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Abstract

The scleractiniarLophelia pertusais a cosmopolitan reef-forming cold-water coratl an
creates a habitat for a diverse associated comyaufitis ecosystem, however, is
threatened by ocean acidification due to declingt4 and shoaling of the carbonate
saturation horizon resulting in dissolution of dasieeletons. The aragonite saturation state
(Qar) given in literature refers to the pure minerat louganic compounds within the
skeleton might have an impact on dissolution behavand thus could influence the
solubility product of aragonite. In this study ttrétical Qa;, under which aragonite starts to
dissolve, was determined for dead skeleton framkwbL. pertusathrough manipulating
natural seawater by acidification (by use of HCH a#g,CQO;) and bubbling with C®
enriched air. Moreover, the organic portion of gheleton was quantified by determining
the ash-free dry weight. Additionally, scanningcélen microscopy images were taken
after the dissolution experiment to examine visidlesolution effects on the skeleton
surface. Measurements revealed &g range of 0.795-0.971. Combustion of skeleton
fragments of the white and red colour variety.opertusapresented an organic content of
3.37 and 3.11 % of total weight, respectively. Ti@ktively high organic fraction within
the skeleton could explain the low saturation stdiined which is below the generally
stated threshold @, = 1. Since the dead framework constitutes the mggat of a cold-
water reef the obtained saturation state mighebanded as the critic®a, for an entire..
pertusareef. Consequently, this low critical saturatidats could indicate thdtophelia
pertusa reefs are probably more resistant to ocean acadifin than thought before
resulting in significant implications for futureqaticting models.



Kurzfassung

Die weltweit verbreitete Kaltwasserkorall®phelia pertusabietet mit ihrer verzweigten
Skelettstruktur Lebensraum fur eine artenreichenkalie zunehmende Versauerung der
Meere fuhrt jedoch zu einem Absinken des pH-Weued damit verbunden zu einem
Anstieg des Aragonitsattigungshorizontes. Unterhibdises Schwellenwertes sind die aus
Aragonit aufgebauten Korallenskelette vom Auflo®edroht und somit ist das gesamte
Okosystem der Korallenriffe gefahrdet. Der Grad Aeagonitsattigung @) wird in der
Literatur stets fir das chemisch reine Mineral gedpen, obwohl zahlreiche Studien
belegen, dass Korallenskelette nicht nur aus Kadkarbonat bestehen, sondern auch
organische Bestandteile aufweisen. Diese konntafiuss auf das Losungsverhalten der
Karbonate und damit auf den Sattigungsgrad habes. Zdel dieser Arbeit war es, den
kritischen Grad der Aragonitsattigung, dessen Woteeitung ein Aufldésen von Aragonit
bedeutet, anhand von totem Skelettmaterial zurbestn. Dies erfolgte durch Anséduerung
von naturlichem Seewasser mittels verschiedenerhdden (Zugabe von HCI und
NaCOs, Manipulation mit CQ angereicherter Luft). Der Anteil der organischerm8anz
innerhalb der Skelette wurde Uber das aschefrei@ckBngewicht ermittelt.
Elektronenmikroskopische Untersuchungen von Konélgmenten zeigten sichtbare
Aufldsung der Oberflachenstrukturen. Die angewamdiethoden der C&SManipulation
ergaben einen Kkritischen Sattigungsgrad von 0,79%10 Der Anteil organischer
Bestandteile der Skelette betrug durchschnittlidy 2ind 3,11 % der Gesamtmasse fir die
weille bzw. rote Farbvariante vdn pertusa Dieser relativ hohe organische Anteil
innerhalb der Skelette konnte den hier ermittel@ittigungsgrad, welcher deutlich
unterhalb des Grenzwertes vQR@, = 1 liegt, erklaren. Da totes Skelettmaterial geifdten
Teil eines Kaltwasserriffes ausmacht, kann der teite Sattigungsgrad als kritischer
Grenzwert eines gesamtén pertusaRiffes betrachtet werden. Der niedrige Grad der
Aragonitsattigung sollte in  zuklinftigen Anwendungonv Klimaszenarien auf
Kaltwasserkorallen beriicksichtigt werden, da eradhhinweist, dastophelia pertusa

noch nicht in dem Mal3 von der Ozeanversauerungfietrist, als bisher vermutet.

10



1. Introduction

1.1 Systematic classification and biological categbion

Lophelia pertusawas first described by Linnaeus in 1758. It bekong the phylum
Cnidaria, class Anthozoa, subclass Hexacorallia,deor Scleractinia, family

Caryophylliidae.

L. pertusais classified as an azooxanthellate, habitat-foghorganism. Azooxanthellate
corals do not host symbiotic microalgae in thed@atermal cells, deeper forms due to lack

of light for photosynthesis.

1.2 Distribution

Lophelia pertusas a cosmopolitan coral growing in dark, cold watand was recorded
from the Atlantic Ocean (North and Northeast AtlenGulf of Mexico, Caribbean Sea),
parts of the Mediterranean Sea, parts of Northeastfic and Indian Ocean (Figure 1.1)
(Freiwaldet al. 2004, Robertst al. 2009, Rogers 1999).

Figure 1.1 Distribution chart of.ophelia pertusaFrom Robertgt al. (2006)

L. pertusacan be found on continental margins and slopeskdyacarbonate mounds,

submarine plateaus, seamounts, canyons, and méhicceidges but also in fjords at
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higher latitudes (Freiwaldet al. 2004, Robert®t al. 2006, Robert®t al. 2009, Rogers
1999, Wheeleet al.2007).

L. pertusaoccurs at depths ranging from less than 50 mard§ in higher latitudes to
3600 m at the Mid-Atlantic Ridge in the tropicsékvald et al. 2004, Robertgt al. 2006,
Rogers 1999) but it is commonly found in 200-100@vater depth (Rogers 1999, Rogers
2004). Depth occurrence depends on propertieseoivtter mass (Rogers 1999).

1.3 Environmental controls

Lophelia pertusarequires strong currents and hard substrate kot cdrtain water mass
characteristics for settlement and survival (see @kble 1.1).

Depending on their distribution the corals need eif@d water, when found on shallow
flords, or strong currents for sufficient supply fobd and oxygen (Daviest al. 2008,
Robertset al. 2009).

This coral occurs at salinities ranging from 35{Bavieset al. 2008, Dulloet al. 2008,
Freiwaldet al. 2004, Rogers 1999) but the salinity at the Noraegites differs because
of outflow from the Baltic Sea and high river diacge which shows considerable high
salinity tolerance of. pertusa(Dullo et al. 2008).

Rocks, ice-rafted debris, slopes of submarine casigo carbonate precipitations (mounds,
authigenic carbonates); even man-made structueesisd for larval settling (Roberts
al. 2006, Rogers 1999).

L. pertusatolerates different temperatures depending whelieeis but occurrence seems
to be limited to the range of 4-12°C at North Atlarsites (Rogers 1999).

This cold-water coral has a low oxygen consumptidiich indicates low metabolic rates,
typical for organisms in deeper waters due to l@mgeratures (Doddst al. 2007).
However, it was shown that oxygen concentrationy rha an important factor for
occurrences df. pertusa(Davieset al. 2008).

Results from sedimentation experiments suggestlthaertusacan tolerate a relatively
severe sediment load and even complete burial Hort speriods (24-48 hours) (CSA
International, Inc. 2007). High sedimentation, hoere could clog the feeding apparatus
resulting in anoxia which in turn would lead towedd growth rates (Rogers 1999).

12



1.4 Biology
1.4.1 Anatomy

Cnidarians are classified by having biradial synmnas well as tentacles with cnidocytes
which are specialized cells used for protection eaqoture of prey. The body consists of a
sac-like gastrovascular cavity with a mouth surdmthby tentacles and mesenteries inside

the cavity.

The order Scleractinia or stony corals is charadrby a calcareous exoskeleton and
paired, complete mesenteries. Number of tentacldssapta are in multiples of six. The
skeleton of an individual polyp is known as a ddgl It is secreted by the aboral
epidermal cells which initially form a basal plated a cup enclosing the lower part of the
polyp’s stalk and is then called theca. The intead the cup contains radially-aligned

septa which are projecting upwards from the badeaam secreted by the mesenteries.

1.4.2 Morphology

Different colour varieties of. pertusawere found to be intraspecific variations (Rogers
1999). The most common colour variety is the white but there are also yellow, orange,
and red variations (Freiwaldt al. 2004, Robertset al. 2009, Rogers 1999). In the
Northeast Atlantic white and red types dominateg@&te 1999).

Distinct morphotypes df. pertusawere also reported (Freiwadd al. 1997a) which show
different skeletal anatomies and corallite densitreresponse to environmental conditions
(CSA International, Inc. 2007).

1.4.3 Growth

SinceLophelia pertusdhrives in cold waters, it is a long-lived andatalely slow growing
coral (Rogers 1999). Different growth rates wengoreed depending on the method used.
In general, growth rates &f pertusarange from 4-25 mm/ year (CSA International, Inc.
2007, Dodds 2007, Freiwaét al. 2004, Robertst al.2009).

Coral growth is expressed as longitudinal extensiad thickening, the latter result in
growth bands, whereas extension rates are muclemhi@ mm/ year) than thickening
(100 um/ year) (Coheet al. 2006, Robertst al. 2009).

Growth of polyps as well as that of whole reef feamrk depend on temperature and the
aragonite saturation horizon (see chapter 1.7 @dinthange and ocean acidification)
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(for example Cohert al. 2006, Robert®t al. 2009, Turleyet al. 2007). Furthermore,
growth is controlled by food supply and reproductaycles (CSA International, Inc. 2007,
Freiwaldet al. 2004, Robertst al.2009).

Given the low growth rates and their longevity,fseef some tens of metres in thickness
must have an age of at least thousands of yearkvamgicoral structures found at the Sula
Reef are more than 8000 years old (Freivedldl. 2004, Rogers 2004).

1.4.4 Biomineralization

The mechanism of biomineralization or calcificatisnstill unclear; however, there are
different theories (for example Allemard al. 2004, Cuif and Dauphin 2005b, Kleypas
and Yates 2009, Marubinet al. 2008, Meibomet al. 2007). This mechanism was
exclusively studied on tropical corals but it slibpfoof to be similar for all stony corals.
Biomineralization can be described by following aton:

C&'+2 HCQ — CaCQ + CO, + H,0 (1)

In laboratory experiments calcification was deteredi by means of buoyant weight
changes?Ca uptake, densitometry, tomography, changes @linity, and extension rates
(Freiwald et al. 2004, Kleypas and Langdon 2006). Coral calcifaratis influenced by

environmental conditions like pH, temperature, ;€Q0on concentration, aragonite
saturation stateQ(s;), and nutrient supply (Kleypast al. 2006, Kleypas and Langdon
2006).

Biomineralization is mediated through the calicebitaepithelium in the aboral ectoderm,
and the calcification site is separated from seawghllemandet al. 2004, Cohen and
Holcomb 2009b). A few studies point out that corads both, C®from metabolism and
HCGO; from seawater (Allemandt al. 2004, Furlaet al. 2000). At the calcification site
HCOs has to be converted into @0and is transported by special carriers (Allemand
al. 2004). High levels of carbonate species are foatndalcification centres indicating a
carbon concentrating mechanism (Allemadl. 2004, Cohen and Holcomb 2009b, Furla
et al.2000).

The calcium needed for biomineralization is takenfrom the surrounding seawater. The

Cd" is transported by special carriers (Allemaatcal. 2004). This transport requires much

14



energy which is provided by the numerous mitoch@analr the calcification site (Allemand
et al.2004).

Corals can elevate their internal pH at calcifisatsites which favours the conversion of
HCOs into CQ* (Blamartet al. 2007, Cohen and Holcomb 2009b, Marulghil. 2008,
Rieset al. 2009). This pH elevation results in a rise of ined CQ? ion concentration
above that of seawater (Cohenal. 2009a, Cohen and Holcomb 2009b). Nevertheless,
corals are very sensitive to small changes in gateconcentrations of seawater (Cohen
et al.2009a).

1.4.5 Nutrition

Since cold-water corals live in the dark and host symbionts they depend on
heterotrophic feeding (CSA International, Inc. 200 is most likely thatLophelia
pertusais an opportunistic consumer able to feed on #issoand particulate organic
matter, bacteria, faecal pellets, both phyto- ammbpiankton, detritus, suspended
sediments, and resuspended material (Dodds,2R0Bertset al. 2006, Robertst al.
2009).L. pertusaoccurs in nutrient-rich environments because afrgjrcurrents at coral
sites supplying the mentioned food sources (Role¢dt 2006, Robertgt al. 2009).

1.4.6 Reproduction

Only little is known about the reproduction &f pertusa Asexual reproduction, for
example fragmentation and breakage, is importantdtablishing new colonies within the
reef area (CSA International, Inc. 2007).

L. pertusahas separate sexes and dispersive planktonicelaava very likely (CSA
International, Inc. 2007, Robents al. 2006, Rogers 1999). Spawning timed.ofpertusa
are different at distinct locations probably duedtfierent environmental parameters like
temperature and food supply (CSA International, B07).

Investigation of larval biology and dispersal idllsin its infancy because direct
observation is difficult.

15



1.5 Ecosystem cold-water coral reef

Lopheliapertusacan be regarded as a bioengineer because itteantslenvironment and
provides a three-dimensional framework which innturosts a diverse community
(Freiwald et al. 2004, Robertet al. 2006, Robertgt al. 2009, Rogers 1999). Given their
longevity cold-water reefs might be speciation oesitcomparable to seamounts and are
believed to have been refugia during glacial pexrigRiobertst al. 2006).

The whole framework creating the ecosystem hasndisfunctions like reduction of
current speed thus more food particles are availédde also Table 1.1) (de Hassal.
2009, Freiwalcet al. 2004, Rogers 2004). Another function is the sizdtiion of sediment
(Robertset al.2009, Wheeleet al. 2007).

1.5.1 Comparison between tropical, shallow and-eg@ter reefs

Both ecosystems are polyphyletic assemblages afaoans with very different coral
species. Table 1.1 summarizes similarities anedifices between both ecosystems.
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Table 1.1Comparison between shallow and deep-water reefs.
Modified from Freiwaldetal. (2004)

Cold-water coral reef

Warm-water coral reef

Global — potentially in all seas, at all

Global — in subtropical and

Distribution latitudes ggflgal seas between 30° N and
Unknown — indication that global 284,300 km?
coverage could equal, or even exceed,

Coverage that of warm-water reefs

Highest coverage — unknown but
2000 km? in Norwegian waters

Highest coverage — 51,020 kn
in Indonesia

Largest reef
complex

Unknown — Rgst Reef in Norway to
date considered as the largest (100 K

Great Barrier Reef in Australia
ng» 30,000 km?)

Substratum

Any available hard substrate

Any avbilabrd substrate

Temperature rangs

4 - 14°C

20 — 29°C (at least 18°C
throughout the year)

Salinity range

32 — 38.8 but mostly 35 — 37

33-36

Depth range

39 — 3600 m but mainly at 200 — 100

0m 100 m

Nutrition

Most likely phyto- and zooplankton,
suspended organic matter, detritus,
bacteria

Photosynthesis and suspende
organic matter

Symbiotic algae

No

Yes

High nutrients supplied by currents,

Low nutrients — supply by

Nutrients surface production symbiotic algae

Growth rate 4 — 25 mm/ year Up to 150 mm/ year
Spawning Most likely not synchronous Mostly broastcpawning
Number of reef-

building coral Few — only 6 primary species About 800

species

Reef composition

Mostly composed of one or only few
species

Mostly composed of numerous
species

Age of living reefs

Up to 8000 years

6000 — 900arge

Unknown — to date no endemic specie

Endemism Several endemic species
found
Reefs provide habitat, feeding groundsReefs provide habitat, feeding
recruitment and nursery functions for | grounds, recruitment and
Ecological many deep-water species, including | nursery functions; estimations
importance commercial fish, number of associated of 1 million species associated

species and their ecological importanc
value still unknown

edpproximately 4000 coral fish
species

Socio-economic
importance

Unknown — importance indicated for
local fisheries, including coastal line/
net fisheries and deep-water fisheries

Reefs provide coastal
protection, source of livelihooa
for > 1 billion people, net
potential benefits estimated at
US $ 30 billion/ year
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1.5.2 Micro- and macrohabitats

Microhabitats can be found on living corals bubads dead corals and detritus (Robetts
al. 2009, Rogers 1999). Eroding organisms create eawvitiside the coral skeleton (Beuck
and Freiwald 2005, Robergs al. 2009, Rogers 1999) and the free space betweenhasinc
provides habitats for small epibenthic and assediduna (Robertst al. 2009, Rogers
1999).

The provided macrohabitats show a high biodiverbiégause the corals create a lot of
niches for organisms (Freiwalet al. 2004 Robertset al. 2009, Rogers 1999). Three
typical macrohabitats are commonly distinguishelde zone of living corals, dead
framework and the coral rubble zone (Figure 1.Zgi(fald et al. 2004 Robertset al.
2009, Rogers 1999).

Figure 1.2 Schematic picture of the different macrohabitatsadfophelia pertusareef.
Modified from Freiwaldetal. (2004)

The live corals are found on top of the slope ountband show the lowest diversity
because the polyps protect living tissue againstlggors and epifauna (Freiwadd al.
2004 Robertset al. 2009, Rogers 1999). However, parasites like thanodyrrokkin
sarcophaganfest living coral polyps (Robertt al. 2009, Rogers 1999). Within the living
corals some mobile organisms can be found like, fistiitle stars and crustaceans
(Freiwald et al. 2004). The mutualistic symbiolunice norvegicusa polychaeteis the
most associated species at North Atlahtipertusareefs (Freiwaldet al. 2004 Robertset

al. 2006, Robert®t al. 2009, Rogers 1999). The worm protects the polygsgmtically
against predators and the coral calcifies the paecit-like tubes which in turn stabilize the
whole framework (Freiwal@t al. 2004 Robertset al.2009).
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The dead coral framework follows the living sumihitwn slope and reveals the highest
species richness (Freiwaéd al. 2004). Octocorallia like gorgonians as well asreahs
are found in this zone but also sponges, britdessisea urchins, bryozoans, barnacles, and
numerous worms (Freiwaldt al. 2004 Robertset al. 2009, Rogers 1999). This section
constitutes the major part of a reef but it is etiéel by increasing sediment accumulation
and bioerosion (Freiwalet al. 2004 Robertset al.2009, Rogers 1999).

The most degraded state, the coral rubble, form$é#se of the slope or mound (Freiwald
et al. 2004 Robertset al. 2009). Coral rubble as well as broken parts offtaenework
create new hard substratum for further settlemethey are eroded to sediment by boring
organisms, mainly sponges and fungi (see follovaingpter) (Robertst al. 2006, Roberts
et al. 2009, Rogers 1999). The bioeroded framework is #h&o habitat of encrusting
sponges and echiuran worms (Freiwetidl. 2004 Robertset al. 2009, Rogers 1999).

1.5.3 Bioerosion

Bioerosion can be described as the disintegrationgss of hard substrates like calcareous
skeletons and carbonate sediments through organihis destructive process can be
achieved by mechanical removal (bioabrasion) och®mical dissolution (biocorrosion) or
a combination of both resulting in the breakdowrswolbstrates to smaller grains, even to
silt fraction, and collapse of the framework (Beumkd Freiwald 2005, Freiwalet al.
2004, Robertset al. 2009, Rogers 1999). Bioerosion weakens the canads generates
characteristic traces on the skeleton such asmgramarks, scars from attached organisms,
excavations and borings (Robeetsal. 2009, Rogers 1999). Following eroding groups are
found onL. pertusa Bacteria, Fungi, Bryozoa, Foraminifera and PoaféBeuck and
Freiwald 2005, Bromley 2005, Freiwadd al. 2004). But also traces of echinoids, bivalves,
and polychaetes are found (Bromley 2005).

Bioerosion affects only bare parts of the skeledod thus the highest bioerosion rate is
observed at corals which recently died (Beuck amaaald 2005, Bromley 2005, Freiwald
et al. 2004, Rogers 1999). The disintegration processsstéath the infestation of bacteria
and fungi (Beuck and Freiwald 2005, Bromley 2008preover, dead exposed framework
is encrusted by bryozoans, serpulids, and bivgBesck and Freiwald 2005).

Very common species eroding framework.ophelia pertusare the funguBodgellasp.,
the parasitic foranHyrrokkin sarcophagaas well as different sponges likdlectona
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millari, Spiroxya heteroclite, Cliona vastificand Aka labyrinthica(Beuck and Freiwald
2005, Bromley 2005, Roberés al. 2009, Rogers 1999).

1.6 Threats to reef structures

The relatively slow growth makes the reefs hightynerable to physical damage and
limits recovery (Freiwalceet al. 2004, Rogers 1999, Turlest al. 2007). The most surveys
undertaken showed damaged or even destroyed reefuises mostly caused by deep sea
fishing (Freiwaldet al. 2004, Robertgt al. 2009, Rogers 1999, Rogers 2004, Tudéwl.
2007). But there are several other aspects thregtethe reefs like seabed mining,
pollution, waste dumping, coral exploitation andde as well as destructive scientific
sampling and ocean acidification (see followingptka).

The most severe threat is probably bottom trawlizaying trawling scars and coral rubble
behind (Freiwalcet al. 2004, Robertet al. 2009, Rogers 1999, Rogers 2004, Tudewl.
2007). It is assumed that 30-50 % of the Norwegiefs are damaged by trawling
(Robertset al. 2009). Dragging of the heavy gear over the seabddcaral reefs leads to
direct damage by flattening of coral features (eddl et al. 2004 Robertset al. 2009,
Rogers 1999, Rogers 2004). Reefs are damaged dtidirby higher sedimentation,
redistribution of substrate but also by removaprddators (Freiwalét al. 2004 Roberts
et al.2009, Rogers 1999, Rogers 2004).

The same is true for oil and gas exploitation al asplacement of cables and pipelines.
The installation of oil platforms, cables, and pipes can damage the reef directly by
placing them at or near reefs or indirectly by sugpng sediment due to drill cuttings
which bury the corals (Freiwaldt al. 2004, Robertst al. 2006, Robertset al. 2009,
Rogers 1999, Turlegt al. 2007). Although corals use platform legs as sabstn reduced
growth and physiological effects, concerning meliaboand reproduction, were reported
due to drill fluids (Rogers 1999).

1.7 Climate change and ocean acidification

Although the impacts of climate change on cold-watzals are still poorly understood
two features affect deep-water corals directlyingsseawater temperatures due to climate
change and ocean acidification (Guinadtel. 2006, Robertset al. 2009).
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The anthropogenic warming can be traced to 700 merwdepth (Barnetét al. 2005) and
so already threatens cold-water coral habitats.

Quite numerous studies point out that cold-watealsaare highly vulnerable to changes in
temperature (CSA International, Inc. 2007, Dodtsl. 2007, P6rtner 2008) leading to a
rise in metabolism which has to be compensated igih Food supply (Dodds 2007,
Robertset al. 2009).

Climate change and ocean acidification are coumtdcts (for example Cohen and
Holcomb 2009b, Fabrgt al. 2009, Riebesekt al. 2000, Silvermaret al. 2007a). Today,
the ocean has absorbed one third of the anthroppGéh released by burning fossil fuels,
cement production, agricultural practise, and deftation (for example Feeét al. 2004,

Orr et al. 2005b, Ravert al. 2005, Schuberet al. 2006). This CQ increase changes the
water chemistry especially the carbonate buffetesysand pH (for example Ciceroeé

al. 2004, IPPC 2007, Oret al. 2005b). This buffer system can be characterized by
following equation:

CO; + HyO <> Hy,COs <> HY + HCOy <> 2 H" + CO* (2)

Increase in C@leads to rising concentrations of ibns which reduce pH and result also
in a decline in the content of GOions. Figure 1.3 describes the relationship betvibe

species of the carbonate buffer system as welephl values in past and predicted.
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Figure 1.3 Graph showing relative changes in inorganic carbpecies in response to
changes in atmospheric @@oncentrations. The values of pH for glacial ahd pre-
industrial period are shown as well as presentmedicted levels for twice pre-industrial
pCG,.. From Buddemeieet al. (2004)
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The global pH has already decreased by 0.1 unitgpaced to the pre-industrial level (for
example Feelyet al. 2004, IPCC 2007, Oret al. 2005b, Raveret al. 2005). A drop of
0.1 units corresponds to a 30 % increase ofdfs that means the ocean becomes more
acidic (Feelyet al. 2004, IPCC 2007, Oret al. 2005b). If the trend of CQemissions
continues, there will be a decline of the pH oftlier 0.4 units by 2100 (for example
Caldeira and Wicket 2003, Feadyal. 2004, Orret al. 2005b, Raveeet al. 2005).

The altered water chemistry shows impacts on plogye growth and calcification of
corals and other calcifying organisms (for exanfpleldemeieret al. 2004, Kleypat al.
2006, Marubiniet al. 2008, Ravert al. 2005, Riebesell 2004, Schubettal. 2006).

The skeleton of corals is made of aragonite, tleentbdynamically less stable form of
calcium carbonate; consequently it is strongly @#d by dissolution. Rising pressure and
decreasing temperature with increasing depth leatsing solubility (Raveret al. 2005,
Schubertet al. 2006). Therefore, dissolution is pronounced egtkgcin the deep ocean
where it is undersaturated with respect to aragohit addition, deeper water already has
low pH values because higher concentrations of €t due to the remineralization of
sinking material from the surface and respiratibtenthic organisms (Feest al. 2004,
Ravenet al. 2005). The older the water masses the more tleegraiched in C@resulting

in undersaturation at certain depth.

This depth at which aragonite begins to dissolvéeisned aragonite saturation horizon
(ASH) and can also be defined as the boundary legtweeer- and undersaturation. The
ASH is shallower in the Pacific than in the Atlant©cean since the conveyor belt
transports water masses from the Atlantic to theifiea(Feely et al. 2004, Orret al.
2005b). So the water is old and &énriched in the Pacific (Feest al. 2004, Orret al.
2005b). The saturation horizon of aragonite is 2000 m in the North Pacific (Feeét

al. 2004) and > 2000 m in the Atlantic (Figure 1.4)ufii®tte et al. 2006). The ASH,
however, is rising due to acidification becauseirareasing C@ concentration (for
example Feelet al. 2004, Orret al. 2005b). The ASH is approximately 200 m shallower
compared to that of the pre-industrial period @mample Feelgt al. 2004, Guinottest al.
2006, Raveret al. 2005, Schubergt al. 2006). Moreover, Oret al. (2005b) predicts that
the ASH will rise to about 100 m in the North Atienby 2100 under the IPCC 1S92a,

business as usual, scenario.
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Figure 1.4 Distribution of aragonite saturation horizon ire thlobal oceans showing the
shallow ASH in the Pacific Ocean and the deep atitur horizon in the North Atlantic.
The pressure effect on the solubility was estimdtedn the equation of Mucci that
included the adjustments to the constants recometety Millero. From Feelyet al.
(2004)

Several studies point out that the distribution cold-water coral reefs is limited to
saturated waters with respect to aragonite (Daaties. 2008, Guinottest al. 2006, Roberts
et al.2006). To date, no stony coral reefs, comparabtédse in the North Atlantic, were
found in the North Pacific (Guinottet al. 2006, Robertet al. 2006). North Pacific reefs
are dominated by soft corals, gorgonians and lacels (Robertet al. 2006). This lack of
reef frameworks in the North Pacific could be atited to the shallower ASH (Guino#ée
al. 2006, Robertst al.2006). Moreover, it is expected that more than 76f%he deep-sea
reefs will be undersaturated by 2100 (Guinet@l. 2006, Robertgt al. 2009); assuming
788 ppm CQ by 2100 according to the IPCC 1S92a scenario €t al. 2007, Turley
2008). However, some reefs will already experienocdersaturation as early as 2020
(Guinotteet al. 2006, Turleyet al. 2007, Turley 2008).

As mentioned before, rising pGQOeads to undersaturation of Cag@esulting in
dissolution of calcareous coral skeletons (for gxanKleypaset al. 2006, Raveret al.
2005, Riebesekt al. 2009, Schubertt al. 2006). Dissolving of CaC{eads to increases
in the concentrations of inorganic carbon speameseawater (see reversed equation 1).

This rise can easily be determined by means of &tkalinity.
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Total alkalinity (TA) can be defined as the amoahprotons required for neutralising all

anions in a seawater sample and can be describiedldwying equation:

TA = [HCOs] + 2 [CO?] + [B(OH4)] + [OH] = [H'] + [HPO,*] + 2 [PQ3] +
[NH3] + [H3SIO(OH)] + [HS] — [H3POy] — [HSOy] — [HF] (3

where terms in brackets stand for the concentratidghese ions and molecules in seawater
(Dicksonet al. 2007). The concentrations of NiEnd HS are low in open ocean water thus
they can be neglected (Dicksoet al. 2007). Furthermore, the concentrations of
conservative elements like borate, fluoride, anplate can be calculated via the salinity
of the seawater sample (Schudz al. 2009). In general, TA reflects the amount of
carbonate ion species because carbonate and meéebions contribute the major portion
to total alkalinity. Therefore, any variations inet concentration of dissolved inorganic
carbon due to calcification or dissolution are shoiw alkalinity changes. However,
solving of CQ in seawater, release of @@ the atmosphere as well as photosynthesis and
respiration have no impact on TA.

Another important parameter describing ocean weltemistry is the aragonite saturation
state Q) which expresses the GDion concentration in the water column and can be
defined by following equation:

_lca o]

Q
Ar K .Sp

(4)

where [C&'] and [CQ?] are the concentrations of calcium and carbonates,i
respectively and K, is the stoichiometric solubility product of aragilenat given
temperature, salinity, and pressure. Whgn> 1 the water is oversaturated with respect to
aragonite and a®,, = 1 the concentrations of the ions are in equuifor At Qa < 1 the
water is undersaturated with respect to aragonitétigg in a decline in coral calcification
and in an increase in dissolution of the skeletsnnegentioned before (for example
Buddemeieet al. 2004, Feelet al. 2004, Kleypast al. 2006, Raverrt al. 2005, Schubert
et al. 2006). Due to ocean acidification the aragonit@rsaibn state is declining because
of decreasing C§ ion concentrations leading to limited habitat ablé for marine
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calcifiers using aragonite (Figure 1.5) (for exaen@aldeira 2007, Feelgt al. 2009,
Ravenet al. 2005, Turley 2008).

Figure 1.5 Maps illustrating the decline 4, in the global oceans. CCSM3-modeled
decadal mea®,, at sea surface, centred around the years 187%, P8%0, and 2095.
From Feelyet al. (2009)

Climate change and ocean acidification are coupleghomena so it is difficult to divide
them into separate effects (Feelyal. 2004, Raveret al. 2005, Silvermaret al. 2007a).
Those effects could have great impacts on theesptipsystem by changing water mass
characteristics or species interactions (Buddemetieal. 2004, Hoegh-Guldbergt al.
2007, Kleypaset al. 2006, Riebesekt al. 2007, Woottoret al. 2008). Therefore, severe
ecosystem impacts are very likely (Kleypas and Lang?006). If reefs were dissolving
the ecosystem will change towards lower complexityerdity, and resilience (Caldeira
2007) which means the habitat could be lost for @ated fauna concerning the
bioengineer functions like providing habitat, foadd nursery (Maynarét al. 2008d).
Additionally, the whole food web may be affectedr fexample, by desynchronising
hatching of zooplankton larvae at times of phytagtan blooms resulting in alterations in
nutrient and food supply for corals (Fedayal. 2004, Kleypast al. 2006, Raveret al.
2005).
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On the other hand, respiration rates of corals kd that of endolithic and encrusting
organisms would increase due to rising temperawihgsh could lead to higher bioerosion
rates and therefore enhanced dissolution (Anderssan2009, Silvermaret al. 2007a). It

is also unclear if the corals will be more susdapttowards pathogens and parasites like
tropical coral species (Robersal. 2009).

Additionally, coral skeletons are likely to becofass dense due to dissolution which may
reduce the resistance to breakage and bioerosidnthen ability of competition could
decrease (Anderssost al. 2008, Buddemeieet al. 2004, Schuberet al. 2006). But
declining calcification rates and dissolution magcuar even before the water is
undersaturated; if cold-water corals reacted theesamy like their tropical counterparts
(Cohenet al. 2009a, Turleyet al. 2007). A lower pH and lowef,, imply that corals
require more energy for calcification which meaesslenergy is available for metabolism,
growth and fitness (Anderssaat al. 2008, Cohen and Holcomb 2009b, Maynatdal.
2008d). Other physiological effects could be ardiéication of body fluids (Marubinet

al. 2008) affecting oxygen supply (Dodés$ al. 2007, Pdrtner 2008), egg production,
recruitment and genetic diversity (Anderssbral. 2009, Cohen and Holcomb 2009b).

All these accumulating effects raise the questiorethér corals are able to adapt to
changing environment. Corals may adapt to localditmms (Maynardet al. 2008d), on
longer time scales (Buddemeier and Smith 1999ammht migrate towards higher
latitudes concerning temperature rises or toward#osher waters because of shoaling of
the aragonite saturation horizon (Andersebal. 2008). Therefore, corals may not become
distinct. It was suggested that they could survivthaut their skeleton (Hoegh-Guldberg
et al. 2007, Poértner 2008) or may shift their mineraletypnderssoret al. 2008, Kleypas
and Langdon 2006). However, adaptation remains andbecause of uncertainties in
physiological stress responses, reproduction gfiegeas well as calcification process
(Buddemeier and Smith 1999a). Moreover, the ris€E@ occurs too fast for adaptation
(for example Buddemeier and Smith 1999a, Calddd@/2Freiwaldet al. 2004, Kleypas
et al. 2006, Raveret al. 2005), especially cold-water corals may have |ase tfor
generations to accommodate due to slow growth amdrietabolism (Fabrgt al. 2009).
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1.8 Skeletal characterisation
1.8.1 Structure
Aragonite is one mineral type of Cag@vealing an orthorhombic crystal structure. The

mineral is physically stronger but thermodynamicdltss stable than calcite, another

mineral form of calcium carbonate.

In general, the aragonite crystals are severalmufangth, 0.5-1 uym wide and are tightly
packed into bundles (Cohen and Holcomb 2009b).

Crystal morphology depends @&xy,, organisation and packing of the crystals (Cohath a
Holcomb 2009b). Whe®y, is high, crystals are long, thin, needle-like, d&st growing
but crystals are short, wide, faceted, not oriemtetundles, and exhibit slower growth
rates wher2,, is low (Figure 1.6) (Cohen and Holcomb 2009b).

Figure 1.6 Scanning electron microscopy (SEM) images showanggonite crystals
accreted by corals, reared in seawater with givelges ofQa, (A-D). Images reveal
changes in aragonite structure due to acidificatesulting in changes of crystals in size,
shape, orientation, and composition. From Caodteai. (2009a)

1.8.2 Composition

The coral skeleton consists of aragonite mineral an organic matrix (for example
Allemandet al. 2004, Coheret al. 2006, Cuifet al. 2004a, Dauphiret al. 2008). Studies
showed that this organic matrix at which calcificattakes place is a proteoglycan matrix
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and the organic material found within the skelesm®ems to be comprised of acidic
sulphated polysaccharides, sugars and proteing &0di Dauphin 2005b, Dauphet al.
2008, Puveregt al. 2005b). The amount of this organic material wasudwnted to be in
the order of 0.1-1 % of dry weight (Allemaed al. 2004, Gaffeyet al. 1991). Although
this organic fraction is very small it is importaiotrr crystal nucleation and is deposited
simultaneously with the mineral and not sequentia§ thought before (Allemanet al.
2004). The highest portion of organic molecules Wasd near the centres of calcification
(Cuif and Dauphin 2005b).

The composition of the organic material seems tpedd on taxonomy resulting in
species-specific crystals and skeletal architeat@ref and Dauphin 2005b, Dauphat al.
2006). This compositional variability could ariseorh combined alterations in water
temperature and seasonal changes in the mass gdnéea precipitated (Coheat al.
2006).

1.8.3 Comparison between biogenic and abiogenimaitsy

Abiogenic aragonite only precipitates spontaneowghhigh aragonite saturation states
whereas corals can elevate their intergd), for biomineralization (see chapter
1.4.4 Biomineralization) (Cohen and Holcomb 2009beyhas and Langdon 2006).
Abiogenic aragonite crystals show similar organtsatd crystals formed by corals (Cohen
and Holcomb 2009b). Biogenic and abiogenic aragocaie also be compared by their
temperature of thermal degradation being 550°C doral carbonates whereas pure
aragonite was stable until 600°C (Ceif al. 2004a). Furthermore, the temperature range
for conversion of aragonite into calcite seemseaddwer for the biogenic aragonite than
for the abiogenic one (Dauphét al. 2006).

Biogenic aragonite has another composition thae puagonite including further elements
like Sr, Mg, S, C and Si (Cohext al. 2006, Cuif and Dauphin 2005b, Gaffeyal. 1991,
Meibomet al. 2007, Zhong and Mucci 1989). The biogenic aragoisitftormed by means
of an organic matrix under biologically controllednditions (Cuifet al. 2004a, Cuif and
Dauphin 2005b, Marubiret al. 2008, Meibomet al. 2007). In experiments, Cohen al.
(2006) plotted Sr/Ca ratios against temperatureraodived different slopes of regression
lines for distinct coral species and abiogenic anitg@. These relative changes in isotopic
values could be caused by changes in seawater tatmper its isotopic composition
(Cohenet al. 2006) or by variations in biological processesa(Bartet al. 2007).
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Furthermore, the density of coral skeletons iseddht from pure aragonite due to the
organic compounds or distinct crystal lattice (C®#etnational, Inc. 2007, Dodds 2007,
Hughes 1987). The density of pure aragonite is P8m3 (Weast and Astle 1980).
Deviations from the pure mineral may be affectedpby nutrients, and current speed
(CSA International, Inc. 2007, Dodds 2007) besident composition.

1.9 Dissolution kinetics

The formation of carbonates is influenced by thetymamic kinetics (Zhong and Mucci
1989). Near equilibrium, whef2, = 1, the dissolution is mostly surface-controNekich
means the surface structure of the skeleton centrolv effectively corrosive water can
attack and thus dissolution behaves non-linear vatpect taQa (Morse and Arvidson
2002b). WhenQ,,, however, is far from equilibrium dissolution beeandiffusion-
controlled depending on how many corrosive-actingleswes are near the skeleton
surface and then dissolution is linear with resgec®,, (Morse and Arvidson 2002b).
Therefore, dissolution results in saturation curweth a sharp increase under highly
undersaturated conditions forming a plateau whemra@n is reached near the

equilibrium.

Numerous examinations has been carried out abosaldi®n kinetics and the behaviour
of carbonates in undersaturated water mostly duttieglate 60s and 70s (Berger 1967,
Berner and Wilde 1972, Keir 1979, Morseal. 1979, Morse and Berner 1972, Peterson
1966, Walter and Morse 1985, Zhong and Mucci 198Rich dissolution experiments,
however, showed different results due to disagreernanthe solubility constants and
methods applied (Bernet al. 1976, Honjo and Erez 1979, Keir 1979). It was fothmat
dissolution occurs at various depths due to degfeendersaturation (Milliman 1975,
Berger 1967) and current flow which provides the lenwith fresh corrosive water
(Berger 1967). Moreover, dissolution removes caab®rayer-by-layer so there is not
much damage visible but the material becomes isgrgly thinner (Berger 1967). This
layer-by-layer removal could explain why dissoluatiates ceases with time under natural
conditions because the most susceptible partstvéings (Berger 1967).

In general, dissolution depends on surface texamce composition (Morse and Arvidson
2002b, Morse and Berner 1972) meaning the microstre, mineral stability (Walter and
Morse 1985) as well as surface to volume ratio (Maaad Arvidson 2002b). Biogenic
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carbonates dissolves at lower rates than abiogems maybe due to less surface area
presented to undersaturated water (Masal. 1979, Walter and Morse 1985) or less
reactive surface area (Walter and Morse 1985)xpeements, foram tests dissolved faster
after initial solution probably caused by increasedface area available for dissolution
(Morseet al. 1979). Additionally, bleached samples were moreensble than untreated

samples (Berger 1967, Honjo and Erez 1979).

1.10 Thesis outline

A few studies have been carried out about skelstarcture and compositiosf Lophelia
pertusa(Blamartet al. 2007, Coheret al. 2006, CSA International, Inc. 2007, Ceif al.
2004a, Cuif and Dauphin 2005b). But to date, no datst at which aragonite saturation
statelL. pertusaskeletons starts to dissolve.

Knowledge of the critical2a, would be an advantage in predicting the impactsald-
water corals concerning raising aragonite saturationzon due to ocean acidification.
Moreover,Qa; given in literature always refers to the pure maheragonite. But it was
found that the skeleton &f pertusahad a lower density, and thus probable diffefegt
than pure aragonite (CSA International, Inc. 200#)is difference could possibly arise
due to organic compounds or different crystaldat{iCSA International, Inc. 2007) which
could explain the ability of calcification &a < 1 (Cohenet al. 2009a, Form and
Riebesell submitted, Maieet al. 2009). Furthermore, it seems likely that the caiki
aragonite saturation state is species-specificf(@uil Dauphin 2005b, Honjo and Erez
1979) which means that the identified value is mpiresentative for cold-water corals in
general.

The aim of this diploma thesis was to find the catiQa of dead skeletons by
investigating coral fragments under different pC@eatments. The hypothesis of the
diploma thesis was that skeletonsLobhelia pertusawill start to dissolve at a2 < 1.
Therefore, K was that dissolution started at or above the value

To determine that particuld®,,, pH and total alkalinity were measured. Total atka}i
showed changes in water carbonate chemistry becausenate ion species were released
by dissolution of coral skeletons (see chapterClimate change and ocean acidification).
Moreover, alkalinity can easily been measured aodiges accurate values.
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Two sets of experiments were implemented. In the neadperiment coral skeleton
fragments were exposed to seawater with different pé@ues with respect t@4,. The
pCG; values chosen referred @ > 1, near equilibrium which meafs, = 1, and values
well below 1. According to dissolution kinetics sattimn curves (one for each treatment)
were expected which then illustrated the criticalisstion state fot.ophelia pertusaThe
second experiment was carried out similar to the fine but only one high pGQalue
was selected for fast reaction and saturation regpddamples in this control experiment
were treated prior the dissolution experiment byaeng all organic material on the
outside of the skeletons by sterilizing and bleaghiThis control experiment was
supposed to show potentially changes between botioagiwes.

Additionally, scanning electron microscopy imagesemMaken after the completion of the
main experiment to investigate visible dissolut&ffects on the outer wall of calices as

well as on septa.

Furthermore, ash-free dry weights of skeleton weremexed to determine the organic
fraction within skeleton by means of combustion.

31



2. Materials and Methods

The parameters regularly measured were pH, dissahggdanic carbon (DIC) and total
alkalinity (TA). Before starting the experimentgjtrients were measured (nitrate, total
phosphate, silicate) to take them into accountttier carbonate system because they can
alter alkalinity (Zeebe and Wolf-Gladrow 2001, Gattet al. 2010). Since initial nutrient
measurements revealed significant low values thay weglected for further calculations
(see table in Appendix).

Bottles with a capacity of 0.5 | (Duran Schott) wased in the experiments and caps were
screwed air-tight to avoid outgasing of £0Ohe bottles were stored at 15 £ 1°C in a
temperature chamber at the IFM-GEOMAR. The bottles vetireed daily to maintain
homogenous conditions avoiding the formation ofigrats within the bottles.
Reproducibility was guaranteed by carefully preparihe material for the experiments
which involved filtering natural seawater (NSW), clew of corals, handling all
treatments equally as well as regularly measurirg garameters to recognize possible
shifts.

2.1 Main experiment

This experiment was carried out in bottles contgnmanipulated water with different
pCG; values achieved by acidification.

The 0.5 | bottles (Duran Schott) used were autoclgweor experiment. Sealed coral
fragments (see details about sealing in chapte3 2ZZral material) were weighed to
0.01 g (Sartorius LA 2200P, accuracy: + 0.01 g),dherage weight of the material was
66.64 + 0.04 g.

Filtered NSW (salinity: 33.6) was manipulated in Ifldstic water canisters, one for each
treatment (see chapter 2.2.2 Acidification). Theisters were weighed to the nearest 0.1 g
(Sartorius CPA 34001S, accuracy: = 0.1 g). Thelé®tivere rinsed with the acidified
water before they were completely filled with that eratEach bottle of the respective
pCGO; treatment contained the same water.

The pCQvalues selected refered to the aragonite saturstaia. Treatments chosen were:
control (non-manipulated water), 1200, 1800, and0258m CQ which correspond t@a,

of 2.14, 1.02, 0.71, and 0.53, respectively. Thelmer of replicates for each treatment was
n =7 and n = 5 for the control. Additionally, obhkank for each treatment was prepared

without coral material containing the correspondacglified seawater.
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The experimental set-up is shown in Figure 2.1.
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Figure 2.1 Diagram presenting the experimental set-up. Onekldlar each treatment and
one for the control (C), respectively. Number of licgies were n = 7 for the pGO
treatments (1200, 1800, 2500 ppm L£@nd n = 5 for the control containing ambient
seawater. Seventh bottle first opened at day 36iqes reserve (R) (see explanation in
text).
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Coral fragments were added to each bottle and pedsavith 150 pl HgGI (dilution
ratio: 1:4800) and stored and handled as mentiabesde. The first six treatment bottles
were sampled; one bottle of each treatment was tekeh sampling day to diminish
outgasing via growing headspace within the bottlasthis way, the first bottle was
measured again after six sampling days. Samplestaiea every two days for the first 12
days and then after four days until day 36. Thes#vbottle (reserve) was sampled at the
end of the experiment (day 36), when measurementskafinity indicated saturation.
Therefore, end point samples were measured withaart gpening. The last sampling took
place on day 50 and was a re-measurement of theveese

Samples were taken by use of a 100 ml syringe (B@aunifix, sterile-EO) and filled into
60 ml glass vials. The vials were sealed with gsppers without leaving headspace and
were stored at 15°C until measurement. Since thesumig method of total alkalinity and
pH was performed at standard temperature of 20°(lesmvere kept in a water bath at
20 = 1°C for equilibration prior analysis. Firsgnsples for DIC were taken followed by
pH measurement and then total alkalinity was detexthifsee measuring procedures in
chapter 2.6 Measurements).
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2.2 Media preparation
2.2.1 Water filtration
Natural seawater from the North Atlantic (POS 391 ejuiwith a salinity of 33 was

filtered through a 0.2 um filter capsule (Polycdp AS, sterile and non-pyrogenic). The
water was filtered to eliminate particles or alga@ngng in the water tank used.

2.2.2 Acidification

The pCQ concentrations for the treatments were chosen respect to the aragonite

saturation state. Acidification of the seawater webieved by adding HCI to obtain
predefined pC® values (Gattuset al. 2010, Schulzet al. 2009). NaCO; was added
afterwards to restore alkalinity to the initial valaccording to Schulet al. (2009) and
Gattusoet al. (2010).

NaCO; (Merck, suprapur, Germany) and 3.571 M HCI (Merckrr@y) were used for
the manipulation of the seawater.

Before starting an experiment, fresh stock solubbrcombusted N&LO; was prepared.
Each bottle was acidified according to treatment pG&ues in the test run | (see chapter
2.3.1 Test run I). For the main experiment 10 Isptawater canisters, one for each
treatment, were filled with filtered NSW without hespace and manipulated accordingly
(see further details on acidification in Appendix).

2.2.3 Coral material

Skeletal materiabf Lophelia pertusavas sampled at the Oslo Fjord during the AL 275
cruise in 2006 (59°04’ N, 10°46’ E; depth: 80-150 myrthermore, corals from the Sula
Reef were collected during the AL 316 cruise in 2008°05" N, 8°0' E;
depth: 275-300 m) and the POS 391 cruise in 200@dimyg the polar reef Lopphavet
(70°25’ N, 21°10’ E; depth: 225-270 m). Locationstbé sampling sites are shown in
Figure 2.2. For detailed information about sampling reader is referred to the scientific

cruise reports.
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Figure 2.2 Map of the locations of sampled coral reefs.

For the experiments coral material was selectedomrahd assuming a good mixture of

samples from all sites.

The white colour variety was used for the manipufagxperiments. Exclusively healthy

looking parts of the colony were taken. Fragmentwitg affected by bioerosion and parts
overgrown by epibionts (for example brachiopodsoboans, and tubes of polychaetes)
were excluded because boring or attached organisives &lready affected the skeleton
surface which in turn might change dissolution cese.

At first, the skeletal material was cleaned by atiating organic remains and tissue.

However, it was not possible to remove all tissudéndalices without breaking the septa.

The breaking edges and fissures were sealed withffpawax to avoid dissolution of
detached skeletal material. In a pre-measuremewtd tested which sealing substance
worked best under high pGQvithout affecting water chemistry (see chapter 2Best

run Il).

35



2.3 Preliminary tests

After testing the method of experimental seawatedification for precision different test
experiments were carried out prior the main and robrxperiment. Test run | was a
dissolution experiment with coral rubble to findt dlve appropriate C£concentrations for
the main experiment. In test run Il different salpses were tested for sealing breaking
edges and fissures of the coral fragments withttatieg water chemistry. In test run Il
several chemicals were examined to ensure constaakitons for the main and control
experiment concerning possible biological activily micro-organisms which could
influence measured parameters. In test run IV &urttoral material was tested to define
stable control conditions. To achieve such stableditions coral material was bleached
and sterilised to remove any remaining tissue akasetliminate possible existing micro-

organisms.

2.3.1 Test run I: Dissolution experiment with canagbble

This test run was carried out with cleaned andddcieral rubble without paraffin sealing.
The experiment was performed in 0.5 | bottles (DBahott) filled with filtered NSW and
stored and handled as mentioned before. Differ@@pconcentrations for the treatments
were chosen with respect to the aragonite saturatate to find out the appropriate p£0O
values for the main experiment. Treatments chosee:va®ntrol with ambient seawater
(472.6 ppm C@Q, 1200, 1400, 1600, 1800, 2000, 2200, and 2400 @m These pCQ
values correspond tQ,, of 2.31 for the non-manipulated water, 1.02 for@ppm CQ,
0.89, 0.79, 0.71, 0.65, 0.59, and 0.55 for the rotreatments, respectively. The bottles
were stirred daily (see handling procedure at tiggnimeng of this chapter). Alkalinity was
examined after 7, 14, 21, and 28 days. Samples taken with a 50 ml syringe (Infuject,
sterile-R) and subsequently stored in 50 ml PRdmowwith screw cap without headspace.

2.3.2 Test run ll: Sealing experiments

Different materials (two types of silicones, twop#g of wax) were tested for their
magnitude of reaction with respect to alkalinityfiwed an appropriate sealing substance.
Transparent silicone (JBL Aquasil, acetoxy sealattlvent free) and black silicone
(Rotabond 2000, UV resistant, solvent and isocyaima& were examined as well as two
types of wax. One wax consisted of 80 % paraffin 2006 stearin (Knorr Prandell) and
the other was pure paraffin (Carl Roth GmbH & Co. K&$.a control, plastic biofilter
material was used as a chemically inert substituteedral skeleton because this material
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itself did not change water chemistry. This pla$timfilter material and coral fragments
were completely covered with the respective chenscdistance for rapid response and
kept in ambient filtered seawater.

2.3.3 Test run lll: Elimination of possible microganisms

A pre-test showed a significant drop in pH indicgtibiological activity by micro-
organisms. Therefore, corals were treated with raibiatic and a fungicide to eliminate
possible disturbing micro-organisms. The fungicided was cycloheximide (§H,3NO,)
which inhibits the protein synthesis of eukaryotiganisms. The cycloheximide had a
concentration of 20.59 mg/ I. The second chemadbramphenicol (GH1.ClLN2Os), is a
broad-spectrum antibiotic that also inhibits pnoteynthesis; applied concentration was
50.56 mg/ I.

After that pre-treatment cycloheximide, chloramphehi mercury chloride, and
autoclaving were tested to maintain constant canmtduring experiment.

This trial included untreated corals, autoclavedalsy autoclaved + antibiotic/fungicide
treated corals, not autoclaved + antibiotic/ fumdgctreated corals, and corals poisoned
with HgChk. The concentration of cycloheximide and chlorammit@ in the treatment
with autoclaved material was 62 mg/ | and 84.1 imgéspectively and in the treatment
with non-autoclaved corals 53.4 mg/ | and 84.1 ingéspectively. Each treatment was
carried out in a single 0.5 | bottle (Duran Schditfed with filtered NSW without
headspace, closed air-tight, and stored at 15 £ dd6sequently and handled as described
above. Total alkalinity and pH were measured aftedays. Samples were taken similar to
test run |. Since the test bottle with mercury chle indicated constant conditions
concerning pH as well as alkalinity (see chapterRdliminary tests) the coral material
used in the main experiment was kept in Hgflution (dilution ratio: 1:2000) for some

days and then rinsed thoroughly and dried.

2.3.4 Test run IV: Eliminating organic remains

Coral fragments were cleaned, bleached for 3.5 detysNaOCI (dilution ratio: 1:3) and
sterilised at > 100°C for 52 minutes. Afterwards, theterial was rinsed thoroughly with
NSW and poisoned with mercury chloride. This test pe$ormed in a 0.5 | bottle (Duran
Schott) completely filled with filtered NSW and stdrand handled as mentioned before.
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Samples were taken and analysed in the same masrfer ghe main experiment (see

chapter 2.1 Main experiment). Samples were takeraaatysed after 5, 10, and 30 days.

2.4 Control experiment

The control experiment was performed in bottles a@mmg manipulated water with
different pCQ values achieved by acidification or bubbling wa@t,-enriched air.

This experiment was carried out with autoclaved 0bBottles (Duran Schott). Coral
fragments were cleaned, crushed into small pieteslised at > 100°C for one hour, and
rinsed with NSW. The fragments were bleached with Nlaf@€ seven days (dilution
ratio 1:4), rinsed, and sterilised again for 65 ubt@s. The coral pieces were rinsed
thoroughly and kept seven days in seawater becapee-t@st showed that total alkalinity
altered after sterilisation.

The coral material was weighed wet reading to 0.0%agt¢rius LA 2200P), the average
weight was 115.91 g £ 1.61 g.

Similar to the main experiment, the p@@lue chosen referred to the aragonite saturation
state. A high pC@treatment with 2400 ppm G@as selected as well as a control with
ambient seawater. These pO@lues correspond t@4 of 0.54, and 2.52, respectively.
The number of replicates for the treatment was threeone for the control. One bottle of
each treatment was intentionally left without caradterial containing the corresponding
acidified or non-manipulated seawater, respectivetgse bottles served as blanks.

The coral material was divided for two different exmental set-ups. Sub-experiment one
(S) was carried out as the main experiment and inesgieriment two (9 the bottles
were bubbled with C@enriched air (Figure 2.3).

The control of $ was treated with compressed air. The compressed laaswthe CG-
enriched air were moisturized by means of two ligas wash bottles (Duran Schott) and
were then connected to the treatment bottles antk&lalhe inflow was controlled via
valves; one was used as pressure relief valve. éumthre, one valve per bottle allowed
adjusting bubbling for each bottle separately (Fege.3).

Filtered NSW (salinity: 33.3) for the non-bubbledtles ($) was manipulated in a single
10 | plastic water canister so each treatment bottteained the same water (see details on
acidification in Appendix). The bottles were rinseth the acidified water before they
were filled without headspace.
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Coral fragments were added to each bottle and pedsavith 150 pl HgGl (dilution
ratio: 1:4800. The bottles were stirred daily to idvthe formation of gradients in the
water.

Experimental conditions and sampling was compartabtee main experiment concerning
storage temperature as well as measuring and saticedure.

Samples were taken at different time intervals e@afig¢he control treatments because of
limited water volume. The control of &#as sampled at day O and then after 4, 8, 14, and
20 days. The control of;Svas sampled at days O, 4, 10, and 18 and the 2d@0G0O
treatments after O, 2, 4, 6, 8, 10, 14, and 18.dagmples of the blanks were taken every
six days. However, the blanks of the 2400 ppm, t€atment of $which had 3 blanks in
total were sampled after 0, 2, 4, 6, 12, and 1&d&ne of the blanks was sampled each

time as in the main experiment.

Figure 2.3 Set-up for sub-experiment two showing the 2400 (Gida treatment as well as

its blanks without corals (blanks in the back). \éslv(black) directed to each bottle
allowed adjusting of the bubbling. One valve serasdpressure relief valve (arrowed).
Using the two litres bottle as gas wash bottle (inlihek) the air was moisturized before
running to the treatment bottles.

2.5 Determination of organic content in coral skatet

White coral pieces from the Sula Reef (AL 318 cruis2008; see details in chapter 2.2.3
Coral material) were defrosted and rinsed cautjouslpreserve coral tissue within the
calices. However, not all coral pieces contained neimg tissue. The fragments were
weighed reading to 0.001 mg using a high precisialarce (Sartorius M2P,

accuracy: = 0.003 mg). The tissue was removed hadragments were bleached with
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NaOCI (dilution ratio: 1:4). The corals were rinsedhndlistilled water and dried at 50°C
for 24 hours. Then, the weight was measured agdir. flagments were grinded (IKA
mortar A1l basic) and combusted at 450°C for 5 ©i@deraeus chamber furnace, Heraeus
Instruments GmbH, Germany). The weight was measuréldetmearest 1 pg before and
after the combustion. The same experiment was daaug with pieces of red coloured
corals originated from the same location.

The amount of organic matter was calculated fromdifference in the weight before and
after the combustion.

2.6 Measurements

2.6.1 Measuring total alkalinity
Total alkalinity (TA) was analysed as described bgkBonet al. (eds. 2007, SOP 3b).
This measuring technique is a potentiometric, ogedh-titration using a 0.005 N

hydrochloric acid for analysis. TA was measured lBans of a semi automatic titration
device (Metrohm Titrando 808, Deutsche Metrohm GmbHC& KG, Germany). The
software package tiamo version 1.2 was used for tesurement.

The pH electrode of the device was calibrated ewesgk with a three-point calibration in
certified buffers (pH 4, 7, 9, Carl-Roth, Germany).

Prior to measurement, approximately 10 ml of sameee weighed reading to 0.0001 g
(Sartorius balance RC 210D, accuracy: + 0.001 gletermine the exact volume and then
0.2 um filtrated using syringe filter (Sarstedtif®pur S PAT, non-pyrogenic, sterile-R).
Determination of TA was carried out at standard teafoee of 20°C thus the acid was
kept in a water bath for the term of analysis. Theasuring mode was a monotonic
equivalent-point titration (MET) which means therdiit was added using a constant
(0.2 ml) increment every 30 s until pH reached alh8¥. According to Dicksoet al.
(eds. 2007, SOP 3b), a duplicate analysis was peefdrand measurement was repeated
when the difference exceeded 5 pmol/ kg. Precisios wighin 2 pmol/ kg. Certified
reference material for ocean carbonate measureniBitkson Standard Batch 88 and
Batch 83, University of California, Marine Physidadboratory, Prof. A.G. Dickson) was
used for corrections of accuracy of analysis.

TA was computed from the Gran function applied toatt volume as well as
electromotive force measurements with a non-lireeawe fitting algorithm implemented
in Matlab (The MathWorks Inc., Version 6.5). A pregéd Excel file was used for
corrections of possible device drift and deviatimsn the Dickson Standards.
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2.6.2 pH measurement

The pH was determined as electromotive force (e.wafyes using the MEAS U function
of the alkalinity device at 20°C. Before startirige tmain experiment a calibration curve
was implemented at different temperatures with alywepened Dickson Standard (Batch
88). The obtained values were plotted against catledl pH values of the standard at
measured temperatures. These pH values of the sthwdae computed by means of the
CO2SYS Excel Macro (Dr. D. Pierrot utilising the codseloped by Lewis and Wallace,
1998) using TA, DIC, salinity and nutrient data betDickson Standard but also the
measured temperature. Free scale was chosen as IpHtBeadissociation constants from
Dickson were used for the KH3@ource as well as the constants from Mehrheichl.
(1973) as refitted by Dickson and Millero (1987uc8 calibration was repeated prior the
control experiment using the same constants, phe sgal data processing.

All measurements were done as duplicates. The pteyvalere calculated from measured
e.m.f. values by use of the calibration curve iadtef using the method described by
Dicksonet al. (eds. 2007, SOP 6a) because at pH < 7.8 high dawabetween both
methods were observed. Although the samples were ikept water bath at constant
temperature fluctuations of the sample temperatidenot supply efficient data with
Dickson’s method. Since the measuring method (MEASf the alkalinity device was
aligned for 20°C the analysis of pH was carried authat temperature and the obtained
values were corrected to the storing temperaturs5d€ through CO2SYS Excel Macro,

subsequently.

2.6.3 Measuring dissolved inorganic carbon

Samples for dissolved organic carbon (DIC) detertmonavere taken with a 50 ml syringe
(Infuject, sterile-R) and subsequently filled intb ml brown glass vials (Carl-Roth,
Germany) without any air bubbles and immediateletbwith screw caps (without hole,
Carl Roth, Germany) containing a PTFE septum (CathRGermany). The vials were
sealed with Parafilm (Paul Marienfeld GmbH & Co. K&rmany) and stored at 4°C until
analysis.

DIC was analysed according to Stell al. (2001) by means of a spectrophotometric
continuous-flow analysis. The samples were measuted?08C by means of an
autoanalyzer (Quaatro, Bran+Luebbe) with an attaclsadhpler (XY-2 sampler,
Bran+Luebbe).
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The determination was carried out as duplicate amaiypcluding measurements of drift
values (artificial seawater with salinity of 35 akdown DIC concentration), standards
(with known DIC concentration, freshly made prior teeasurement adapted to the DIC
range of the samples) and certified reference naatéDickson Standard Batch 88,
Batch 80 or Batch 83)

The obtained raw data were corrected against thelat@ds and density to convert the
values into pmol/ kg followed by a drift and Dicks8tandard correction.

2.7 Determination of aragonite saturation state

Total alkalinity and pH data were selected for thewdation ofQa, by means of CO2SYS
Excel Macro (Dr. D. Pierrot utilising the code deyd by Lewis and Wallace, 1998).
Measured temperature and salinity were also usedpas conditions whereas nutrients
were neglected because of low values (see measutadndAppendix). Free scale was
chosen as pH scale, the dissociation constants Bakson were used for the KHRO
source as well as the constants from Mehrbetchl. (1973) as refitted by Dickson and
Millero (1987). The entire data set was correctedttwage temperature of 15°C (output
conditions).

2.8 Examination of skeleton surface structure

After completion of the experiment scanning electnainroscopy (SEM) images of coral
fragments from the main experiment were taken bynsied a CamScan-CS-44 at the

Institute of Geosciences (University of Kiel).

2.9 Data processing

Using the statistic module of SigmaPlot 11.0 (SySwitware Inc.) all statistical analyses
were performed. Measured data were conducted usiifigredit non-linear regression
functions for the dissolution experiments. An ungdit-test was applied to test the colour
varieties ofL. pertusafor significant differences in the ash-free dry gldi (see statistic
table in Appendix).

All pCO; treatments of the main and control experiments ywérted using a sigmoidal
regression function after Chapman (3 parameterd)Michaelis-Menten kinetics (ligand
binding, one site saturation). The control of thairmexperiment containing ambient

seawater was plotted against a hyperbolic decayssigrefunction (2 parameters).
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The sigmoidal regression function can be describyetthe following equation:
y=all-e®f (5)

The ligand binding, one site saturation regres$ioiction was used for plotting the data

by means of enzyme kinetics and can be termed as:

B xXx
— _—max " % 6
Y Ky +X ©)

where B stands for the maximum reaction rate andikthe Michaelis constant which
represents the substrate concentration but incdse it was the time value at which the

reaction rate reached half of its maximum value.

The control of the main experiment was plotted usindnyperbolic decay regression
equation (2 parameters):

axb
(b+x)

(7)
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3. Results

3.1 Preliminary tests

The test run | showed a rise in alkalinity. Thist tefsould point out the appropriate p£O
values for the main experiment. Instead of usingde range of pCe@concentrations as in
this test run fewer treatments but more replicatee vebosen for the main experiment

(data not shown).

In the test run Il total alkalinity showed a higltriease for both silicones with a rise of
approximately 400 umol/ kg for the transparent abdut 430 umol/ kg for the black,
acid-free silicone (data not shown). The black siie also showed a high increase in TA
in the control. Similarly, the wax consisting of 80 paraffin and 20 % stearin revealed a
rise in alkalinity of about 300 pmol/ kg (data reftown). The pure paraffin showed no
change after ten days and only a slight rise dféedays but showed an increase of about
100 pmol/ kg after 44 days (data not shown).

In the test run Il samples treated with both cyekimide and chloramphenicol showed a
slight rise in alkalinity but a significant drop pH similar to the autoclaved samples
treated with that fungicide and antibiotic (data slodwn). The samples treated with HgCl
indicated a slight decline in TA and pH. But alkily remained constant after a
re-measurement after 12 days and pH rose to iialinélue (data not shown). Therefore,
HgCL was chosen as an appropriate pre-treatment pgomtin experiment and was also
employed for poisoning the coral fragments usetthénmain experiment to inhibit possible

biological activity during the experiment.

Although the procedure of the test run IV (see chraht@ Preliminary tests) led to constant
pH values total alkalinity declined by approximatél0 pmol/ kg after 30 days (data not
shown). Coral material used for the control expentnwas rinsed several times
thoroughly after bleaching and sterilizing and wiasesd seven days in natural seawater for

equilibration to seawater conditions.
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3.2 Main experiment

The Qar was calculated as described in chapter 2.7 Detetionaf aragonite saturation
state. Calculations d2,, by means of DIC and TA data revealed higher flusbua in the

calculated seawater carbonate system parametersapesin TA and pH used for the
same calculations. These fluctuations resultedoimef R? values (data not shown).

Therefore, DIC data were neglected for the deternoinatf Qa,.

A non-linear regression function with a sigmoidgquation (after Chapman, 3 parameters)
(see equation 5) was used to plot the saturatide atminst time. This regression function
indicated the best fit to data according to theamiatd R2? (Figure 3.1). However, this
equation did not reflect real reaction kinetics.neke all treatments were plotted again
using enzyme kinetic regression (Figure 3.2) (speagon 6). Michaelis-Menten kinetics
(non-linear, ligand binding, one site saturationsw#ose to real reaction kinetics where
Bmax corresponds t@,, and the substrate concentration corresponds te. tBimilar to
enzyme reaction kinetics showing saturation withngissubstrate concentration, the
obtainedQa,; revealed a saturation curve with increasing time tb dissolution of coral
material.

The critical saturation state was determined by medirihe Michaelis-Menten regression
equation, plotted in a combined graph for all treaits. The obtaine@,, were 1.077 for
the 1200 ppm Ce&xtreatment and showed values below 1 with 0.983 &@idl(or the 1800
and the 2500 ppm CQreatments, respectively (Figure 3.3).

The control of the ambient treatment showed a dstrgdrend inQa from initial values

of 1.805 toQa, = 0.942 at day 36 due to declining pH (Figure 3.4)

The blanks of the main experiment showed a ris@4n The 1200 ppm Cftreatment
blank started with a value @, = 0.877 and at the end of the experiment 1.383 was
reached (Figure 3.5). The other two treatment [daatdted similar with starting values of
0.643 for 1800 and 0.465 for 2500 ppm L£énd end points of 1.171 and 0.947,
respectively (Figure 3.5).
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Figure 3.1 Graphs a-c illustrating dissolution of the skelet@yments with time by rising
Qa for all three treatments, 1200 (a), 1800 (b), @500 ppm CQ® (c). The 95 %
confidence and 95 % prediction bands are shown.egRemn lines were plotted using non-
linear regression with a sigmoidal equation aftba@nan, 3 parameters. R? values given

in each graph.
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Figure 3.2 Graphs a-c show increasiqr,, with time due to dissolution of coral skeleton
fragments for the different treatments: 1200 (a¢, 1800 (b), and 2500 ppm (). The
95 % confidence and 95 % prediction bands are giRegression lines were plotted using
non-linear regression, standard Michaelis-Menteretics, one site saturation. R? values
given in each graph.
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Figure 3.3 Graph presents the developmentyf for all three pCQtreatments due to
dissolution of the fragments. Regression lines wadodted using non-linear regression,
standard Michaelis-Menten kinetics, one site sétura
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Figure 3.4 Graph illustrating a decline €4, due to decreasing pH values for the control
treatment using a hyperbolic decay regression, rampeters. The 95 % confidence and
95 % prediction bands are presented. R? value givgraph.
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Figure 3.5 Development of2,, for the blanks of the different treatments due titgasing
via sampling.

3.3 Control experiment

The Qar was calculated as described in chapter 2.7 Detetionaf aragonite saturation
state. DIC data were neglected for the determinaiiofa, (see explanation in previous
chapter).

All wooden air stones used for the €lubbling were found to be overgrown by a biofilm.
Additionally, one hosepipe connecting the air stenth the supply of C@enriched air

contained visible algae contamination.

Although sigmoidal regression function (after Chapma parameters) showed the best
data fit with very good R2? (Figure 3.6) Michaelisehten kinetics accorded best with
reaction kinetics (Figure 3.7). Standard Micha®lisaten equation presented critical
saturation values o2 = 1.257 for $and Qs = 0.795 for § of the 2400 ppm CO
treatments (Figure 3.8). These obtained valuedteesin a difference of 36.8 % between
both experimental set-ups.

The controls containing ambient water showed differesults in this experiment (data not
shown). The control of,Srevealed a decline ®4,. In contrast, the control of $mained
relatively constant and fluctuated between KT, < 1.79 (not shown).

The blanks of the bubbled 2400 ppm LCteatment and the control blank of Bith

ambient seawater showed relatively constant valuks, latter fluctuated between
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1.83< Qar < 1.94 (not shown). The blank of the 2400 ppm@®@atment of Srevealed a
slight rise due to outgasing of G@a sampling (Figure 3.9).
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Figure 3.6 Graphs a, b showing the development(f due to dissolution of coral
fragments for the different experimental set-ugse 2400 ppm C@® treatments of
sub-experiment one (a) and sub-experiment two Hach graph presents the 95 %
confidence and 95 % prediction bands. Regressioes lwere plotted using non-linear
regression with a sigmoidal equation after ChaprBgmrameters. R? values given in each
graph.
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Figure 3.7 Graphs a, b showing increaseQn, for § (a) and % (b) caused by dissolving
of coral material. Regression lines were plottechgisnon-linear regression, standard
Michaelis-Menten kinetics, one site saturationv&gies given in each graph.
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Figure 3.8 Graph for control experiment illustrating diss@uat of coral skeletons by
increasingQa, with time for the different set-ups. Regressiared were plotted using non-
linear regression, ligand binding, one site satmat
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Figure 3.9 Blanks for the control experiment presenting tleeedopment of,, for the
2400 ppm CQ set-ups by bubbling with G&enriched air or manipulation of the water,
respectively. The blank off Showed an increase in due to outgasing via sampliveyeas
the blank of $ showed relatively constant values.

3.4 Determination of organic content in skeleton

The content of the organic compounds within skelet@s determined for white and red
colour varieties otophelia pertuséby means of ash-free dry mass (AFDM). The white
type showed a weight loss of 3.37 = 0.22 % and tketype exhibited a slightly lower
value with 3.11 £+ 0.27 % (Table 3.1). Statisticahlgsis (t-test) indicated a significant
difference in the ash-free dry weight between botlowovarieties (P = 0.001) (see
statistical data in Appendix). Table 3.1 presengsdifferences in weight after combustion
as well as the percentage weight loss for both caolatieties.

52



Table 3.1 Ash-free dry weight and percentage weight loss oftevand red types of
L. pertusa The determination of the dry weight failed for yywInumber one for the red

type due to loss of material.

White colour variety Red colour variety
Polyp Weight Polyp Weight
number AFDM (mg) loss (%) number AFDM (mg) loss (%)
1 12.205 3.232 1 - -
2 14.316 3.773 2 14.201 2.873
3 11.927 3.362 3 14.085 2.860
4 11.396 3.082 4 14.152 2.876
5 12.580 3.311 5 16.873 3.416
6 12.547 3.317 6 15.875 3.219
7 13.343 3.519 7 16.647 3.393
Mean 3.371 Mean 3.106
Std. deviation 0.221 Std. deviation 0.268

Skeleton densities dfophelia pertusavere measured ranging from 2.746 to 2.780 ¢/ cm
with a mean density of 2.772 + 0.011 gfdffform in preparation).

3.5 Examination of skeleton surface structure

To investigate visible dissolution effects on thelston surface, the outer wall of calices
and septa were analysed and compared. Both cotal paasented “bumps” spread over
the entire surface. These “bumps” seemed to hawmaother appearance and were
commonly bigger on the outer wall whereas on sefitay were smaller and partly

revealed mineral crystals on the summit. Furtheenthrese structures revealed “corrosion

spots” which were interpreted as dissolution impacts.

The ambient treatment showed healthy looking “bumphkich were intact both, on the

outer wall and on septa (Figure 3.10).
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15 kV 96096 10PM

Figure 3.10 SEM images of fragment samples of the control shgWwbumps” on outer
calyx wall (a) and on septa (b). Magnification wa® %1(a) and 1370 x (b). Scale: 30 pm
for a and 10 pum for b.

The surface structures on skeletons of the 1200 @@pireatment also seemed unscathed
to the greatest extend. However, some subtle “camospots” were found (Figure 3.11).
Particles visible on the surface of the skeletomlccde salt crystals, paraffin particles left
from sealing or dust particles (Figure 3.11 a)

Figure 3.11 also gave a good comparison of the hadogical differences in these
“bumps” between outer wall and interior like the sepfBumps” on the outside of skeleton
seemed to have a smooth summit (Figure 3.11 a) abeaiagle aragonite crystals could
be recognised on the summit on septa “bumps” (Ei§ut1 b) as mentioned before.

54



15 kU 96099 10PN —

Figure 3.11 SEM images of coral fragments from the 1200 ppm €&xatment exhibiting
subtle dissolution spots (arrowed) on the outer wélthe calyx (a) and on septa (b).
Images were magnified 800 x (a) and 2310 x (b). &Barfof skeleton showed many
particles (a) (see explanation in text). Scalep80for a and 10 um for b.

The surface of fragments exposed to 1800 ppm €0Owed bigger and deeper dissolution
spots even next to “bumps” on the outer wall of xdfyigure 3.12 a). However, “bumps”
on septa were intact showing no evidence of dissmlu¢Figure 3.12 b); one single
damaged “bump” was found (Figure 3.12 c).

The brighter particles on the right lower slope bé t‘bump” in Figure 3.12 c were
possibly paraffin remains. But particles closelyolbethe summit seemed to detach from

the crest itself.
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Figure 3.12 SEM images of coral samples of the 1800 ppm @®@atment revealing

“corrosion spots” on the outside of skeleton (ava#l as on septa (c). Most “bumps” on
the septa showed no visible effects of dissolutibp Magnification was 1380 x (a),
800 x (b) and 1200 x (c). Scale: 10 um for a, c 3@ m for b.
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Most “bumps” of the highest (2500 ppm gQ@reatment were affected by dissolution and
partly showed severe damage both, on the outerofvedilices (Figure 3.13 a) and on septa
(Figure 3.13 b) but also intact “bumps” were found.

The left part of the upper summit in Figure 3.13emed to be scraped away probable
mechanically but the centre of the upper slope asssimed to be affected by dissolution
(arrowed). The deep “corrosion spot” in Figure 3dL2xhibited fine aragonite needles.
The particle on the right lower slope could be godvbthe glue used for the preparation of

the SEM plates or a dust particle (Figure 3.13 b).

15 kV 96089 10PN —

Figure 3.13SEM images of coral fragments from the 2500 ppropteatment showing
dissolution spots on the outer calyx wall (a) (arrdwas well as deep ones on septa (b)
revealing aragonite needles. Images were magnified0 1x (a) and 1800 x (b).
Scale: 30 um for a and 10 pum for b.
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The detail (Figure 3.14 b) of Figure 3.14 a alsovatd parts of septa which were most
likely scraped off mechanically but also revealedsdlution effects to lesser extent

(arrowed).

Figure 3.14SEM images of a coral fragment from the 2500 ppga €eatment exhibiting
mechanical damage and dissolution spots on septail Déa presenting scraped part on
the right side and a slight spot of dissolutiorrdared) (b). Magnification was 200 x (a)
and 1200 x (b). Scale: 100 um for a and 10 pumfor b

Crystals of coral fragments of the control treatmesvealed a rosette-like orientation
concerning the lancet-shaped crystal tips (Figui® &). Most visible crystals of samples
of the highest pC@treatment showed no recognisable difference to dhahe control

samples but some crystals appeared to be rounti@égire 3.15 b arrowed).
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Figure 3.15SEM images showing crystal morphology of a nomtfied coral sample of

the control (a) and a fragment of the 2500 ppm @Eatment (b) both on septa. Image a
presented healthy looking crystals whereas in trgre left of image b rounded crystals
were visible (arrowed). Magnification was 2800 x &ad 3000 x (b). Scale: 10 pm for a

and 3 um for b.
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4. Discussion

4.1 Precision of measured data

In total, 825 TA measurements were conducted inofydiuplicate determinations of the
samples and the certified reference material fauexcy of analysis. This amount of
measurements was divided into 150 samples fromralinpinary tests, 85 samples from
the main experiment and 46 from the control expenin

Concerning pH measurements, a difference in meafutethV corresponded to a change
of 0.002 pH units.

Statistical analysis was employed to calculate tkamstandard deviation and the mean
coefficient of variance for the main and the cohéxperiment by use of statistic functions
of Excel (Microsoft Office Excel 2003, Microsoft Guoration) (Table 4.1).

Table 4.1Mean standard deviation and coefficient of vargafar both experiments.

Main Experiment Control Experiment
Mean standard Mean coefficient of | Mean standard Mean coefficient of
deviation variance (%) deviation variance (%)
TA 1.61 0.07 1.61 0.07
pH 0.0053 0.0695 0.0024 0.0318
Qar 0.012 1.153 0.005 0.518

The quality of the measured parameters was guacdhbie@erforming duplicate analysis
and measurements of certified reference materiatiwhesulted in low mean standard

deviation and coefficient of variance, thus reveglihe high precision of analysis.

4.2 Main experiment

The main experiment was carried out to find theigaitaragonite saturation state under
which skeletons ofophelia pertusastart to dissolve.

To evaluate the results, R? was used as qualitgrom for the regression graphs. Although
the sigmoidal regression function after Chapmassgmted the best fit to data (Figure 3.1),
this regression did not show real reaction kinefldserefore, only the enzyme regression
plots (Figures 3.2 and 3.3) were discussed in fudké&ail.

To enhance the statistical power of the analysis,<R8.80 were not considered.
Consequently, the 1200 ppm &@reatment (R2 = 0.28) was excluded from further
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consideration. The other two G@eatments (1800 and 2500 ppm L @vealed higher
R?, especially the highest treatment.

The entire experiment originally comprised a tinexipd of 50 days. However, values
between days eight and 36 were excluded becausegef flactuations in the measured
carbonate system parameters (see below). At dape86dventh bottle of each treatment
and the fifth of the control, respectively, were géad which were unopened beforehand
and thus showed no outgasing via growing headspdweidre, the obtained saturation
states of the last day were regarded to be equ#éitbravith the acidified water. Sampling
day 50 was also excluded because it was a re-measnirefithe bottle opened at day 36.

The observed fluctuations between start and encesalfithe experiment were most likely
caused by decreasing pH. According to dissolutiowetics and carbonate chemistry the
pH should have risen as total alkalinity. However,XB380 ppm C@treatment showed an

initial increase in pH from 7.672 to 7.719 followeyl d drop to 7.499 and then rose again.
The other treatments varied in a similar way. Thenesfonly initial data and end values
(not affected from fluctuations in the water chemyistliscussed below) were considered
because high fluctuations in pH might superimpodects of dissolution leading to

variations inQar and could have affected precision of the crit@al.

These variations might have different reasons siechhanges in water chemistry caused
by paraffin used for sealing breaking edges arglifess of coral fragments. In the test run
the first ten days showed no change concerning &titalinity and pH, therefore paraffin
was assumed to be the ideal sealing material. Bugvitaled a high increase in total
alkalinity after 44 days (see chapter 3.1 Prelimjriasts, test run Il). Unfortunately, this
test ran parallel with the main experiment aftedtags so it was not possible to separate
effects caused by paraffin and dissolution in tt@mexperiment. However, pH was less
affected showing less pronounced fluctuations loupted effects could be possible like
interaction between skeleton and paraffin.

Furthermore, water chemistry might have been aftebiebacterial respiration. To avoid
disturbing micro-organisms the seawater used wasudn filtered but coral fragments
partly contained tissue remains which could notdraoved without destroying the septa
within the calices. Examinations of these remaihfagments from the main experiment

exhibited an artificial bacterial fauna. The exaation indicated airborne germs or
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bacteria from water (Neulinger personal communicatiaich could have survived
filtration or attached to corals during pre-treathseof skeleton material. Bacteria were
determined by staining with DAPI which in turn gawe indication whether bacteria were
alive or dead at period of observation. Moreovbe, dxygen content of the water in the
bottles was examined after completion of experinséotwving 94 % oxygen saturation for
the blank of the control and 83-84 % for treatmiglainks which all contained no corals.
However, decreased oxygen saturations of 72-73 % wwasured for all treatments
containing coral fragments strongly indicating fhresence of micro-organisms. Despite
poisoning with mercury chloride bacteria might haswgvived in microhabitats within
calices (see details in chapter 1.5.2 Micro- androtaabitats) containing air bubbles or in
biofilms. Attached air bubbles and biofilms coulavi shielded bacteria from the toxin.
Moreover, bacterial activity could also explain alg@rogression of the control treatment
(see Figure 3.4). Since G@ released by respiration, it could have acidifiee water in
the closed system resulting in declining pH. Wheturséion had fallen below its
threshold, alkalinity rose due to dissolution. Altlghr dissolution was observed in the
ambient seawater treatment dissolving of CaGCgould probably not compensate
acidification caused by biological processes otéaa.

Measurement of dissolved organic carbon (DOC) coalkigiven an explanation about
the portion of organic substances which serve astion for bacteria and also include
H,COs and CQ which in turn could change water chemistry accordingarbonate buffer
reactions (see equation 2 and explanations in ehapZ Climate change and ocean
acidification as well as references therein). Unfoately, the DOC measuring system at
the IFM-GEOMAR was not operating and thus analysinp©€ was not possible.

Moreover, effects caused by skeleton compositionldc@lso possibly change pH and
therefore Q. When the saturation state reaches values neadlibeigm, dissolution

becomes surface-controlled (see explanation intehap9 Dissolution kinetics) (Morse
and Arvidson 2002b) which implies that the orgamatrix and its associated crystals
control further dissolution. Therefore, highly cmsive water could dissolve coral
fragments as far as the organic matrix because sussteptible parts vanish first under
severe undersaturation (Berger 1967). The so egpmgg@nic fraction could react with the

undersaturated water which in turn could influenceapH water chemistry.
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In conclusion, reasons for the observed fluctuatiaere not possible to be identified
within the scope of this work. But it is certain thraany different parameters influence
dissolution and may thus change reaction kinetics.

4.3 Control experiment

This experiment was performed to evaluate the obteir,, of the main experiment by
applying different methods and pre-treatment offgan) respectively.

As in the main experiment, enzyme kinetics (liganddimg, one site saturation) (see
Figures 3.7 and 3.8) revealed reaction kineticseclto the real ones and thus were
considered in more detail. Again, the obtained &tes served as quality criterion. The
regression equation of this experiment exhibitdatnee high R2? values for both treatments
with 0.77 for the non-bubbled (}Sand 0.96 for the bubbled (52400 ppm CQtreatment
indicating good conformity with enzyme kinetics ahds true reaction kinetics.

Possible effects of algal contamination of wooden stones used in the bubbled
experimental set-up could not be verified by theults.

Differences between both regression curves of ttpgrment could be the consequence of
the different methods applied. In sub-experimem, @mowing headspace due to outgasing
via sampling resulted in higher saturation statesygared to sub-experiment two (see
Figure 3.7 and 3.8) in which pG®@alues remained constant over the entire samplede
apart from fluctuations caused by constant pertigbdrom the gas mixing device.

Differences to the 2500 ppm G@eatment of the main experiment concernitg could

be explained by pre-treatment of samples. Corakernatwithout paraffin sealing was
crushed to rubble prior experiment to create meaetive surface area which was assumed
to result in faster and more pronounced dissolufMarseet al. 1979). Furthermore, the
material was bleached and sterilized to eliminatg disturbing micro-organisms and
tissue remains.

According to Berger (1967) and Honjo and Erez (19B®aching of biogenic carbonates
enhances dissolution but their findings cannotdi&@iomed in this study. Nevertheless, the
2400 ppm CQ treatment of $ exhibited high initial alkalinities of > 3000 punMaig.
Notwithstanding, impacts of sterilizing may superirspdleaching effects.
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Sterilizing resulted in a drop of TA, especiallySin which in turn led to different aragonite
saturation states than in the main experiment. [baer Qa value obtained from the
2400 ppm CQ treatment compared to that of the 2500 ppnm @€atment of the main
experiment was probably caused by bubbling itselflying constant water chemistry
conditions related to the saturation state. Sirleadhing and sterilizing resulted both in
removal or destruction of disturbing organic matethe $ control exhibited constant
values fluctuating between 1.%1Qx, < 1.79 but the $control showed decreasity,, due
to the decline in TA.

The reason for this decline in TA is unknown butatild be possible that sterilizing breaks
bonds between structural elements and leads tos$keof functional groups which are then
reconnected with ions from surrounding water, orilgtation may change crystal structure
or mineral texture (Gaffegt al. 1991). In summary, it can be stated that stemtjzffects

and dissolution might influence one another resglin decreasing alkalinity and thus in a

differentQa, than in the main experiment.

4.4 Summary of main and control experiment

Treatments revealing good R2? as quality criterid®®¥ & 0.8) exhibited ara < 1
concerning enzyme kinetics (Figure 4.1). The 25@0npCQ treatment of the main
experiment seems to be the most trusted values$thdy because the bubbled 2400 ppm
CQO, treatment of the control experiment has shown @ leev critical saturation state due
to the decline in TA (see previous chapter). Ondatirer hand, relating the findings of this
work to environmental conditions in the field it &aps likely that th€,, obtained by the
CO,-bubbling experiment (3 is probably closer to the real critical aragorseguration
state than that obtained from the 2500 ppm, @®atment since currents at reef sites
continuously supply corals with corrosive water. Hoare\possible changes caused by
sterilization and bleaching should be taken intos@beration. Thus, it is suggested that the
real criticalQa, for Lophelia pertusas between 0.795 and 0.971.

Furthermore, it has to be emphasized that ipthvalues have been obtained by applying
different methods. Th&,,, presented here, also depends on the constantptarsdale

chosen for calculation implying that different ctargs and pH scales reveal a dist€gt.
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Figure 4.1 Graph showing increase o with time due to dissolution of coral fragments
from the main and control experiment revealing iiced Qar < 1. The threshold value of
Qar = 1 is presented in the graph (red line). Regoesknes were plotted using non-linear
regression, standard Michaelis-Menten kinetics, agite saturation. Regression lines
shown for treatments exposed to 1800 (solid lime) 2500 ppm C@(dashed line) from
the main experiment and for the bubbled 2400 ppm @&tment (dash-dotted line) from
the control experiment.

4.5 Determination of organic content in coral skatet

Determination of the ash-free dry weight (AFDM) prese simple method to determine

organic portions within coral skeletons.

The content of organic compounds within skeletomsdifferent coral species was
examined by Cuifet al. (2004a). Although their findings referred mainly ttee tropic
zooxanthellateFavia stelligera Lophelia pertusawas also examined in their study
showing similar results té-. stelligera The measured percentage weight loss of coral
skeletons comprised both, organic compounds andrwatey suggested that the lost
water could be part of the organic matrix. Thus, deéermined weight loss includes the
organic compounds and water that could be boundelpo® the organic matrix or
produced by thermal decomposition of this matrixi{f@t al. 2004a, Gaffeyet al. 1991).
The entire fraction of organic matter was estimatetde about 2.5-3 % of total skeleton
weight with species-specific variations (Ceatfal. 2004a,). However, this organic portion
might be underestimated since not all organic camgde were destroyed when corals
were heated to 800°C (Dauphehal. 2006). In this study, the determination of the AFD

for both colour varieties ot.ophelia pertusarevealed relatively high percentages of
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organic content within the skeleton showing 3.37af6l 3.11 % of total weight with a
range of 3.08-3.77 % and 2.86-3.42 % for the whibel red type, respectively. The
difference between the organic portions obtainedChif et al. (2004a) and in this work
could arise from different methods applied. But thigher values of percentage weight
loss, obtained here, were not the consequence mhéhelegradation of aragonite since the
fragments were combusted at temperatures below then#th degradation value of
aragonite which is 550°C according to Ceif al. (2004a). Differences in the organic
content could also result from investigating sampdé distinct reef sites since it was
indicated that skeleton densities were locationi§pe(CSA International, Inc. 2007)
concerning deviations in density due to skeletommasition (see following chapter).
Since the origin of the sample$ L. pertusaused in the study of Cudt al. (2004a) was
not specified the organic content presented irr thieidy gave no indication of location-
specific differences. Furthermore, it has to béhgdnted that white coloured fragments of
different locations were used in this work (see locest in chapter 2.2.3 Coral material).
But the relatively high variability of the orgarportion obtained for both colour varieties
suggests possible variations in skeletal compasiiithin a single species at different
locations. Moreover, the determination of the AFDMwgfite and red coloured fragments
of L. pertusaindicated a significant difference between bothouolvarieties (t-test,
P = 0.001) suggesting a distinct skeleton composior both types.

4.6 Comparison between coral and abiogenic aragdeitisity

It is evident that the density of biogenic carbesas distinct in different species since the
content of associated elements (Cobeal. 2006, Gaffeyet al. 1991, Meibonet al. 2007,
Zhong and Mucci 1989) and the composition of orgamatrix (Cuifet al. 2004a, Cuif and
Dauphin 2005b, Gaffewt al. 1991) varies between species. But there might béso
variations within single species at different locas as mentioned above (CSA
International, Inc. 2007, Dodds 2007). The deterohidensity ofLophelia pertusais
clearly different from abiogenic aragonite being72 g/ cm?3 forL. pertusa(Form in
preparation) and 2.93 g/ cm3 for pure aragoniteg®Wand Astle 1980). Since the density
depends on the composition of the skeleton thiemihce of about 5 % between both,
pertusaand pure aragonite, could apparently account fitmanorganic content within the
skeleton. To some extent, these deviations cod Beé caused by crystal morphology
controlled by environmental conditions like pH (CSAternational, Inc. 2007) or by
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containing further elements like %ror Mg?* (Cohenet al. 2006, Meibomet al. 2007,
Zhong and Mucci 1989).

4.7 Examination of skeleton surface structure

SEM images were taken from coral fragments fromntlagn experiment exposed to 1200,

1800, and 2500 ppm GGQor analysis of visible effects of dissolution.

Images taken revealed distinct effects in formaufrfosion spots” on surface structures on
the outer wall of calices and septa (see chapterEX@mination of skeleton surface
structure). Such surface structures (“bumps”) atuist an extension of surface area
exposed to dissolution as well as elevations froanpsurface presenting more reactive
area to corrosive water. Furthermore, the exananadf coral fragments from the main
experiment showed that a rise in pJé€d to an increasing number of “bumps” affected by
dissolution. But still intact “bumps” were found @ach pCQ treatment. The depth of
these “corrosion spots”, however, gave no indicatibdissolution magnitude. So it can be
assumed that dissolution spots on “bumps” presemntifative impacts rather than

gualitative ones.

Crystal outgrowth on the interior parts of skeletdw® septa (see Figures 3.11 b and
3.15 a) could probably persist due to protectiortisyue when the coral is still alive. In

contrast, the “bumps” on the outer calyx wall mayalffected by dissolution immediately

after retreat of the coenosarc during coral growthfter death of the polyp both resulting
in bare skeleton. Therefore, reaction with the@unding water could lead to the smoother
appearance of these outer “bumps”.

The crystals at the summit of the inner “bumps’nseg to be rounded off by dissolution.

However, this effect was not prominent within the eféint pCQ treatments and was only

found in a single sample of the highest treatment.

According to Berger (1967) dissolution removes oadies layer-by-layer thinning the
material thus it is unclear if the observed “coimosspots” are entirely caused by
dissolution. Additionally, it has to be considerddht “bumps” could be damaged by
handling due to removal of epifauna and sealingis Thechanically caused damage,
however, seems to be rather possible at the ougdetsk surface than at the interior or
septa.
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4.8 Dissolution kinetics

Statistical analysis of the main and control expent were conducted by standard
Michaelis-Menten regression function due to theselaesemblance with dissolution
kinetics of biogenic carbonates. The progression both, Michaelis-Menten and
dissolution kinetics can be described by saturatiorves. Reaction curves of biogenic
carbonates show a fast and linear increase in disgsolwhen exposed to highly corrosive
waters and reaches a plateau approacigg= 1 (see for example Figures 3.3 and 3.8)
(Morse and Arvidson 2002b). Since the reaction sak®e to reach that saturation point
dissolution can be regarded to contain a certawe taspect. Considering the sharp initial
increase iM,, in highly undersaturated water dissolution rateghtnbe overestimated in
experiments with short sample periods whereas teng- experiments could point out
possible acclimatisation to water conditions.

Moreover, the low aragonite saturation state obthimethis study indicates a different
solubility product of calcium carbonate concerniniggenic aragonite (see equation 4)
since the solubility product, and therefdg, given in literature refers to the pure mineral
aragonite. Hence, dissolution itself is not onlytcolfled by reaction kinetics but depends
also on thickness and texture of material, organier as well as crystal structure (Honjo
and Erez 1979, Kleypas and Langdon 2006, Morse ardeB 1972, Walter and Morse
1985); consequently different responses are mkedylwith respect to dissolution (Ries

al. 2009).

4.9 Conclusion

The Q4 differs with respect to crystal morphology (Kley@asl Langdon 2006), location
(CSA International, Inc. 2007, Dodds 2007) as wellskeletal composition (organic
matrix and addition of other elements) (for exampief and Dauphin 2005b, Meibost

al. 2007, Zzhong and Mucci 1989) indicating a specpes:gic critical saturation state with

certain variations due to local conditions.

The critical QA for Lophelia pertusaobtained in this study ranged between 0.795 and
0.971 depending on methods used and pre-treatrheatrples.

The organic content within skeleton was found t813¥ % and 3.11 % of total weight for
white and red colour varieties &f pertusa respectively. This relatively high organic
content of skeleton resulted in a lower density.opertusa being 2.772 g/ cm3 (Form in
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preparation) compared to pure aragonite. The ocgaampounds may also strengthen
framework stability by reducing the critical dissidin threshold. This low critical
saturation state and the ability of calcificatiogldw QA = 1 (Cohenret al. 2009a, Form
and Riebesell submitted, Maiet al. 2009) indicate that cold-water corals, lavphelia
pertusain particular, may not be highly vulnerable todifacation effects as assumed
before. Cold-water corals already experience lowrssibn states in their natural habitat
because of higher solubility of carbonates andeiased natural concentrations of Q0
greater depths due to remineralization of orgaratemal. So they could be adapted to a
low saturated environment. Therefore, the assumeista@mce of cold-water corals

concerning dissolution could result in significemplications for predicting models.
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5. Significance of work

To the author’s best knowledge, this is the fitatlg demonstrating that coral aragonite is
thermodynamically stable below the generally assutinexshold o2, = 1.

The obtained2,r range may be representative for dead coral skel&ioce the major part
of coral reefs consists of dead framework (Freivwtldl. 2004, Rogers 1999) the obtained
range of saturation state can be regarded as iti@krange for the entire. pertusareef
including the coral rubble zone (see details ofedkit reef zones in chapter 1.5.2 Micro-
and macrohabitats). This assumption may hold tmeesthe living coral zone comprises
the smallest part of a cold-water reef (Freiwetlél. 2004, Rogers 1999). Furthermore, the
dead coral framework presents the highest speabksass also implying the significance
of the low saturation state for the reef as ecosyste

Moreover, the obtaine@,, range might be one example for cold-water coralglvbould

be considered in prediction models for impactslmhate change and ocean acidification
on cold-water coral reefs. Thi3a < 1 does not imply thdtophelia pertusas generally
less endangered since an increase in €@&ds to a shoaling of the carbonate saturation
horizon. But impacts of acidification on cold-wataral reefs might not occur as soon as
predicted by Guinotteet al. (2006) and Turleyet al. (2007). Furthermore, this lower
threshold value reinforces that calcification belQw = 1 is possible (Cohest al. 2009a,
Form and Riebesell submitted, Magtr al. 2009). Therefore, healthy or at least growing

reef complexes will be maintained even at underaggd water conditions.
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6. Outlook

The organic compounds within the skeleton led twoelo densities otophelia pertusa

skeletons and also resulted in the lower aragoaiigration state obtained. Therefore, the
role of the organic content should be investigateaiore detail as well as its impact on the
skeleton stability. Additionally, further work shoudetermine the composition of the

organic matrix including different methods like tigpic and elemental analysis.

Further work should exclude sealing due to possitteractions with skeletal surfaces. But

also scraping off of epifauna should be avoidednsintain unharmed, natural surface

structures, or different removal methods have tedmched to ensure intact skeletons, in
this way surface structures like the “bumps” camnvestigated in more detail.

Besides, the criticalla, of the entire reef structure (living community w&ell as dead
framework) has to be determined to obtain threskaldes valid at the ecosystem level.
Additionally, the saturation state of bioerodednfeavork should also be determined for
comparisons with dead and living framework sinceldgical processes including
bioerosion could strongly influence dissolution ahdsQ,, (for example Anderssoet al.
2009, Caldeira 2007, Kleypas and Langdon 2006, Kleyral Yates 2009). Investigations
of surface structures like the “bumps” could al#used for comparison of dissolution
behaviour between the different reef zones.

Furthermore, it could be necessary to investigagectitical saturation state of other cold-
water coral species to calculate@g for cold-water coral ecosystems since the saturatio
state is assumed to be species-specific with leaahtions. Therefore, several saturation
states for corals should be taken into considarafay predicting models concerning

different local water properties.

The critical aragonite saturation state Lafphelia pertusacould be of significance for
model predictions concerning impacts of ocean acation on cold-water reefs but has to
be verified by further studies.

Assuming that cold-water corals might be more resista ocean acidification to some
extend, increasing seawater temperatures and coeafféeds with climate change threaten
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the corals due to probable changes in the waterandg&deypaset al. 2006, Raveret al.
2005). Thus, impacts of climate change and ocealifiaation should be investigated on
ecosystem level as well as monitoring the envirortalgrarameters like nutrient supply or
currents since they have profound impacts on colemeorals.
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Appendix

Appendix 1 Nutrient data

Table A.1 Nutrients. The content of total silicon in the setewvaised was measured prior
the main experiment and phosphate, ammonia, niteat@ nitrite were measured before
the control experiment started. Values shown are swedra duplicate analysis. Units

given in pmol/ 1.

Total Si PQ* NH,* NO; NO,
8.91 0.22 1.65 1.05 0.21
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Appendix 2 Details on acidification for the main eriment

Table A.2 Amounts of HCI and N&Os; added for manipulation of natural seawater used
in the main experiment. The concentrations of H@ &a&CO; were 3.571 mol/ | and
2.000 pmol/ I, respectively. Water was weight tortkarest 0.1 g (Sartorius CPA 34001S,
accuracy: £ 0.1 g). Total alkalinity and pH of thatural seawater were measured prior
acidification and were TA = 2329.8 pumol/ kg and p8.6612.

Amount of water  Addition of HCI Addition of Na&CQOs solution
PCO: (ppm) (kg) (m) (m)
control (480) 6.001 0.000 0.000
1200 9.742 0.728 0.650
1800 10.608 1.101 0.983
2500 10.262 1.317 1.176
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Appendix 3 Carbonate system parameters of the engiariment

Table A.3a Measured and calculated carbonate system parametdhe different main experiment treatments. ¥alshown forQ, were
calculated by use of means of measured TA and pé @cale) for a salinity of 33.6 and 15°C apply@@2SYS Excel Macro. Measured DIC

values are also given.

Control (480 ppm C¢) 1200 ppm CQ 1800 ppm CQ 2500 ppm CQ@

time| TA DIC TA DIC TA DIC TA DIC
@ |mmolkg) PP @ imolkg) umolkg) PP A (umolikg)| umoikg) P74 (umolikg)| umolikg) PP A (umolikg)

0 2299,4 7,98141,805 2166,3 2323,1 7,671D,955 2300,7 2334,8 7,5060,670 2334,1 2342,9 7,357,484 2377,8
2 2291,5 7,92631,608 2184,6 2351,0 7,670D,964 2317,8 2391,7 7,576®,800 2398,4 2443,1 7,5459,764 2435,2
4 2300,9 7,87461,452 2228,4 2360,2 7,7184,073 2319,8 2411,0 7,6438,934 2408,1 2466,0 7,6470,962 2454,6
6 2334,4 7,72091,066 2314,5 2389,8 7,71724,083 2381,6 2454,3 7,6554,975 2434,4 2520,8 7,6553,002 2503,5
8 2316,1 7,80951,276 2270,7 2423,2 7,6811,018 2387,4 2434,9 7,7099,087 2426,0 2558,1 7,644@,992 2553,6
10 2330,2 7,69491,007 2318,9 2416,4 7,6823,032 2378,8 2431,6 7,628,911 2399,5 2628,5 7,5379,809 2598,5
12 2365,1 7,5759,789 2383,5 2518,8 7,6148,916 2505,0 2450,1 7,558®,788 2488,9 2671,6 7,5189,789 2674,3
16 2647,7 7,52390,789 2641,8 2572,7 7,535D,787 2578,4 2605,7 7,5559,834 2612,2 2731,3 7,5108,792 2698,8
20 2587,9 7,527,777 2602,6 2461,1 7,7061,090 2427,8 2591,7 7,55249,823 2587,1 2715,7 7,542©,843 2680,5
24 2633,8 7,553@,839 2642,2 2852,7 7,4999,807 2884,3 2877,9 7,54249,895 2941,1 2916,0 7,5188,860 2970,5
28 2726,7 7,5793,919 2696,3 2850,0 7,5349,871 2862,0 2594,3 7,619®,953 2592,1 3005,1 7,567®,988 3025,9
32 3192,9 7,44290,798 3245,8 2596,9 7,6559,033 2563,6 2612,7 7,6369,997 2601,2 3147,1 7,529D,953 3094,9
36 2548,3 7,622,942 2563,0 2414,0 7,7682,220 2377,4 2926,0 7,602@,037 2853,9 2956,2 7,572@,981 2877,8
50 2758,4 7,59940,971 2698,5 2448,1 7,7683,238 2404,3 3135,6 7,5038,895 3067,2 3128,8 7,5398,967 3080,8
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Table A.3b Measured and calculated carbonate system paraadtdre blanks of the different main experimeaatments. Values shown i,
were calculated by use of means of measured TA phd(free scale) for a salinity of 33.6 and 15°C Igjpg CO2SYS Excel Macro.

Measured DIC values are also given.

Control (480 ppm CQ® 1200 ppm CQ 1800 ppm CQ 2500 ppm CQ@

time| TA 4 o DIC TA H o DIC TA 4 o DIC TA H o DIC
(d) |(umolikg) P A (umolikg)| (umolkg) P AT (umolikg)| (umolrkg) P AT (umolikg)| (umolkg) P A (umol/kg)
0 | 2298,1 7,98261,808 2137,3 | 2312,2 7,634®,877 2298,8 | 23282 7,480,644 23352 | 2311,0 7,345D,465 2365,0
8 | 2303,1 8,00152,248 2167,8 | 2314,1 7,7261,070 22954 | 2343,6 7,568D,771 23357 | 2329,8 7,4168,548 2334,2
20 | 2309,7 8,03772,029 2161,5 | 23145 7,7068,025 22837 | 23248 7,6008,820 2338,2 | 2313,6 7,4918,642 2354,9
36 | 2332,6 8,038®R,054 21659 | 2316,9 7,7693,173 2280,2 | 23258 7,628,870 2324,9 | 2317,7 7,539®,715 2336,9
50 | 2505,4 8,25383,330 2303,5 | 23352 7,8440,383 2280,9 | 23357 7,7641,171 2308,8 | 23189 7,6680,947 2320,6
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Appendix 4 Statistical report for the main expeniine

Table A.4aNon-linear regression applied for the different p@@atments using dynamic

fitting. Sigmoidal regression function after Chapma parameter.

pCO: (ppm) R? Std. error of estimate P ng;/eor \c/)vg h DF SS
1200 0.7063 0.0684 0.1591 0.5627 5 0.0479
1800 0.8725 0.0718 0.0455 0.8331 5 0.1214
2500 0.9588 0.0541 0.0084 0.9764 5 0.2132

P = probability, DF = degrees of freedom, SS = sfisgyaares

Table A.4b Non-linear regression applied for the control tmeatt using dynamic fitting.

Hyperbolic regression function, 2 parameters.

pCQC; (ppm)

R2 Std. error of estimate

Power with

P =005

DF SS

480

0.7881

0.1946

0.0975

0.6859

5 0.5360

P = probability, DF = degrees of freedom, SS = sfisyaares

Table A.4cNon-linear regression applied for the different p@@atments using dynamic

fitting. Regression function for Michaelis-Mentennétics, ligand binding, one site

saturation
pCO, ) Std. deviation of 95 % confidence
(ppm) R Bnax Bmax interval DF  SS
1200 0.2768 1.0774 0.0432 0.9575to 1.197 4 0.0346
1800 0.6679 0.9827 0.0477 0.8503 to 1.115 4 0.0403
2500 0.8773 0.9714 0.0403 0.8596 to 1.083 4 0.2620

DF = degrees of freedom, SS = sum of squargsx B maximum reaction rate but
corresponds here @p,
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Appendix 5 Details on acidification for the conteddperiment

Table A.5 Amounts of HCI and N&Os; added for manipulation of natural seawater used
in the control experiment. The concentrations of ld@d NaCOs; were 3.571 mol/ | and
1.421 umol/ |, respectively. Water was weight readim@.1 g (Sartorius CPA 34001S,
accuracy: £ 0.1 g). Measurements of TA and pH priaidiication showed
2321.7 pmol/ kg for TA and 8.1479 for pH.

Amount of water Addition of HCI Addition of N&CGOs solution
C m
pCG; (ppm) (kg) (ml) (ml)
control (380) 11.468 0.000 0.000
2400 11.454 1.685 2.118
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Appendix 6 Carbonate system parameters of the @amtperiment

Table A.6aMeasured and calculated carbonate system paranwdtdre control experiment treatments. Values shimwQa, were calculated by
use of means of measured TA and pH (free scale) dorsalinity of 33.3 and 15°C applying CO2SYS Exck®lacro.

Measured DIC values are also given.

non-bubbled bubbled
Control (380 ppm C¢) 2400 ppm CQ@ Control (400 ppm CQ 2400 ppm CQ@
time TA DIC TA DIC TA DIC TA DIC
PH Qa1 imolikg)| (umolikg) PP & (umolikg)| umolikg) PP A (umolikg)

@ |@molkg) P A (umolikg)| (umolikg)
0 | 22854 7,98251,790 2139,8 | 2517,7 7,948,700 25424 | 24352 7.6874,031 2398,9 | 3099,3 7,072®,335 34615

2 2558,4 7,6464,992 2565,6 3487,0 7,3476,702 41447
4 2188,2 7,95121,607 2027,8 2559,9 7,6691,042 2487,7 2174,6 8,0264,857 2017,7 3666,3 7,3419,729 4184,3
6 2499,8 7,7469,202 3555,1 7,39500,796 4042,2
8 2118,0 7,99781,707 1932,1 2482,1 7,77224,259 3727,9 7,37900,805 4108,5
10 2446,0 7,7722,241 2338,2 1883,8 7,9833,470 1574,8 3578,2 7,3799,774 3810,8
14 2009,0 8,03951,756 1775,0 2359,3 7,8384,376 2148,2 3598,7 7,3476,724 3451,2
18 2342,5 7,8264,331 1756,2 7,88501,120 3596,5 7,37990,778

20 1934,4 8,06681,782
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Table A.6b Measured and calculated carbonate system paranwdtdie blanks of the control experiment treatmeWalues shown foR2, were
calculated by use of means of measured TA and i@ fcale) for a salinity of 33.3 and 15°C apply@@2SYS Excel Macro.

non-bubbled bubbled
Control (380 ppm C¢) 2400 ppm CQ@ Control (400 ppm CQ® 2400 ppm CQ@
time (d) | TA (umol/kg) pH Qa, TA (Lmol/kg) pH Qa, TA (Lmol/kg) pH Qa, TA (Lmol/kg) pH Qa,
0 2298,096 7,9921 1,835 2317,792 7,0949 0,264 2236, 7,8470 1,447 2303,295 7,0438 0,234
2 2414,066 7,1178 0,289
6 2297,421 7,9741 1,769 2311,295 7,1518 0,299 8380, 8,0901 2,480 2229,389 7,1267 0,273
12 2305,234 8,0123 1,917 2318,984 7,2421 0,368 , 9865 8,0972 2,479 2299,602 7,1077 0,269
18 2306,076 8,0171 1,936 2324,037 7,3547 0,474 ,3889 8,0352 2,189 2168,912 7,1035 0,252
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Appendix 7 Statistical report for the control expernt

Table A.7aNon-linear regression applied for the 2400 ppm @€atment using dynamic
fitting. Sigmoidal regression function after Chapma parameters.

Method R2 Std. error of estimate P ng;/eor \(’)Vg h DF SS
non-bubbled| 0.9696 0.0458 0.002 0.9997 7 0.3449
bubbled 0.9697 0.0317 0.002 0.9998 7 0.1658

P = probability, DF = degrees of freedom, SS = sfisgyaares

Table A.7b Non-linear regression applied for the 2400 ppm @Eatment using dynamic
fitting. Regression function for standard Michadllenten kinetics, ligand binding, one
site saturation.

Std. deviation of 95 % confidence
Method R2 Bax B interval DF SS
non- -\ 0.7742 1.2572 0.0501 1.135to 1.38 6 0.0779
bubbled
bubbled | 0.9638 0.7948 0.0417 0.7589 to 0.8306 6 0.0060

DF = degrees of freedom, SS = sum of squaresx B maximum reaction rate but
corresponds here @p,
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Appendix 8 Unpaired t-test applied for ash-freewdeight of coral skeleton

Table A.8 Unpaired t-test employed to test the colour veasedfL. pertusafor significant

differences in the ash-free dry weight.

Power 95 %
\C/:;rlgt” N Mean de?it;t.ion Missing SEM P with confidence DF
y a = 0.05 interval
white | 7 12.616 0.962 0 0.364 -4.079 to
red 6 15.305 1.313 0 0.536 0.001 0973 -1.299 11

N = number of samples, SEM = standard error of mBan,probability, DF = degrees of

freedom
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