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SUMMARY

Summary

The scleractinian cordlophelia pertusgCaryophylliidae) is the most common framework-
forming cold-water coral with a global distributioh. pertusabioherms are hot-spots of
biodiversity because their three-dimensional framdwprovides niches and nursery grounds
for a variety of species, including commerciallypontant fish species. In contrast to shallow-
water corals from the tropics, very little is knowabout the ecophysiology of cold-water
corals such a&. pertusaand their sensitivity towards climate change. Jhesent study
intends to start filling this knowledge gap by exaimg a variety of L. pertusés
ecophysiological responses (e.g. food uptake, naspn, growth, fithess, behaviour) under
present-day (in the following referred as “ambi¢nind experimentally manipulated

environmental conditions.

Living specimens oL. pertusafrom two Norwegian cold-water coral locations (@grd
and Sula Reef Complex) were collected during tweeaech cruises with the aid of the
manned submersible JAGO and transferred into aynestablished closed recirculating
system at IFM-GEOMAR. Long-term analyses (>3 yeafsylissolved inorganic nutrients
revealed the high tolerance bf pertusato rising concentrations of nitrate and phosphate.
However, for the main toxic compound - ammoniunt eauld be demonstrated that the

corals’ polyp behaviour alters if concentrations mcreased to > 17 pmol'L

Food availability is thought to be one of the mimsportant factors determining cold-water
coral distribution and growth. This study providesding rates for three live food organisms
encompassing different sizes and qualities. It dsscribes the food uptake mechanism for

mesozooplankton based on the first video documientaf the whole feeding process.

The effect of rising temperatures (ocean warming}he oxygen consumption, fitness, and
behaviour was investigated through a combinatiorstadrt-term and long-term aquarium
experiments. This study shows that at ambient ¢mmdi of 7.5 °CL. pertusaexhibits low

respiration rates of ~ 0.3 pmob @™ h* which may increase up to 58 % after a relatively
small temperature change (+ 3.5 °C). Hi@k values of 3.7 £ 0.7 in these corals and
significantly depressed RNA/DNA ratios in coral yod maintained for 2 weeks under
elevated temperatures (11°C) revealed thatpertusais sensitive to small temperature

changes even though analyses of their behavioursonggyest some acclimatisation.

Xl
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L. pertusaexhibits relatively low bulk calcification ratekat vary over time and applied
measurement methods. On average calcification armoun 8.7 x 18 % d* which is
intermediate in the broad range of reportegertusagrowth rates. Interestingly, corals fed
under nearbyd libitum conditions showed no relationship between fooditwguantity and
growth. This indicates a degree of regulation i fileding mechanism and may suggest that

calcification is rather dependent on a basic médi@abate than on specific food supply.

The impact of increasing concentrations of G@cean acidification) omh. pertusagrowth
rates and fitness was examined in a short-term (@@ek) and a long-term (8 months)
experiment. This study shows for the first timetthevhen kept under long-term exposure to
elevated CQlevels -L. pertusais capable to compensate for adverse effects @ariexced
during short-term incubations. Net growth is sustdi even in waters undersaturated with
respect to aragonit€f, < 1). These results suggest that cold-water geedk, the majority
of which will be exposed to undersaturated watafie the end of this century, may not
suffer immediate wide-spread extinction as previopsojected. However, the fact that even
a temperature increase of about 3 °C seems to bhiglér relevance in respect to fitness than
a doubling of thepCO, emphasises the problem of synergistic impacts dmtwocean

warming and ocean acidification and the need fahér long-term incubation experiments.

Xl



KURZFASSUNG

Kurzfassung

Die Steinkoralle Lophelia pertusa(Caryophylliidae) ist die haufigste riffbildendend
weltweit verbreiteste Kaltwasserkorallenart. Dienvibr gebildeten Lebensrdume sind ,hot-
spots” der Artenvielfalt da ihre dreidimensionafgertistbauten marinen Lebewesen, darunter
fischereiwirtschaftlich relevante Fischarten, Rigsort und Brutstatte bieten. Im Gegensatz
zu den im Flachwasser beheimateten tropischen karast tber die Okophysiologie der
Kaltwasserkorallen, insbesondere hinsichtlich ihrEmpfindlichkeit gegeniber dem
Klimawandel, bisher sehr wenig bekannt. Die vodiede Arbeit beabsichtigte daher damit zu
beginnen, diese Wissenslicke zu schlielden.pertusa wurde in Experimenten unter
naturlichen und manipulierten Bedingungen bezugiicter Reaktionen auf ein breites
Spektrum an 06kophysiologischen Parametern (Nahawigahme, Atmung, Wachstum,

Fitness und Verhalten) untersucht.

Wahrend zwei Forschungsfahrten wurden mit dem bateanTauchboot JAGO lebende
Korallenstocke vor. pertusaan zwei norwegischen Kaltwasserkorallenriffen ¢@etd und
Sula Riffkomplex) entnommen und in eine eigens BM-IGEOMAR errichtete geschlossene
Kreislaufanlage Uberftihrt. Die Auswertung von Wagssben inorganisch geldster
Nahrstoffe - die regelmaldig Uber drei Jahre hinwaeglysiert wurden - zeigten, ddid
pertusa eine hohe Toleranz gegeniber Nitrat und Phosphatefweist. In einem
Kurzzeitversuch  konnte allerdings auch gezeigt werd dal sich das
Korallenpolypenverhalten sichtbar verandert, wems @ls toxisch bekannte Ammonium
Konzentrationen > 17 umol'Lilbersteigt.

Nahrungsverfugbarkeit wird als einer der wichtigsW®achstums- und Verbreitungsfaktoren
von Kaltwasserkorallen betrachtet. Diese Arbeitelie Fral3raten von drei verschiedenen
Lebendfutterorganismen und beschreibt die Art undisé/ der Nahrungsaufnahme fir
Mesozooplankton anhand der ersten Videodokumentaks gesamten Nahrungsaufnahme-

prozesses.

Der Effekt des Temperaturanstiegs (Ozeanerwarmand)den Sauerstoffverbrauch, die
Fitness und das Verhalten van pertusawurde durch eine Kombination aus Kurz- und
Langzeitexperimenten erforscht. Die Studie zeidedd bei einer naturlichen Temperatur von
7,5 °C L. pertusaeine niedrige Respirationsrate von ca. 0,3 pmglg® h' aufweist.

Allerdings ist bereits eine relativ geringe Temperarhéhung (+ 3,5 °C) ausreichend, um die
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Respirationsrate um bis zu 58 % zu erhdhen. EirehQhge-Wert von 3,7 = 0,7 dieser
Korallen und signifikant erniedrigte RNA/DNA-Verhiéisse in Korallenpolypen welche fir
zwei Wochen unter erhdhten Temperaturen (11 °Calgsth wurden, lassen erkennen, daid
pertusa empfindlich gegentber geringen Temperaturveramggnu ist, selbst wenn

Verhaltensanalysen eine gewisse Akklimatisierurtgetegen.

Die Kalzifizierungsrate gesamtel. pertusaStocke war relativ gering, lag mit
durchschnittlich 8,7 x I8% d* allerdings innerhalb der fiir diese Art beschrieregrofen

Bandbreite und variierte auflerdem je nach angewandlessmethode und Zeit.
Interessanterweise zeigten Korallen weldaelibitum gefittert wurden keine Abhangigkeit
zwischen der Futterqualitat/-quantitat und dem Vgagah. Dies deutet auf eine gewisse
Regulationsfahigkeit des FralBmechanismus hin undnted auRerdem bedeuten, daf}
Kalzifizierung eher von einem metabolischen Grungatn als vom spezifischen

Nahrungsangebot abhangt.

Der Einfluss steigendender G®onzentrationen (Ozeanversauerung) auf die
Wachstumsraten und Fitness onpertusawurde in einem Kurz- und Langzeit-Experiment
erfolgreich untersucht. Die Studie zeigte zum erstelal, dal® L. pertusa unter
Langzeiteinfluss erhdhter G@&onzentrationen in der Lage ist, ihre Wachstunesrat
aufrechtzuhalten, wahrend diese unter Kurzzeitessflsignifikant abnahmen. Selbst in flr
Aragonit untersattigtem Seewass&n( < 1) konnte Nettowachstum erhalten werden. Diese
Ergebnisse legen daher nahe, dal} Kaltwasserkattiberwelche bereits gegen Ende des
Jahrhunderts mehrheitlich in untersattigtem Seesvdisgen werden, eventuell weniger vom
Aussterben bedroht sind, als bisher vermutet. Da¢sdche, dafld allerdings bereits eine
Temperaturerhhung von 3 °C fir die Fitness kopertusavon héherer Relevanz scheint als
eine Verdopplung depCO, verweist auf das Problem synergistischer Einflimseschen
Ozeanerwarmung und Ozeanversauerung und betonWidietigkeit zukinftiger Langzeit-

Experimente.
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INTRODUCTION

1. Introduction

Norwegian fishermen have known of cold-water cofalshundreds of years (Fossé al.

2002). In 1755 the Bishop of Bergen, Erich Pontdppidescribed in his bookhe Natural
History of Norway fishermen selling coral bushes to the local apo#iiies for medicinal
purposes (Wilson 2001). Three years later, this

“entirely  white” coral was  describec
scientifically by Carl von Linné in his magnur g
opus ‘Systema Naturdeas Madrepora pertusa
(= Lophelia pertusa (Fig. 1). In the nineteentf
century pioneering deep-sea dredging survi
like the HMS Challenger Expedition (1872-¢
revealed a global distribution of cold-wate
corals. But it took until the late 60s of th
twentieth century before the first hume
observed living cold-water corals in the spotlig
of a manned research submersible (Millimetn
al. 1967); for a historical review see Robegts

al. (2009). Improvements in deep-sea technolc

like multibeam echosounders and remotely

operated vehicles (ROV) drastically expand%lgarle ;ct‘g Cgé?t'l‘j‘é;t%;Cj’;ﬂ';?}"r’]h%”risgegﬁzﬁ:fusy
our knowledge of cold-water corals within th&/68 (from Moen (2006)).

last twenty years: like their warm-water relativeasme cold-water coral species also form
large and extensive reefs and today there is ggwindence, that on a global scale, cold-
water coral reefs may exceed the coverage of allask-water tropical coral reefs (Freiwald

et al.2004).

1.1. The cold-water coralLophelia pertusa

1.1.1. Taxonomy and morphology

Taxonomically the monospecific genuspheliabelongs to the family Caryophyllidae within
the order of Scleractinia (Tab. 1). Amongst the86,&nown scleractinian species, 706 are

azooxanthellate (without symbiotic algae in thessue) of which 615 may be considered as
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deep-water (> 50 m) corals (Cairns 2007). Azooxglidtes are typically solitary in habit and
only about 25 % are colonial. To date there arekd@wn species of deep, cold-water,
framework-forming scleractinians of which only sigecies are widespread, with pertusa

being the most common one (Robeztsal. _Tab. 1 Systematic overview df. pertusa.
Name

2009). L. pertusa is a pseudocolonial 1axon

species characterised by a dendroiPhylum Cnidaria

branched (arborescent) calcareous skelet'c‘:'i ass Anthozoa

consisting of either long thin or dense shoi.

. . Subclass Hexacorallia ( = Zoantharia
corallites (CSA International Inc. 2007). ( )

The corallites contain the individual cora Order Scleractinia (= Madreporaria)
polyps and like all Hexacorallia, the septigyporder Caryohyllina

and tentacles of. pertusaare organised i .
Superfamily Caryophyllioidea
radially-aligned in multiples of six. New

polyps are formed by intratentacula @MY Caryophylliideaana, 1546

budding sensu Vaughan & Wells (1943 Genus Lophelia
from the corallite edge adjacent to primariSpecies Lophelia pertusainnaeus, 1758
septa with an indirect mesenterial linkage=

between the new and the mother polyp (Mortenseri)20Dcorallites of adjacent branches
grow denser they sometimes fuse together (anasgmehich stabilises the further
development of the three-dimensional framewolk. pertusa exhibits a remarkable
intraspecific morphological variation (Zibrowius 84. Based on branching patterns and
corallite characteristics like height and shapd| theckness and budding rate, several distinct
morphotypes are described (Newteinal. 1987; Freiwaldet al. 1997). Additionally, besides
the predominantly white (transparent) appearahcg@ertusaoccurs also in yellow, orange,
and red colour varieties (Freiwadd al. 2004). To date it is unknown, if these variatiane

genetically or environmentally controlled.

1.1.2. Coral growth and biomineralisation

L. pertusais - like other deep-sea organisms - a relatigdyw growing and long-lived animal
(Rogers 1999). Reported growth rates are betwee26anm yi* (Mikkelsenet al. 1982; Bell

& Smith 1999; Mortensen 2001; Roberts 2002; Orgasl. 2008) and some of their reef
structures have been growing for hundreds or thuissaf years (e.g. the Sula Reef Complex

with > 8,000 years; see 2.1.1) making cold-watealo@efs the oldest known bioherms of the
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deep-sea. However, apart from a few exceptions slmath of our knowledge about the
physiological processes controlling growth and &loification in scleractinian corals is based
on studies conducted on shallow-water zooxantleeltarals. Today several hypothesis are
proposed and vividly debated (Gattugsd al. 1999a; Cohen & McConnaughey 2003;
Allemand et al. 2004; Erezet al. In press). The coral skeleton is extracellulardagh the
polyps tissue. The polyp itself can simplisticalbe regarded as a “bag” enclosing a
coelenteric cavity that can be opened to the semigta mouth. The body walls of the polyp
consist of two epithelial layers - the ectodermt¢odayer) and the endoderm (inner layer).
These are separated by an extracellular matrix adfagen, the mesogloea. Ecto- and
endoderm occur both as oral and aboral layers sp#rcific characteristics each. The two
layers facing the skeleton are the aboral endoderdnectoderm while the two layers facing
the seawater are oral endoderm and ectoderm. iCat@h takes place in the extracellular
calcifying fluid or medium (ECF/ECM) located in tremall space between the aboral
ectoderm (calicoblastic epithelium = calicodermasid the dead skeleton and is separated
from the seawater by four layers of cells (Fig. Phus the calcification or skeletogenesis

occurs in a “biologically-controlled medium” (Alleendet al.2004).

(a) Calcium pathways (b) Carbon pathways
(6]0) ,~—HCO,

Seawater

Oral ectoderm

Mesoglea |
SONOEE=NM SO

Coelenteron 002 — HCO -

Aboral endoderm
Mesoglea

Aboral ectoderm
Skeleton

@ Carrier-mediated transport l Diffusion
(i) Calcium channel

Fig. 2 Possible calciuma) and carbonk) pathways involved in calcification and photosyetis in scleractinian
corals. M = mitochondria; Z = zooxanthellae. Modgififrom Gattuset al. (1999a).
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The skeleton of scleractinian corals consists dfiwan carbonate (CaC4p crystallised in
aragonite (orthorhombic system) and a small fractdd organic compounds (0.1 - 1%)
consisting of acidic sulphated polysaccharidesasi@gnd proteins (Cuif & Dauphin 2005;
Puverelet al.2005; Dauphiret al.2008). For the calcification process the calicadsthas to

supply calcium and dissolved inorganic carbon ®ECF/ECM:
Ca” + HCO; — CaCOs + H* Eq. 1

Generally there are two possible mechanisms foitrdresport of the molecules through the
epithelial layers: (1) a paracellular pathway, kedw cells, or (2) a transcellular pathway
through the calicoblastic cells (Berrridge & Oscimi®72). While the first one is driven by

an electrochemical gradient - meaning its transigadiffusional and passive, the latter one is
active (against a gradient) with specific membr@arsporters such as carriers and pumps.

While there is some evidence for carrier mediatedy.(C&'/H* ATPase, L-type Ca
channels) calcium transport across the calicololaspithelium in warm-water corals
(Tambutteet al. 1996; Zoccolaet al. 2004), the pathways for DIC are largely unknown.
However, inhibitor studies point to the involvemaesft anion exchangers (e.g. HE@I
exchangers) in these epithelia (Tambuteal. 1996). A significant part of the inorganic
carbon incorporated by coral calcification probasigms from metabolically produced €O
(Lucas & Knapp 1997; Furlat al. 2000). In an isotopic approach - examining stalldon
and oxygen ratios in coral skeletons - Adkisl. (2003) found incorporated respired carbon
in the skeletons of the two cold-water coalssmophyllum cristagaliandLophelia pertusa
Carbonic anhydrase (CA) might be a key componethetalcification machinery; inhibition
of this enzyme was reported to reduce coral caltifon rates drastically (Tambutet al.
1996; Furlaet al. 2000; Al-Horaniet al. 2003a, b; Marshall & Clode 2003; Tambuéeal.
2007). Within calicoblastic cells it catalyses tinéerconversion of metabolically produced
CO, to HCG; destined for the ECF/ECM (Tambute al. 1996). CA was also found in the
organic matrix (OM) secreted by the calicodermise Tomplex biochemical and structural
composition of the OM indicates its mediative cletega in the nucleation process of new
CaCQ (Fukudaet al. 2003; Watanabet al. 2003; Cuif & Dauphin 2005; Puverei al.
2005).
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1.1.3. Distribution and habitat characteristics

L. pertusais a comopolitan cold-water coral with highesttances found on the continental
margins in the North Atlantic (Zibrowius 1980; RFxgild et al. 2004). A dense band a&f
pertusabioherms stretches along the eastern Atlanticimental margin from the Barents Sea
down to West Africa and records from the westermgmaof the Atlantic indicate that there
might be a similar band from Nova Scotia down te Forida Straits and into the Gulf of
Mexico (Freiwaldet al.2004).L. pertusais also known in parts of the Mediterranean Sea, t
Gulf of Mexico, the Caribean Sea and in the Indsemd Pacific Oceans (Zibrowius 1973;
Cairns 1984). The currently known places of ocowee(Fig. 3, red dots) reflect more the
intensity of the research and mapping activitiessome countries than the real global
distribution which is probably more reliably indied by ecoenvironmental prediction models

(Fig. 3, yellow areas).

The northernmost record &f pertusais from the Hjelmsgybank at 71°21’'N, 24°00’E ireth
south-western Barents Sea (Fossal. 2000), while the southernmost location is on thie-s
Antarctic Macquarie Ridge at 51°00’S, 162°01'E Ni#w Zealand (Cairns & Stanley 1982).
The shallowest occurrence of like pertusais at 39 m depth in Trondheimsfjord, Norway
(Rapp & Sneli 1999) and the deepest extend dovd)383 m in the New England Seamount
chain in the North Atlantic (Zibrowius 1980). Detgpthis large bathymetric range, mast
pertusacoral reefs have been recorded between 200 af@ in0O(Zibrowius 1980; Freiwald
& Wilson 1998).

As a coral colony grows the complexity of the framwek increases and a cold-water reef
developes. Thus cold-water corals likepertusaare also referred as bioengineers (Jagtes
al. 1994). The largest knowln pertusareef is the Rgst Reef stretching 35 - 40 km alkiweg
continental shelf break southwest of the Lofotemand off northern Norway and
encompassing an area of approximately 106 (®ogers 1999; Freiwalet al. 2004; Foss&t

al. 2005).
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Cold-water coral reefs provide structural habitatd diverse assemblage of other organisms
including commercially important fish species (Foss$ al. 2002; Costelloet al. 2005). In
contrast to tropical corals, a cold-water reef ypidally segmented into three major

subhabitats (macrohabitats):

(1) the zone of living corals - hosting only a few dpsdike the mutualistic symbiolunice
norvegicugPolychaeta) or the parashiyrrokkin sarcophaggForaminifera),

(2) an intermediate dead coral framework zone - cangisf live and dead.. pertusaand a
highly diverse species assemblage of many taxongroigps, and

(3) the coral rubble zone - representing the most diegratate of the reef which hosts mainly
encrusting sponges and echiurid worms (Rogers 1R@dyaldet al.2004).

On a smaller scale four corresponding microhabiutesiee distinguished: (1) surface of living
corals, (2) detritus covered surface of dead cpi@ skeletal cavities created by boring

sponges and (4) inter-branch free space (Morteesah1995).

1.1.4. Environmental drivers of distribution

For the initial settlement of its larvde pertusaneeds a solid hard substratum and prefers
typically bathymetric features like mound strucgjreceanic ridges, or the summits and
flanks of seamounts. This areas typically coincwd¢h strong water currents and high
productivity (Geninet al. 1986; Frederiksemt al. 1992; Thiemet al. 2006). AlthoughL.
pertusacan tolerate salinities ranging from 32 in Scaadian fjords to > 38 in the lonian Sea
(Stremgren 1971; Taviaet al.2005) they are most commonly associated with aceaater
masses exhibiting a salinity of 35 - 37 (Robettal. 2003; Freiwalcet al.2004). The thermal
tolerance ofL. pertusaranges between 4 and 13.8 °C (Freiwetdal. 2004; Tavianiet al.
2005).

Dissolved oxygen concentration (DO) at sites intembiby L. pertusain the north-east
Atlantic was most commonly between 3 and 5 mt (teferred as “local oxygen minimum
zones”) (Freiwald 2002). In the Gulf of Mexico, agVely low DO of 2.6 - 3.2 mL I have
been reported by Schroeder (2002). In the framevadrian “environmental niche factor
analysis” (ENFA), Daviest al. (2008) calculated a global DO range of 4.3 - 712Lit. This
corresponds well to other examinations of the rasmiy metabolism of. pertusarevealing

that this coral regulates its oxygen consumptioer @/ wide range of oxygen concentrations
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but that it is unable to maintain normal aerobitvity below approximately 3 mL t(Dodds
et al.2007).

In their study on hydrographic parameters and thedation to living cold-water coral reef
occurances, Dullet al. (2008) confirmed that cold-water corals in the tNoktlantic tolerate

a wide range of environmental conditions but that distribution follows a seawater density
envelope of sigma-thetasd) = 27.35 - 27.65 kg t They conclude that density is a basic
prerequisite for coral development, growth andriigtion which may be linked to lateral
transport processes of coral larvae at this spedénsity envelope (Dullet al.2008).

The enhanced water currents surrounding cold-wadeal reefs (see above) are thought to
support and concentrate the food supply (“curresttederation hypothesis”) (Mortensen
2001; Kiriakoulakiset al.2005; Thiemet al. 2006). Little is known about the food sources of
L. pertusabutin situ and aquarium observations suggest thapertusafeeds on calanoid
copepods and other mesozooplankton (Heinrich &walel 1997; Mortensen 2001; Roberts
& Anderson 2002). The occurrence of a few cold-watwal reefs close to light hydrocarbon
seepage has led to the hypothesis, that corais @@t depending on a food chain supported
by chemosynthetic bacteria (“hydraulic theory”) (Himd et al. 1998; Hovland & Risk 2003).
While this theory is still controversely discusgétbvliand 2008; Robertst al. 2009), stable
carbon isotope examinations have not found anyeexé for a link between seepages and
cold-water coral nutrition (Noét al. 2006). Additionaly,5*°N signatures (Duineveldt al.
2004; Duineveldet al. 2007) and fatty acid compositions (trophic markevghin L. pertusa
tissues (Doddst al.2009) as well as spatial meta-analysis (Guinettal. 2006; Daviest al.
2008) strongly imply that cold-water corals are domminantely supported by surface
production rather than a chemosynthetic food chain.

There is increasing concern that the seawater natbochemistry and respectively the
aragonite saturation horizon (ASH) are also impuarthivers in the horizontal (global) and
vertical distribution ofL. pertusa Since this is the main topic of this thesis, tagpect is
adressed separately in the next chapter conceamtigjopogenic impacts and threats to cold-

water corals.
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1.2. Anthropogenic impacts and threats to cold-water caals

1.2.1. Seabed activities

Fisheries
To date the most severe and acute threat to cdierwaral reefs is physical damage from
bottom trawling (Freiwaldet al. 2004; Robertset al. 2009). In former times fishermen

avoided fishing within the reef structures in

. . . 5 10° 153 20° voh 30°
order to prevent losing or destroying their ne| a N L

With the technological advance, nets we| .
strengthened, kept open by heavy otter bog| Norwegian Sea
(trawl doors), and equipped with “rockhoppe| ;-

gear allowing them to ride across even rot '

grounds such as coral reefs. Thus bott|e" *

trawling along the shelves and continen 9 ,.f: =
margins increased drastically in the late 19¢ 4 =™
(Gordon 2001; Fossét al.2002) and with it the|« .
collateral damages to cold-water col

. NORWAY

ecosystems (Fig. 4 B). Only about a decs

later, 30 - 50 % of the knowln pertusareefs on [ |

the Norwegian shelf were estimated to be eitFig. 4 A) Areas of bottom trawl activities (pink) on
) ) . the Norwegian shelf in relation th. pertusa
impacted or damaged by trawling (Fig. 4 soccurrences (dots)B) Destroyed reef at 190 m
(Fossa et al. 2002). Massively damaged. depth (Source: Freiwatet al (2004)).
pertusa habitats have also been documented on the Europeatinental margin, on
seamounts off Tasmania, and from the east and ewasts of North America (Kosloet al.
2001; Hall-Spenceet al. 2002; Mortensen 2005). As a secondary effect ef ttawling
muddy deep-see sediments were resuspended, rgsuititong-term sedimentation rates
which may in turn smother corals living nearby (Begy1999). Although not examined on
cold-water corals, a negative relation between nsedtation and growth rates was well
documented on tropical shallow-water corals (Doegal. 1974; Hudsoret al. 1982; Dodge
& Szmant-Froelich 1985). Other fishing gears andhogs like dredges, bottom-set gillnets
and long-lines are - to a lower extent - also doented threats to cold-water corals (Witherell

& Coon 2001; Fossaét al.2002; Husebet al.2002).
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Today there is fortunately a raising scepticismudbihe sustainability of bottom fishing

within cold-water coral reefs and Norwegian auttesi have closed the Sula Ridge and
several other areas to bottom fishing. However, yneold-water coral reefs are located
beyond the exclusive economic zone of individuaioms on the High Seas with no clear
ownership or jurisdiction making them potentiallplverable to over-exploitation and

unregulated activities (Davies al.2007).

Hydrocarbon exploitation, pipelines and cables

The still increasing demand on oil and gas anddih@nishing production from shelf seas
have moved hydrocarbon companies into increasidggper areas (Kemp & Stephen 2005).
Although it has to be noted that relatively largel dealthy lookind.. pertusacolonies were
found on oil rigs in the North Sea (Bell & Smith9 Roberts 2002; Gass & Roberts 2006)
the indirect impact due to discharges (e.g. rodkirgys, drilling fluids, produced waters) or
catastrophes like the “Deepwater Horizon” explosiom oil spill in the Gulf of Mexico in

April 2010 suggest a profound intrusion on deepesmEmsystems.

The anchoring of oil and gas platforms and the aogrhent of pipelines and cables for
telecommunication and electricity can physicallynd@el. pertusareef structures (Freiwald
et al. 2004). Furthermore in order to avoid stresses wighing activities - the cables
(especially transatlantic communication cables) ewburied in the seabed with special
undersea ploughs which will in turn resuspend sedinwith the implications mentioned

above.

Future threats

For a long time deep-sea and extra-terrestrial mginvas the stuff of science-fiction novels
and Hollywood movie productions. While the lattemains - for now - fantasy, the former
will become a commercial reality within the nextayg Companies currently acquire mining
rights for deep-water exploitation of “seafloor miae sulphide” (SMS) deposits found in
close proximity to active sulphide-forming hydrotimal vent systems. The SMS are highly
enriched in precious metals such as gold, coppec, and silver (Halfar & Fujita 2007).
Drilling in the world’s first SMS resource, locatéa 1,600 m water depth in the Bismarck
Sea (north of Papua New Guinea), commenced in @ctdd10 and productive full-scale
excavation is planned for early 2013 (Solwara ldetpsee Nautilus Minerals Inc. (2011)).

These and other upcoming projects (e.g. mining ahganese nodules and crusts) bear
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potential environmental risks including benthic tdibances, sediment plumes and toxic
effects on the water column (Ahnert & Borowski 20@asby 2000; Halfar & Fujita 2007)

with unknown implications in terms of lost biologlaesources (Rober&t al. 2009).

The sequestration of GOnto the deep-sea was proposed as an approacihtigate rising
atmospheric C®levels caused from the burning of fossil fuelse(sext chapter). However,
direct injection of liquefied C@into great depths has proven to cause adverseteffe
diversity and survivorship of the deep-sea bemmeofauna (Barryet al. 2004; Thistleet al.
2005; Rickettset al. 2009). Maybe other methods like the sequestraifdDO, into deep-sea
basalt formations would have a lesser impact betdimension of such an approach is so
monumentdi that without a sound scientific basis and consgiitsis not responsible to risk

endangering one of our last great wildernesses.

1.2.2. Climate change

Deforestation, land-use change and most importah#dycombustion of fossil hydrocarbon
fuels are increasing the atmospheric concentratbgseenhouse gases. In the last 100 years,
rising CQ concentrations have increased the global suramgérature by 0.56 to 0.92 °C.
Another 1.1 to 6.4 °C is projected for the endhaf 2£' century (IPCC 2007) For the second
half of the 28' century it was calculated that the oceans adscabptbximately 84 % of the
heat added to the Earths’ climate system (Letus. 2005).

The sensitivity of shallow-water zooxanthellate aierto increasing temperatures has been
documented extensively (see Hoegh-Guldberg (196B)af comprehensive review). The
endosymbiotic dinoflagellates (Protozo&ymbiodiniumspp.) capture solar energy and
nutrients. Through a complex host-symbiont inteaacthey provide their host with > 95 %
of its metabolic requirement. As a consequencehd symbiosis and an environmental
adaptation, the thermal tolerance of most sclerats from the tropics is limited to a
relatively narrow range of + 1 - 2 °C. Within theiatural temperature range, growth rates
typically increase with temperature, but drop abtheeoptimum temperature (Coles & Jokiel
1978; Edmunds 2005; Rodolfo-Metalpga al. 2006). Under various stress conditions (e.g.,

prolonged temperature increase/decrease, increask radiation, changes in water

! For resulting in a measurable decline in the aphesc CQ concentration.

2 The relatively large range in the projected terapees depends on the applied emission scenanid(ra
introduction of clean and efficient technologies ¥sssile fuel-intensive) rather than uncertaintiasthe
understanding of the Earths’ climate system (oceamnsosphere, continents, and cryosphere).
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chemistry, starvation, etc.) the corals expel tlobligatory zooxanthellae which results in a

bleaching of the coral. Like a “domino effect”, thkeaching very often continues even after
the initial stress factor is obsolete. If a corallony survives bleaching - and respectively the
causing stress factor - it may recover its dinaliges but typically shows reduced growth,

calcification, and fecundity afterwards (Hoegh-Gaddy 1999). In the last decades, mass
coral bleaching has increased worldwide in intgnaitd frequency (Hoegh-Guldberg 1999;

Donneret al.2005; Hoegh-Guldberegt al.2005).

For a long time it was thought that the deep-sebuitered against the effects of surface-
driven cycles and impacts (Menzies 1965). Now thisregrowing evidence that ocean
warming has penetrated depths between 700 and 3 90®arnettet al. 2005). The
physiological thermal tolerance of the cold-wateratL. pertusais still unknown. To date,
only one study examined the effects of short-tesmperature shifts on the metabolic activity
of this species. When exposed to elevated tempegatuut within their ecoenvironmental
range in the field (6.5 - 11 °C ), the oxygen canption increased three-fold from the colder
to warmer treatments (Dodd=t al. 2007). Corresponding van't Hof®,o values ranged
between 5.4 to 8.3 and exceeded the van't Hafif rule of 2 - 3 for biochemical and
physiological processes, suggesting a strong satsiof L. pertusato abrupt temperature
changes. However, compared to shallow-water cotalpertusainhabits a relatively wide
temperature range (see above) and in the study adfd®et al. (2007) it was also
demonstrated that - in the given temperature rahg@ertusawas able to maintain its rate of
oxygen consumption independent over a wide rangigfvalues. In summary, the higpyo
values imply an increase in metabolic rate, whithuirn would affect the energy budget of
the coral and may influence survival if the incehsenergy requirements could not be
compensated from food supply (Dodetsal.2007).

As outlined above, the nutrition df. pertusawas suggested to be dependent on surface
production (see 1.1.4). For the North East Atlaittiwas estimated that 2 - 4 % of the spring-
bloom surface production was transferred in formbadgenic particles (POM, mainly
phytodetritus) to the seafloor (Gooday & Hughes20@hyto- and zooplankton productivity
has been shown to be affected by climatic fluctuneti(Edwardset al. 2001; Hawkinset al.
2003; Schipperset al. 2004; Pitois & Fox 2006). Thus changes in surfangironmental
variables may also have indirect implications for pertusa and associated deep-sea

organisms.
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Ocean acidification — the chemical background

Perhaps the most fundamental change to our oceéma te last million years is also linked
to rising atmospheric C{xoncentrations. Since the beginning of the IndaisRevolution in
the mid of the 18 century, atmospheric GQoncentrations increased from approximately
280 to 387 parts per million (ppm) (Solomen al. 2007). The rate of this nearly 40 %
increase is at least one order of magnitude fdktr what our planet has experienced for
millions of years (Doney & Schimel 2007). The cumtr@atmospheric C©Oconcentration is
higher than it has been for more than 800,000 y@aithi et al. 2008). Like all gases,
atmospheric C®(g) stands in a thermodynamic equilibrium with @@,(aq) dissolved in the
oceans (Henry's Law):

CO2(g) = CO2(aq) Eq. 2

The air-sea gas exchange is relatively fast ormedtale of several months. It has been
estimated that over the past 250 years the oceame hbsorbed about 30 % of the
anthropogenic carbon emission related to 525 hillons of CQ (Sabine & Feely 2007).
When CQ dissolves in seawater, it reacts with the wateforon carbonic acid (KHCOs)
which dissociates in subsequent acid-base reactmiscarbonate (HCE) and carbonate
(CO5%) ions. Since it is difficult to analytically distijuish between the two unionised species
CO, and HCO;, they usually are combined to the hypothetical eags species GO
(Dicksonet al. 2007). Thus the solution chemistry of carbon diexcan be described by the

following two equations:

CO2*(aq) + H20(l) = H'(ag)+HCOs(aq) Eq. 3

HCO3(aq) = H*(aq)+COs”(aq) Eq. 4

The corresponding equilibrium concentrations aseegiby stoichiometric constants which

are a function of ionic strength, temperature, presgsure (see review by Millero (2007)):

Ko = [COz*] / fcoz Eqg. 5
Ky = [H'][HCO3] / [CO4*] Eq. 6
K, = [H*][CO35%] / [HCO3] Eq.7

The bracketed values][are the total concentrations of specieand fco, stands for the

fugacity of carbon dioxide in the gas phase (sek$2in (2007)).
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The sum of the three carbon species is termeddissblved inorganic carbon (DIC

DIC = 5 CO, = [CO,] + [HCO3] + [CO5*] Eq. 8

For surface seawater conditions, approximately 96f%the inorganic carbon is bicarbonate
ion, 9% is carbonate ion and only 1 % is dissol@g. However, increased dissolution of
CQO; into seawater results in more bicarbonate ions @tbns (Eqg. 3, left to right). The
protons react with the more alkaline carbonate torenother bicarbonate ion (Eg. 4, right to
left). Thus the net effect of the dissolution of £0 seawater is an increase in protons and
bicarbonate ions, whereas the carbonate ion coratemt decreases (Fig. 5).

As the acidity of a solution is defined as

pH = - log1o[H] Eq. 9

increasing H concentrations in the seawater means a lowerimidifi@ation) of the
corresponding pH level. Over the past 250 years,average ocean surface water pH has
decreased by approximately 0.1 units from 8.21.10 §Caldeira & Wickett 2003; Ot al.
2005). Until the end of this century, atmospherid,@oncentration are expected to exceed
800 ppm leading to a further decrease of 0.3 -pBldunits (Orret al. 2005; Solomoret al.
2007).
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Fig. 5 Concentrations of dissolved carbonate speciés,ald OH in seawater as a function of pH (Bjerrum
plot). Figure modified after Wolf-Gladroet al. (2007).
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The buffering capacity of seawater towards additioprotons can be expressed by the
alkalinity. More precisely, the total alkalinity defined as the concentration of all anions in
the seawater that can accept protons (for deed<sebe & Wolf-Gladrow (2001)):

TA = [HCOg3] + 2 [CO5%] + [B(OH)4] + [OHT - [H] + minor components Eqg. 10

The dissolution of marine calcium carbonates (CgG&azilitates the uptake of anthropogenic
CO; by increasing the TA:

CaCOz + CO, + H,0 = 2HCO; + Ca** Eq. 11

However, projected anthropogenic £@puts will occur within just about 300 years wtis
much too fast for dissolution of calcareous sedisi¢n neutralise anthropogenic £€@ith

the consequence of continuous and rapidly decrgasituration states.

The saturation state of seawater with respect t6(zas defined as the ion product of

calcium and carbonate ion concentrations:

o _lca] [cog‘]

sp

Eq. 12

where Ksp is the solubility product which depends on temper salinity, pressure and the
particular mineral phase, aragonite, calcite ohH¥tg calcite (Mucci 1983). While [G] is a
major constituent of seawater, the saturation spatmarily depends on the carbonate

concentration.

Below Q = 1.0, the seawater is undersaturated with regpesarbonate and CaG®eqgins to
dissolve. In the oceans, the depth of the boundatyween saturation and undersaturation is
referred to as saturation horizon (lysokline). Amaige is approximately 1.5 times more
soluble than calcite. Thus the aragonite saturdtamizon (ASH) is shallower than the calcite
saturation horizon (CSH). Because of a longer deagr circulation which allows the
accumulation of more DIC from respired ¢@he ASH and CSH in the Indian and Pacific

Oceans are shallower than in the Atlantic Oceand&ker 2003).

In summary, the decrease of carbonate concentratidrthe respective saturation state due to
increasing anthropogenic G@ads to a shoaling of the saturation horizon thod favours

the dissolution of marine carbonates.
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Ocean acidification — the biological implications

The vast majority of marine carbonate productiobiadogically mediated. Biocalcification is

a fundamental physiological process forming protectshells or skeleton structures in
planktonic (e.g. coccolithophores, foraminiferangeropods) as well as benthic (e.qg.

calcareous algae, corals, echinoderms, mollusgsnsms.

Calcifying plankton

Because of their important role in marine food welnsl their contribution to the marine
carbon cycle, most laboratory and mesocosm planktadies were conducted on bloom-
forming coccolithophorids such d@miliania huxleyiand Gephyrocapsa oceanicaVhile
most of the studies reported reduced calcificataias of 25 - 66 % and malformations of the
calcitic coccoliths whemCO, was increased to 560 - 840 ppm (Riebesgllal. 2000;
Zondervaret al.2001; Zondervaet al.2002; Sciandrat al. 2003; Delilleet al. 2005; Engel
et al. 2005) converse responses reported by Iglesiasifradret al. (2008) suggesting a
misinterpretation of the data (Riebesell al. 2008) or the potential for considerable
variability between different coccolithophore smscand strains (Turlegt al. 2010). Ocean
acidification affects not only phytoplanktonic aéittation. On the community level of a
natural plankton assemblage maintained in mesocastiosures, Riebesedlt al. (2007)
reported a 27 % and 39 % enhanced DIC uptake @tel@pCO, concentrations of 700 and
1,050 ppm, respectively, compared to present lewtbkile nutrient uptake in the same
treatments remained unaffected, the C:N ratio esthifioward higher levels, indicating an
excess C@ sequestration potential by the biological pumphwiiossible implications for
marine biogeochemical cycling and marine ecosystiymamics (Riebeselet al. 2007).
Another prominent group of marine phytoplankton argogen-fixing cyanobacteria. At
elevatedpCO, concentrations, increased-Nand CQ-fixation rates, growth rates and N:P
ratios were measured, suggesting also a negatedbéek to atmospheric GOncrease
(Barcelos e Ramast al.2007; Hutchingt al.2007).

Dissolution of their aragonitic shells was showntfee cosmopolitan euthesomatous pteropod
Clio pyramidatawhen exposed to undersaturated seawater withaegparagonite@ar < 1)
(Orr et al. 2005). Moreover, examinations on paleoceanograuords have shown that the
calcitic shell weight of planktonic foraminiferadecreased by 4 - 8 % and 6 - 14 % - when
grown under decreased carbonate ion concentraiqualent to 560 and 740 ppm ¢O
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respectively - compared to the pre-industrial lexfe280 ppm (Speret al. 1997; Bijmaet al.
1999; Barker & Elderfield 2002).

Calcifying benthos

Detrimental effects due to ocean acidification a0 demonstrated in a variety of benthic
calcifiers. Apart from corals, decreased calciimatrates or shell growth under climate-
relevant CQ increase were reported for coralline algae (Jo&tehl. 2008; Kuffneret al.
2008; Martin & Gattuso 2009), bivalves (Gazestual. 2007), gastropods and sea urchins
(Shirayama & Thornton 2005). In some species howexnghanced calcification in response
to elevatepCO, was observed (Wooet al.2008; Goodinget al.2009; Rie<et al.2009). For
the brittlestarAmphiura filiformisincreased calcification under higicO, was accompanied
by increased metabolic rates and a loss of arm lemusass (Wooekt al.2008). Hence it was
emphasised that the physiological costs incurredhisy compensatory process may reduce
survival and fitness (Wooet al.2008).

Shallow-water corals and coral reefs

While it was known for a long time that coral céitation changes alkalinity (Smith & Pesret
1974; Smith & Key 1975), the converse that calcioanbonate saturation influences the
calcification was first realised by Gattust al. (1998). Since then numerous studies have
revealed a negative trend in calcification rateghwicreasingpCO, concentrations (Gattuso
et al. 1999b; Marubini & Atkinson 1999; Langdaat al. 2000; Marubiniet al.2001; Leclercq
et al. 2002; Langdoret al. 2003; Marubiniet al. 2003; Ohde & Hossain 2004; Langdon &
Atkinson 2005; Schneider & Erez 2006; Marubatial. 2008; Anderssoet al. 2009; Cohen
et al. 2009). The responses vary between and also wsfhgcies but on average, a doubling
of the pre-industriapCO, concentrations results in a 20 % decrease in dhwfication rate
(see reviews by Erezt al. (In press) and Kleypas & Yates (2009)). The effaaht be more
dramatical on the early life stages as Albrigdit al. (2008) recently demonstrated. At
projectedpCO, scenarios for the years 2065 (560 ppm) and 21R0 ppm) growth rates of
coral juveniles decreased by 50 and 78 %, respdygtivompared to present day level.

Deviating from this consistent negative trend agsults on two zooxanthellate temperate
coral species from the Mediterranean which werenttg found to be unaffected pCO,
concentrations projected for the coming decadess(&i al. 2009; Rodolfo-Metalpaet al.
2010).
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As mentioned above, ocean acidification affectsbil@nce of the carbonate species and thus
the seawater pH. In a systematic approach to fiadvwhich of these parameters is in
particular controlling the calcification rate in rats, Schneider and Erezt al. (2006)
manipulated the carbonate system by (1) varyingvathout changing DIC, (2) varying DIC,
keeping pH constant, and (3) varying DIC, keepgd@3D, constant. Calcification rates in all
experiments were positively correlated with [€D- indicating that this factor predominantly
controls the rate of calcification rather than pH RIC (Schneider & Erez 2006). This
supports previous findings from the Biosphere 2 eexpent which have shown that
coral/algal community calcification rates correthteest withQ,, (Langdonet al. 2000;
Langdon et al. 2003). It is also in accordance with geochemigatlihgs, linking the

precipitation of inorganic carbonates to a functib€2, (Burton & Walter 1987).

However, for the coraMadracis auretenrait was shown that calcification rates strongly
responded to variations in bicarbonate concentrataither than carbonate concentration,
aragonite saturation state or pH (Jetyal. 2009). This may suggest that &Qor Q,,) is not
always the controlling parameter and that corapagases to ocean acidification are more
diverse than currently thought (McConnaugle¢yl. 2000; Juryet al.2009; Rieset al.2009).
Moreover, in their natural environment, shallow-&ratorals sometimes experience large
diurnal shifts in pH (e.g. 7.9 - 8.1; (Batesal. 2001; Suzuki & Kawahata 2003)) indicating
that shallow-water corals - to a certain degreee- aready adapted to small variations in
external pH (Ereet al.In press).

Whatever the controlling factor may be, both oceemdification and seawater warming will
influence the corals’ life and their ecosystem dtameously. To date the great majority of
ocean acidification related studies was conduateldboratory tanks or mesocosms whereas
field studies were focused on ocean warming rebedfiowever, two ecosystem studies
examined the combined effect of temperature @adon coral reef communities from the
Gulf of Agaba and West Pacific. Both studies showststently that net carbonate production
(production minus bioerosion) decreased signifiganith decreasing saturation state and
temperature (Ohde & van Woesik 1999; Silvermetnal. 2007). Based on their dataset
Silvermanet al. (2009) estimated that on a global scale almosstallow-water coral reefs
will cease to grow and start to dissolve once aphesc CQ concentration reaches 560 ppm,
a level projected for the mid of the century (Sotoret al.2007).
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Analyses of cores from the Great Barrier Reef riacka relatively good correlation of
calcification rates with temperature and showedsigos of a decline within a record of the
past 400 years. During the last two decades, haweadcification rates decreased up to
21 %. This was thought to reflect synergistic edmetween temperature increases and ocean
acidification (Lough & Barnes 2000; Coopstral. 2008; De'Athet al.2009). On a geological
timescale, life on Earth has experienced five gneass extinction events. In all cases, coral
reefs disappeared for several million years (“rgagps”) from the paleo record (Stanley &
Fautin 2001; Stanley 2003). While the causes amaptex and manifold, they are all
primarily linked to the carbon cycle and atmospherarbon dioxide levels (Zaches al.
2005; Veron 2008). The paleo record also tellshas the dramatic speed of projected future
changes in the seawater chemistry and its enviratahg@ressure on marine calcifiers is
unprecedented in the past 65 million years (Ridg&eSchmidt 2010). Although Fine and
Tchernov (2007) have demonstrated the potentialaoscleractinian coral to survive
undersaturated seawater conditiof (< 1) by becoming a sea anemone-like animal the
slow reef recovery after extinction events suggéstsevolution of new species rather than

recolonisation by survivors (Veron 2008).

Cold-water corals

In contrast to their shallow-water relatives, vaity nothing is known about the effects of
climate change on cold-water corals suchLagertusa To date only one study reported
results from acidification experiments on cored dnetiged coral samples, carried out during
two research cruises. However, despite the metbgdml limitations of this short-term
study, it was clearly shown, that pertusaexhibits drastically reduced calcification ratds o
30 and 56 % when ambient seawater pH was reduce@d Iy and 0.3 units, respectively
(Maier et al.2009).

The fact that over 95 % of all presently known eofater coral reefs are located in waters
supersaturated with respect to aragonite strongigests that the aragonite saturation state is
an essential driver for their distribution (Guireott al. 2006; Davie<et al. 2008; Tittensoet

al. 2009). In the North Atlantic the ASH is very degp2,000 m) and carbonate dissolution
rates are low compared to the North Pacific, wlieeeASH is shallow (50 - 600) (see above
and Feelyet al. (2004)). Although scleractinian cold-water coreds be found in both ocean
basins, large and complex reef structures likelL.thgertusabioherms are only present in the

North Atlantic. The North Pacific is dominated bgtacorals (soft corals, stoloniferans, sea
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fans, sea pens, gorgonians) and stylasterids, wioth mainly use calcite - the most stable
polymorph of CaC®- to build their spicules and skeletons (Cairnsl&cintyre 1992).

As ocean acidification continues, the depth ofahegonite saturation horizon will rise closer
to the sea surface. In the North Atlantic obseoretishow that the saturation horizon has
shoaled 80 - 400 m since pre-industrial times (Fetlal. 2004; Tanhueet al. 2007) and
might shoal another 2,000 m until the end of tlestary as suggested by models (€trmal.
2005). Based on these projections, Guinetteal. (2006) have overlaid locations of 410
known cold-water coral bioherm locations (Freiwatdl. 2004) and found that 70 % of these

locations will be in corrosive (undersaturated)evatoy the end of the century (Fig. 6).

ASH Depth (Meters)

AT - No Data
I o-100
100 - 200
200 - 400
400 - 600
3 600 - 800
[ so00- 1,000
I 1,000 - 2,000
Il 2.000- 3,000

Fig. 6 Projected depth of the aragonite saturation har{&SH) for the years 1765 (pre-industrial), 2046ad
2099, locations of the six main bioherm-forming ccolater coral species (green triangles), and diyers
contours for 706 species of azooxanthellate coillsck areas appearing in the Southern Ocean amth No
Pacific in the year 2099 indicate areas where A8bthl has reached the surface. From Guingittal. (2006)
(modified).

Moreover, if cold-water corals are as sensitivéhaes shallow-water relatives where relative
small reductions in the aragonite saturation statese a substantial decrease in calcification,
then their calcification rates may decline well dref seawater becomes corrosive (Turey
al. 2007). These detrimental impact may be amplifiedther effects of climate change
(ocean warming, changes in current patterns, salmifood availability) will act in concert.
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In view of this, cold-water coral reefs are suspddb be amongst the most vulnerable marine
ecosystems and due to the apparent lack of knowledgmerous reports and policy
documents have highlighted the urgent need foresggmtative studies examining the effects
of climate change on cold-water corals (Freimeldal. 2004; Raveret al. 2005; Guinotteet

al. 2006; Kleypast al.2006).

1.3. Thesis outline

Thesis aims & objectives
The aim of the present research was to startdillims actual lack of knowledge (see above)
by manipulative experimentation on live cold-watarals of the main bioherm-forming

specied.ophelia pertusa

At the beginning of this work (2006) our knowledgkethe biology ofL. pertusawas very
scarce. Only a few studies reported results fionsitu or aquarium observations (Rogers
1999; Mortensen 2001). Nothing was published alpouicipal ecophysiological parameters
such as feeding rates, respiration rates, caltiicarates or tolerances towards water
properties (salinity, temperature, dissolved inargautrients). Consequently there was also
no information available for methodological issuggh respect to cultivation (let alone
within closed recirculating systems) and experiragoh. Therefore the following main

objectives were specified:

(1) Development of two aquarium systems. One for génsotal-water coral husbandry
which mimics natural conditions and one for expemtal purposes allowing

manipulations on climate-change related water ptogse

(2) Maintaining of corals’ health and condition by moning water properties suspected to
be critical for health and by optimising feedingimes under close examination of their

nutrition (food sources, prey capture, food quaditygl food uptake rates).

(3) Development or adaptation (from shallow-water coratearch) of methods for
measurements on important ecophysiological parasmétalcification rate, behaviour,
respiration rate, performance) and characteridingpertusa with respect to these

parameters.

(4) Examining the impacts of anthropogenic environmlectiange on the ecophysiology of

L. pertusain short- and long-term experiments by applying-([@3).
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Thesis structure

The structure of the thesis represents mainly a ag@phic work with its classical
segmentation into Introduction, Material & Methoés;. This design was chosen in order to
allow going deeper into technical details and toidvedundancies in the more experimental
parts. However, this layout was sometimes voidkeel lifor example - in chapter 2 (Material
& Methods) which provides information about the esiments as well as their motivation.

Finally the whole work is cross-linked (with hypeKs in its electronic version).

Work strategy

Live cold-water corals were sampled during two agske cruises. The first subsection of 2.1
describes the sampling site characteristics, saggrocedures and the maintenance of the
animals on board (2.1.1). The next subsection ZP.addresses the first objective: the
establishment of a large closed recirculating sysf€RS) for the husbandry of the collected

live corals and the development of a set of foualken CRS for experimental purposes.

Objective 2: The water quality of both aquatic eys$ was monitored regularly during all
incubation phases with respect to physicochemicalampeters and dissolved organic
nutrients. A small experiment (2.1.3.3) assesses dffects of increasing ammonium
concentrations on the behaviour bf pertusa Feeding experiments with different prey
gualities and quantities were carried out in otdesptimise feeding regimes (objective 2) but
also to characterisk. pertusawith respect to an important physiological parandtood
uptake; objective 3). Additionally the prey-captirehaviour was video-documented for the
first time.

The next five subsections of 2.2 address technigndsexperiments for the determination of
parameters relevant for the cold-water corals’ agelogy (objective 3). Coral growth rates
during long-term incubation periods - whether undemipulated conditions or not - were
determined non-destructively by repeated underwatsghings of the corals (2.2.1.1). In
short-term experiments of several days, the welgtiement was too small for a standard
balance and therefore calcification was determia@alytically from changes in total
alkalinity (2.2.1.2). Data normalisation and lengthight relationship was performed for
comparing results (2.2.1.3). For short-term expentation two types of bioreactors were
developed. While the first one was a hermeticaffgled system (2.2.2.1), the second was

semiclosed (2.2.2.2). It needs to be mentioned ttatclosed system was early replaced
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through a semiclosed version and therefore no tesuduld be presented in the thesis.
However, the closed system also has the potewtiajdod experimentation (especially when
acidification through HClI is the only option avdila) and was therefore left in the Material &
Methods section. A multi-channel digital video reting system was developed (PoBeMon)
and applied for studies on the coral polyp extemdehaviour (2.2.3). Recorded video
material was analysed semiautonomously by an irth@vamage recognition algorithm.
Respiration rates of thé. pertusaholobiont (coral polyp with associated bacteriad an
cryptofauna) were examined at ambient and elevimegheratures (objective 4) with the aid
of closed respiration chambers equipped with ads@naptode technology (2.2.4). As a
bioenergetic indicator for fithess and stress, RDMA ratio measurements were applied on a
variety of marine animals including tropical shallvater corals. This method was adapted

to L. pertusa(2.2.5) and applied in the framework of the clieahange related experiments.

Three main experiments were carried out to invastigthe impact of rising seawater
temperatures and G@oncentrations on the ecophysiologylLofpertusa(objective 4). In a
temperature stress experiment (2.3.1) the corate @eposed to three different temperatures
and their responses were examined with respectytigem consumption (optodes), behaviour
(PoBeMon), and fitness (RNA/DNA ratios). The effeaf ocean acidification were first
investigated in a short-term experiment, conduetét the semiclosed bioreactors and four
different pCO, concentrations (2.3.2.1). The corals’ response atasacterised with respect
to growth rates (TA changes) and fitness (RNA/DNaas). Finally, to test the long-term
effect of increased C{Qconcentrations - a second acidification experinveas conducted in
which the corals were exposed to thi@@O, levels for several months. The long-term
experiment took place in the four experimental GRR8 as an ecophysiological response, the
growth rates were determined in distinct inter{alsoyant weight changes).

Chapter 3 (Results) attempts to bring together rbgults and findings from all the
measurements and experiments mentioned above. &l a(discussion) relates the results to
current knowledge (where possible) and chapterign{fance & Outlook) provides a final
overview about the contribution of this thesis to &nowledge of the ecophysiology bf

pertusain general and with respect to climate change.
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2. Material and Methods

2.1. General cold-water coral cultivation

2.1.1. Locations and sampling

The cold-water coral specimens used within the éaork of this study were sampled during
two scientific cruises in Norwegian waters: the RMKOR cruise AL275 in March 2006 and
the RV ALKOR cruise AL316 in March 2008 (Fig. 7).

5° 10° 15°

Fig. 7 Overview of Southern Norway and the coral sampéiigs during RV ALKOR cruise 275 in 2006 and
RV ALKOR cruise 316 in 2008 (red markers). Map gated with Google Maps and GMT.

RV ALKOR cruise 275 - Oslofjord, 2006

The sampling area of this cruise included the smtl©slofjord inlets east and west of the
Sgster Islands. The collection of viable coral sas@and associated reef fauna was realised
during eight dives with the manned submersible JA@6veen 28 and 28" March 2006.
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Sampling site characteristics

The Western and Eastern Oslofjord Inlets (WOI af)Eare about 7 nm-long and pass the
Sgster Islands on both sides (Fig. 8). They araeded to the main Oslofjord Trough in the
north and the eastward continuation of the Norwe@hannel in the south. The two inlets are
characterised by steep inclined rock
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epibenthic organisms. These regenerated with GMT and bathymetric data from GEBG®_
_ (2009).

structures are estimated to be

approximately 8,700 to 7,800 years old (Mikkelsenal. 1982). The WOI also features
narrow thresholds but exhibits comparatively deg¢qerghs ranging up to 320 m.

Sampling

During the dives, selected viable branches of ewter coral Lophelia pertusaand
associated reef fauna (crabs, sponges, molluseshibpods, gastropods, and bryozoans)
were carefully garnered with JAGOS'’s hydraulic npatation arm and stored in a sampling
basket attached to the front of the submersiblmu$aneously, water samples were taken
with Niskin bottles attached to the submersible atidition, the upper water masses were
sampled with a CTD rosette (Multi Water Sampler,diyBios) for particulate organic
carbon and nitrogen (POC/PON), inorganic nutri¢nisate, nitrite, silicate and phosphate),
total alkalinity (TA), dissolved inorganic carboRIC) and photosynthetic pigments analyses.
Altogether, seven JAGO dives were performed onrveainds of the inner EOI, where corals
are abundant and collection could be performetiatéef base with the lowest impact on the
ecosystem (“surgical sampling”). Dive number eiglais performed on a small mound of the
central channel SW of the southern Sgster Islahd. éixact sampling positions are listed in
Appendix B. For further analyses of the investigateef structures, video and photo

documentation were performed during the dives. rAdtch return of the submersible JAGO
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to RV ALKOR, all samples were set directly intodarbuckets filled with fresh, clean

seawater.

Maintenance on board

Due to the stress induced mucus production of thel€ an acclimatisation period of
approximately 30 to 40 minutes was necessary timdilreaction abated enough so that the
collected organisms could be transferred from thekéts into the prepared transportation
tanks (750 L PVC) stored in the wet laboratory &f RLKOR. For this cruise each of the
three transportation tanks was equipped with a powvsubmerged rotary pump (2,400 L*,h
Eheim) for strong water currents, an air-stoner(Bf, Sander) with an attached air-pump (2.7
m® h*, Medo Compressor) for fresh air circulation anfibee glass lattice (50 x 50 mm grid
size) on the bottom of the tanks for sample fixatibhe water in the transportation tanks was
natural seawater from offshore locations which baen pumped into the aquaria tanks of RV
ALKOR beforehand. Due to biological processes aradming of the water, it had to be
renewed at regular intervals or when water tempegateached levels uncomfortable for the

corals (above 9° C).

For more details of this cruise see the RV ALKORis® report AL275 (Ruggeberg & Form
2007).

RV ALKOR cruise 316 — Sula-Reef, 2008
The collecting of viable coral samples during ttrigise could be realised in only two JAGO
dives on 18 March 2008 in the Sula Reef Complex (SRC).
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Fig. 9 Map of the central part of the Sula Ridge off mid-

Lopheliareef structures are located (Norway. Red dods represent sampling site coordindteing
JAGO dives. Image generated with GMT and bathymetata
from GEBCO_08 (2009).
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top of the Sula Ridge whose topography is charsetgiby Palaeocene sedimentary stratified
rocks and a thin layer (0 - 10 m) of subglacidl(tlovland et al. 1998; Freiwalcet al. 1999).
Overall the SRC is about 13 km long with a widthgimg between 300 to 700 m. Estimations
date the formation to be 8,060 years old (Hovlanhdl.1998).

Sampling and maintenance on board

Sampling and cultivation on board were similar te proceedings during the RV ALKOR
cruise 275 (see above). Livirigpphelia pertusaof both colour varieties (white and red),
Madrepora oculataand one gorgoniarP(imnoaspec.) were collected at the central part of
the SRC in 275 to 285 m depth. Small coral piecady a few polyps each - were attached to
PVC sockets (50 x 50 mm) with a two-component agkesuitable for stony corals
(Korallenkleber 9697, Rebie) for additional stadalion. The exact sampling positions are
listed in Appendix B.

For more details of this cruise see the RV ALKORise report AL316 (Meyerhofest al.
2008).
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2.1.2. The cold-water benthos rearing facilities

The IFM-GEOMAR cold-water benthos rearing faciltielesigned and developed within the
framework of this thesis, consist of six indeperid#ased recirculating systems (CRS): two
for general cultivation (the Cold-Water Coral M@&nance System; see 2.1.2.2), the Arctic
Crustose Algae Maintenance System (not part of wlugk) and four identical independent

CRS for experimental purposes (the Long-Term Expental System; see 2.1.2.3).

2.1.2.1. Closed recirculating systems — main principles andomponents

In principle, a CRS consists of three main comptsighe organism tanks, a water reservoir
and the water conditioning fixtures (Fig. 10). Maater reservoir acts as a central supply unit
for the other two components and the process waerbe regarded as one water body

connected through the piping.

1l <—1iii

l valve

tank (n)

l valve

tank (n-1)

—

1l <«—1iii

water reservoir

wastewater

Fig. 10 Scheme of the main components and water flow (ayaf an idealised closed recirculating system.
Inflow (red) and outflow (blue) of each tank can begulated independently by a valve. The filtering
components are the mechanical filter (mf), theitiéf and the skimmer.

From the pump sump of the water reservoir seavimfgimped into the tanks by a submerged
rotary pump. Each tank is equipped with a valverégulating the water flow which allows
independent regulation or a complete separatiosimgle tanks. After passing the tank,

mechanical filters integrated on the outflow pipeach tank pre-filter the water to extract all
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large particulate compounds. Before finally flowibgck into the reservoir the water is
further processed by a biofilter. In a separate Ifmypass) the water is pumped from the
reservoir into an optional skimmer. Loss of watewonly possible in form of foam fraction

(waste water) in the skimmer or due to evaporation.

2.1.2.2. Cold-Water Coral Maintenance System

After the cruises the CWC and accompanying reehdawere placed in a large CRS with
conditions as close to nature as possible for nanipulative long-term cultivation (Fig. 11).
The Cold-Water Coral Maintenance System (CWC-MS)swis of five main components:
six rearing tanks, a water reservoir with an inged biofilter, a large skimmer, and an

external cooling aggregate. The total water capatithe whole CRS amounts to ~ 1,600 L.

Tank design
The rearing tank array consisted of six glass aguy&r000 x 500 x 500 mm) with a capacity
of ~ 220 L each. To prevent the water surface fearmpollution the aquaria were covered
with two juxtapositional glass plates (500 x 506 x1m). For thermic isolation and shock-
absorption StyrodUrplates (1,000 x 500 x 40 mm) were placed betweeraguaria and the

rack system (60 mm, V4A stainless steel). Watdowiwas regulated by a valve which was
normally set to flow-rates of 250 - 300 L“hFor additional water movement, especially
during feeding (when the central water supply wast ®ff), an additional streaming pump
(580 L h*, Rena Flow 600; b , i -
later 270 L K, Eheim) was i

positioned  beneath  thf

inflow pipe of each tank.|
The aquaria were equippe\,,«-( g
with a mechanical filter for
cleaning the water of larg:
particles before entering th
pipes and the downstreal
filtering  systems  (pre-
filtering). In addition, the

mechanical filter protectec

. Fig. 11 The CWC-MS at the Leibniz Institute of Marine Saern IFM-
the mobile fauna (€.9.GEOMAR in Kiel. Light was only enabled during raugi works in the
climate chamber.
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crabs, shrimps, gastropods, etc.) against filteong or injury during the water recycling

process. The filter material used in the CWC-MSeays consisted of reticulated open cell
polyether foam (aquarium sponge, 150 x 50 x 50 rmnd) was impermeable for particles
larger than approximately 500 um. The mechanid&rfivas mounted with a perforated
PVC-C-tube (g 32 mm) directly to the drainpipe &ad to be rinsed in regular intervals. Due
to its large surface area, the mechanical filtéecdas an additional biofilter.

Biofilter, water reservoir, and process water

The main biofilter was constructed as a separatepactment of the water reservoir. It was
housed in a glass aquarium (1,000 x 500 x 500 mitt) & capacity of ~ 220 L and
comprised approximately 100 L of small 8 x 8 mmiraittical polypropylene tubes (BNC
tubes, 2H Kunststoff). The tubes had a complexetlsienensional folded structure providing
a specific surface of 0.963°mb™*. The whole biofilter therefore had a total surfacea of

~ 212 ni. This enlarged surface provided the preferredti&seent” conditions for the
nitrifying bacteria specieblitrosomonasspp. and\Nitrobacter spp., most responsible for the
bacteriological degradation processes from ammonmtrate (nitrification).

The oxidative nitrification takes place in a tweysteaction:

1. Nitrosomona®xidises ammonium (NH) to nitrite (NQ):

NH,” +10, - NO, +2H" + H,0 Eq. 13

2. Nitrobacteroxidises nitrite to nitrate (N£):

NO, +10, - NO; Eq. 14

The biofilter was situated beneath the drainpipesttee left side of the water reservoir

separated from the pump sump by an aquarium sp&d@ex 500 x 40 mm).

The submerged rotary pumps for the central watgplgwf the tanks, the skimmer, and the
cooling unit were mounted in the pump sump of tleewreservoir. Each pump (type 1260,
Eheim) had a flow-rate of 2,400 [*tand thus the whole water body was circulated tiinou
all compartments several times per day. The whgeg (tubes and fittings) consisted of
PVC-C. A diameter of 32 mm was chosen both fortdrk outlet (drainpipe) and for the

main pipe while the inlet only measured 20 mm. dnd outlet of the cooling unit also
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consisted of 32 mm (diameter) piping. The inlet foe skimmer consisted of 20 mm PVC

hose while the outlet was constructed from 32 mpmpi (tubes and fittings).

The initial process water was natural seawater gainp direct vicinity of the CWC during
the sampling cruises. In case of diminishing wafeality (see 2.1.3) and to support the
organisms with new micro nutrients, the used watas routinely replaced with new

seawater.

Skimmer

Protein skimmers are highly effective in the remowh suspended wastes and dissolved
organic matter (DOM) by foam fractionation. Theg @ommonly used in marine aquaria and
aquaculture systems (Sander 1998). In a perpeigicahtact column large amounts of fine
air bubbles are injected into the water providingoacentrated air/water interface. Surface-
active suspended and dissolved organic matergl peoteins, particular wastes) congregates
at the air/water interface during the migrationtbé air bubbles to the surface and was
skimmed off as a coagulated foam fraction at the @b the skimmer. In addition to the
“filter” mechanism, skimming enhances the oxygesratf the process water and provides an

increased surface area for general gas exchange.

For the CWC-MS, a large external skimmer (typePllIAH 1500-1900, Sander) with an
approximate air flow of 600 L*h- provided by an injection pump - was used. Thetact
column had a volume of about 50 L and the skimmas able to process the water with a
flow rate of about 1,200 Lh The injection pump (venturi type) was supportggphessured
air from the IFM-GEOMAR in-house gas supply and verded the CRS from CO
fluctuations in the climate chamber. After pasdimg skimmer the oxygenated process water

was injected back into the biofilter for maintaigiaxic conditions.

Cooling

The CWC-MS was placed in a climatic chamber equdppieh an air-cooling aggregate. The
chamber environment was adjusted to temperaturegebe 6.0 and 7.5 °C all year round.
For additional cooling and as an emergency deviee GWC-MS was equipped with a
separate water chiller (Titan 4000, Aqua Medic)e TWwater temperature was adjusted to
7.0-75+0.5°C.
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2.1.2.3. Long-Term Experimental System

The Long-Term Experimental System (LTE-S) was desiigfor CQ incubation experiments
with small coral branches (with up to 100 polypsgioa time period of several months with
focus on constant and reproducible water conditiohse LTE-S consisted of four
independent CRS (Fig. 13), each with an identiedlas main components: six incubation
tanks, a water reservoir with integrated biofiléerd skimmer, and an additional temperature
maintenance device. Each CRS could be aeratedpsétsured air or a gas mixture with
predefined CQ@ concentration. The total water capacity of the LS Evas about 2,000 L
(4 x 500 L).

The following description represents the generalfigaration of one CRS of which four

identical units composed the whole LTE-S.

Tank design

The six incubation tanks consisted of glass aqudfia x 400 x 400 mm) with a capacity of
about 55 L each. The aquaria were covered withsgitates (400 x 400 x 5 mm) to prevent
the contents from air pollution and to avoid a ggsilibration of the process water with the
ambient air. For additional sealing during the,(0@rturbation experiments, the aquaria were
covered with a polyethylene foil. Styroduplates (400 x 400 x 40 mm) were mounted
between the tanks and the rack system (60 mm, VdiAlsss steel) for thermic isolation and
shock-absorbing. Water inflow was regulated bylaevand set to flow-rates of 60 - 100 L h
(fine-adjusted depending on the polyps’ individoehaviour). Each tank was equipped with a
mechanical filter similar to those of the CWC-MS1(2.2).

Water reservoir, integrated biofilter, and skimmer

Both, the biofilter and the skimmer were integrat@d the water reservoir. A glass aquarium
(1,200 x 400 x 400 mm) with a capacity of ~ 170 hswused as the most space-saving
solution. The biofilter consisted of approximat8ly L of 8 x 8 mm cylindrical polypropylene
tubes (BNC tubes, 2H Kunststoff) providing a tosairface area of 77 n(see above).
Separated from the skimmer and the central wat@plguby an aquarium sponge
(400 x 400 x 40 mm) the biofilter was placed on lgfe side of the water reservoir beneath
the drainpipes. The skimmer (Bio-Compact Skim, ®ahdvas situated right next to the
biofilter and had a contact volume of ~ 8.8 L andcessed water with a flow rate of

150 - 250 L K. An additional biofilter with a capacity of 5 L waonnected to the drainpipe.
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The skimmer could operate both with pressured ramfthe IFM-GEOMAR in-house gas
supply or with the predefined G@ir gas mixtures that were used during the lomg+€0,
incubation experiments (see 2.3.2.2). The submergedy pump (2,400 Lf type 1260,
Eheim) for the central water supply was mounted texhe skimmer on the utmost right side
of the water reservoir. As piping PVC-C tubes watldiameter of 20 mm for the inlet and
32 mm for outlet were used. As a deviation frons,thhe outlet pipes of one CRS were
centralised in a main sewer with a diameter of 80 (kig. 13, CRS # 0). During GO
incubation experiments the whole water reservois gaaled air-tight with a specially

trimmed polypropylene foil.

Temperature

The LTE-S was placed in the same climatic chambetha CWC-MS. Under uncontrolled
conditions, the temperatures in the CRS variedt®.5.2 °C. Thus, they reflected the local
temperature gradient established by the air co@ogyegate. Therefore water temperature of
each CRS was controlled by a digital thermostal it accuracy of 0.1°C (UT100, Conrad)
and a 300 W titanium heater (Schego) installechenwater reservoir (Fig. 13). During long-
term incubation experiments the climate chambep&ature was set to 6.0°C and the LTE-S
thermostats controlling the respective water tewrtpees were set to 7.5°C. As an emergency
device, an optional cooling aggregate (Titan 4@afya Medic) which was able to support all
CRS simultaneously by a cooling hose filled witwaglest. was installed in the LTE-S.
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Fig. 13 Overview of the main components and
piping of the LTE System. Abbreviations:
mechanical filter (mf), biofilter (bf), skimmer (s)
temperature sensor (ts), temperature control tojit (
heater (h), Cdpressured air channel (gh and gas
mixing system (gms). Channel O (chO) was generally
pressured air and acted as a control treatment,
channels 1 - 3 (ch 1-3) were adjusted to, Gels

of about 560 ppm, 840 ppm, and 1,120 ppm,
respectively. The gms was placed in a separate room
in order to prevent it from corrosion due to thghhi
levels of atmospheric moisture in the culture room.
The whole culture room was temperature controlled
but each CRS was equipped with an additional
temperature control unit to allow for precise
individual temperature settings and fine adjusting
+0.1°C.

chi

ch2

%| cho ﬂ. ch3
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channel 1
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2.1.3. Water gquality management

Especially in closed recirculation systems, regutegasurements of the physicochemical
water parameters and nutrient compositions arengabé order to keep the environmental

conditions reproducible and in controlled marginssprdoet al. 1998).

2.1.3.1. Physicochemical parameters

Salinity, pH, and temperature were measured ustallye a week. If something was out of
range or attracted attention (fluctuations, higlrieats, water turbidity, etc.) measurements
were taken daily. The measurements were perfornmdanportable measuring device (Multi
350i, WTW) equipped with specialised sensors: pln{®X'41 or SenTiX81, WTW),
temperature and salinity (ConOxlater TetraCon, WTW). Calibration was conducted with
three certified NIST/NBS buffer solutions (4.01,00, and 10.01) with a three-point
calibration applied each time before measuremditits.conductivity sensor for salinity was
adjusted after each sensor exchange with a certifmductivity standard (1413 uS ¢ém

at 25 °C, Reagecon).

2.1.3.2. Monitoring of inorganic nutrients

Water samples of all CRS were measured weekly.atditrnitrite, and phosphate were
measured photometrically (Hitachi, U-2000) accogdio the standard methods by Hansen &
Koroleff (1999) with precision levels of + 0.5 pmkdg*, + 0.02 pmol kg, and + 0.05 pmol
kg, Ammonium was measured fluorometrically (SFM 26nkon Instruments) according to
Holmeset al. (1999) with a precision of + 0.08 umol kg

2.1.3.3. Ammonium sensitivity

In aquatic systems, ammonia is the principal ngragis compound excreted by animals (Colt
& Armstrong 1981). In seawater, ammonia exists monised (NH) and ionised (Nk)
forms in a pH-, salinity-, and temperature dependepuilibrium (Bower & Bidwell 1978).
Through extensive feeding or the death of speciméms ammonium (and ammonia)
concentration may on occasion rapidly increasesumria and aquaculture systems and can
thus achieve levels detrimental for their inhaldgar-or tropical warm-water scleractinian
corals, ammonium concentrations up to 20 pniblke reported to be dangerous (Bassim &

Sammarco 2003) and in marine reef aquaristics|deateove 5.5 pmol t (0.1 mg %) are
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recommended to be prevented. The toxic relevan@emohonium for the cold-water coral

pertusais not known.

With a bioassay (Holtmann 2006) it was attempteeltidate the influence of increasing
concentrations of ammonium on the polyp behavidur. @ertusaand whether a sustainable

maximum concentration could be determined that Ishioel avoided in the cultivation system.

Experimental Setup:

A small 20 L acrylic glass aquarium (400 x 200 ) 2Bm) was segmented into two 10 L
compartments by gluing a 5 mm thick PVC-panel ithe middle of the tank. Each
compartment was equipped with a submerged rotamypp(®80 L K'; Rena Flow 600, Mars
Fishcare Inc.) for supporting the corals with atocawrous water flow and to enhance the water
mixing during the ammonium-injections. On the uppart of each back wall, a small water
outflow pipe was mounted. For daily water excharg®, 25 L water tanks (reserve tanks)
were placed close above the aquarium - each cathesith one of the two tank
compartments. The water inflow rate was controligc valve. Both tank compartments were
filled with natural seawater (8°C, 34.9 PSU). Appnoately 20 coral polyps were placed in
each compartment close to the front wall. For illbation, a cold-light source (KL150,
Schott) was placed near the aquarium and two biptes spotlights were directed towards the
corals. In front of the aquarium, a CCD camera (G222, Panasonic) was mounted. The
camera was connected through a shielded BNC cabl€) to a video recorder (DHR-
1000VC, Sony), located in an adjacent laboratognroln order to convert the analogue
video signal into a digital streaming format (D\4),digital video camera recorder (DCR-
TRV30E, Sony) was interconnected between the vigeorder and a personal computer.
Video capturing software was used (1-More Webcan,®3) to grab single images from the

camera in 15 second intervals. An illustrationheff €xperimental setup is shown in Fig. 14.

37



MATERIAL AND METHODS

b)
" YRTRY
0 1 2 3
2505w 2505w
vr |
N P N i
VNsw+ p cc
tc,
., pAd
Opim . I cam - pc
VNsw tc, ﬁ
M

Fig. 14 a)lllustration of the experimental setup. Abbreviago25 L tank with natural seawater (2%k), 25 L
tank with NH," enriched natural seawater (2Rsly:), valve for 25 lysw (Vnsw), valve for 25 lysws (Vswa),
streaming pump (sp), tank compartment, (tc,), coral sample (s s), water outflow pipes (op), CCD camera
(cam), video recorder (vr), video camera recordey, @nd personal computer (pc). For illuminatiarcold-light
source (not shown) was uséxq.L. pertusapolyp expansion stages (see text for details).

At the beginning of the experiment, the reserveksawere filled with natural seawater.
During the 7 day experiment, water was renewed, dait one of the tanks was treated every

day with increasing ammonia (N@l) according to following progression:

5.56 pmol [* — 11.11 pmol [} — 22.22 umol ! — 44.44 umol [ — 88.89 pmol [* —
188.89 pmol ! — 355.56 pmol L.

Three times a day, water samples were taken fraim dmmpartments and the abiotic water
parameters (temperature, salinity, and pH) weresored at the same time using a multi-
sensor portable measuring device (WTW, Multi 3%8i,2.1.3.1). All water samples were
frozen immediately after taking them and after #geriment they were analysed for
ammonium, nitrite and nitrate in an autoanalyzemt@nalyzer 3, Bran+Luebbe; for details
see instruction manual). Although the video systeas set up to record images in a 15
second interval, for the polyp behaviour measuraman interval of 5 minutes was applied.
In each treatment, the polyp behaviour of 5 readrpelyps was measured from their side
view on a scale based on Lasker (1979) ranging iam3 where (0) is full contraction of the
polyp, (1) only the tips of the tentacles are \isil§2) the polyp is partly expanded, and (3)
the polyp is fully expanded (Fig. 14 b).
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2.1.4. Optimising Lophelia pertusa feeding regime

For heterotrophic organisms feeding is one of tl@nnphysiological parameters affecting
survival, growth, and reproduction. Optimising feeding regime was therefore an important
aspect of successful cultivation and an essentr@cypsor for all ecophysiological

experiments.

Information about natural food sources and consiomptf L. pertusaare sparse. Isotopic
studies withd"N in the tissues of.. pertusasuggested a mixture of phytodetritus and
zooplankton as main sources (Duineveldal. 2004; Duineveldet al. 2007). In aquaria
observationsl.. pertusacatches particulate organic material and zooptankip to a size of
20 mm (Mortensen 2001). In a series of bioassays $tudent theses and one diploma thesis)
it was attempted to find an optimal balance betwteerright food (organism, quality) and the
maximum permissible food density for an effectivatev treatment. In the following only the
key experimental setups and live food organismslaseribed. For detailed information, the
reader is referred to the respective theses (K2G06; Bach 2007; Moldzio 2008).

2.1.4.1. Live food organisms
2.1.4.1.1. Copepods:Acartia tonsa(Dana, 1849)

Acartia tonsais a calanoid neritic copepod (Crustact ‘
\ =
SRR

Calanoida: Acartiidae) with a cosmopolitan disttibo in
the Atlantic, Indian, and Pacific oceans, and theo\A
Baltic, Black, Caspian, and Mediterranean seas ¢Ma&

Wilcox 2007). As a typical estuarine species, it

euryhaline and eurythermal with tolerances randiam 1
to 38 in salinity and 0 °C to 30 °C in temperatu ::rilgégi? '?S)Ur:: A&Z;tciistogizfefcv?&x
respectively (Mauchline 1998). It is mainly founashore (2007).

(0-20 m) but also depths up to 600 m have beenrtegpdMarcus & Wilcox 2007). Adulé.
tonsa(Fig. 15) are approximately 1,500 um in lengthd &meir N1 nauplii (first stage after
hatching) are approx. 70 um in length. Calanoidepop nauplii are the primary first-food
source for many marine vertebrates and invertebr@teeet al. 2005). In aquaculture they
play an important role as early food for fish laavand as adult food for many ornamental

species such as seahorses or corals (Marcus & X\2i@07).
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A. tonsapopulation in Norwegian coastal waters is quiteratant and therefore it might be a
potential natural food source for the cold-waterataeefs supported through estuarine

influenced water masses.

Cultivation

For our experiments, eggs from a Balictonsastrain (IFM-GEOMAR stock strain) were
hatched. In order to prevent osmotic stress dutheodifferent salinities, the eggs were
incubated in 5 um filtered natural Baltic seawatehanced to a salinity of 33 with artificial
sea salt (Aqua Medic). Predetermined hatchery sscamas about 20 %. Four 20 L buckets
were filled with 15 L of the above mentioned watard approximately 100,000 eggs to
achieve an optimal density of 1 copepod per mL.ifi@umcubation the temperature was held
constant at about 15 °C and a ligh regime of 1gfBtdark (L/D) was performed. The
copepods were fed daily with a suspension of 300 butket' of the unicellular algae
Rhodomonas salinblemporarilyNanochloropsissp.). Under these conditions, adélttonsa

fully developed in 16 days.

2.1.4.1.2. Mysidacea: Neomysis intege(Leach, 1814)
The opossum shrimeomysis integes a pelagic mysid
shrimp  (Eumalacostraca: Peracarida: Mysidac
Mysidae) with a global distribution from Arctic Neay
to the Atlantic coast of Spain (Budd 2008). integeris
also a euryhaline species and tolerates salirfities 1 to
40 (Vlasblom & Elgershuizen 1977; Roastal. 2001).
Preferred habitats are normally shallow water iocet

. . Fig. 16 Adult Neomysis integerimage
(5 - 10 m), usual estuaries or brackish water &Cks from Tatersall & Tatersall (1951).

with lowered salinity. Under laboratory conditiomagasured temperature tolerances ranges
from 0 to 30°C (Mauchline 1980; Arndt & Jansen 108the gregarious species performs a
diel vertical migration from the surface waters idgrthe night to the deeper waters at
daylight (Hough & Naylor 1992). Adult species sizasge from 10 to 18 mm (Fig. 16J.
integer is a substantial food source for many economicatiportant fish species such as
Merlangius merlangus Platichthys flesus Pleuronectes platessar Clupea harengus
(Hostens & Mees 1999) and thus has been studied g®tential food organism for

aquaculture (Kuhlmann 1984).
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Due to the species sensitivity to trace metals @gdnophosphate pesticidés, integerhas
been studied with increasing interest as a toxgiod test species for Western European
estuarine systems (Roatal. 1999; Verslyckeet al.2003).

Cultivation

VariousN. integerof different sizes were captured with a dip nahatKiel Canal (54.34° N,
9.97°E) in July 2006. After transfer to Kiel, thpassum shrimps were cultivated in a glass
aquarium of 150 L connected with a Baltic Sea flbmeugh aquaculture system at the
Aquarium of the IFM-GEOMAR. Water temperature wagddhconstant at about 12 £ 1 °C
and the shrimps were fed daily with grinded driisth flakes (TetraMarine Flakes, Tetra).

2.1.4.1.3. Artemia franciscana(Kellogg, 1906)

The brine shrimp#&rtemiaspec. belongs to the family Artemiide
(Branchiopoda: Anostraca: Artemiidae), which can toeind

worldwide in saltwater lakes and artificial saltettroughout the
tropical, subtropical and temperate climatic zof®sont & van

Stappen 2003). Due to their exceptional habitahebshrimps are
an extremely euryhaline (3 - 300 PSU) and euryth@in 55 °C)
species (Treece 2000). NormallyArtemia performs an
ovoviviparous reproduction (fertilised eggs devethyectly in the
uterus of the females into free-swimming naupl8witching to

oviparous reproduction (releasing of dormant em$igysts)

occurs under deteriorating living conditions (éhgh salinity, low _ A _
Fig. 17 Adult Artemia salina

oxygen levels). Dehydrated cysts are metabolicalyctivated female. Image: from Joly
(diapauses) and can withstand several years andemm(lms)'

environmental conditions. After hatching, their thrs| nauplii (first larval stage after
“umbrella” stage) are 400 - 500 um in length. Undetimal conditions, the larva maturates
and differentiates through 17 larval stages in arlg week to adults of about 8 - 12 mm in
length (Fig. 17) (Hentschel 1968; Schrehardt 19Bvine shrimps (primarily the Instar | and
[l nauplii) are the most common live food used iarme and freshwater aquaculture und
aquaristics. Most commonlyrtemia franciscandfrequently misstated asrtemia saling is
used because a large part of the world market pplgd by harvests from the Great Salt

Lake, Utah, wherd. franciscananaturally occurs (Dhont & van Stappen 2003).
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Cultivation

For both, experiments and regular feediAgiemia franciscangGreat Salt Lake Artemia
Cysts, Sander) Instar | and Instar Il nauplii wased. Incubation of dried cysts (~ 0.8 ¢ L
seawater) was performed in a cylindrical glass @oet with conical bottom. The hatching
bottle was filled with Baltic seawater which wasjustied to salinities of approximately
24 - 28 with artificial sea salt (Seaquasal). Wadenperature was kept in the recommended
range of 25 - 28 °C (Dhont & van Stappen 2003).rRamtenance of adequate oxygen levels,
the hatching bottle was aerated from the bottonh wiessured air from the IFM-GEOMAR
in-house gas supply. A light source (80W; PAR380H|IoOsram) was placed above the
hatching bottle for triggering the start of embrigodevelopment (Dhont & van Stappen
2003). Harvesting: After hatching (24 - 28 houls hauplii (Instar I) were separated from
the hatching remains (empty cyst shell, unhatchgstsc debris, micro-organisms and
hatching metabolites) (Dhont & van Stappen 2003¥Wwitching off the bottom aeration and
the top illumination. The positively phototacticumdii then accumulated on the bottom and

were filtered out with a fine mesh screen (150 pmgreas the remains floated to the surface.

2.1.4.2. Natural food source experiments

Small mesozooplankton: Copepods

In this experimental approach (Stratil 2006) it vieed to elucidate the feeding rates of
Lophelia pertusavith copepods, which are suggested to be a mauraldood source of the
corals (Duinevelcet al. 2004; Thiemet al. 2006; Duinevelcet al. 2007). As a representative
test organism, the calanoid copepazhrtia tonsa(2.1.4.1.1.) was chosen.

Experimental design

Two L. pertusabranches (Oslofjord samples) of 67 and 85 polgth evere transferred into
two independent perspex aquaria (320 x 170 x 190 filed with 8 L natural seawater from
the CWC-MS. Each aquarium was equipped with a supederotary pump (580 Lh Rena
Flow 600, Mars Fishcare Inc.) to ensure an appabpnvater flow. Water temperature was
held constant at 8.0 + 0.2 °C. Before startingakperiment, the corals were acclimatised to
this setup for 24 hours and were starved for 3 .dagsilt A. tonsaof 830 um in length had
been harvested (2.1.4.1.1) and fed.tgertusain two different densities. Low density was
appointed at 0.61 individuals ritl(Ind mL™), while high density was at four times as much
with 2.44 Ind mL* (Fig. 18).
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Fig. 18 lllustration of the feeding experiment with pertusaand two different food densities &f tonsa(grey
dots). See text for details.

After 24 hours, the densities of dead and remaicwmgepods were determined. Three 1 mL
samples from the bottom (where the death copepadsvaulated) and from the middle of the
aquaria were counted and projected onto the tatauats. The number &. tonsaconsumed
by the polyps was then determined by the differesfdritial and final density:

Acartiaconsumed: ACartiainitial - Acartia‘(remaininmdeatw Eq' 15

The feeding rate was calculated as the numbér. tdnsaingested per polyp per hour (Hit
al. 2008):
denSity initial (denSityremaining + denSitydeath )

Feeding rate = _ Eq. 16
polyps xtime

Large mesozooplankton: Opossum shrimps

L. pertusahas been reported to be able to ingest large @okfn up to a size of 20 mm
(Mortensen 2001). While analysing the cold-wateratohabitat video documentation
(RV ALKOR cruise AL275; (Ruggeberg & Form 2007))amly euphausiad and mysiad
shrimps, amphipods and chaetognaths could be ddabeas larger representatives of the
mesozooplankton. As a second approach with nafwdl sources, a feeding experiment with
Neomysis integewas conducted\. intege was not regarded as a species naturally occurring
in the cold-water coral ecosystem but morpholotycdl exhibits the same features and

similar motility as the zooplankton observed in kabitat video documentation.

Experimental design

In a similar technical configuration and under #ame environmental conditions as the
previous experimentNeomysis integeof approximately 15 - 18 mm in length was fed to
Lophelia pertusaspecimens for 24 hours in two different densitieew density was
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appointed at 5.6 IndL.and high density at five times as much with 28 Ilifd Additionally,

to elucidate if prey capture is dependent on tHggpsize, the experiment was conducted with
two differentLophelia morphotypes. Two branches with 49 and 45 large thiwk polyps
(morphotype 1) and two branches with 85 and 69ddrgt thin polyps (morphotype II) were
chosen. For estimation of the mortality not causgdoral ingestion (e.g. cannibalism, rotary
pumps) two aquaria without corals but with idertsstup and mysidacean densities acted as
control groups (Fig. 19).

Calculations were similar to those with the copep(sde above).

a) b) c)
Morphotype | Morphotype ll Control
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Fig. 19 lllustration of the feeding experiment with two féifent morphotypes df. pertusaand two different
food densities olN. integer(grey dots). See text for details.

2.1.4.3. Prey capture analysis

The prey capture of tropical corals is well docutedn(Sebens 1991; Sebeesal. 1996;
Sebenset al. 1997). For the cold-water corhbphelia pertusaonly a few descriptions are
available (Mortensen 2001). In this experiment (B&007) the whole feeding process of

Lophelia pertusavas investigated and documented in a real-timeovidr the first time.

Experimental design

A smallLophelia pertusdranch (Oslofjord sample) of about 15 polyps wasdferred into a
perspex aquarium filled with natural seawater frita CWC-MS (see above). The water
temperature was “controlled” through the climatearober and was held constant at
8.0 + 0.2 °C. An appropriate water flow was supplyy a submerged rotary pump (580t; h
Rena Flow 600, Mars Fishcare Inc.), placed direotigeath the water surface. In front of the
aguarium, a CCD video camera system (see 2.1.a8)mounted and focused directly onto a
large single polyp. lllumination was provided by@d-light source (KL150, Schott) placed
above the aquaria and directed onto the coral hrakiter full expansion of the tentacles, the
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coral was fed with livingArtemia franciscananauplii (approximately 5 Ind nit). Polyp
behaviour was recorded with a digital real-timeead25 fps, DV PAL) immediately after
food was supplied and was stopped manually aftandids. Afterwards, the recorded video
file was analysed by counting the uptake ratesOminute intervals. Onlyrtemia nauplii
which were conveyed from the tentacles to the eémtouth region and therefore not seen
anymore were regarded as ingested by the polyp.

2.1.4.4. Food quality and uptake rates

Due to their relatively easy cultivation and higtceptance among several marine species,
Artemia franciscandhas been regarded as an adequate artificial footes for corals with
reproducible quantity and quality (Hét al. 2008). An additional advantage and one reason
for their great success in aquaculture and aqiewist thatArtemiacan be easily enriched to

enhance their nutritional profile (Dhont & van Step 2003).

In a long-term experimental approach (Moldzio 200&8)ral growth measurements and
determinations of uptake rates from three differ®riemia franciscandood qualities were
conducted. The three food qualities were:

FQI freshly hatchedA. franciscananauplii (Great Salt LakeéArtemia Cysts,
Batch: 82128, Sander), Instar |

FQII as FQI, enriched with Lipovit® (Tropic Marin), Ped Selco Plus® (Selco),
and Microplan® (Preis), Instar 1l and higher stages

FQIII adult frozenA. franciscana(Golden Gate Brine Shrimp, Batch: 69-0204,
Kordon)

Experimental design

The feeding experiments were performed successively CRS, especially designed and
developed for these studies. The CRS consisteareé tcubic glass aquaria (400 x 400 x 400
mm) for the experiments and one aquarium (500 x>4@@0 mm) for the water treatment.
The experimental aquaria (stream tanks) were egdippth a cylindrical polycarbonate inlet
(@ 390 mm) and a central acrylic glass column (@ ff#tn). The inlet was perforated with
two diametrically opposed rows of six bores coneédb the pipes from the water supply.
The central column was hollowed bottom-side ancheoted to the water drainpipe (Fig. 20).

Under non-feeding conditions, water was pumped ftbenwater reservoir through the inlet
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perforations thus providing a circular and lamimater flow around the corals (11.4 £ 1.6
mm s%) in the experimental aquaria. During feeding, theter supply was shut off but a
lower constant water flow (66 + 1.7 mi)svas maintained by two air lifts, mounted on both
of the other diametrically opposite positions oé timlet. Each air lift was provided with
pressured air (~ 50 L™ from the IFM-GEOMAR in-house gas supply and wasyo
activated during the 27 hours feeding phase. Theernweaeservoir was equipped with a
skimmer (500 L H; DOC Skimmer 9205, Tunze), and mechanical andbiocdl filters (see
2.1.2.1). A submerged rotary pump (400 — 3,000'| Master, Tunze) guaranteed the water
supply while the water inflow to each aquarium wegulated by valves to 330 + 30 [*h
The process water consisted of a mixture of 50 %irah seawater and 50 % atrtificial
seawater (Classic, Tropic Marin) and was reneweekttimes during the experiment. Water
salinity and temperature was held constant at 34.98.57 PSU and 7.95 = 0.87 °C,

respectively.

Fig. 200verview of the main components of the CRBwater treatment)) top view of a stream tank) side-
view of a stream tank. Images: from Moldzio (2008).

In each stream tank (replicate), thrée pertusa branches (Oslofjord samples) of
approximately 30 polyps per branch (@ 98.3 polypsicaté’) were placed equidistant from

each other around the central column of their siréank. For each of the three 45 days
lasting treatment phases, the corals of all ref@gcavere fed weekly with the same specific

food quality (see above).

For growth determination, the corals were weighetbite and after each treatment phase
(buoyancy weight technique, see 2.2.1.1) and ssigrowth was normalised to polyp number

and polyp surface area.
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The nauplii density for FQI and FQII was adjustedt8 Ind mL*. For FQIIl an equivalent
amount of food (based on the uptake rates of F@$§ estributed directly to each polyp with
a pipette (85 Ind replicaty. After the feeding periods, the uptake rate ahegiplicate was
determined and normalised to polyp number and psiyface area. Prior to the feeding
experiments, a series of blank tests were perfonmtitthe FQI and FQII by adding the same
food densities to the not yet populated coral tankse aim of the blank tests was to
determine the order of magnitude for the naupli@ural mortality. The food uptakes
reported from the experiments were subsequentiectad for the missing nauplii according
to the natural mortality rate during the blank se$tor comparing the food qualities among
each other, the energy content was measured witioaimeter (C4000, IKA) according to
DIN 51900 and normalised to dry weight.

The whole experimental design (in particular dggmns of the specific cultivation facility
and the used measurement methods and calculatisndgscribed comprehensively in
Moldzio (2008).
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2.2. Determination of ecophysiological variables

2.2.1. Growth rate determination and normalisation

2.2.1.1. Buoyancy Weight Technique (BWT)

For the measurement of the cold-water coral grovettes in long-term incubations an
adaptation of the buoyancy weight technique (Jaiiell. 1978; Davies 1989) was developed.
The great advantage of this method is that it is-aetrimental for the corals because growth
rates can be determined accurately through submheogeal weighing and algebraic
transformations of the Principle of Archimedes. Thethod was introduced for coral growth
measurements by Franzisket (1964) and Bak (19786)19he algebraic background and
technical solutions were explained in detail byidbét al. (1978) and the method was further
improved by Davies (1989). Here only the applieddifications and used materials for the

cold-water coral growth measurements will be descti

Balances

From the beginning of the experiments in March 20fi®yant weighings were made using
an electronic balance (BP310P, Sartorius), reatirigmg with a balk construction above and
a gondola below the water surface as describedkielket al. (1978). Since summer 2008, a
new digital balance (readability: 0.01 mg; CPA225Eartorius) with under-floor weighing
capability was used, allowing the removal of thé&lznstruction. An additional advantage
of this balance was its “animal-weighing mode”. this mode the balance compensates
weighing fluctuations normally caused by the anisatotions through calculating a mean
value from a series of up to 100 fast weighingsciwhwere performed in a quick succession

during one session.

Density of seawater

The density of seawatep.fae) has to be determined immediately before buoyasighing

the corals and in intervals during the weighingause the density of seawater changes if
mucus from the corals is released into the watei the temperature changes (Davies 1989).
By weighing an inert reference object of known waright and density in seawater, the

density of the seawater can be derived from Eq. 17.

wt,

in water Eq. 17
W,

in air

pwater = pobject X (l_
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The reference object used was a glass embryo dish.68 g air weight and with a density of
2.56 g cnT. The density of the reference objects was detewnien Eq. 17 by weighing it

in air and then in distilled water. The density aftiled water was obtained from Table F5-6
and F11 of the CRC Handbook of Chemistry and PBy@ieast 1979). In practice, the
density of seawater was determined before and afeeghing the corals and after each
temperature change of 0.5 °C during the measureamBnie to the preceding acclimatisation
of the corals an increased mucus production wasobserved and therefore additional

reference weighings were rarely done.

Density of skeleton and biomass correction

Four living branches with polyps in different sizasd morphologies were selected (107
polyps in total) in order to evaluate the biomdssye, biofilm, microorganisms, etc.) of their
skeletons. First their buoyant weights were deteethiand then their aragonite skeletons were
completely cleansed of their biomass by treatirggrthin a 5 - 10 % NaOCI solution (sodium
hypochlorite; commercial bleach) for 24 hrs. Aftarefully removing the organic residuals
by stirring the coral branches in the solutionytiaere buoyant-weighed for a second time.
The difference of both buoyant weighings resulted walue for the biomass buoyant weight
and was used to calculate a correction factor ifmmhbss. The cleaned skeletons were dried to
constant weight at 60 °C. Then the dried skeletoaeewveighed again and their specific
densities were calculated from Eq. 18.

p water

pobject = N
1 _ Wtin water
W,

in air

Eq. 18

With the ascertained densities of seawater, skeletod the buoyant weights of the coral

samples, their air weights could be derived udagftllowing equation:

Wtin water

Wtin air = Eq' 19
1- Iowater
psample
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Calcification rates
In the long-term incubations (experiments and stpokulation monitoring) growth rate

measurements using the BWT were calculated as a ga@s of CaC@per time period:

1) = Wi, —wt,

G (mgCaCQ, ®™ day"
(mgCaco, Y @ x (12-11)

Eq. 20

where wf; and wt, indicate the calculated dry weights (Eq. 19) at skart (t1) and the end
(t2) of each period and@ signifies the applied normalisation (see 2.2.3.3.1

2.2.1.2. Total Alkalinity Anomaly Technique (TAAT)

The Total Alkalinity Anomaly Technique was suggestey Smith and Key (1975) and
Kinsey (1978) as another non-destructive methodcédcification measurements in marine
environments. This method was later validated fog talculation of calcification and
photosynthesis rates of scleractinian corals bysi@iim and Gattuso (1991). In principle,
calcification can be estimated directly from change the total alkalinity (TA). The
precipitation of one mole CaG@bwers the total C@content of seawater by one mole which
is equivalent to lowering the TA by two molar ecplents (see definition of TA, p. 15):

Ca’®" + 2HCO;3 —» CaCOs + CO, + H,0 Eq. 21

TA is not affected by respiration, because evenyatiee charged bicarbonate or carbonate

ion is balanced by hydrogen:

CO; + H,0 = HyCO3 = H + HCO3 = 2H" + CO4% Eq. 22

Also organic carbon production via photosynthesissdnot change TA (Smith & Key 1975):

CO3* + 2H" - CH,0 + O,

HCO3; + H' -» CH,O + O,

H,CO3 - CH,0 + O

CO, + Hy0 - CH,0 + O, Eq. 23

Correction for nutrients

Although respiration has no effect on TA, it is ptad through the assimilation and
dissimilation of nitrogenic and phosphorous computsuwhich release or take up Odthd H
(Kinsey 1978; Gattuset al. 1999b). In samples of seawater with significanarges in
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dissolved CaCe@ and in nitrogen nutrients (due to excretion andrifimation), the
precipitation or dissolution of CaG@an be calculated from the following equation ¢isss
& Pilson 1980):

ACaCO3 = [ATA - ANH4+ + A (NO3 + NO3y))| Eq. 24

The effect of phosphorus (P) on the TA is diffictdt evaluate because it will depend on
which species of P is assimilated (Brewer & Goldmi&76). However, while it should be
hardly detectable (Brewer & Goldman 1976) it candisegarded in practice (Jacques &
Pilson 1980).

Calcification rates
Using Eq. 24, net calcification rates (G) in theorsfterm incubation experiments were
calculated by the following equation:

ATA-ANH; +A(NO; + No;)jxv ‘<
2 Sw sSw

G (umolCaCQ, ®* T1) = ( XD Eq. 25

Vswis the volume of the seawater (mL) with the cquoesling densitps,. T is the incubation
time (hours or days) and@ represents the chosen normalisation (e.g., polypber, polyp

volume).

The TA was measured in duplicate using a potentinopeopen-cell titration procedure
according to Dicksoret al. (2003). GF/F filtered seawater samples of 10 - lWeye

accurately weighed (1416B MP8-1, Sartorius). Fertttration an automatic titrator (Titrando
808, Metrohm) was used. As titrand hydrochloriadg&iCl) with a concentration of 0.005 N
was used. The average precision between duplicagsumements was 4 pmol kg*. All

samples were poisoned with saturated Hg@imediately after sampling to avoid further
microbial activity. The nutrient measurements fdwre tcorrections were performed as

described in section 2.1.3.2.
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2.2.1.3. Normalisation and morphometrics

2.2.1.3.1. Normalisation of data

Normalisation of physiological rates (e.g. growditess, feeding rates, oxygen consumption) is
an important and necessary approach to scale teizbeof an animal (Dodds 2007). Because
of the complex variations in morphology, normalisatin scleractinian corals is quite

difficult and highly dependent on the applied melkhand species.

Studies on growth rates were often performed®@a-incorporation or as surplus-growth in
length or weight during a specific period of tinker the latter two, typical normalisations
were length or weight gain as a percentage of nit&li measurement (Ferrier-Pagesal.
2003; Lapid & Chadwick 2006). Other commonly useminmalisations were surface area
(Marubini & Davies 1996; River & Edmunds 2001), oy (Anthony 1999b) or biomass
(Johannes & Wiebe 1970; Edmunds & Gates 2002). wide range of possible units and
normalisations makes comparisons between diffesteries and generalised statements very
difficult.

In this study normalisation against polyp numbeswaually preferred. In order to compare
gravimetric (BWT) based growth rates with calcifioa rates from other studies on
scleractinian corals, a morphometric correlatioalgsis between the two parameters length
and weight (see next section) was performed. Thevtyr rates were subsequently calculated
using the following equation:

G (% day™) = _Xe "X 900 Eq. 26

Xy X (tz _tl)

where x is either the mass (in mg or pg Cga® the length (in mm) at the start)(and the

end (¢) of each time period.

2.2.1.3.2. Length-weight relationship

Coral branches (approximately 20 - 80 polyps pemnbin) from different locations and

morphologies were selected specifically to ensupeoéile representative for our whole coral
stock population. The skeletons were cleansed eifr thrganic compounds and dried to
constant weight as described above. After dryimgls calices (n = 342) were dissected by
cutting a calyx close to its budding zone with descutter. Any residues from the mother

polyp were removed carefully. Each calyx was messun its apical diameter and length
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using a digital sliding caliper (Digimatic Serie@®% Mitutoyo Ltd.) reading to 0.01 mm. If the
diameter of a calyx was elliptical, the average lafgest and smallest diameter was
determined. Finally, the corresponding skeleton weyght of each calyx was measured by
double-weighing it on an analytical balance readm@.01 mg (CPA225D, Sartorius). The
obtained data triplet of calyx length, diameted areight was then used for characterising the
basic morphometry in a regression analysis (3.1.3.2

2.2.2. Bioreactors for short-term experiments

The following section describes the materials awhnical specifications of the incubation
chambers (bioreactors) used for the short-termifac@tion experiments. For reasons of
clarity, the experiments themselves are descrilegadrately in chapter 2.3 (Environmental

change related experiments).

2.2.2.1. Hermetically closed bioreactors (HCB)

The first generation of bioreactors was especialgsigned for short-term incubation
experiments with cold-water corals using hydrodblacid (HCI) for seawater acidification.
To avoid an outgassing of G@uring incubations, the chambers were construabslutely
airtight and with an adjustable stamp as lid, all@wvater sampling through a valve without
opening the chamber (Fig. 21).

Bioreactor and rack design

Each of the 25 bioreactors consisted of a 5 mnktaaylic glass tube of 195 mm in length
and an inner diameter of 90 mm (1,240.5crAive tubes each were combined to one unit on
an acryl glass rack (480 x 310 x 140 mm). The nmek separated into a platform for the
bioreactors and a small water bath (480 x 103 xrh§. On the inner bottom of each tube
three fittings (Festo) were mounted. Two of theml/@} were connected by PVC hoses
(9 5 mm) to the water bath (respectively rotary pajrand the third (G1/8) was connected by

a silicone hose (@ 5 mm) with a valve in frontloé rack.

The setup allowed the water in the bioreactor clemb be hermetically sealed with an
acrylic glass stamp. For temporary sensor measuntsnge.g., pH, temperature)and in

order to emit of the overhead air during closinge stamp was provided with a large
bore (@ 18 mm) sealed with a rubber bung. Wateremmnt in the bioreactor was provided

by an external rotary pump (270 [:HUniversal Powerhead 1005, Eheim) which was placed
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in a water bath for cooling and connected to tledaictor through hoses and fittings (Festo)
in the rack. Water flow was regulated by a valvd #re direction of the water flow (in the
bioreactor) was adjustable through a small PVC-t{@=mm, @ 5 mm) with lateral bores
placed on the inner outflow fitting of the bottorhthe bioreactor. For some experimental
setups the net bioreactor water volume (~ 1 L) regarded as insufficient. For such cases the
bioreactors were interconnected. The rotary pump atéached to the inflow pipe of one
reactor and the outflow pipe of the additional bamtor. Then the outflow pipe of reactor one

was short circuited with the inflow pipe from thecend bioreactor (Fig. 21 a, optional

piping).

Water sampling

Before opening the valves in front of the rack, téary pumps were shut off to avoid

negative pressure (from the water reflux). Watendas (e.g. TA, DIC, nutrients) could then

be obtained simply by moderately depressing theygsaof the bioreactors when the valves

were open.
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Fig. 21 Hermetically closed bioreactors
(HCB) for short-term acidification
experiments and calcification rate <)
measurementsa) Piping, b) perspective
sketch, andc) lateral view of one rack
hosting five bioreactors. Abbreviations:
stamps (st), O-ring (or), cooling wate
supply in- and outflow (Cwo.), valves for
water sampling (us;)), sampling pipe from
bioreactor to valve (sp), water flow pipes
(wfp) for connecting the bioreactors with

-

230 mm

90 mm

or

195 mm

CWin/ou(

140 mm

wb

wfp

sp

Vs,

external rotary pumps (rp), cooling water
bath for the rotary streaming pumps (wb).
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2.2.2.2. Semi-closed bioreactors (SCB) with gas exchange
Hermetically sealed bioreactors were only practeab short-term experiments (minutes to
hours), where the biochemical influence of the exrach organism’s physiology could be

neglected. Or - in contrast - in short-term expents (hours to days) where especially these

influences were the designated variables (q

decreasing @due to respiration). With the access /Ng a"""‘! b

highly accurate gas-mixing systems (newly estabts

IFM-GEOMAR infrastructure), a semi-close

lid —

bioreactor (SCB) for continuous seawater acidiforat "

with nearly constant Cgair gas mixtures was
developed.

Bioreactor design

hs
3
s¢ I 400 mm
300 mm
. . . . of
The bioreactors consisted of a 5 mm thick acrylisg o %

tube - which measured 400 mm in length and hac

al

Ne

inner diameter of 90 mm (2,545 &m mounted on ar E_}t

as

acrylic glass panel (110 x 110 x 10 mm). Both, we

movement and water aeration were realised by an

40 mm

lift, consisting of a 300 mm acrylic glass tube 4@ J
mm) with three lateral bores (@ 7 mm) for wal ‘Pwﬂ‘

100 mm

outflow in the upper half. Gas inflow was achievsd

an air stone (type #1, Sander) placed in the Idvadfr Fig. 22 Semi-closed bioreactor (SCB).

L . Abbreviations: valve (y), sampling rubber
Of the all’-llft. The alr stone was Connected thlfll)lﬂg bung (srb), central rubber bung (Crb),

transparent PVC-hose (@ 5 mm) to a fitting-tubéhim giﬁ,?iipiﬁfer(hs(l)o’f)?irv\lgtte(? l);)ligoj\for}(e)ﬂ(,as)'
bottom side of a rubber bung, plugged in the lidhef double-sided suction cup (sc), syringe (sy).
bioreactor. On the top side, the fitting-tube wasrected through a valve to a channel of the
gas mixing system. To ensure a constant outflowhef gases from the headspace while
simultaneously preventing an equilibration with #imosphere outside the bioreactor, a small
additional fitting-tube (@ 5 mm) was fixed in th&bber bung. The upper half of this tube was

filled with Polyfill® in order to minimise water loss due to evaporation

Sampling was realised by temporarily disconnectihg gas supply (Fig. 22,i.¥ and
attaching a syringe to the gas supply hose netkietditting-tube.

56



MATERIAL AND METHODS

2.2.3. Polyp Behaviour Monitoring tool (PoBeMon)

Polyp expansion/contraction has been well docundeiméropical zooxanthellate corals and
sea anemones (see introduction). Methods usedhiforanged from direct observations with
the naked eye (Lasker 1979; Leey al. 2001; Levyet al. 2006) to photograph or video-
assisted measurements (Mortense¢ral. 2000; Brownet al. 2002). For deep-water corals,
Roberts & Anderson (2002) suggested a semi-autonsnmoethod based on time-lapsed

video recordings and manual measurements of thypgastate on the video screen.

In this section, an advanced method for polyp egjmaricontraction behaviour studies using
computer image analysis is described. The method a@plied within the experiments

explained in section 2.3.1 after a series of vaatfons.

2.2.3.1. Hardware setup and pre-processing

In summary, the whole image analysis process cmusisf three main steps: the real-time
recording of selected coral branches in digital mdies (hardware), the extraction of single
frames in a specified time interval (pre-procesgiagd the subsequent software image
analysis of the frames.

Video recording

The basic hardware components consisted of a safrieg to eight analogue CCD cameras
connected to a PC through a multi channel framdgmalFig. 23). The black-white cameras
(b/w plate camera A1-PRO, Conrad) used in the éxyet had a very high photosensitivity
of 0.1 Ix (~ 1.37 x 18 umol photons Ms?) and were mounted in a water resistant camera
body. The cameras were placed in front of the agomtanks and a LED (0.12 W) for low
grade illumination was mounted close to each caraedaoriented towards the coral samples
in the aquaria. The analogue signals from each @mere transmitted through BNC cables
(75 Q) to the framegrabber in an adjacent dry lab. Thaenégrabber (8CH PCI @ 25FPS,
Eytron; video observation software: DigiProfdctigitised each video channel with a
sampling rate of 3.1 frames per second and stéredlata as continuous compressed video-
stream files (codec: MPEG4 or MJPEG) on an exte®@0 GB hard drive (HDD
Professional, lomega).
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at3

net

Fig. 23 Schematic diagram of the main hardware componestd uo record coral polyp behaviour
simultaneously. In the diagram only three camerasilustrated but the actual number depends onlythe
capacity of the framegrabber and PC. The distamtevden camera and framegrabber/PC is limited by the
attenuation of the cables but can easily be extifdel,000 m) by using electronic amplifiers. Fong-term
recordings, the file storage on a large externed daive or on the server of a LAN network is recoemded. By
using a LAN connection both the real time pictua the camera and the recorded videos can be diéom
each network access point. Abbreviations: aquariank (at), light-emitting-diode (led), CCD videonsara
(cam), multi-channel framegrabber (mcfg), persaaahputer (pc), network (net).

Pre-processing

In order to make the video files accessible for thage analysis, single frames from the
video files (usually in AVI container) had to betiected and saved as image files. Using the
free software VirtualDub (v. 1.7.6) and a shortq@ssing script, images from the video
streams were automatically extracted and save®B&-files (24 bit, 640 x 480 pixel) in a

predefined interval of five minutes.

2.2.3.2. Image analysis using ImageJ with scripting languagenacros
For the image analysis of the polyps’ behavioutguas, the open source software ImageJ
was chosen. In addition to its strong and well ldsthed image analysis algorithms, ImageJ
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was designed with an open architecture allowingu$e and extension of the software with

user-written Java plug-ins and macros.

By implementing an iterative recognition algorithras described below, the automatic

measurements of extension/retraction of coral mlg@ series of images was realised.

2.2.3.3. Image analysis fundamentals

The measurement algorithm was based upon the eliifes of the grey intensities between
the bright skeleton, the grey polyp, and the daakkiground. By using 24 bit images in the
RGB colour mode (true colour) a colour is definedthe intensity of each of the three
primary colours (red, green, blue). The intensitiese represented by 8-bit unsigned integers
(O through 255), allowing a colour space of momnth6 million colours (256 x 256 x 256).
In image analysis, the colour information can bevested to user-defined brightness-values
representing the brightness of a colour on a mamochtic scale (8-bit greyscale). In our
processing, the RGB pixel values were convertebrightness values (V) with the standard

conversion equation (Rasband 2004):

_(R+G+B)
3

VvV Eq. 27

resulting in the value O for absolute black, 256 dbsolute white, and 254 values for the

different shadings of grey.

2.2.3.4. Extension measurement algorithm (main macro)

2.2.3.4.1. Preparation and calibration

For each selected polyp of an image series, a &ration values had to be determined and
inserted into the macro script before the automatEasurements could be started. For
reasons of simplicity, the procedure and subseqasatysis of only one single polyp is

described.
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Fig. 24 Simplified PoBeMon analysis of a single polg).
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b) corresponding grey scale plat) sample processing
sequence (left) and corre-sponding operationstjtigh
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After rotating the selection (menu 'Image > RotatArbitrarily..."), the coordinates for the

line scanning were determined by drawing a horiablme through the boundary between
calyx and polyp with a length of the polyps’ horital dimension. The x-values were entered
into the 'makeLine()' command (Fig. 25, line 29§ dhe y-value was assigned to the 'arg’
variable (Fig. 25, line 28). In the last step, thember of pixels above the horizontal line
affected by the polyps’ expansion were estimatdds(ja buffer of about 20 - 30 %) and

assigned to the condition statement (n < x) oflitteescanning ‘for'-loop (Fig. 25, line 27).

2.2.3.4.2. Running image analysis

The whole algorithm is highly iterative with a tiypnested loop where the outer loop takes
control of the number of complete repetitions o thner loop (Fig. 25, flowchart). After
starting the macro, the user only has to selectnttage directory where the raw image files
from the pre-processing were saved and the progaatomatically proceeds with the
measurements of the predefined polyps in all imagebat directory. After enhancing the
contrast in the selection (Fig. 25, line 23), time Iscanning algorithm begins the process of
detecting the actual polyp state in the selecttanm.this the grey values from a horizontal line
on the boundary between calyx and polyp were medsamd the maximum value was stored
in the variable 'max_value' (Fig. 25, line 36 ang. 24 c, Il ). This variable was compared
with the predefined detection 'limit' for tissuedgF25, line 39) and if it was equal or larger
than this a second variable 'extension’ was sdéhd@onumerical value '1'. After this, the
variable 'extension' was compared with a thirdalzle 'max_extension' and in case of it being
smaller than the initial value (0), the variableaknextension' was set to the 'extension's
value. In the next iteration a second line was megsexactly one pixel above the previous
line and the 'extension’ variable was set to the mgher number (n + 1) if its maximum grey
value was equal or higher than the 'limit'. Thdm® tmaximum_extension' value (= the old
‘extension’) was compared with the new 'extensiod'was set to the new value when it was
higher or equal compared to the old value. Thisgse was repeated for all iterations (Fig. 24
c, lll). The number of respective line scannings \weedefined (see above) and therefore an
additional termination condition was not implemehtéfter processing all iterations, the
variable 'max_extension' outputs the number oftpety performed iterations along the y-
axis. The data was temporally saved in an intaemllts table. If all polyps of an image were

measured, the next image was loaded to memory racegsed.
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1  macro "multiPoBeMon 1" {
2 // global variables and data setup
3 dir = getDirectory("Choose Image Directory "); CODE
4 list = getFilelList(dir);
5 setBatchMode (false) ; J—'—l
. FOR false
© run("Colors...", "selection=red"); 7
7 run("Colors...", "foreground=blue") ; %
8 run("Clear Results"); // delete internal results table CODE
9 row=0; // initial row number of results table
10 //
11 for (i=0; i<list.length; i++) { //opendirectory (recursive)
12 path = dir+list[i];
13 showProgress (i, list.length);
14 if ('endsWith(path,"/")) open(path);
15 if (nImages>=1l) {
16 //
17 // P_1Polyp Nr. 1
18 limit=40; // detection limit
19 max_extension=0; // reset initial maximal extension
20 //
21 makeRectangle (357, 92, 76, 62); // selection of polyp P_1
22 run("Arbitrarily...", "angle=325 interpolate");
23 run ("Enhance Contrast", "saturated=5"); //enhance selection
24 //
25  // START ANALYSIS
26 //
27 for (n=0; n<25; n++) { // processed loops
28 arg = 138-n; // y-value - n
29 makeline(393,arg,414,arg); //makeline(xl,yl,x2,y2)
30 profile = getProfile();
31 1 = profile.length;
32 max_value=0;
33  for (k=0; k<l; k++) {
34 value = profile[k];
35 if (value>=max value) {
36 max value=value; true false
37 }; //endif
38 }; //endforloop CODE CODE
39 if (max value>=limit) extension=n+l; else extension=0;
40 print ("max value: "+max value+" extension: "+extension) ;
41 run ("Draw") ;
42 if (extension>=max_ extension) max extension=extension;
43 } // end of loop (for) polyp nr 1
44 //
45 print("resulting maximal extension: "+max extension) ;
46 setResult ("ext 1",row,max extension);
47 //
48 updateResults() ;
49 //
50  // INSERT POSITION (next Polpyp)
51 // end of measurements
52 selectWindow ("Results") ;
53 row++; y
54 7/ CODE
55 close() ; // close active image
56 } // end of analysis for image (n), next image (n+1) END
57 } // end of directory
58 saveAs ("Measurements", "");

59 } // end of macro

Fig. 25 Excerpt of the main algorithm from the PoBeMon imagnalysis using ImageJ JAVA-scripting
language. Source code (left) and correspondingchant (right). For details see text.
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Normalisation

At the end of the image analysis, the result tadgesisted of a time dependent series of
'max_extension' values from each measured polyptladiser was prompted to save the
results in an external file (Fig. 25, line 58). Talculate the real expansion (in pixel) of a
polyp, the minimum 'maximal_extension' value of @éasurements from this polyp was
subtracted from each 'maximal_extension' (for tpalyp). If a polyp was completely
retracted, the value for the real expansion wadoseero through this procedure. The value
for the maximum real expansion however was depenoerthe applied image resolution,
camera angle and distance (camera - polyp). Fodatdised conditions only polyps showing

at least one full expansion (see Fig. 14 b, 3) weesl.

In order to make the individual expansion valuesdlp comparable, the maximum real
expansion of a polyp was set to 100 % and nornthbstual expansion (Exgn(t)[%]) was

calculated in percent of maximal expansion:

Exp(t)[ px] x100

Eq. 28
EXP,a(T)[PX

EXPyom (1)[%0] =

where Exp(t)[pX] is the expansion of a polyp apadfic time (t, i.e. the image number) and

Expmad{T)[pX] is the maximum expansion value of the sgmoé/p in the entire time period

(M.
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2.2.4. Continuous optode-based respiration measurements

In close collaboration with the Institute for Pokarology Kiel, a novel method for continuous

and parallel oxygen and pH measurements in smhghwater coral and arctic algae samples
has been developed. The method is based on a pewofyoptical electrodes (optodes) and
has several advantages compared to the conventieetabds from Winkler (1888) and Clark

(1956) as described in chapter 4.2.1.3.

2.2.4.1. Optodic measurement principles

a) Oxygen

For oxygen, the measurement principle is basecher

k@\

absorption of light  excited state emission of light

effect of dynamic Iluminescence quenching

molecular oxygen depicted by a luminescent indice; \__/ ~

\ '
) = ;‘

-
N\
O

- no emission of light

(Fig. 26 a). Absorbed light energy from a blue LE 2 @
elevates the indicator dye (luminophore) into acitex

state. In the absence of oxygen the luminoph b) 4
. . , . —_— R — @
immediately emits a detectable Iluminescer| 1 \ W
(fluorescence). If an oxygen molecule collides viltle \ = V/ o

. . . . ‘/1\“'\ . " ‘\( V% — \\
luminophore in its excited state, an energy trarisfiees | 2) %@ \_/ - W

place from the excited indicator to oxygen. In tbése

I . . Fig. 26 Principles of dynamic quenchin
the indicator molecule does not emit luminescernu Ofgmmmescer?ce by Ozygem)(gnd timeg

dependent fluorescence intensity changes
caused by pHK). From PreSens GmbH

decreases. (modified).

consequently the measurable total luminescencealsi

The relation between oxygen concentration, the hestgence intensity, and the luminescence

decay time is described in the Stern-Volmer-Equmatio

=1+ Ky, x[O,] Eq. 29

with luminescence intensity in the presence of exyd), luminescence intensity in the
absence of oxygenof, luminescence decay time in the presence of axygeluminescence

in the absence of oxygeng), Stern-Volmer constantg,), and the oxygen concentration
([O2)). The Stern-Volmer constant quantifies the quemghefficiency and must be

determined experimentally.
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The oxygen meter measures the luminescence deunayofithe immobilised luminophore as
the oxygen-dependent parameter by phase moduladibnsinusoidal modulated blue LED
light. The decay time is thereby the phase angledmn the excited and emitted signal.

b) pH

In contrast to the oxygen measurements with oneifspéduminescent dye, this application

uses two luminophores with different decay timesl amilar excitation spectra. A pH-

sensitive short decay luminophore (indicator dye)ombined with an analyte-insensitive
long decay luminophore (reference dye). The flumease emissions from the reference
luminophore give a constant background signal whie signal from the indicator

luminophore depends on the pH concentration (Fégb)2 Hence, the overall signal (average

decay time) is internally referenced and reflebts tatio of the two fluorescence intensities
and its phase shift (Fig. 27).
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Fig. 27 Phase shift of the overall luminescendg,), the referencedf,), and the indicatord;,s) in absenced)
and presence of protons)( From PreSens GmbH (modified).

The overall luminescence decay time is measurethdyH meter through phase modulation
with sinusoidal modulated blue LED light.

2.2.4.2. Combined pH and O, sensor spots in small respiration chambers
For parallel and simultaneous measurements of piH adygen, a temperature-controlled
setup with 10 independent respiration chambers (R&3)developed (Fig. 28).

Respiration chamber design
The RC basically consisted of a water-resistarindyical PVC-box and the actual RC which
was mounted on top of the PVC-box. The PVC-box wsrnally equipped with a low

voltage electric motor (Fig. 28 b, M) that carriadminiature magnet bar and acted as a
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magnetic stirrer. Power for the electric motor wastrolled and supplied by a multi channel
transformer, connected through a cable to the P¥C-bhe RC consisted of a 5 mm thick
acrylic glass tube with a length of 100 mm and ramei diameter of 110 mm (950 &m
mounted on an acrylic glass panel (160 x 160 x 5.n@®n the bottom of the chamber, a
small magnetic stir bar (25 mm) was placed. A reatds round tripod PVC table (@ 90mm,
28 mm in height) separated the magnetic stir bamfthe samples. The lid of the RC
consisted of an 18 mm thick cylindrical acrylic gggplate with an outer diameter of 120 mm
and an inner diameter of 109 mm (Fig. 28 b). Ineortb seal the lid waterproof with the
chamber tube, an o-ring was placed into a drilledim the inner diameter. On the top side of
the lid, two plug-in connectors for the fibre optwires were embedded and at the
corresponding bottom side, two microscope slidesewéied. The planar sensor spots for pH
(SP-HP5-D7-US, PreSens) and oxygen (SP-PSt3-NAUFDP, PreSens) were attached to
the slides with silicone glue opposite to the algdibre optic wires. The centre of the lid was
equipped with a continuous 3 mm bore to prevenegx@ressure during the closing of the
chamber. After closing the chamber, the bore wakedewith a plastic screw and an O-ring.

In a closed RC, the gross water volume was ~ 875 mL

General experimental setup

For the experiments the RC were placed completgtynerged in a water bath filled with
natural or artificial seawater. The water tempearmtwas controlled by a digital thermostat
with an accuracy of 0.1°C (UT100, Conrad) and avg@lanium heater (Schego). The heater
was located directly at the outflow of a streampugnp (1,500 L H; Koralia 1, Hydor) which
prevented the establishment of thermic gradientthénwater bath. In order to control the
water flow in the RC independently, the magneticest power supply cable of each RC was
connected with a 10-channel transformer. Water tattperature was logged in a predefined
interval through a temperature logger (Fibox 3 LZB, PreSens) and the output data was
archived (after the experiment) using OxyView saitev (v. 3.51, PreSens). Before sealing
the RC with the lids, the fibre optic wires for the and oxygen sensor spots were plugged-in
and thereby connected to their measurement deyi€eshannel pH meter and 10 channel
oxygen meter, PreSens) situated in an adjacentaeyre adjusted room. The data was
recorded online using a standard PC connectedthatimeasurement devices. An illustration
of the setup is shown in Fig. 28 a.
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Fig. 28 Setup for simultaneous optodic measurements (a) amtepiction of a respiration chamber (b).
Abbreviations: magnetic stirrer power control (msmble channel (cc), water bath (wb), streamingpgsp),
heater (h), temperature sensor (ts), temperaturgrataunit (tc), respiration chamber (rc), oxygemter (om),
pH meter (pm), temperature logger (tl), personahgater (pc), fibre optic wire (fow), o-ring (or),agnetic stir
bar (sb), sensor spot (ss), sample attachment ¢sthlanicroscope slide (ms), power supply for gtemagnetic
stirrer (ps), electric motor (M), ventilation hddeh), ventilation screw (vs). See text for details.
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2.2.4.3. Oxygen conversions and calculations

Per default, the oxygen meter measures the comtemxygen in pure water as % air-
saturation. The solubility of oxygen in water ispdadent on temperature, oxygen partial
pressure, and water vapour pressure and can beibdesaising the Bunsen absorption

coefficient:

P(O,) = pw (T)

N

Cs(p,6) =

a(o) Eq. 30

wherecs(p,d) is the solubility of oxygen in watep(O,) the oxygen partial pressunay the
standard pressure (1,013 mbax)(T) the temperature-dependent water vapour pressode, a

a(0) the Bunsen absorption coefficient.

Water vapour pressung,(T) can be calculated with a curve fitting functiorvegi by the

Campbell equation:
B
pW(T)IeXF{A—?—C—InTj Eg. 31

whereT is the temperature in Kelvidy = 52.57,B = 6,690.9, an& = 4.681 (PreSens GmbH
2005).

The Bunsen absorption coefficien(ty) can also be calculated with a curve fitting fuoistor
by using a thermodynamic correlation. In seawdker oxygen solubility additionally depends
on the salinity of the water (salting-out effec)hus, for our calculations, a modified

(compensated for salinity) thermodynamically baBadsen absorption coefficient was used:

10° xa = ex A+E+C><InT+D><T (¥ -003), P+9+R><InT+S><T Eq. 32
T 1805 T

where T is the temperature in Kelvif, the salinity in %o, A = -7.424, B = 4.417 x 30
C =-2.927, D = 4.238 x IpP = -12.88, Q = 53.44, R = -4.442 x*18nd S = 7.145 x {0
The coefficients (A-D and P-S) are based on measemés at 273.%¥ T < 308.18 K and 0.03
<Y <54.18 %o (PreSens GmbH 2005).
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Respiration data from the experiments was expresse@ relative decrease of oxygen
saturation percentages (% saturatidy &r as absolute oxygen concentrations (umbht),

calculated by combining Equations 30 - 32:

B ofmir .

Pam — P (T) 8 Yoair saturation 0.2095% (T) x10° x M (Oz) N 1000

o, 100 Vu  M(O,)
RCVxt, .

cO, [u mol L™ h‘l] =

Eq. 33

wherepam is the actual atmospheric pressipgthe standard pressure (1,013 mbar), 0.2095
the volume content of oxygen in ax,(T) the calculated vapour pressure of water according
to Eqg. 31,a(T) the salinity compensated Bunsen absorption ceefiicaccording to Eq. 32,
M(O.) the molecular mass of oxygen (32 g Moy the molar volume (22.414 L mb),

RCVthe water volume of the respiration chamber, tgathe incubation time in hours.

For further information about the thermodynamic Kggound, the derivations of the
equations and the constants used, the reader agg@fto the instruction manual of the

oxygen meter (PreSens GmbH 2005).

2.2.4.4. System validation (first experimental approaches)

Prior to experiments, the PreSens devices werbratdd with a two-point calibration for
oxygen and a six-point calibration for pH accordiiogtheir instruction manuals (PreSens
GmbH 2005, 2007). The actual atmospheric pressug) (was obtained from the IFM-
GEOMAR in-house weather station (west shore campus)

2.2.4.4.1. System reproducibility measurements
To evaluate the reliability of the setup develoged in order to find the optimal handling
procedures, a series of test respiration measutsmath identical seawater conditions for all

respiration chambers was performed. Here, onlyitia one is described:

The experiment was performed under saturated oxggeditions with open RC lids. The
water bath was filled with new natural seawatebaf °C and a salinity of 34.5. After the
streaming pump had been switched on, seven RCqutitids) were placed equidistantly in
the water bath and process water temperature wasted to 6.0 °C on the thermostat. Then,
the fibre optic wires were connected to their cgponding sensor spots (pH and, O
respectively) on the lids of the RC and submergethée water bath close to their RC (not
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being sealed). The power supply for the magneticest was switched on and adjusted to a
similar rotation speed of the stir bars in all Fthally, the measuring devices were activated
for data acquisition. Temperature was logged iniute intervals, whereas pH and ®@as

recorded in 15-minute intervals. After about 701sothe experiment was terminated.

2.24.4.2. L. pertusaholobiont respiration at ambient and elevated temerature

Previous experiences have shown that a long |leael phase for the sensors and the overall
system seems to be suitable to achieve a reprdduaniiadl temperature-stable setup. The aim
of the next experiment was therefore to combinedhexperiences with first measurements of
the cold-water coral. pertusaat ambient (T, 7.5 °C) and elevated temperaturd 16C
(T+3500) for a general characterisation of the coralsiragpy physiology. Furthermore, the

amount of bacterial “background respiration” in éynfRC (blanks) was evaluated.

The water bath was filled with ambient seawatemfithe CWC-MS (7.5 °C, 35.2 PSU) and
eight RC were placed equidistantly on the bottonthaf tank. The thermostat was set to
maintain temperature constantly at 7.5°C and thstesy was prepared and launched as
described above. After three days (system stabdisgphase), five RC were equipped with
small branches of. pertusa(approx. 12 polyps branéh from the CWC-MS (Sula Reef
samples) and three RC were left empty (blankshfeasuring the general drift and bacterial
“background respiration”. Then, after an acclimatien time of three hours with aerated
seawater, the RC were closed airtight with themresponding lids for the first respiration

measurement (T).

After about 24 hours, the first respiration measwet was terminated by opening the lids
and renewing the water both in the water bath a@d-R50 %). Then, the thermostat was set
to 11 °C and seawater was aerated and pumped thedughambers. After about 40 hours of
acclimatisation to the appropriate temperature, R were closed again for the second
respiration measurement .gk-c). 24 hours later, the experiment was terminated te
corals were transferred into a vacuum freeze-df&kyha 1-4, Christ) in order to determine
their freeze-dried weight (FD) according to Dod&8(7). The water volume of each RC was
determined by weighing the remaining water withagabce (Sartorius) and multiplying the
weights with a calculated seawater density of 190@émp. 11.1 °C, salinity 35.2) (Lavigne
& Gattuso 2009). During the experiment, one blaailetl due to technical reasons (magnetic

stirrer malfunctioned) and post-hoc evaluation loé tmeasured phase angles led to the
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decision, to discard the data from dnepertusareplicate because of a 70 % higher standard
deviation in its reproducibility. Oxygen consumptitates were calculated from the depletion
of oxygen during its linear phase at normoxic ctiods and were corrected for the microbial

respiration from the blanks.

To assess the effect of temperature on oxygen agutsan, theQ,o values according to van't

Hoff were calculated from the oxygen consumptidesat both temperatures:

10

(toty)
Qp = (ﬁj Eq. 34
Ky

where k and k are the rates of oxygen consumption at the amlifignand elevated A}

temperature, respectively.
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2.2.5. RNA/DNA-ratio measurements for stress diagnosis

Fluorometric RNA/DNA ratio measurements were perfed onL. pertusain the framework

of the environmental change related experimen@sxatined in the next chapter (2.3). The
method was applied after the procedures developddiascribed by Clemmesen (1993) and
Belchieret al. (2004) and the adaptations to cold-water corals fGutperlet (2008).

2.2.5.1. Sample preparation

Coral samples selected for the RNA/DNA ratio measwnts were shock-frozen in liquid
nitrogen (-196 °C) immediately after the terminatiaf the experiment and afterwards stored
at -80 °C. From the frozen samples, single calee separated and thawed temporarily for
transferring the polyps’ tissues into Eppendorfszido separate the tissue from the carbonate
skeleton, an airbrush apparatus filled with chilletural seawater was used. After that the
vials were immediately refrozen at -80 °C. The &owials were then transferred in a pre-
cooled freeze dryer (Alpha 1-4, Christ) and fredeed at -54 °C for 12 hours with a

consistent vacuum pressure of 0.1 mbar.

2.2.5.2. Measurement procedures

2.2.5.2.1. Homogenisation

Each vial of the samples was filled with glass Iseafidifferent sizes (0.2 - 2.0 mm) and a
detergent (TE-SDS) was added to improve the extractf nucleic acids. Then the vials were
shaken for 15 minutes on a mill (MM-2, Retsch) domplete homogenisation of the tissues.

Afterwards, the vials were centrifuged at 6,000 r@pproximately 3,830 x g) for 8 minutes

in a chilled centrifuge (3-18 K, Sigma) at 1 °Cn#liy, 12345678 911112
the supernatant was transferred into a new vial |» 000000000 0O
. _ : 00000000000

placed temporary in an ice bath. (| 000000000000
P 900000000000

t 000000000000

o . : FllO0000000 0000

2.2.5.2.2.  Determination of nucleic acids || 000000000000
For the fluorometric determinations, the vials we " 00000000000 0

placed into a microwell plate (Fig. 29). A contr| @ Coralsample

O Control homogenate (herring larvae)
. Plate background control (TE-SDS)

RNA and DNA contents was added in a separate | © RNAstandard
. @ DNA standard
and treated in the same way as the coral samph&s | ) gank weis

four calibration series (2, 5, 10, 20, 30, 40, &3duL)

homogenate consisting of herring larvae with kno

Fig. 29 Depiction of an example layout
of a standard 96 microwell plate.
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with RNA and DNA standards (2 x RNA, 2 x DNA) andtd blanks (130 pL TE-SDS) were

added to the microwell plate. Subsequently the owell plate was inserted into the

flourometer (Fluoroskan Ascent®, Thermo) and aarimil dispenser completed all vials with
a TE buffer until a total volume of 180 pL per vigas reached. After shaking the plate for
one minute, the fluorometer warmed up to 25 °Cslvabk the plate again for one minute.

a) Autofluorescence
The autofluorescence of the samples was measurad excitation wavelength of 355 nm
(Aexd and an emission wavelength of 590 rigy).

b) Total fluorescence

After the measurements of the autofluorescencey26thidium bromide (0.1 mg m) was
injected through a dispenser into the vials. Etmdibromide is a fluorescent dye and
intercalating reagent which reacts with based-plaiegions of both RNA and DNA (Le Pecq
& Paoletti 1966). Therefore it was used for totatleic acids (RNA + DNA) determinations.
For mixing, the plate was shaken for one minute aftel a pause of two minutes again for
another minute. Afterwards the total fluorescentéhe vials was measured with the same

excitation and emission wavelengths as used tounedse autofluorescence.

L. pertusadisplays only a limited linear relationship betwethe sample size and the
corresponding fluorescence (Gutperlet 2008). Ifrtreasured total fluorescence of a sample
was higher than a certain limit, the sample wagefioee diluted (Tab. 2) and both

autofluorescence and total fluorescence were medsgain.

Tab. 2 Dilution factors used to compensate high totalfiszence ih. pertusaRNA/DNA ratio samples.

Total fluorescencer Dilution factor HomogenatgL) TE-SDS BufferuL)
> 30 1:2 65 65

> 50 1:3 43 87

> 80 1:4 325 97.5

> 100 1:5 26 104
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c) DNA fluorescence

The fluorescence of the DNA was measured after vargahe RNA fluorescence. For this,
all coral samples, the control homogenate, and litanks were inoculated with 25 pL RNase
whereas the other vials (four blanks and calibraseries) were supplied with 25 pL TE
buffer. The plate was shaken for two minutes areh timcubated for 30 minutes at 37 °C.
After cooling down for 30 minutes and an additiosalaking for one minute, the DNA

fluorescence was measured as described above.

2.2.5.3. Calculations

By subtracting the average fluorescence of thelisl@sf) and the autofluorescenckf) of the
samples from the total fluorescendd)(@nd the DNA fluorescenc®NAT), the relative total
(rTf) and relative DNADNAY) fluorescence were calculated:

rTf =Tf - (Bf — Af) Eq. 35
rDNAf = DNAf — (Bf — Af) Eq. 36
The relative RNA fluorescenceRNAf was then calculated by subtracting the relatotalt
fluorescencer{f) from the relative DNA fluorescenceDNAY):

rRNAf = rTf —rDNAf Eq. 37

The absolute concentrations of DNA and RNA in tlempgles were calculated from
comparisons with calibration curves made with tidADand RNA standards:

DNA(ug L™) = a x IDNAf Eq. 38

RNAg L) = b x rRNAf Eq. 39
wherea andb are the slopes of the calibration curves.

2.2.5.4. Quality criteria

After measurements, the relative fluorescence efgamples was verified if they were in
between the limits of the linear relationship bedwesample volume and fluorescence (see
above). In order to categorise their differentatilities, each measurement was assigned
according to its proximity to the relationship (T&).
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Tab. 3 Quality criteria to determine the degree of relipiof fluorometric measurements performed on eold
water coralL. pertusasamples. Abbreviations: rRNAf (relative RNA flusoence), rDNAf (relative DNA
fluorescence), and rTf (relative total fluorescence

Quality rRNAf rDNAf rTf

0 (very low) <1 <1 <5and >33
1 (low) >16 <12 <5and >33
2 (acceptable) >15 >10 <5and >33
3 (optimal) >1 but<15 >1but<10 > 5 but <33

For details concerning the definition of the qualitriteria and for general in-depth

information about methodology, the reader is ref@to Gutperlet (2008).
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2.3. Environmental change related experiments

The experiments described in this section were doase the techniques and methods
developed in the framework of this thesis (and #jgec above). To provide greater

accessibility for the reader and to prevent unregsrepetitions the descriptions of the
experimental designs were separated from the exfars of technical methods. An

overview of the performed experiments and themtesl measurement methods is outlined in
Tab. 4:

Tab. 4 Overview of the Climate Change related experim@etdormed on the heterotrophic cold-water coral
Lophelia pertusgScleractinia).

Mode Test variable Method Experiment
Temperature Fitness RNA/DNA (2.2.5) TSRE (2.3.1)
Behaviour PoBeMon (2.2.3)
Respiration Optodes (2.2.4)
Acidification Fitness RNA/DNA (2.2.5) STE (2.3.2.1)
Calcification TAAT (2.2.1.2)
Calcification BWT (2.2.1.1) LTE (2.3.2.2)

2.3.1. L. pertusatemperature stress response experiment (TSRE)

The temperature stress response experiment (TSRE)canducted in two successive sub-
experiments with three measurement phases (noromalitoons, acute stress, acclimatised
stress) each. Sub-experiment | (SE-1) was performed8 °C (Ti0.c) and acted as a
methodological control and to elucidate maximunesgrresponse reactions (see discussion).
Sub-experiment Il (SE-1l) was performed at a motkeséress level of 11 °C (3-¢).

Experimental design

For the experiments two of the four closed recatiah systems from the LTE-S (2.1.2.3.)
were used. The two LTE-S were filled with naturehwater (approximately 34 - 36 PSU) and
initial water temperature was regulated to 8.0 ¥ . From the CWC-MS (2.1.2.2) five
coral branches (Oslofjord samples, approximately @0 polyps branch were transferred
into each of the two LTE-S: two branches into tinst tank (video corals) and three into the

second tank (respiration corals). The other fonksavere left empty but were integrated into
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the whole water body (~ 500 L). In front of the kamith the two video samples, two video
cameras were mounted (one per branch) and conneittethe PoBeMon Tool (2.2.3).

Sub-experiment | — Extreme stress response test

After an initial phase for general acclimatisatibe video documentation system was enabled
and the initial oxygen consumption of all respmatisamples was measured by Winkler
titration (Gutperlet 2008). Then, the water tempae of one LTE-S (stress group) was
increased by a daily interval of 2 °C, whereas tfiger LTE-S was left unmanipulated
(control group). When the target temperature of@&ad been reached (day 5), respiration

was measured again.

The sub-experiment | (SE-I) was terminated earlgiagt nine due to the observation of some

detrimental effects on the corals (high mucus pctidn).

Sub-experiment Il — Moderate stress response test

This sub-experiment (SE-Il) was performed similar $SE-I. The target temperature of
11 °C for the stress group had been reached afietals. After an incubation of 14 days, the
sub-experiment was completed as planned. Respiratioboth the acclimatised and the
control groups was measured for a third time. At ¢éimd of each sub-experiment, all corals
(video and respiration corals) were frozen andrti®NA/DNA ratios were determined
according to 2.2.5. In both sub-experiments anéhduall phases, the behaviour of the video
corals was recorded continuously (SE-I: 9 daysJISE2.5 days). From both groups (control
and stress group) and both sub-experiments, tee48 hours of each phase were extracted
for the image analysis (2.2.3).

For methodology about the respiration measurememigprmed in the framework of this

experiment, the reader is referred to Gutperle®820
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2.3.2. L. pertusaacidification stress response experiments

During the past three years, quite a number oftslamd intermediate-termed acidification
experiments were conducted. The continuous imprewerof the methods applied led to the
eventual success of one short-term experiment ardang-term experiment which are both

described below.

2.3.2.1. Short-term experiment (STE)

Twenty semi-closed bioreactors (SCB, 2.2.2.2.) vidleed with 2,000 mL GF/F filtered (0.2

K) natural seawater (salinity of 33.4) each andrayed in an acrylic glass tank. The tank was
filled with tap water (approximately 175 L) and edtas a water bath in order to guarantee
constant temperatures in all bioreactors. To awoeedestablishment of thermic gradients in
the tank, the tap water was circulated in a closeclit by three submerged rotary pumps
(270 L miri*; Universal Powerhead 1500, Eheim). After watergerature was constant at
9.0 °C with a tolerance of + 0.1 °C, the internallidts of the bioreactors were temporarily
removed and 16 coral branches (Oslofjord samplasoaimately 30 polyps branch were
placed into the reactors. Then the air lifts werattached close to the coral branches and the

bioreactors were sealed.

Seawater acidification

Four bioreactors with coral samples (replicates) ane bioreactor without a sample (blank)
were grouped together and linked to the same gaseoBy this means, four differep€0O,
treatments were realised. For one of the gas ssuaoebient air from the IFM-GEOMAR in-
house gas supplpCO; = 406 ppm) was used and for the other three gralesated C@air
mixtures with respectivpCO, levels of 605, 856 and 981 ppm were applied. Tiheated
COy-air mixtures were supplied from three high premsgas mixing pumps (Digamix 5KA
36A/9, Wosthoff). The mixing pumps allow for therdymical mixture of two gases in mixing
ratios which were preset through a pair of cogwhelel an optimal case, GGree air and
pure CQ would be used but due to the high amount of a@ded for this experiment (~ 240
L h™* pump?), the mixing pumps were operated with ambienfraim the IFM-GEOMAR in-
house gas supply. Hence, the gas mixtures supmfextted the daily C&fluctuations (x 50
ppm) in the ambient air.

78



MATERIAL AND METHODS

Sampling & measurements

After 24 hours of bubbling, pH measurements revk#hat the differenpCO, levels were
established and after six days of acclimatisatothé appropriate conditions (e.g. water flow,
temperature) an initial water sample for dissolireatganic carbon (DIC) and total alkalinity
(TA) was taken from each bioreactor. A second watenple for the determination of the
calcification rates was taken at day eight. Addisty, during each sampling, the
physicochemical parameters (salinity, pH, tempeeitof each reactor were monitored by
inserting a multi sensor device (Multi350i, WTW)}ana small opening in the lid. During
incubations, pH angCO, can change differently in each bioreactor dependin rates of
respiration and calcification of the enclosed cdmanches. Therefore, the carbonate system

parameters (pHICO,, Qar) and growth rates were calculated separatelydoh éioreactor.

At day ten, the experiment was terminated, thelsavare frozen and their RNA/DNA ratios

were determined according to 2.2.5.

Calculations

The carbonate system was determined by DIC and Téasmrements using the
thermodynamic constants of Mehrbaathal. (1973) as refitted by Dickson and Millero (1987)
on the free scale and the DOS-based carbonatarsystieulation software CO2SYS (Lewis
& Wallace 1998). The DIC was analysed photocheryicatcording to Stollet al. (2001)
using an automated segment-flow analyzer (QuAA&mipped with an auto-sampler (£ 5

umol kg* precision) and TA was measured as described ith.2.2

The growth rates were calculated from changes & TA values according to the total
alkalinity anomaly technique (2.2.1.2). Before th#te TA values were corrected for
evaporation based on the salinity measurementsedflanks.
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2.3.2.2. Long-term acclimatisation experiment (LTE)

Short-term experiments can only reflect the priatiphysiological performance of an
organism and, in an optimum case they can inditegeabsence or presence of regulative or
compensative mechanisms. Therefore, the goal dbtigeterm experiment was to determine
growth rates for the cold-water cotabphelia pertusaacclimatised to different acidification

scenarios for a long time.

Experimental design

For this experiment, all four LTE-S were implemeht@ the technical configuration as
described above (2.1.2.3). In June 2008, the CRE& vibled with new natural (North
Atlantic) seawater with an initial salinity of 34.9he average water temperature of all
systems was set to 7.5 °C (similar to the CWC-MS).
In one of the six tanks from each CRS (‘a'’-tang, Fi
13), two Alizarin Red S stained coral branches (red
and white colourmorphs, approximately 40 polyps
branch) were placed. In the remaining five tanks,
single untreated coral branches (approximately 35
polyps branch) were randomly arranged. The
preparation of the stained corals was performed 20
days before the experiment started. The staining
was conducted in a separate tank (120 L) after
Barnes (1970, 1972) using Alizarin Red S (Fluka)

in seawater with a concentration of 5 mg for an

incubation period of eight days. All coral samples
Fig. 30 Alizarin Red S stainedl. pertusacoral pelonging to the Sula Reef corals and mother
branch during the long-term cultivation
experiment. The arrow indicates the ircolonies were equally distributed among the four
corporated staining dye. Scale bar: 10 mm. . . . .

CRS allowing the analysis of differences in gene
expression between the four treatments (not path@fthesis). The corals were fed twice a
week with live Artemia franciscananauplii (Premium, Sanders) and once a week with
defrosted Cyclops (AD068, Amtra Aquaristik) and wnd dried fish flakes (TetraMarine

Flakes, Tetra).

At the beginning, all CRS were supplied with ambiain with apCO, level of approximately

406 ppm. After taking initial water samples for TBIC, nutrients and measurements of the
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physicochemical water parameters (temperature,salkiity), three of the four CRS were
connected to the 560 ppm g©Ghannel of the IFM-GEOMAR in-house gas mixing syst
After one week, two CRS were changed to the 840 g@nchannel and another week later,
one CRS was connected to the 1,120 ppm, Clannel. At this stage (day O of the
experiment) all CRS had reached their target {eels and the acclimatisation phase started.

During and after the acclimatisation, water quatyd system performance were regularly
monitored and maintained according to 2.1.3. Paeester was renewed occasionally to
avoid accumulation of inorganic nutrients and otmeetabolic waste products. Water
exchanges with more than 40 % were performed mstearing the coral branches into one
tank of the corresponding CRS. This tank was thsnotinected from the water supply so
that the water in the other five water tanks colokdexchanged. The water supply of the
isolated tank was slowly increased after the redewater had acclimatised in terms of
temperature and pH. The corals were repositiontt afentical water conditions had been
reached in all tanks. After 196 days, process wates slowly shifted from natural seawater
(34.2 £ 1.1) to artificial seawater (adjusted to235 0.1; Seaquasal) due to a supply shortfall

of natural seawater.

Calculations

The carbonate chemistry was monitored weekly based A and pH measurements. pH

measurements were evaluated by monthly DIC and Téasurements. Measured and
calculated pH estimates closely agreed with a dewiaof ~ 0.03 pH. For the chemical

analysis (TA, DIC) and the calculation of the carb® system parameters the same

procedures, thermodynamic constants and pH scatetias STE were used (see above).

Growth rates for the incubation with natural seawatvere measured using the buoyancy
weight technique (2.2.1.1) on day 54 after the @& channel was set up (= end of
acclimatisation phase; reference weight), on daly a3 178. Weighings for the incubation

with artificial seawater were conducted on day @#w reference weight) and on day 292.
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3. Results

3.1. Cold-water corals - General cultivation

3.1.1. Water quality management

3.1.1.1. Physicochemical parameters

The process water of the CWC-MS was permanentlyralbed and readjusted with respect to
temperature, salinity and pH. The control tempeeaturing the Oslofjord-Incubation (April,
2006 - December, 2007) was set to 8.0 °C and t8Q far the Sula-Reef-Incubation (March,
2008 - March, 2009). The maximum fluctuation rangiéowed in both periods was
+ 0.5 °C. Salinity depended on the actual valuethaf water used. In general - natural
seawater from different North Atlantic locationghvsalinities ranging from 34.4 to 35.2 was
used. The intended salinity was 35.0 but fluctustiof 1 - 2 PSU were accepted without
taking corrective measures (addition of artifics&la salt or deionised water, respectively).
Since December 2008, artificial seawater with aggilof 35.2 + 0.5 has been used to replace
the previous process water in the CWC-MS succegsit@erage phlee scaewas 7.95 + 0.08

but fluctuations of ~ 0.15 pH units were tolerated.
The controlled physicochemical conditions and timegasured minimum / maximum values
during Oslofjord- and Sula-Reef-Incubation are swansed in Tab. 5:

Tab. 5 Physicochemical water parameters in the CWC-MSnduthe Oslofjord-Incubation (April, 2006 -
December, 2007) and the Sula-Reef-Incubation (M&808 - March, 2009).

Parameter Intended Value  Accepted Range Minimum indiao
Temperaturec) 8.0/75 75-85/7.0-80 5.8 8.5
Salinity (Psuv) 35.0/35.2 34.0-36.0 33.1 37.3
prree scale 812 797 = 827 785 831
3.1.1.2. Nutrient measurement time series

The development of the inorganic nutrients reflédtee bacterial degradation process from
ammonia to nitrate (nitrification, see 2.1.2.2) time course of time and the performed
corrective measures (water exchanges, filter reheagsorber additions). The given time
series were divided into the two incubation peridds to the different origins and quantities

of the samples during both incubations.
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Phase | (Oslofjord samples): April 2006 - Decembe2007

The ammonium concentrations during the first halaryof the heltering varied strongly but
exhibited a decreasing trend between 109.12 ar@l fin2ol L'* NH,". After this period the
concentration remained relatively stable until #wed of the incubation phase where it
decreased to lower levels between 8.70 and 0.01l jiiowith the only exception in
November, 2007, where ammonium spontaneously iseteao 37.44 pmol L (see

discussion).

A similar decreasing trend over time was found he nitrite concentrations. The mean
concentration was 0.76 pmot‘lbut varied between 4.43 and 0.20 pmdlduring the first
third of the heltering period. Since December 200i#ite never reached concentrations

above 1.00 pumol t

For nitrate and phosphate an opposite trend irpigdl/sawtooth pattern was recorded: Both
nutrients increased continuously during the fiesaryof heltering to maximum concentrations
of 480.25 and 30.23 pmol'irespectively. After an exchange of approximately%@ of the
overall process water (Fig. 31, first blue lineirate concentration decreased gradually for
four months while phosphate decreased stronglytioee to four weeks. In the follwing
sequel, nitrate concentrations remained constangbaut 115 pmol T and phosphate
increased in a slope similar to the previous omath a second maximum concentration of
15.87 umol ', After a total power blackout in the climate chanlin October 2007, a
complete water exchange (> 95 %; Fig. 31, secound lmhe) had to be performed. As a result
of this the nitrate and phosphate concentratiork been reset to nearby natural values of
26.98 and 1.41 pmolt, respectively.

Phase Il (Sula Reef samples): March 2008 — March 20

In the second incubation phase with the Sula Ramptes, nearly constant low concentration
levels of the main toxic nutrient compounds - amiaand nitrite - could be realised (Fig.
32). The average ammonium concentration was 0.1l pm' and the maximum
concentration never exceeded values above 0.33 |LiolSimilarly low levels were
monitored for nitrite, were mean and maximum comregion were 0.15 and 0.22 pmof'L

respectively.

For the non-degradable nutrients nitrate and phaisplthe concentration increased

continuously from April to November 2008 to maximiewels of 378.30 pmol £ NO; and
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15.75 umol [ PQ*. Average concentrations of nitrate and phosphate®12.51 and 10.62
pumol Lt and relatively low concentrations of 41.99 and35u2nol L* could be achieved after
a water exchange (approx. 70 %) in the first wefdRexember, 2008 (Fig. 32, blue line).

Tab. 6 Descriptive statistics of the nutrient concentnagioduring the Oslofjord-Incubation (April, 2006 -

December, 2007) and Sula-Reef Incubation (MarcB820Viarch, 2009). The inconsistency in the sarsfe n
was due to removed outliers. All concentrationginol L.

Incubation  Nutrient n Mean Median Minimum Maximum
Oslofjord NH;" 71 9.92 1.03 0.01 109.12
NO, 71 0.76 0.38 0 4.43
NOs 67 189.33 168.53 26.98 480.25
PQ* 67 12.70 12.32 1.41 30.23
Sula Reef N 41 0.13 0.11 0 0.33
NO, 42 0.15 0.15 0.10 0.22
NOs 43 212.51 237.26 41.99 378.30
PQ* 43 10.62 10.83 4.72 15.75

Tab. 7 Physicochemical water parameters and nutrient csitipes of the ambient seawater samples collected
during both RV ALKOR cruises.

Oslofjord, 2006 Sula Reef, 2008

Temperatureec) 7.0 7.5
Salinity (psu) 35.1 35.2
Depth(m) 100 285
Total Alkalinity (umol kg 2286.8 2313.7
DIC (umol kg% 2170.0 2149.8
PHree scale 7.98 8.08
NH4" (umol LY - 0.58
NO2 (umol LY 0.19 0.05
NO3™ (umol LY 9.40 0.80
PO, (umol LY 0.58 0.21

84



RESULTS

120

100

80

60

40

20

concentration (umol L™)
'—\

500

400

300

200

100

Mar 06 Jun 06 Sep 06 Dec 06 Mar 07 Jun 07 Sep 07 Dec 07

Fig. 31 Overview of the monitored nutrients levels durthg cold-water coral incubation phase | (Oslofjord)
The blue lines indicating large water exchangesppiroximately > 70% of the whole water body.
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Fig. 32 Overview of the monitored nutrients levels durthg cold-water coral incubation phase Il (Sula Reef
The blue line indicates a large water exchangepfax. > 70% of the whole water body.
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3.1.1.3. Ammonium sensitivity

Due to a leakage in the separating PVC-panel thtervimdies of both compartments were
mixed after the third day (Fig. Al-1; Appendix ABHowever, the water bodies were well
separated during the first 57 hours of the exparinad therefore results could still be

analysed for this time interval.

The average ammonium concentration in the contaokg during the first 57 hours was
2.48 + 1.80 pmol ' while the concentrations in the treatment tanksyed from 5.53 to

43.20 pmol [* and reflected the intended concentration incréaih some fluctuations).

Fig. 33 shows the results of the polyp behaviouasneements from both groups (control and
NH, -treatment) in a 5 minute resolution (n = 648): Tdension stages increased and
decreased periodically with a slightly decreasimgettrend. In both groups the maximum
extension (of the means) was recorded during tiseffiur hours (control: 3.4 hrs; NH 4.0

hrs) and the minimum extensions between thB &8d 28' hour (control: 25.5 hrs; NA:

28.4 hrs). During the first 24 hours, the overalive shapes suggest a synchronous behaviour
pattern between both groups but this pattern se¢mbd decoupled during the following 33
hours. Additionally to the decreasing trend in fi@yp extensions, the amplitudes of the

treatment also decreased in time.

For statistical analyses, the data was groupeéniine intervals of 9.5 hours each (Fig. 34):
the median average extension stage of the comtbtlee NH'-treatment during the first 9.5
hours was 2.4 (n = 114) and 2.2 (n = 114) respelgtihe median extension stages from of
the control samples decreased over the next tveoviais to a constant value of 1.6 (intervals
IV to VI) whereas the values of the treatment grdepreased continuously to 1.2 in the last
interval (V).

There was no significant difference between cordrml treatment samples in the first interval
(Mann-Whitney Rank Sum Test: U = 6052, n = 114, T3499, P = 0.365). From the second
time interval on, differences between control arehtiment groups were highly significant
(Tab. Al1-2, Appendix Al) suggesting that extends@haviour is strongly related to elevated

ammonium concentrations.
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Fig. 33 Average polyp extension stages during the firsh&urs of observation. Dark grey line: polyp behavio
of the control group (constant ammonium concergngfiblue line: behaviour of the treatment grouqeigasing
ammonium concentration).
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Fig. 34 Box-and-Whisker plots of the average polyp extemsitages. Dark grey boxes: control group (constant
NH.," concentration), light grey boxes: treatment gr@inpreasing NH' concentration). Box and whiskers are +
standard errors and standard deviations, respéctildéack dots: outliers. Asterisks indicating stéitally
significant differences between control and AHeatment.
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3.1.2. Optimising Lophelia pertusafeeding regimes

3.1.2.1. Natural food source experiments

Small mesozooplankton: CopepodsAcartia tonsg

During the treatment with the low food density @16d mLY) roughly one-third of the initial
copepods could be recovered after the 24 hrs fgquinod. Only 0.2 % of them were alive
while 34.2 % were retrieved dead from the bottorthefaquarium. The missing 65.6 % were
removed from the water column by the corals (Figa3 Similar amounts of copepods were
consumed by the corals in the high density treatnf2m4 Ind mL'). The fractions of
copepods being alive and dead were 0.2 % and 31ré$pectively. 68.2 % were removed

from the water column by the corals (Fig. 35 b).

a) low density b) high density

0.21% 0.15%

31.68%

65.64% 68.17%

A. tonsa:

== consumed
—— dead
—= alive

Fig. 35Fractions of copepods (dead, alive, consumed) af#} hours feeding period. Low food densiyWas
0.61 Ind mL* and high food density} was 2.44 Ind mtL.

When corals were fed with the lo&v tonsadensity, the average feeding rate was 1.99 + 0.15
Ind polyp® h*, whereas the mean feeding rate under the highpcopéensity was 6.52 + 0.52
Ind polyp® h* (Fig. 36). Thus the cold-water corél pertusafeeding rate increased

significantly with increasing food density (unpairetest: t-value: 14.519, P < 0.001).
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feeding rate (Ind polyp™ h™)
N

0.61 2.44

food density (Ind mL™)

Fig. 36 Feeding rates of cold-water cotal pertusawith low food density (black bar) and high foodndity
(grey bar) of live copepodd\( tonsq. The error bars are the standard deviations hadasterisk indicates a
statistically significant difference between batkatments (see text for details).

The corals total food uptake for the low copepondsity was 47.81 + 3.53 Ind polym™. For
the high copepod density, the total food uptake 155 + 12.48 Ind polypd™.

Assuming a dry weight of 4.5 + 0.87 pg for adulhtde and malé\.. tonsacopepods (Pinho
et al. 2007), the corals total dry mass uptake for low aigh food density was 215.15 +
47.80 pg polyg d* and 704.47 + 157.73 ug polyp™, respectively.

Large mesozooplankton: Opossum shrimpaNeomysis integgr
During the whole feeding experiment no direct obaeon of a successful prey capture was
observedN. integeravoided contact with the corals and even whertdidentally collided

with the polyps it freed itself with convulsive bpothovements.

After the 24 hours feeding period most of the opasshrimps were found dead at the bottom
of the aquaria (Fig. 37). Only about 10 % of thiiahfood density was consumed in each
aquarium - except for the treatment with low foahsity and morphotype |l corals. In this
treatment, 22 % of the opossum shrimps were remoMaere was no significant food uptake
due to coral consumption after subtracting the Isktimps with the losses in their
corresponding control groups. Mysidacean surviasts were very low and ranging from 0

(exception) to 14 % (low density, morphotype | ¢eya
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Fig. 37 Distribution of lost, alive, and dead fractionsMfinteger(hd = high density, Id = low density) found
after the feeding experiment with two different miootypes ofL. pertusa(morphotype | = thick polyps,
morphotype Il = thin polyps) and in an empty cohtgmup.

Additional observation:
The results from this experiment suggests thaiertusais neither able to catch nor to hold
onto life mysidaceans. However, if dead shrimpsewplaced manually on the polyp

tentacles, total ingestions of opossum shrimpa@®® mm in length) was observed.
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3.1.2.2. Prey capture and feeding process video observation
Initially, the addition of food caused most of thelyps to perform a sudden total or partial

retraction into their calices (Fig. 38 a). Aftercalb 4 minutes, the polyps began to expand

again and active feeding started (Fig. 38 b).

Fig. 38 Sequence of three typidal pertusatentacle positions during a pulsed feeding wittemia franciscana
nauplii. @) initial retraction of whole polypb) active feeding phase: single tentacles were lbaslih food

particles which were transferred to the mowdhpassive digestion phase: polyp maximal expandedentacle
activity. Photos: from Bach (2007).

The behaviour of the recorded single polyp durimg 14 hours of video observation can be
divided into three main phases (Fig. 39, | - IDuring the first phase the polyp already
started feeding even if it was not fully extendédiood particles A. franciscananauplii)
collided with the coral tentacles, most of them9® %) adhered to the tentacle surface
(probably due to nematocyst adhesion). Loaded ¢krstavere sucked into the polyp’s oral
disc where the food particles were transferreduginothe pharynx into the gastrovascular
cavity. Unloaded tentacles were left expanded g &s they were unaffected. The first phase
lasted for about 140 minutes with an average fepdite of 21.9 Ind polyph™.

In the second phase (140 - 320 minute) the higeesling rates were measured: Average and
maximum feeding rates for this phase were 40.3 dolyp* h™ and 63 Ind polyp h?,
respectively. These high rates were realised bgstign of whole packages (aggregations) of
about 5 and more individuals per single tentaclthatsame time. Water current sometimes
dislodged these packages revealing the high inflei@f water currents oo pertusafeeding

rates and food supply in general.

In the last phase (320 - 500 minute) the feeditg dacreased to an average and minimum of
20.7 Ind polypt h* and 6 Ind polyp h™, respectively. Because of an extraordinary polyp
extension during this phase, the contact ratesdmivprey and polyp were the highest during

this phase of the whole experiment. Nevertheldsstentacles seemed not to be as active in

92



RESULTS

adhering food particles as they were during thentarphases. After about 8 hours the polyp
totally stopped feeding. Food patrticles still abdid with the tentacles but were not adhered,
or - if so - they were released after a few secoRds a few hours the polyp was maximally

expanded (Fig. 38, c) indicating a higher oxygemated during the digestion process of the
ingested food particles (see discussion).

The total food uptake was 234 Ind polyphus the average feeding rate per day of thiglesin
L. pertusapolyp was 9.75 Ind polyph™.

25 A
20

15 M

10 A

uptake (n)
\

0 60 120 180 240 300 360 420 480 540 600
time (minutes)

Fig. 39 Direct observation of food uptake of one singl@ertusapolyp measured in 20 minute intervals. Uptake
quantities can be divided into three phases (lamig 111) and followed an exponential Gaussianritstion
(solid trend line, R= 0.72). Active feeding was observed only during first 500 (of 840) minutes.

Additional observations
In the last phase of the feeding and for severatdafterwards, the fed coral polyps could
easily be distinguished from polyps without foodake by a reddish gleam around the mouth

region (Fig. 40). This gleam resulted most |ik9"{)
a)

from the accumulated reddigkrtemia nauplii in

the gastrovascular cavity of the polyp. | ,

Fig. 40L. pertusabefore @) and after feedingb{
with A. franciscananauplii. Scale bar = 10 mm.
Photos: from Bach (2007).
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3.1.2.3. Food quality and uptake rates

Food quality characteristics

Tab. 8 summarises the measured dry weights andjerentents of the three food qualities
(FQI - 1lI) used in the feeding experiments. Theigred and eight hour oldéY. franciscana
nauplii from FQ Il were about 21 % heavier than tiesvly hatched nauplii of FQI (1.8 £ 0.1
ng Ind' vs. 2.2 + 0.3 pg InY respectively). Relatively similar energy contefighen
normalised to dry weights) were found in all thfeed qualities. Lowest energy content was

measured in the enrichéd franciscananauplii (FQII).

Tab. 8 Dry weights and energy contents for three diffesriemia franciscandood qualities. Mean values,
standard deviation (s) and number of measuremehts (

Food quality dry weighfig Ind®) energy contenkJ g4

Mean S n Mean S n
| (A. franciscananauplii) 1.8 0.1 13 21.3 0.4 5
Il (FQI, enriched) 2.2 0.3 18 18.5 0.4 4
[l (adult A. franciscana 236.2 34.0 5 21.7 0.2 4

Food uptake and feeding rates
The food uptake of the cold-water corhl pertusa due to active prey capture was
significantly different (paired t-test, R 0.001, (Moldzio 2008)) between the life food
qualities FQI and FQII (Fig. 41):

The average total food uptake during the 27 hoeeslihg periods varied for FQI between
70.6 and 141.3 Ind polypor 1.9 and 3.9 Ind mi(Tab. 9). This corresponds to the average
total dry mass and total energy uptakes of 12857-2 pg polyg and 2,735.2 — 5,474.3 mJ
polyp™, respectively. Average food uptake for FQIl waswth51 % higher than for FQI.
Minimum and maximum total food uptake were 126.8 845.0 Ind polyg or 3.5 and 5.9
Ind mm? respectively. Corresponding average total dry mgmakes were 278.9 - 475.2 ug
polyp* and total energy uptakes were 5,152.7 — 8,778.paty{p™.

FQIIl was manually given to the corals after deti@ing the average dry mass uptake of FQI
(2.1.4.4) and therefore exhibited relatively simiimensions regarding average total dry

mass uptake (Fig. 41) or average total energy epfa#b. 9).
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Fig. 41 Average total dry mass uptakes lof pertusaduring 27 hours feeding periods with two differeit
franciscananauplii food qualities (FQI and FQIl) and adéit franciscana(FQIIl). Dry mass uptake was
normalised to polyp numbea)and polyp surface areb)( Error bars are standard deviations.

The averagd.. pertusafeeding rate at the given food density of 0.8 ind™ for FQI and
FQII amounted to 3.96 + 1.22 Ind polyi* and 5.96 + 1.45 Ind polyph*, respectively
(Fig. 42).
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Fig. 42L. pertusafeeding rates of two differert. franciscananauplii food qualities (FQI and FQII) normalised
to polyp humberd) and polyp surface areb)( Error bars are standard deviations.
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Tab. 9 Average food uptake estimations from three differAntemia franciscanafood qualities (I - IlI)
normalised to polyp number and polyp surface aesadescribed in Moldzio (2008)). Mean, minimum and
maximum values and standard deviations (s) wereulzed in triplicates from five feeding intervdts each
food quality. Food uptakes for food quality | and(live A. franciscananauplii) were due to active prey
capturing of the coral polyps whereas food qudlitfadult frozenA. franciscana was manually given to the
corals.

Mean S Minimum Maximum
Normalised to polyp
Food Quality |
total food uptakend polyp?) 106.8 32.9 70.6 141.3
total dry mass uptakgg polyp?) 194.4 59.8 128.5 257.2
total energy uptakenJ polyp?) 4138.8 1273.1 2735.2 5474.3
Food Quality Il
total food uptakeind polyp?) 160.9 39.1 126.2 215.0
total dry mass uptakgg polyp') 355.6 86.5 278.9 475.2
total energy uptakenJ polyp?) 6569.5 1597.7 5152.7 8778.4
Food Quality Il
total dry mass uptakgg polyp?) 207.9 29.9 180.9 247.9
total energy uptakenJ polyp?) 4499.2 646.7 3914.5 5364.3
Normalised to surface area
Food Quality |
total food uptake@nd mni?) 2.9 0.9 1.9 3.9
total dry mass uptakgg mn?) 5.3 1.6 3.5 7.1
total energy uptakeni mn?) 112.0 34.9 73.6 151.1
Food Quality Il
total food uptakeind mni?) 4.4 1.1 3.5 59
total dry mass uptakgg mn?) 9.7 2.4 7.7 13.0
total energy uptakend mn?) 179.7 43.7 142.9 240.9
Food Quality IlI
total dry mass uptakgg mn?) 5.6 0.8 5.2 6.0
total energy uptakeni mn?) 121.6 17.5 111.6 129.7
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By analysing the different fractions of food paeg (alive, dead, dying, eggs, and hatching
nauplii) from the remains after the 27 hour feedegiod relatively similar quantities of dead
A. franciscananauplii were found for FQI and FQIIl. However, bgngparing the amounts of
dead and dying nauplii of the FQI with results fraire blank feeding tests (2.1.4.4)
significantly higher quantities of remains wereridun the coral tanks (Lord’s test, P < 0.01).
For FQII no significant differences were found beén treatments with or without corals.
These results suggest that the enriched, largeroltet nauplii of FQII were more easily

caught by the corals than the agile nauplii of k@ tests.

For in-depth analysis of the different food fraospA. franciscananauplii mortality rates,

and their statistical evaluations, the readerfesrred to Moldzio (2008).

Growth measurements
Growth rates slightly decreased from treatmenteaatiment (Fig. 43). However, this was not

statistically significant, regardless whether ndisea against polyp number or polyp surface
area (Appendix A2).
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Fig. 43 Growth rates (C) during the three feeding perifded qualities) normalised to polyp numbaj énd
polyp surface ared}. Box and whiskers are * standard errors and atandeviations, respectively.
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The median and mean growth rates for the threarfgqueriods and the two normalisation
modes are given in Tab. 10. Negative growth ratesewneasured on two coral branches
indicating a measurement error during the weighmgan accidental material loss during the

general handling of the corals.

The maximum growth rate amounted to 414.4 ug Gagiyp* day* (6.6 pg CaC@mm?
day") whereas the average growth rate was 103.5 + 125.0aCQ polyp* day* (2.7 + 2.6

g CaCQ@ mm? day?). The high standard deviations reflect the highakility of the growth
rates between the coral samples as well as thievetyasmall sample size.

Tab. 10Median and mean growth rates (C) with standardadievis (s) measured at the end of each of the three

experimental time periods (food qualities) and ralised against polyp number and polyp surface émsa
described in Moldzio (2008)).

feeding period @Qug cacqQpolyp* day?) C (ng caCQ mm? day?)

Median Mean S Median  Mean S
1 (35 days) 104.1 140.9 129.5 3.7 3.4 2.5
2 (46 days) 122.8 825 159.1 3.0 2.6 3.7
3 (35 days) 77.6 87.1 79.6 1.9 2.0 1.2

The total carbonate production during the 116 daying experiment was 3.29 g resulting in a
total relative calcification rate of 1.16 x 186 day* (normalised as a percentage of the initial
weight, see 2.2.1.3.1).
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3.1.3. Basic morphometry and ambient calcification rates

The following chapter summarises measurements peeid within the framework of the
regulary coral growth measurements using the bugyesight technique (2.2.1.1) during the
long-term incubations in the CWC-MS.

3.1.3.1. L. pertusaaragonite skeleton density and biomass

Measured_ophelia pertusakeleton densities ranged from 2.746 to 2.780 § with a mean
density of 2.772 + 0.011 g ¢ Corresponding fractions of the biomass buoyarighte
(polyp tissue, mucus, associated epi- and endab)imaried between 0.62 and 1.55 % from
the total skeleton buoyancy weight (TBW) with areage of 0.88 £ 0.31 % TBW.

3.1.3.2. L. pertusa &eleton length-weight relationships

For characterising the basic morphometry - andrdeioto determine possible substitutions
for subsequent weight measurements - the calyxtiengliameters, and weights of 342
isolatedL. pertusacalices were measured (2.2.1.3.2.). Results frosorgsive statistics were

summarised in Tab. 11;

Tab. 11 Descriptive statistics from 342 morphometric (calgrgths and diameters) and gravimetric (weights)
measurements on mechanically isolated single ati€e. pertusa

Mean Median  Min Max 25% 75%
Calyx diamete(mm) 5.8 5.6 3.0 10.3 4.7 6.7
Calyx length(mm) 13.8 13.2 55 28.9 10.6 16.6
Calyx weight(mg) 389 273 31 1997 153 506

Regression analysis

The relationship between calyx length and calyx giveiis best described by a power
regression equation with 2 parameters (Fig. 44§ ddefficient of determination @Rof 0.72
indicates a good correlation with only 28% of umaitties in the variation. Surprisingly, with
a R of 0.81 the calyx weight was better described &ly>xcdiameter than calyx length (Fig.
45). But on closer inspection, an explanation fidg ts obvious: Due to the high variability of
L. pertusacalices morphology (even within the same branchyrey calyx can be - for
example - thin and lightweight with a small dianmeiecontrastively, very massive and heavy
with a large diameter. However, a large diameterags needs - for geometrical reasons -

more “material” than a small one. Finally, long atidck L. pertusacalices with small
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diameters are unusual and a typical indication goparasite infestation with bioeroding
sponges (Beuclet al. 2007). If both parameters - calyx length and calyjameter - are
combined to a cylindrical surface area (Fig. 46)volume based model,’Rean be further
increased up to nearly 10 %. In the latter caskyxameight was even better described by a

linear regression equation (Fig. 47).
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Fig. 44 Relationship between coral calyx length (x-axis) areight (y-axis) measured on 3l2pertusacalices
(n). Coefficient of determination fRwas given for the computed power regression éguéequation and black
line). 95 % confidence interval (between blue lJresd 95 prediction interval (between red lines).
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Fig. 45 Relationship between coral calyx diameter (x-a@sdl weight (y-axis) measured on 342pertusa
calices (n). Coefficient of determinationyRvas given for the computed power regression émugequation
and black line). 95 % confidence interval (betwbbre lines) and 95 prediction interval (betweenliees).
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Fig. 46 Relationship between an idealised cylinder surtaea (x-axis) and weight (y-axis) measured onl342
pertusacalices (n). Coefficient of determination?jRvas given for the computed power regression éguat
(equation and black line). 95 % confidence intekeitween blue lines) and 95 prediction intervaitieen red
lines).
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R®=0.888, n = 342

2000 -

1500 -

1000 -

calyx weight (mg)

500 1

0 500 1000 1500 2000 2500 3000

cylinder volume (mm°)

Fig. 47 Relationship between an idealised cylinder volumaxis) and weight (y-axis) measured on 342
pertusacalices (n). Coefficient of determination?Rvas given for the computed linear regression topa
(equation and black line). 95 % confidence intefkeitween blue lines) and 95 prediction intervaiteen red
lines).
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3.1.3.3. L. pertusacalcification rates (time series 2006-2008)

In January 2007 - after two months of acclimat@atio the CWC-MS - 34 coral branches
from the Oslofjord samples with different weightadapolyp numbers were buoyancy
weighed for their initial skeleton weightso)(t One month later {12842y and again after
further 83 days §t1114ay3 they were reweighed in order to calculate theisib calcification
rates (also referred to as bulk calcification). TWieole dataset integrates over 1,850 live
polyps with a total skeleton dry weight of 1,1297Tdne average growth rate amounted to
57.3 + 74.3 pg CaCOpolyp® day* but the maximum growth rate was ca. 7.4 times drigh
(425.2 ug CaC@polyp* day') revealing the high variation between the samp\eative
growth occurred in only 3 large and fragile brarechad was attributed to a loss of skeleton
“material” during the handling procedures. On acpatage basis (normalised to initial
weight) growth rates range from -2.4 x*1% day" to 7.1 x 1G % day* with an average of
8.7 +11.7 x 10 % day" (Tab. 12).

Tab. 12 Descriptive statistics and growth rates ofL.34ertusabranches grown under unmanipulated conditions
in the CWC-MS.

Median Mean S Max Min
Dry weight(g branct) 31.7 334 10.7 58.0 19.5
Polyps(n branch) 53.0 54.4 18.9 109 28
C (ug CaCo; polyp™ day™) 43.6 57.3 74.3 425.2 -14.1
C (% day™) 7.2E-03 8.7E-03 1.2E-02 7.1E-02 -2.4E-03

While most of the corals were needed for subseqaeperiments 10 of the 34 branches
remained in the CWC-MS and were only disturbed tiwo repeated buoyancy weight
measurement in September 2007 and February 2008. way a nearby annual circle

(to+28days to+111days to+240days AN §+384day COUId be realised (Fig. 48).

The average annual growth rate exhibited was 222.8 pg CaC@polyp* day" or 4.8 +
3.4 x 10° % day*. For both kind of normalisations, the rates weseuw half of those from
the originating 34 coral branches. An explanationthis could be found by looking into the
dataset, more precisely into the individual catafion rates of each branch during the first
collective buoyancy weight measurements: Calcificatrates for the 10 branches were
lacking in extraordinary high rates & 99.9 pug CaC@polyp* day* / 1.1 x 10" % day")
and seemed to be more homogenous. Growth in wimbeths tended to be lower than during
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the summer but due to the high variation there m@astatistical significance between the
different time intervals (ANOVA on ranks, see ApgenA3).
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Fig. 48 Calcification rates (G) of 1Q. pertusabranches measured with buoyancy weight techniquengl
unmanipulated long-term incubation between Novent¥}6 and February 2008) normalised to percentage
surplus growth to initial weight per dalg) normalised to surplus growth in pg per polyp al&y. Box and
whiskers are + standard errors and standard dengtrespectively. Black dots: outliers.
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3.1.4. Continuous optodic-based respiration measurements

3.1.4.1. System reproducibility test measurements

General observations

After 28 hours the water bath reached its targeparature (Fig. 49 a). Discrepancy between
intended and achieved value was only 0.1 °C andesjuent temperature fluctuations were
less than 0.1 °C (out of the scope of the temperatneasurement device, 0.1 °C).
Remarkably the initial temperature shift of onlyd °C was sufficient to decrease the
measured phase angles for the oxygen and pH sepsts significantly (Fig. 49). This
emphasises the necessity for extremely constarqieéeture conditions in order to avoid an
overlaying noise. In the continuation of the expemt a constant decreasing drift in both
sensor spot types ¢pH) was measured. For the oxygen and pH sensds $pe average
drift rate was -5.14 + 0.62 x T® h™ (n = 5) and -4.27 + 3.03 x 0 h' (n = 5) respectively.
Because of the non-linear relationship between elagjles and corresponding pH values
(2.2.4.1), future corrections for pH drift havelie performed on the measured raw data for
the different phase angles. Theoretically all serspwts of the same type should reflect a
measurement of the same sample (like it was the bage) with “identical” phase angles
because of their cloned origin (same sensor fadhja In practice, measured phase angles
were phase shifted (max. 1°) which was attributechethodical reasons (e.g. relatively long
fibre-optic wires, differences in the layer thickseof the implanted sensor-spot carrying
slides). Thus the phase shift of each sensor spdtté be corrected by trimming it to the
phases from the initially calibrated sensor spateNa phase shift correction is not necessary

if only relative developments or changes are drigdt!

Reproducibility

Reproducibility (precision) for oxygen and pH semspot measurement in the experimental
set-up (system reproducibility) was calculated frtora averaged standard deviations of the
respective sensor spots (n = 5 for each sensoj &ffer performing an individual correction
for drift and phase angle shifts (baseline trimnjing

. Oxygen sensor spot reproducibility was 3.86 + 0x4182 ° or 0.13 + 0.02 %

. pH sensor spot reproducibility was 0.22 £ 0.03 1457 + 0.16 %
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Fig. 49 Phase angles of optodic sensor spots for oxyggmar{d pH ¢) mounted in respiration chambers and
submerged in an air-saturated water bath (see ftextletails). Temperature was set to 6.0 °C butiaini
temperature of the water bath was 5.7 &C For reasons of clarity, only three represengéatiiannels of each
sensor type were plotted. Blue lines: linear desingatrend (drift) in sensor spot phase angles aftilisation

of temperature (vertical dotted line).
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3.1.4.2. L. pertusaholobiont respiration at ambient and elevated temerature

At ambient conditions of 7.5 °C an approximatehehr decrease of the available oxygen was
measured for the whole measurement period of 24sh@ig. 50). At an elevated temperature
of 11 °C, the decrease / slope was about 58 % hitghe under ambient temperature but also
approximately constant during the first 12 hoursthree of the fouL. pertusareplicates at

11 °C, oxygen consumption slightly increased hypkechlly after oxygen concentrations
depleted to less than ~ 190 pmat [~ 70 % Q saturation) indicating this concentration a
“critical” pO, level below a constant oxygen consumption rateccowt be maintained. At
7.5 °C no “critical” oxygen concentrations were alead during the 24 hours measurement
phase.

Oxygen consumption rateM(Q,) under normoxic conditions at 7.5 °C varied betwée21

and 0.34 umol § h* with an average of 0.30 + 0.06 umot §*. At 11 °C measured

1

maximum and minimunMO, were 0.55 and 0.34 umol*ch, respectively. The average

oxygen consumption rate at 11 °C was 0.47 + 0.09lh ht and was significantly higher
(paired t-test , R 0.01) than for ambient conditions (Fig. 51, TaR).1

Tab. 13 Overview of oxygen consumption rateslofpertusameasured at ambient (T = 7.5 °C) and elevated
temperatures (T = 11 °C) and normalised to skeletgnweight (g" h"), polyp number (polyp h™*) and

modelled cylinder volume (cthh™). Comparative statistics between both temperatwas performed with a
paired t-test after verifying the data for normastidbution.

MO, (Oxygen consumption) Tempc) Mean S t P
7.5 0.30 0.06
pumol g* h -7.802 0.004
11 0.47 0.09
7.5 0.29 0.11
umol polyp* h* -6.431 0.008
11 0.45 0.15
- 7.5 0.97 0.25
pmol cm® h -5.384 0.013
11 1.54 0.44

The averag®);o value according van't Hoff (2.2.4.4.2) was 3.66.69.
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Fig. 50 FourL. pertusasamples (blue lines) during 24 hour respiratiorasueements at ambient and elevated
temperatures of 7.5 °C and 11 C°, respectively.dadculation of oxygen consumption rates at 11 Ay ¢the
first 12 hours were used (normoxic conditions, dinenaintenance of respiratory independence fp@y). In
both phases initial oxygen concentrations wereratgd (~ 105 %). The two empty RC (blanks) wereduse
corrections (bacterial background respiration).

The average microbial background respiration in tive empty RC for 7.5 and 11 °C
amounted to 0.41 + 0.10 and 0.44 + 0.11 umoL®h, respectively.
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Fig. 51 Average oxygen consumption rates (+ standard temis) for 4 samples df. pertusameasured at
ambient and elevated temperature of 7.5 and 11ré€pectively. Oxygen consumption was normalised to
skeleton dry weighta) and polyp numberb]. The asterisk indicates a statistically significdifference between
both treatments.
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3.2.  Environmental change related experiments

As a result of the rise in anthropogenic £gnissions ocean temperatures and the carbonate
system have begun to alter (see introduction, 1.2r2 the following section results of
experiments focused on environmental change relase@s are reported. An overview of the
performed experiments and their applied methoddedound summarised in Tab. 4 (p. 76).

3.2.1. L. pertusatemperature stress response

In the temperature stress response experiment R&DBNA ratios, respiration and coral
polyp behaviour was studied under ambient (8 °Cmiderately elevated (11 °C,3F¢), and
extremely elevated (18 °C,.1b -0 temperatures (see 2.3.1). The results of theiregiEm

measurements are not part of this work and theeraadeferred to Gutperlet (2008).

3.2.1.1. Fitness (RNA/DNA ratio measurements)

At an ambient seawater temperature RNA/DNA ratayd f pertusavaried from 0.97 to 7.85,
with an average ratio of 2.99 + 1.20. RNA/DNA ratior T.z-.c and T.10-c ranged from 1.22
to 3.89 and 0.47 to 3.42, respectively (Tab. 1l4lthadugh the ratios for both elevated
temperatures were in between those from the amiieatment (Fig. 52) a nonparametric
ANOVA on ranks (with subsequent post-hoc Tukey H&Bt for unequal n) revealed a
statistically significant effect of both temperasron the RNA/DNA ratios (see Appendix
A4).

Tab. 14 Overview of RNA/DNA ratios measured after a longsiencubation olL. pertusaexposed to ambient

seawater temperature (8°C, T), and two elevatecpaeamures (11 °C, ;3-c and 18 °C, Tio-0). Standard
deviation (s), number of samples (n).

Treatment n Mean Median s Minimum  Maximum
T 207 2.99 2.92 1.20 0.97 7.85
Tizc 40 2.34 2.25 0.68 1.22 3.89
Te10°c 44 1.57 1.37 0.87 0.47 3.42

For details and results on methodical issues,ghdar is referred to Gutperlet (2008).
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Fig. 52 RNA/DNA ratios ofL. pertusameasured after a long-term incubation exposedribient seawater
temperature (8°C, T), and two elevated temperat{irés’C, T.z.c and 18 °C, Tip-0). Box and whiskers are +
standard errors and standard deviations, respBctiBéack dots: outliers. The asterisks indicatatistically
significant differences between the control andtthatments.
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3.2.1.2. Behaviour (PoBeMon studies)

Using the PoBeMon tool, polyp behaviour can be dieed as a function of polyp extension
with 100 % meaning a fully extended and 0 % indingat fully retracted polyp (2.2.3). In the
framework of the Temperature Stress Response EwrpetL. pertusapolyp behaviour of 39

polyps (distributed to eight coral branches) wasreéed in two subexperiments.

Data visualisation & behaviour studies

For visualisation of the polyps’ individual behawraduring the different observation periods
one representative polyp was chosen from each gavap and sub-experiment (Fig. 53 - 56).
Additionally - in subexperiment Il - a second polfrom the stress group was selected to

illustrate the specific behaviour during the thodservation periods (Fig. 57).

“Normal” behaviour at ambient conditions variedsigly (Fig. 53 - 56, a) between individual
polyps and between branches. The average and megiansion for all polyps measured
during the initial phaseditwas 52.1 + 32.8 % and 58.8 %, respectively. Rdividual polyps
median extensions of > 90 % have been documentesteat some other polyps only
expanded their polyps for a few minutes (mediark df %). There was no diurnal rhythm
found between maximum and minimum amplitudes aaduency of expansion / retraction
(in the following only frequency). Nevertheless,laast one total retraction (> 80%) was
documented by all polyps during the 48 hours ofeolmtion revealing a general cycle of
expansion and retraction. A temporal synchronisadiothese cycles was sometimes observed
within the polyps of the same branch. However, thisa-colonial synchronisation was only
“stable” for about three or four cycles and neealde validated statistically with a pattern

recognition system.

In subexperiment | (18 ° C) the polyps’ behaviawni the stress groups after the temperature
elevation (fcud Was characterised consistently by a higher frequand a general retraction
reaction to lower (Fig. 54 b) or zero extensiorelsy Short-term maximum extension levels
(of approx. 70 - 80 %) were sometimes achieved diyes polyps whereas other polyps’
maximum extension never exceeded 7 %. Howeveruémcy and maximum extensions
subsided from day to day which led to the decismoterminate the first sub-experiment ahead

of schedule.
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Polyp behaviour from the stress groups in suberpant Il (11 °C) was characterised by
higher (up to 100 %) or normal extensions and feagy during the first 24 hours followed
by a considerable depression (only extension) dutie second part of the observation period
(Fig. 56 b and Fig. 57 {&.9). 14 days later the polyps had balanced thequieacy back to
normal intensity. Average extensions were also high level or sometimes exceeded the
initial measurements (Fig. 56 ¢ and Fig. 5Zc{tatiseq)-
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Fig. 53 Subexperiment I: Single. pertusapolyp extension behaviour at constant temperatonelitions (8 °C)
during all observational periods, () (control group).
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Fig. 54 Subexperiment I. Single. pertusapolyp extension behaviour at unmanipulated tempegaf 8 °C 4)
and directly after a temperature shift to 18 B (
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Fig. 55 Subexperiment Il. Single. pertusapolyp extension behaviour at constant temperatanglitions (8 °C)
during all observational perioda, (b, ¢) (control group).
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Fig. 56 Subexperiment Il. Single. pertusapolyp extension behaviour at unmanipulated tempezaf 8 °C 4),
directly after a temperature shift to 18 16),(and 14 days latec)
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Fig. 57 Extension behaviour of two. pertusapolyps @, b) from subexperiment Il visualised in intervalsfiok
minutes as 3D Scatter Plot and Contour Plot.
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Statistical data analysis

Subsequent statistics were focused on the quedtitihere was a significant change in
behaviour immediately after the temperature wasteshifrom ambient (8°C) to extreme
(18 °C) or moderate regimes (11 °C). Also of insénwas the possibility of another change
after 14 days of “acclimatisation” to the new temgtere conditions (only examinable in sub-

experiment I1).

Statistical testing was problematic due to thegutar nature of the polyps’ extension
behaviour and frequency even within the same brgset above). As a result of this a high
significance between most of the phases (to thgpgolndividual behaviour) was the general
case and not the exception to the rule (Friedma@XN). In order to harmonise the data for
an ANOVA on ranks (Kruskal-Wallis) with subsequemtltiple post-hoc comparisons,

individual polyps’ behaviour was condensed to “graxtension” for each branch under the

following assumptions:

(1) Median extension of each polyp had to>b80 % during the first observational

period (b, ambient temperature for all polyps).

(2) At least three polyps of a branch had to pass tfigraise grouping failed for
this branch.

3) Level of significance (critical P-value) was set@®1 for ANOVA and for

post-hoc procedures.

(4) Post-hoc comparisons were performed with Dunn’s hideét (multiple
comparisons versus control group) on an averagetmmity extension (see

below) at g for control.

As a result of the grouping rules some polyps weraoved from further considerations
leading to a loss of stress group 1 and controlgr® in the subexperiment Il (because of

assumption (2)).

At ambient conditions the average and median exienf®r all groups (in the following
called as “community extension”) measured duringe timitial phases ¢ was
62.3 £ 19.4 % and 63.2 %, respectively. In the mdrgroups of both subexperiments lower
extension rates were measured in each subsequssrvabon period, revealing a significant
overlaying decreasing effect of time (Fig. 58). Bobexperiment | and the first repeated
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measurement {f9 the average decrease for the control groups cedpavith the
community extension { was -9.6 £ 0.4 % (significant). In subexperiméntorresponding
decreases foradue and beclimatisea Were -6.8 + 1.8 % (not significant) and -14.7 4 26

(significant) respectively.

In subexperiment | a substantive decrease of tkessgroup extensions was observed during
the second observation period.{ (Fig. 58 a). In comparison to the community esten

the decrease was highly significant with -53.9 £11%6. A moderate but also highly
significant decrease of -19.5 + 6.4 % was calcdldte the corresponding “stress group 2”
extensions in subexperiment Il. After 14 days afuipation at the elevated temperature a
significant increase of 10.2 % in the average esitanlevel was measured for the last
observation period {Icimatised (Fig. 58 ¢). Compared to the community extengiosm time-
related decrease was only -11.3 £ 7.6 % and coesdélgun the same range as the control

group.
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Fig. 58 L. pertusaextension behaviour of whole coral branches (gmextpnsion) during subexperimental b)
and subexperiment lic(d). Group extension was generated by averaging ohg® behaviour of each coral

branch according to predefined rules (see textiétails). Box and whiskers are + standard errodsdaviations,
respectively. Black dots indicate outliers.
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3.2.2. L. pertusaocean acidification stress responses at differehime scales

3.2.2.1. Short-term incubation experiment (STE)

3.2.2.1.1. Water conditions and carbonate system

Physicochemical water parameters and nutrients

Temperature was measured every second day in eaeadttor and averaged at 9.0 £ 0.1 °C.
Initial salinity was 33.4 but due to evaporatioaljrsty increased continuously to a maximum

value of 34.1 (mean: 33.5 £ 0.3) in some of thdicapes on the last sampling day.

Nutrients were measured at the beginning and theoéthe experiment. Calculations based
on the two day time interval for the delta alkalnineasurements revealed that they could be
negligible in the subsequent calculations of thewgn rates (2.2.1.2). For delta nitrate and
nitrite A(INOs” + NO,) and delta ammonium(NH,;") average contributions were only 1.21 +
1.06 umol [* and 0.21 + 0.49 pmolt, respectively.

Carbonate system

Results from the total alkalinity and DIC measurataend calculations of the corresponding
carbonate system parameters (pB0O,, Qar) are summarised in Tab. 15:

Tab. 150verview of the carbonate system parameters afiemeeek incubation df. pertusain the semi-closed

bioreactors. All values are mean values + standandations. pHpCO, and aragonite saturation stafe,()
were calculated according to methods given inéhe t

treatment Iﬁ‘qol k') (DHL% k") PHotal scale g%n?)z Qar

1 (ambient) 2392.6 £46.2 2249.8 + 45.7 7.969 + 0.023 509 + 32 1.722 + 0.086
2 (pH-0.1) 2377.6 £47.3 2263.0 = 38.1 7.900 + 0.024 605 * 26 1478 +0.101
3 (pH-0.2) 2390.7 £85.6 2319.1 £+ 98.2 7.766 + 0.062 856 *+ 162 1.140 + 0.119
4 (pH-0.3) 2391.8 +£38.5 2340.3 £ 33.4 7.708 + 0.021 981 + 40 0.997 £ 0.057

3.2.2.1.2. Growth rates

The average growth rate in the treatment with ilgadst aragonite saturation state (treatment
1: Qa = 1.72 + 0.09pCO, = 509 + 32 ppm) was 6.80 x @6 d* and varied strongly
between 4.86 x Idand 1.17 x 18 % d* (Tab. 16). Average growth rates at decreased
aragonite saturation states were about 74, 89,84néb lower for treatment 2, 3, and 4,
respectively. No statistically significant diffeims were found for growth rates of the four
treatments when the normalisation against dailggrgage weight increase (9%4)dvas used
(Kruskal-Wallis ANOVA on ranks, H = 6.176, P = 03)0
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The average growth rate normalised to precipit&a@Q per day and polyp for treatment 1
was 57.35 + 25.05 ug CaG@* polyp* (Tab. 16). The maximum growth rate peaked at 79.84
Hg CaCQ d* polyp* while the minimum growth rate in the same treatmeas 66 % lower
(27.49 pg CaC@d* polyp?). This demonstrated the generally high variabitifythe corals’
growth pattern (see discussion). However, a one-Md®VA reveals a highly significant
effect of pCO, on growth rate (F = 8.579, P < 0.01). Statistmasthoc comparisons (Tukey
HSD, Holm-Sidak method) revealed also that growts vgignificantly different between
treatment 1 and the treatments under elevate@, levels (see Appendix A5) while the

differences between themselves were not significant

Tab. 16 L. pertusagrowth rates and normalisations of the short-texmeriment with foupCO,/pH treatments.
Experiments were carried out in semi-closed bidmaanith filtered seawater of 34.4 and temperatafe9.0 +

0.2 °C (see text for details). Growth rates (G)evareasured using the total alkalinity techniqué.@22) and
were normalised to percentage skeleton weight asereper day (%4 and precipitated CaGQper day and
polyp (ug CaC@ d* polyp?). At the end of the experiment, polyps per bramare counted visually and
skeleton dry weight (Skeleton DW) was measuredgusie buoyancy weight technique (2.2.1.1). Reported
values are mean rates (n = 4), standard deviatiprstandard error of the means (sem), minimum Ypand
maximum (max).

treatment (03 . G . 3 Skeleton DW Polypshl
(% d) (Hg CaCQd” polyp~) (9) (n brancfr)

+ 3.24E-03 +25.05 +6.35 +8.04

sem: 1.62E-03 sem: 12.53 sem: 3.18 sem: 4.02
1 (ambient) 6.80E-03 min: 4.86E-03 57.35 min: 27.49 26.50 min: 19.18 32.00 min: 23

max: 1.17E-02 max: 79.84 max: 31.89 max: 41

+ 2.90E-03 +13.50 +12.72 +15.11

sem: 1.45E-03 sem: 6.75 sem: 6.36 sem: 7.56
2 (pH-0.1) 1.78E-03 min: -2.80E-05 8.65 min: -0.76 27.13 min: 17.83 32.50 min: 17

max: 6.11E-03 max: 28.67 max: 45.91 max: 51

+ 3.14E-03 +18.69 +3.99 + 14.45

sem: 1.57E-03 sem: 9.35 sem: 2.00 sem: 7.23
3 (pH-0.2) 7.30E-04 min: -1.14E-03 -0.31 min: -15.01 26.28 min: 21.04 31.75 min: 16

max: 5.42E-03 max: 26.91 max: 29.79 max: 51

+ 2.60E-03 +14.04 +8.47 +14.09

sem: 1.30E-03 sem: 7.02 sem: 4.23 sem: 7.05
4 (pH-0.3) 1.27E-03 min: -4.86E-04 3.41 min: -8.57 28.75 min: 19.84 33.00 min: 18

max: 5.07E-03 max: 22.86 max: 39.10 max: 46

Additionally, in all treatments with elevatgxCO, conditions a negative growth (dissolution)
of some replicates was measured, indicating asstesgponse of these corals to the elevated

treatmenpCO, conditions.

The seawater carbonate system in the relativelyl dsfmeactors was highly influenced by
coral respiration (DIC) and calcification (DIC anidd). Evaporation was also different
between indivicual bioreactors (see above) leatingn additional interference factor. For
these reasons a simple grouping of the treatmentiseir targetpCO, does not reflect their

real carbonate system at a given point in time.ddem linear regression analysis which

correlates the individual calcification rates teithindividual measureghCO, values was
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performed (Fig. 59). Coefficients of determinatifmm the resulting linear regressions were
R?=0.31 and R= 0.41 for G (% @) and G (ug CaC&d™* polyp?), respectively. For the first
regression the relationship between growth rate p@@, was statistically significant
(P = 0.03) and for the latter one highly significéid < 0.01).

In terms of future ocean acidification the reswltghe short-term experiment indicate that a
drop of 0.1 pH units decreasés pertusagrowth up to 26 - 29 % (depending on the
normalisation and pH range). The critical threshpllO, concentration above which the
corals cannot maintain positive growth is in thega between 721 and 1,299 ppm (1,010 *
289 ppm or 933 + 189 ppm for G (%)dand G (ug CaCQd™ polyp?l), respectively).
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Fig. 59 L. pertusagrowth rates (data points) from the short-termegxpent normalised to percentage weight
increase per daya) and to precipitated CaG@er day and polypbj. Coefficient of determination @R and
significance level (P) were given for both lineagression analyses. Black and grey lines indidagelinear
trend and the 95 % confidence intervals, respdgtiviehe vertical dashed line marks the aragoniteration
equilibrium @, = 1) below which unprotected aragonite skeletomcstires are expected to dissolve (blue area).
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3.2.2.1.3. Fitness (RNA/DNA ratios)

After 10 days of incubation a significant relatibisbetween the RNA/DNA ratios apLO,
levels was only observed in the 651 ppm treatment 0.05; multiple comparisons versus
control group (Dunn’s Method) after Kruskal-WalBNOVA on ranks, see Appendix Ab5).
Average RNA/DNA ratios for the three elevated tmeants ranged from 2.86 + 0.64 to 3.51 +
0.99 and were in the same range or even highertbigaoontrol group data with an average of
3.35 + 1.02 (Fig. 60).
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Fig. 60 RNA/DNA ratios ofL. pertusasamples incubated for 10 days under four diffef@®f concentrations.
Box and whiskers are + standard errors and dewisitiespectively. Black dots indicate outliers #mal asterisk
indicates a statistically significant differenceveeen treatment (651 ppm) and control group (410)pp
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3.2.2.2. Long-term acclimatisation experiment (LTE)

3.2.2.2.1. Water conditions and carbonate system parameters

Physicochemical measurements

The average salinity during the first half-yearmfubation with natural seawater (06/2008 -
12/2008) was 35.0 + 0.43. In the second incubaienod (02/2009 - 04/2009) after a gradual
exchange of the process water to 100 % artifi@aWsater, salinity stabilisation was further
improved to 35.2 + 0.10. Initially, temperature iedrduring the first two months between 6.6
and 7.9 °C (6.9 + 0.3 °C on average) but was ssahilat 7.5 + 0.2 °C for the rest of the
experiment after replacing the temperature controts in all CRS. An overview of the
individual measured physicochemical parameterkasva in (Fig. 62).

For pH measurements as well as for the whole catieosystem four phases need to be
distinguished and regarded separately:

. Adjustment phase 1 (Al): during this phase p&O,-treatments were set-up and pH
was characterised by some fluctuations and a gelwmvaring to the new pH levels.
Initially measured pH of untreated water was 8.0&fter about four weeks the new
carbonate system was established (Fig. 62) antthéocorals’ acclimatisation to the new
conditions an additional month (07/2008) was assigio Al.

. Natural seawater incubation phase (I1 & 12): durittge next four months of
acclimatised incubation (08/2008 - 12/2008) a shghncreasing pH trend of
6.722 x 10" units d" in all three CRS was observed. The average “tresatmpH-values”
for CRS 1 - 3 were 7.944 £ 0.064, 7.829 + 0.058| arr55 + 0.056, respectively (Tab.
17).

. Adjustment phase 2 (A2): the switch from natural adificial seawater was
accompanied by a steep decrease of the pH valwes.weeks after the last water
exchange to 100 % artificial seawater (indicatethwai black line in Fig. 62) pH levels
reached a steady state at the end of A2 (02/2009).

. Artificial seawater incubation phase (13): the laste period (02/2009 - 04/2009) was
characterised by an intense regulation of the talighlinity in all CRS in order to
maintain the carbonate system as constant as pmdsibasured average treatment pH-
values for CRS 1 - 3 were 7.777 £ 0.037, 7.675040, and 7.598 + 0.046, respectively
(Tab. 17).
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Carbonate system

Carbonate system parameters for the LTE were showab. 17. In Fig. 63 the chronological

sequence of the main carbonate species,(C0s>, and HCQ@) and the derive@CO, and

aragonite saturation levelQ/;) are plotted.

Tab. 17 Calculated parameters of the carbonate chemistihefthreepCO,-treatments established in three
independent closed recirculating systems (CRS) nattural (NSW) and artificial (ASW) seawater. Allues

are mean values * standard deviations. gE{), and aragonite saturation sta®,() were calculated according
to methods given in the text.

TA

DIC

pCO;,

CRS (umol kg (umol kg PPieescale  (pom) O
NSWip 2298.5+73.0 21858+82.6 7.944+0.064 604+ 105 1.366 +0.156
' lBASw 227018211 22149213 7.777£0.037 888+78 0.936+0.079
NSWi.p 223244614 2161.1+712 7.829+0.053 778+112 1.035 +0.090
® lBIASW 22680152 2242.6£20.0 7.675:0.041 11398 10 0752 £0.070
NSWi.p 2349.9+795 2300.1+89.2 7.755+0.056 982+ 146 0.932 +0.097
* liASw 227224178 2269.6£228 7.598:0.046 13776 14 0.639 +0.067

Nutrient composition

The development of the nutrient concentrationsrduthe approximately one year incubation

period illustrates the effectivity but also thewefeess of the bacterial degradation processes in

the biofilters at low temperatures (nitrificatisge 2.1.2.2). Within the first two months of the

experiment ammonium and nitrite reached their hsgleoncentrations of 1.67 and 0.35

pumol L (in CRS 1), respectively. Initial concentrationf ritrate and phosphate were
relatively low (NQ: 23.05 + 13.22 umol & PQ®: 1.12 + 0.20 pmol ) but increased

continuously to maximum values of 164.61 pmdi and 6.49 pmol £ about three months

after the ammonium/nitrite peak (Fig. 61). Nitrdtoon was fully established at the fifth

month and from this time forth (11/2008) averageasmtrations of ammonium and nitrite

concentrations were only 0.13 + 0.15 umdldnd 0.11 + 0.04 umolt, respectively.
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Tab. 18 Nutrient concentration ranges during long-term oceaidification experiment. The value for each
nutrient represents an average or median (n = ft@0) all three CRS integrated over the experimepéalod
(06/2008 - 04/2009) with the standard deviationAdl)values in umol [*.

Nutrient Mean Median S Minimum  Maximum
NH4" 0.29 0.21 0.31 0 1.67

NO, 0.13 0.12 0.06 0.05 0.35

NOs 59.34 51.58 30.36 9.20 164.61
PO 3.33 3.23 1.41 0.89 6.49
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Fig. 61 Nutrient concentrations during long-term incubati®ue dashed lines indicate a water exchange of
more than 40 % and the black line marks the sfatthe second incubation period after a gradualgwitom
natural seawater (NSW) to artificial seawater (ASW8gend: CRS 1 - 3: closed recirculating system8.1
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Fig. 62 Physicochemical water parameters measured duwsimgrterm incubation. Blue dashed lines indicate a
water exchange of more than 40 % and the blackriaeks the start of the second incubation peridelr af
gradual switch from natural seawater (NSW) to imitif seawater (ASW). Legend: CRS 1 - 3: closed
recirculating systems 1 - 3.
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Fig. 63 Calculated carbonate system parameters duringptiteterm experiment. Red lines indicate buoyancy
weight measurements. Grey boxes indicate phasedenfse adjustments at the water parameters. €akii
measurement phases (I1 - 3) were only performeddwsst the adjustment phases (Al, A2). Legend: CRS:1
closed recirculating systems.
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3.2.2.2.2. Growth rates

Although the Alizarin Red S stained corals visudtigked healthy the measured growth rates
which were illustrated in Fig. 64 were not integdatinto the following calculations of
averaged treatment growth rates and subsequeististdtanalysis. An impact of the staining
procedure on growth could not be excluded as it d@umented for tropical warm-water
corals (Dodgeet al. 1984).

Measured growth rates varied strongly between %.60° and 3.99 x 18 % d* or 8.76 and
397.32 ug CaCed™ polyp™ (Tab. 19, Fig. 64), respectively. Average grovaterfor the first
incubation period with natural seawater and satdrairagonite level<Xy, = 1.37, CRS 1)
was 8.70 + 3.18 x 1% d*. The corresponding growth rate for the same CR&sored at
the end of the second incubation period with aitfi seawater was significantly lower
(5.11 x 10° % d%) (paired t-test; t = -2.847, P = 0.047). A statty significant reduction of
growth rates between NSW and ASW was also calaifareCRS 3 (paired t-test; t = -2.927,
P = 0.043) whereas changes in CRS 2 were not ignif (paired t-test; t = -2,142,
P =0.099).

Interestingly, average growth rates in both seawatases were highest in the group exposed
to the undersaturated conditions (CRS 3, Fig. B6J). NSW and ASW the average growth
rate in this system was 1.88 + 1.34 ¥°P6 d* and 8.60 + 8.12 x 1Y% d*, respectively. No
statistically significant relationship between age growth rates anpCO, concentrations
during the NSW incubation phase (Kruskal-Wallis AW®on ranks; H = 1.46, P = 0.482) as
well as the ASW incubation phase (Kruskal-Wallis @A on ranks; H = 0.42, P = 0.812)
were detected. Although there was no statistic@lesce a linear regression analysis suggests
an increasing trend of coral growth with increagi, concentration (R= 0.22, P = 0.077;
see Appendix A6). A reason for this unexpected drean be found in the increasing
coefficients of variances (e.g. a 95 % increasenf@RS 1 to CRS 3) which could also be
regarded as a physiological reaction of the coltewacorals to increasingpCO,

concentrations (see discussion).

The lowest aragonite saturation state during theVNfhase wa$2a = 0.80 (0.93 £ 0.10, on
average) an@a, = 0.56 (0.64 £ 0.07, on average) for the ASW pl{ask. 17, CRS 3). Thus
a second surprising result of the long-term incigia¢xperiment was the absence of negative
growth rates due to dissolution of skeleton mateinathese undersaturated treatments

(Fig. 65). Only in one of the stained branches sslof weight was measured at an
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intermediate buoyancy weighing (12). In the nextasw@wement the same branch exhibited
positive growth leading to the conclusion thathe former case a miss weighing must have
occurred. Seawater chemistry measurements alsarroedf no corrosive effects on the
corals’ skeletons due to undersaturated condit{onshe given range). The total alkalinity
was expected to increase due to dissolution oskatetons but in praxis total alkalinity as
well asQa, decreased continuously.

Tab. 19 L. pertusagrowth rates measured at three specified inter¢ialg during the long-term ocean
acidification experiment. Growth rates (G) were malised to percentage weight increase per day s d
precipitated calcium carbonate per day and polyg GaCQ d* polyp?’). Corals were heltered in three
independent closed recirculating systems (CRS ) refresenting the thregCO,-treatments (see text for
details). Measurement interval 11 and 12 were carabito one group for summarising the first incutrateriod

with natural seawater (NSW;). In contrast, during interval I3, the cold-watesrals were maintained in

artificial seawater (13 / ASW). Reported values arean rates (n=5), standard deviation (£), standenat of the
means (sem), minimum (min), and maximum (max).

CRS 1 CRS 2 CRS 3
G (% d?h

+ 3.26E-03 + 8.02E-03 + 1.28E-02

sem: 1.46E-03 sem: 3.59E-03 sem: 5.71E-03
11 8.04E-03 min: 3.75E-03 1.16E-02 min: 1.60E-03 1.77E-02 min: 5.37E-03

max: 1.22E-02 max: 2.39E-02 max: 3.50E-02

+ 3.19E-03 +4.21E-03 + 1.41E-02

sem: 1.43E-03 sem: 1.88E-03 sem: 6.29E-03
12 9.67E-03 min: 6.37E-03 1.11E-02 min: 5.81E-03 2.02E-02 min: 6.07E-03

max: 1.44E-02 max: 1.55E-02 max: 3.99E-02

+ 3.18E-03 + 6.12E-03 + 1.34E-02

sem: 1.42E-03 sem: 2.74E-03 sem: 6.00E-03
NSW (11+12) 8.70E-03 min: 5.06E-03 1.14E-02 min: 4.14E-03 1.88E-02 min: 5.65E-03

max: 1.31E-02 max: 2.08E-02 max: 3.73E-02

+ 2.44E-03 + 2.52E-03 + 8.12E-03

sem: 1.09E-03 sem: 1.13E-03 sem: 3.63E-03
13/ ASW 5.11E-03 min: 2.50E-03 5.37E-03 min: 2.95E-03 8.60E-03 min: 2.88E-03

max: 7.96E-03 max: 8.23E-03 max: 2.29E-02

G (Mg CaCO; d* polyp™)

+27.67 +120.40 +125.00

sem: 12.38 sem: 53.84 sem: 55.90
11 68.02 min: 32.56 115.53 min: 14.47 148.09 min: 22.30

max: 104.49 max: 318.32 max: 339.41

+28.09 +79.89 +146.79

sem: 12.56 sem: 35.73 sem: 65.64
12 83.76 min: 40.66 113.15 min: 24.06 173.94 min: 25.18

max: 107.84 max: 210.63 max: 397.32

+26.32 +101.03 +133.26

sem: 11.77 sem: 45.18 sem: 59.60
NSW (11+12) 74.11 min: 35.69 114.61 min: 34.72 158.09 min: 23.42

max: 105.79 max: 276.63 max: 361.83

+ 30.37 + 39.50 + 89.66

sem: 13.58 sem: 17.66 sem: 40.10
13 / ASW 50.05 min: 9.91 54.85 min: 13.51 80.02 min: 8.76

max: 84.03 max: 108.53 max: 236.94
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Fig. 64 Growth rates of.. pertusameasured during long-term incubation in three edogecirculating systems
(CRS). Growth rates were calculated from repeatedyéncy weight measurements (see text for details).
Intervals 11 and 12 were carried out with naturahwater (NSW), whereas interval I3 was carried woitt
artificial seawater (ASW) of the same salinity dewiating carbonate system. Growth rates were ngedato a
percentage weight increase of each coral branclid@eia) and to precipitated CaG@n each branch per day

and polyp b).
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Fig. 65 L. pertusagrowth rates during the three incubation phasesexperimental treatmerpCO.-levels
(bottom x-axis) and corresponding pH (top x-axlsgubation phase 1 (I11) was carried out from Aud2t
2008 to November 4, 2008 and incubation phase )2fi@2n November 4, 2008 to December 22, 2008. Adter
switch from natural seawater to artificial seawatehird incubation phase (13) was carried out friéebruary
23, 2009 to April 15, 2009. Data points are meatuas (n = 5), light grey and black error bars dre t
corresponding standard deviations and standardsasfdhe means, respectivelyhe vertical dashed line marks
the aragonite saturation equilibriun@4 = 1) below which unprotected aragonite skeletamicstires are

expected to dissolve (blue area).
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4. Discussion

4.1. System setup and general cultivation

4.1.1. Closed Recirculating Systems: opportunities and limations

General considerations

The quality and quantity of seawater is generalhe @f the most essential aspects of
aquaculture. The advantages and disadvantagestafiog corals and other seawater animals
in closed recirculating systems (CRS) have alrdaeln discussed in detail (Atkinsen al.
1995; Losordeet al. 1998). Therefore only the main points of view vaié outlined here for a

general understanding of the topic (sensu Boletrid/Hanlon (1983)):

Open or semi-closed systems:

. proven, reliable, and convenient
. not realisable without access to coastal waters

. water quality (e.g. nutrient concentrations, conteants) depends on the quality of the

local access point for the seawater
. influence of disease-causing agents can not biytetecluded

Closed recirculating systems:

. stable, controllable and reproducible marine emriment
. independent from access to natural seawater

. high initial and running costs for water mainteranc

For the cultivation and the experiments with the CW.ophelia pertusaat the
IFM-GEOMAR only the development of a CRS design \essible due to the geographical
location of the institute. Limited access to naltgesawater was most of the time provided by
collecting seawater during cruises of RV ALKOR lre tNorth Atlantic.

During the last four years of CWC cultivation muekperience was gained with the new
facility and some general considerations can beenmadetrospective:

Tank design Because of a limitation in horizontal space,GIRS were build in two levels of

glass aquaria on top of each other. From an opimialt of view this was convenient because
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it allowed a fast overview of all heltered organss(oorals and accompanying fauna). From a
practical position handling of the corals as wedl rautine work (e.g. exchanges of the
mechanical filters, removing food or detritus) -pesially on the upper level - was
cumbersome. The glass walls tended to mist up guha daily routine work in the climate
chamber leading to a permanently moist steel fraonewhich has to be dried regularly in

order to prevent corrosion.

Framework: As mentioned above, the steel framework was peemtfn affected by

corrosion. For future systems, an aluminium basathéwork is highly recommended.

Biofilter: A culturing system is regarded to be conditionduwmthe nitrifying bacteria in the
biofilter rapidly oxidise all incoming ammonia / amnium to nitrate without a significant
accumulation of the intermediate nitrite (Bower &riier 1983). Even though the biofilters of
the CWC-MS and LTE-S were inoculated with subst(atd filter balls with a thick biofilm)
from a CRS of the Kiel Aquarium, conditioning neddaore time than previously estimated.
This was because of the apparent inability of theculum to cope with the new water
conditions. Maybe there are temperature-specifairst amongst the nitrifying bacteria or the
low temperatures are far below their physiologioptimum. Consequently, growth of an

adequate biofilm and establishment of full nit@fiion lasted about seven months (Fig. 31).

Skimmer: Initially the large skimmer for the CWC-MS wasnsidered to be oversized
(recommended water volum: > 2000 L) but in practiee larger water-flow rate was scaled
appropriately. During the feedings the water-fldwough the skimmer was short-circuited
and after reintegration turbidity within the aq@amvas removed within a few hours. In
contrast, the smaller skimmers used in the LTE-S QiRoved to be a slightly undersized

even though their foam-fractionation seemed toffezive.

Temperature and cooling The CWC-MS and the LTE-S were set up in a clincdtamber

of the IFM-GEOMAR. During the long-term cultivatigeveral routine maintenances on the
cooling aggregate and one total replacement léar¢e fluctuations in the room temperature.

Thus the installed back-up water-cooling aggregegssued the aquaria organisms more than

once by keeping the water temperature low.
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Light: During the first weeks the corals were cultivatediimost complete darkness and for
the routine work illumination was only suppliedabgh blue low-intensity LED spot lights
(~ 1 W/ LED). After repeated observations andgria was concluded that pertusadid not
seem to be affected by light at all. This was coméid by aquarium observations from
Mortensen (2001) and later Dodds (2007) who bopionted that no polyps reaction was
recognised in respone to illumination. Additionalfuring the dives with the submersible
JAGO it was also observed that a spontaneous hbfgiination with the spot lamps caused
no visual reaction of the polyps. As a consequerakin order to make the routine works

more safe and comfortable room lighting was enatdetporarily thenceforth.

4.1.2. Water quality management

41.2.1. Water quality during long-term incubations

Measuredn situ nutrient concentrations in the Oslofjord were gigantly higher than those
from the Sula Reef (Tab. 7) but still within theoeenvironmental range reported for the
North-east Atlantic (Davie®t al. 2008). For nitrate and phosphate Davetsal. (2008)
calculated environmental tolerance levels basedamwmnEcological-Niche Factor Analysis
(ENFA) and found thakt. pertusalives in areas with lower concentrations of afirrants than
the global means but interestingly not in area$ Watvest nutrient concentrations (Davits
al. 2008). To date no information about the physiatabitolerance levels for CWC with

respect to elevated nutrient concentrations argade.

For tropical shallow-water scleractinian corals #ifects of elevated inorganic nutrients on
corals and coral reef health are still being corgrsially discussed (Koogt al.2001). Many
studies demonstrate negative effects of highlyched nutrients on coral growth (Stambder
al. 1991; Marubini & Davies 1996; Ferrier-Paggtsal. 2000) while some other studies reveal
positive (Atkinsonet al. 1995; Edingeret al. 2000) or species-dependent effects (2hal.
2004). However, findings for tropical shallow-watmrals can not simply be transferred to

cold-water corals:

. For some species ammonia is the toxic componethieohitrogen waste while for others

ammonium leads to detrimental effects.

. Elevated nutrient concentrations enhance zooxdatbgbhotosynthetic activity leading
to an increase of algal and coral tissue bioma@dalier-Parkeret al. 1994; Marubini

& Davies 1996) and sometimes also to a decreasaldfication due to an imbalance of
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tissue growth and skeletogenesis (Tana&kaal. 2007). CWC likeL. pertusalack
zooxanthellae and thus a nutrition of algae andmpetition for the internal DIC pool

between photosynthesis and calcification does xist.e

. Tropical shallow-water reefs are typically oliggiloc marine environments while cold-
water coral reefs are most commonly located ini@wnitrand organic matter-laden
waters. Consequently ecology and environmental itond of both ecosystems are
completely different from each other - leading toddferent ecophysiology and
evolutionary background of their scleractinian t®rand most likely to different

sensitivities towards inorganic nutrients.

On account of these considerations and the lagvaiable experimental or field data about

the specific tolerance levels &f pertusathe water treatment in the CRS was balanced
between an appropriate technical effort and keefhiagorals at nutrient concentrations close
to nature (Tab. 7).

One part of the daily routine work was to obseresgible changes in the behaviour of the
coral polyps as well as the accompanying inverteBrgmainly the polychaet&unice
norvegicus some crustacean®dndalus borealisand Munidopsisspec.) and the abundant

brittle stars) at an early stage. Shrimps are v \ ~ ‘ 1

documented bioindicators for water quali

(Lorenzonet al. 2000) and therefore special foci
was given to their appearance. A total pov
blackout in the climate chamber in October 2C
led to curious behaviour patterns (e.g. swimm
in a circle) and an increase of the shrimps mayta

only a few hours after reactivation of the wai

Fig. 66 Female deep-sea shrimpandalus
borealis sitting on top of retracted cold-water

derived from a spontaneous release of formecorall. pertusapolyps. Photo: W. Holtmann.

treatment. A reason for this was supposed to

bounded nitrogenic compounds from the biofiltere(senmonium peak in the monitored
nutrients for November 2007, Fig. 31). After exaiaig approximately 40 % of the process
water and the removal of accumulated detritus theatson recovered and some of the

Pandalidae even survived both incubation periodsoffdrd- and Sula Reef -Incubation).
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4.1.2.2. Ammonium tolerances by warm- and cold-water corals

During the start-up phase rising ammonium concéatra in the CRS were not preventable
(see above). Generally ammonium is known to caubeoad range of detrimental effects
which can result in mortality including changesniembrane permeability that affect iono-
and osmoregulation, inhibition of Naiptake by a NaNH;" exchange pump, effects of
carbohydrate metabolism and effects on the acid-lb@dance (Withers 1992). In tropical
shallow-water corals different effects of elevat@monium concentrations alone - or in
combination with other stressors - are well docue@r{Muller-Parkeret al. 1994; Ferrier-
Pagéset al. 2000; Cox & Ward 2002; Bassim & Sammarco 2003; hal. 2004). The aim
of this early bioassay was therefore to study wérethcreasing ammonium concentrations
have a visual effect on the CWC behaviour which thiasight to be an indicator for the corals
health (Roberts & Anderson 2002).

Despite several methodical limitations (e.g. onlye dreatment and control group) some
conclusions can be drawn from the results. As showkig. 33 and Fig. 34 the average
extension for both groups decreased during thé finee time intervals (28.5 hrs). This

behaviour was only expected for the polyps fromttkatment group and would in this case
suggest that the acclimatisation time to the setap too short (2 days). Since both groups
exhibited a stress reaction in form of hyperextemst was more probable that both groups
experienced an additional stressor. Reasons foiti@ul stressors were manifold: the

experiment was carried out under relatively brighimination. Even though Mortensen’s

(2001) and our own observations suggest that hgistno influence on the normal behaviour
of the corals it could make a difference if coralere illuminated only a few minutes or

permanently. Although the experiment was carriedima climate chamber, disturbances due
to the daily routine work could not be fully avo@erhis may also explain the synchronised
polyp retractions during the first 24 hours. Hypgeasion is a common behaviour for coral
polyps and was typically regarded as an indicatoihfgher demand of metabolite-exchange

by increasing the tissue surface area (Dodds 2007).

However, from the second time interval onwardsfedénces in the polyps’ behaviour
between blank and the treatment specimens welsts@ty significant indicating the corals
sensitivity to detect ammonium in elevated conegiuns of > 17 pmol T (corresponding
NH," of the control: < 4 pmol ). Unfortunately, water of the control and treatingroup

was mixed at the third day, making further consatiens problematic. The continuation of
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the experiment was illustrated in Fig. Al-1 (AppendAl). Increasing ammonium
concentrations seemed to evoke no further depressmthe average polyp extension states
until a concentration of ~ 80 umollwas reached on the fifth day (f2@our). From this
time onwards the maximum polyp extension statest@ihangles in Fig. A1-1) decreased to
final extension levels of 1.8 and 1.6 for the forraentrol and treatment group, respectively.
After the experiment was terminated, the coralssweought back into their aquaria and after

a few days a complete recovery of the polyps badult extension states were observed.

In conclusion a maximum tolerable concentrationgommonium could not be determined in
the study but a fast increasing concentration evakelear retraction of the coral polyps,
suggesting that higher concentrations may leacgtondental effects for the corals and should
be avoided during the long-term incubation lof pertusa because of their unknown
physiological effects.

4.1.3. Feeding regimes — ecophysiological considerations

To date very little is known about. pertusa’sfeeding ecology in its natural habitat.
Aquarium observations, isotopic measurements ofalcdissue samples andh situ
zooplankton assemblages suggest a mixed food speatf zooplankton (e.g. copepods,
amphipods, chaetognaths) and particulate organitem@&rederikseret al. 1992; Mortensen
2001; Duinevelckt al.2004; Duineveleet al.2007; Doddst al.2009).

In the following discussion the results are disedswith respect to their ecophysiological
relevance only. For a discussion about methodadbgssues or other aspects not mentioned
in the text, the reader is referred to the corradpw discussion sections of the cited studies
(see section Cooperations).

4.1.3.1. Natural food sources

Small mesozooplankton: copepodsAcartia tonsg

Marine mesozooplankton is commonly dominated byepops withCalanus finmarchicuas

the most abundant species in Norwegian marine ao&mn communities (Wiborg 1976;
Helle 2000). In the Norwegian Se2, finmarchicugmigrates to depths of > 600 m in autumn
to overwinter (Jstvedt 1955; Hirche 1991) and mé#ypan important role in the North
Atlantic Lopheliareef food-websA. tonsa- as used in this study - is a calanoid copepod
which occurs in estuaries all along the Atlantiasis (see 2.1.4.1.1) which also makes it a
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potential food source fok. pertusaespecially on reef sites located within or neatly

Norwegian fjords (e.g. Oslofjord, Trondheim Fjord).

An indirect evidence for the importance of calanoabepods in the diet of the cold-water
coralL. pertusawas obtained from lipid signatures of sevérapertusafrom different areas

in the North Atlantic. High lipid content and largeax ester fractions with a prevalence of
copepod lipid biomarkers indicate tHatpertusafeeds predominantly on calanoid copepods
(Doddset al.2009).

Although Mortensen (2001) has observed food uptaic ingestion of live copepods he did
not determine any feeding rates nor the total fapthke. Thus, the results of this study
demonstrate for the first time quantitatively the¢ and adult copepods can be captured and
ingested by the cold-water cotlal pertusa This is not obvious because copepods are known
for their effective predator avoidance behaviows€ape jumps”) enabling them to escape
away even from mobile predators like fish larvae sasyphomedusae (Suchman 2000).
Generally it can be assumed that higher water otgread to higher contact rates and that
strong currents diminish the copepods radius ofen@nt. Even though water currents in this
experiment were not explicitly measured they weaseially adjusted to mimic intermediate
field conditions as measured during dives withghbmersible JAGO and were estimated to
be largely< 500 mm & (max. current speed for JAGO operations).tonsa’smaximum
speed during escape jumps is > 800 mim(Buskey & Hartline 2003). Predator avoidance
was therefore possible in principle. Additionallyerage current speeds farpertusaNorth-
east Atlantic habitats were modelled to be 7 riinfBavieset al.2008) and thus one order of
magnitude belowA. tonsas’maximum speed. It is therefore conceivable thanethough
some escape jumps prevented the copepods from bamgsted for a certain time predator

avoidance could not be maintained by them for thelevduration of the experiment.

In both treatments with the adult copepods relatigamilar amounts of 66 % and 68 % for
the low and high densities, respectively, were $teg by the corals (Fig. 35). However, the
absolute feeding rate (Ind polyih™) in the treatment with high density was 228 % tgea
than for the low density. This suggests a strongetation between capture efficiency and
food density. Increasing feeding rates with incirea$ood densities are typical for suspension
feeders and are well documented for tropical andptzate corals and other cnidarians
(Clayton & Lasker 1982; Laskest al. 1982; Ferrier-Pagest al. 1998; Ferrier-Pagest al.
2003; Picciano & Ferrier-Pagés 2007). Sometimey Hre also described by a Michaelis-
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Menten model (Hiiet al. 2008). At high food densities a feeding plateais weported for
some corals (Ferrier-Pagéesal. 1998; Anthony 1999a; Hiet al. 2008) whereas others gave
no indication for saturation of food uptake oves thnge of prey densities (Clayton & Lasker
1982; Anthony 1999a; Picciano & Ferrier-Pages 2007)

Comparisons between the different studies and cgpaties are problematic because in
addition to methodological differences coral fegdiates were generally affected by several
factors e.g. differences in their feeding mechasismorphology, number of tentacles and
polyps, satiety, differences in coelenterates amidprey type and size, water flow, depth,
temperature, and light availability. However, meadu feeding rates of 1.99 - 6.52
Ind polyp® h* for L. pertusa(this study) were of the same dimension as repgdeteding rates

for tropical or temperate scleractinian coral spe¢ilab. 20), indicating a high physiological

adaptation of the cold-water corals to low tempees.

In both treatments < 0.5 % of the copepods surviedexperiment. Copepods which were
not caught by the corals accumulated dead at ttierb®f the aquaria. This was most likely a
methodological issue suggesting that only live popls could maintain position in the water
column of the aquaria while POM accumulated at wetierent depleted sites. Nevertheless,
pooling the data for ingested and dead copepodsaited that virtually all copepods which
encountered the tentacles of a coral polyp weregséed or died of the nematocyst venom. In
a large and healthly. pertusareef with a vertical depth of several polyp getiers it can
therefore be assumed that all copepods that hadtdiontact with live corals on the surface
of the reef would be captured directly or by polgbsieeper levels. The latter aspect can be
regarded as “passive nursing” of the older proxipalyps in a reef by increasing the
available POM pool and may help to explain the &wity and survival of the species.

Large mesozooplankton: opossum shrimpdNeomysis integer

In contrast to the copepods, adult life mysidacdamot seem to be an appropriate food
source forL. pertusa Although the mysidacean population was diminishgdpprox. 10 %
after the feeding experiments relatively similaroamts were also absent in the control group
without corals (3.1.2.1) indicating either a metblogjical artefact (e.g. sucked into the pump)
or cannibalism. Cannibalism in mysidacean shringsvell documented (Abdussamad &
Thampy 1994; Quirt & Lasenby 2002) and may alsadsponsible for the higher losses in
the treatment with the morphotype 1l corals (“exeap’, see 3.1.2.1).
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In contrast to the copepods the integerwere cultivated at lower salinities (according to
their ambient conditions at the collecting sitehu$ the generally high mortalities in the
treatments as well as in the control group revetiat the opossum shrimps were either not
able to compensate for the abrupt changes in salori that the experimental conditions
(especially the permanent relatively high water rents) prevented a successful

acclimatisation to the experimental setup.

InterestinglyN. integeractively avoided contact with the coral polyps avele able to free
themselves from the tentacles by convulsive abdomewements. Like copepods predator
avoidance is also a common feature in mysidaceamgsé (Lindénet al. 2003). However, it
can also be assumed that predator avoidance viyllsacture the shrimps live as long as they
don’t get in touch with the coral nematocysts. Bseaof the high mortality in the control
group it was unfortunately not possible to distisgubetween the different causes of their
death.

Mortensen (2001) also reported that live mysidaseauoid contact with.. pertusatentacles
and that they were never ingested except if deadisens were placed manually onto the
polyps. In the latter case shrimps up to 20 mmize €ould be fed to the corals. This
observation was also confirmed in this study - &stjgg that less defensive or injured large
mesozooplankton may also be a potential (minordfeource for the corals and that

pertusais capable of handling a wide range of food phasievith respect to their size.

4.1.3.2. Prey capture and feeding process video observation

Only few authors have outlined the feeding proce$sL. pertusa which makes the
observation report provided by this study (3.1.2#) most detailed description to date. To
the authors best knowledge this was also the tilms¢ that the whole feeding process was

video-documented scientifically (2.1.4.3).

Generally, anthozoans and corals use two mechari@npsey capture: nematocyst adhesion
for large prey (Muscatine 1973), and cilia with mscentrapment for small non-motile
particles (Goreaet al.1971). The size of the polyps therefore determihessize and type of
the preferred prey (e.g. zooplankton, phytoplanktbacterioplankton) as it was well
demonstrated for shallow-water reef corals andcadans (Porter 1976; Sebens 1987). In the
framework of this study the observéd pertusapolyp only used nematocyst adhesion to

capture prey. Interestingly the polyp was even #&bleapture thértemianauplii when only a
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few tentacles were extended - demonstrating thie éifficiency of the nematocysts adhesion.
Similar observations were reported from Tsouwtial. (2010) after feedind.. pertusafrom
the Mediterranean Sea withrtemia nauplii. These authors also reported that the gsoly
remained saturated and unable to ingest more mnethé next 12 to 24 h after a feeding
period of 2 hours. This finding is substantiateddoy observation. After the active feeding
phase we observed approximately 10 - 15 % highar-t#verage polyp expansion. This high
degree of polyp extension results in a maximumaserfto volume ratio (S/V ratio). A
dependency between polyp extension state and aéispirate was examined by Brafield and
Chapman (1967) on pennatulid octocor&ge(oides griseuin In their study, respiration rates
increased about 70 % if the polyps returned froratacted to an extracted state (Brafield &
Chapman 1967). Therefore we attributed the highypaxpansion ofL. pertusato an

enhanced need for a gas exchange during the digextihe food particles (dissimilation).

The maximum feeding rate for pertusawas 63 Ind polyp h* and was in the same range as
the reported maximum feeding rates of 76.9 Ind pblfi* for Galaxea fascicularis- a
common scleractinian zooxanthellate coral fromtthpics (Hii et al. 2008) - suggesting the
physiological adaptation of the catching mechaniesmL. pertusa to the cold-water
environment. A feeding plateau, as it was describedeveral tropical species (see above),

could not be observed

4.1.3.3. Food quality, carbon uptake and growth

Although enriched the measured energy content @d fguality Il was about 13 % less than
that of food quality | (Tab. 8). At first glance @rtould conclude that this may indicate a
failure in the enrichment of th&rtemianauplii (see 2.1.4.4). However, during the 24 dfrs
larval development from instar | (FQI) to instar(AQII) dry weights and energy contents of
starvedArtemia nauplii are known to decrease by 16 - 34 % and 3Z %, respectively
(Vanhaeckeet al. 1983). Thus the lesser energy content decreag® dfQll Artemianauplii
proves that supplying the FQII with the highly ehed lipids of the food additives was
successful.

On averagd.. pertusapolyps have ingested about 50 % méréemia nauplii of FQII than
FQI. This corresponds to an additional energy andmdass uptake of 58 % and 83 %,
respectively, indicating a high preference for F@l$ the analysis of the different remains (in

! measured under dark conditions. Maximum feeditgywader light conditions fdBalaxea fascicularisvas
113.6 Ind polyp h* (Hii et al. 2008).
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particular dead nauplii) suggested, the instaraliplii of FQIlI were caught with a higher
efficiency than the instar | nauplii of FQI (Moldzi2008). Nevertheless, growth rates
measured at the end of each feeding phase wereacabi@ with those obtained from the
CWC-MS and revealed no relationship between foadityuand growth (Fig. 43, Tab. 10).

This could indicate:

(1) that FQI was of higher nutritional value for theas and that it was necessary to
enhance food uptake in the second feeding phasB) (féQ the replenishment of
important nutrition pools (e.g. specific fatty agior wax esters) or

(2) that if a minimum food quality is guaranteed theqipitation of CaCg@ is

unaffected by the food quantity.

In the latter case the additional energy and drgsmgtake could be used by the coral polyps
for tissue growth, reproduction or other physiotadi pathways not measured in the

framework of this study.

As outlined above, comparisons of feeding ratemfabfferent studies are problematic and
can only highlight general trends and dependenEiesiever, feeding rates af pertusawith
Artemia nauplii seemed to be consistent with the feediaigsr obtained from the video
observation study and the natural plankton studpépods) indicating a dominant role of the
prey density rather than the prey size or preyiguélab. 20). The differences in feeding
rates betweer\rtemia spec. and the copepditartia tonsawere most likely based on the
physical characteristics of both prey anim&®lgemiaspec. are weak swimmers and behave
more like passive particles than actively swimnuogplankton. In all stages of development
Artemia spec. lack effective predator avoidance (e.g.amsgumps) (Léger et al. 1987).

Capturing success therefore seems to be a dinectidn of the encounter rates between coral

polyp and prey.

To date only the study of Tsourgs al. (2010) reported feeding rates farpertusaand three
other cold-water scleractinian coral species from Mediterranean. Fdr. pertusafed with
Artemia spec. nauplii a feeding rate of ~ 280 Ind pdlyp' was measured (Tab. 20). The
authors have not determined a total food uptakebbsed on the duration of the experiment

! Artemiaspec. are living in hypersaline environments (sddés, brines) on top of a flat food chain. A e
avoidance mechanism was therefore evolutionarynastifested.
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(2 hours) a maximum food uptake of 567.5 + 2602 polyp’ h™* can be calculated. Based
on the limited space of the polyps coelenteron @mdmeasured maximum total food uptake
of 234 Artemia spec. nauplii (video observation) a food uptake~0560 Artemia nauplii
seemed to be overestimated. Unfortunately the amitfamiled to describe their methods
appropriately. It is not clear whether feeding satere calculated from missing food particles
in general or only from missing food patrticles e twater column. In the latter ca&gemia

nauplii which were killed but not captured and isigel by the polyps were also counted when

tallying the feeding rate.

Tab. 20Comparison of feeding rates by scleractinian cdral® cold-water, temperate, and tropical habitats.

Species Feeding rate Prey Prey Temp. Reference
(Ind polyp* ") density (O
(Ind mL?h)
Lophelia pertusa 2.0 £ 0.2 Acartia tonsa 0.6 8 this study
Lophelia pertusa 6.5 + 0.5 Acartia tonsa 2.4 8 this study
Lophelia pertusa 9.8 Artem!aspec. ~5 8 th!s study .
nauplii (video observation)
. Artemiaspec. .
Lophelia pertusa 4.0 + 1.2 nauplii FQI 0.8 8 this study
. Artemiaspec. .
Lophelia pertusa 6.0 + 1.5 nauplii FQI 0.8 8 this study
. Artemiaspec. i (Tsouniset al.
Lophelia pertusa 283.7 + 130.1 nauplii 10-20 12 2010)
Madrepora 479 +333 Artem!aspec. 10 - 20 12 (Tsouniset al.
oculata nauplii 2010)
Desmophyllum Artemiaspec. i (Tsouniset al.
cristagalli 85£30 adults 10-20 12 2010)
. i Natural i i (Palardyet al.
Pavona gigantea 2 - 18 plankton 25-27 2006)
Galaxea 0.8 Artemiaspec. , 4 28 (Hiiet al.2008)
fascicularis nauplii
Galaxea 46.6 Artemiaspec. 28 (Hiiet al.2008)
fascicularis nauplii
Madracis 6-15 Natural <003 25-27 (Seberms al.1996)
mirabilis plankton
Montastrea 4, Natural <003 25-27 (Seberms al.1996)
cavernosa plankton

For discussion about feeding efficiency, methodalalg considerations and statistical

analysis, the reader is referred to Moldzio (2008).
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4.1.4. L. pertusabasic morphometry and ambient calcification rates

41.4.1. Aragonite skeleton density and biomass contents

CaCQ exists in many crystalline polymorphs with cal@ted aragonite as the most important
(Medeiroset al. 2006). Pure aragonite is a translucent minerai witlensity of 2.947 g ¢
(Ralph & Chau 2010). Measured skeleton densitied fgertusawere up to 6.8 % lower,
ranging from 2.746 to 2.780 g Eirevealing the presence of residual organic matitkin
the skeleton. Deviations from the density of puraganite in marine biological skeleton
structures are well documented. Measured densitiesl.. pertusa are intermediate to

densities reported for tropical shallow-water satéinian corals (Tab. 21):

Tab. 21 Scleractinian coral skeleton densities.

Species Densityg cni®) Reference

Acropora humilis 2.622 Davies (1989)

Favia fragum 2.82 Mann (1994)

Lophelia pertusa 2.746 - 2.780 this study

Lophelia pertusa 2.75 £0.07 Dodds (2007)

Pocillopora damicornis 2.703 Spinazet al. (1996)

Porites australiensis 2.810 - 2.819 Barnes & Devereux (1988)
Porites lutea 2.737 - 2.802 Barnes & Devereux (1988)

For acroporid corals the effect of different coksiand locations on the skeleton density was
examined and results revealed that the densityrelasvely constant within a colony and
even between sites (Bucher al. 1998). TheL. pertusasamples from Dodds (2007) were
collected at the Mingulay Reef Complex (for a coefnsive site description see Robetts
al. (2005)) 600 nm north-west of the sample-site a$ &tudy (Oslofjord). Although the
sample sizes of both studies were very limited, suesd densities are comparable and
suggest that site-specific variations in densigyalso very low fot. pertusa

The measured fraction of biomass as a percentagteofwhole buoyancy weight for
L. pertusawas 0.88 + 0.31 %. This is comparable with regbtimmass fractions of 0.81 +
0.17 % forPocillopora verrucosa an imperforate coral from the tropics (Davie89pP For

L. pertusathere are no biomass fractions published to date.
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4.1.4.2. Skeleton length-weights relationships

Corallites length of this study (Oslofjord samplesgre 1.4 cm on average and are
intermediate to reported lengths from Fedje / Gjstelen and Sula Reef corals with 1.0 and
1.7 cm, respectively (Mortensen 2001). The linedatronship between corallites diameter
and length from the Oslofjord corals was highlynifigant (R = 0.56, P < 0.001) and
stronger than the correlation of the corallitesrfrthe Osterfjorden (R= 0.43, P < 0.001) and
Fedje corals (no significant correlation) but wealten for the Sula reef corals{R 0.68,

P < 0.001) (Mortensen 2001).

Based on the high variability &f pertusaphenotypes Freiwalet al. (1997) defined different
morphotypes but it is actually not known whetheeséh morphotypes are genetically or

environmentally controlled (Mortensen 2001).

The calculated relationships between corallite Wisiglength and - respectively - diameter
are unique forL. pertusa Therefore comparisons with published data were pussible.
However, the strong linear relationship betweenycabeight and a hypothised cylinder
volume (R = 0.89) reveals that a cylinder describes the tmgpe ofL. pertusaadequately.
Additionally if both diameter and length of a cditel are known the corresponding dry
weight can be determined sufficiently. In laborgtoexperiments the morphometric
measurements can be used for normalisations of nleéabolic processes (especially
respiration rates where the exhibited tissue sarfalays an important role). Very recent
approaches in order to find geometric based nosai#ns for scleractinian corals (including
L. pertusa were performed using computer tomography (CT) sufstsequent 3-dimensional
surface reconstruction (Naumamt al. 2009). But even if this method reveals excellent
accuracy its usability in practice is limited toetlaccess of CT and 3D postprocessing
routines. Furthermore a CT detects only coral aqazab® skeleton and thus over- or
underestimates the live tissue surface area cordpbgethe polyps and the coenosarc
(Naumanret al.2009).

For future field studies the found equations arggssted to be used for an enhanced

estimation of the carbonate budgetingLofpertusareef structures by high-precision video-
mapping.
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4.1.4.3. Ambient calcification rates

Growth rates for scleractinian corals have beercéffy reported in linear skeleton extension
(LSE) or in weight gain as a percentage of thaahiveight (G) according to the different
methods (2.2.1.3). Commonly LSE rates were usedaifioestimation of how high a colony
may develop above the seafloor over time (Robartd. 2009) while G was typically used in
laboratory experiments for examining physiologydihssues.

The earliest LSE measurement far pertusawas published in 1877 by Peter M. Duncan
(1824-1891) who examined newly formed colonies orrams-Atlantic telegraph cable
(Duncan 1877). His reported average LSE of 7.0 mifmwas in between the range of actual
studies - specifying annual LSE growth rates forpertusafrom 2.6 to 34 mm vt
(Mortensen & Rapp 1998; Gass & Roberts 2006) (B&). A comparably high variation in
LSE was also reported favladrepora oculata (3 - 18 mm yr; Orejas (2008)) another
cosmopolitan scleractinian cold-water coral fredlyerassociated withLophelia reefs
(Freiwaldet al.2004).

Mass-gain related growth rates (G) forpertusaare scarce. To date only one peer-reviewed
short-term study (Maieet al. 2009) and one PhD-thesis (Dodds 2007) have repgriwvth
rates for bulk calcification (whole branches). Thainge encompasses more than two orders
of magnitudes from 1.6 x 0to 6.7 x 1¢ % d* (Dodds 2007; Maieet al. 2009). In this
study the rates of calcification (Tab. 12 and 2&j)ied over time and between measurement
methods (BWT or TAAT) but were - on average - oa same dimension. Maximum growth
rates (7.1 x 18 % d*, Tab. 12) were comparable with mean calcificatiates from Maieet

al. (2009) while mean rates (8.7 x 186 d*, Tab. 22) range exactly between the rates from
Maier et al. (2009) and Dodds (2007).

The high variation in growth rates has motivateddegtussion about the reasons and drivers
determining cold-water corals growth and distribntiGenerally azooxanthellate corals were
regarded to have low growth rates due to the alesehsymbiotic algae which are suggested
to enhance calcification in zooxanthellate coracsps (Goreau 1959; Pearse & Muscatine
1971; Allemancet al.1998; Al-Horaniet al.2003a). In all studies (Tab. 22) bulk growth rates
(G) of L. pertusawere indeed low compared to shallow-water zooaldte branching
species with growth rates of 0.2 - 2.3 % (&rez 1978; Ferrier-Pages$ al. 2000; Reynaudt

al. 2003). For yound.. pertusapolyps however, maximum growth rates of 1 % were

measured which are fairly similar to those of toaizooxanthellate corals (Maiet al.
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2009). Additionally the LSE for most of the zooxaitate coral species were also on the
same range (e.g. 6.0 - 24.0 mm"yior Montastrea annularis -a dominant hermatypic
Caribbean scleractinian coral (Huston 1985)) ad.fopertusa.Some extreme fast growing

zooxanthellate acroporid species may even yield/gates of > 150 mm ¥r(Huston 1985).

A positive correlation between temperature and g¢gnovates for zooxanthellate corals is
extensively documented (Webetral. 1975; Nieet al. 1997; Lough & Barnes 2000; De'A¢t

al. 2009) and various reasons were suggested as akplaife.g. highe€, saturation states
in warmer waters promoting CaG@ccretion, enhanced physiological exchange presess
between host coral and zooxanthellae, etc.). Howesseamined temperature ranges were
according to the corals natural warm-water envirentrand physiological tolerances. The
range was far more narrow (only a few °C) than wider scope of cold-water corals
ecoenvironmental ranges (e.g. 4 - 12 °C lfoipertusd. But surprisingly, the highest LSE
rates forL. pertusa(26 + 5 mm yt') were measured on conductors (wide-diameter pipis)
oil-platforms in the northern North Sea at 95 - lIf@6water depth coinciding with cold
Atlantic waters of 7 - 11 °C (Gass & Roberts 2006lhas therefore been suggested that even
though temperature has an important influence erdistribution ofL. pertusahabitats (Dons
1944; Freiwald 2002; Rober&t al. 2003) water-mass properties and food supply cbaldf
even higher significance (Frederiksehal. 1992; Gass & Roberts 2006). Feeding frequency
has been demonstrated to positively affect grovettesr of both, tropical shallow-water
scleractinian corals (Ferrier-Pageésal. 2003; Hii et al. 2008; Houlbréeque & Ferrier-Pages
2009) and the cold-water corhl pertusa(Mortensen 2001). Generally nutrient (biomass)
input into the deep-sea decreases exponentiallyingreasing depth (Rex 1981) - making the
deep-sea a food-depleted environment (Thiel 19780V & Hessler 1987). Accordingly.
pertusawas found most frequently on the continental nreggvhere high currents provide
enhanced nutrient and food availability (Spatcal. 2000).

A distinctive feature ofL. pertusais its occurrence in two colour varieties and salve
different morphotypes (Freiwalet al. 1997). The fast growingy. pertusacolonies from the
oil-platforms were attributed to théabular morphotype (trumpet-like tabular shaped
corallites, deep calices and a thin stereome) vasererals from Dodds (2007) and those used
in this study have much thicker skeletons with mosedely interspersed polyps
(brachycephalaand gracilis morphotypes). It is therefore possible that weigain based

growth rates from oil platform corals were on a panable range than for other areas and that
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the faster growth could also be a response to ¢xoeh environmental conditions (e.g. high

sedimentation rates).

Another important source of variation comes from sliggested allometric and pulsed growth
pattern ofL. pertusa The highest linear growth was measured in thly egiowth stages of
the polyps (Mortensen & Rapp 1998; Mortensen 2@boke & Young 2009). Inversely
linear extension rates decreased drastically witheiasing age of the corallites (Mortensen
2001; Brooke & Young 2009). The maximum calcificatirate of 1 % d in the study of
Maier et al. (2009) was also only measured on young and isblatdyps (see above). The
comparatively low bulk calcification rates in caadt support the allometric growth pattern
model. Mortensen (2001) also observed that lineawth occurred as episodic events with
rapid growth (max. 1.2 mm™ followed by longer time intervals ( > 4 weeks)thwnearly
zero growth. Interestingly during the two yearsobBervation no significant correlation was
found between linear extension rates and changeaywater temperatures or salinities
(Mortensen 2001). Allometric as well as episodipulsed growth is typical for solitary,
massive and branching scleractinian corals andel@mple responsible for the density
banding patterns in cross-sections of coral ske&et(Emiliani et al. 1978; Barnes &
Devereux 1988; Nagelkerkeet al. 1997). Episodic growth can also be regarded as an
explanation for the high and inhomogeneous vanation the growth rates of the

unmanipulated long-term incubations in this study.

In summary bulk calcification depends strongly ba proportion of older and younger polyps
in a branch (Maieet al. 2009) and was affected by several interconne@etbifs including

time. Additionally a progressive growth did not assarily reflect optimum life conditions
and to date it is unknown to what extent calcifmatis controlled environmentally and / or

genetically.
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Tab. 22 Linear skeleton extension growth rate§ @nd calcification rates measured as weight gaira i
percentage of the initial weighb)for the main bioherm forming cold-water cotalphelia pertusa

Origin

Growth rate Method Reference
depth(m)

a) Linear skeleton extension (mm yt)
7.0 L"a”'made structure of oo 1006 Duncan (1877)

nown age
6.0 Lnan-made structure of 800 Wilson (1979)

nown age
25.0 C/O stable isotopes 300 Mikkelssral (1982)
19.0 C/O stable isotopes 250 Freiwatdl. (1997)
55 C/O stable isotopes 200 - 350 Mortensen & Rapp8)
2.6 aquarium grown corals 200 - 350 Mortensen &RE1998)
26.0 L"a”'made structure of g _ 109 Bell & Smith (1999)

nown age
9.4 aguarium grown corals Mortensen (2001)
50 Lnan-made structure of 100 Roberts (2002)

nown age
19.0 - 34.0 L"a”'made structure of o5 _ 156 Gass & Roberts (2006)

nown age

. Mediterranean :

15.0-17.0 aguarium grown corals214 218 Orejaset al (2008)
54-38 in situfield study with  Gulf of Mexico Brooke & Young (2009)

stained corals 430 - 520
b) Percentage weight gain (% &)

Rockall Banks

1.6 E-04 Buoyancy weight Dodds (2007)

600
3.7 E-04 Buoyancy weight g/lgi’ggulay reef Dodds (2007)
6.7 +1.9 E-02 “5Ca labelling g/lgggulay €€l Maieret al (2009)
3.3+2.4 E-02 %Ca labelling ?&')"fjord Maier et al (2009)
8.7+ 11.7 E-03 Buoyancy weight (1)()S(I)0fjord this study
6.8 + 3.2 E-03 Delta total alkalinity ?OS(')ijord this study
8.7 +£3.2 E-03 Buoyancy weight §§|5a reef this study
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4.2. Environmental change related experiments

4.2.1. L. pertusaocean warming stress response

4.2.1.1. RNA/DNA ratio measurements

This method is based upon the assumption thatomanon tissue cell the amount of DNA is
fixed, whereas the amount of RNA depends on theah&ctivity of protein biosynthesis.
Progressively growing or differentiating somatidiseare associated with active protein
production and therefore the RNA/DNA ratio is higtltean in cells with low metabolic
activity. The RNA/DNA ratio method has thereforeebaused in a wide variety of organisms
as an indicator for growth rate, biomass, or gdmaetabolic status. In marine animals this
technique was applied for example to fish larvaallf®Bv 1987; Kawakamiet al. 1999;
McNamaraet al. 1999; Clemmeseat al. 2003; Tanakaet al. 2008), copepods (Nakaéd al.
1994; Wagneret al. 1998; Biegalaet al. 1999) and other marine invertebrates (Wright &
Hetzel 1985; Frantzist al. 1992; Pierceet al. 1999; Woet al.1999) as well as to bacteria and
microbial communities (Kerkhof & Kemp 1999; Yu & Mo 1999). In zooxanthellate corals
RNA/DNA ratio measurements were demonstrated to abe appropriate indicator of
metabolic activity (Buckley & Szmant 2004) and otbmatisation / adaptation along altered
environmental gradients (Bak & Meesters 2002; Msrestt al. 2002). In this study the
RNA/DNA measurements were used for the first tinmeaocold-water coral (see section

Cooperations).

Based on the coefficients of variation derived frameasurements on control homogenates
with unmanipulated corals (n = 30) a methodologacision of + 3 % was determined.

However, due to a relatively high autofluoresceaténe coral tissue reliable data was only
obtained in a small range where a linear corralabetween measured fluorescence and

sample size existed (for details, see Gutperlé@gp0

Temperature stress response experiment

RNA/DNA ratios from the corals in the control gro(p, 8 °C) varied over a wide range
reducing the discriminatory power of the stressugeo ratios. A strong variation in
RNA/DNA ratios was also observed in the zooxangtell coral Madracis mirabilis
suggesting generally large intrinsic metabolicetiéinces among scleractinian corals (Gates &
Edmunds 1999). Other reasons may cohere with thoggested to be responsible for the

variations in the growth rates (mainly differenbportions of young and old polyps).
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Despite the high variations in the control groups RNA/DNA ratios of the stress groups
were significantly lower revealing the corals samgy towards elevated temperatures as well
as the practicability of the RNA/DNA ratio method an indicator for “temperature stress”
with respect to metabolic activity. These resutts @nsistent with the findings of Buckley &

Szmant (2004) in reporting a decrease of the RNAXDatios at elevated temperatures in the

tropical scleractinian cordllontastrea annularis

In a methodical evaluation (Gutperlet 2008) pertusapolyps were incubated at ambient
seawater conditions identical to those of the adrgroups (placed in the same CRS) for 5
months without any nutritiorL. pertusais known to withstand several months of starvation
(up to 22 months!). Adverse effects like an inciregamortality and deterioration of the
polyp’s conditiod can be observed on polyps starving for 3 monthsnore (Mortensen
2001). RNA/DNA ratios of the starved polyps werertéfore assumed to represent the lowest
metabolic activity and thus a good proxy for lowkestels of fitness irL. pertusaspecimens
(Fig. 67). In account of this the median RNA/DNAiozof the T.10-c treatment lies below the
median ratio of the starved polyps. This may inidicdhat a temperature of 18 °C is far
beyond the compensatory capabilities for thernrakstinL. pertusa Additionally, the polyps

in this treatment looked increasingly worse (eogv Expansion, high mucus production) and
the disintegration of tissue led to a terminatidrthos treatment after an incubation time of

only three days (2.3.1.).

Median RNA/DNA ratios from the ;gc (= 11 °C) treatment were in between those measured
in the control group (T) and the starved coralg.(Bi7) suggesting that this temperature was
also above the physiological optimum of this specmr that the time allotted for
acclimatisation (to recover higher ratios) was $bort. The polyps in this treatment visually
looked healthy and studies on the polyps’ behavammonstrated an acclimatisation of the
expansion-retraction behaviour pattern (see 4.p.1kwever, measurements of the
respiration rates performed at the end of the exymat (14 days) where lower than
immediately after raising the temperature (acutess) but still higher than the initial
respiration rate measured at ambient temperatur¢hatbeginning of the experiment
(Gutperlet 2008). Hence it can not clearly be state what extent the corals were

acclimatised or still under thermal stress at ttme tof the RNA/DNA ratio measurements.

! Polyps showing poor condition were retracted @mhged colour from transparent to more yellow-bristvn
(Mortensen 2001).
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In the lonian See (Mediterranean basin) pertusawas found in water temperatures of
13.8 °C (Tavianiet al. 2005) which marks the maximum of the actually know
ecoenvironmental range normally reported betweand12 °C (Rogers 1999; Freiwadtal.
2004; Robertset al. 2009). Thus, the experimental temperature wasénnormal thermal
range ofL. pertusaand future studies should address the questiorthehen increased
acclimatisation time would balance the RNA/DNA ostior not. In the latter case the
hypothesis that an evolutionary adaptation of theditérranean cold-water corals has made
them physiologically and genetically separated fitbwir relatives in the North Atlantic can

be proposed.

—

T+3°C T+10°C | starvation| 410 ppm 526 ppm 651 ppm 867 ppm

temperature pCO,

| HH
L *Ti%
IR

. i +

: T 0 '

Fig. 67 RNA/DNA ratios ofL. pertusafrom three experiments separated by vertical liié® horizontal grey
bar indicates the RNA/DNA-ratio area which was deiaed by the medians of the unmanipulated control
corals from the temperature (T) ap@0, (410 ppm) experiment. Corals in the experimenarisition” were
incubated identical to “T” but without feeding thefor 152 days. Box and whiskers are + standardremod
deviations, respectively. Black dots indicate @nfliand the asterisks indicate statistically sigaift differences
between treatments and the control groups (T, £19)p
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Ocean acidification stress response

Surprisingly RNA/DNA ratios seemed not to be negdli affected by elevate@CO,
conditions whereas growth rates of the same caletseased significantly with increasing
pCO, concentrations. Moreover, a temperature incredsenty 3 °C seems to be more
problematic foiL. pertusas fitness than a doubling in ti€0, concentration (corresponding
to aragonite undersaturated conditions) (Fig. 67)!

It is therefore possible that far pertusaand other scleractinian corals calcification isreno
dependent on the seawater chemistry and the pasgpability to react / acclimatise to
changes than the corals general state of fitndss.eXperiment of Fine and Tchernov (2007)
in which two scleractinian species from the Meddaaean Sea survived at highly
undersaturated conditions in form of entirely dedi@gld anemones-like polyps (referred to as
ecophenotypes) give further evidence for the stygagticity of the calcification process and
the corals survivability towards large-scale enwinental changes with respect to ocean

acidification.

42.1.2. Polyp behaviour studies using PoBeMon tool

Polyp behaviour is an important factor with resgedhe polyp’s health. To check the “polyp
status” regularly is one of the most important sagk marine reef aquaristics. The polyps
react to changes in water quality or other distudea immediately and long before complex
or time-consuming analysis may point out the pdesibauses. In scientific studies
expansion / contraction behaviour patterns haven bedensively examined on tropical
shallow-water corals (Kawaguti 1954; Abel 1963; i®& Price 1975; Lasker 1979; Brown
et al. 1994; Levyet al.2001; Levyet al.2006) and sea anemones (Gladfelter 1975; Sebens &
Deriemer 1977). Depending on the question and &abitthe examined corals, most of these
studies attributed their polyp behaviour pattemditl cycles of food availability, tidal water
currents or solar irradiance. Due to the high tezdirefforts needed to investigate cold-water
corals to date only a few descriptions of their debur exists (Shelton 1980; Mortensen
2001; Roberts & Anderson 2002). For laboratory istsidRoberts & Anderson (2002)
developed a method based on time-lapse video regsrabf L. pertusapolyp silhouettes
using a Freznel lens and indirect infrared illuntima The method developed in the
framework of this thesis is a technical advancenoénbe one used by Roberts & Anderson
(2002) with the main advantages of being autonomatisrespect to the image analysis and

to being independent from an experimental appa(atealso 5.2.1).
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Normal polyp behaviour patterns

At “normal” conditions (e.g., constant water flowtable water properties, absence of
epibionts, etc.).. pertusapolyps exhibit a variable periodicity of retract®and extensions
without any diurnal pattern (Fig. 53 - 56, a). Nookthe polyps showed a permanent
expansion during the 48 hours of monitoring. Thebservations are in accordance with
Roberts & Anderson (2002). They also describe aakbr rhythm of expansions and
retractions. As a result of both observations t&cdption from Shelton (1980) that polyps of
L. pertusa would remain permanently expanded unless mechanidisturbed should
therefore be regarded as outdated. However, Shelbtiservation that there is no continuous
nerve net connection between individual adult pslwithin the same colony was supported
by Roberts & Anderson (2002) with their descriptminasynchronous behaviour of adjacent
polyps. In this study most of the time expansiom aetraction of adjacent polyps were
asynchronous but sometimes a synchronisation fewacycles was observed. Unfortunately
it could not be determined whether these “synclsations” were intrinsic or caused by
external disturbances (e.g. small temporal vibretion the climate chamber). To date the
reason for the periodic contraction and re-expanssounknown but Robert & Anderson
(2002) suggested that it could reflect the polymsed to exchange water within the
coelenteron or expel undigested food remains. éstargly, a total polyp extension of 100 %
was mostly a short-time event of a few minutes.iuthe expanded phases the polyps
stayed between 60 - 80 % in the majority of ca$bs may indicate that a full expansion is
exhausting for the polyp and not necessary to raminthe basic vital functions (mainly
“filtrating”, gas exchange and excretion). The appa absence of a diurnal pattern further
suggests that in azooxanthellate corals behavisuraiher linked with changing water

conditions and food availability than the time afyt

Polyp behaviour pattern under thermic stress

In subexperiment | (18 °C) the results were coeaiswith those from the RNA/DNA ratio
measurements of the same specimens. It has theréfeen demonstrated, that lowest
metabolic fitness corresponds to decreased polparesion behaviour. In this context it is
worth mentioning that frequency of extension / aetion immediately increased after
elevation of the temperature (Fig. 54) but thatjfency declined the longer the corals were

exposed to the new temperature. Hence, in a fappeoach the software should be extended

! The time of day corresponds to the solar irradtanbich is known to be an important trigger in thest -
symbiont interactions of zooxanthellate corals Kexsl979).
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by a pattern recognition algorithm in order to tige parameter as an additional indicator for
polyp behaviour under acute stress conditions éts®5.2.1). Corals in the subexperiment I
(11 °C) behaved relative similar to those of thieesgperiment | during the first 24 hours after
the temperature change: after a phase with inadefasguency and average extension states
their group extensions (see p. 118) decreasedfismmiy. Despite a decreasing trend with
time the corals group extension increased backdt@at@ comparable with those of the non-
manipulated corals of the control group after 1ysdaf incubation at 11 °C (Fig. 58 c). This

indicates an acclimatisation procesd.opertusatowards moderately elevated temperatures.

The fact that extension behaviour completely catéich the RNA/DNA ratio measurements
(significant differences in the polyps fitness be#w the stress and control group) may

suggest that:

(1) polyp extension behaviour does not necessarilyeceflhe metabolic state at low to

moderate levels of stress,

(2) the experimental time was too short and the phggioal acclimatisation was not

finished yet, or

(3) the temperature was too high for a successfulraatisation with the consequence of a

degraded metabolic activity.

Further work should therefore focus on improvemeasftshe methods as well as longer
acclimatisation times in order to assess the réasfor the difference between behaviour and
RNA/DNA ratios.

4.2.1.3. Respiration measurements using advanced optode tautiogy

Methodological considerations

For the study of the ecophysiology of a speciescipee measurements of oxygen
concentrations are required for calculating ratesomsumption and production. In the past
two methods have been widely used and establisb@ometric titration after Winkler (1888)
and electrochemical measurements using Clark ebesr(1956). In short, the titration after
Winkler yields the highest accuracy but measursxgme consuming. Additionally for each
measurement a water sample is needed which is soeseproblematic (especially when the
water volume of an experiment is limited or hasb# constant). The Clark electrodes are

adequate in their accuracy and reproducibility ean be used without diminishing the water
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volume. However for reliable results the water skmpas to continuously circulate around
the electrodes and in long-term measurements tteegubjected to a remarkable drift. For a
comprehensive comparison of both methods in smalimes of seawater, the reader is
referred to Peck & Uglow (1990).

In the framework of this thesis advanced optodértelogy was applied as an alternative
method to measure oxygen concentrations withoutpthtential problems outlined above.

General advantages of optodes are:

they are small (no sensor head needed, only adt),

- they do not consume;O

- detection limit up to 15 ppb

- measurements are possible over a temperature vadgethan for classical methods
- accuracy of £ 1 % (air saturation)

- long-term stability with nominal drift

- autoclavable / gamma-sterilised

- no cross sensitivity (COH.S, NH;, pH)

In the planned respiration measurementd_opertusa only relative rates (as a function of
oxygen consumption) were of interest. Thus, forleatang the methodological reliability,
only the determination of the reproducibility artetsensor drift was of relevance. For a
methodological comparison between optodic and Vémkiased oxygen measurements, see
Hydeset al (2007).

At nearly constant environmental conditions (terapime and oxygen saturation) measured
drift rates for oxygen and pH sensor spots wereemély low (see 3.1.4.1). For example, in
24 hrs, phase angles for oxygen and pH sensos diépleted only about 0.12° and 0.10°,
respectively. In terms of “percent air saturatiaaid pH the drift corresponds to a rate of
about -1.1 % d and -0.03 pH d respectively. Additionally during the 40 hours of
measurements, the drift in both sensor types wasgly linear (Fig. 49), allowing precise
corrections for drift if necessary. Precision ie {fH sensor spots was acceptable (x 0.09 pH)
if pH is used only for monitoring reasons (e.g. falow trends) but needs further
improvements (e.g. modified calibration routindghe pH measurements were to be used for
calculations of the carbonate system parameteexiditon of the oxygen sensors was very

high (+ 1.1 umol [* or + 0.36 % air saturation) and on a comparatze s classical Winkler
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titrations (1.5 - 2.2 pmol £ Hydeset al. (2007)) which demonstrates their successful
application in long-term continuous oxygen meas@meis

L. pertusaholobiont respiration at ambient and elevated tempratures

The rising concern about climate warming and wagbthenomena like El Nifio / La Nifia has
motivated an extensive research effort on tropicatal ecophysiology. Shallow-water
hermatypic corals from the tropics are commonlynbun a symbiotic relationship with

dinoflagellates (zooxanthellae) and evolved to bezodependent upon a very narrow
temperature range. Thus reported sensitivities elt a8 metabolism pathways can not be

easily transferred or compared with cold-water sosach as.. pertusa

AlthoughL. pertusaare important deep-sea ecological engineers (Jireds1994) this thesis
is only the second attempt to assess their respjratiysiology and the first study examining

respiration rates on any cold-water coral usingdettechnology.

Respiration rates of this study measureith &itu temperature (7.5 °C) were in the same range
as reported rates fdr. pertusasamples from two other North Atlantic locationsafT 23).
The fact that both studies revealed relatively kimrates at two different temperatures
(AT = 1.5 °C) may indicate that a value of ~ 0.3 urelg* h™ represents an oxygen
consumption specific fdr. pertusaliving in the North Atlantic.

Tab. 23 Mean rates of oxygen consumptionlafphelia pertusadrom three different North Atlantic locations
normalised to skeleton dry weight.

Location Rateumol 0, g h?) (CV) n  Temperaturec) Reference
Rockall 0.25 +0.02 (25.68) 8 9.0 Dodds (2007)
Mingulay 0.36 + 0.09 (51.36) 4 9.0 Dodds (2007)
Sula Reef 0.30 £ 0.06 (19.05) 4 75 this study

When the temperature was modified the oxygen coptom of L. pertusawas clearly
affected. Respiration rate at 11 °C was about 5&i&her when compared to the rate
measured at control temperature of 7.5 °C (sed.2)L.This result is in good accordance to
the findings of Doddt al (2007), reporting a 50 % increase in responsa temperature
change from 9 to 11°C and to studies on tropicderactinian corals, which also
demonstrated the interrelation of respiration ratéh temperatures (Coles & Jokiel 1978;
Edmunds 2005).
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The results are also in agreement with the findfghe behaviour studies. As an immediate
measure for regulation of oxygen consumption tHggsocan increase their surface to volume
ratio through expansion (see feeding regimes).cAigih respiration was not quantified during
the behaviour studies, measured polyp expansions lghest during the first hours after the
temperature increase what strongly suggests higthes of oxygen consumption during this
phase (Dodds 2007). The higho values (3.65) are above the upper limit of the'tvilioff

Quo rule of 2-3. This suggests thiat pertusamay not be able to compensate for changes in
temperature, thus being sensitive to climate-chayen ocean warming. This would lead to
enhanced food requirements and would have seveleations for the overall energy budget

of the animals and therefore their growth, caleificn performance, and competitiveness.

Preliminary results from respiration measuremerggopmed at the end of the long-term
ocean acidification experiment revealed that resjpin rates decreased significantly with
increasingpCO, by an average of 20 - 30 % within the range of #©@,200 ppnmpCO,,
suggesting that mean metabolic rates may declink wiean acidification. Thus ocean
warming and ocean acidification will have divergingpacts on the metabolism bof pertusa

the physiological causes of which have yet to bdiset in greater detail.
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4.2.2. L. pertusaocean acidification stress response

4.2.2.1. Short-term incubation experiment (STE)

Methodological considerations

The permanent bubbling with ambient@O,-enriched pressured air in the bioreactors lead
to an increase of the salinity in all bioreactoespecially in the blanks. For unknown reasons
evaporation in the blanks was on average 5 % hitjtzar in the replicates with the corals. It
is possible that the intensity of bubbling in thianks was higher than in the replicates
because the bubbling was fine-adjusted with pddicoare on the bioreactors containing
corals in order to prevent them from surroundirmgbabbles (which could be misinterpreted
from the polyps as food-particles as previous dguoarobservations indicate). However,
salinity measurements of the blanks and their spoeding TA revealed a quasi perfect
regression (R= 0.99) allowing precise corrections for evaporatio the replicates with the

corals.

Initial nutrient concentrations for nitrate, nigjtammonium, and phosphate were compared
with their final concentration and measured on wa@mples gathered at day 10 after
removing the corals for the subsequent RNA/DNAorateterminations. As expected all
nutrients increased their concentrations due tdogical activity (especially permanent
release of mucus) but final concentrations wergh@ same range or even lower than
concentrations reported for CWC habitats in thetideast Atlantic (Daviest al. 2008). An
influence of the nutrients on the corals as welbasalkalinity measurements was therefore

unlikely.

The corals for the STE were taken from the CWC-MSFebruary 2008. At this time
L. pertusasamples from the Oslofjord were cultivated in @RS at a temperature of 8.0 +
0.5 °C. Even though the climate chamber was sdbwer air temperatures (~ 6 °C) the
measured water temperatures in the bioreactorshendater bath increased spontaneously to
a constant 9.0 £ 0.1 C°. A reason for this was fbumthe permanent bubbling with ambient
or pCOx-enriched pressured air which was imported fronastmgixing system situated in an
adjacent and well-temperated room. Although thismmperature was slightly elevated
compared to the CWC-MS or the situ winter temperatures at the reef-site (7.0 °C,

(Ruggeberg & Form 2007)) the applied temperaturesewwell within the range of

! In practice, the corrections for evaporation warited by the precision of the salinity measuretsga 0.1%o)
leading to an overall reproducibility in the TA®% - 7 umol kg.
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environmental tolerances fdr. pertusa in the North-east Atlantic (6.7 - 14.9 °C, see
introduction or Daviesgt al (2008)).

For accurate working the WOSTHOFF gas mixing pumgesd to be supported with the right
amounts of C@free air and pure COFor example a single pump needs per hour abdut 24
litres of CQ free air to mix it with a few ppm of pure GCProjected onto the 3 pumps and
the duration of the experiment more than 170,00@diof CQ free air were needed. This
went beyond the scope of @8crubbers and therefore it was decided to useearhhir as a
substitute and to accept fluctuations in the migades due to COvariations in the air
(= 30 - 40 ppm).

As a consequence of respiration and calcificath@endarbonate system developed individually
in all bioreactors. The given carbonate system (&b reflected only the established mean
parameters at the seventh day integrated oveegpectivgpCO,-channels for the predefined
treatments. pH-measurements on every second daglegva general shift to lower pH levels
in the course of time. This could also explainrdlatively highpCO,-value of the “ambient”
treatment (506 ppm). A perturbation of the bioreetwith higher flow-rates / pressures in
order to compensate for the respiratory,@@s not practicable due to the corals sensitiaity

air bubbles (see above).

The statistical level of significance was higherewhgrowth (weight gain) was normalised
against polyp number (P < 0.01) instead of inm&ight (P = 0.03) revealing a better fit of
the data and therefore the first normalisation aseferable choice. However, trends in both
normalisations were on a comparable dimension angddmparisons with other studies on

corals, the well established second normalisatéonbe used safely.

Ambient calcification rates

Measured calcification rates at unmanipulap&D, conditions ranged from 4.86 x 3@o
1.17 x 107 % d* (mean 6.80 x T&% d'). While the maximum rate was in the same range as
the average bulk calcification rate for pertusareported in the short-term study of Magdr

al. (2009) - average calcification rate of this stwdys about one order of magnitude lower
than in the previous study. However, replicatethi study of Maieet al. (2009) consisted
only of about 2.86 + 0.24 g braritl§6.55 + 0.32 polyps brandh whereas replicates of this
study were much heavier with 27.17 + 7.68 g bran¢82.31 + 11.85 polyps bran¢h

revealing different proportions of fast growing ymu- and slow to stagnant growing adult
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polyps. Additionally calcification rates of bothusies were measured with different
techniques’fCa labelling and BWT in Maieet al.(2009) and this study, respectively) and on
different time horizons (one and nine days in Maieal (2009) and this study, respectively).
In a more comparable approach (sample sizes 08288®.55 g branch duration: 7 days)
average bulk calcifications rates of 1.55 - 3.740¢ % d* were measured (Dodds 2007).
Thus our ambient calcification rates were interragdin the broad range spanned from both

studies and considered to represent charactevaties for the cold-water coral pertusa

Calcification rates in response to elevatedCO, conditions

Calcification rates fot.. pertusasignificantly decreased with increasipGO, (3.2.2.1.2). A
pH drop of 0.1 pH unit slowed down the corals gtowy up to 26 - 29 %. Moreover, the
critical threshold value with respect to aragos#guration below which. pertusais not able

to maintain positive growth wa,, = 0.99 - 1.06 (depending on the normalisation Jused

Results of this study suggest a strong impactsafigiatmospheric C{concentrations on the
growth of the cold-water cordl. pertusa.They exceed previous findings of Maiet al.
(2009), reporting a decline of calcificationlin pertusaof more than 50 % for the end of the

century.

4.2.2.2. Long-term acclimatisation experiment (LTE)

Methodological considerations

When the long-term experiment started a CRS suppligh ambient airgCO, = 385 + 30
ppm) was set-up to act as a control group (CR3n0Oyrder to aerate the water as much as
possible with ambient air the pump sump was notpdetely covered with foil (as described
in section 2.1.2.3). Unfortunately a technical dedl of the cooling aggregate in the climate
chamber during the first weeks of the experimedttean intoxication of the biofilter in the
pump sump with refrigerant fluid (which was sprayei the climate chamber as an aerosol).
As a result of this more than 80 % of the coral€RS 0 died within the subsequent two
weeks and the remaining corals did not recoveh#ir ttormer appearance within the next
months. Some measured growth rates and water piegpevere therefore regarded to be
unusable and due to a limitation of new samples i@gstarting the treatment) the control
group was discarded. However, all treatments wekisgedpCO, conditions worked well and
were unaffected by the incident because they wemgptetely covered with lids and foil (see

above).
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Each aquarium of a CRS was supplied with water ftbenpump sump thus all corals of a
treatment were exposed to the same water bodgrimstof statistics the single coral branches
in the aquaria of the whole CRS have to be regastegseudoreplicates sensu Hurlbert
(1984) because an interaction amongst the corailsl emt be excluded. Pseudoreplication in
CRS is a known issue and statistical comparisonwesn the replicates are problematic
(Hurlbert 1984). In this study therefore only thean values of all (pseudo)replicates of a

treatment were compared with the mean values ahttependent other treatments.

For the growth measurements the corals were bugyamighed at predefined intervals
before, during, and after the experiment. A negainfluence of the methodical procedures
on corals growth rates could not be excluded b rggarded to be negligible because of the
relatively large time intervals between repeatedasneements and the absence of a
decreasing trend in the growth rates of the comaBintained in the CWC-MS at
unmanipulated conditions. In a methodical evalumti®avies (1989) measured growth
increments on a tropical shallow-water scleractinieoral Porites poritey using the
buoyancy weight technique in 24 hours intervals aothpared the results with a control
group, which remained untouched for 7 days. Noisagmt difference was observed between
the two approaches (Davies 1989). In contrast lieranethods (e.g*>Ca labelling, Alizarin
Red S staining), the buoyancy weight technique stated as a non-destructive method not

affected by handling artefacts (Davies 1989).

Although Mortensen (2001) did not find a signifitarelation between growth rates and
seasonally-caused changes in temperatures andisalafuring his two-year incubation bf
pertusa both parameters have been suggested to detetmpegtusagrowth and distribution
patterns (see 4.1.4.3). In order to avoid unknoymesgistic effects and shifts in the carbonate
system (esp. in the ASS) temperature and salindgyevdecided to be kept as constant as
possible. For temperature an accuracy of more ®arfo could be achieved after the
replacement of all temperature control units durthg initial adjustment phase. Small
fluctuations in the salinity (z 0.4) occurred duyithe first incubation phase with natural
seawater. This was due to some minor water exclsawgh seawater from different North
Atlantic locations with different salinity profilesin the second incubation period with
artificial seawater, fluctuations in the salinityes@ close to the detection limit of the

conductivity measurement device (+ 0.1).
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Even though the first treatment (CRS 1) could retbnsidered as a control group due to its
relatively highpCO, of 604 ppm, the corresponding ASS was adequatdlyrated QA =

1.4) and in the range &f pertusaenvironmental tolerance 635 = 0.6 - 1.8 (Daviegt al.
2008). Also treatment twaXy, = 1.0) and threeC¥a, = 0.9) were in the same range and
therefore the experimental gradient can be regaadesh established ecoenvironmental range
showingL. pertusas sensitivity towards decreasing aragonite satnsti

Calcification rates in response to elevatedCO, conditions

The mean calcification rate in the first treatmeith the well saturated aragonite levels was
8.70 + 3.18 x 18 % d* and therefore in the same range as growth ratééounmanipulated
corals in the short-term experiment (6.80 + 3.241%° % d', see above) and for
unmanipulated corals in the long-term observatibthe CWC-MS (8.68 + 11.7 x 1% d*,

n = 34). Thus growth rates for the first treatmesre considered to be representative for
cold-water coralL. pertusaliving at ambient aragonite saturation states.p@singly,
average and maximum growth rates increased witlredsing aragonite saturation to
1.14 + 0.61 x 18 % d' and 1.88 + 1.34 x 1% d* for treatment 2 and 3, respectively
(Fig. 65). The increasing mean values were accoiegaby an increasing variance and
therefore no statistical significance could be fbdor the relationship between growth rates
andpCO; concentrations. However, the highest growth rat@3 x 10° % d*) was found in
treatment 3 featuring the lowest aragonite sammattate and no negative trend in growth due

to elevate@CO; levels.

This is therefore the first study showing a positresponse in calcification with respect to
increasingpCO, concentrations for the main reef-forming cold-wateral L. pertusaand to
the author’s knowledge to any scleractinian carajeneral. For tropical zooxanthellate corals
an approximately linear decreasing trend in calation rates with increasingCO;,
concentrations was extensively documented (Gatetsal. 1998; Marubiniet al. 2003;
Langdon & Atkinson 2005; Schneider & Erez 2006;Ade'et al. 2009). IncreasinggCO,
concentration to 720 ppm, as projected for theadrttie century, causes coral calcification to
decrease by up to 80 % (Albrighkt al. 2008) and will cause bioerosion to exceed coral
growth in many reef systems (Hoegh-Guldbetgal. 2007; Silvermanet al. 2009). In
contrast, calcification rates in two zooxanthellaemperate coral species from the
Mediterranean were recently demonstrated to remaiaffected by comparableCO,

concentrations (Riest al. 2009; Rodolfo-Metalp&t al. 2010). As an explanation it has been
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suggested that the carbonate requirement of slowigg corals is low and that therefore the
concentration of carbonate ions does not becomgirign(Rodolfo-Metalpaet al. 2010).
Even though these studies and the results of thie &® contradictious to the majority of
coral research published to date, they substarg@tel findings that marine calcifiers exhibit
different responses to risingCO, concentrations (Riegt al. 2009). For some species
increasing calcification rates were also obserWegddd et al. 2008; Goodinget al. 2009; Ries

et al. 2009) or calcification was maintained even thosghwater was undersaturated with
respect to CaC9(Cohenet al. 2009; Miller et al. 2009). Positive net calcification at
undersaturated conditions were also observed.fpertusaby Maieret al. (2009) and in the
STE and LTE of this study which suggests thatpertusais adapted to low aragonite
saturation states. Although most of the currentipwn L. pertusahabitats are located in
aragonite saturated conditions (Guinadteal. 2006; Daviest al.2008), they are horizontally
distributed at depths close to and even below se#dr horizons (Daviegt al. 2008).
Moreover, some solitary scleractinian deep-seal cgpacies can commonly be found in
highly undersaturated waters (Faugihal. 2009). Therefore it is not really surprising that
pertusawas able to evolve to these conditions by evohatig adaptation. An adaptation to
low CaCQ saturation states was also suggested as an etipfaf@ the different trends in
calcification rates found in sea urchin larvae:vgiorates in tropical and temperate species
were, similar to tropical corals, positively coatdd with aragonite saturation states whereas
for slow-growing arctic species no significant tedaship could be found (Clarit al. 2009).
However, for the common brittlestak. filiformis it was demonstrated that increasing
calcification rates in response to eleva@dO, concentrations were accompanied by an
increased metabolism and a loss of arm muscle fvs®d et al. 2008). Hence it was
emphasised that even though increased calcificatoahd be compensated its physiological

costs may reduce survival and fitness.

Although L. pertusais capable to withstand several months withoutifeopply (Mortensen
2001), specimens in the LTE were regularly fed @mus thought to be in good physiological
condition, which probably enforces their capaattgope with acidified conditions. Very little
is known about the nutrition of. pertusain their natural habitat bus'°>N signatures
(Duineveldet al.2004; Duinevelcdt al.2007) and fatty acid composition lin pertusatissues
(Dodds et al. 2009) indicate that it predominantely relies omdaosupplied from surface
production. Vertical flux of surface-derived fooal deeper waters varies greatly in time and
magnitude, both on a seasonal and inter-annuad.bEsus, in their natural habitat cold-water
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corals are likely to experience strong fluctuatiortheir nutritional status, which will need to
be considered in assessing their ability to cogh worrosive waters. Moreover, even though
actively growing branches af pertusamight be able to withstand corrosive conditiorideo
parts of the coral stock not covered by polyps ramestly unprotected and may experience
dissolution in undersaturated waters. This woulckea the reef structure with potentially
severe consequences for overall reef integrity.tA@ocritical aspect to be considered is the
sensitivity of corals to ocean acidification duriearly life stages, as recently demonstrated by
Albright et al. (2008). While the settlement of larvae of the kvalwater scleractinian
Porites astreoidesvas not significantly affected aCO, levels of 560 and 720 ppm, growth
rates after settlement decreased by 50 % and *8syectively, compared to the present day
CO, concentration (Albrighet al.2008).

This was also the first time that different trenostween a short-term and a long-term
acidification experiment have revealed an acclisaitbn effect on the calcification rate of a
scleractinian coral. Even though results of the Igite a little hope that - to a certain degree
- L. pertusawill be able to cope with future ocean acidificatithe most important result of
the present study was the highlighted necessitgctde experiments to the “size” of the
organism. This has significant implications becatlieresponse of corals to elevaio,
has mostly been measured during short- and mid-experiments (hours to weeks) and
therefore exclude any potential acclimatisationgat#on to the altered conditions (Rodolfo-
Metalpaet al.2010).
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5. Significance and Outlook

5.1. Final considerations

With the completion of this study after three yesraas proven for the first time that it is
possible to successfully cultivate and maintaipertusa- an important representative of the
reef forming cold-water corals - in closed recigtirlg systems. The observed development of
the water properties was highly predictable. Thisdenit possible to maintain the system
parameters (e.g. ammonium concentration) in preddfranges. The reported values for the

dissolved organic nutrients can be regarded ag™$aifits in respect to long-term cultivation

which makes them an important baseline informatoriuture research in this field.

The feeding experiments reported in this thesisehawntributed significantly to our
understanding of the nutritional requirementsLofpertusa For the first time the whole
feeding process was video-documented and nematedfstsion was confirmed as the
exclusive mode of ingestion for mesozooplanktoriew authors have reported feeding rates
of nonnatural life foodArtemiaspec.) but this thesis is the first publicatiorréport feeding
rates of live copepods which are expected to berthm food source of. pertusain the
field. Moreover, the observation that - even at arate water currents - only a small fraction
of the live food particles remains attached toghbyp after initial contact but that the prey is
subsequently killed by the cnidocyst activity heg to the formulation of the “passive nursing
hypothesis”: In an open reef, polyps located onuiyger layer of the framework kill a certain
amount of the passing live zooplankton making gieato catch them for the coral polyps
situated several generations deeper in the framlewdrs hypothesis should be verified in
the field by working with labelled live and deadpepods and combined with studies
addressing the general dynamics of zooplanktonh&n deep-sea bottom layer. Such an
approach would significantly improve our undersiagdof biogeochemical fluxes oh.

pertusabioherms.

The experiments with two different food qualitifstiee same food source have revealed that
L. pertusais able to differentiate between different nubril qualities. Moreover, there is
some evidence that under sufficient nutrition, stal growth depends neither on the quality
nor the quantity of the food. This could indicatattcalcification inL. pertusais not directly
dependent on the heterotrophic food supply. Fufeegling experiments should therefore

include isotopic measurements to trace the pathwysarbon from the ingestion to its
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excretion or incorporation into the tissue and /skeleton. These studies would help to
identify the carbon source(s) for calcificationcantroversially discussed issue in today’'s

coral research with respect to calcification mecras.

The biomorphometric measurements and relationsbiypained as part of this study provide
valuable information that will help to scale and'malise the existing data. In combination
with the weight based growth rates from the unmaated cultivations, it is now possible to
compare gravimetric growth with length growth. Tlasmportant from an ecological point of
view since all growth rates reported from the fialdre given as linear skeleton extensions
(Tab. 22).

The major aim of this thesis was to investigateitifieence of anthropogenic climate change
on the ecophysiology df. pertusa In view of this, several new methods and techesgto
measure ecophysiologically important parameterseundrious environmental conditions
were developed and successfully applied tgpertusa RNA/DNA ratio measurement have
revealed thak. pertusais sensitive to elevated temperatures, even ¥ #ne still in the range
of its ecoenvironmental distribution. To date itnist clear whether a longer acclimatisation
time would change these results but the responsensistent with the findings from the
optodic based respiration measurements. This dtrosgggests thatlL. pertusais a
stenothermic species and thus sensitive to rigagvater temperatures.

However, the present thesis has also demonstrdaset.tpertusaexhibits converse trends in
its growth rates, when experiments with increasmttentrations of CQwere carried out on
different time spans and with different experimémtpproaches. Unexpectedly the highest
calcification rates were measured in corals maiei at undersaturated seawater
concentrations with respect to aragonig (< 1). Hence this is the first study showing a
positive response in calcification to increasp@O, for an important bioherm-forming cold-
water coral species and - to the author’s best laoiye - for scleractinian corals in general.
The fundamental difference in the observed resgohseveen warm- and cold-water corals
likely reflects an evolutionary adaptation to tharbmnate chemistry prevailing in their
respective environments. Seasonal variatio@ip values in surface waters, with generally
lower values in winter time, and advective transmdrundersaturated waters from deeper
parts of the ocean may temporarily expose cold#waieals to conditions corrosive for their
unprotected skeletons. Therefore tolerance to teanpcexposure to undersaturated waters

appears to be a prerequisite for cold-water cdalsolonise these environments. The high
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variability in net calcification rates in the shéerm incubation experiment - with occasional
net dissolution in oversaturated conditions - imgplithat factors other than the external
saturation state may be equally or more importamtetermining the momentary calcification
rate of a given polyp or coral branch. Moreover thifferences in observed responses
between short- and long-term exposure experimegtdight the importance of long-term
incubation studies which allow for complete accliima of the test organisms.

5.2. Future developments and experiments

5.2.1. Some methodological improvements

Cultivation

Although the established long-term cultivation féieis have demonstrated their applicability,
further developments should replace the angulapeshaank design with cylindrical tanks.
This would allow a better control of the water emtis and thus would reduce the number of
places in the tanks which are unattractive Forpertusa because of a stagnant water
movement. Water treatment should be further imptolg adding anoxic denitrification
zones and temporary phosphate absorbers to the TRSwould reduce the frequency of
partial water exchanges by decreasing the accuimwlaf nitrates and phosphates in the
process water. This would in turn allow to feed aundtivate more corals within the same

amount of water.

RNA/DNA ratios

Further improvements of the RNA/DNA ratio measureteenay be achieved, if ratios would
be normalised according to the polyp rank in theleton-framework. Maieet al (2009) and
our own observations have indicated that growtbsratfL. pertusawere highest in young
apical standing polyps of a coral branch. Progvesgrowing should be accompanied by a
higher proteinbiosynthesis und thus by higher RNWD ratios compared to stagnant
growing adult polyps. This inherent source of vidoia is believed to be minimised by
assigning the measured ratio of a polyp to its poank (age).

PoBeMon

The observation of coral polyp extension behavisuigenerally a time- and manpower

consuming affair. An improvement of this process bheen realised by the author through the
automation of the measurements on the actual potygnsion state with the aid of an image
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recognition algorithm. In the present setup onlgl-teme or recorded digital video-data was
used and no Freznel lens or other experimentalrapgawere needed. It is therefore believed
that - after some improvements - the software malle the potential to analyse corafssitu

behaviour, recorded from ROV or manned submersiBlesposed improvements are

the programming of a graphical user interface (Glhich should allow the user to

select polyps by mouse instead of giving their {f@ss$ in X-y-coordinates,
. enhancing the stabilisation algorithms for keeghngcorals in a steady position,
. the use of high definition (HD) video material (D92 1080 pixels versus 720 x 576),

. the implementation of a virtual perspective mods®)(for analysing of polyps which

are not perfectly recorded in their profile view.

With these improvements and appropriate backgralatd it should be possible to examine,
if behaviour of single polyps is synchronised tocdonial behaviour (“superorganism CWC
reef”), how environmental conditions affect behaviand if there is any interaction with the

associated reef fauna (sponges, brittle starschabtes).

5.2.2. Experimental challenges

Climate change - From organism to cellular level, m outlook

Cold-water corals, such dsophelia pertusa do not contain photosynthetic symbionts,
making them ideal study objects to solely consaidcification related ion transport. In future
studies within the framework of the BMBF funded jpat BIOACID the physiological
functioning of the calicoblastic epithelium fromrats cultivated under differenpCO,
concentrations will be determinedex-vivomeasurements. The use of a Ussing chamber and
patch-clamp techniques will allow the determinatadriransepithelial voltage, transepithelial
resistance and equivalent short-circuit currentshasacteristics of epithelial and / or cellular
function. With pharmacological tools and changeshm solute composition on either site of
the corals epithelium, it is aimed to uncover trensepithelial pathways for calcium and
carbon during the calcification process and theisgivities towards ocean acidification by
identifying the involved ion transport proteins. timis context it is further addressed how
corals can regulate pH in the calicoblastic cetid how they remove protons produced during
the calcification process (see introduction) retipely. These studies should contribute to a
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comprehensive mechanistic view about the effectscefin acidification on the calcification

of scleractinian corals.

Climate change - From organism to ecosystem leval vision

A crucial question which remains unanswered bydimeate change-related experiments is
whether the ability to maintain high calcificatioates over six months when incubated in
undersaturated waters also enaltlepertusato withstand permanent exposure to corrosive
waters. Moreover, the fact that a temperature aszeof only about 3 °C seems to be of
higher relevance with respect to fitness and mdahaactivity than a doubling of theCO,
emphasises the problem of synergistic impacts ltwecean warming and ocean
acidification. So the key question is, hoadaptable to change.. pertusais. Addressing this
guestion requires a holistic approach, accountorgwhole organism responses including
respiration, fitness, defence, behaviour, growtbedfng, reproduction, dispersal and

settlement along the ecoenvironmental gradientbdtn, temperature and GO

To realise this aim, laboratory experiments like firesent studies are important pillars of
research, especially for deep-sea organisms. Haow#wee want to transfer our knowledge
to the level of an ecosystem or higher we needlassdy fieldwork as of equal, or even
higher importance. Techniques far situ pCO, perturbation experiments are suggested
(Barry et al. 2010) and could be adapted to cold-water cordlspecific conditions. In this
context it is noteworthy that in an open reef syst¢he formation of new framework is a
permanent struggle between production (growth) aedradation (bioerosion). Future
laboratory and field experiments therefore shoukb axamine, how changing seawater

properties affect biogenic carbonate stability biwkrosion.
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Cooperations

The present work only became possible by coopematiaith other institutions and through

intense collaborations with students in the frantvad their education.

In the following table these partners and theiaas€ contribution are listed and assigned to

the corresponding chapters:

Tab. 24 List of partners during the different phases inftlaene-work of the dissertation.

Partner / Institution Related experiment(s) Chapter(s) Type of cooperatn
Michael Gruber Rearing facilities, food 2.1.2. Cooperation
Uwe Waller stock cultivation 2.1.4.1.

Ralf Traulsen

Aquarium Kiel

Wiebke Holtmann Ammonium sensitivity 2.1.3.3. Student thesis
FB2

Dirk Wehrend HCB construction 2.2.2.1. Cooperation
TLZ

Catriona Clemmesen RNA/DNA-ratio method 2.2.5. Cooperation
Helgi Mempel adaptation

FB3

Jan Budenbender SCB improvement 2.2.2.2. Student thesis

FB2

Stephanie Stratil
FB3

Lennart Bach
FB2

Stephan Moldzio
FB2

Ruth Gutperlet
FB2

Dieter Piepenburg
Michael Bartz
Frank-Peter Rapp
Inst. for Polar Ecology

Food density experiments 2.1.4.2.
with natural food sources

Feeding process 2.1.4.3.

observations

Food quality and uptake 2.1.4.4.
estimations

Temperature stress 2.2.3.
experiments; RNA/DNA- 2.2.5.
ratios, PoBeMon 2.3.1.

Respiration chamber 2.2.4.
development and optodic

respiration measurements

Diploma thesis

Student thesis

Student thesis

Diploma thesis

Diploma thesis

Cooperation
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APPENDIX

Appendices

A. Experimental data and statistics

Al Ammonium sensitivity experiment (2.1.3.3)

Tab. Al-1 Descriptive statistics of the polyp extension stagéthe six time intervals during the ammonium
sensitivity bioassay. See text for details.

Interval  Group n Missing Median 25 % 75 %
I control 114 0 2.4 1.6 2.6
NH;" 114 0 2.2 2.0 2.4
Il control 114 0 2.4 1.4 2.6
NH," 114 0 1.8 1.0 2.2
1l control 114 3 1.8 1.4 2.0
NH," 114 7 15 1.0 1.8
v control 114 0 1.6 1.2 2.2
NH," 114 0 1.6 1.2 1.8
Vv control 114 0 1.6 1.2 2.0
NH4" 114 0 1.4 1.2 1.6
Vi control 114 0 1.6 1.4 1.8
NH4" 114 0 1.2 1.4 1.4

Tab. A1-2 Results from the Mann-Whitney Rank Sum Test (déffees between control and NHreatment).

Interval U Statistic n(small) n (big) T P

I 6052.0 114 114 13499.0 0.365

Il 3585.0 114 114 15966.0 < 0.001
1l 4113.0 107 111 9891.0 <0.001
v 5047.0 114 114 14503.5 0.003
\% 4672.0 114 114 14879.0 <0.001
\ 2295.5 114 114 17255.5 <0.001
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Fig. A1-1 Average coral polyp states in left (above) andtrigfelow) compartiment in the ammonia tolerance
bioassay. Black dots indicate mean polyp statefivef selected polyps from one coral branch. Errarsb
standard deviation. The white triangles representie maximum recorded state for the 5 non-independ
replicates during the 24 hrs interval. Grey dotd area: ammonia concentration development.
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A2 Growth rates during food uptake experiments (3.12.3)

a) Paired t-test, normalisation: pg CaCQ polyp™” day™

Tab. A2-1 Descriptive statistics of calcification rates measuduring feeding period 1 and 3. SD: standard
deviation, SEM: standard error of the mean.

Treatment n Missing Mean SD SEM
feeding period 1 9 0 140.878 129.457 43.152
feeding period 3 9 0 87.056 79.638 26.546
Difference 9 0 53.822 89.056 29.685

t = 1.813 with 8 degrees of freedom. (P = 0.107)

95 percent confidence interval for difference ofams -14.633 to 122.277

Tab. A2-2 Descriptive statistics of calcification rates measuduring feeding period 1 and 2. SD: standard
deviation, SEM: standard error of the mean.

Treatment n Missing Mean SD SEM

feeding period 1 9 0 140.878 129.457 43.152
feeding period 2 9 0 82.544 159.049 53.016
Difference 9 0 58.333 274.896 91.632

t = 0.637 with 8 degrees of freedom. (P = 0.542)

95 percent confidence interval for difference ofams -152.970 to 269.637

b) Paired t-test, normalisation: pg CaCQ mm™ day*

Tab. A2-3 Descriptive statistics of calcification rates measuduring feeding period 1 and 3. SD: standard
deviation, SEM: standard error of the mean.

Treatment n Missing Mean SD SEM

feeding period 1 9 0 3.374 2.452 0.817
feeding period 3 9 0 2.021 1.170 0.390
Difference 9 0 1.353 2.413 0.804

t = 1.683 with 8 degrees of freedom. (P = 0.131)

95 percent confidence interval for difference ofams -0.501 to 3.208
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Tab. A2-4 Descriptive statistics of calcification rates maasuduring feeding period 1 and 2. SD: standard

deviation, SEM: standard error of the mean.

Treatment n Missing Mean SD SEM

feeding period 1 9 0 3.374 2.452 0.817
feeding period 2 9 0 2.619 3.726 1.242
Difference 9 0 0.756 5.665 1.888

t = 0.400 with 8 degrees of freedom. (P = 0.700)

95 percent confidence interval for difference ofame -3.599 to 5.110
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A3 Growth rates from the CWC-MS during long-term incubation (3.1.3.3)

a) Kruskal-Wallis One Way Analysis of Variance on Rinks,
normalisation: pg CaCO; polyp™ day™

Tab. A3-1 Median, 25% and 75% percentiles of growth ratessomea during unmanipulated long-term
incubation of cold-water corél. pertusa

Day n Missing Median 25% 75%

85 10 0 10.835 4.451 31.975
168 10 0 28.806 18.695 40.976
297 10 0 10.919 2.646 21.247
441 10 0 20.502 18.869 36.052

H = 6.932 with 3 degrees of freedom (P = 0.074).

b) Kruskal-Wallis One Way Analysis of Variance on Ranks,
normalisation: % day™

Tab. A3-2 Median, 25% and 75% percentiles of growth ratessomea during unmanipulated long-term
incubation of cold-water coral. pertusa

Day n Missing Median 25% 75%

85 10 0 0.00305 0.00067 0.00533
168 10 0 0.00703 0.00476 0.00814
297 10 0 0.00224 0.00059 0.00657
441 10 0 0.00444 0.00356 0.00614

H = 6.244 with 3 degrees of freedom (P = 0.100).
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A4 Temperature stress response experiment (RNA/DN#atios) (3.2.1.1)

Kruskal-Wallis One Way Analysis of Variance on Ranls

Tab. A4-1 Median, 25% and 75% percentiles of RNA/DNA ratiosasured under various conditions. CG:
control group, SG: stress group, starv: starvation.

Group n Missing Median 25% 75%

CG 8°C 207 0 2.918 2.105 3.650
SG 11°C 40 0 2.254 1.909 2.583
SG 18°C 44 0 1.372 0.882 2.180
SG starv. 17 0 1.955 1.668 2.087

H = 68.217 with 3 degrees of freedom<(P.001).

Multiple comparisons versus control group (Dunn's nethod):

Tab. A4-2 Analysis results from Dunn’s post-hoc multiple caripons. CG: control group, SG: stress group,
starv: starvation.

Comparison Diff. of Ranks Q P <0.05
SG 18°C vs. CG 8°C 110.657 7.485 Yes
SG starv. vs. CG 8°C 90.035 4.007 Yes
SG 11°Cvs. CG 8°C 46.146 3.000 Yes
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A5 Short-term ocean acidification experiment (3.2.2)

a) Growth rates

One Way Analysis of Variance

Tab. A5-1 Descriptive statistics of calcification rates measuafter short-term incubation bf pertusaunder
four differentpCQO, concentrations. SD: standard deviation, SEM: stechérror of the mean.

Group n Missing Mean SD SEM

509 4 0 57.34774 25.05241 12.52621
605 4 0 8.64701 13.50185 6.75093
856 4 0 -0.31405 18.69256 9.34628
981 4 0 3.41093 14.03804 7.01902

Tab. A5-2 ANOVA analysis results. DF: degrees of freedom, §8n of squares, MS: mean sum of squares.

Source of Variation DF SS MS F P
Between Groups 3 8727.41445 2909.13815 8.57899 2890
Residual 12 4069.20518 339.10043

Total 15 12796.61963

All pairwise multiple comparison procedures (Tukeytest):

Tab. A5-3 Results from the Tukey post-hoc test (P valuegitiSically significant differences in bold.

509 ppm 605 ppm 856 ppm 981 ppm
509 ppm - 0.01311 0.00408 0.00659
605 ppm 0.01311 - 0.89969 0.97707
856 ppm 0.00408 0.89969 - 0.99148
981 ppm 0.00659 0.97707 0.99148 -
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b) Fitness (RNA/DNA ratios)

Kruskal-Wallis One Way Analysis of Variance on Ranls

Tab. A5-4 Median, 25% and 75% percentiles of RNA/DNA ratiosasured after short-term incubationLof
pertusaunder four differenpCO, concentrations.

Group pCO,) n Missing Median 25% 75%

380 102 0 3.260 2.579 4.064
526 81 0 3.322 2.757 4.004
651 48 0 2.925 2.384 3.340
867 76 0 3.271 2.863 4.319

H = 15.092 with 3 degrees of freedom (P = 0.002).

Multiple comparisons versus control group (Dunn's nethod):

Tab. A5-6 Analysis results from Dunn’s post-hoc multiple caripons.

ComparisongCO,) Diff. of Ranks Q P <0.05
651 vs. 380 43.837 2.821 Yes
867 vs. 380 16.997 1.264 No
526 vs. 380 7.725 0.585 -
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A6 Long-term ocean acidification experiment (3.2.2.2)

Growth rates vs.pCO; - regression analysis

Equation: f = yO+axx

R R? Adj. R? Standard Error of Estimate
0.47039 0.22127 0.16137 0.00842

Tab. A6-1 Regression analysis results applying linear eqoa®: standard error.

Coefficient SE t P Coefficient value
y0 -0.00784 0.01105 -0.70923 0.49071
a 0.00003 0.00001 1.92194 0.07681

Analysis of Variance:

Tab. A6-2 ANOVA analysis results. DF: degrees of freedom, &8n of squares, MS: mean sum of squares.

DF SS MS
Regression 2 0.00279 0.00140
Residual 13 0.00092 0.00007
Total 15 0.00371 0.00025

Corrected for the mean of the observations:

Tab. A6-3 ANOVA analysis results. DF: degrees of freedom, §8n of squares, MS: mean sum of squares.

DF SS MS F P
Regression 1 0.00026 0.00026 3.69387 0.07681
Residual 13 0.00092 0.00007
Total 14 0.00118 0.00008
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B. RV ALKOR cruises, JAGO sampling positions

RV ALKOR cruise AL275

Tab. B-1Submersible JAGO dive tracks during RV ALKOR cruide275 in March 2006.

Time (LT) Depth (m) Latitude (N) Longitude (E) Corents

dive 922 (1)
20060326
Submerged, freshwater layer,
09:39 0 59905.699’ 1047.894’ thermocline with high density of
plankton at 10 and 25 m
09:56 107 5905.730’ 1047.880° at bottom, current from south 160°
10:02 105 59905.750’ 1047.910' first coral rubble
10:05 95 59905.750’ 1047.880° first living corals
10:10 5905.760’ 1047.895’

small pieces of broken living corals,
growth pattern of coral colonies similar
10:14 20 59905.758’ 1047.896’ to Stjernsund: short branches,
relatively strong current from south
pushing JAGO towards slope
strong bottom current, good corals, first

10:20 90 59905.778’ 10%47.906’ )
trial to sample corals
10:36 59905.780’ 1047.927
10:58 85 5905.770’ 1047.940° sampling corals
11:01 85 5905.770'  10%7.936' took three coral samples at same
position
11:19 85 5905.770’ 1047.910° water samples with N iskin bottles
11:45 87 59905.790’ 1047.916’ start ascent
12:13 0 surfaced
dive 923 (2)
20060326
17:26 0 59905.710’ 1047.860° submerged
17:36 107 59905.681" 1047.880° at bottom, low curr ent, first coral rubble
17:43 98 5905.661’ 1047.897 first living Lophelia corals
17:49 93 59905.650’ 1047.890° very nice Lophelia reef
at top of small seamount, nice reef,
17:53 87 exclusively white Lophelia corals,
sponges
18:01 91 59905.670’ 10%47.900°
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Time (LT) Depth (m) Latitude (N) Longitude (E) Corents

18:10 59905.665'’ 1047.898

18:25 95 5905.600’ 1047.918 took very nice Lophelia coral sample

18:40 94 59905.654’ 1047.911' took sgcond coral samples, continue
sampling

18:58 93 5905.652' 1047 920" sampling basket full with pieces of
corals, start ascent soon

19:03 93 lift off bottom

19:13 0 surfaced

dive 924 (3)

20060327

8:26 0 5905.520° 1047.816’ submerged

9:14 147 59905.548’ 1047.839’ at bottom

9:23 59905.595’ 1047.827

9:28 120 59905.633’ 1047.818

9:35 100 5905.642’ 10%47.838

9:41 91 5905.648’ 10%47.869’

9:58 59905.650’ 1047.936’

10:06 5905.643’ 10%47.920°

10:28 102 59905.645’ 1047.939’

10:49 5905.660' 1047 935’ still at same position, sampling basket
full, filming

10:54 5905.660’ 1047.947 start ascent

11:20 0 surfaced

dive 925 (4)

20060327

14:20 0 59905.620’ 1047.820° submerged

14:30 118 5005.660°  10%7.770° at bottom south of coral mound, on
gravel field with lots of ascidians

14:54 100 59905.650’ 10%47.850°

14:58 108 5905.640’ 1047 880’ coral rubble, single small Lophelia
colonies

15:12 59905.630’ 1047.890°

15:25 100 5005.630'  10%7.880' in the centre of reef, current
experiment with coloured water

15:35 59905.630’ 10%47.880°
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Time (LT) Depth (m) Latitude (N) Longitude (E) Corents

15:57 5905.650’ 10%47.850°

16:10 5905.640’ 10%47.860°

16:36 94 5905.660 10%47.890°

16:56 5905.650’ 10%47.860°

17:27 5905.650’ 10%47.830°

17:42 5905.660’ 10%47.880°

18:03 80 59905.660’ 1047.860° start ascent

dive 927a

(6a)

20060328

13:11 0 59905.830 1047.820° submerged

13:26 122 5905.811" 1047.818' at bottom

13:35 105 59705.780’ 1047.870° below coral reef

13:39 90 5905.770" 1047 890’ until now only coral rubble, no living
corals yet

13:51 59905.809’ 1047.909' only dead corals

13:56 85 5905.770’ 1047.910° living corals

14:18 85 5905.767 1047.907 collected corals, st art ascent

14:26 0 surfaced

dive 929 (8)

20060329

13:43 0 5904.510’ 1044.088’ submerged

13:55 120 5904.558’ 1044.126’ at bottom

14:01 110 5004 540’ 1044130’ ?ér:fng bottom current, very nice coral

15:01 110 5004 540’ 1044.120" still strong current, stationary in middle
of coral reef

15:09 110 5904.540'  10%4.120° still strong current, stationary,
collecting corals (beautiful pieces)

15:17 100 5904.538" 1044.165 start ascent with f ull sampling basket

15:43 0 surfaced

216



APPENDIX

RV ALKOR cruise AL316

Tab. B-2 Submersible JAGO dive tracks during RV ALKOR ceusL316 in March 2008.

Time (LT) Depth (m) Latitude (N) Longitude (Efomments

dive 1050 (9)

20080315

08:31 0 6406.045’ 08905.493’ submerged

08:54 208 6405.998' 0805.406' at bottom, coral rubble + first single
corals

08:59 6405.972’ 0805.436

09:09 6405.962’ 0805.381"

09:15 6405.967 0805.325’

09:23 6405.982’ 0805.410’ collecting corals

09:58 275 6405.960’ 0805.391"

10:03 275 6405.964" 08905.392’ sampling busket ful |, start ascent

10:27 0 surfaced

dive 1051 (10)

20080315

12:46 0 6405.879’ 08905.423’ submerged

13:05 290 6405.871 08905.407 at bottom, gravel a nd sponges

13:10 6405.879’ 0805.419’ at base of coral reef

13:14 285 6405.893’ 0805.419’

13:17 6405.899’ 0805.438’

13:26 6405.907 0805.447

13:29 285 6405.893' 0805.419' collecting corals, Lophelia white + red,
Madrepora

13:40 285 6405.882’ 0805.479’ moved a short dista nce

13:53 6405.896 0805.467

14:03 6405.900’ 0805.461"

14:10 285 64905.907 08905.463’ sampling busket ful | of corals

14:13 280 6405.898’ 0805.467 2 m above ground, s tart ascent

14:32 0 surfaced
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