seafloor have been omitted.

current speed (ms*)  backscatter (dB)  temperature (°C) some heading towards 30Qwith a second-order direction
02040608 1 8 8 90 95100 8 1216 20 24 28 NE-SW; see above). These directions are close to the two
main current directions of 330(above~470m) and 369
(below~ 470 m) derived from the ADCP data (Fig. 8) which,
however, only represent a snapshot in time. Temporal varia-
tions (e.g., lunar, seasonal) below 470 m might result in the
different directions of the coral mounds observed. Then, the
30 offset between both current directions and both mound
directions observed could speculatively be related to an in-
herent 30 relationship between coral mound extension and
prevailing current direction.

water depth (m)

320 340 360 35 36 37 24 32 4 438
direction (°) salinity diss. oxygen (ml I'")

5.1 The Campeche cold-water corals and associated
Fig. 8. Water column data for the Yoyo CTD site GeoB 16316. community
Mean values for(a) current speed(b) current direction, and
(c) backscatter averaged from the 13 h stationary ADCP measureThe Campeche CWC province is constructedHmnallop-
ment. CTD data from cast GeoB 16316-1 {dj salinity, () tem- sammia profundand to a lesser degree hgphelia pertusa
perature, andf) dissolved oxygen. The dashed lines refer to the Ngjther of the scleractinians have been reported in previous
lowerx axes. The grey shadings delineate the different layers of thepublications from the Campeche slope (e.g., Caims, 1979;
water column as derived from the ADCP data. - ; .
Cairns et al., 1993) but are known from several locations in
the Caribbean Sea and northern Gulf of Mexico (see compi-
lations of published and unpublished information by Brooke
2014). The PARASOUND profile crossing the Campecheand Schroeder, 2007; Lutz and Ginsburg, 2007; Messing et
CWC province from west to east displays a strong reflectional., 2008). WhileL. pertusahas a nearly cosmopolitan distri-
underneath the drift sediment bodies and the CWC mounds$ution, E. profundais endemic to the western Atlantic from
developed along the Campeche Bank slope (Hubscher et althe Antilles in the south to off Massachusetts in the north
2010). It is assumed that this continuous strong reflectorat water depths of 146-1748 m (Cairns, 1979). Structure-
forms the base of the coral mounds (Hibscher et al., 2010Jorming Enallopsammia—Lophelidrameworks are known
that might have provided the hardground allowing for the from the base of the Florida—Hatteras slope in 500-800 m
initial coral settlement similar to the erosional unconformity water depth and from Miami to South Carolina (Reed, 2002).
forming the base of the Irish CWC mounds (Van Rooij et al., Correa et al. (2012a) describe an approximately 20 ketd
2003; Kano et al., 2007). of Enallopsammia—Lopheli@oral mounds at the base of
CWC often form coral mounds that can have a varietythe Miami Terrace, Straits of Florida, at 630—870 m depth,
of shapes, from circular to elongate (Roberts et al., 2009)with a denser coral framework on current-facing flanks and
Elongated mounds often have been related to the presencmmits. The same coral association is present in the CWC
of an unidirectional bottom current regime, however, with mound province at the toe of the Great Bahama Bank (Cor-
elongated coral mounds sometimes occurring perpendicularea et al., 2012b). Interestingly, on the ROV tracks stud-
(Correa et al., 2012a) and sometimes parallel (Messing eied only a low abundance of associated megafauna in the
al., 1990) to the main current direction. The elongated coralCampeche CWC province was documented. This is in con-
mounds within the Campeche CWC province appear to bdrast to other scleractinian coral framework habitats in the
generally aligned parallel to the main current direction pos-northern Gulf of Mexico (Lessard-Pilon et al., 2010) or in
sibly following an upstream growth pattern as outlined by the eastern North Atlantic (e.g., Henry and Roberts, 2007;
Messing et al. (1990). They mostly stretch towards°38ith Roberts et al., 2006). For instance, with the exception of
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Aphrocallistessp. and a fewKeratoisissp., no other large 2005; Duineveld et al., 2007), on zooplankton (Carlier et
suspension-feeding megabenthos were observed during thed., 2009; Dodds et al., 2009) or on a combination of both
three ROV dives. It should be kept in mind that the visually (Becker et al., 2009; van Oevelen et al., 2009). Recent labo-
inspected portion of the Campeche coral province is far tooratory studies also revealed the importance of dissolved or-
small for a solid conclusion at present and further inspectiongyanic matter which might be actively absorbed by CWC es-
may change this first impression considerably. pecially during periods when particulate food is scarce (Gori
Regarding the structure-forming CWC from the et al., in press). However, independent of the food source,
Campeche Bank on a wider perspective, this newlythe sessile CWC rely on sufficient food supply, which is
found CWC province is located at a key position, namely based on primary production in the surface waters and the
at the beginning of the Loop Current that passes over thalelivery of food particles to the CWC living at intermediate
well-known CWC occurrences of Louisiana and west Floridadepths. For the latter, various mechanisms were identified to
before it becomes the Florida Current flowing through theenhance and transport food particles to the CWC, including
Straits of Florida. North of the Straits of Florida the Florida strong bottom currents, downwelling and cascading, internal
Current forms 90 % of the Gulf Stream, passing north alongtides and waves, and nepheloid layers which act as a path-
the margins of South Carolina and Georgia, from whereway for lateral transport (White et al., 2005; Dorschel et al.,
also large CWC provinces have been reported (Ross, 20022007; Duineveld et al., 2007; Mienis et al., 2007; Davies et
Ross and Quattrini, 2007; Messing et al., 2008). South ofal., 2009; Orejas et al., 2009). On the local to regional scale,
the Campeche CWC provinckppheliais known from off  topography also influences hydrodynamic processes, as, e.g.,
Brazil, Venezuela and Colombia and was recently mappednternal waves, down- or upwelling. Thus, for any given lo-
off Roatan, Honduras (Reyes et al., 2005; Lutz and Ginsburggation it is the interplay of all these factors allowing for or
2007; Arantes et al., 2009; Mangini et al., 2010; Etnoyer etprohibiting the presence of CWC.
al., 2011), thus following the path of the northward-flowing  For the Campeche CWC province, the provision of food
AAIW that bypasses the Campeche Bank (Merino, 1997).to the CWC appears to be almost optimal, and therefore the
Such an oceanic intermediate water gateway (sensu Henrgbserved paucity of the coral-associated megafauna remains
2011) may exert strong control on coral larval dispersalto be explained. Primary productivity in the surface waters
routes as has been documentedDesmophyllum dianthus is high (up to~1mgChla m~3; Fig. 1) due to the local
populations in the South Pacific (Miller et al., 2011). upwelling center that is located just above the Campeche
CWC province (Merino, 1997). Current meter data from
5.2 Environmental control on the Campeche cold-water  the Yucatan Strait (Sheinbaum et al., 2002) as well as the
coral ecosystem ADCP data collected during cruise MSM 20-4 reveal rea-
sonably strong bottom currents with average velocities of
The known ranges of temperature (4-139 Roberts etal., ~30cms?® between 500 and 600 m water depth (Fig. 8).
2006; Freiwald et al., 2009), salinity (31.7—38.8; Freiwald These numbers are in line with in situ current measure-
et al., 2004; Davies et al., 2008), dissolved oxygen (2.7-ments at other CWC sites indicating maximum velocities
7.2mLL~1; Dodds et al., 2007; Davies et al., 2008; Davies of >50cms® (Dorschel et al., 2007; Mienis et al., 2007),
et al., 2010) and other physicochemical parameters definingvhereas average current velocities can be as low as 8tms
the ecological niche of. pertusain the eastern North At- (Mienis et al., 2007).
lantic (see summary in Davies et al., 2008) are found in many Furthermore, the strong density gradient undulating
parts of the world’s oceans (Davies and Guinotte, 2011). Wa-around 520 m (Fig. 6d) might act as a decelerator for sink-
ter mass properties obtained for the Campeche margin, sudimg (food) particles, thereby prolonging their residence time
as temperature (9.5-78) and salinity (35.1-34.9), fit well  within the reach of the CWC and, thus, enhancing the proba-
into these defined thresholds (Fig. 7). The observed contertility of these particles to be caught by the corals. With salin-
of dissolved oxygen of 2.7 mL L1 matches observations ities varying around 35, this density gradient possibly marks
from the Viosca Knoll area in the northern Gulf of Mexico, the upper limit of the core of the AAIW. A similar mech-
where Lophelia colonies currently thrive at the lowest re- anism has been suggested to support the CWC off Ireland,
ported oxygen levels of 2.7-2.8 mCL (Davies et al., 2010).  there benefitting from the density gradient developed at the
It is assumed that these extreme oxygen conditions cause depper limit of the Mediterranean Outflow Water (White and
creased growth rates or even inhibit reproductive processeBorschel, 2010). For the northeastern North Atlantic, Dullo
(Brooke and Young, 2003). et al. (2008) described a narrow potential density envelope
However, despite a suited physicochemical setting, theof sigma-thetade) = 27.35—-27.65 kg m3 preferred by the
presence of suitable hardgrounds for the corals to settle olCWC. Along the Campeche Bank the density of the water
and even more importantly the availability of sufficient food, masses surrounding the CWC is slightly lower, at 27.18—
is crucial for the establishment and long-lasting developmen7.29 kg n3, and, thus, close to data reported from the
of a vivid CWC ecosystem. In general CWC feed on freshViosca Knoll area (27.1-27.2 kgm) (Davies et al., 2010).
phytodetritus (Duineveld et al., 2004; Kiriakoulakis et al., In contrast, living CWC settings in the Mediterranean Sea are
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associated with much higher densitiesso029 kg nT3. Thus,  of 20-40 m-high, partly interconnected elongated mounds,
if applicable, the concept of a narrow density envelope definwhich probably can serve as a paleoenvironmental archive
ing the overall habitat range of the CWC as suggested byenabling the reconstruction of the long-term development of
Dullo et al. (2008) needs to be regionalized (see also Flogethe Campeche CWC province over the Late Quaternary cli-
et al., in press). However, the obvious steep gradient in denmatic cycles.
sity (Fig. 6d) seems to be a sensitive indicator for living CWC  The location of the Campeche CWC province appears to
reef communities. be almost perfect for the establishment of such a large CWC

As indicated by the undulating isotherms (Fig. 6), the ecosystem. Itis (a) located underneath a local upwelling cen-
temporal variability of the local hydrographic setting, which ter providing high primary production, (b) influenced by a
might reflect the presence of internal waves, literally mightvery dynamic bottom current regime delivering food parti-
pump the food particles through the CWC ecosystem, eseles to the corals, and (c) characterized by a physicochemical
pecially those particles temporarily accumulating along thesetting that fits the recognized ecological needs. giertusa
strong density gradient, as suggested by Mienis et al. (2012)The observed diel vertical migration of zooplankton possibly
Over the observed 13 h, the depth range covered by the fluaeaching the intermediate depth of the CWC ecosystem may
tuating maximum near-bottom density gradient aligns witheven serve as a supplemental food source as already indi-
the upper range of observed living CWC in515-530m  cated by Mienis et al. (2012). These observations fits several
water depth. Assuming a larger variability associated withpaleoenvironmental studies, highlighting the controlling role
monthly (i.e., lunar) to seasonal forcing, one may speculateof the food supply on the long-term development of such
that the entire depth range of living CWC off the Campecheecosystems (Dorschel et al., 2005; Wienberg et al., 2010;
Bank might intermittently be affected by such a pumping Eisele et al., 2011; Fink et al., 2013).
process. Due to the limited length of the 13h of observa- In many places in the world’s oceans the physicochemi-
tion no tidal signal providing additional energy to the bottom cal setting comply with the niche requirementd.opertusa
current regime could have been clearly detected. Howeverand other CWC (Davies and Guinotte, 2011); however, only
along the mooring transect across the Yucatan Strait menin some of these places have CWC ecosystems developed.
tioned before (Sheinbaum et al., 2002), a comparably highThus, the Campeche CWC province appears to be an excel-
amplitude of the major axis of the dominant diurry tide lent example showing that food supply — controlled by a va-
was observed exactly in the depth range of the Campechgety of mechanisms — plays a major role in the development
CWC province (Carrillo Gonzalez et al., 2007). of CWC ecosystems.

The ADCP data also point to another possible food source
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The Campeche CWC province is one of the largest coher-

ent CWC areas discovered so far, and the most relevant in

the western Atlantic Ocean. A healthy and highly diverse

CWC ecosystem is developed on top of a complex system
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	7_2 Veröffentl. Chapter 2 Supple Mat Fig
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	8_1 Veröffentl. Chapter 3 References
	8_2 Veröffentl. Chapter 3 Suppl Mat Fig 1
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