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Abstract

Lophelia pertusa is the world’s most common and widespread framework-forming 

cold-water coral. It forms deep-water coral reefs and carbonate mounds supporting 

diverse animal communities on the continental shelf and on seamounts. Cold-water 

corals are found throughout most of the world’s oceans at depths of around 200 to 1000 

metres. Unlike their tropical counterparts, cold-water corals do not contain symbiotic 

algae. These recently discovered ecosystems have been damaged by deep-sea fishing 

and are threatened by climate change. Despite this, very little is known about the 

ecophysiology of L. pertusa and its likely response to environmental changes.

The aims of this research were to investigate the physiology of L. pertusa and relate this 

to its environment. In particular, this research focused on the respiratory physiology, 

growth and feeding ecology of L. pertusa. This was investigated through a combination 

of aquarium experiments and analysis of field-collected samples. The majority of 

samples were collected from the Mingulay Reef Complex at 130 m water depth in the 

Sea of the Hebrides. This area has recently been mapped, revealing L. pertusa reefs 

aligned with seabed ridges. Samples were collected using a video-controlled van Veen 

grab. After collection the coral samples were maintained in a recirculating aquarium at 

SAMS laboratory.

Lophelia pertusa is associated with water masses of oceanic origin where seawater 

temperatures are 4-12 oC and salinity is 35-37. The L. pertusa habitat is dynamic, often 

showing tidal fluctuation in currents, nutrient input and temperature. The small-scale 

variation in oxygen levels within the reef structure has not been investigated but 

seasonal falls of phytodetritus may locally decrease oxygen availability to the benthos. 

It was therefore of interest to investigate the effects of temperature and dissolved 

oxygen change on the oxygen consumption of L. pertusa. This study showed that L. 

pertusa could maintain respiratory independence over a range of PO2 illustrated by a 

high regulation value (R = 78%). The critical PO2 value of 9-10 kPa was very similar to 

the lower values of oxygen concentration recorded in the field. This suggests that 

oxygen level may be a limiting factor in the distribution of this cold-water coral.  

Lophelia pertusa survived periods of anoxia (1 h) and hypoxia (up to 96 h), by 

employing anaerobic metabolism. High Q10 values revealed sensitivity to short-term 

temperature changes (6.5-11 oC).
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The effect of temperature and dissolved oxygen change on the oxygen consumption of 

the cup coral, Caryophyllia smithii was investigated to allow comparisons with another 

cold-water scleractinian. Caryophyllia smithii was able to maintain respiratory 

independence throughout a range of PO2 and displayed a degree of regulation similar to 

L. pertusa. Q10 values suggest that C. smithii may be physiologically affected at high 

temperatures but may be more tolerant to temperature change than L. pertusa. 

Caryophyllia smithii was able to survive periods of both short-term anoxia and hypoxia 

and a substantial oxygen debt implied the use of anaerobic metabolism. Caryophyllia 

smithii also appeared to employ behavioural mechanisms at low and zero oxygen levels 

by inflating the polyp tissue. This behaviour has been reported in the field in sedimented 

areas but this is the first study that links the behaviour to oxygen availability.  

Lophelia pertusa was found to have low growth rates and low rates of oxygen 

consumption that appeared to vary geographically. There were also geographical 

variations in both the total amount of lipid stored and the lipid signatures. Analysis of 

lipid signatures suggested L. pertusa feeding has a strong link to surface production, 

with preferential feeding on copepod species. Calanoid copepods appeared to be the 

main zooplankton food source at the Mingulay Reef Complex, while cyclopoid 

copepods were dominant prey items in L. pertusa lipids from deeper sites at Rockall 

Bank and the New England seamounts. There were no seasonal differences in lipid 

signature or amounts suggesting either a lack of reproductive cycle or little seasonality 

in food input at the Mingulay Reef Complex. Climate change and fishing practices are 

causing changes in the distribution and abundance of these prey species, which is likely 

to affect L. pertusa. The opportunistic nature of feeding may imply an ability to adapt to 

changing conditions.

This is the first study to investigate aspects of the physiology of L. pertusa and relate it 

to its natural environment. Lophelia pertusa appears to have slow physiological rates 

that vary geographically and are likely to be dependent on food sources. It also appears 

to be sensitive to small temperature changes and is at least partially limited in 

distribution by oxygen levels. This environment is likely to be threatened by changes in 

seawater temperature, ocean acidification, alteration of food webs and water masses as 

well as destructive fishing impacts. The results of this thesis form vital information that 

will underpin future research and allow us to predict the effects of anthropogenic 

impacts on L. pertusa. 
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Chapter 1

Introduction

1.1 Cold-water corals

Scleractinian corals are found in tropical and temperate waters and in the deep-sea. 

Tropical scleractinians are the most well known and are often autotrophic, receiving 

energy through their association with zooxanthellate (symbiotic algae). Their 

distribution is restricted by the need for clear, warm waters. Most tropical corals are reef 

forming or ‘hermatypic’. The scleractinian corals found in temperate waters are 

predominantly heterotrophic, azooxanthellate and tend not to form reefs (ahermatypic). 

Fishermen and scientists have long been aware of deep-water scleractinian coral 

species, but the extent of their distribution has only recently been realised. ‘Cold-water’ 

or ‘deep-water’ corals are azooxanthellate and are generally found in depths that do not 

receive enough light to support photosynthetic symbionts. They have been classified as 

ahermatypic corals, although some species have since been shown to form large reef-

like structures or ‘bioherms’. 

It is now realised that of the 1334 species of scleractinians described, 672 are 

azooxanthellate (Cairns, 2001). The majority of the azooxanthellate species are solitary 

cup corals, however there are six species capable of forming reef structures (Cairns 

2001). Lophelia pertusa is the most widespread reef framework-forming, cold-water 

coral. Its distribution extends through most of the world’s oceans, except for the polar 

regions (Cairns, 1994). As a result, L. pertusa is the focus of this research and the 

following sections will concentrate on this species.
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1.2 Occurrence and biodiversity 

The azooxanthellate scleractinian, L. pertusa (Anthozoa: Hexacorallia), is generally 

found at depths of 200-1000 m on mound structures, oceanic ridges and seamounts 

where coral growth over millennia can form significant deep-water reefs and mounds 

(Rogers, 1999; Roberts et al., 2006). In turn, these provide a complex structural habitat 

supporting a diverse associated fauna (Jensen and Frederiksen, 1992; Henry and 

Roberts, in press). To date, the majority of records come from the north-east Atlantic 

and include areas on the Norwegian shelf and fjords (Mortensen et al., 2001; Fosså et 

al., 2002), around the Faroes (Frederiksen et al., 1992) and the deeper water areas 

north-west of the U.K. (Kenyon et al., 2003; Masson et al., 2003; Roberts et al., 2003) 

and to the west of Ireland where giant carbonate mounds formed by successive periods 

of reef growth have been the focus of intense research over the last six to eight years 

(Hovland, 1994; De Mol et al., 2002; Van Rooij et al., 2003). However, the high level 

of abundance of L. pertusa recorded in the North Atlantic may be a function of the 

increased sampling effort in this area (Rogers, 1999). 

Jensen and Frederiksen (1992) found that the species associated with L. pertusa are 

mainly suspension feeders and that there does not appear to be an obligate fauna, rather 

a facultative one that varies from area to area. Lophelia pertusa offers a structurally 

complex habitat with at least four microhabitats: a) surface of living coral, b) detritus 

covered surface of dead coral, c) skeletal cavities created by boring sponges and d) 

inter-branch free space (Mortensen et al., 1995). A high degree of diversity has been 

found for the fauna associated with L. pertusa in the North Atlantic (Dons, 1944; Le 

Danois, 1948; Burdon-Jones and Tambs-Lyche, 1960; Jensen and Frederiksen, 1992; 

Mortensen et al., 1995). For example, a study of the species diversity of carbonate 
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mounds in the Porcupine Seabight found three times as many species on the mound 

compared to off-mound areas and also found higher richness and evenness of species 

composition (Henry and Roberts, in press).

In dredged samples from the Faroe shelf, Jensen and Frederiksen (1992) found 298 

species associated with L. pertusa, and a diversity index for certain taxa, rivalling that 

of the associated fauna of the tropical reef-forming corals: Oculina arbuscula, 

O. varicosa, Pocillopora damicornis and Pavona frondifera. Mortensen et al. (1995) 

used video and photographic footage to analyse the megafauna associated with the 

Haltenbank–Frøyenbank area off the coast of Norway. They found that diversity was 

three times greater on areas of dead and living L. pertusa than on surrounding areas of 

soft-bottomed sediment. A total of 36 taxa of megafauna was identified.

The reef and mound structures also support a wide variety of fish species, including 

commercially important ones. Husebø et al. (2002) found a higher abundance of fish 

species associated with L. pertusa off south-western Norway, compared to non-coral 

areas. The association of fish species with L. pertusa reefs has long been exploited by 

fishermen who traditionally set their fishing gear close to reefs. This association may be 

due to increased feeding opportunities, hiding and refuge and nursery areas (Fosså et 

al., 2002). Fosså et al. (2002) suggested that reefs may act as “stepping stones” for the 

spread of associated fauna and may, therefore, be essential habitats for sustaining many 

fish species as well as the wider marine biodiversity. In a survey of photographic and 

video footage from various L. pertusa habitats in the North East Atlantic a total of 25 

fish species were identified, of which 17 are commercially important (Costello et al., 

2005).
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1.3 Factors controlling the distribution of Lophelia pertusa

1.3.1 Temperature, salinity and oxygen 

Lophelia pertusa tends to be associated with oceanic water masses with a temperature 

of 4-12 oC and salinity of 35-37 (Roberts et al., 2003; Freiwald et al., 2004). Dissolved 

oxygen (DO) levels of 4.8-6.7 ml l-1 were recorded from relatively shallow L. pertusa

occurrences at 100 m depth in the Swedish Kosterfjord (Wisshak et al., 2005), but 

according to the analysis of Freiwald (2002), the majority of L. pertusa records in the 

North East Atlantic coincide with zones where DO concentrations are 3-5 ml l-1. These 

values are the lowest recorded in the north-east Atlantic Ocean, occurring between 500 

and 1600 m water depth. Relatively low DO values of 2.6-3.2 ml l-1 have also been 

recorded at sites inhabited by cold-water corals in the Gulf of Mexico (Schroeder, 

2002). The distribution of cold-water scleractinian corals on seamounts was predicted 

using an ‘environmental niche factor analysis’ (ENFA) model (Clark et al., 2006). 

Dissolved oxygen concentration was suggested as an important factor controlling 

habitat suitability, with high suitability in areas where concentrations ranged from 3.5-

7.5 ml l-1 (Clark et al., 2006). 

1.3.2 Currents

Since L. pertusa is a suspension-feeder its distribution has frequently been linked with 

areas of increased current flow. This could benefit L. pertusa by increasing food supply, 

removing sediment and enhancing recruitment through the increased settlement of 

juveniles. The association of suspension feeders with areas of increased currents has 

been observed for Anthozoa (Grigg, 1984), hexactinellid sponges (Rice et al., 1990), the 



5

deep-water antipatharian coral Stichopathes spp. (Genin et al., 1986) and the fauna of a 

deep-water, lithified reef in the Straits of Florida (Neumann et al., 1977). It has been 

suggested that the Dendrophyllia coral mounds on the Little Bahama Bank develop in 

areas of sea-floor perturbations, where increased currents may provide food and 

nutrients (Mullins et al., 1981).

Similar hydrodynamic associations have been suggested for L. pertusa. Frederikson et 

al. (1992) assessed whether the density of L. pertusa around the Faroe Islands was 

related to areas with enhanced near-bottom tidal currents. The distribution was 

associated with areas of critical slope for internal waves that caused internal mixing 

thereby increasing the downward flux of phytoplankton. They proposed that for deeper 

areas, the critical slope leads to intensified bottom mixing which in turn increases the 

level of re-suspension of particulate organic matter (Frederiksen et al., 1992).  

Further evidence for an association with areas of increased slope comes from Mortensen 

et al. (2001) who found that the local distribution of L. pertusa off the coast of Norway 

was related to seabed topography. It was proposed that changes in topography alter the 

hydrodynamic conditions, which can increase food availability. The density of 

L. pertusa was higher in areas with rough seabed topography and with a slope greater 

than 0.6o. Sponges around the Faroe Islands were also associated with areas of critical 

slope (Klitgaard, 1997).

A more recent study of carbonate mounds in the Porcupine Seabight has found that the 

water mass dynamics, thermocline and slope of the mounds appear to create both 

internal waves and other tidal period baroclinic waves, which are thought to be 

important factors in cold-water coral distribution (White, 2007). The submarine features 
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of the Rockall and Porcupine Banks appear to enhance productivity in the region and 

the hydrographic features of carbonate mounds in turn increase the supply of nutrients 

to cold-water coral habitats through down-slope transport and Eckman drainage (White 

et al., 2005).

1.3.3 Hydrocarbons and methane

An alternative hypothesis suggests that the distribution of L. pertusa is associated with 

areas of hydrocarbon or methane seepage and the organism is therefore supported by a 

chemosynthetic food chain (Hovland and Thomsen, 1997; Henriet et al., 1998). 

However, the occurrence of L. pertusa has been linked to surface productivity (White et 

al., 2005). A comparison of the nitrogen isotope (δ15N) ratio of L. pertusa tissue with 

that of suspended particulate organic matter (Kiriakoulakis et al., 2005) and material 

collected in sediment traps (Duineveld et al., 2004) also suggests a link to surface 

productivity rather than a chemosynthetic food source. 

1.3.4 Aragonite saturation horizon (ASH)

There is some recent evidence to suggest that the global distribution of reef-framework 

forming cold-water corals, such as L. pertusa, is related to the saturation state of 

aragonite, the form of calcium carbonate used by scleractinian corals in calcification 

(Guinotte et al., 2006). The saturation state of aragonite is the ion product of calcium 

(Ca2+) and carbonate (CO3
2-) and appears to be directly proportional to chemical 

precipitation in calcification (Marubini et al., 2001). The aragonite saturation horizon 

(ASH), described by Orr et al. (2005), is the point in the water column where the water 

chemistry changes from saturated to undersaturated, with respect to aragonite. 
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Calcifying organisms can only accrete skeletal material in seawater that is saturated or 

supersaturated with aragonite. The overlaying of worldwide scleractinian occurrence 

data with the ASH revealed a correlation between the two variables (Guinotte et al., 

2006). The ASH is very deep in the Atlantic Ocean, greater than 2000 m water depth, 

compared to shallower depths in the Pacific Ocean of 60-200 m. There are more 

occurrences of reef-framework forming cold-water corals in the Atlantic Ocean and at 

greater depths than the occurrences in the Pacific Ocean, where octocorals dominate the 

habitat. It seems likely, therefore, that cold-water corals can only form reefs in areas 

with a sufficiently high aragonite saturation level (Guinotte et al., 2006). However, 

there may be some geographical bias in research effort in the North East Atlantic that 

needs to be taken into consideration. 

1.4 Threats

Despite the importance of these deep-water ecosystems and the fact that we still know 

very little about them, cold-water coral habitats are already threatened by anthropogenic 

activities. Perhaps the largest and most immediate threat to cold-water coral habitats 

comes from the expansion of the fishing industry into deeper waters. The increase in 

this activity over the last twenty years means that the environment now being studied 

has already been altered by anthropogenic forces (Bett, 2001; Roberts et al., 2003; 

Smith et al., in press). High seas deep-sea fishing in the North Atlantic is largely 

unregulated and represents a genuine threat to L. pertusa. Recent estimates indicate that 

between 30 and 50% of reef areas on the continental shelf of Norway have been 

impacted or damaged by trawling (Fosså et al., 2002). By-catch of five species of 

azooxanthellate scleractinians has been documented from west of Ireland and the 

Norwegian shelf, along with evidence of damage from submersible surveys (Hall-
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Spencer et al., 2002). Photographs from heavily fished seamounts of the coast of 

Tasmania also show evidence of trawl damage (Koslow et al., 2001) and extensive 

areas of rubble caused by fishing activity have been observed in the Oculina reefs off 

Florida (Reed, 2002).

Trawling results in direct mortality of corals and is also likely to impact upon cold-

water corals by increasing the resuspension of sediment (Fosså et al., 2002). Increased 

sedimentation from coastal development has been identified as one of the main threats 

to Caribbean, Pacific and Southeast Asian hermatypic reefs (Rogers, 1990). Laboratory 

work on L. pertusa has shown that sand deposition reduces polyp expansion rate and 

could therefore have a negative impact on basic processes, such as feeding (Gass, 2007). 

The concern over the effects of deep-sea trawling has led a number of countries to 

designate areas of cold-water corals as Marine Protected Areas (MPAs), including 

Norway, Canada, Australia and New Zealand (Freiwald et al., 2004). 

The expansion of the hydrocarbon industry into deeper waters has also increased fears 

of impacts upon L. pertusa (Rogers, 1999). Lophelia pertusa has been found to colonise 

oil platforms in the North Sea (Bell and Smith, 1999; Roberts, 2000), however the 

effects of oil activities on L. pertusa are not fully known. Drilling discharges may 

represent a threat to L. pertusa and laboratory studies have shown a detrimental effect 

on cold-water coral health (Raimondi et al., 1997). Analysis of footage from oil 

platforms in the North Sea has shown that although colonies of L. pertusa do not 

survive in close proximity to oil discharges, many colonies survive and grow on the legs 

and risers of the platforms (Gass and Roberts, 2006).
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The deep sea is fast becoming a new area for exploitation as terrestrial and shallow 

water commodities decline and technology advances. A number of economic 

opportunities exist in the deep sea, some already established and others likely to rapidly 

increase in importance over the coming decades. However, questions remain over their 

sustainability. Potential activities include prospecting for seabed minerals, sewage 

sludge dumping, carbon storage and the use of deep-sea organisms for pharmaceutical 

and industrial applications (Glover and Smith, 2003; Smith et al., in press).

Another potential threat to scleractinian corals is ocean acidification caused by 

increased atmospheric PCO2. The effect of increased PCO2 in the atmosphere is to 

increase the PCO2 of the seawater, which results in a decrease in pH and carbonate 

(CO3
2-) concentration and a subsequent reduction in the aragonite saturation state. This 

will reduce the ability of scleractinian corals to form skeletons and may reduce 

calcification of tropical corals by 21% by 2065 (Leclerq et al., 2000). Although concern 

has been raised over the effect of increasing atmospheric PCO2 on tropical coral 

calcification for a number of years (Kleypass et al., 1999; Marubini et al., 2001), the 

potential impact on cold-water corals has only recently been considered. Orr et al. 

(2006) have modelled the impact of increased atmospheric PCO2 on the aragonite 

saturation horizon based on the IPCC (IS92a) ‘business as usual’ scenario, where 

emissions continue to increase at the current rate and little remedial action is taken. The 

model estimates that the ASH will shallow throughout the oceans, with 70% of present 

day cold-water coral locations predicted to be below the ASH by 2099 (Orr et al., 

2006). This work has highlighted that the effects of acidification will not be restricted to 

shallow waters, and could represent a genuine threat to cold-water coral ecosystems. 
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Despite the threats to deep-sea habitats, little is known about the basic biology of cold-

water corals, and L. pertusa in particular. Vital information is needed on the animal’s 

physiology and how it is affected by environmental variables to be able to predict how it 

will react to present and future threats. This will in turn improve our understanding of 

its distribution and allow us to predict where it might occur now and in the future. There 

is currently no information from laboratory studies to link distribution to physiological 

tolerances. Information is also lacking on the respiratory physiology and growth of 

L. pertusa and the factors that affect them. There is growing evidence that oceans are 

warming, even in deeper waters (Barnett et al., 2001; 2005). It is therefore important to 

determine how temperature affects metabolism. Both respiration and growth require 

energy and currently very little is known of the feeding ecology of this species. Changes 

in plankton abundance and distribution have been related to changing temperature 

conditions in the oceans (Reid et al., 1998; Beaugrand et al., 2002; Walther et al., 2002; 

Parmesan and Yohe, 2003), and this is likely to affect organisms that are dependent on 

plankton as a food source. It is therefore important to determine the dominant prey 

species in the diet of L. pertusa.

1.5 Respiratory physiology 

The respiration rate and the amount of energy needed for this process are unknown for 

L. pertusa. However, many studies on tropical corals have investigated respiration rates 

and the factors that affect them. Respiration is an important factor within the overall 

physiology of tropical corals as the single largest use of energy (Edmunds and Davies, 

1986; Sorokin, 1995). The rate at which cells need energy to break down ATP 

determines the rate that the cells need oxygen and in this way respiration is related to 

the overall metabolic requirement of the animal. The respiration rates of hermatypic 
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corals appear to vary with depth and growth form (Davies, 1980). Comparisons of rates 

between different species are complicated by the different methods of normalisation 

used, which include: surface area, chlorophyll content, and biomass (Edmunds and 

Gates, 2002). The most appropriate method is likely to be normalising to be a measure 

of tissue biomass, for example, the rate per unit biomass of the polyp (Sorokin, 1995) or 

mass of respiring tissue (Davies, 1980). It is necessary to determine an appropriate 

method of normalisation for L. pertusa to allow future comparison between studies and 

with other species. There are a number of biomass characteristics that may be used for 

normalisation including: protein content, carbon and nitrogen content, but it is important 

to identify the relationship between these variables and physiological data in order to 

determine the most appropriate parameter. 

Once the respiration rate of an organism is known, it is then possible to examine the 

effect of different environmental variables on this process. In tropical scleractinians, a 

number of abiotic factors affect respiration rates, including salinity and temperature 

(Jokiel and Coles, 1977; Coles and Jokiel, 1978; Hoegh-Guldberg and Smith, 1989; 

Moberg et al., 1997; Ferrier-Pages et al., 1999). Respiration rates for tropical 

scleractinians and their recruits have been shown to increase with increasing 

temperature within the species’ natural temperature range (Coles and Jokiel, 1977; 

Jokiel and Coles, 1990; Edmunds, 2005). An increase in respiration rate is likely to 

result in an increase in energetic requirements (Newell and Branch, 1980). The 

sensitivity of L. pertusa to temperature changes has not been investigated, but is likely 

to have implications for both its physiology and distribution. This is particularly 

relevant amid concerns over increasing ocean temperatures and may imply whether 

L. pertusa has the capability to adapt to future conditions.
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The availability of oxygen is also likely to affect the respiratory physiology of 

L. pertusa. In the oceans, the oxygen level decreases with depth to an oxygen minimum 

zone (OMZ), below which the oxygen levels increase. The OMZ typically has an 

oxygen value of less than 0.5 ml l-1 (Levin, 2003). However, for many areas in the 

North East Atlantic, where L. pertusa is found, the oxygen levels do not drop to these 

levels and values of 3-5 ml l-1 are the lowest recorded (Freiwald, 2002). Many animals 

are adapted to live in low oxygen conditions and exhibit behavioural, physiological and 

morphological adaptations to their environment (reviewed by Greishaber et al., 1994). 

The distribution of L. pertusa has been linked to the low oxygen zone in the North East 

Atlantic (Freiwald, 2002), but to date no studies have assessed the response of 

L. pertusa to changing oxygen availability. 

A feature of deep-sea environments is the deposition of layers of phytodetritus on the 

seabed. This has been shown to occur seasonally in a variety of depths and locations 

(Beaulieu, 2002) and can also be resuspended at the seabed (Beaulieu, 2003). When this 

occurs in areas with cold-water corals it may lead to reduced oxygen concentrations 

under the layers of phytodetritus. The formation of carbonate mounds is an interplay 

between coral growth and erosion as the result of accumulation of sediment within the 

framework (Dorschel et al., 2005; Huvenne et al., 2005). It is possible, therefore, that 

L. pertusa experiences high levels of laterally transported sediment in this habitat, 

which may reduce oxygen levels. It is not known whether L. pertusa has the capacity 

for respiratory independence from the prevailing oxygen conditions of the surrounding 

water. Physiological mechanisms to survive low oxygen levels may suggest that 

fluctuations in oxygen concentration are a feature of their natural environment. 

Although a dynamic current regime has been described around the L. pertusa habitat, 

there are regular periods when current speeds fall below 10 cm s-1 (Duineveld et al., 
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2004; White et al., 2007), which may lead to localised reductions in oxygen 

concentration.   

The respiration rate of L. pertusa has not been determined previously and consequently 

there have been no studies on the effects of temperature change or oxygen availability. 

It is therefore of vital importance to assess the respiratory physiology of this organism 

and understand how it responds to these abiotic factors. The comparison of the 

respiration rate of L. pertusa with those of cold-water and tropical scleractinians will be 

challenging due to the lack of such information for cold-water species and the 

variability in the methods used to measure and normalise physiological rates for tropical 

species. The identification of a normalisation parameter for L. pertusa will allow for 

comparisons with future studies. 

1.6 Growth 

Scleractinian coral colonies are made up of cup-like calices, which contain living 

polyps. The calices are connected by hard skeleton formed from the aragonite form of 

calcium carbonate. In order to calcify the coral requires a source of calcium and a 

source of carbon to be brought to the calcifying layer from seawater or metabolic 

processes. Once calcium and carbonate have reached the calcifying layer the increased 

supersaturation of calcium carbonate allows crystallization to occur (Cohen and 

McConnaughey, 2003). It was originally thought that calcification was dependent on the 

presence of zooxanthellae (Goreau, 1959), but more recent theories suggest that 

calcification does not require photosynthesis, although it may enhance it

(McConnaughey and Whelan, 1997).
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Three different morphotypes of L. pertusa have been described by Freiwald from the 

Stjernsund reef, Norway (Freiwald et al., 1997). The first was termed ‘tubular’ and had 

long trumpet-like corallites, the second was ‘stereome-thickened’, which was the main 

framework-forming morphotype as a result of its thick skeleton. The third morphotype 

was ‘stout and crowded’, which had many densely-packed corallites. The three 

morphotypes identified appeared to occur in specific areas of the reef habitat and the 

variation in morphology appeared to relate to interspecific competition and 

hydrodynamic conditions (Freiwald et al., 1997). Variations in morphology have also 

been observed for many species of zooxanthellate (Wijsman-Best, 1974) and 

azooxanthellate corals (Zibrowius, 1984). The variation in morphology complicates the 

comparison of growth rate measurements between studies and needs to be considered 

when interpreting findings.

There have been few studies on the growth rate of L. pertusa and other cold-water 

corals. The majority of these studies have measured the linear extension rate, either in

aquaria, in situ or by using isotopic techniques. Linear extension rates of 2.6 to 9.4 

mm y-1 were recorded for L. pertusa in the aquarium (Mortensen and Rapp, 1998; 

Mortensen, 2001), while the estimation of linear extension from the analysis of oxygen 

and carbon isotopes gave rates ranging from 1 to 25 mm y-1 (Mikkelsen et al., 1982; 

Freiwald et al., 1997; Mortensen and Rapp, 1998; Spiro et al., 2000). In situ linear 

extension rates of 5 to 26 mm y-1 have also been estimated from the colonisation of 

man-made structures (Wilson, 1979; Bell and Smith, 1999; Roberts, 2002) with higher 

rates of 26-33 mm y-1 obtained through the measurement of colony diameter in a series 

of video recordings of oil platform colonisation over a number of years in the North Sea 

(Gass and Roberts, 2006).
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The rates of linear extension for L. pertusa are comparable with those obtained for 

tropical zooxanthellate corals. The linear extension of massive corals ranges from 3.4-

11.6 mm y-1 (Hubbard and Scaturo, 1985, Babcock, 1988, Lough and Barnes, 2000), 

while branching tropical corals tend to have higher rates with Acropora species ranging 

from 80-120 mm y-1 (Lewis et al., 1968, Gladfelter, 1984), although lower rates of 20 

mm y-1 have been recorded in subtropical areas (Harriott, 1999). The linear extension 

rates of azooxanthellate deep-sea corals appear to be lower, with a rate of 0.5-1.0 mm y-

1 for the deep-sea solitary coral Desmophyllum cristagalli (Risk et al., 2002). The cold-

water solitary coral Caryophyllia smithii has been observed to grow at a rate of 1 mm y -

1 (Fowler and Laffoley, 1993).

The effect of changes in environmental variables on growth rate has not been 

investigated for L. pertusa. The effect of temperature on the growth rate of tropical 

corals has been well studied, both as a result of bleaching following El Niño events and 

concerns over predicted rises in global sea temperatures. Tropical corals are adversely 

affected by both decreases and increases in temperature (Jokiel and Coles, 1977; Coles 

and Jokiel, 1978). Annual patterns in growth rate have been related to yearly 

oscillations in seawater temperature for some species (Clausen and Roth, 1975; Vago et 

al., 1997). Higher latitude coral species are also affected by temperature. The corals 

Oculina patagonica and Cladocora caespitosa experience a mean summer temperature 

of 24 oC, but recent years have seen a rise in summer temperature in the Mediterranean 

of 1-3 oC. Experimental effects of an increase in temperature up to 28 oC for prolonged 

periods differed between the two species (Rodolfo-Metalpa et al., 2006). The coral 

Oculina patagonica appeared to be better equipped to survive high temperatures, while 

Cladocora caespitosa showed a greatly reduced growth rate and tissue necrosis from 

24 oC and high mortality at 28 oC, demonstrating how different species, with similar 
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geographic distributions, react differently to changes in temperature (Rodolfo-Metalpa 

et al., 2006). Many other factors affect the growth rates of tropical corals including 

sedimentation (Yap and Gomez, 1985; Rogers, 1990), nutrient enrichment (Kinsey and 

Davies, 1979; Ferrier-Pages et al., 2000) and feeding frequency (Ferrier-Pages et al., 

2003). 

The importance of the aragonite saturation state to coral distribution and the potential 

threat from the shallowing of the ASH in deep oceans have already been mentioned. 

However, no studies have experimentally investigated the effect of changes in pH and 

aragonite saturation on the growth of cold-water corals. A number of studies have 

shown that aragonite saturation state (Ω) is closely linked to calcification rate in tropical 

corals (Gattuso et al., 1998; Marubini and Atkinson, 1999; Marubini and Thake, 1999; 

Leclerq et al., 2000). Marubini and Atkinson (1999) assessed the effect of Ω by varying 

the pH.  The addition of an acid caused a decrease in pH and PCO2, which in turn 

caused a decrease in carbonate concentration. The calcification rate decreased in the low 

pH condition suggesting that calcification is related to CO3
2- concentration. The effects 

of altering the pH were immediate but were also reversible. Marubini et al. (2003) 

investigated how four coral species react to variations in the carbonate ion 

concentration. The variation of carbonate concentration was achieved by varying the pH 

and the calcification rate decreased in all four species at a similar rate. Gattuso et al.

(1998) varied the saturation state of aragonite by altering the calcium concentration. The 

results showed an increase in calcification with increased aragonite saturation state. The 

carbonate concentration of seawater is, therefore, likely to limit coral calcification as it 

is present in relatively small quantities. 
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The process of calcification is similar throughout scleractinian species and it therefore 

seems likely that changes in pH and aragonite saturation would affect the growth of 

L. pertusa and other cold-water corals. Before this can be investigated for L. pertusa it 

is necessary to gain a better understanding of growth rates and how they are affected by 

variability in their natural environment.

1.7 Feeding ecology 

Despite their widespread distribution and increased scientific interest in recent years, 

little is known of the feeding ecology of cold-water corals. They are suspension-feeders 

using nematocysts within the polyps’ tentacles to capture food particles. The depths 

where cold-water corals occur make observational work difficult. However, submersible 

footage has shown L. pertusa feeding on live zooplankton (Henrich and Freiwald, 

1997), and laboratory experiments have shown that L. pertusa will feed on calanoid 

copepods and semi-pelagic crustaceans (Mortensen, 2001; Roberts and Anderson, 

2002). This suggests that L. pertusa is supported by surface production rather than a 

chemosynthetic food chain (Rogers, 1999). More recent work has shown that cold-water 

corals are found in areas where the surface waters have above average productivity 

(Guinotte et al., 2006).

Lipid analysis of L. pertusa tissue suggests a fatty acid profile attributable to both 

phytoplankton and zooplankton feeding (Kiriakoulakis et al., 2005). Assessment of 

cold-water corals from the Galicia Bank have shown δ15N signatures that are similar to 

those measured in copepods and amphipods collected in sediment traps from the same 

location suggesting the coral’s diet contained both of these organisms (Duineveld et al., 

2004).
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Although little is known about feeding in cold-water corals, there have been many 

studies on feeding mode and preferences of shallow-water scleractinians and soft corals. 

Hermatypic scleractinians have symbiotic algae associated with their tissues, which 

provide nutrition for both the algae and their host through photosynthesis. For many 

years it was thought that tropical corals relied solely on their symbionts for energy

acquisition but more recently the extent of heterotrophic feeding has been realised. It 

has been suggested that zooplankton is the principal food source for scleractinians 

(Yonge and Nicholls, 1931). However, Goreau et al. (1971) observed that tropical 

corals will feed on organic particulates as well as zooplankton and have the ability to 

absorb amino acids and other dissolved organic matter. It has been suggested that 

feeding mode might relate to the size of polyp, with species with larger polyps feeding 

primarily on large zooplankton, while species with smaller polyps may capture small 

zooplankton and absorb dissolved organic matter (Goreau et al., 1971; Porter, 1976). 

However, when in situ measurements of zooplankton were made on two species of 

scleractinians there was no difference in size of prey despite one species having 

significantly larger polyps (Sebens et al., 1996). Reef corals also seem to be able to 

utilize suspended particulate matter (Anthony, 1999; Anthony and Fabricius, 2000), and 

planktonic bacteria and dissolved organic matter (Sorokin, 1973). A study on a 

facultatively symbiotic species, Oculina arbuscula, showed that symbiotic status had no 

effect on the per-polyp capture rate or feeding efficiency of the coral (Piniak, 2002). 

Tropical corals appear to be able to exploit a wide range of food sources as well as 

using symbiotic associations. Factors that appear to be important in determining the 

feeding efficiency and prey selection include flow conditions, orientation and 

morphology. Increased flow speeds appear to increase the rate of capture of both live 
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and passive particles with different coral morphologies causing differences in per-polyp 

feeding rates within a colony, with species with narrow branches and small polyps 

having the most uniform rate (Sebens et al., 1998).

Studies on shallow-water corals can be used to predict the feeding abilities of cold-

water corals. As they are often found in relatively unproductive deep waters it would 

make ecological sense for the organism to be able to capture and assimilate as many 

different sources of food as possible. It seems likely that cold-water corals will capture 

both zooplankton and phytoplankton as well as absorb other nutrients in the water 

column. The corals may therefore be able to capture, absorb and possibly release their 

mesenterial filaments to acquire food.  More detailed studies of the lipid signatures of 

L. pertusa are vital in understanding the range of prey consumed and also in 

understanding how the requirements of this organism may change with location and 

season. 

1.8 Thesis outline

The purpose of this research was to investigate the biology and physiology of L. pertusa

and relate this to the environment where it is found. The research focused on live coral 

experimentation and the following chapter (Chapter 2) details the study sites that were 

used and explains the methods of collection and the maintenance of the coral samples in 

purpose-built aquaria. Chapter 3 investigates the effects of changes in temperature and 

dissolved oxygen on the rate of oxygen consumption of L. pertusa. This chapter also 

assesses the physiological and biochemical effects of periods of severe hypoxia and 

anoxia. Similarities in physiology and behaviour have been observed between 

L. pertusa and the shallow-water azooxanthellate scleractinian, Caryophyllia smithii
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(Shelton and Holley, 1984).  For this reason, the experiments carried out in Chapter 3 

were repeated on C. smithii in Chapter 4. A detailed study on the behavioural response 

of C. smithii to low oxygen conditions was also made. 

In Chapter 5 measurements of oxygen consumption and growth rates were made on 

freshly collected coral material. Although growth rates have been estimated for 

L. pertusa, this was the first study to measure total weight gain. Biometric 

measurements of protein, nitrogen and carbon content were made for L. pertusa and 

related to physiological rates to assess the suitability of these parameters for 

normalisation. The selection of the most appropriate normalisation technique will allow 

for easy comparison between studies in the future. The effects of temperature and 

feeding level on growth rate were also assessed. In Chapter 6 the lipid content and 

signature of L. pertusa was investigated in an effort to understand the energy source for 

this organism. This represents the most detailed study of L. pertusa fatty acids to date 

and shows the differences in the signatures between different areas in the Atlantic 

Ocean. The differences in lipid signature between seasons were also investigated for the 

first time. Finally, Chapter 7 attempts to draw together the results from all the chapters 

and relate them to current knowledge, as well as detailing the contribution this research 

has made to understanding the ecophysiology of L. pertusa.  
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Chapter 2 

Methods- sampling and husbandry

2.1 Study sites

Samples of Lophelia pertusa were collected from different areas in the North Atlantic 

Ocean. The majority of samples collected for use in live physiology experiments 

originated from an inshore reef that offered relative ease of collection, the Mingulay 

Reef Complex. The proximity of this reef to the laboratory also allowed sampling 

throughout the year. Samples were also collected from a deep-water site off the 

continental shelf at Rockall Bank, and a deeper site in the New England seamount 

chain. The collection of samples from different sites allowed physiological and 

biochemical analyses to be carried out on corals from different depths and geographical 

areas.

2.1.1 Mingulay Reef Complex

The study site for the majority of this research was the Mingulay Reef Complex that 

was described by Roberts et al. (2005a) after extensive acoustic and video surveys of 

the area. The surveys were in turn guided by historical fishing records that recorded the 

presence of coral material and also by manned submersible footage of the area taken in 

1970 (Wilson, 1979). The Mingulay Reef Complex is situated in the Sea of the 

Hebrides, which separates the Scottish mainland from the Outer Hebrides (56 o 49.38 N, 

7o 22.56 W) (Figure 2.1). The reef is found 13 km east of the island of Mingulay, which 

is the second most southerly island in the Outer Hebridean chain. A total of five areas 

were described with some showing distinctly mounded morphology and an acoustic 
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backscatter signature indicative of coral mounds. These were later verified by video 

transects (Roberts et al., 2005a). A number of ridges and submarine highs supported 

areas of L. pertusa that consisted of live coral heads on top of dead framework. The 

water depth of the Mingulay Reef Complex varies from 72 to 215 m, with the majority 

of coral sampling at approximately 130 m. The deep-water trough to the south of ‘Area 

1’ (see Figure 2.1) appears to supply Atlantic waters (temperature 8 oC, salinity 35) 

suitable for coral growth (Roberts et al., 2005a). At the southern most point of the Outer 

Hebrides there is increased mixing described as the Barra Head mixing zone (Savidge 

and Lennon, 1987) that is likely to increase productivity in the surrounding area. 

Stratification of the waters in this area allows deeper waters to maintain the 

characteristics of Atlantic water until late summer when increased mixing causes slight 

changes in temperature and salinity (Ellett and Edwards, 1983).
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Figure 2.1 The Mingulay Reef Complex showing A the position in The Sea of the 
Hebrides B shaded bathymetry from four mapped areas, with highlighted view of Area 
1 below C and D a colour bathymetry image showing 3-D topography and an image of 
Lophelia pertusa from Mingulay Area 1 (photograph: J.M. Roberts).

Near-bottom temperatures were recorded from 13th April until the 2nd August 2005 

within reef area 1 (56o 49.41 N 07o 23.87 W, 147 m depth), using a conductivity 

temperature and depth sensor array (CTD) on an acoustic current meter (Falmouth 

Scientific, Inc. 3D-ACM). The instrument was deployed 5 m above bottom using a 

single point mooring and acoustic release mechanism and temperatures were recorded 

every half hour throughout the deployment period. The mean temperature recorded 
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between April and August 2005 at the Mingulay sampling site was 9.57 (± 0.38) oC, 

with a minimum temperature of 8.8 oC and maximum of 11 oC (Figure 2.2). This 

reflects the progression from spring to summer temperatures as warmer surface waters 

are mixed through the water column with increased variation in temperature reflecting 

increased mixing (Ellett and Edwards, 1983).

Figure 2.2. Bottom temperature recorded every 30 minutes from 13 April to 2 August 
2005 at the Mingulay reef site.

A total of five CTD profiles were carried out at the Mingulay Reef Complex from the 

R.R.S. Charles Darwin in 2005, using the Seabird SBE19 system. The dissolved oxygen 

(DO) concentration of bottom water was measured by the CTD oxygen sensor. 

Seawater was sampled at different depths on a total of 15 CTD deployments and the DO 

concentration was measured using a Winkler titration technique. These values were then 

used to calibrate the oxygen sensor (Sherwin et al., 2005). The mean dissolved oxygen 

content of bottom water was 6.10 (± 0.04) ml l-1 (272 ± 1.69 µmol l-1) at depths ranging 
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from 120 m to 147 m. These levels were higher than average values suggested by 

Freiwald (2002) for L. pertusa occurrences in the NE Atlantic (3-5 ml l-1) but are 

similar to values noted from shallow water occurrences of L. pertusa in Sweden (4.8-6.7 

ml l-1) (Wisshak et al., 2005).

2.1.2 Rockall Bank

Samples were also collected from a deeper water site on the Rockall Bank, west of the 

UK, in the Logachev Mound region (Kenyon et al., 2003; Masson et al., 2003; van 

Weering et al., 2003; White et al., 2005) (Figure 2.3). Live samples of L. pertusa were 

collected from the Haas Mounds complex at depths of 600 m. The Haas Mounds consist 

of two mounds separated by a shallow trench. Both are approximately 300 m high with 

summits reaching a depth of 550 m (Figure 2.3). Near bottom current speeds varied 

from 3-30 cm s-1 and temperature was 9 oC, with a daily variation of approximately 2 oC 

(Duineveld, 2006).
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Figure 2.3. A Map of the NE Atlantic with the study site on the south-east slope of the 
Rockall Bank indicated by a square B Haas Mound complex with western (1) and 
eastern (2) mound separated by a gully. Y- axis shows degrees of the Northern Latitude 
and X-axis degrees of the Western Longitude. Isobaths every 20 metres.
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2.1.3 New England seamounts

Samples of L. pertusa were also collected from sites in the New England seamount 

chain and preserved for subsequent analysis. Samples were collected from two 

seamounts, Manning (38o 20.00 N, 60o 40.00 W) and Rehoboth (37o 20.00 N, 60o 00.00 

E), rising to water depths of 1312 and 1217 m respectively (Figure 2.4). The mean 

temperature from the depths where samples were collected was 4.71 (± 0.008) oC for the 

Manning seamount and 4.62 (± 0.390) oC for the Rehoboth seamount. The salinity was 

similar for the two seamounts, 33.79 (± 0.007) at Manning and 33.77 (± 0.310) at 

Rehoboth.

Figure 2.4. Bathymetric chart of the New England seamount chain, with the Manning 
and Rehoboth seamounts circled in red (from Houghton et al., 1977).
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2.2 Collection of Lophelia pertusa

The majority of live samples of L. pertusa were collected from the Mingulay Reef 

Complex (2.1.1) throughout the period of research. The collection of samples from deep 

waters proved to be technically and logistically challenging. The Scottish Association 

for Marine Science’s vessel, the RV Calanus was used for the majority of collection 

trips. A total of 13 collection trips were attempted with seven cancelled due to poor 

weather conditions or crew shortages. Of the six trips made aboard the Calanus, three 

resulted in the successful collection of live specimens in February and November 2005 

with a small amount of material collected in March 2006. The other three trips were 

aborted as a result of deteriorating weather conditions, unfavourable tides and wind 

directions or equipment faults. The optimal conditions for collection occurred when the 

wind was low and originated in the opposite direction to the current direction, resulting 

in a stable platform. Samples were also collected from Mingulay aboard the MY 

Esperanza in May 2005 as part of a collaborative cruise with Greenpeace to raise 

awareness of cold-water corals. This is a 72 m vessel that is more suited to offshore 

conditions and the 10-day cruise resulted in the collection of a significant number of 

samples.

A number of samples were also collected in June/ July 2006 onboard the RV Pelagia

from the Haas Mounds and the Mingulay Reef Complex (see section 2.1). The 

preserved New England seamount samples were collected by researchers on a NOAA 

research cruise in August 2005 on their vessel, the Ronald H. Brown, using the Hercules 

and Argus ROVs.
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All other samples of L. pertusa were collected using a video-directed Van Veen grab, 

which is a low impact method of sampling (Mortensen et al., 2000). A video camera 

and light source were attached to the winch cable 50 cm from the Van Veen grab and 

were used to allow sampling of specific habitats. High-resolution bathymetric datasets 

of the Mingulay Reef Complex were collected during the MINCH project in 2003 

(Roberts et al., 2004) and these surveys were used to guide vessel positioning at sea 

through a Geographic Information System project (ArcGIS, Esri). The GPS position of 

the vessel was displayed in real time on the GIS project allowing the bridge crew to 

position the vessel above the survey area. The video image of the seabed was monitored 

onboard the vessel allowing the winch operator to direct the grab on to the seafloor 

when live corals were seen. The patchy nature of the reef complex meant that individual 

deployments could last for an hour or more before a suitable specimen was successfully 

sampled. The topography of the bottom and the movement of the vessel increased the 

difficulty of this operation, often resulting in premature firing of the grab. The ability to 

remotely fire the grab from the vessel would greatly improve the technique. 

At sea, samples of L. pertusa were kept in a chilled, re-circulating aquarium at 9 oC for 

periods of between two and seven days before they were transferred to a temperature 

controlled, re-circulating aquarium at the laboratories of the Scottish Association for 

Marine Science (SAMS). The mobile aquarium (Westwood Mouldings) was designed at 

SAMS for transportation and use on sea-going vessels. It was 1.0 x 1.2 x 0.9 m in size 

and contained a seawater-filled compartment to hold samples. The seawater was 

circulated through a separate compartment containing a biological and mechanical filter, 

a seawater chiller and air pump. The entire unit was made from insulated fibreglass to 

maintain a stable water temperature.



31

2.3 Maintenance of live corals in the aquarium 

Samples of live L. pertusa were maintained in recirculating aquaria inside constant 

temperature (CT) rooms at SAMS. In February 2004 new aquarium systems were 

designed and developed with technical and financial assistance from ‘The Deep’, a 

public aquarium in Hull. This allowed one aquarium system (1000 litres) to be used as a 

holding system in one CT room, while a second CT room contained two smaller, 

identical experimental systems (260 litres each). The two experimental systems were 

each composed of 4 tanks (60 litres each) and a filtration unit (20 litres). In all three 

systems the seawater was recirculated through mechanical and biological filters 

(Tropical Marine Centre, Ltd. cartridge filters, bioball and Eheim canister filter 2215) 

and a UV steriliser (TMC Vecton 8-30W). Protein skimmers (Tropical Marine Centre, 

Ltd. Jetskim 120) were used to remove proteinous waste substances. The seawater was 

pumped into each tank through a spraybar, thereby increasing circulation of the water 

within each tank. All systems were designed to ensure adequate water movement and 

filtration as well as ease of access. 

In July 2005 the refrigeration unit in the holding room failed causing a fatal rise in 

temperature. From this point on, the CT room containing the holding system was 

decommissioned and all samples were subsequently maintained in the experimental 

room. A potentially dangerous fault in the refrigeration unit of the experimental room 

resulted in limited access to the room for two months in October 2005 until a 

replacement was fitted. At this point an external seawater chiller was connected to the 

systems through the wall of the experimental room to act as a contingency should the 

refrigeration unit of the room fail.
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The seawater used in the aquaria was collected from the Mingulay study site or from 

other deep-water, offshore areas, and stored at SAMS. A partial water change of the 

system water of approximately 15% of the total volume was carried out once a week. 

The water quality was monitored weekly for ammonia, nitrite and nitrate levels using 

appropriate reagents (Camlab Ltd) on a spectrophotometer, as well as measuring pH. 

Ammonia levels were maintained below 2 mg l-1 (0.12 mmol l-1), nitrite below 0.5 mg l-

1 (0.01 mmol l-1) and nitrate below 100 mg l-1 (1.61 mmol l-1). If the nutrient levels 

approached these values a partial water change was made. The amount of water changed 

was a balance between removing the harmful nutrients without removing too many 

denitrifying bacteria. 

Corals were maintained in the recirculating aquaria at 9 (± 1) oC and were fed twice per 

week on a diet of frozen krill (Euphausia pacifica, Tropical Marine Centre Ltd), but 

were starved for 24 h before use in any respiration experiments to eliminate any specific 

dynamic action effect. The tanks were cleaned the following day to remove food debris. 

The salinity was measured daily and was maintained between 35 and 36. If the salinity 

increased above this range, deionized water produced by reverse osmosis was added to 

the system to reduce the salinity. Prior to feeding the corals, a small amount of food was 

added to the tanks to induce the polyps to expand. The corals were then fed 2 hours 

later. During this time flows to the tanks were switched off and the water was circulated 

with small submersible pumps. The polyps were observed to readily catch and consume 

food particles. After feeding, the majority of polyps remained fully expanded for at least 

24 hours or until they were disturbed, e.g. during cleaning of the tanks. The addition of 

food always seemed to elicit the expansion of polyps in healthy corals. The level of 

feeding was chosen to balance the positive effects on coral health with the negative 

effect on water quality, which subsequently affects coral health. There appeared to be 
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no disturbance effect of light but mechanical disturbance often caused the retraction of 

polyps. The expansion and retraction of polyps did not seem to follow any diel pattern. 

However, these samples were maintained in near constant darkness and constant flow 

conditions for an extended period so may have lost any internal rhythmical behaviour. 

2.3.1 Aquarium observations

The coral samples appeared to be very intolerant of disturbance. If the corals needed to 

be moved they appeared to recover more quickly if they were moved ‘underwater’, i.e. 

without exposure to air. Throughout the time that the corals were maintained in the 

aquarium they appeared to go through cycles of health. At times the polyps extruded 

their mesenterial filaments. This may have been in an effort to maximise their feeding 

or as a stress response. It appeared that polyps that were facing downwards did this 

more and it may be that they were not well orientated for capturing the food particles so 

would try to sweep the bottom of the tank with their filaments. For this reason the coral 

samples used for experiments were small branches that were positioned in a holder to 

orientate the polyps in a generally upward direction. 

A stress response of L. pertusa appeared to involve the release of mucus. This has been 

described in other scleractinians as both a stress response and a mechanism for 

absorbing nutrients (reviewed by Brown and Bythell, 2005). When samples were 

collected they often released mucus resulting in the need to frequently change the water 

in the transport tank. Mucus was also exuded when corals were removed from seawater. 

The amount of mucus seemed to decrease the longer the animals were held in the 
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aquarium and samples that appeared to be of suboptimal condition did not release 

mucus when removed from seawater.

Single-polyp preparations or ‘nubbins’ are often used in tropical coral research for 

branching corals, as it provides a meaningful unit of measurement (Davies, 1995; 

Marubini et al., 2001; Shafir et al., 2003). The preparation of single polyps of branching 

tropical corals, such as Porites spp. involves cutting the skeleton immediately below the 

outer tissue layer then glueing the polyp on to a tile. This appears to stimulate tissue 

growth as the tissue moves down the skeleton and on to the tile. The inner tissue of the 

polyp of L. pertusa often extends well below the outer tissue layer making it impossible 

to cut the skeleton directly below the outer layer without damaging the polyp. Instead, 

10 polyps were cut below the point where the inner tissue appeared to end using a drill 

(Dremel). The polyps were then fixed on to plastic tiles using cyanoacrylic adhesive 

(Superglue®) and placed in the tanks. Unfortunately, during these initial experiments 

none of the polyps showed any tissue growth and all polyps died within 2 weeks. This 

could have been caused by stress due to mechanical disturbance from drilling, exposure 

to air or a combination of both. For this reason single polyp preparations were not used 

in this research and small colonies were used instead, with around 20 polyps per colony.

2.3.2 Selection of samples for experimentation

There were periods of time where the samples lost condition and were unsuitable for use 

in experiments. The loss of condition was often indicated by a lack of tentacular 

expansion and a subsequent reduction in feeding. The addition of food no longer 

elicited a reaction from corals that appeared to be deteriorating. Samples that had lost 
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condition were not used in experiments, the samples selected were those that were

observed to expand their tentacles and accept and ingest food particles.
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Chapter 3

The effect of temperature and dissolved oxygen change on the 
respiratory physiology of Lophelia pertusa.

3.1 Introduction 

The increasing discoveries of Lophelia pertusa and other cold-water corals in the 

world’s oceans is leading to greater knowledge of the environmental conditions in 

which they are found. However, there has been very little experimental research carried 

out on L. pertusa that investigates how the animal is affected by changes in these 

conditions, for example, temperature and oxygen levels. Climate change is likely to 

cause increased temperatures in deep-waters (Barnett et al., 2001; Barnett et al., 2005) 

and changes in water mass formation and hydrography (Joos et al., 1999), which are 

likely to alter the present conditions of L. pertusa habitats. Oxygen consumption is an 

indicator of aerobic metabolism and this together with anaerobic metabolism determines 

metabolic rate. Oxygen consumption in scleractinians uses around 70% of the total 

energy input and is consequently a useful indicator of energy demand (Sorokin, 1995). 

Oxygen consumption is therefore a valuable parameter to characterize an animal and 

assess the effects of environmental variables. In this chapter, field collected data (see 

section 2.1) on temperature and dissolved oxygen (DO) concentration were used to 

guide laboratory studies on the effect of changes in these variables on oxygen 

consumption in L. pertusa.

The occurrence of L. pertusa worldwide is associated with temperatures of 4-12 oC as 

discussed in Chapter 1 (Roberts et al., 2003; Freiwald et al., 2004). However, there is 

less information on the short-term fluctuations in temperature. Local conditions in 

regions occupied by L. pertusa are less stable than those normally found in deeper 
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waters. Strong, fluctuating currents have been recorded in situ that are thought to 

increase feeding opportunities for the corals (Frederiksen et al., 1992; Rogers, 1999; 

Freiwald, 2002; Roberts et al., 2005b). Small-scale variations in temperature recorded 

over periods of 2 months or less show low fluctuations of between 1 and 2 oC 

(Schroeder, 2002; Wisshak et al., 2005). Temperatures recorded in situ by the Sula 

Ridge off the coast of Norway ranged from 7.33 to 8.35 oC over a 3 week period 

(Roberts et al., 2005b).

The DO levels where L. pertusa occurs vary from 2.6-6.7 ml l-1 (Freiwald, 2002; 

Schroeder, 2002; Wisshak et al., 2005). Although DO levels have been measured in the 

vicinity of L. pertusa, there are no data on temporal variation in oxygen level measured 

within or directly adjacent to the structure of L. pertusa reefs. It is possible that 

L. pertusa may experience short term, micro-scale fluctuations in oxygen levels caused 

by both coral and community respiration and the branching structure of corals reducing 

oxygen exchange, as commonly seen in tropical scleractinians (Kuhl et al., 1995; 

Shashar et al., 1996; Gardella and Edmunds, 1999). The flow of water through a reef 

structure is a complex interaction between flow speed and type, branch thickness and 

branch spacing (Patterson, 1992; Bruno and Edmunds, 1997). Although recorded 

current speeds near L. pertusa reefs are relatively high there are periods where current 

speeds drop below 10 cm s–1 and the diffusive boundary layer is likely to increase in 

thickness. Oxygen consumption will be inhibited if the oxygen demand of the tissue 

exceeds the diffusion of oxygen across the boundary layer.

To date, no studies have directly measured the effects of changes in oxygen availability 

on cold-water reef framework-forming corals such as L. pertusa. Although it has been 

shown that the temperature of deep waters is increasing as a result of anthropogenic 
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activities (Barnett et al., 2001; Barnett et al., 2005), no published studies have examined 

the effect of temperature on L. pertusa. In comparison, many studies have been carried 

out on shallow-water anthozoans. Respiration rates for some tropical scleractinians and 

their recruits have been shown to increase with increasing temperature within the 

species’ natural temperature range (Coles and Jokiel, 1977; Jokiel and Coles, 1990; 

Edmunds, 2005). Respiratory acclimation to temperature changes has been observed in 

temperate corals (Jacques et al., 1983; Howe and Marshall, 2001), but not in various 

species of tropical coral (Coles and Jokiel, 1977; Jokiel and Coles, 1990).

There is little information on the capacity for respiratory independence of shallow-water 

scleractinians with changing oxygen availability. However, a number of studies of 

closely related shallow-water anemones have shown a variable capacity to maintain 

respiratory independence over a range of oxygen tensions and survival of periods of 

hypoxia and anoxia (Beattie, 1971; Sassaman and Mangum, 1970; 1972; 1973; 

Shumway, 1978; Mangum, 1980; Wahl, 1984). The elevated rates of oxygen 

consumption observed for three species of anemone on return to normoxic conditions 

indicated that they possessed some capacity for anaerobic metabolism (Sassaman and 

Mangum, 1973). 

The physiological response to changing oxygen levels has often resulted in organisms 

being assigned to one of two categories: an oxyregulator or an oxyconformer (Prosser 

and Brown, 1961). An oxyregulator was defined as an animal that can maintain 

independence of oxygen consumption within a certain range of oxygen tensions, 

whereas the oxygen consumption of an oxyconformer decreases in an approximately 

linear fashion with ambient oxygen tension. The point at which an oxyregulator loses its 

regulatory ability is known as the critical oxygen tension (Pc). This model has been 
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criticised for being oversimplified as the response may vary according to environmental 

conditions and level of activity of the animal being studied (Herreid, 1980; Greishaber

et al., 1994). Oxyconformers and oxyregulators represent two extremes of a spectrum 

and therefore, a more useful terminology is to describe the capacity for respiratory 

independence under a range of oxygen tensions (Taylor, 1976).

The aims of this chapter were to examine aspects of the respiratory physiology of 

L. pertusa. In particular, to assess the effect of temperature and changes in oxygen 

availability on the rates of oxygen consumption of L. pertusa and to measure the 

physiological responses to periods of anoxia and hypoxia. The ability of L. pertusa to 

utilise an anaerobic pathway during periods of low oxygen availability was also 

investigated by assessing the lactate concentrations in the tissues. The results of this 

study demonstrate factors that could limit the distribution of L. pertusa and indicate its 

physiological capability to survive environmental change.
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3.2 Methods

Samples of L. pertusa were collected in May 2005 from the Mingulay Reef Complex 

(see section 2.1). They were kept in a temperature-controlled, re-circulating aquarium at 

9 oC for periods of between two and seven days before they were transferred to a 

temperature controlled, re-circulating aquarium at the laboratories of the Scottish 

Association for Marine Science (SAMS) (see section 2.2). 

3.2.1 Measurement of oxygen consumption

The apparatus used to record rates of oxygen consumption consisted of six Perspex 

chambers (volume = 600 ml) each fitted with a Clark-type polarographic oxygen 

electrode (model 1302) and connected to a 6-channel recording system (Strathkelvin 

Instruments model 928). Each chamber contained a magnetic stirrer to maintain water 

movement. The chambers were placed within a temperature controlled water bath (± 0.5 

oC) and aerated seawater from a reservoir tank was pumped through the chambers by 

submersible pumps. The seawater was filtered (0.8 µm) and passed through a UV 

steriliser before use to minimize the impact of microbial respiration.

Coral samples (size range 30-40 g wet weight; 15-20 polyps) were placed in the 

chambers and left to acclimatize overnight at the appropriate temperature with aerated 

seawater flowing through the chamber. The electrodes were calibrated with a de-

oxygenated buffer solution (0.1 M sodium tetraborate with sodium sulphite) and with 

100% air-saturated (normoxic) filtered seawater at the experimental temperature. The 

oxygen electrodes were connected through the interface to a PC, and any changes in 

oxygen availability (PO2) within each chamber were recorded. At the start of each 
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experiment, the water flow through the chambers was stopped and each chamber 

therefore acted as a closed system. During each experiment one chamber remained 

empty as a control and the background rate of oxygen depletion in this chamber was 

then subtracted from the rates recorded for the experimental chambers to account for 

microbial respiration (which was negligible at 0.0083 ± 0.0031 μmol h-1). The rate of 

oxygen consumption (μmol g-1 h-1) for each sample was then normalised to coral total 

dry mass (skeleton and tissue), converted from buoyant weight. Buoyant weight was 

measured and converted into dry weight following the method described by Davies 

(1989) and outlined below. 

Buoyant weighing technique

Buoyant weighing was first used to measure coral growth by Franzisket (1964) and Bak 

(1976) and was fully described by Jokiel et al. (1978), with further modifications by 

Davies (1989). The technique is based upon the Archimedes’ Principle that the 

buoyancy of an object is equal to the mass of liquid displaced by the object and this is 

determined by both the density of the object and the liquid. This is a non-lethal method 

that involved weighing the coral sample underwater and from this calculating the dry 

weight of the coral. A watch glass was suspended from the base of an electronic balance 

(Sartorius- BP61S), into a water bath using 0.05 mm diameter tungsten wire. The 

weighing apparatus was contained within a box to reduce disturbance from air draughts. 

Each coral sample was placed on the watch glass and the buoyant weight recorded. At 

the beginning and end and after every fifth sample a glass stopper was weighed as a 

reference object. The density of the glass stopper was determined by weighing it in 

distilled water then applying the following equation:
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The density of distilled water was taken from the CRC Handbook of Chemistry and 

Physics. In order to determine the density of the seawater the following equation was 

applied:

)1(*
air

water
stopperwater wt

wt
DensityDensity −=

The density of the skeleton also needs to be calculated. The skeleton consists of 

aragonite but it is not accurate to use the density of aragonite (2.94 g cm-3) for this 

parameter as the actual skeletal density will be slightly different, possibly due to the 

incorporation of organic material or differences in skeletal structure (Bucher et al., 

1998). Studies of the density of tropical corals have recorded values of 2.783 g cm-3 for 

Pocillopora verruscosa, 2.622 g cm-3 for Acropora humilis (Davies, 1989) and 2.781 to 

2.873 g cm-3 for various species of Acropora (Bucher et al., 1998). 

The skeletal density of 10 samples of L. pertusa collected from the Mingulay reef was 

calculated by first soaking in a 20% bleach solution for 24 h to remove the tissue. The 

skeletons were then soaked in acetone for four days as described by Bucher et al., 

(1998), to more easily penetrate air spaces within the structure. The skeletons were 

moved into the seawater bath where water was pumped into the polyps to dislodge any 

remaining air bubbles before measuring the buoyant weight. They were then rinsed in 

distilled water, freeze-dried for 48 hours, then weighed, with the density calculated 

using the equation:
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The mean density of L. pertusa from the Mingulay Reef Complex was found to be 2.75 

± 0.07 g cm-3. This is comparable to density measurements of 2.72 (± 0.06) g cm-3 for 

L. pertusa from North Sea oil rigs (Gass, unpublished data). Once these parameters 

were calculated it was then possible to calculate the air weight of the coral sample using 

the following equation:
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3.2.2 Relationship between oxygen consumption (MO2) and PO2 at three different 

temperatures

The MO2 of six samples of L. pertusa was measured to determine the effect of changing 

PO2 on the oxygen consumption of this species. This experiment was initially carried 

out at 9 oC, which was the mean temperature of the water recorded at the collection site 

at the time of sampling (see section 2.1.1). This was repeated for a further 6 samples at a 

low temperature treatment of 6.5 oC and a further 6 samples at a high temperature 

treatment of 11 oC. Although this temperature range is small, the temperatures were 

chosen to reflect the temperature range recorded at the collection site and detailed in the 

literature. For each experiment, the corals were left undisturbed in the respirometer 

chambers overnight with aerated water flowing through the chambers to enable them to 

acclimatize to the experimental temperature. At the start of the experiments, the pumps 

were switched off to stop the water flow through the chambers and the inflow and 

outflow tubes to each chamber were clamped to prevent water exchange. The reduction 

in PO2 within each chamber was recorded continuously with the experiment ending 

when the PO2 value reached 0 kPa. The resultant recordings of the changes in PO2



44

within each chamber in each treatment were then used to calculate the rates of oxygen 

consumption at different PO2 at the three different temperatures. 

A number of methods have been used to model the relationship between MO2 and the 

PO2 of the water. Most have been regression models e.g. semi-logarithmic, exponential 

and quadratic, including Michaelis-Menten kinetics equation (Sassaman and Mangum, 

1972; Van Winkle and Mangum, 1975). Others have used regression models to 

determine the point (Pc or critical PO2) at which the animal is no longer able to maintain 

respiratory independence (Nickerson et al., 1989; Yeager and Ultsch, 1989). However, 

these models often provide poor fits to the data, especially for organisms with a high 

degree of respiratory independence (Alexander and McMahon, 2004).

In order to choose the most appropriate method, a number of models were fitted to the 

data in this study. Firstly, a semi-logarithmic regression was applied by carrying out a 

log10 conversion on the PO2 values and performing a regression on this variable against 

MO2. It has been suggested that the slope of the semi-logarithmic regression, b, can be 

used to indicate the sensitivity of MO2 to changes in PO2, with higher values suggesting 

greater sensitivity. The R2 value was used as an indicator of the goodness-of-fit of the 

model to the data. 

The second model fitted to the data used the program Kinetics 3.0 that uses a non-linear 

regression fitting routine (Marquard-Levenberg algorithm, see Press et al., 1986), 

according to the Michaelis-Menten kinetics formula. The program was used to calculate 

Vmax and Km values with associated standard deviations. Finally, the method proposed 

by Alexander and McMahon (2004) was used to calculate the ‘Regulation Value’ or ‘R’ 

for the species. This method involved measuring the MO2 at each 5% drop in PO2 from 
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fully normoxic seawater to zero oxygen. The value R was then calculated by 

determining the maximum MO2 recorded, with each individual measurement of MO2

calculated as a percentage of the maximum. The values were then summed and 

calculated as a percentage of the sum that would have been obtained from a perfect 

regulator to give an R value for each sample. A perfect regulator would have a value of 

100% while a perfect conformer would have a value of 50% (Alexander and McMahon, 

2004). The mean MO2 was then calculated for each temperature at each 5% drop in PO2. 

Regulation values and mean MO2 were each compared between temperature treatments 

using one-way analysis of variance (ANOVA).

Physiological processes are affected by temperature as thermodynamic laws dictate that 

reactions will proceed faster at higher temperatures. This is quantified by a Q10

calculation, which is the difference in rate between two temperatures 10 oC apart. 

Variation in Q10 values are frequently seen as many reactions occur simultaneously 

within an individual and many organisms exhibit compensation for temperature changes 

(Clarke, 1993). To assess the effect of temperature alone on oxygen consumption, the 

data measured in the normoxic range (16-21 kPa) were used to calculate Q10 values 

using the van’t Hoff equation: 

)/(10
1210

12)/( ttkkQ −=

where k1 and k2 are the rates of oxygen consumption corresponding to low temperature 

(t1) and high temperature (t2), respectively. 
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3.2.3 Effect of short-term exposure to anoxia and hypoxia on metabolism

To assess the effects of anoxia on metabolism, 4 samples of L. pertusa were placed in 4 

sealed respiration chambers (see above). The MO2 was recorded as the animal reduced 

the oxygen content in the chamber to zero. After one hour under anoxic conditions the 

chambers were then flushed with fully air saturated seawater for 30 minutes, before 

MO2 was measured for a second time on each of the 4 coral samples. The difference in 

MO2 before and after anoxia measured in the normoxic range (16-21 kPa) and compared 

using a paired t-test.

Samples of L. pertusa were acclimatized overnight in the respiration chambers at 9 oC 

with aerated seawater flowing through the chambers. The samples were then subjected 

to severely hypoxic conditions by bubbling oxygen-free nitrogen (OFN) through the 

seawater reservoir and maintaining a PO2 of 2-3 kPa (10 – 15% air-saturation). Samples 

were held under these conditions for either 6 h (n = 5), 12 h (n = 4), 24 h (n = 5), 48 h (n

= 4) or 96 h (n = 5). At the end of the hypoxia period, aerated water was again 

circulated through the chambers for 30 minutes and the MO2 then determined under 

normoxic conditions (16-21 kPa). 

Lactate analysis

The lactate concentrations were measured in another 5 samples of L. pertusa that were 

held under anoxia for 1 hour. The lactate concentrations in these samples were 

compared with those of 5 control samples that were maintained under normoxic 

conditions. 
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After subjecting the coral samples to anoxia, using the methods detailed above, they 

were immediately placed in liquid nitrogen to stop any further enzymatic reactions. The 

samples were then freeze-dried at -60 oC for 48 hours and stored in a freezer at -20 oC. 

The freeze-dried corals were crushed into an homogenous powder using a pestle and 

mortar and a marble ball grinder. 

Approximately 100 mg of powdered material from each sample was placed in an 

centrifuge tube and the weight was noted. Perchloric acid (PCA) (500 µl, 0.1 M) was 

then added before the samples were centrifuged at 10 000 g for 10 minutes. The 

supernatant was removed and stored in the freezer. A further 500 µl of PCA was added 

to each sample and they were centrifuged for a further 20 minutes at 10 000 g. The 

supernatants were combined and neutralised with the addition of 200 µl of sodium 

hydroxide (0.1 M) to reach a pH of 7.5. The samples were centrifuged for a further 10 

minutes at 10 000 g to remove any precipitate. The supernatants were stored at -20 oC 

prior to analysis.

The method of Gutmann and Wahlefeld (1974) was used to determine the lactate 

concentration in each sample. In this method L-lactate is oxidised to pyruvate by NAD 

(nicotinamide adenine dinucleotide), in a reaction catalysed by lactate dehydrogenase, 

according to the following equation: 

++ ++⇔+− HNADHPyruvateNADlactateL

The formation of NADH is measured by the increase in absorbance at 340 nm on a 

spectrophotometer. To analyse the coral samples, 100 µl of extracted sample was 

incubated with 50 µl NAD+, 5 µl LDH and 1000 µl of glycine-hydrazine buffer at 37 oC 

for two hours. A total of 10 blanks were also made by substituting the sample with 50 µl 

of distilled water. The samples were then transferred to quartz cuvettes where the 
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absorbance of each was measured on a spectrophotometer (Pye Unicam SP6-500 UV) at 

340 nm. The absorbance of the blanks was subtracted from the sample absorbances to 

give the absorbance attributable to the sample alone. The values were converted from 

absorbance units to concentration of lactate by comparison with a standard curve 

constructed using L-Lithium Lactate. 

3.3 Results

3.3.1 Relationship between oxygen consumption (MO2) and PO2 at three different 

temperatures

The pattern of response to changing PO2 for six coral samples, at the control 

temperature of 9 oC, indicated that the corals were able to show some degree of 

regulation under moderate hypoxia (Figure 3.1). The MO2 of L. pertusa at 9 ºC 

increased at first as PO2 declined, before maintaining an approximately constant rate 

until a PO2 of approximately 9-10 kPa was reached. Therefore, the ‘critical’ PO2 (Pc)

was identified as 9-10 kPa, below which an approximately constant rate of oxygen 

consumption could not be maintained. The form of the relationship between MO2 and 

PO2 observed at 9 oC was maintained by L. pertusa both at higher (11 oC) and lower 

temperatures (6.5 oC) (Figure 3.1). The Pc for the low temperature treatment was 

identified as 5-6 kPa, while the Pc for the high temperature treatment was approximately 

9 kPa. At all three temperatures the corals were able to maintain their rates of oxygen 

consumption independent of PO2 over a wide range of PO2 values, as shown by high R 

values (Table 3.1). 
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Figure 3.1. The relationship between the mean rate of oxygen consumption (± S.E.) of 
Lophelia pertusa and oxygen partial pressure (PO2) at three different temperatures (6.5 
oC n = 6, 9 oC n = 6 and 11 oC  n = 4) (TM = total mass of dry tissue and skeleton).

The most appropriate method for describing the relationship between MO2 and PO2 was 

that proposed by Alexander and McMahon (2004) and this was used for subsequent 

analysis. The semi-logarithmic regression gave low R2 values, especially for the low 

temperature treatment, suggesting a poor fit to the data (Table 3.1). The standard 

deviations associated with the Km values in the Michaelis-Menten model were high, 

again suggesting a poor fit to the data (Table 3.1). The R values calculated using the 

method of Alexander and McMahon (2004) all describe a response midway between a 

perfect conformer and a perfect regulator. There was no significant difference in the 

degree of regulation (R) when measured at different temperatures (ANOVA F = 2.84, 

DF = 2, p = 0.06). The mean MO2 increased with increasing temperature at each 
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measurement of PO2 (ANOVA F = 37.27, DF = 2, p < 0.001). Q10 values were high at 

all temperature treatments (Table 3.2).

Table 3.1. Fit of semi-logarithmic model with goodness of fit (R2) and Michaelis 
Menten constants with associated standard deviations, together with the calculated 
regulation value or ‘R’ for each temperature treatment.

Temperature

treatment

b (R2) Michaelis Menten constants Regulation 

value (R)

Vmax (± s.d) Km (± s.d)

Low 0.05 (0.43) 0.17 (± 0.03) 20.75 (± 15.37) 72

Control 0.08 (0.81) 0.26 (± 0.02) 19.73 (± 5.43) 78

High 0.12 (0.82) 0.40 (± 0.03) 26.04 (± 6.37) 78

Table 3.2. Q10 values showing the change in oxygen consumption rate with changes in 
temperature. 

Temperature change (oC) Q10

6.5 – 9 5.43

9 – 11 8.28

6.5 – 11 7.88



51

3.3.2 Effect of short-term exposure to anoxia and hypoxia on metabolism.

A comparison of MO2 before and after exposure to anoxia (0 kPa) for 4 samples 

revealed that there was a significant increase in oxygen consumption rate after exposure 

to anoxia when the coral samples were returned to normoxia (paired t-test, t = - 9.94, n 

= 4, p < 0.05) (Figure 3.2). 

Figure 3.2. The mean rate of oxygen consumption (+ S.E.) for 4 samples of Lophelia 
pertusa measured before and after anoxia (1 hour), following a recovery period of 30 
min at 9 oC (TM = total mass of dry tissue and skeleton).

Lophelia pertusa was capable of surviving periods of hypoxia (2-3 kPa) of up to 96 h 

(Figure 3.3). The rate of oxygen consumption of the samples of L. pertusa increased on 

return to fully air saturated seawater for samples held under hypoxia (ANOVA F = 

7.71, D.F. = 5, p < 0.001). However, post-hoc comparisons (Tukey test) revealed that 

this increase in MO2 was only significant for the 96 h treatment.
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Figure 3.3. The mean rate of oxygen consumption (+ S.E.) of Lophelia pertusa
measured after a 30 min recovery period in normoxia after being held under hypoxia 
(PO2 = approx. 2 kPa) at 9 oC for varying lengths of time (* p < 0.05) (TM = total mass 
of dry tissue and skeleton).

Lactate analysis 

The presence of lactate was identified in the tissues of all coral samples, although 

significantly higher concentrations were measured in those samples held under anoxic 

conditions for 1 hour (Mann Whitney U = 15, n = 10, p < 0.05). The median lactate 

concentration for control corals was 1.42 µmol g-1, while the corals held under anoxia 

had a median concentration of 7.92 µmol g-1.
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3.4 Discussion

This is the first study of the respiratory physiology of L. pertusa and, to the author’s 

knowledge, the first attempt to assess the ecophysiology of any cold-water reef 

framework-forming coral. Cold-water corals, including L. pertusa, are important deep-

sea ecological engineers (Jones et al., 1994) that form complex three-dimensional 

structures supporting a diverse community (e.g. Henry and Roberts, in press). The 

present laboratory study has linked the physiology of this species to environmental 

conditions recorded in situ, an essential step not just in understanding the environmental 

controls on its distribution but also vital to predict how cold-water coral reef ecosystems 

may be influenced by future climate change. 

3.4.1 Relationship between oxygen consumption (MO2) and PO2 at three different 

temperatures.

The results from this study show for the first time that L. pertusa is able to regulate its 

oxygen consumption over a wide range of PO2 and that the lower limit of regulation 

measured at the control temperature closely relates to the field occurrences of this 

species. This is supported by two lines of evidence: (1) the maintenance of 

approximately constant rates of oxygen consumption over a range of oxygen partial 

pressure and (2) the relatively high R values (Figure 3.2, Table 3.1). The potential 

mechanisms of regulation available to L. pertusa are relatively limited. One possible 

way that L. pertusa regulates oxygen consumption is by expanding polyps to increase 

the surface area of tissue in contact with seawater. An increase in surface area would 

result in increased diffusion of oxygen from the seawater into the polyp tissue. The 
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expansion of polyps was observed during these experiments as oxygen availability 

decreased (Figure 3.4), but this was not quantified statistically. 

Figure 3.4. Photographs of Lophelia pertusa taken during A normoxic conditions then B
during severe hypoxia.

The ability for L. pertusa to regulate its oxygen consumption is lost at a critical PO2 of 

approximately 9-10 kPa (at 9 oC). A PO2 of 9.5 kPa would equate to an oxygen 

concentration of approximately 3.26 ml l-1 in the environment where L. pertusa was 

sampled (salinity 35, temperature 9 oC). When exposed to oxygen levels below this, L. 

pertusa would not be able to maintain normal aerobic functions. The critical PO2

identified in this study is at the lower end of the range of 3-5 ml l-1 suggested by 

Freiwald (2002) as the lower limit for the occurrence of L. pertusa in the North East 

Atlantic. Furthermore, recent multi-parameter habitat modelling for L. pertusa using 

Ecological-Niche Factor Analysis suggests that this coral’s niche in the North East 
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Atlantic is typically associated with ambient oxygen concentrations of 4.62 ml l-1 to 

7.39 ml l-1 and this species is not found in areas where DO is less than 2.37 ml l-1

(Davies et al., 2006). Thus ambient oxygen concentrations lower than this critical value 

may be one of a number of environmental factors that could limit the occurrence of reef 

framework-forming corals in the field. 

The method proposed by Alexander and McMahon (2004) creates an integrated R value 

for the whole dataset. This gives a measure of the degree of regulation and will allow 

easy comparison between treatments and between species when this method becomes 

widely used. The R values determined from the data were similar for the control and the 

high temperature treatment suggesting that a similar degree of respiratory independence 

was maintained at these temperatures (Table 3.1). However, a lower R value was 

obtained for the low temperature treatment and visual inspection of the results of this 

study seems to suggest a lower critical PO2 of approximately 5-6 kPa for the low 

temperature treatment (Figure 3.2). The result of the ANOVA comparing R values was 

close to significance and this could suggest that there is a lower degree of regulation at 

the low temperature treatment. Many studies have shown that the degree of regulation in 

marine invertebrates is affected by temperature (Wiens and Armitage, 1961; Newell et 

al., 1978; Shumway and Koehn, 1982; Alexander and McMahon, 2004). However, a 

degree of regulation was maintained in all temperature treatments suggesting that 

L. pertusa is able to maintain physiological functions within the temperature range of 

6.5 to 11 oC (Figure 3.2). 

Temperature change had a clear effect on the rate of oxygen consumption of L. pertusa

in the normoxic range (16-21 kPa) (Figure 3.2). The rate of oxygen consumption 

recorded at 11 oC was 50% higher than that recorded at the control temperature (9 oC), 
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despite the fact there was only a 2 oC change in temperature, and this was reflected in 

high Q10 values. Many studies on tropical scleractinians have demonstrated an increase 

in oxygen consumption rates with an increase in temperature (Coles and Jokiel, 1977; 

Jokiel and Coles, 1990; Edmunds, 2005). However, other studies have shown no clear 

temperature effect suggesting that the magnitude of temperature change and the 

duration of exposure to the new temperature are important in eliciting a response (Fitt et 

al., 2001; Nordemar et al., 2003). The Q10 values reported here for L. pertusa are 

greater than the van’t Hoff Q10 rule of 2-3, thereby implying sensitivity to temperature 

change (Table 3.2). However, very high or very low Q10 values can also result from the 

adverse effects of temperature extremes on the physical condition of an animal. In the 

present study this is thought unlikely since the temperatures used were within the 

natural range measured in the field and the corals showed no signs of stress during the 

experiments. These high values suggest that L. pertusa is unable to compensate for 

changes in temperature and is thus sensitive to fluctuations in temperature even of this 

magnitude and for this duration. High Q10 values suggest an increase in oxygen 

consumption that is likely to increase metabolic rate and may have implications for 

energy acquisition and growth. An increase in metabolic rate would affect the energy 

budget of the animal and may influence survival if the increased energy requirements 

could not be met by food input (Newell and Branch, 1980). Thus it seems probable that 

L. pertusa and other cold-water corals will be sensitive to temperature changes driven 

by climate change.
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3.4.2 Effect of short-term exposure to anoxia and hypoxia on metabolism.

All of the samples held under anoxia showed an increased MO2 on return to normoxia. 

Since the animals were able to survive these periods of anoxia, it indicates that they are 

probably able to respire anaerobically. A feature of anaerobic metabolism is that 

animals often show a sharp increase in the rate of oxygen consumption after exposure to 

hypoxia or anoxia that then returns to normal levels (Shick and Brown, 1977; Vismann, 

1991; Oeschger et al., 1992; Greishaber et al., 1994; Vismann and Hagerman, 1996; 

Hervant et al., 1998). This has been attributed to a number of factors including the 

accumulation of an ‘oxygen debt’. The increased MO2 observed for L. pertusa held at 

hypoxia for 96 h and for all samples held under anoxia suggests they may incur an 

‘oxygen debt’ as a result of anaerobic metabolism under these conditions. The 

occurrence of an ‘oxygen debt’ was also observed for three species of shallow water 

anemones, Diadumene leucolena, Haloclava producta and Metridium senile, that were 

held under anoxia (Sassaman and Mangum, 1973), but not when Diadumene leucolena

was held for short periods under hypoxic conditions (Beattie, 1971). L. pertusa also 

survived prolonged periods of hypoxia (10-15% saturation) but an oxygen debt was 

only apparent after periods of 96 h. 

The presence of increased concentrations of lactate in the tissues of samples maintained 

under anoxic conditions for 1 hour suggests that an anaerobic pathway is used to 

survive these conditions. It is possible that L. pertusa also uses other anaerobic 

pathways, e.g. succinate or opinate, however this was not investigated in the present 

study. Many marine invertebrates utilise a succinate pathway to survive periods of 

anoxia as it provides a greater amount of ATP, albeit over a longer time period 
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(Livingstone, 1991). Lactate concentrations reported for other marine invertebrates are 

higher than those reported in this study, with values of between 30 and 50 µmol g-1 in 

haemolymph tissue of the stone crab, Menippe mercenaria, with slightly lower values 

of 16-20 µmol g-1 in muscle tissue (Albert and Ellington, 1985). Severely hypoxic 

conditions caused an increase in tissue lactate concentration in two species of prawns, 

Palaemon elegans and P. serratus, from approximately 3 to 13 µmol g-1 (Taylor and 

Spicer, 1987). The enzyme, lactate dehydrogenase, has been detected in most sea 

anemones, but at very low levels (Shick, 1991), with other metabolic pathways 

revealing stronger evidence of anaerobic metabolism (Ellington, 1982). There is no 

report of anaerobic metabolism in the literature for scleractinian corals but the results of 

the present study indicate that L. pertusa is capable of resorting to anaerobic 

metabolism when exposed to low environmental oxygen concentrations. 

Lophelia pertusa is a sessile animal with low rates of oxygen consumption, implying a 

low metabolic rate, and this may explain the modest increase in lactate concentration 

during anoxia. It would also be worth investigating the contribution of other anaerobic 

pathways to L. pertusa metabolism. The low rates of oxygen consumption could also 

explain the lack of a significant oxygen debt after hypoxic periods of less than 96 h. It 

appears that L. pertusa can maintain aerobic functions through periods of hypoxia, only 

switching to anaerobic metabolism after 48 to 96 h or when experiencing full anoxia.  

The ability of L. pertusa to survive periods of hypoxia and anoxia may be an adaptation 

to short-term fluctuations in hypoxic conditions in its natural environment. Tropical 

scleractinians survive a wide range of oxygen conditions from hyperoxia to hypoxia 

(Kuhl et al., 1995; Gardella and Edmunds, 1999; Richier et al., 2003). The complexity 

of the branching structure and lowered current conditions within the complexity of the 
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reef also reduces oxygen levels (Goldshmid et al., 2004). The symbiotic relationship 

with dinoflagellates provides zooxanthellate corals with a mechanism to survive such 

conditions as the symbionts produce oxygen through photosynthesis that can be utilised 

by the coral (Rands et al., 1992; Richier et al., 2005). The azooxanthellate scleractinian, 

L. pertusa does not have symbiotic algae and, therefore, must rely on physiological 

adaptations to survive periods of low oxygen. Information on the microscale 

fluctuations in oxygen levels within the structure of L. pertusa reefs are needed before it 

can be determined whether community respiration and structural complexity can reduce 

oxygen levels in these reefs, as is seen in tropical coral reefs. A number of deep-water 

settings inhabited by L. pertusa and other cold-water corals are subjected to pronounced 

seasonal deposition of phytodetrital material that can vary considerably from year to 

year (Duineveld et al., 2004). Following phytodetrital input organic carbon 

remineralisation can locally deplete oxygen levels (reviewed by Beaulieu, 2002) so it is 

possible that L. pertusa experiences spatially and temporally variable oxygen levels 

associated with seasonal phytodetrital flux to the seafloor.

3.5 Conclusions

The factors that control the distribution of L. pertusa are not fully understood and have 

previously been limited by a lack of knowledge of the physiological response of this 

species to changes in its environment. In this study, important physiological data have 

been gathered that substantiate field data and increase our understanding of the 

physiological limits on the occurrence of this species. Further studies are now needed to 

measure small-scale fluctuations in field levels of oxygen concentration on different 

temporal scales. Lophelia pertusa can regulate its oxygen consumption and can 

withstand periods of both hypoxia and anoxia but is sensitive to small, short-term 
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changes in temperature. As concern over the impact of climate change increases, the 

response of this reef framework-forming coral to temperature change represents vital 

information. This species forms a structural habitat supporting highly diverse deep-

water communities. To date there has been almost no research on the physiology of 

L. pertusa, but a better understanding of its ecophysiology is essential if we are to be 

able to predict how it will respond to both natural and anthropogenic change. 

There are likely to be both similarities and differences between scleractinian corals in 

their physiology and tolerances of environmental conditions, as a result of the varying 

conditions in which they are found. The physiology of tropical scleractinians has been 

well studied, and although they share similarities with L. pertusa there are major 

differences in their environments. Tropical scleractinians are found in warm, shallow 

waters with high light and low nutrient levels and often possess symbiotic 

dinoflagellates that result in differences in feeding ecology and physiological processes. 

It was therefore, of interest to compare the results presented in the chapter with another 

cold-water scleractinian species. The solitary cup coral, Caryophyllia smithii, has 

physiological and behavioural similarities to L. pertusa (Shelton and Holley, 1984), and 

for this reason the effect of temperature and dissolved oxygen change on the respiratory 

physiology of C. smithii was investigated in Chapter 4.

Note

Aspects of this chapter have been submitted for publication:

Dodds, L.A., Roberts, J.M., Taylor, A.C. and Marubini, F. The cold-water coral 
Lophelia pertusa (Scleractinia) reveals metabolic tolerance to temperature and dissolved 
oxygen change. Journal of Experimental Marine Biology and Ecology.
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Chapter 4

The effect of temperature and dissolved oxygen change on the oxygen 
consumption and behaviour of the cup coral Caryophyllia smithii.

4.1 Introduction

In the previous chapter, temperature and dissolved oxygen change were both shown to 

affect the respiratory physiology of the reef-framework forming, cold-water coral 

L. pertusa. There are few published studies on the ecophysiology of cold-water corals 

and therefore, it was of interest to compare the data on L. pertusa with another species. 

The species selected for this comparison was the Devonshire cup coral, Caryophyllia 

smithii, because of the similarity in its electrophysiology and behaviour to L. pertusa

that was observed by Shelton and Holley (1984). To date, no studies have investigated 

the respiratory physiology of C. smithii or the factors that affect it.

The Devonshire cup coral, Caryophyllia smithii, is commonly found in the British 

sublittoral zone. The polyp of this solitary scleractinian is contained within a cup shaped 

skeleton, the corallite, which tends to have a greater diameter than height, up to a 

maximum of approximately 25 mm. It is found from the low water mark to around 100 

m depth, although a smaller deep-water form has also been described (Manuel, 1988). 

The majority of research on C. smithii has focussed on factors affecting distribution, 

density and morphology. A great deal of research on this species has been carried out at 

Lough Hyne in Ireland, a naturally semi-enclosed area of seawater. The density of 

C. smithii was found to increase with depth and high densities were observed at a site of 

moderate sedimentation (Bell and Turner, 2000). Higher densities were also measured 

on inclined rather than vertical or over-hanging surfaces, which are more prone to 
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sedimentation and the height of the calice was correlated with the depth of the 

surrounding sediment (Bell, 2001). Caryophyllia smithii is likely to be out-competed by 

algae in shallow-water and areas of low sedimentation, but the ability of C. smithii to 

survive sedimentation allows it to colonise areas that many sessile organisms cannot 

tolerate (Bell, 2001). Caryophyllia smithii was observed to recover quickly from 5 days 

of sedimentation under a layer of silt up to 5 cm deep, made possible by its efficient 

ciliary cleaning mechanism (Hartnoll, 1983). Some individual corals were also observed 

to inflate their polyps in order to extend above the layer of sediment. In another 

unpublished study, C. smithii was able to tolerate burial under sediment for up to two 

hours (Bell, pers. comm.). During this time the polyps increased in size until they were 

large enough to protrude above the sediment (Bell, pers. comm.).

The behavioural patterns in polyp expansion of C. smithii were investigated in Lough 

Hyne (Bell et al., 2006). In the absence of flow, C. smithii expanded during the night 

and a higher proportion of ‘swollen’ corals were also observed at this time (Bell et al., 

2006). The contraction of tentacles is likely to be a mechanism to reduce predation on 

tissue. However, there is an energetic cost from this behaviour due to the muscle 

contraction and the reduced surface area of the coral reducing the area available for 

oxygen exchange, thereby limiting energy acquisition (Bantham and Pantin, 1951; Bell

et al., 2006). Caryophyllia smithii therefore appears to be able to modify the degree of 

expansion and inflation of its tissue in response to sedimentation and food and oxygen 

requirements.

Three species of solitary tropical coral also appeared to be tolerant of sedimentation 

when compared to nine branching or massive species (Philipp and Fabricius, 2003). 

This was attributed to the larger polyp size of the solitary corals as well as an efficient 
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cleaning mechanism and the ability to inflate the underlying tissue to increase gas 

exchange (Philipp and Fabricius, 2003). Periods of sedimentation are likely to reduce 

oxygen levels and it appears that C. smithii has adapted to this feature of its 

environment. The depth distribution of C. smithii at Labhra Cliff in Lough Hyne is 

thought to be limited by the presence of a low temperature (2-4 oC), low oxygen (< 2% 

surface) thermocline in the summer months (Bell, 2002), which suggests that C. smithii

cannot survive very low oxygen levels. However, the extent of survival of low oxygen 

levels has never been investigated for this species. Morphological effects of 

sedimentation have been described (Bell, 2001), but physiological effects have not been 

investigated. 

The ability of C. smithii to expand tentacles and inflate the polyp tissue appears to be 

one potential mechanism for alleviating the effects of sedimentation and may be used to 

maximise oxygen exchange. Although C. smithii is generally a shallow water coral 

there are likely to be similarities between this species and L. pertusa, both in physiology 

and behaviour. The aims of this study were to characterize the respiratory physiology of 

C. smithii and draw comparisons with L. pertusa. In particular the effect of changes in 

PO2 and temperature on oxygen consumption were investigated and the physiological 

response to short-term anoxia and hypoxia were also assessed. Photographic analysis 

was used to investigate the behavioural response to decreasing PO2 and the recovery 

from anoxia.
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4.2 Methods

4.2.1 Study site

The corals were collected from the Firth of Lorn on the west coast of Scotland. Divers 

removed samples from the wreck of the SS Breda (56o 28.33 N, 5o 25.00 W) at 25-30 m 

depth, using sharpened chisels. The annual seawater temperature in a nearby area in the 

Firth of Lorn (56o 27.06 N, 5o 26.37 W) varied from 7.4 to 14.3 oC at 4 m depth 

(Ashton, 2007) and from 7.6 to 13.9 oC at 20 m depth (Ashton, pers. comm.) in 2004 

and 2005. Magill and Sayer (2004) recorded temperatures varying from 6 to 14 oC at 

Saulmore Point in the Firth of Lorn at 10-14 m depth. 

After collection, the samples were transported the short journey (< 10 mins) to the 

aquarium of the Scottish Association for Marine Science in a container of seawater. The 

corals were maintained in a flow-through aquarium with water fed directly from the 

Firth of Lorn through a series of particulate filters. The mean water temperature in the 

aquarium throughout the study period was 10 oC (± 0.3). The seawater entered the tank 

through a spraybar and an airstone was used to further increase water movement. The 

corals were fed on frozen krill (Euphausia pacifica), 3 times per week, placed directly 

on the tentacles.

The methods used to measure oxygen consumption followed those described in 

Chapter 3.  In this study the rates of oxygen consumption were normalised to ash-free 

dry mass (AFDM). After each experiment the cup corals were freeze-dried and ground, 

first with a pestle and mortar then with a marble ball grinder, to create an homogenous 

mixture. Each sample was weighed on a balance (Ohaus analytical plus, gram to 5 
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decimal place) before samples were placed in a muffle furnace for 4 hours at 500 oC.  At 

the end of this period the samples were re-weighed and the difference in weight was 

calculated as the AFDM. 

4.2.2 Relationship between oxygen consumption and PO2 at three different 

temperatures

The effect of PO2 on the rates of oxygen consumption of C. smithii at three different 

temperatures was measured following the methods outlined in Chapter 3. However, for 

this experiment the three temperature treatments were 7, 10 and 13 oC. The temperatures 

were chosen to reflect the quoted values of the temperature range recorded in the Firth 

of Lorn (section 4.2.1).

A regulation value R was calculated for the response of C. smithii to declining oxygen 

tension following the method proposed by Alexander and McMahon (2004) and 

outlined in Chapter 3. A total of 6 samples were used for each of the temperature 

treatments. Regulation values (R) were calculated for each sample and compared 

between temperature treatments using a one-way ANOVA following arcsine 

transformation. The difference in oxygen consumption between temperatures over the 

range of PO2 was also analysed using a one-way ANOVA. Q10 values were again 

calculated using the van’t Hoff equation (Chapter 3). 
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4.2.3 Effect of short-term exposure to anoxia and hypoxia on the rate of oxygen 

consumption.

The effect of anoxia on the rate of oxygen consumption of C. smithii was measured 

following the method in Chapter 3. In this experiment a total of 18 samples were 

analysed. A further 24 cup corals were subjected to severely hypoxic conditions by 

bubbling oxygen-free nitrogen (OFN) through the seawater reservoir and maintaining a 

PO2 of 2-3 kPa (10–15% air-saturation) as described in Chapter 3. Samples were held 

under these conditions for 6 hours before aerated water was again circulated through the 

chambers for 30 minutes and the oxygen consumption rate then determined under 

normoxic conditions (see Chapter 3). The differences in rate of oxygen consumption 

before and after periods of anoxia and hypoxia were analysed using a paired t-test.

4.2.4 Behavioural response to changing PO2

A total of 18 cup corals were exposed to variations in PO2 and the behavioural response 

was recorded photographically. The 18 cup corals were photographed in an aerated tank 

of seawater placed in a temperature controlled fresh water bath. The seawater was 

aerated in a reservoir tank, before being pumped into the experimental tank, so as to 

reduce the amount of surface water movement that would interfere with picture quality. 

A ruler was placed on the base of the tank alongside the corals to use as a scale in 

photographic analyses. The corals were acclimatized to these conditions for 12 hours.

In order to reduce the PO2 in the seawater the aeration was stopped and OFN was 

bubbled through the seawater to gradually reduce the oxygen content of the water to 

zero. PO2 was measured in the seawater using an oxygen electrode attached to a 
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Strathkelvin 6 channel respirometer (see Chapter 3). To return PO2 levels to normoxia 

(21 kPa) the OFN was replaced with air bubbling into the reservoir tank. 

A series of photographs was taken throughout this experiment using a digital camera 

(Nikon D50). All photographs were taken from a marked spot with the frame containing 

the cup corals and the scale object. A photograph was taken before the start of the 

experiment, another when the DO was reduced to hypoxic levels (2-3 kPa), and another 

when the levels reached anoxia (0 kPa). The DO level was then increased to normoxic 

values and photographs were taken after recovery periods of 10, 20, 30 mins, 2 hours 

and 2 days after the anoxic conditions. A total of eight photographs were taken of the 18 

cup corals and since this resulted in non-independent data, repeated-measures or non-

parametric statistics were used.

In order to assess the effect of PO2 on the size of the cup coral, PC-based digitising 

software (developed at SAMS) was used to analyse each of the 8 photographs. The 

diameter of the oral disk (from above) was measured, relative to the scale object. The 

diameter was measured at the widest point and in the same position for each cup coral in 

each photograph (Figure 4.1). The difference in coral diameter between photographs 

was analysed using a repeated measures ANOVA as assumptions of normality and 

homogeneity of variance were met.
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Figure 4.1. A photograph of Caryophyllia smithii showing the measurement of polyp 
diameter on the oral disk.

For each photograph the level of tentacular expansion was scored for each cup coral. 

The levels of tentacle expansion were defined as: 1. not expanded, 2. partially expanded 

or 3. fully expanded, and related to the tentacles only (Figure 4.2 A,B,C). Cup corals 

were also observed to increase their total body volume (excluding tentacles) and this 

was termed ‘inflation’. The degree of inflation for each cup coral in each photograph 

was scored as: 1. not inflated, 2. partially inflated or 3. fully inflated (Figure 4.2 D,E,F). 

The differences in level of tentacular expansion and polyp inflation between 

photographs were analysed using the non-parametric Friedman’s test with photograph 

as the treatment and coral sample as the block.
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Figure 4.2. Photographs of Caryophyllia smithii showing three levels of expansion A
not expanded B partially expanded C fully expanded and three levels of inflation D not 
inflated E partially inflated F fully inflated (see text for details).

4.3 Results

4.3.1 Relationship between oxygen consumption and PO2 at three different 

temperatures

The pattern of the response of oxygen consumption rate to changes in PO2 at the control 

temperature suggests that C. smithii can regulate its oxygen consumption over a range 

of PO2 (Figure 4.3). The critical PO2 for this species was visually identified at 5 kPa. 

Even at very low PO2, between 0 and 5 kPa, the rate of oxygen consumption remains 

relatively high, generally above 2 µmol g-1h-1. The R value for the mean response from 

6 cup corals at 10 oC was 72% suggesting a near mid-way response between a 

conformer and a regulator.
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Figure 4.3. The relationship between the mean rate of oxygen consumption (± S.E.) of 
Caryophyllia smithii maintained and oxygen partial pressure (PO2) at three different 
temperatures (7 oC n = 6, 10 oC n = 6 and 13oC  n = 6).

There was no difference in R value between the different temperature treatments (F = 

0.32, D.F. = 2, p =0.724, Levene’s = 0.617) (Table 4.1). However, visual comparison of 

the degree of regulation between temperature treatments would suggest that the high 

temperature condition appears to have a lower degree of regulation. This was verified 

by the fit of a straight line through the high temperature treatment, which gave an R2

value of 0.94. The lack of a difference between R values is likely to be caused by the 

high values for the high temperature treatment that did not fall below 40% of the 

maximum, despite the fact that the overall trend is nearly linear. 
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Table 4.1. Mean (± S.E.) oxygen regulation values (R values) for Caryophyllia smithii 
calculated for each temperature treatment

Temperature treatment Regulation value (%)

Low 71.90 (2.07)

Control 72.94 (2.18)

High 70.44 (2.29)

The rates of oxygen consumption differed significantly between the different 

temperatures throughout the range of PO2 (Kruskal Wallis H = 32.16, D.F. = 2, p < 

0.001, equal variance Levene’s = 0.002) (Figure 4.3). Further inspection of the data 

revealed that there was no significant difference between the control and the low 

temperature treatment. The Q10 value between the control and high temperature 

treatments was large, but the overall Q10 for the full temperature change is within the 

Van’t Hoff range of 2-3, suggesting that the coral can compensate for temperature 

differences of this magnitude and for this duration (Table 4.2). The difference in these 

two values probably reflects the sensitivity of the Q10 value to the size of the

temperature range used in the calculation. In comparison with the full temperature range 

Q10 value obtained for L. pertusa, C. smithii appears to be less sensitive to temperature 

change.

Table 4.2. Q10 values showing the change in oxygen consumption rate with changes in 
temperature for Caryophyllia smithii and Lophelia pertusa. 

Treatment comparison C. smithii Q10 L. pertusa Q10

Control to high 10.37 8.28
Low to high 2.01 7.88
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4.3.2 Effect of short-term exposure to anoxia and hypoxia on the rate of oxygen 

consumption.

The rate of oxygen consumption of C. smithii increased significantly after periods of 

both anoxia (paired t = -28.77, n = 3, p < 0.01) and hypoxia (Student’s t =- 3.48, D.F. = 

3, p < 0.05) (Figure 4.4).
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Figure 4.4. The mean (± S.E.) rate of oxygen consumption of samples of Caryophyllia 
smithii measured under normoxia (before) and after hypoxia (2-3 kPa) (n = 24) and 
anoxia (0 kPa) (n = 18), following a recovery period of 30 min at 10 oC.
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4.3.3 Behavioural response to changing PO2

The cup corals showed clear behavioural responses to changing PO2 and also to 

recovery from a period of anoxia. There were differences in the size of the oral disk of 

the cup corals between the photographs taken at eight different points (Figure 4.5,

repeated measures ANOVA: F = 2.36, D.F. = 7, p < 0.05). The cup corals showed a 

significant increase in diameter once the PO2 reached anoxia (0 kPa) and returned to 

close to their original size after a recovery period of 2 hours from the anoxic event. 
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Figure 4.5. The mean diameter (± S.E.) of the oral disk of 17 samples of Caryophyllia 
smithii measured at eight different time periods representing: A normoxia B hypoxia C
anoxia D 10 min recovery E 20 min recovery F 30 min recovery G 2 hours recovery H
2 days recovery.

The level of tentacular expansion was also significantly different between the treatments 

with the highest level of expansion observed under hypoxic conditions and the lowest 

after 20 minutes recovery from anoxia (Friedman’s test: S = 46.65, D.F. = 7, p < 0.001) 

(Table 4.3). 
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Table 4.3. Results of a Friedman’s test on the effect of oxygen condition on level of 
tentacular expansion, showing the median result for each photograph. 

Photo condition Median score for expansion

1 normoxia 1.69

2 hypoxia 2.50

3 anoxia 1.19

4 10 min recovery 1.13

5 20 min recovery 0.88

6 30 min recovery 1.00

7 2 h recovery 1.00

8 2 days recovery 2.13

The level of inflation was significantly different between the photographs with the 

highest inflation level observed under anoxic conditions and after 10 minutes recovery 

from anoxia. The lowest level of inflation was observed both at the start of the 

experiment, when the oxygen conditions were normal, and after 2 hours recovery from 

anoxic conditions (Friedman’s test: S = 81.45, D.F. = 7, p < 0.001) (Table 4.4). 

Table 4.4. Results of a Friedman’s test on the effect of oxygen condition on level of 
inflation, showing the median result for each photograph. 

Photo condition Median score for inflation

1 normoxia 1.00

2 hypoxia 2.00

3 anoxia 3.00

4 10 min recovery 3.00

5 20 min recovery 2.00

6 30 min recovery 2.00

7 2 h recovery 1.00

8 2 days recovery 1.00

Visual comparison of the photographs shows a pattern of behaviour that also appears to 

change with PO2 (Figures 4.6 and 4.7). 
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Figure 4.6. Photographs of an individual sample of Caryophyllia smithii taken at eight 
different time periods representing: A normoxia B hypoxia C anoxia D 10 min recovery 
E 20 min recovery F 30 min recovery G 2 hours recovery H 2 days recovery.
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Figure 4.7. Photographs of an individual sample of Caryophyllia smithii taken at eight 
different time periods representing: A normoxia B hypoxia C anoxia D 10 min recovery 
E 20 min recovery F 30 min recovery G 2 hours recovery H 2 days recovery.
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4.4 Discussion

The mean rate of oxygen consumption for C. smithii under normoxic conditions (16-21 

kPa) at 10 oC was 3.57 (± 0.42) µmol O2 h-1 g AFDM-1. This is slightly lower than 

oxygen consumption rates of L. pertusa that will be presented in Chapter 5 (4.68 to 6.61

µmol O2 h-1 g AFDM-1). Studies on the physiology of tropical solitary corals have 

recorded rates of oxygen consumption of 28.65 µmol O2 h-1 g-1 for the zooxanthellate 

solitary coral Fungia scutaria (Mergner and Svoboda, 1977). This is similar to rates 

recorded for other tropical corals, although lower than the rates recorded for many 

branching scleractinians (Mergner and Svoboda, 1977; Porter et al., 1984; Edmunds and 

Davies, 1986 see Tables 5.3 and 5.4). 

4.4.1. Relationship between oxygen consumption and PO2 at three different 

temperatures

Cup corals are solitary organisms and therefore, they are not likely to experience the 

changes in PO2 experienced by reef corals that are caused by coral and community 

respiration and the structure of the reef. However, they have been shown to survive in 

areas of high sedimentation, which is likely to cause reduced PO2 (Bell and Turner, 

2000; Bell, 2001). The analysis of the effect of PO2 on oxygen consumption of 

C. smithii at 10 oC revealed a variable capacity for respiratory independence with a 

relatively high rate of oxygen consumption from normoxic levels to a PO2 of around 5 

kPa. However there is considerable variability in the upper portion of the graph. The 

regulation value of 71% suggests a response almost midway between a perfect 

conformer and a perfect regulator. This value is similar to the value obtained for 

L. pertusa (Chapter 3).
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The critical PO2 of 5 kPa equates to approximately 1.4 ml l-1 of O2 (temperature 10 oC, 

salinity 32) or 20% of air saturation. This gives physiological evidence for the inability 

of C. smithii to survive below the thermocline in Lough Hyne where PO2 reaches 2% of 

air saturation. However, C. smithii does appear capable of maintaining aerobic 

metabolism to oxygen saturation levels of 20%, which perhaps reflects the level of PO2

experienced during sedimentation. The dissolved oxygen levels in and around the 

sediment covering C. smithii have not been measured (Bell, pers. comm.).

Caryophyllia smithii was able to maintain a similar degree of regulation at the low 

temperature treatment, illustrated by a similar R value. The degree of regulation did not 

vary between temperature treatments but visual inspection of the data suggests the 

ability to maintain respiratory independence is lower at the high temperature (13 oC) 

treatment than at either 10 oC or 7 oC. This was verified by the close fit of a regression 

line fitted to the data, suggesting that at the high temperature treatment C. smithii acts 

more like a conformer. In this instance the generally high rates of oxygen consumption 

throughout the range of PO2 may have skewed the mean R value. However, the loss of 

regulation with increased temperature is often a feature of the physiological response of 

invertebrates to increased temperature (Wiens and Armitage, 1961; Newell et al., 1978). 

The Q10 data are difficult to interpret due to the unexpectedly high rate of oxygen 

consumption of the low temperature treatment compared to the control. The Q10 value 

for the full temperature range is in agreement with the van’t Hoff rule and suggests a 

response typical of an ectotherm. However, the Q10 value for the upper portion of the 

temperature range was very high suggesting temperature sensitivity. It is possible that 

the high temperature condition is at the tolerance limit for this species resulting in a 

stress response. The study on L. pertusa gave high Q10 values throughout the 
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temperature treatments suggesting a higher degree of temperature sensitivity. This could 

relate to the lower range of temperatures experienced by L. pertusa compared to those 

experienced by the shallow-water coral C. smithii. For both species the increased rate of 

oxygen consumption at high temperature has implications for energy acquisition. The 

increased rate will require increased energy that must be met by food sources. 

4.4.2. Effect of short-term exposure to anoxia and hypoxia on the rate of oxygen 

consumption

The rate of oxygen consumption of C. smithii increased during recovery from both 

anoxia and hypoxia (Figure 4.2). An increase in rate after a period of low or zero 

oxygen is often used to suggest the presence of an oxygen debt as a result of the 

production of anaerobic end-products (Shick and Brown, 1977; Vismann, 1991; 

Oeschger et al., 1992; Greishaber et al., 1994; Vismann and Hagerman, 1996; Hervant

et al., 1998). The rate of oxygen consumption following a period of hypoxia appeared to 

be slightly higher than the rate obtained for corals obtained after a period of anoxia. 

This could be a result of the longer time period the samples were maintained under 

hypoxic conditions (6 hours, compared to 1 hour under anoxia), thereby increasing the 

subsequent oxygen debt. The corals that have been subjected to periods of anoxia might 

also have been losing condition as a result of stress. 

4.4.3. Behavioural response to hypoxia and anoxia

The diameter of the polyp increased in size with a gradual reduction in PO2 towards 

anoxia. The polyp diameter remained high throughout the recovery period until after 30 

minutes when the cup corals returned to close to their original size. There was a large 



80

amount of variation in the size increase between corals with one increasing by only 1% 

of its original size, whilst another coral doubled in size. The polyps appeared to increase 

in size in both the horizontal and the vertical directions but only horizontal increases 

were measured due to difficulty in viewing the vertical plane in the photographs. 

The degree of tentacular expansion increased when the cup corals experienced hypoxic 

conditions, however it then dropped below the initial level at anoxia and remained low 

until 2 days recovery. In contrast, the level of inflation increased through hypoxia and 

was at the highest level during anoxia and for 10 minutes following return to normoxic 

conditions. The level of inflation then gradually decreased throughout the recovery 

period, returning to the initial level after 2 hours recovery from the anoxic conditions. 

It perhaps seems counterintuitive that the tentacular expansion level decreased when the 

level of inflation increased, but it appeared that when the corals were fully inflated the 

tentacles were unable to expand. The corals did not always seem to progress through the 

pattern of inflation and expansion at the same rate (Figures 4.6 and 4.7). For example, in 

Figure 4.6 the coral appeared to become inflated under hypoxia while the coral in 

Figure 4.7 did not become inflated until anoxia. The first coral then appeared to proceed 

through the stages faster, deflating and expanding earlier than the second coral. The 

differences between samples are probably due to individual variation and physiological 

diversity that is common in many organisms.

The ability of cup corals to increase the diameter of their oral disk to more than double 

its original size, as well as inflate the polyp tissue, in response to low and zero oxygen 

levels will probably enhance their ability to absorb the maximum amount of oxygen 

from the surrounding seawater thereby attempting to maintain the same rate of uptake 
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under conditions when oxygen availability is greatly reduced. As muscular contraction 

uses energy (Bantham and Pantin, 1951) the lack of contraction may also be an energy 

saving response to stressful conditions. It is also possible that the seawater contained in 

the oral cavity of the polyp during inflation may act as a small reservoir of oxygenated 

seawater that will aid the corals in survival of zero oxygen levels. This assumes that the 

coral is continuing aerobic functions at this stage and has not completely switched to 

anaerobic metabolism. When the PO2 had returned to normal levels, the polyps 

appeared to gradually deflate before they were capable of expansion. The ability to 

inflate the polyp tissue has previously been observed in C. smithii as a response to 

short-term sedimentation, allowing the polyp to protrude above the surface layer of the 

sediment (Bell, pers. comm.; Hartnoll, 1983). It seems likely that low oxygen levels 

may be a cue for this behaviour, which allows the organism to escape the prevailing 

conditions. 

4.5 Conclusions 

Caryophyllia smithii is able to maintain respiratory independence throughout a range of 

PO2 and displays a degree of regulation similar to L. pertusa. The critical PO2 for 

C. smithii is lower than for L. pertusa suggesting that aerobic metabolism can be 

maintained at lower PO2. This may relate to the observed tolerance of C. smithii to areas 

of sedimentation. Regulation appeared to be lost at the higher temperatures suggesting 

some temperature sensitivity. Q10 values also suggest that C smithii may be 

physiologically affected at the higher temperature during short-term temperature 

changes. Caryophyllia smithii was able to survive periods of both short-term anoxia and 

hypoxia and a substantial oxygen debt implied the use of anaerobic metabolism. 

Caryophyllia smithii also appeared to employ behavioural mechanisms at low and zero 
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oxygen levels by inflating the polyp tissue. This is likely to maximise the oxygen uptake 

by the polyp and reduce the energetic cost of polyp contraction. This behaviour has 

been reported in the field in sedimented areas but this is the first study that links the 

behaviour to oxygen availability. 
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Chapter 5

Growth, oxygen consumption and biomass measurements of 
Lophelia pertusa.

5.1 Introduction

The processes of growth and oxygen consumption are important in understanding the 

ecophysiology of L. pertusa, but to date there have been few published results on 

growth rates and no published results on rates of oxygen consumption. There are a 

number of ways of measuring growth and previous work on L. pertusa has focused on 

the measurement of linear extension rates. The rates of linear extension for L. pertusa

are comparable with those obtained for some species of tropical zooxanthellate corals 

(see section 1.7). Despite the proliferation of linear extension measurements, the 

variation in morphology between coral species does not allow for easy comparisons of 

growth rates. Also, linear extension only measures the apical growth and does not 

account for thickening of the skeleton. A more accurate method of measuring the total 

increase in size is to measure the weight gain (Buddemeier and Kinzie, 1976). The 

development of the buoyant weighing technique offered a non-destructive method for 

measuring weight gain (see Chapter 3 also Franzisket, 1964, Bak, 1976, Jokiel et al., 

1978, Davies, 1989).

Studies on the growth rate of tropical corals using the buoyant weighing technique gave 

values ranging from 0.2-0.9 % day-1 in Stylophora pistillata (Ferrier-Pages et al., 2000, 

Ferrier-Pages et al., 2003) and 0.1 % day-1 for Acropora variablis (Vago et al., 1997). 

Growth rates for the hydrocoral Millepora dichotoma were lower at 0.05 % day-1 (Vago

et al., 1997) and rates for two species of massive corals, Platygryra daedalea and 

Favitus complanata, were lower still at 0.019-0.033 % day-1 (Lapid and Chadwick, 
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2006). These studies measured weight gain as a percentage of the initial weights of the 

samples to reduce the effects of size of samples. Other studies have measured weight 

gain and normalised it to surface area (Marubini and Davies, 1996, River and Edmunds, 

2001) or per colony (Anthony, 1999). No studies of weight gain have been carried out 

for the reef framework-forming, cold-water coral L. pertusa. 

Another important ecophysiological parameter is the rate of oxygen consumption, 

which is directly related to metabolic demand. To date there have been no published 

studies on the rate of oxygen consumption for L. pertusa. Literature values of tropical 

corals have been recorded in many different units and have been normalised to many 

different factors including: surface area, mass of colony, mass of chlorophyll or number

of zooxanthellae cells, thus making comparisons between studies difficult. Despite these 

difficulties it appears that zooxanthellate scleractinian corals generally have higher 

respiration rates than azooxanthellate corals and some species of gorgonians, 

zooantharians, temperate octocorals and sponges, but comparable rates to species of 

Alcyonacea and the temperate scleractinian Astrangia danae (Mergner and Svoboda, 

1977, Jacques and Pilson, 1980, Lewis and Post, 1982, Sorokin, 1995, Ribes et al., 

1998, Coma et al., 2001, Marshall and Clode, 2002).

The process of normalisation of physiological rates is necessary to scale to the size of 

the animal. This is difficult in corals as a result of variation in morphology and the 

differences in perforation of the skeleton making it challenging to determine the mass of 

living tissue. The tissue in corals extends a variable distance into the skeleton and is 

closely linked to the skeleton making separation of tissue and skeleton difficult. 

Initially, scientists normalised physiological data of tropical scleractinians to a measure 

of the entire colony (Yonge et al., 1932, Kawaguti, 1937). The more popular 
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normalising variables in recent work are surface area and biomass. Biomass is thought 

to be more meaningful as it more accurately reflects the current biology of the animal 

and surface area is not directly related to the tissue mass of a coral (McCloskey et al., 

1978, Edmunds and Gates, 2002). The use of surface area as a normalising variable may 

be more applicable to zooxanthellate coral studies as the surface area will relate to 

photosynthetic ability (Edmunds and Gates, 2002). 

The morphology of framework-forming cold water corals such as L. pertusa is different 

to many tropical corals with thick branching skeletons and large polyps. There is also 

some intraspecific variation in morphology (see section 1.7 and Freiwald et al., 1997). 

Lophelia pertusa has a thin outer tissue layer but the majority of tissue is found in the 

corallites, which can be relatively widely spaced. The individual polyps vary in size and 

skeletal thickness. Therefore, surface area and skeletal weight are likely to give a poor 

estimate of tissue biomass.   

The aims of this chapter were to measure the short-term rates of growth and oxygen 

consumption of freshly collected samples and relate these to biometric measurements. 

To further investigate the biometrics of this species, the relationship between mass of 

skeleton and tissue was compared for samples collected from different areas. The final 

aim was to assess the effects of feeding level and temperature on long-term growth rate. 
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5.2 Methods

5.2.1 Growth rates of Lophelia pertusa

A total of 10 samples (mean dry weight = 28.93 ± 4.86 g) were collected from the Haas 

Mounds on Rockall Bank at a depth of 600 m (see section 2.1) in June 2006. A further 9 

samples (mean dry weight 60.55 ± 10.75 g) were collected from Mingulay Area 1 at 

130 m water depth (see section 2.1) in July 2006. All samples were collected onboard 

the RV Pelagia, using a video-assisted Van Veen grab at the Mingulay site and a 

triangular dredge at the Rockall site (see section 2.2). The deployment time for the 

triangular dredge was minimal, with bottom contact time of less than three minutes. 

There was some size variation in the samples but previous attempts to break up coral 

pieces appeared to result in stress to the corals so for the purposes of this experiment the 

samples were left intact. The time between collection and arrival in the laboratory was 

14 days for the Rockall samples and 10 days for the Mingulay samples. Onboard the 

research vessel the samples were maintained in a temperature controlled, mobile, re-

circulating aquarium at 9 oC (see section 2.2).  The samples were buoyant weighed (see 

section 3.2.1) immediately on return to the laboratory and were maintained in the 

aquarium system (see section 2.3) for one week at 9 oC before buoyant weights were re-

measured. The growth rate was calculated as an increase in proportion of the initial 

weight (% day-1) using the equation: 

where Mt1 is the buoyant weight measurement at the start of the period (t1) and Mt2 is 

the measurement at the end of the period (t2). 
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5.2.2 Rates of oxygen consumption

The rates of oxygen consumption were measured for 8 of the Rockall samples and 4 of 

the Mingulay samples used in the short-term growth experiment above (5.2.1). The 

oxygen consumption rates were measured at 9 oC using the methods outlined in Chapter 

3 (section 3.2.1). Measurements were carried out at the end of the short-term growth

experiment, one week after return to the laboratory. The samples were then rinsed in 

freshwater and immediately frozen prior to freeze-drying for 48 hours at -60 oC. 

5.2.3 Biomass measurements

For each freeze-dried sample, a subsample was removed for protein content analysis. 

The rest of the sample was coarse-ground with a pestle and mortar, before being further 

ground in a marble ball grinder (Fritsch) for 10 minutes per sample, to produce a fine 

homogenous powder of tissue and skeleton. The samples were then analysed for ash-

free dry mass (AFDM) and the amount of inorganic and organic carbon was also 

measured for the Mingulay samples. 

Protein content

The protein content of coral tissue was determined using the Bradford assay procedure 

(Bradford, 1976), which is based on the equilibrium between two colour forms of 

Coomassie Blue G-250 dye. This dye moves from a red to a blue form, corresponding to 

absorbance changes between wavelengths 470 and 595 nm, when bound to protein 

molecules and such changes can be read on a spectrophotometer (Pye Unicam SP6-500 

UV). 
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In order to extract the tissue from the skeleton, approximately 3 g of coral material was 

immersed in 10 ml of NaOH (1 N) for 30 minutes at 90 oC. The tissue slurry was 

collected and frozen prior to analysis. The dye stock was made from 100 mg of 

Coomassie Blue G dissolved in 50 ml of methanol, with 100 ml of phosphoric acid, then 

diluted to 200 ml with deionised water. The assay reagent was prepared by diluting 10 

ml of dye stock with 40 ml of deionized water and was stored at 4 oC. To measure the 

amount of protein present, 40 µl of tissue sample were added to 2 ml of assay reagent in 

a quartz cuvette and the absorbance at 595 nm was recorded using a spectrophotometer 

(Pye Unicam SP6-500 UV). This was compared to a standard curve, plotted using 

Bovine Serum Albumin (Sigma), to determine the protein concentration of the sample 

with the observed absorbance. 

Ash-free dry mass (AFDM)

The ash-free dry mass of a sample was determined by firstly adding approximately 1 g 

of homogenised material to a pre-weighed porcelain crucible and noting the weight of 

the crucible and the sample. The crucibles were covered and placed in a muffle furnace 

(Nabertherm Controller B170). The temperature of the furnace increased to 500 oC over 

a 30-minute period and then remained at that temperature for a further 4 hours. After 

this time the crucibles were re-weighed and the difference in the weight of the sample 

minus the ashed weight gave the amount of organic matter or AFDM. Preliminary 

analysis revealed that a further 4 hours in the muffle furnace did not change the weight 

of the sample suggesting that all of the organic matter was removed in the first four 

hours. The results of triplicate measurements revealed a high level of precision probably 

due to the large amount of sample (compared to the amount used in carbon content 

analysis below), which increases the probability of a more homogenous sample. 
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Organic and inorganic carbon content

The powdered samples were analysed for total carbon and organic carbon using 

modifications of the method presented by King et al. (1998). Total carbon was 

measured by placing between 10 and 20 mg of material in a tin capsule (5 x 8 mm) and 

weighing on balance (Ohaus analytical plus, ± 0.05 mg). Organic carbon was analysed 

by removing the carbonate fraction of the material using sulphurous acid (0.6 M). 

Between 10 and 20 mg of material were placed in a glass vial and weighed. Then 1 ml 

of sulphurous acid was added to each vial before the samples were left overnight in a 

desiccator. A preliminary trial found that 1 ml of acid was sufficient to remove the 

carbonate fraction. A suction pump was applied to the desiccator for two hours to 

ensure as much acid as possible was removed before freezing the samples. Once frozen, 

the samples were placed in a freeze-dryer for 12 hours. The contents of the vials were 

then transferred to a tin capsule and stored in a well plate prior to analysis. Triplicate 

measurements were made for each sample to monitor precision.

The samples were analysed with a continuous flow CN analyser (ANCA NT prep 

system, PDZ Europa Scientific Instruments) coupled with a stable isotope mass 

spectrometer (20-20 IRMS, PDZ Europa Scientific Instruments). Calibration was 

performed using a solution of Isoleucine (L-Isoleucine δ calibrated, Europa STD, 1 μgN 

μl-1 and 6 μgC μl-1). Standards were dried in tin capsules prior to analysis. The 

comparison of the results with the standard calibration gave the amount of total carbon 

and organic carbon per mg of coral material. The subtraction of organic carbon from the 

mass of total carbon gave the mass of inorganic carbon in each sample. 
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5.2.4 Geographical differences in skeleton to tissue ratio

As well as the collection of live coral, samples were also collected from a number of 

areas (see section 2.1) that were immediately frozen upon collection (Table 5.1). The 

selection of a representative sampling unit is important in eliminating error. One option 

is to compare individual polyps between sites, but it is often difficult to determine 

where a polyp ‘ends’. In this study 5 g of material was collected for each colony before 

being homogenised and then split into subsamples for analysis. This was thought to be a 

large enough sample weight to adequately represent the colony. The freeze-dried (FD) 

weight of the skeleton and AFDM of all 52 samples from different areas were measured 

following the methods outlined above (section 5.2.3). The correlation between skeletal 

freeze-dried weight (AFDM subtracted from total freeze dried weight) and AFDM was 

analysed for all samples together and then separately for corals from each sampling 

area.

Table 5.1 Collection of samples of Lophelia pertusa from a number of locations, giving 
number of samples, approximate depth and the research ship.

Area Mingulay Rockall Bank New England 
seamounts

North 
Sea

Haas 
mounds

Franken 
mound

Manning Rehoboth oil 
platforms

Number 
of 
samples

5 16 6 7 4 4 10

Approx. 
depth
(m)

140 140 600 900 1300 1800 90

Ship RV 
Pelagia

RV 
Calanus

RV 
Pelagia

RV 
Meteor

Ronald H. 
Brown

Ronald 
H. Brown

N/A



91

5.2.5 Effects of feeding and temperature on long-term growth rates

The effect of feeding level on growth rate

Samples of L. pertusa were collected from the Mingulay study site (Section 2.1) in 

February 2005, split between four tanks and acclimatized to aquarium conditions 

(temperature 9 oC, salinity 35) for 3 weeks (see section 2.3). Of these samples, 10 were 

matched for size and were divided between the different experimental feeding regimes. 

The five coral samples in each condition each came from different grab samples. The 

experiment lasted for a total of 73 days and during this time the coral samples were fed 

differing amounts of food by subjecting them to differing feeding regimes. Samples 

exposed to the low feeding condition were fed once per week whereas those 

experiencing the high feeding condition were fed five times per week. For each feeding 

event, 15 g of frozen krill (Euphausia pacifica, Tropical Marine Centre Ltd) were added 

to the aquarium. Growth was determined using the buoyant weight technique (Section 

3.2.1), except in this experiment the buoyant weight of each coral was measured three 

times and the mean was calculated. The buoyant weight was measured at the start of the 

experiment, on day 35 then finally on day 73. The number of measurements of buoyant 

weight was kept to a minimum to reduce any adverse effects of handling the samples. 

The growth rates during the two periods (Period 1 - 35 days and Period 2 - 38 days) 

were calculated as % change in buoyant weight day-1 using Equation 1. Any difference 

in growth rate between the two conditions was analysed using a repeated measures 

ANOVA.

The effect of temperature on growth rate 

Samples of L. pertusa were collected from the Mingulay study site in November 2005 

and allowed to acclimatize to aquarium conditions at 9 oC for 5 weeks. A total of 15 
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samples, approximately matched for size between conditions, were placed in each of 

two separate recirculating aquarium systems. The samples were split between 2 tanks in 

each system. The mean dry weight of the corals kept in the control condition was 20.53 

(± 3.81) g and 23.07 (± 6.70) g in what would become the high temperature condition. 

Growth was again determined using the buoyant weighing technique (see Chapter 3). In 

this experiment a reference object was used to measure the precision of the technique 

(± 0.2 mg) (see section 3.2.1). This meant that only one measurement per coral was 

required, rather than the mean of three measurements used in the previous experiment. 

This reduced the handling and air-exposure of the samples.  

Before the experiment began the buoyant weight of all samples was measured at 9 oC at 

the start and end of a 15-day period (Period 1 or P1) to ensure that the samples were 

growing at a detectable level in both conditions. In the high temperature condition the 

samples were then acclimatized to a temperature of 11 oC over a 26-day period (P2) 

with a temperature increase of approximately 0.5 oC per week. In the control condition 

the samples were maintained at 9 oC throughout the experiment. The buoyant weight of 

all samples was measured at the end of the acclimatization period. The samples were 

then held under these temperature conditions for a further 28 days (P3) before the final 

buoyant weight was measured (after a total of 69 days). 
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5.3 Results

5.3.1. Growth rates of Lophelia pertusa

The mean growth rate measured for 10 samples from Rockall during a one-week period 

on return to the laboratory was 1.55 x 10-4 (± 0.56 x 10-4) % day-1 (Figure 5.1). The 

growth rate for 9 samples from the Mingulay site measured over the same time period 

was 3.74 x 10-4 (± 1.62 x 10-4) % day-1 (Figure 5.1). There was no significant difference 

in growth rate between the two sites (Mann Whitney U: W = 87, n = 19, p = 0.30). The 

mean dry weight of the Rockall samples was 28.93 (± 4.86) g and 60.55 (± 10.75) g for 

the Mingulay samples. For the Rockall samples this would equate to a mean increase in 

weight of 31.38 (± 0.75) mg per sample during the measurement period or 4.48 mg per 

day for each coral. For the Mingulay samples this equates to a mean increase in weight 

per coral of 159 (± 28.14) mg in a week or 23 mg per day per colony.  
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Figure 5.1. The mean growth rates (+ S.E.) % day-1 for samples of Lophelia pertusa
from Mingulay (n = 9) and Rockall (n = 10) measured in a one-week period at 9 0C, 
immediately upon return to the laboratory. 

The weight gain over the one-week period was correlated with initial dry weight (r = 

0.715, n = 8, p < 0.05), protein content (r = 0.725, n = 8, p < 0.05) and AFDM (r = 

0.875, n = 8, p = 0.01) for the Rockall samples (Figure 5.2). There was no correlation 

between the weight increase of Mingulay samples and dry weight (r = -0.059, n = 4, p = 

0.941), protein content (r = -0.521, n = 4, p = 0.479), AFDM (r = -0.328, n = 4, p = 

0.672) or organic carbon content (r = 0.075, n = 4, p = 0.925). This suggests that the 

rate of growth is related to biometric variables in some samples and therefore, they 

could be used as normalizing variables for growth measurements. The weight gain was 

also correlated with the rate of oxygen consumption measured at the end of the one-

week period for the Rockall samples (r = 0.809, n = 8, p < 0.05) (Figure 5.3), but not for 

the Mingulay samples (r = -0.446, n = 4, p = 0.554).
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Figure 5.2. The relationship between weight gain and the ash-free dry mass (AFDM) of 
8 samples of Lophelia pertusa collected from the Rockall Bank and measured after a 
one-week period. 
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Figure 5.3. The relationship between weight gain and the rate of oxygen consumption of 
8 samples of Lophelia pertusa collected from the Rockall Bank and measured after a 
one-week period.
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5.3.2 Rates of oxygen consumption

The rates of oxygen consumption were normalised to total colony freeze-dried (FD) 

weight, AFDM and protein content (Table 5.2). The coefficient of variation was 

calculated for the rates of oxygen consumption to indicate the percentage error 

associated with the mean. There was a significant difference in rate of oxygen 

consumption between the two study sites (Student’s t-test t = -2.74, D.F. = 10, p < 

0.05). 

Table 5.2. The mean rates of oxygen consumption (µmol O2 h-1 g-1) of Lophelia pertusa
sampled from Rockall (n = 8) and Mingulay (n = 4) normalised to different variables 
with the associated Coefficient of Variation (CV). FD = freeze-dried weight, AFDM = 
ash-free dry mass.

Source
Rate g FD 
weight-1

± S.E.
(CV)

Rate g 
AFDM-1

± S.E.
(CV)

Rate g 
protein 
content-1

± S.E.

(CV)

Rockall 0.25 ± 0.02 (25.68) 4.58 ± 0.32 (19.79) 41.72 ± 2.53 (17.15)

Mingulay 0.36 ± 0.09 (51.36) 7.26 ± 1.23 (33.84) 58.49 ± 12.74 (61.59)

The non-normalised rates of oxygen consumption (µmol h-1) for Rockall samples were 

correlated with freeze-dried weight (r = 0.858, n = 8, p < 0.05), protein content (r = 

0.978, n = 8, p < 0.001) and AFDM (r = 0.931, n = 8, p < 0.01). The non-normalised 

rates of oxygen consumption for Mingulay samples were not correlated with freeze-

dried weight (r = 0.728, n = 4, p = 0.272), protein content (r = 0.803, n = 4, p = 0.197), 
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organic carbon (r = 0.549, n = 4, p = 0.451) but appeared to show some slight 

correlation with AFDM although this was not significant (r = 0.944, n = 4, p = 0.056).

5.3.3 Biomass measurements

The measurements of AFDM, inorganic and organic carbon, and protein content for

each sample were normalised to freeze-dried weight for comparison (Table 5.3). The 

protein content was also normalised to AFDM. There was no significant difference in 

AFDM (per g FD wt) (U = 57, n = 12, p = 0.445) or protein content (per g FD wt)

between the two study sites (U = 51, n = 12, p = 0.932). 

Table 5.3. Biometrics of Lophelia pertusa sampled from Rockall and Mingulay. The 
mean (± SE) AFDM, protein content for both sites, and inorganic and organic carbon 
for Mingulay samples, normalised to freeze-dried (FD) weight. Additionally protein 
content was normalised to AFDM. 

Source
Mean AFDM
(mg g FD wt-1)
(± S.E.)

Mean 
inorganic 
carbon (mg 
mg FD wt-1) 
(± S.E.)

Mean organic 
carbon (mg 
mg FD wt-1

(± S.E.)

Mean 
protein 
content
(mg g FD 
wt-1) 
(± S.E.)

Mean 
protein 
content
(mg per mg 
AFDM-1) 
(± S.E.)

Rockall 0.054 ± 0.003 - - 6.19 ± 0.72 0.13 ± 0.02

Mingulay 0.048 ± 0.005 0.092 ± 0.006 0.011 ± 0.001 6.55 ± 0.82 0.14 ± 0.02

The freeze-dried weight of Mingulay samples was not correlated with organic carbon 

content (r = 0.424, n = 4, p = 0.576), AFDM (r = 0.913, n = 4, p = 0.087) or protein 

content (r = 0.879, n = 4, p = 0.121).  The freeze-dried weight of Rockall samples was 

not correlated with AFDM (r = 0.438, n = 8, p = 0.278) or protein content (r = -0.119, n
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= 8, p = 0.778). The total AFDM in each sample was correlated with total protein 

content (r = 0.910, n = 8, p < 0.05). 

5.3.4 Geographical differences in skeleton to tissue ratio

Although there was little relationship between freeze-dried weight and biomass 

measurements in the previous experiment, the sample sizes may have been too small to 

show a relationship. When AFDM data were combined, the freeze-dried weight of all 

52 coral samples was correlated with AFDM (rs = 0.858, n = 52, p < 0.001) (Figure 

5.4). The growth form of L. pertusa appeared to vary between sites with variation in 

skeletal thickness being apparent. It was therefore of interest to ascertain whether a 

relationship between freeze-dried weight and AFDM occurred in samples collected 

from different sites. When the data were split into different areas the correlation 

remained for samples from Mingulay (r = 0.876, n = 21, p < 0.001) and Rockall (r = 

0.828, n = 13 p < 0.001) but not for the samples from the New England seamounts (r = -

0.159, n = 8, p = 0.707) or oil rig samples (r = 0.605, n = 10, p = 0.064). When the New 

England seamounts and oil rig samples were excluded from the analysis the variation 

appeared to be reduced (Figure 5.5).
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Figure 5.4. The relationship between freeze-dried (FD) weight and AFDM for samples 
of Lophelia pertusa collected from Rockall, Mingulay, New England seamounts and 
from North Sea oil rigs (n = 52).
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Figure 5.5. The relationship between dry weight and AFDM for samples of Lophelia 
pertusa collected from Rockall and Mingulay (with New England seamount and North 
Sea oil rig samples removed) (n = 34). 
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The amount of organic material (AFDM) per gram of freeze-dried material varied 

between sites (Kruskal Wallis H = 10.11, D.F. = 3, p < 0.05). Samples from Mingulay 

had the largest amount of organic material, followed by the samples from the oil rigs, 

then the Rockall samples, and finally the New England seamount samples. 

5.3.5 The effect of feeding and temperature on long-term growth rate

The effect of feeding level on growth rate

There was no significant difference in growth rate over the 73-day period of the corals 

subjected to the two different feeding regimes (ANOVA F = 0.02, D.F. = 19, p = 

0.892). The mean growth rate was lower in the second period than the first for both 

feeding regimes (Figure 5.6). Although all samples gained weight during the first 

period, 3 coral samples in the low feeding condition lost weight during the second 

period, and in the high feeding condition 1 coral lost weight (Figure 5.6). The growth 

rate during the first period was 8.79 x 10-5 ± 7.48 x 10-5 % day-1 for corals subjected to 

the low feeding condition and 6.80 x 10-5 ± 7.34 % day–1 for those subjected to the high 

feeding condition. Considerable variation in the growth rate between individual corals 

was observed under both feeding regimes.
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Figure 5.6. The mean (± S.E.) growth rates (% day-1) measured in two periods for 
samples of Lophelia pertusa maintained in the aquarium at 9 oC under a low feeding 
condition (n = 5) and a high feeding condition (n = 5) P1 = Period 1 or days 1-35, P2 = 
Period 2 or days 35-73.

The effect of temperature on growth rate

During Period 3 (days 41-69) it was impossible to compare growth rates between 

temperature conditions as the growth rate of corals in the control condition decreased 

during this period (Figure 5.7). All of the control samples except one lost weight during 

this period. In the high temperature condition, 7 out of fifteen samples lost weight 

during Period 3. The mean growth rate of the corals held under the control condition 

was lower during Period 2 (days 15-41) than Period 1 (days 1-15) (paired t test t = 2.25, 

D.F. = 14 p <0.05). During Period 1 the mean growth rates of the samples in the two 

treatments were similar at 4.57 x 10-4 (± 0.95 x 10-4) % day-1 for the control group and

6.45 x 10-4 (± 2.75 x 10-4) % day-1 for the high temperature condition (both maintained 

at 9 oC in Period 1). 
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Figure 5.7. The mean (± S.E.) growth rates (% day-1) of samples of Lophelia  pertusa
maintained in the aquarium in the control condition at 9 oC (n = 15) and samples 
maintained in the high temperature condition at 11 oC (n = 15) measured during three 
separate periods (total of 69 days) P1 = Period 1 or days 1-15, P2 = Period 2 or days 15-
41, P3 = Period 3 or days 41-69.

5.4 Discussion

5.4.1 Growth rates of Lophelia pertusa

This is the first study to measure the growth rate of L. pertusa by measuring total weight 

gain and, to the author’s knowledge, the first study on an azooxanthellate scleractinian 

using this method. The short-term growth rates of freshly collected samples measured in 

this experiment (1.55 x 10-4 to 3.74 x 10-4 % day-1) were low compared to those of both 

branching (0.1-0.9 % day-1 Vago et al., 1997, Ferrier-Pages et al., 2000, Ferrier-Pages

P3



103

et al., 2003) and massive forms (0.019-0.033 % day-1 Lapid and Chadwick, 2006) of 

tropical zooxanthellate species measured by buoyant weighing. A tropical species that is 

more similar to L. pertusa in size and structure than most branching and massive corals 

is Galaxea fascicularis. The skeletal increase of a single corallite of G. fascicularis

measured by buoyant weighing was 6.25 mg CaCO3 day-1 (Marubini et al., 2003). The 

present study showed that L. pertusa samples from Mingulay with a mean weight of 

60.55 g had a mean increase in weight of 23 mg day-1, while samples from Rockall 

Bank with a mean weight of 28.93 g had a mean weight increase of 4.48 mg day-1. 

Since on average, L. pertusa colonies in this experiment had 15-20 corallites, growth 

rate was lower than for G. fascicularis. 

Many theories of calcification suggest that the presence of zooxanthellae in 

scleractinians enhances this process, therefore growth rates are expected to be lower in 

azooxanthellate corals (Goreau and Goreau, 1959, Chalker and Taylor, 1975, Allemand

et al., 1998). However, other studies have shown similarities in growth rate between 

azooxanthellate, Dendrophyllia and Tubastrea spp., and zooxanthellate corals, Galaxea 

fascicularis, measured by the incorporation of calcium-45 (Marshall, 1996, Marshall 

and Clode, 2004). The growth rate of nubbins of the temperate zooxanthellate 

Mediterranean corals Cladocora caespitosa and Oculina patigonica was found to be 0.8 

and 0.6 mg cm-2 day-1 respectively (Rodolfo-Metalpa et al., 2006), which is lower than 

rates of 4 mg cm-2 day-1 recorded for tropical zooxanthellate corals (Lough and Barnes, 

2000), despite their association with zooxanthellae. The lower growth rate is likely 

related to lower temperatures in the Mediterranean than in the tropics (Lough and 

Barnes, 2000). The growth rates recorded for these Mediterranean corals have been 

normalised to surface area, which makes it hard to draw comparisons, however the 

values appear to be slightly higher than those recorded in this study (0.15-0.38 mg g-1
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day-1). It therefore seems likely that the both the absence of zooxanthellae and low 

temperatures contribute to lower growth rates in L. pertusa than those observed in 

tropical and temperate zooxanthellate corals.

The growth rate of L. pertusa has previously been measured using different methods 

that make comparisons challenging. The majority of growth measurements for 

L. pertusa use linear extension rate. However, the relationship between linear extension 

rate and calcification is not always clearly defined in tropical scleractinians (Dodge and 

Brass, 1984). The linear extension rates of L. pertusa in the field of 26-33 mm y –1 (Gass 

and Roberts, 2006) were comparable to those of many massive (3.4-11.6 mm y-1) and 

branching (80-120 mm y-1) tropical corals (Lewis et al., 1968, Gladfelter, 1984, 

Hubbard and Scaturo, 1985, Babcock, 1988, Lough and Barnes, 2000). The growth 

rates measured by Gass and Roberts were higher than the rates of 2.6-9.4 mm y-1

recorded for L. pertusa held in aquaria (Mortensen and Rapp, 1998, Mortensen 2001) 

and the rates of 1-25 mm y-1 estimated from isotopic analysis (Mikkelsen et al., 1982, 

Freiwald et al., 1997, Mortensen and Rapp, 1998, Spiro et al., 2000). The authors 

suggested the differences might be attributable to their measurement of L. pertusa from 

relatively shallow depths of 90 metres on oil rigs. In this environment the corals are 

likely to experience a greater availability of surface nutrients as well as elevation from 

harmful sedimentation (Gass and Roberts, 2006). 

The variability in literature growth rates for L. pertusa could relate to differences in the 

environments from which they were sampled. The deep-sea is generally considered to 

be food-limited (Dayton and Hessler, 1972, Thiel, 1979) and nutrient input appears to 

decline exponentially with depth, indicated by a decline in biomass (Rex, 1981). The 

continental shelf (<200 m depth) is therefore likely to have a greater input of organic 
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matter than the continental slope (200-2000 m depth). Feeding frequency has been 

shown to affect the growth rates of the tropical coral Stylophora pistillata (Ferrier-Pages 

et al., 2003). It is therefore, important to consider the potential differences in food 

availability when comparing growth rates from different areas. 

The higher growth rates measured at the Mingulay Reef site than the Rockall Bank site 

may also relate to differences in environmental conditions. The difference in growth 

rates between sites was not significant, but the high variability within each site and 

small sample size created the possibility of a type II error. However, the sampling 

methods varied between the two areas, with Rockall samples collected by dredge. The 

collection of samples by trawl or dredge has previously been observed to affect 

condition of samples (Roberts, pers. comm.), however, in this study the experiments 

were short-term experiments and the samples appeared to be healthy. The higher growth 

rates at the Mingulay Reef complex may be related to higher nutrient conditions, as it is 

a shallower water area compared to Rockall Bank. The Mingulay Reef is situated close 

to a zone of increased mixing that is thought to increase productivity in the area (see 

section 2.1 and Roberts et al., 2005). Organic input to the sediments of cold-water coral 

areas in Rockall Bank was shown to be lower than the input measured at a nearby area 

on the continental shelf at 153 m water depth (Kiriakoulakis et al., 2006). The bottom 

seawater temperatures recorded at the Mingulay Reef complex (see section 2.1.1) 

appeared to be similar to the temperatures recorded at Rockall Bank (Duineveld and 

Shipboard Party, 2006) therefore there is unlikely to be an effect of temperature on the 

growth rates between the two areas. 

It is also possible that differences in morphology will cause differences in growth rates. 

Different morphotypes of L. pertusa have been described by Freiwald et al. (1997) that 
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vary in skeletal thickness and proximity of polyps (see section 1.7). The morphology of 

oil rig samples of L. pertusa that have shown a high linear extension rate (Gass and 

Roberts, 2006), is very different to that of corals collected from deeper water sites. They 

tend to have longer, thinner polyps that extend from a central point and create 

hemispherical colonies (pers. obs.; Gass and Roberts, 2006). In contrast, samples of L. 

pertusa used to measure growth rate in this study have thicker skeletons, with more 

widely interspersed polyps that create a framework structure. It would be interesting to 

compare the weight gain of samples of L. pertusa that originated from oil rigs with 

those used in this study. Although the linear extension rates of oil rig samples were 

high, the thin skeleton may result in a comparable weight gain to samples from deeper 

areas.

The size and portion of the coral used in growth studies may also be an important factor. 

Branching corals tend to grow faster at the tips than the base (Goreau and Goreau, 

1959), which may result in an overestimation of growth rate from linear extension of

small colonies. In comparison, Davies (1989) found no difference in growth rate 

(measured by linear extension) between experimental ‘nubbins’ and whole colony 

growth rates for the massive coral, Porites porites. Linear extension rate was also found 

to be independent of colony size in Pocillopora damicornis (Kinzie and Sarmiento, 

1986). However, growth rates were found to vary for Stylophora pisillata depending on 

the size and age of branch and the direction of growth (Rinkevich, 2000). In this 

chapter, weight gain was correlated with both dry weight and biomass measurements 

suggesting that growth was dependent on the initial mass of each sample and also the 

amount of tissue. The samples used in this study were small colonies and the weight 

gain of single polyps may have given different results. 
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The growth increase of L. pertusa in this study was also correlated with the rate of 

oxygen consumption (r = 0.809, n = 8, p < 0.05) for the Rockall samples but not for the 

Mingulay samples. A positive correlation between calcification and respiration has been 

observed in tropical coral species (Swart et al., 1996, Houlbreque et al., 2003) and in 

tropical coral reef communities (Yates and Halley, 2003). However, it is difficult to 

separate the influence of symbiont respiration and photosynthesis in zooxanthellate 

corals. The cycling of carbon between algal photosynthesis and host respiration in 

tropical corals is thought to increase the amount of metabolic carbon available for 

calcification (Al-Horani et al., 2003). This was supported by a reduction in calcification 

following chemical inhibition of respiration (Al-Horani et al., 2005). Although L. 

pertusa is an azooxanthellate coral the process of calcification is likely to have 

similarities with other scleractinians. In L. pertusa the inorganic carbon necessary for 

calcification is likely to originate from coral metabolism and external (seawater) 

sources. Therefore, it seems probable that an increased rate of oxygen consumption 

would result in an increased growth rate as observed in samples from Rockall. This was 

not observed in the Mingulay samples, but this may be attributable to the small sample 

size (n = 4). It is also possible that an increase in growth rate leads to an increase in 

biomass, which increases the amount of metabolically active tissue, resulting in higher 

rates of oxygen consumption.

5.4.2 Oxygen consumption and biomass measurements

The results from this study represent the first record of oxygen consumption rates for 

L. pertusa normalised to an appropriate parameter. Although the comparison of oxygen 

consumption rates between species of anthozoans is made difficult by the different units 

of measurement and methods of normalisation employed, it was possible to draw some 
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comparisons with literature values. The mean rate of oxygen consumption for L. pertusa

of 4.68 (± 0.35) to 6.61 (± 1.90) µmol O2 h-1 g AFDM-1 (Table 5.3) is low compared to 

that of tropical and temperate scleractinians, soft corals and anemones but is similar to 

values obtained for gorgonians (Tables 5.4 and 5.5), although there is significant 

variability in the literature values, even for the same species. The association of tropical 

corals with zooxanthellae is thought to increase the transfer of energy and subsequently 

the respiration rate (Sorokin, 1995) therefore it is perhaps not surprising that 

azooxanthellate corals appear to have lower respiration rates. The low temperatures 

experienced by L. pertusa may contribute to low rates of oxygen consumption, since 

organisms from deeper water tend to have lower metabolic rates. For benthic animals 

this is often purely a function of temperature (Childress, 1995), although the depths 

described are often far greater than those at which L. pertusa is found.  

The rates of oxygen consumption were significantly higher for samples from the 

Mingulay Reef Complex than Rockall Bank. As suggested for differences in growth 

rate, this could be due to the shallower occurrence of the Mingulay corals and the likely 

higher level of nutrients in this area (see discussion above). The rates of oxygen 

consumption recorded for corals from both sites were very different depending on the 

variable used for normalisation. Although organic carbon showed the strongest 

relationship to oxygen consumption rate for the Rockall samples, the measurement of 

AFDM was also strongly correlated. There also appeared to be a correlation between 

oxygen consumption rate and AFDM for Mingulay samples. The process of measuring 

AFDM is the least expensive and least time-consuming method of normalisation used in 

this study, as it does not require any chemical analysis or specialised equipment. For 

these reasons AFDM is suggested as the optimal normalisation parameter for this 

analysis. 
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Table 5.4. Respiration rates of some tropical scleractinians and the cold-water coral 
Lophelia pertusa, normalised to either a measure of tissue biomass or surface area with 
all measurements converted into µmol O2 g-1 h-1. 

Species Respiration 
rate

unit Author

30.00 ± 9.00 µmol O2 g dry tissue wt-1 

h-1
Porites porites Edmunds and Davies 

(1986)

Pocillopora 
damicornis

142 ± 28

Montipora 
verruscosa

74 ± 25

Porites lobata 53 ± 10

µmol O2 g dry tissue wt -1

h-1

“
 

“

Davies (1991)

 
“

“

Stylophora 
pistillata

89.84 µmol O2 g AFDM-1 h-1 Mergner and Svoboda 
(1977)

Lophelia pertusa
(Mingulay Reef 
Complex)

7.26 ± 1.23 µmol O2 g AFDM-1 h-1 present study
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Table 5.5. Respiration rates of some soft corals and anemones, normalised to either a 
measure of tissue biomass or surface area with all measurements converted into µmol 
O2 g-1 h-1.

Species Respiration 
rate

unit Author

Briareum 
asbestinum

4.69 ± 1.88 µmol O2 g organic 

matter-1 h-1

Gorgonia 
ventalina

23.75 ± 15.31 µmol O2 g organic 
matter-1 h-1

Plexuara flexuosa 9.69 ± 4.06 µmol O2 g organic 
matter-1 h-1

Lewis and Post 

(1982)

“

 

“

Plexaura flexuosa 40.94 ± 1.56 µmol O2 g AFDM-1h-1 Ribes et al.(1998)

Anemonia viridis

(zooxanthellate)

24.73 ± 2.14 µmol O2 g-1 h-1

Anemonia viridis

(azooxanthellate)

19.78 ± 4.46 µmol O2 g-1 h-1

Harland and Davies 

(1995)

“

5.4.3 Geographical differences in skeleton to tissue ratio

A total of 52 samples from different geographical areas were analysed for the 

relationship between freeze-dried weight of skeleton and AFDM. When all the samples 

were analysed together there was a clear correlation (rs = 0.858, n = 52, p < 0.001),

although with significant variation around a linear relationship. When the data were 

split into the geographical source of the samples the correlation remained for both 

Mingulay and Rockall samples but there was no correlation for the samples from the 

New England seamounts or North Sea oil rig samples, although the latter was close to 
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significance. The differences in the relationship between areas could relate to 

differences in morphology. Freiwald et al. (1997) described three different morphotypes 

from one reef area off Norway (see section 1.7). It therefore seems likely that 

morphology could vary on the spatial scale used in this study. The observed variation in 

the tissue-to-skeleton ratio emphasises the importance of normalising physiological 

measurements to a representative variable. 

There was a significant difference in the proportion of organic material between 

sampling sites, with Mingulay samples having the highest proportion of organic 

material per gram of skeleton. This was followed by the oil rig samples, then Rockall, 

then finally the New England samples. This could relate to depth, with the samples 

found in shallower waters with increased productivity exhibiting the highest proportion 

of organic material to skeleton. The differences found in the proportion of organic 

material to skeleton between sites may also be indicative of different morphologies. 

Differences in tissue biomass have been observed between different species of 

scleractinian corals (Szmant et al., 1990, Davies, 1991). Imperforate corals have a lower 

tissue biomass and this difference in tissue biomass and morphology was thought to 

cause a reduction in respiration rate and other physiological measurements (Davies, 

1991). In this chapter, the higher rate of oxygen consumption recorded for samples from 

the Mingulay Reef compared to those from the Rockall Bank may be related to a higher 

proportion of metabolically active tissue in the Mingulay coral samples.

5.4.4 The effect of feeding and temperature on long-term growth rate

As well as determining the growth rate of freshly collected samples it was of interest to 

determine how different factors affect long-term growth rate. Two experiments were 
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carried out that looked at the effect of feeding level and temperature on growth rate. 

However, little could be inferred from these studies as a result of the loss in condition of 

the samples. The first experiment looked at the effect of feeding level as this has been 

shown to affect growth rate in tropical corals (Ferrier-Pages et al., 2003). Unfortunately, 

the growth rates of samples in both conditions decreased in the second period 

suggesting that the samples were in sub-optimal condition. The growth rate in the initial 

period was low at 0.88 x 10-4 ± 0.75 x 10-4 % day-1 for the low frequency feeding 

treatment and 0.68 x 10-4 ± 0.73 % day–1 for the treatment that experienced a high 

frequency of feeding. 

In the second long-term growth rate experiment it was impossible to determine the 

effect of temperature on growth rate as the growth rate of the control samples decreased 

over the duration of the experiment. Temperature has been shown to affect tropical coral 

growth and has been linked to annual oscillations in growth rates (Clausen and Roth, 

1975, Vago et al., 1997, Rodolfo-Metalpa et al., 2006) In the present study the mean 

growth rate was 4.57 x 10-4 (± 0.95 x 10-4) % day-1 for the control group and 6.45 x 10-4

(± 2.75 x 10-4) % day-1 for the high temperature treatment. This growth rate was 

significantly higher than in the first of these experiments and there was less variability, 

probably due to the larger sample size in this experiment. The short-term growth rate of 

freshly collected samples of 1.55 x 10-4 to 3.74 x 10-4 % day-1 (see section 5.3.1) was 

similar to the control treatment in the temperature experiment. 

The potential reasons for a decline in growth rate in the aquarium observed in these two 

experiments are numerous and difficult to elucidate. The collection procedure may be 

stressful to the coral, as well as transportation and the buoyant weighing procedure. The

buoyant weighing technique has previously been shown to have no effect on growth for 
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Porites porites (Davies, 1989), however a deep-water coral like L. pertusa may be more 

susceptible to handling stress. Transplantation of the branching scleractinian Acropora 

pulchra was shown to have a negative effect on growth (Yap and Gomez, 1985) 

suggesting that different species may react differently to stressful events. 

The conditions in the recirculating aquarium may also influence the growth rate of L. 

pertusa. The process of calcification requires suitable levels of calcium and the correct 

proportions of the carbonate species (Marubini et al., 2001). There are also substances 

that can interfere with the process of calcification (Kinsey and Davies, 1979, Ferrier-

Pages et al., 2000). Many substances can accumulate in recirculating aquaria and the 

biological significance of all of them is not known. These substances are termed 

‘growth inhibitors’ and have been well studied for fish species in recirculating aquaria 

(Yu and Perlmutter, 1970, Avnimelech and Zohar, 1986, Pankhurst and Van der Kraak, 

1997). Sea bass maintained in a recirculating system had a lower growth rate than those 

held in a flow-through system (Deviller and Aliaume, 2004). The reduction in growth 

rate of zebra fish was attributed to the presence of microorganisms that can inhibit 

growth (Hirayama and Mizuma, 1988). Coral species are notoriously more difficult to 

keep in closed-system aquaria than fish. Over the last 50 years knowledge of the factors 

that are essential for the maintenance of tropical corals in aquaria have been developed 

(Carlson, 1999). Although growth rates in aquaria are similar to measurements in the 

field, the skeletal density of aquarium-held corals is thought to be lower (Carlson, 1999) 

and differences in crystal deposition and skeletal formation have been observed in 

Galaxea fascicularis (Clode and Marshall, 2003). Despite careful monitoring and 

assessment of aquarium conditions and seawater chemistry (see Chapter 2), the reasons

for the decline in growth rate observed in the long-term studies were not determined. 
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Since the growth rate of L. pertusa declined over time it became impossible to 

investigate experimentally the factors that affect it. 

5.5 Conclusions

To date, there are no published data on the growth rate of L. pertusa determined by 

weight gain. Therefore, the measurement of the short-term growth rate of freshly 

collected samples was of vital importance. Growth rates were low suggesting long 

recovery times from anthropogenic impacts such as fishing activity. The growth rates, 

together with the rates of oxygen consumption and methods of normalisation, have 

added to the understanding of the ecophysiology of this species. The physiological rates 

varied geographically and this could be related to variations in food input. This will be 

further investigated in Chapter 6. This study is likely to underpin future work that is 

urgently required to investigate the impact of natural and anthropogenic change on 

growth rates. 
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Chapter 6

Seasonal and geographical variations in the fatty acid composition of 
Lophelia pertusa.

6.1 Introduction

To understand more about cold-water coral ecosystems it is necessary not only to 

understand more about the physiology of the framework-forming species, but also to 

investigate the interactions of the animal with its environment. Determining trophic 

interactions and food webs is an essential part of understanding ecosystem functions. 

The increasing impact of anthropogenic activities on the deep-sea environment will not 

only affect cold-water corals directly, but may have an indirect effect through impacts 

on prey species. It is therefore important to identify prey species and investigate 

seasonal and geographical variations.

There are a number of ways to assess the food source of an organism. Often the simplest 

is to observe the animal in situ. However, L. pertusa lives at depths that make 

observational work challenging and expensive. Despite these difficulties there is one 

record from submersible footage of L. pertusa feeding on calanoid copepods (Henrich 

and Freiwald, 1997). An aquarium study also revealed that L. pertusa ingests copepods 

(Mortensen, 2001). However, this is not likely to give an accurate representation of the 

full feeding range of L. pertusa. Gut-content analysis is another method used to 

investigate food sources. This method has been used in studies on tropical soft corals, 

but is thought to underestimate small, soft-bodied prey (Ribes et al., 1998; 1999; 2003). 

It is also possible that the animal expels ingested food during collection, and this is even 

more likely in animals that are collected from deep waters (Feller et al., 1985). Fatty 

acid analysis has also been used to determine prey species and food webs in a number 
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of marine organisms (e.g. Lee et al., 1971; Falk-Petersen et al., 1987; Graeve et al., 

1997; Best et al., 2003). The fatty acid trophic marker (FATM) technique is based on 

the premise that primary producers have a specific fatty acid signature that is transferred 

to primary consumers, where it can be identified (Dalsgaard et al., 2003; Iverson et al., 

2004). As well as using fatty acid analysis to study trophic interactions and the relative 

importance of prey items, it has also been used to assess spatial and temporal variations 

in lipid signatures. The fatty acid signature of Antarctic krill, Euphausia superba, varied 

between areas and this was largely attributed to variations in food sources (Cripps et al., 

1999). The lipid signature of the green-lipped mussel, Perna canaliculus, was 

investigated in New Zealand and the differences in fatty acid signatures between areas 

were linked to changes in phytoplankton composition (Taylor and Savage, 2006). The 

authors also described seasonal differences in the lipid signature of Perna canaliculus

and attributed these to the reproductive cycle of the animal as well as seasonal changes 

in food sources (Taylor and Savage, 2006).

The technique of FATM is particularly useful in deep-sea biology as a result of the 

difficulties in collecting any observational or gut-content data. Fatty acid techniques 

have been used to study abyssal asteroids where fatty acid signatures appeared to be 

directly related to the feeding mode of different species. The suspension-feeding species 

had a signature with high levels of polyunsaturated fatty acids (PUFAs) suggesting a 

dependence on surface production (Howell et al., 2003). Many PUFAs originate in 

phytoplankton and are highly conserved in herbivorous zooplankton (Sargent and 

Whittle, 1981; Dalsgaard et al., 2003). Fatty acid markers were also used to suggest a 

link to surface production for deep-sea holothurians (Hudson et al., 2004). Since PUFAs 

are present in both phytoplankton and zooplankton the presence of PUFAs alone cannot 

be used to determine the dietary source. Copepod species tend to store large quantities 
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of lipids, mainly in the form of wax esters, and their presence, along with specific long-

chain fatty alcohols within this fraction, can strongly indicate copepods as a prey item 

(Lee et al., 1971; Clarke, 1983; Kattner and Hagen, 1995).

Fatty acid techniques have been used to assess the lipid signature of species of shallow-

water corals and anemones. These organisms tend to be relatively lipid-rich, with large 

stores of wax esters and triacylglycerides (Patton et al., 1977; Harland et al., 1991; 

Harland et al., 1993; Yamashiro et al., 1999). The wax ester class has been used to 

indicate a variable food supply as it is utilised in times of low food input (Lee et al., 

1971; Falk-Petersen et al., 1981; Sargent and Falk-Petersen, 1988). The majority of 

studies have focused on symbiotic species of corals and anemones. In these species the 

fatty acids synthesised by symbiotic zooxanthellae are mainly saturated fatty acids, 

which are transferred to the host in fat droplets (Patton et al., 1983). Polyunsaturated 

fatty acids (PUFAs) are also present in coral lipids and these are thought to originate 

from external food sources such as plankton and can therefore be used to suggest the 

level of heterotrophy (Meyers, 1979). This is supported by the higher degree of 

unsaturation (PUFA) in azooxanthellate than zooxanthellate species (Patton et al., 1983; 

Latyshev et al., 1991; Yamashiro et al., 1999). The relative proportion of PUFAs has 

also been seen to increase with depth, possibly suggesting a greater reliance on 

heterotrophic feeding at depth (Yamishiro et al., 1999). 

Azooxanthellate corals have been less well studied, especially those found in deeper 

waters. Mancini et al. (1999) identified novel hydroxypolyenoic acids in L. pertusa and 

Madrepora oculata. Another study on these two species compared their fatty acid 

signature to that of suspended particulate organic matter (sPOM) (Kiriakoulakis et al., 

2005). The corals had higher levels of monounsaturated fatty acids (MUFAs) and fatty 
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alcohols than the sPOM, suggesting a mesozooplankton food source. There were slight 

differences between the coral species in the MUFA concentration suggesting either 

differences in feeding or metabolism. This study made no attempt to separate the lipids 

of cold-water corals into different classes or measure quantitative differences in lipid 

signature. Another study on potential food sources for L. pertusa monitored the flux of 

phytodetritus and carbon to the seafloor at the Galicia Bank and recorded seasonal and 

annual variations (Duineveld et al., 2004). Sediment traps recorded high levels of 

phytodetritus in spring, while large numbers of copepods, mainly calanoid species, and 

amphipods were collected in the summer months (Duineveld et al., 2004). The nitrogen 

isotope (δ15N) signatures of the coral samples were greater than that of the 

phytodetritus, but lower than the zooplankton, therefore, the authors suggested that 

these species may feed on a mixed food source of phytodetritus and zooplankton. They 

concluded that further information was required to confirm prey species. 

The environment of cold-water coral reefs and mounds is a dynamic one with locally 

high levels of sedimentation and resuspension of sediments at the seafloor (Kenyon et 

al., 2003; White et al., 2005; White, 2007). A study of the lipids in the particulate 

organic matter (POM) collected from the sediment at a cold-water coral area in the 

Darwin Mounds, Rockall Trough suggested a strong input from the pelagic environment 

with high levels of PUFAs, indicative of fresh material (Kiriakoulakis et al., 2004). 

Phytoplankton, faecal pellets, bacteria and microzooplankton were important 

components contributing to the lipid profile of the sediment (Kiriakoulakis et al., 2004). 

Another study compared the lipids of the POM at the Darwin Mounds to other sites in 

the Porcupine Seabight and Rockall Bank collected in the summer months 

(Kiriakoulakis et al., 2007). The sPOM was lipid-rich at all sites, although highest at the 

Darwin Mounds. Again PUFAs were present suggesting fresh organic input. The 
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authors suggested that the majority of fresh material measured in this study was 

transferred across the continental slope (Kiriakoulakis et al., 2007).

The aims of the work described here were to quantify the major lipid classes in 

L. pertusa and to identify the constituent fatty acids and alcohols to gain a better 

understanding of the likely food source for this animal. A previous study by Duinevld et 

al. (2004) used δ15N analysis to estimate trophic level, but detailed and quantitative 

analysis of lipid content and signature has not been investigated. The lipid signature was 

analysed at four different times of the year and was investigated for seasonal 

differences. The lipid signatures of L. pertusa were also compared between different 

areas; a relatively shallow inshore area, the Mingulay Reef Complex, a deeper area in 

the Rockall Bank and seamounts off the eastern coast of the USA (for details see section 

2.1). This represents the most detailed study to date of the lipid and fatty acid 

composition of L. pertusa and is the first to draw comparisons seasonally and 

geographically.
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6.2 Methods

The lipid signature of 38 samples of L. pertusa from different geographical areas was 

analysed. A total of 8 samples were collected from the New England seamounts, a 

further 13 from the Rockall Bank and 17 from the Mingulay Reef Complex (see section 

2.1). These three areas are referred to as New England, Rockall and Mingulay, 

respectively. The samples collected from Mingulay were collected at four different 

times of the year, in February (n=3), May (n=5), July (n=5) and November (n=4), 

between February 2005 and July 2006. Each sample weighed approximately 15 g. After 

collection, the samples were immediately rinsed in distilled and deionised water and 

frozen at -20 oC at sea, before being transferred to -80 oC storage upon return to the 

laboratory (within 12 days of collection). The samples were then freeze-dried at -60 oC 

for 48 hours and stored in a freezer at -20 oC before analysis. Samples were stored for 

between four and eight months before analysis. Approximately 5 g of coral polyp 

material was broken from each sample and was then coarsely ground using a pestle and 

mortar. The samples were then ground to a fine homogenous powder in a marble ball 

grinder for 10 minutes per sample. Each sample was then split into a 3 g portion for 

lipid analysis, while the remaining 2 g was stored for measurement of ash-free dry mass 

(AFDM) following the method outlined in Chapter 5 (section 5.2.3). Throughout the 

lipid extraction procedure butylated hydroxytoluene (BHT: 0.01%) was used to 

minimise the effects of autoxidation (Christie, 2003).

To extract lipids from the samples, 3 g of material was homogenised with 30 ml of 

chloroform:methanol (2:1) following the method of Folch et al. (1957). As the samples 

had been freeze-dried, 1.5 ml of distilled water was added. An internal standard was 

added (100 µl of methyl heptadecanoate [17:0], 8 mg ml-1) and the samples were stored 



121

under nitrogen overnight in a refrigerator (< 5 oC). Initial trials also showed that the wax 

ester fraction was the largest and it was therefore more suitable to use a standard that 

could be removed with this fraction. The elution of cod liver oil, transesterified cod 

liver oil and jojoba oil on a TLC plate was used to examine their relative positions 

(Figure 6.1). The major component of cod liver oil is glycerides, while the major 

component of jojoba oil is wax esters; therefore the positions on the TLC plate were 

used to indicate these fractions. The transesterified cod liver oil eluted between cod liver 

oil and jojoba oil, indicating where the internal standard (17:0) will elute within the 

samples. 

Cod liver oil Cod liver oil FAMEs Jojoba oil

Figure 6.1 Thin-layer chromatography (TLC) plate showing the differential elution of 
cod liver oil, transesterified cod liver oil (FAMEs) and jojoba oil
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The following day the samples were filtered through glass wool, and potassium chloride 

solution (7.5 ml of 0.88% KCl) was added in a separating funnel. The bottom layer was 

then removed and dried under nitrogen on a hotplate at 30 oC. The samples were then 

redissolved in 50 µl of chloroform:methanol (2:1) and spotted on to a thin layer 

chromatography (TLC) plate with jojoba oil and cod liver oil mix as a standard, before 

elution with a hexane, diethyl ether, acetic acid mix (95:5:1). The TLC plates were 

stained with dichlorofluorescein solution (0.1% in 95% methanol) and the wax ester 

band and the band containing the glyceride fraction (Figure 6.2) were scraped off and 

added to glass tubes. The wax ester band also contained the internal standard 17:0. The 

bands appearing above the wax ester band are likely to be long-chain sterols. Previous 

work suggested that sterols were less prominent than fatty acids or alcohols in the tissue 

of L. pertusa (Kiriakoulakis et al., 2005). Sterols are also more important for membrane 

structure than energy storage, so this study focused on storage molecules: wax esters 

and glycerides.

Internal standards were added to the glass tubes containing the wax ester and glyceride 

bands, (100 µl of methyl nonadecanoate [19:0], 1.08 mg ml-1 to both fractions and 400 

µl of nonadecanol [19:0], 0.34 mg ml-1 was added to the wax ester fraction), along with 

2 ml of toluene and 4 ml of sulphuric acid in methanol (Christie, 2003). The samples 

were then incubated at 100 oC for 2 hours to transesterify the lipids. A solution of 

potassium chloride (2 ml of 5% KCl) and hexane: ether (1:1) was added to the sample 

to separate the FAMEs. Potassium bicarbonate (2 ml of 2% KHCO3) was added to 

further separate the FAMEs before the sample was dried under nitrogen.
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1 2 3

Figure 6.2. Thin-layer chromatography (TLC) plate showing three samples of 
Lophelia pertusa lipids alongside a cod-liver and jojoba oil standard, with wax ester and 
glyceride fractions marked.

To trimethylsilylate the free fatty alcohol in the wax ester fractions, 100 µl of BSTFA 

(N, O – bis (trimethylsilyl) trifluoroacetamide: Sigma) and 100 µl of pyridine were 

added to each sample before they were heated at 60 oC for 10 minutes. The 

trimethylsilylated (TMS) fatty alcohols and FAMEs of the wax ester fractions were then 

dissolved in toluene and stored under nitrogen in a freezer at -20 oC prior to analysis on 

a non-polar column in a gas chromatograph (see below).

The FAMEs of the glyceride fraction of each sample were purified in a second TLC 

stage. The samples were spotted on to TLC plates, with cod liver oil FAMEs as a

standard. The plates were eluted with a hexane, diethyl ether, glacial acetic acid mix 
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(80:20:2). The FAME band was then extracted in chloroform:methanol (2:1) through a 

glass wool filter. The FAMEs were redissolved in 100 µl of hexane and stored under 

nitrogen in a freezer at -20 oC prior to analysis on a polar column in a gas 

chromatograph.

The FAMEs and TMS fatty alcohols of the wax ester fractions were separated using a 

Shimadzu GC-2014 gas chromatograph, equipped with a split injector, flame ionisation 

detector and a Zebron ZB5-ms fused silica capillary column (30m x 0.25mm x 0.25µm). 

The purified FAMES from the glyceride fractions were separated by a Shimadzu GC-

2014 gas chromatograph, equipped with a split injector, flame ionisation detector and a 

Zebron ZB-WAX fused silica capillary column (30m x 0.25mm x 0.25µm). For both 

fractions, helium was the carrier gas and the oven temperature was programmed to 

increase from 100 to 300 oC at a rate of 5 oC per minute for the wax ester fractions and 

160 to 240 oC at 4 oC per minute for the glyceride fractions. The detector output from 

both columns was coupled to a ‘Shimadzu GC Solution’ data system to integrate the 

chromatograms. The individual FAMEs and fatty alcohols were identified by 

comparison of their retention times to those of known standards. The nomenclature used 

to describe the FAMEs and fatty alcohols was in the format ‘16:0 (n-7)’, where the first 

numeral denotes the number of carbon atoms, the second number denotes the number of 

double bonds and the number in brackets denotes the position of the double bond (as the 

number of carbon atoms from the methyl group). 

The relative content of each of the identified FAMEs and fatty alcohols was determined 

using the peak areas and was expressed as the percentage by weight of the total fatty 

acids characterised. This was converted to relative mass per gram of AFDM of the 

sample (mg g-1 AFDM) using the response of the internal standards. For some FAMEs 
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and fatty alcohols a number of isomers occurred but could not always be clearly 

separated or precisely identified. In these instances the different isomers were labelled a, 

b or c. In order to determine the loss of material when the lipid fractions were separated, 

the amount of the standard 17:0 that remained in the wax ester fraction was compared to 

the amount added and this was used as a conversion factor when normalising the 

FAMEs to the internal standard 19:0. 

The proportions and weights of total lipids and lipid classes were compared seasonally 

and geographically using non-parametric Kruskal-Wallis tests. In order to compare the 

relative proportions of the FAMEs and fatty alcohols in the two separate fractions 

seasonally and geographically, multivariate analysis was carried out using PRIMER 

version 6 (Plymouth Routines In Multivariate Ecological Research). Following the 

methods of Howell et al. (2003), the data were not transformed to avoid attributing 

excessive weighting to fatty acids with a low contribution to the signature. Bray Curtis 

similarity matrices were created and ‘multidimensional scaling’ (MDS) plots were used 

to visualise the similarity in patterns of fatty acid signature between months and 

geographical areas. In an MDS plot the samples with the greatest similarity cluster 

together in two-dimensional space, while the samples that are least similar are widely 

spaced. The differences between months and areas were identified using ‘analysis of 

similarity’ (ANOSIM) before ‘similarity percentage routines’ (SIMPER) were used to 

identify the fatty acids contributing to the observed differences. 
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6.3 Results

6.3.1 Seasonal analysis of the lipid signature of Lophelia pertusa from the Mingulay 
Reef Complex

There was no significant difference in total weight of lipids between months (Kruskal 

Wallis H = 6.51, DF = 2, p = 0.089). The wax esters were the largest fraction in all 

months (Table 6.1). However, there were no significant differences in total weights 

between months for either the wax ester fraction (Kruskal Wallis H = 6.82, DF = 3 p = 

0.077) or the glyceride fraction (Kruskal Wallis H = 6.55, DF = 3, p = 0.088). 

Table 6.1. Mean values (± SD) for the different lipid classes and total lipids (% dry 
weight of coral tissue, % of total lipid, or weight in mg g-1) in samples of Lophelia 
pertusa collected from Mingulay in 4 different months.

Lipid February 
(n=3)

May 
(n=5)

July 
(n=5)

November 
(n=4)

Total lipid
% tissue 16.51 (7.36) 14.32 (9.09) 7.40 (2.91) 13.30 (2.90)

weight mg g-1 165.12 (73.56) 143.24 (90.87) 74.04 (29.10) 133.05 (29.03)

Wax ester
% tissue 13.13 (7.30) 10.09 (6.48) 4.90 (1.89) 8.47 (1.86)

% total lipid 76.89 (9.48) 69.77 (6.37) 66.19 (2.25) 63.67 (0.46)

weight mg g-1 131.26 (72.970 100.85 (64.82) 49.00 (18.93) 84.73 (18.60)

Glyceride
% tissue 3.39 (0.99) 4.24 (3.02) 2.50 (1.03) 4.83 (1.05)

% total lipid 23.11 (9.48) 30.23 (6.37) 33.81 (2.25) 36.33 (0.46)

weight mg g-1 33.88 (9.90) 42.39 (30.20) 25.04 (10.32) 48.32 (10.45)

In the wax ester fraction there was no significant difference in the amount of SFAs 

(Kruskal Wallis H = 2.38, DF = 3, p = 0.497) or PUFAs (Kruskal Wallis H = 1.67, 

DF = 3, p = 0.644) between months (Table 6.2). However, the total weight of MUFAs 
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was lowest in July and there was a significant difference between months (Kruskal 

Wallis H = 7.84, DF = 3, p = 0.050). The total weight of MUFAs also varied between 

months in the glyceride fraction (Kruskal Wallis H = 8.56, DF = 3, p < 0.05) as well as 

the amounts of SFAs (Kruskal Wallis H = 8.38, DF = 3, p < 0.05) (Table 6.3). The 

amounts of MUFAs and SFAs were lowest in the samples from July. The amount of 

PUFAs did not vary between months (Kruskal Wallis H = 3.29, DF = 3, p = 0.348).

Although there was little difference in the amount of different lipid classes between 

months, the weights of individual FAMEs and fatty alcohols (mg g-1) were significantly 

different between months for the wax ester fraction (ANOSIM r = 0.244, p < 0.05), with 

significant differences between July and November (r = 0.494, p < 0.05) and May and 

November (r = 0.454, p < 0.05) samples. SIMPER analysis revealed that the fatty 

alcohols 22.1 and 20.1 contributed the most to the differences observed in the weights 

of the wax ester fraction for July compared to February and November. In the glyceride 

fraction there was no significant difference in weights of FAMEs between months 

(ANOSIM r = 0.144, p < 0.085). 

Despite some differences in total weights of fatty acids between months, the relative 

proportions of individual fatty acids and alcohols did not appear to differ greatly and 

MDS plots showed little separation between months (Figure 6.3). In these plots, the 

samples all cluster together and individual months do not show any separation. Analysis 

of the relative proportions of the FAMEs and fatty alcohols in the wax ester fraction 

(ANOSIM, r = 0.057, p = 0.285) and glyceride fraction (r = 0.168, p = 0.057) revealed 

no significant difference between months. As a result, subsequent analysis of 

geographical differences used Mingulay samples pooled from all four months and 

compared relative abundances of the lipid signature.
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Table 6.2. The relative abundances (%) ratios and total weight of the FAMES in the 
glyceride fraction of coral tissue samples collected from Mingulay (MI), with samples 
divided into the four months of collection (Feb n = 3, May n = 5, July n = 5, Nov n = 5). 
SFA – saturated fatty acid, MUFA – monounsaturated fatty acid, PUFA –
polyunsaturated fatty acid. (Continued on following page).

February May
MI 1 MI 2 MI 3 MI 4 MI 5 MI 6 MI 7 MI 8

14:0 3.95 4.67 3.72 2.53 3.90 2.98 2.25 3.22
15:0 0.38 0.38 0.46 0.28 0.36 0.34 0.45 0.41
iso-16:0 1.29 1.55 1.47 1.91 1.40 1.35 2.06 1.83
16:0 15.31 14.78 16.10 13.11 15.11 14.47 12.84 17.43
16:1 (n-7) 1.26 1.38 1.38 1.14 1.39 1.33 0.88 1.93
16:2 0.39 0.06 0.24 0.32 0.37 0.43 0.00 0.38
17:0 1.18 0.65 0.77 1.09 0.86 0.79 0.83 1.28
16:3 0.36 0.27 0.27 0.23 0.26 0.26 0.00 0.00
18:0 3.83 3.85 3.88 4.23 3.76 4.21 3.74 4.72
18:1 (n-9) 1.51 1.74 1.67 2.20 2.09 2.74 1.44 3.44
18:1 (n-7) 1.19 1.33 1.27 1.30 1.39 1.40 0.90 1.64
18:2 (n-6) 0.40 0.44 0.39 0.48 0.43 0.45 0.29 0.49
18:4 (n-3) 2.18 2.37 2.62 0.75 1.02 0.97 0.77 0.91
20:0 0.52 0.57 0.57 0.57 0.46 0.51 0.43 0.59
20:1 (n-9) 7.73 8.74 7.76 8.67 9.87 7.95 6.14 8.63
20:1 (n-7) 0.44 0.43 0.53 0.53 0.49 0.53 0.36 0.46
20:2 (n-6) 0.47 0.44 0.61 0.47 0.34 0.44 0.29 0.00
21:0 0.39 0.31 0.30 0.36 0.47 0.44 0.35 0.43
20:4 (n-6) 0.22 6.12 4.73 7.83 5.95 6.27 5.27 5.84
20:4 (n-3) 0.87 0.89 1.10 0.85 1.33 1.10 0.83 1.05
20:5 (n-3) 12.04 12.12 11.70 11.06 10.48 13.43 7.72 7.96
22:1 (n-11) 11.35 13.81 10.95 13.89 14.73 10.75 8.97 11.28
22:1 (n-9) 1.15 0.12 1.18 1.58 1.18 1.24 0.99 1.38
22:2 (n-6) 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00
23:0 0.60 0.31 0.36 0.28 0.35 0.41 0.70 0.60
21:5 (n-3) 3.18 2.91 2.56 4.34 2.69 3.79 15.94 4.31
22:5 (n-3) 3.36 3.87 5.26 4.75 3.78 6.31 3.20 3.59
24:1 0.35 0.35 0.35 0.47 0.28 0.31 0.39 0.85
22:6 (n-3) 5.35 4.74 5.09 4.27 5.30 4.69 4.01 5.25
unknowns 18.75 10.79 12.71 10.52 9.96 10.11 17.96 10.08
ΣSFA 27.46 27.06 27.64 24.36 26.68 25.49 23.65 30.52
ΣMUFA 24.97 27.90 25.08 29.79 31.41 26.25 20.08 29.63
ΣPUFA 28.82 34.25 34.57 35.34 31.95 38.15 38.31 29.77
PUFA:
MUFA 1.15 1.23 1.38 1.19 1.02 1.45 1.91 1.00
22:6/ 20:5 0.44 0.39 0.43 0.39 0.51 0.35 0.52 0.66
18:1 n-7/
18:1 n-9 1.27 1.30 1.31 1.70 1.50 1.96 1.60 2.10
Total weight 
mg/g 68.35 68.84 29.23 84.48 66.13 125.32 94.92 29.44
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Table 6.2. contd.

July November
MI 9 MI 10 MI 11 MI 12 MI 13 MI 14 MI 15 MI 16 MI 17

14:0 3.47 1.51 3.68 3.56 4.15 3.37 2.15 2.66 3.83
15:0 0.24 0.24 0.27 0.24 0.29 0.32 0.33 0.28 0.34
iso-16:0 2.32 0.00 0.00 0.00 0.07 0.00 2.74 1.96 1.66
16:0 11.89 12.00 13.97 12.30 13.34 14.28 14.24 14.59 15.09
16:1 (n-7) 2.68 1.33 2.41 2.25 2.48 1.52 1.57 1.53 1.72
16:2 0.35 0.30 0.35 0.31 0.29 0.41 0.00 0.45 0.46
17:0 0.88 1.06 0.88 0.49 0.57 0.90 0.69 0.72 0.74
16:3 0.37 0.35 0.51 0.29 0.45 0.26 0.00 0.27 0.29
18:0 4.90 3.63 3.55 3.38 2.79 3.95 5.10 4.34 3.93
18:1 (n-9) 2.22 2.14 1.66 1.34 1.76 1.89 1.84 2.24 2.13
18:1 (n-7) 1.67 1.47 1.78 1.46 1.74 1.71 1.62 1.82 1.92
18:2 (n-6) 0.49 0.46 0.39 0.41 0.43 0.45 0.37 0.46 0.48
18:4 (n-3) 1.06 0.53 1.15 0.92 1.31 1.50 1.11 1.11 1.55
20:0 0.45 0.50 0.51 0.67 0.74 0.56 1.94 0.57 0.54
20:1 (n-9) 3.96 8.64 5.07 4.63 6.32 8.46 6.16 8.51 8.29
20:1 (n-7) 1.11 0.64 1.01 0.98 0.77 0.56 0.84 0.60 0.60
20:2 (n-6) 0.42 0.37 0.45 0.40 0.39 0.36 0.45 0.39 0.35
21:0 0.37 0.56 0.36 0.43 0.39 0.33 0.30 0.32 0.33
20:4 (n-6) 8.45 9.94 6.52 8.54 6.41 5.98 7.03 5.65 5.25
20:4 (n-3) 0.62 0.56 0.65 0.51 0.72 0.90 0.60 0.82 0.82
20:5 (n-3) 16.41 12.19 17.94 19.05 18.54 13.06 14.34 12.84 13.23
22:1 (n-11) 4.91 13.22 7.17 6.13 8.95 0.13 7.94 12.63 11.61
22:1 (n-9) 1.58 1.87 1.67 1.89 1.39 12.24 1.67 1.38 1.26
22:2 (n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
23:0 0.53 0.92 0.53 0.52 0.53 0.36 0.56 0.39 0.38
21:5 (n-3) 4.22 3.81 3.35 3.54 2.35 2.64 4.19 2.53 2.27
22:5 (n-3) 7.72 4.35 6.00 7.27 5.93 5.07 5.59 5.33 5.13
24:1 0.26 0.65 0.53 0.56 0.69 0.73 0.77 0.39 0.68
22:6 (n-3) 5.49 4.40 6.53 6.16 5.50 4.33 3.95 3.96 3.82
unknowns 10.98 12.36 11.10 11.76 10.69 13.74 11.92 11.27 11.32
ΣSFA 25.04 20.42 23.75 21.60 22.88 24.08 28.06 25.82 26.84
ΣMUFA 18.38 29.96 21.30 19.24 24.11 27.24 22.40 29.10 28.21
ΣPUFA 45.60 37.26 43.86 47.40 42.33 34.95 37.62 33.81 33.63
PUFA/
MUFA 2.48 1.24 2.06 2.46 1.76 1.28 1.68 1.16 1.19
22:6/ 20:5 0.33 0.36 0.36 0.32 0.30 0.33 0.28 0.31 0.29
18:1 n-7/
18:1 n-9 1.33 1.45 0.93 0.92 1.01 1.10 1.13 1.23 1.11
Total weight 
mg/g 58.48 30.51 27.11 56.89 74.29 118.38 63.60 127.28 149.49
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Table 6.3. The relative abundances (%), ratios and total weight of the FAMES and fatty 
alcohols (TMS) in the wax ester fraction of coral tissue samples collected from 
Mingulay, with samples divided into the four months of collection, SFA – saturated 
fatty acid, MUFA – monounsaturated fatty acid, PUFA – polyunsaturated fatty acid 
(a,b,c: double bond position not established) (continued on next page).

February May
MI 1 MI 2 MI 3 MI 4 MI 5 MI 6 MI 7 MI 8 

14:0 1.72 2.04 1.38 0.99 1.63 1.16 0.57 1.22
TMS 14:0 0.67 0.63 0.64 0.58 0.58 0.81 0.35 0.55
TMS 15:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:1 (n-7) 3.32 3.54 3.12 2.35 3.10 2.52 2.00 2.57
16:1 (b) 0.63 0.64 0.55 0.40 0.58 0.44 0.40 0.53
16:0 3.88 0.00 3.35 2.94 3.81 3.00 2.71 3.51
TMS 16:1 0.79 0.76 0.85 0.61 0.65 0.59 0.59 0.70
TMS 16:0 6.35 5.84 6.83 5.83 5.25 6.89 5.42 5.85
18:3 (n-6) 1.13 1.19 1.22 0.81 1.32 0.96 1.00 1.17
18:2 (n-6) 1.60 1.65 1.56 1.50 1.66 1.43 1.34 1.43
18:1 (n-9) 7.23 7.66 6.66 7.82 7.99 8.70 6.50 6.65
18:1 (n-7) 0.50 0.00 0.46 0.48 0.52 0.47 0.46 0.50
18:1 (c) 1.13 1.01 1.06 1.03 0.99 0.90 0.76 0.88
TMS18:1 (n-9) 2.33 2.14 2.39 2.07 2.17 2.04 2.20 2.35
TMS 18:1 (n-7) 0.44 0.41 0.47 0.41 0.40 0.41 0.39 0.41
TMS 18:1 (c) 0.36 0.29 0.37 0.40 0.33 0.32 0.30 0.32
TMS 18:0 0.64 0.51 0.66 0.68 0.55 0.64 0.63 0.64
20:5 (n-3) 0.00 0.33 0.40 0.00 0.56 0.42 0.72 0.87
20:4 1.07 1.07 1.13 0.95 1.46 1.14 1.15 1.20
20:1 7.25 7.44 6.77 6.88 7.57 6.64 6.84 6.92
TMS 20:1 12.99 12.52 13.53 13.10 12.48 12.26 13.65 13.20
22:6 (n-3) 1.41 1.63 1.73 1.51 1.76 1.44 1.73 1.67
22:5 (n-3) 0.00 0.92 2.75 1.19 0.90 1.55 2.52 2.69
22:1 13.42 13.60 12.66 14.53 14.49 13.49 14.29 12.93
TMS 22:1 24.17 24.71 24.95 26.82 23.78 25.78 28.20 25.77
24:1 (a) 0.56 0.65 0.56 0.90 0.51 0.49 0.53 0.43
24:1 (n-9) 0.41 0.42 0.40 0.54 0.43 0.45 0.47 0.40
24:1 (c) 0.15 0.15 0.00 0.21 0.00 0.00 0.00 0.00
TMS 24:1 a 0.42 0.31 0.37 0.49 0.38 0.47 0.52 0.48
TMS 24:1 (n-9) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
unknowns 6.71 7.80 3.36 5.10 4.53 4.29 3.88 4.94
ΣSFA 13.27 9.02 12.85 11.03 11.83 12.50 9.67 11.77
ΣMUFA 76.10 76.26 75.18 79.06 76.35 75.98 78.09 75.03
ΣPUFA 5.20 6.80 8.79 5.97 7.66 6.93 8.47 9.03
PUFA: MUFA 0.07 0.09 0.12 0.08 0.10 0.09 0.11 0.12
22:6/ 20:5 0.00 0.21 0.23 0.00 0.32 0.30 0.42 0.52
Total weight 
mg/g 159.81 185.30 208.51 152.24 149.01 295.10 175.57 167.76
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Table 6.3. Contd. 

July November
MI 9 MI 10 MI 11 MI 12 MI 13 MI 14 MI 15 MI 16 MI 17 

14:0 2.96 0.90 2.89 2.98 2.23 1.05 0.73 1.06 1.29
TMS 14:0 1.43 0.64 1.45 1.71 1.62 0.65 0.71 0.76 0.75
TMS 15:0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
16:1 (n-7) 5.55 2.60 0.00 6.51 6.55 3.06 2.58 3.14 3.61
16:1 (b) 0.64 0.30 0.75 0.74 0.62 0.44 0.37 0.43 0.48
16:0 3.96 2.00 4.25 3.51 2.98 2.49 2.15 2.48 2.78
TMS 16:1 1.41 0.78 1.52 1.53 1.38 0.74 0.68 0.67 0.79
TMS 16:0 7.47 4.84 6.84 8.49 8.43 5.67 6.68 5.86 6.03
18:3 (n-6) 1.79 0.81 1.81 2.05 1.60 0.85 0.74 0.85 0.88
18:2 (n-6) 1.03 1.06 1.14 0.99 1.30 1.58 1.35 1.58 1.65
18:1 (n-9) 4.36 5.52 4.65 4.03 5.03 7.00 7.08 8.29 8.07
18:1 (n-7) 0.62 0.48 0.62 0.60 0.59 0.52 0.56 0.56 0.60
18:1 (c) 0.51 0.58 0.30 0.54 0.66 0.84 0.79 0.86 0.87
TMS18:1 (n-9) 1.44 1.57 1.43 1.30 1.40 2.09 1.97 1.93 2.07
TMS 18:1 (n-7) 0.63 0.38 0.62 0.66 0.60 0.44 0.46 0.42 0.46
TMS 18:1 (c) 0.25 0.00 0.30 0.28 0.39 0.32 0.45 0.35 0.33
TMS 18:0 0.80 0.64 0.66 0.90 0.94 0.62 0.77 0.61 0.61
20:5 (n-3) 2.75 0.00 2.53 3.29 2.25 0.00 0.65 0.00 0.00
20:4 0.71 0.59 0.66 0.56 0.71 0.94 0.94 1.01 0.00
20:1 6.32 7.24 6.21 5.45 5.90 7.32 6.79 7.91 7.75
TMS 20:1 12.82 12.49 12.15 12.74 12.28 13.94 13.26 13.12 14.90
22:6 (n-3) 1.58 1.38 1.76 1.71 1.55 1.19 1.24 1.20 1.08
22:5 (n-3) 1.09 0.97 0.93 0.96 2.20 1.30 1.58 1.52 1.21
22:1 12.07 17.20 11.91 10.52 12.07 14.10 13.68 15.13 14.16
TMS 22:1 22.33 27.71 22.00 22.73 21.85 25.68 26.56 24.32 23.96
24:1 (a) 0.36 1.32 0.52 0.40 0.65 0.99 1.05 0.96 0.96
24:1 (n-9) 0.32 0.58 0.35 0.30 0.40 0.65 0.67 0.65 0.62
24:1 (c) 0.00 0.00 0.00 0.00 0.00 0.33 0.34 0.31 0.32
TMS 24:1 a 0.36 0.51 0.33 0.33 0.35 0.50 0.58 0.51 0.46
TMS 24:1 (n-9) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
unknowns 6.75 4.19 11.43 5.16 3.48 4.89 4.10 4.25 4.49
ΣSFA 16.62 9.03 16.10 17.59 16.19 10.48 11.04 10.77 11.46
ΣMUFA 69.99 79.25 63.63 68.63 70.71 78.94 77.87 79.56 80.43
ΣPUFA 8.94 4.81 8.84 9.56 9.62 5.86 6.51 6.16 4.83
PUFA:MUFA 0.13 0.06 0.14 0.14 0.14 0.07 0.08 0.08 0.06
22:6/ 20:5 1.75 0.00 1.44 1.93 1.45 0.00 0.52 0.00 0.00
Total weight 
mg/g 108.89 52.04 60.82 120.46 138.10 212.84 111.98 218.39 259.87
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Figure 6.3. Multidimensional scaling (MDS) plot of similarities in the relative 
abundances of lipids in a the wax ester fractions and b the glyceride fractions of coral 
samples from four different months: February, May, July and November, collected from 
the Mingulay Reef Complex.

a

b
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6.3.2 Geographical differences in the lipid signature of Lophelia pertusa

In the Mingulay, New England and Rockall samples the predominant FAME within the 

glyceride fraction was 16:0, followed by 20:5 (n-3) (Tables 6.2, 6.4 and 6.5). Some 

differences appeared between areas with 18:1 (n-9) and 20:4 (n-6) the next most 

dominant FAMEs in the New England and Rockall samples, compared to the Mingulay 

samples where the FAMEs 22:1 (n-11) and 20:1 (n-9) were the next most dominant. 

The PUFAs were the dominant category and the PUFA to MUFA ratio was similar 

between all three areas. The ratio of 22:6 (n-3) to 20:5 (n-3) was also similar between 

areas. The ratio between 18:1 (n-9) and 18:1 (n-7) was higher in both the New England 

and Rockall samples than the Mingulay samples.

The predominant FAMEs and fatty alcohols in the wax ester fraction of the samples 

were similar between New England and Rockall (Tables 6.6 and 6.7). The dominant 

FAME was 18:1 (n-9) followed by the fatty alcohols 16:0 and 22:1. This is in contrast 

to the Mingulay samples where the dominant wax ester components were the FAME 

22:1 and the fatty alcohols 20:1 and 22:1 (Table 6.3). There were indications that there 

were two isomers of 20:1 (probably at n-9 and n-7) and 22:1 (probably at n-11 and n-9), 

however clear separation was not achieved. The MUFAs formed the majority of the wax 

ester fraction in the samples from New England, Rockall and Mingulay. The 22:6 (n-3) 

to 20:5 (n-3) ratio was higher in the samples from New England and Rockall than the 

Mingulay samples.
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Table 6.4. The relative abundances (%) ratios and total weight of the FAMES in the 
glyceride fraction of coral tissue samples collected from the NE seamounts, SFA –
saturated fatty acid, MUFA – monounsaturated fatty acid, PUFA – polyunsaturated fatty 
acid. 

NE 1 NE 2 NE 3 NE 4 NE 5 NE 6 NE 7 NE 8
14:0 1.34 2.04 3.09 1.82 1.93 2.58 2.81 2.33
15:0 0.26 0.35 0.26 0.25 0.24 0.00 0.32 0.26
iso-16:0 2.14 1.41 0.06 0.00 0.06 0.89 2.14 1.68
16:0 12.05 10.69 11.67 13.25 11.73 13.34 12.97 12.57
16:1 (n-7) 1.77 2.89 3.75 3.38 3.16 4.18 3.03 3.34
16:2 0.25 1.07 1.46 1.30 0.34 2.03 1.24 1.26
17:0 0.63 5.26 0.53 0.67 0.63 0.64 0.85 1.04
16:3 0.30 0.34 0.54 0.61 0.49 0.51 0.34 0.27
18:0 6.42 4.40 3.17 3.51 3.56 3.83 5.11 5.46
18:1 (n-9) 5.72 7.57 7.24 6.70 6.89 8.59 7.61 7.09
18:1 (n-7) 2.29 2.55 3.04 2.78 2.95 2.95 2.59 2.87
18:2 (n-6) 0.48 0.51 0.55 0.49 0.53 0.62 0.59 0.46
18:4 (n-3) 0.36 0.60 0.65 0.39 0.41 0.88 0.68 0.39
20:0 0.62 0.56 0.49 0.81 0.82 0.61 0.55 0.87
20:1 (n-9) 3.17 2.88 3.26 2.14 2.28 2.86 2.63 2.71
20:1 (n-7) 1.42 1.44 1.71 1.99 1.74 1.57 1.44 1.85
20:2 (n-6) 0.86 0.65 0.57 0.50 0.47 0.59 0.56 0.63
21:0 0.31 0.30 0.29 0.35 0.30 0.00 0.33 0.35
20:4 (n-6) 10.73 5.56 6.50 7.07 6.19 4.97 5.42 5.08
20:4 (n-3) 0.27 0.44 0.44 0.37 0.33 0.55 0.56 8.79
20:5 (n-3) 11.96 11.75 14.00 9.42 9.96 12.38 13.09 8.79
22:1 (n-11) 3.16 2.73 2.86 3.08 3.57 3.03 2.51 4.31
22:1 (n-9) 4.44 4.05 3.09 4.53 3.66 3.77 3.56 4.70
22:2 (n-6) 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00
23:0 0.54 0.34 0.44 0.46 0.13 0.52 0.33 0.29
21:5 (n-3) 0.28 4.69 4.47 4.66 4.88 3.36 3.87 4.17
22:5 (n-3) 5.73 5.80 6.31 5.38 5.88 6.18 5.82 4.10
24:1 0.89 1.26 1.85 3.88 4.66 2.47 2.05 5.20
22:6 (n-3) 3.05 4.37 4.65 4.71 4.67 5.70 3.74 2.51
unknowns 15.41 11.59 4.05 9.51 10.41 4.41 7.79 3.73
ΣSFA 24.32 25.34 20.00 21.12 19.40 22.40 25.41 24.84
ΣMUFA 22.87 25.38 26.81 28.47 28.91 29.42 25.40 32.06
ΣPUFA 34.26 35.77 40.14 34.91 34.24 37.78 35.90 36.44
PUFA/MUFA 1.50 1.41 1.50 1.23 1.18 1.28 1.41 1.14
22:6/ 20:5 0.25 0.37 0.33 0.50 0.47 0.46 0.29 0.29
18:1 n-7/
18:1 n-9 2.50 2.97 2.38 2.41 2.34 2.91 2.94 2.47
Total weight 
mg/g 20.47 25.11 52.39 77.97 59.48 66.22 43.72 37.35
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Table 6.5. The relative abundances (%) ratios and total weight of the FAMES in the 
glyceride fraction of coral tissue samples collected from Rockall Bank, SFA – saturated 
fatty acid, MUFA – monounsaturated fatty acid, PUFA – polyunsaturated fatty acid 
(a,b,c: double bond position not established).

R 1 R2 R 3 R 4 R 5 R 6 R 7 R 8 R 9 R 10 R 11 R 12 R 13
14:0 3.07 4.20 2.67 1.76 2.69 3.87 2.69 3.83 4.24 3.98 2.00 2.02 2.00
15:0 0.32 0.33 0.37 0.41 0.25 0.35 0.33 0.21 0.22 0.22 0.27 0.23 0.23
iso-16:0 3.49 2.40 0.00 0.00 1.83 0.12 0.00 0.00 0.00 0.53 0.00 1.76 0.00
16:0 18.20 15.23 15.82 20.61 11.07 0.19 16.80 11.44 13.18 13.19 14.76 13.21 14.48
16:1 (n-7) 4.46 5.42 5.96 2.18 3.86 4.27 3.72 2.89 3.01 3.31 2.72 2.59 2.50
16:2 0.50 0.43 0.53 0.70 0.39 0.58 0.39 0.70 0.21 0.62 0.00 0.34 0.39
17:0 1.16 0.78 1.47 1.80 0.92 0.60 1.06 0.47 0.47 0.47 0.78 0.70 0.80
16:3 0.48 0.98 0.73 0.49 0.36 0.91 0.53 0.49 0.53 0.48 0.00 0.59 0.40
18:0 7.76 4.13 4.42 9.46 6.53 3.73 6.79 3.71 4.26 3.59 4.76 5.29 4.78
18:1 (n-9) 9.18 11.44 13.94 4.19 6.14 9.83 9.07 3.29 3.88 3.91 3.88 5.04 3.86
18:1 (n-7) 3.11 2.57 2.35 1.70 1.95 2.51 2.91 1.84 2.06 2.15 2.29 2.10 2.22
18:2 (n-6) 0.57 0.92 0.61 0.56 0.68 0.65 0.67 0.53 0.57 0.60 0.00 0.66 0.65
18:4 (n-3) 0.59 0.84 0.56 0.37 0.47 0.74 0.56 0.98 0.97 0.96 0.67 0.60 0.74
20:0 0.93 0.32 0.46 1.20 0.88 0.30 0.86 0.37 0.93 0.46 0.00 0.75 0.59
20:1 (n-9) 4.50 4.17 3.10 3.90 3.66 3.25 3.63 2.84 2.98 3.96 2.64 2.06 2.04
20:1 (n-7) 2.12 0.86 0.96 2.31 1.96 0.74 2.42 0.78 0.00 0.94 0.00 1.14 1.71
20:2 (n-6) 1.05 0.28 0.66 1.42 1.24 0.23 1.29 0.34 0.46 0.42 0.80 0.62 0.90
21:0 0.33 0.40 0.30 0.46 0.37 0.47 0.45 0.65 0.63 0.64 0.47 0.40 0.50
20:4 (n-6) 4.33 3.79 1.00 6.30 7.25 6.55 5.17 8.22 7.40 6.75 7.96 9.31 9.74
20:4 (n-3) 0.34 0.70 0.38 0.00 0.50 0.68 0.46 0.66 0.71 0.75 0.58 0.47 0.57
20:5 (n-3) 0.00 8.19 3.78 5.42 12.10 9.22 9.45 0.00 15.00 19.61 15.98 15.99 0.00
22:1 (n-11) 3.71 3.86 3.44 3.78 3.34 2.86 3.22 2.94 0.08 4.59 2.57 1.82 1.67
22:1 (n-9) 3.07 3.67 3.22 3.37 2.70 3.21 3.64 1.59 3.08 1.65 1.94 2.28 1.84
22:2 (n-6) 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 0.00 0.00 0.00 0.00 0.00
23:0 0.25 0.37 0.38 0.26 0.00 0.39 0.33 0.56 0.53 0.50 0.47 0.40 0.47
21:5 (n-3) 2.97 3.50 2.27 6.07 0.00 4.49 4.24 2.90 3.49 3.10 5.67 5.06 5.50
22:5 (n-3) 3.03 4.28 2.35 3.23 6.17 5.72 4.25 5.88 5.32 5.30 7.20 6.90 6.91
24:1 0.21 0.50 0.00 0.93 0.22 0.41 0.32 0.00 0.21 0.43 0.13 0.00 0.11
22:6 (n-3) 3.46 4.55 3.31 3.07 3.86 5.06 5.27 7.67 7.61 7.66 8.20 7.32 8.32
unknowns 13.73 1.84 22.28 12.27 16.68 15.62 5.51 19.30 1.77 9.25 13.27 10.36 26.08
ΣSFA 35.52 28.16 25.90 35.96 24.54 10.02 29.30 21.24 24.46 23.57 23.51 24.76 23.85
ΣMUFA 30.38 32.48 32.96 22.36 23.84 27.08 28.93 16.18 15.30 20.94 16.17 17.01 15.96
ΣPUFA 17.32 28.45 16.17 27.62 33.04 34.83 32.53 28.38 42.27 46.25 47.05 47.87 34.11
PUFA/
MUFA 0.57 0.88 0.49 1.24 1.39 1.29 1.12 1.75 2.76 2.21 2.91 2.81 2.14
22:6/ 20:5 0.00 0.56 0.88 0.57 0.32 0.55 0.56 0.00 0.51 0.39 0.51 0.46 0.00
18:1 n-7/
18:1 n-9 2.95 4.46 5.94 2.46 3.16 3.92 3.12 1.79 1.89 1.82 1.69 2.40 1.74
Total wt
mg/ g 39.79 76.72 41.21 34.82 89.75 84.66 39.55 81.27 38.58 149.49 29.60 29.11 44.94
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Table 6.6. The relative abundances (%), ratios and total weight of the FAMES and fatty 
alcohols (TMS) in the wax ester fraction of coral tissue samples collected from the NE 
seamounts, SFA – saturated fatty acid, MUFA – monounsaturated fatty acid, PUFA –
polyunsaturated fatty acid (a,b,c: double bond position not established).

NE 1 NE 2 NE 3 NE 4 NE 5 NE 6 NE 7 NE 8
14:0 0.79 0.82 1.27 0.32 0.00 0.91 1.17 1.27
TMS 14:0 0.71 2.46 4.18 3.56 3.21 4.04 4.96 3.92
TMS 15:0 0.00 0.00 0.39 0.37 0.42 0.45 0.48 0.00
16:1 (n-7) 2.44 3.75 4.72 4.49 3.32 4.50 3.90 4.24
16:1 (b) 0.48 3.77 0.39 0.57 0.36 0.50 0.42 0.41
16:0 3.02 2.30 1.41 1.41 1.38 1.27 1.66 2.02
TMS 16:1 1.43 0.95 1.00 1.34 1.12 0.91 1.40 1.73
TMS 16:0 5.93 10.56 14.87 16.98 17.23 15.85 14.54 14.32
18:3 (n-6) 0.54 1.15 1.19 1.08 0.69 1.58 1.22 0.67
18:2 (n-6) 0.95 1.07 1.09 1.33 0.90 1.13 1.15 0.97
18:1 (n-9) 10.60 17.81 17.07 27.51 24.92 19.56 19.15 19.96
18:1 (n-7) 0.96 0.93 1.06 0.82 1.00 1.01 0.00 0.80
18:1 (c) 1.09 0.88 0.62 0.69 0.77 0.62 0.67 0.65
TMS 18:1 (n-9) 4.52 2.43 1.65 2.89 3.60 1.49 2.99 4.63
TMS 18:1 (n-7) 0.60 0.82 1.07 1.00 1.30 1.11 0.97 1.06
TMS 18:1 (c) 0.44 0.39 1.50 0.53 1.50 1.13 0.54 0.83
TMS 18:0 0.62 1.03 1.48 1.54 1.84 1.45 1.03 1.37
20:5 (n-3) 2.56 0.00 4.44 3.32 2.81 4.83 3.48 2.55
20:4 0.54 0.00 0.63 0.46 0.49 0.70 0.53 0.38
20:1 5.30 4.20 3.57 3.39 2.66 3.45 2.50 2.37
TMS 20:1 7.46 4.88 6.85 3.10 3.51 5.71 5.33 5.01
22:6 (n-3) 1.35 2.50 2.01 2.76 2.09 3.01 2.88 1.75
22:5 (n-3) 2.48 2.10 2.12 2.11 0.43 2.04 1.83 1.49
22:1 10.70 7.27 5.64 3.60 4.43 4.73 4.63 4.79
TMS 22:1 18.16 16.71 13.17 8.49 6.38 12.20 13.22 12.83
24:1 (a) 1.84 0.88 1.23 1.01 1.40 0.88 0.88 1.12
24:1 (n-9) 1.11 0.90 0.89 0.43 1.38 0.76 0.78 0.97
24:1 (c) 0.96 0.39 0.62 0.00 0.69 0.48 0.48 0.65
TMS 24:1 (a) 1.23 1.75 1.62 2.63 2.80 1.92 2.23 2.31
TMS 24:1 (n-9) 0.00 0.00 0.29 0.00 0.00 0.00 0.00 0.00
unknowns 11.18 8.05 2.29 1.03 5.28 2.74 2.96 6.88
ΣSFA 11.07 17.16 23.58 24.17 24.08 23.98 23.85 22.89
ΣMUFA 69.33 68.70 62.97 62.50 61.15 60.96 60.08 64.36
ΣPUFA 8.43 6.83 11.48 11.06 7.42 13.28 11.09 7.81
PUFA/
MUFA 0.12 0.10 0.18 0.18 0.12 0.22 0.18 0.12
22:6/ 20:5 1.90 0.00 2.21 1.20 1.35 1.61 1.21 1.46
Total weight 
mg/g 25.67 36.22 114.12 75.39 61.79 127.90 50.06 43.05
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Table 6.7. The relative abundances (%), ratios and total weight of the FAMES and fatty 
alcohols (TMS) in the wax ester fraction of coral tissue samples collected from Rockall 
Bank, SFA – saturated fatty acid, MUFA – monounsaturated fatty acid, PUFA –
polyunsaturated fatty acid.

R 1 R2 R 3 R 4 R 5 R 6 R 7 R 8 R 9 R 10 R 11 R 12 R 13
14:0 1.05 1.09 0.98 0.00 1.43 1.18 1.05 3.52 3.17 2.59 2.27 1.64 1.77
TMS 14:0 6.71 1.23 1.44 0.84 2.93 2.49 4.66 5.06 5.94 0.00 5.25 3.65 5.08
TMS 15:0 0.33 0.00 0.00 0.00 0.00 0.27 0.00 0.26 0.28 4.43 0.30 0.31 0.35
16:1 (n-7) 5.65 3.59 3.10 0.45 4.62 4.25 4.46 7.29 7.20 5.96 6.83 5.23 6.34
16:1 (b) 0.53 0.51 1.84 0.93 0.70 0.50 0.49 0.66 0.61 0.54 0.61 0.53 0.65
16:0 3.00 2.63 3.11 3.21 2.98 1.76 1.77 2.72 2.66 2.47 2.57 2.14 2.64
TMS 16:1 0.83 0.76 0.80 0.43 0.68 0.82 0.86 1.39 1.37 1.31 1.20 0.95 1.08
TMS 16:0 15.31 10.51 10.44 8.47 9.25 15.11 13.25 12.65 13.52 12.06 13.12 13.83 15.12
18:3 (n-6) 0.71 1.14 0.00 1.18 1.28 1.21 0.86 2.10 1.79 1.57 1.90 1.59 2.22
18:2 (n-6) 0.95 0.87 0.84 0.89 1.10 1.10 0.93 1.11 1.43 1.04 1.25 1.30 1.32
18:1 (n-9) 20.68 10.34 12.53 10.17 13.99 15.47 17.68 9.07 10.96 9.76 11.09 12.13 13.09
18:1 (n-7) 1.17 0.94 0.80 0.94 0.98 0.75 0.87 0.00 0.00 0.00 0.79 0.87 0.81
18:1 (c) 1.02 0.74 0.60 1.09 1.00 0.55 0.67 0.60 0.68 0.63 0.76 0.65 0.81
TMS 18:1 (n-9) 0.67 1.76 1.26 2.25 0.64 1.34 1.02 1.26 1.20 1.28 1.39 1.37 1.61
TMS 18:1 (n-7) 0.81 0.80 0.70 0.46 0.63 0.81 0.72 0.60 0.60 0.63 0.72 0.74 0.75
TMS 18:1 (c) 0.33 0.53 0.68 0.62 0.29 0.34 0.51 0.26 0.28 0.28 0.37 0.44 0.44
TMS 18:0 1.28 1.57 1.61 1.17 0.95 1.63 1.39 1.41 1.37 1.18 1.46 1.59 1.59
20:5 (n-3) 0.00 6.67 0.00 0.00 5.34 6.27 3.07 5.91 5.64 5.85 5.78 5.46 5.54
20:4 0.37 0.51 0.00 0.43 0.70 0.45 0.57 0.62 0.70 0.66 0.62 0.62 0.67
20:1 4.57 3.69 4.69 11.23 5.33 3.25 3.34 3.08 3.00 3.46 3.53 3.36 2.90
TMS 20:1 6.62 9.72 8.98 11.23 7.90 7.70 7.51 9.93 8.55 10.87 8.36 7.39 6.85
22:6 (n-3) 1.65 2.88 1.33 2.01 2.94 3.14 2.75 2.41 2.53 2.33 2.93 3.14 3.73
22:5 (n-3) 1.16 1.03 0.61 1.49 2.52 0.48 1.79 1.00 1.07 1.14 2.32 2.49 2.40
22:1 6.71 6.58 9.01 9.49 8.62 4.77 6.67 4.86 4.83 6.04 5.04 5.67 4.12
TMS 22:1 12.44 20.57 18.43 20.17 16.28 17.26 17.46 16.05 14.77 17.68 14.39 17.39 13.22
24:1 (a) 0.38 0.60 0.54 0.54 0.44 0.46 0.50 0.27 0.28 0.36 0.43 0.53 0.00
24:1 (n-9) 0.77 0.66 0.75 0.93 0.69 0.56 0.78 0.34 0.36 0.39 0.00 0.00 0.41
24:1 (c) 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.00 0.00 0.00 0.00
TMS 24:1 (a) 1.15 1.40 1.53 1.87 0.96 1.57 1.74 0.68 0.70 0.68 0.81 1.29 0.91
TMS 24:1 (n-9) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
unknowns 4.09 6.69 13.39 7.49 3.82 4.70 2.26 5.38 5.19 0.47 5.63 5.21 6.47
ΣSFA 27.68 17.02 17.58 13.70 17.55 22.44 22.13 25.63 26.95 22.73 24.98 23.15 26.54
ΣMUFA 64.34 63.18 66.25 72.81 63.75 60.39 65.64 56.32 55.37 59.87 56.32 58.56 54.02
ΣPUFA 4.83 13.11 2.78 6.00 13.88 12.65 9.96 13.16 13.16 12.59 14.80 14.60 15.89
PUFA/ MUFA 0.08 0.21 0.04 0.08 0.22 0.21 0.15 0.23 0.24 0.21 0.26 0.25 0.29
22:6/ 20:5 0.00 2.32 0.00 0.00 1.81 2.00 1.12 2.46 2.23 2.50 1.97 1.74 1.49
Total wt
mg/g 69.21 88.86 47.45 50.78 170.14 108.31 65.70 228.48 150.87 157.03 55.52 41.23 78.74
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The total amount of lipids (mg g-1) varied between New England, Rockall and Mingulay 

samples (Kruskal Wallis H = 13.46, DF = 2, p < 0.001), with Mingulay having the 

highest values (Table 6.8). The total weight of the wax ester (Kruskal Wallis H = 13.62, 

DF = 2, p < 0.001) and the glyceride fractions (Kruskal Wallis H = 8.43, DF = 2, p < 

0.05) also varied between areas with the highest values found in the Mingulay samples. 

Wax esters were the largest fraction in all areas. 

Table 6.8. Mean values (± SD) for the different lipid classes and total lipids (% dry 
weight of coral tissue, % of total lipid, or weight in mg g-1) in samples of Lophelia 
pertusa collected from NE seamounts, Rockall Bank and Mingulay.

Lipid NE R Mingulay 

Total lipid

% of tissue 5.47 (2.63) 6.70 (4.45) 12.44 (6.60)

weight (mg g-1) 54.67 (26.29) 67.01 (4.45) 124.35 (65.91)

Wax ester

% total lipid 57.02 (6.98) 62.01 (8.10) 68.54 (6.62)

weight (mg g-1) 32.09 (18.96) 41.96 (28.08) 87.18 (52.44)

Glycerides

% total lipid 42.98 (6.98) 37.99 (8.10) 31.46 (6.62)

weight (mg g-1) 22.58 (8.56) 25.05 (20.15) 37.18 (19.37)

The MDS plots for the samples from different geographical areas show distinct 

separation in the relative proportions of FAMEs and fatty alcohols between areas for the 

wax ester fraction (Figure 6.4a). The Mingulay samples are distinctly separate from the 

rest of the samples and, although there is some overlap between New England and 

Rockall samples, the two areas show some separation. This is most pronounced for the 

Mingulay samples compared to the Rockall and New England samples. There is also 

some separation between the Rockall and New England samples. The MDS plot for the 
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glyceride fraction shows less separation in relative proportions of FAMEs for the 

different areas, although Mingulay samples show some separation (Figure 6.4b). The 

Mingulay samples show the greatest separation, as they tend to cluster together in one 

area of the plot. The New England and Rockall samples are not separated from each 

other implying similarities between the two areas. 
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Figure 6.4. Multidimensional scaling (MDS) plot of similarities in the abundances of 
lipids in a the wax ester fractions and b the glyceride fractions of coral samples from 
three different geographical areas: New England seamounts (NE), Rockall Bank (R) and 
the Mingulay Reef Complex (MI), circles denote clustering of Mingulay samples.
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Analysis of the data (ANOSIM) revealed significant differences in the fatty acid 

signature from different areas in the wax ester fraction of the samples (r = 0.862, p < 

0.01) and in the glyceride fraction (r = 0.603, p < 0.01).  Pairwise analysis of the data 

showed that there were differences between the New England and Rockall samples and 

the Mingulay samples in both the wax ester and the glyceride fractions and differences 

between New England and Rockall in the wax ester fraction (Table 6.9).

Table 6.9. Pairwise comparisons of fatty acid signatures between New England 
seamounts (NE), Rockall (R) and Mingulay (MI) samples in the wax ester and glyceride 
fractions.

Wax ester Glyceride
Variables r p r p
NE and R 0.399 < 0.05 0.068 0.195
NE and MI 0.977 < 0.01 0.891 < 0.01
R and MI 0.932 < 0.01 0.654 < 0.01

The fatty acids that were contributing to the observed differences between areas were 

identified using SIMPER analysis. The FAMEs 18:1 (n-9), 22:1 and 20:5 (n-3) and the 

fatty alcohols 22:1, 20:1 and 16:0 were the major contributors to the differences 

between all three areas (Table 6.10). In all cases, more than 50% of the difference 

observed was attributable to less than five fatty acids or alcohols. 

In the glyceride fraction, 22:1 (n-11), 20:5 (n-3) and 20:1 (n-9) were in greater 

abundance in the Mingulay samples, while 18:1 (n-9) was more prevalent in the New 

England and Rockall samples (Table 6.11). These four FAMEs contributed nearly 50% 

to the differences between the Mingulay samples and those from New England and 

Rockall. There were no differences between the lipid signatures of New England and 

Rockall samples in this fraction.
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Table 6.10. SIMPER analysis of the FAMES and fatty alcohols in the wax ester 
fractions that contribute to the differences between the fatty acid signatures of different 
a New England seamounts (NE) and Mingulay (MI) b Rockall (R) and Mingulay (MI) c
New England seamounts (NE) and Rockall (R).

Variable NE mean MI mean SD Contribution % Cumulative %
18:1 (n-9) 19.57 6.65 2.60 18.03 18.03
TMS 22:1 12.64 24.74 2.96 16.89 34.92
22:1 5.72 13.52 3.03 10.88 45.81
TMS 20:1 5.23 13.00 5.06 10.86 56.67
TMS 16:0 13.79 6.37 2.26 10.54 67.21
20:1 3.43 6.88 3.07 4.82 72.03
TMS 14:0 3.38 0.85 2.20 3.59 75.62
20:5 (n-3) 3.00 0.86 1.74 3.32 78.94
TMS 24:1 a 2.06 0.43 3.24 2.28 81.21
16:1 (n-7) 3.92 3.32 1.58 2.07 83.28
16:0 1.81 2.92 1.85 1.94 85.22
TMS 18:1 (n-9) 3.03 1.93 1.38 1.83 87.04
22:5 (n-3) 1.83 1.43 1.71 1.23 88.27
14:0 0.82 1.57 1.15 1.22 89.49
22:6 (n-3) 2.29 1.50 1.63 1.17 90.66

Variable R mean MI mean SD Contribution % Cumulative %
TMS 22:1 16.62 24.74 2.69 14.79 14.79
22:1 6.34 13.52 3.22 13.09 27.88
18:1 a 12.84 6.65 1.76 11.29 39.17
TMS 16:0 12.51 6.37 2.62 11.18 50.35
TMS 20:1 8.59 13.00 2.83 8.04 58.40
20:5 (n-3) 4.27 0.86 1.82 6.94 65.34
20:1 4.26 6.88 3.27 6.00 71.34
TMS 14:0 3.48 0.85 1.50 5.09 76.43
16:1 (n-7) 5.00 3.32 1.63 4.50 80.93
22:6 (n-3) 2.60 1.50 1.89 2.06 82.99
14:0 1.67 1.57 1.26 1.73 84.72
16:0 2.59 2.92 1.23 1.58 86.30
22:5 (n-3) 1.50 1.43 1.30 1.45 87.75
TMS 24:1 a 1.18 0.43 1.79 1.36 89.11
TMS 18:0 1.40 0.68 3.14 1.33 90.44

Variable NE mean R mean SD Contribution % Cumulative %
18:1 (n-9) 19.57 12.84 1.62 18.07 18.07
TMS 22:1 12.64 16.62 1.36 11.38 29.45
TMS 16:0 13.79 12.51 1.43 8.64 38.08
TMS 20:1 5.23 8.59 1.74 8.13 46.22
20:5 (n-3) 3.00 4.27 1.82 6.57 52.78
22:1 5.72 6.34 1.22 5.24 58.03
TMS 14:0 3.38 3.48 1.52 4.85 62.88
16:1 (n-7) 3.92 5.00 1.45 4.46 67.34
TMS 18:1 (n-9) 3.03 1.31 1.54 4.22 71.55
20:1 3.43 4.26 0.74 3.57 75.13
14:0 0.82 1.67 1.19 2.46 77.59
TMS 24:1 a 2.06 1.18 1.65 2.23 79.82
16:0 1.81 2.59 1.78 2.22 82.04
22:5 (n-3) 1.83 1.50 1.58 1.98 84.02
24:1 a 1.16 0.41 2.07 1.79 85.81
22:6 (n-3) 2.29 2.60 1.33 1.72 87.53
16:1 b 0.86 0.70 0.61 1.48 89.02
18:3 (n-6) 1.02 1.35 1.38 1.48 90.49

a

b

c
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Table 6.11. SIMPER analysis of the FAMEs in the glyceride fractions contributing to 
the differences between the fatty acid signatures of different areas a New England 
seamounts (NE) and Mingulay (MI) b Rockall (R) and Mingulay (MI).

Variable NE mean MI mean SD Contribution % Cumulative %
22:1 n-11 3.15 9.91 2.39 15.59 15.59
18:1 n-9 7.18 2.00 5.74 11.34 26.94
20:1 n-9 2.74 7.38 2.77 10.19 37.12
20:5 n-3 11.42 13.20 1.25 6.88 44.00
22:1 n-9 3.98 1.99 1.98 6.50 50.50
24:1 2.78 0.51 1.51 4.97 55.47
16:0 12.28 14.17 1.45 4.57 60.04
21:5 n-3 3.80 4.04 0.72 4.45 64.49
20:4 n-6 6.44 6.24 1.01 4.27 68.76
16:1 n-7 3.19 1.66 2.12 3.44 72.20
20:4 n-3 1.47 0.84 0.55 2.90 75.10
22:5 n-3 5.65 5.09 1.44 2.79 77.89
18:1 n-7 2.75 1.51 3.48 2.74 80.62
14:0 2.24 3.27 1.60 2.64 83.27
22:6 n-3 4.17 4.87 1.33 2.46 85.73
20:1 n-7 1.64 0.64 3.39 2.20 87.93
i16:0 1.05 1.27 1.30 2.20 90.13

Variable R mean MI mean SD Contribution % Cumulative %
22:1 n-11 2.91 9.91 2.29 15.45 15.45
20:5 n-3 8.83 13.20 1.39 14.76 30.21
18:1 n-9 6.74 2.00 1.36 10.01 40.22
20:1 n-9 3.29 7.38 2.27 8.67 48.90
16:0 13.71 14.17 0.88 7.07 55.97
20:4 n-6 6.44 6.24 1.20 5.06 61.03
21:5 n-3 3.79 4.04 0.74 4.45 65.48
16:1 n-7 3.61 1.66 1.61 4.15 69.63
22:6 n-3 5.80 4.87 1.59 4.14 73.77
22:1 n-9 2.71 1.99 0.88 3.91 77.69
22:5 n-3 5.12 5.09 1.42 3.44 81.12
18:0 5.32 3.99 0.99 3.29 84.41
i16:0 0.78 1.27 1.38 2.61 87.02
14:0 3.00 3.27 1.45 2.11 89.13
20:1 n-7 1.23 0.64 1.40 1.69 90.82

a

b
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6.4 Discussion

6.4.1 Seasonal analysis of the lipid signature of Lophelia pertusa

The amounts of total lipids and the amounts of the two lipid classes, wax esters and 

glycerides, showed no seasonal variation. However, the p-values were close to 

significance and the standard deviations were high, so it is possible that there were some 

differences between months but the sample size was too small to adequately reflect this 

(i.e. a type II error). However, any changes between months did not follow an obvious 

seasonal cycle. Seasonal variations of lipid signatures have previously been attributed to 

variations in the distribution of prey species (Cripps et al., 1999; Taylor and Savage, 

2006). Seasonal inputs of phytodetritus and copepod species have been recorded in 

spring and summer months in areas of L. pertusa (Duineveld et al., 2004; Kiriakoulakis

et al., 2004). It might have been predicted, therefore, that the amount of lipids in 

L. pertusa tissues would have increased in the spring and summer, before decreasing in 

the winter months, as a result of lower food input. Hudson et al. (2004) predicted that 

the increased polyunsaturated fatty acids (PUFAs) available from phytodetritus in 

spring and summer would result in an increase in PUFAs in the lipids of deep-sea 

holothurians. This was observed in three species of holothurians, but five species 

showed no seasonal variations in PUFAs (Hudson et al., 2004). The authors suggested 

that variations in PUFA content were attributable to variations in reproductive strategies 

rather than the seasonality of food input. 

Polyunsaturated fatty acids (PUFAs) are important in the reproduction of marine 

invertebrates and have therefore been seen to vary with the reproductive cycle (Pond et 

al., 1996; Rosa and Nunes, 2002; 2003). The amount of PUFAs in L. pertusa tissues did 

not vary between months. Histological analysis of L. pertusa from the Porcupine 
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Seabight suggested the onset of gametogenesis in July, with a predicted release of 

gametes in January or February (Waller and Tyler, 2005). Samples of L. pertusa from 

oil rigs in the North Sea contained large-sized gametes in November, which appeared to 

support this theory; however, a large proportion of the samples had no gametes (Gass, 

2007). Waller and Tyler (2005) found that coral polyps collected from a colony of 

L. pertusa at the Darwin Mounds in the Rockall Trough in July were not reproductively 

active and they attributed this to fishing impacts resulting in a greater incidence of 

asexual reproduction. It is possible that the Mingulay samples were not reproductively 

active and therefore did not show seasonal variations in the amount of lipids in relation 

to a reproductive cycle. There are no records of spawning events at the Mingulay Reef 

Complex or any other L. pertusa area. Fishing impacts have not been observed at the 

Mingulay Reef Complex from video and photographic surveys of a proportion of the 

area (Roberts et al., 2005a).

There were some differences in the degree of fatty acid saturation between months 

within the lipid fractions. In the wax ester fraction the amount of monounsaturated fatty 

acids (MUFAs) differed between months, with the lowest observed in July. In the 

glyceride fraction, the saturated fatty acids (SFAs) and MUFAs also varied between 

months. The lower values in July could imply feeding on MUFA-rich copepods in the 

late summer or autumn; however, the differences between months do not follow a clear 

pattern. It is therefore difficult to determine whether the differences are a result of 

variations in food supply or seasonal variation in metabolism. Large amounts of wax 

esters were present in the tissues in all months and this has previously been used to 

indicate a variable food supply as these storage lipids are primarily utilised during times 

of low food input (Lee et al., 1971; Falk-Petersen et al., 1981; Sargent and Falk-

Petersen, 1988), however, there was no evidence of a decrease in wax esters in 
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L. pertusa during the winter months. It is possible that L. pertusa can modify its 

metabolism throughout the year in relation to food availability as is seen in Antarctic 

invertebrates (Peck et al., 1997; Brockington and Peck, 2001; Fraser et al., 2002). If 

growth and respiration rates are lower in winter months, lipid levels could be 

maintained at near constant levels throughout the year, despite a lower winter food 

input. More extensive information on the lipids of L. pertusa is required throughout the 

entire year and in a number of different locations. This should be combined with 

histological analysis of reproductive tissues and further information on seasonality in 

food sources and metabolism.

6.4.2 Geographical differences in the lipid signature of Lophelia pertusa

The tissue of L. pertusa contained relatively large amounts of lipids, and showed some 

geographical variability. The amounts of total lipids measured in this study ranged from 

7-16% of the ash-free dry mass of tissue, which is similar to levels recorded in 

temperate anemones (10-13%) (Harland et al., 1992b) and tropical scleractinians in the 

Red Sea (11-17%) (Harland et al., 1993). These values are lower, however, than the 

values of 24-35% that were recorded for Caribbean species of tropical corals (Harland

et al., 1992a). The lipid content of L. pertusa was also similar to the values recorded for 

deep-sea nematodes (Danovaro et al., 1999). The larger amounts of lipids found at the 

Mingulay Reef could suggest a greater input of lipid-rich prey sources and a strong link 

to surface production in this area. 

The presence of large quantities of PUFAs in the particulate organic matter (POM) of 

deeper water sites in Rockall and Porcupine Seabight suggest that there is a strong link 

to surface production, even at these depths (Kiriakoulakis et al., 2007). However, the 
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authors also found a great deal of variability between sites. Duineveld et al. (2004) 

recorded phytodetritus as well as species of copepods and amphipods in sediment traps 

by an area of L. pertusa on the Galicia Bank. It therefore seems likely that L. pertusa

will exploit phytodetritus and zooplankton species.

The lipid signature of the glyceride fraction did not differ between New England and 

Rockall samples, but both were different to the signature of Mingulay samples. A large 

number of FAMEs accounted for the differences implying a significant difference in 

dietary input at the Mingulay reef. The dominant FAME in the glyceride fraction of 

L. pertusa from all three areas was the saturated fatty acid 16:0, which is commonly 

found in marine animals including zooxanthellate corals (Patton et al., 1983; Yamashiro 

et al., 1999). The PUFA 20:5 (n-3) was also an important component of this fraction in 

all areas, although it occurred in higher proportions in the New England and Rockall 

samples. The PUFA 20:5 (n-3) originates from phytoplankton and is also commonly 

found in herbivorous copepods, where it is an important component of structural 

membranes (Albers et al., 1996; Graeve et al., 1997; Kattner et al., 2003). It is often 

seen together with the PUFA 22:6 (n-3), which is present in samples from all areas but 

in lower quantities. The low ratio of 22:6 (n-3)/ 20:5 (n-3) observed in this study 

suggests that they may originate from dinoflagellates rather than from diatoms, and is 

similar to the ratio recorded for L. pertusa by Kiriakoulakis et al. (2005). The presence 

of 20:5 (n-3) alone cannot indicate whether the origin is directly from dinoflagellates or 

whether it is conserved in herbivorous mesozooplankton prey. The ratio of 22:6 (n-3)/ 

20:5 (n-3) recorded by Kiriakoulakis et al. (2005) was different to that of the sPOM 

collected from the Porcupine Seabight, suggesting a likely influence of herbivorous 

zooplankton. The dominance of 20:1 (n-9) and 22:1 (n-11) in the Mingulay samples 

also implies that the corals may be feeding on zooplankton since calanoid copepods 
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synthesize these fatty acids de novo (Dalsgaard et al., 2003). These MUFAs were 

present in lower proportions in the New England and Rockall samples and accounted 

for approximately 25% of the difference between these and the Mingulay samples. 

The MUFA 18:1 (n-9) was more dominant in the New England and Rockall samples 

compared to Mingulay samples. The ratio between 18:1 (n-9)/ 18:1 (n-7) can reflect 

feeding mode and trophic level (Graeve et al., 1997). In samples from New England and 

Rockall the ratio is high, suggesting a carnivorous rather than an herbivorous diet. The 

FAME 20:4 (n-6) is also prevalent in the samples. The source of this is not fully known 

but possibilities include macroalgae, sediment bacteria and free-living deep-sea bacteria 

(Takagi et al., 1980; Bell and Sargent, 1985; Nichols et al., 1993; Dunstan et al., 1994). 

This together with small proportions of iso-16:0 and 18:1 (n-7) could suggest some 

bacterial input to the diet. Heterotrophic bacteria in marine snow have previously been 

identified as a food source for benthic suspension feeders (Jorgensen, 1966). A previous 

study on L. pertusa lipids also revealed the presence of some bacterial fatty acids in the 

lipid signature (Kiriakoulakis et al., 2005).

Wax esters dominated the lipid signatures in all three areas, which implies a dependence 

on wax ester-rich copepods. Herbivorous calanoid copepods from high latitudes store 

large quantities of lipids as wax esters (Lee et al., 1971). In the Mingulay samples, 22:1 

and 20:1 fatty acids and alcohols were dominant and together contributed more than 

40% to the differences between these samples and those from New England and 

Rockall. These fatty acids and alcohols were also present in smaller proportions in 

Rockall samples and contributed approximately 20% to the differences with New 

England samples. Since calanoid copepods are the only organisms known to synthesize 

these fatty acids and alcohols de novo they, therefore, appear to be an important prey 
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species of L. pertusa, especially at the Mingulay Reef. The fatty acid 18:1 (n-9) and the 

fatty alcohol 16:0 were more dominant in New England and Rockall samples than in 

Mingulay samples and were found in highest proportions in the New England samples.

The 16:0 fatty alcohol is also prominent in copepods but tends to be more prevalent in 

non-calanoid species e.g. Metridia longa or in euphausids such as Thysanoessa inermis, 

than in calanoid species of copepods e.g. Calanus finmarchicus and C. hyperboreas

(Sargent and Falk-Petersen, 1981, 1988). A study of the lipids of non-calanoid copepods 

revealed the dominance of the fatty acid 18:1 (n-9) and the fatty alcohols 14:0 and 16:0 

(Kattner et al., 2003). These fatty acids and alcohols tend to indicate omnivorous or 

carnivorous feeding (Sargent and McIntosh, 1974). The higher prevalence of 18:1 (n-9) 

and the fatty alcohol 16:0 in New England and Rockall samples suggests a greater 

dependence on omnivorous or carnivorous non-calanoid copepods compared to 

Mingulay, where herbivorous calanoid copepods are a more likely food source (Table 

6.12).

Table 6.12 Relative proportions (%) of the dominant fatty alcohols and fatty acids found 
in Lophelia pertusa from three different areas (Mingulay, Rockall and New England), a 
non-calanoid copepod Oithona similis and a calanoid copepod Calanus finmarchicus.

Lophelia pertusa Non-calanoid
copepod

Calanoid
copepod

Lipid Mingulay Rockall NE Oithona 
similis

Calanus 
finmarchicus

Alcohols
14:0 0.9 3.5 3.4 23.7 6.4
16:0 6.4 12.5 13.8 71.9 17.8
20:1 (n-9) 7.5 6.1 5.0 4.3 40.5
22:1 (n-11) 18.8 10.6 8.3 - 17.7

Fatty acids
18:1 (n-9) 1.9 12.8 19.6 7.2 4.5
20:1 (n-9) 6.7 3.8 2.7 0.1 8.9
22:1 (n-11) 10.1 5.2 4.2 - 11.8

Author this study Kattner
et al., 2003

Sargent and 
Falk-Petersen, 
1988
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The difference in copepod prey between Mingulay and the two deeper sites, New 

England and Rockall, appears to relate to global distribution of copepod species. High 

concentrations of non-calanoid copepods have been found in shelf regions (Paffenhofer

et al., 1987), in older, up-welled water on the South-East continental shelf of the USA 

(Paffenhofer, 1993), on the Cape Hatteras shelf (Verity et al., 1996) and in the 

Porcupine Seabight to the west of Ireland (Hillgruber et al., 1997). The importance of 

small non-calanoid copepods in zooplankton communities has received increasing 

attention in recent years (Turner, 2004). The high abundance of these species, e.g. 

members of the Oithonidae, can result in an equivalent biomass to that of calanoid 

species, despite their small size.  

The geographical variation of Arctic amphipods has been attributed to the preference of 

certain species for calanoid copepods, while other amphipod species prefer omnivorous 

or carnivorous copepods that are found in greater abundance in deeper waters (Auel et 

al., 2002). It seems possible, therefore, that the difference in depths between the areas 

where L. pertusa occurs could account for the differences in copepod prey species 

observed in this study. The abundance and biomass of zooplankton is dependent on 

phytoplankton abundance and therefore tends to decrease with depth (Angel and Baker, 

1982). The relatively shallow water Mingulay reef is likely to have a closer link to 

surface production and therefore a greater abundance of herbivorous copepod species, 

whereas the deeper sites of Rockall and New England may have a reduced input of 

surface production and more omnivorous/carnivorous copepod species. The New 

England and Rockall samples also had lower amount of lipids suggesting decreased 

food input into these areas compared to the Mingulay area. 
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There are no published studies on the plankton species of the Sea of the Hebrides, 

where the Mingulay Reef Complex is situated. However, a long-term monitoring 

programme in Loch Ewe on the west coast of Scotland has recorded high numbers of 

calanoid copepods, especially C. helgolandicus, which occurs mainly in the late 

summer (FRS, 2007). The calanoid C. finmarchicus was also present in lower numbers, 

as were small calanoid species and small cyclopoid copepods, including Oithona

species (FRS, 2007). A comparison of plankton species on the west coast of Scotland 

revealed an increase in the abundance of large oceanic calanoid species with increasing 

distance from the coast (Mauchline, 1987). It is therefore possible that the Mingulay 

Reef has a greater dominance of oceanic calanoid species than the coastal area of Loch 

Ewe. These species are potentially important prey species for L. pertusa at the Mingulay 

Reef and are likely to contribute to high levels of wax esters and calanoid copepod lipid 

biomarkers.

There are similarities between this study and the previous study on lipids of L. pertusa

by Kiriakoulakis et al. (2005). Both studies report high proportions of PUFAs and 

MUFAs. The ratio of PUFA: MUFA in total lipids recorded by Kiriakoulakis et al.

(2005) was 1.13. In the present study, the ratio in the glyceride fraction was similar 

(1.3), but was much lower in the wax ester fraction (0.2). Therefore, the lack of 

separation of lipid classes by Kiriakoulakis et al. (2005) underestimated the importance 

of MUFAs in the wax ester fraction. However, the authors did note the relatively large 

proportions of MUFAs and together with the difference in the ratio of 22:6/ 20:5 

between the corals and the sPOM, suggested a mesozooplankton food source for L. 

pertusa. The present study revealed the dominance of the wax ester fraction and has 

identified fatty acids and equivalent alcohols in the tissues of L. pertusa that can be 

attributed to copepod species.



152

The results of this study indicate that Lophelia pertusa is more carnivorous than species 

of shallow-water azooxanthellate scleractinians. Species of the Family Dendrophyllidae 

had higher levels of PUFAs than L. pertusa, although a similar composition including 

20:5 (n-3), 22:5 (n-3) and 20:4 (n-6) (Latyshev et al., 1991). As a result of the high 

proportion of PUFAs, and the low MUFA content other than 18:1 (n-9), the authors 

suggested a mainly phytoplankton food source for Tubastrea species (Latyshev et al., 

1991). The lipid signature of L. pertusa has many similarities to those of the deep-sea 

suspension feeding asteroids, Freyella elegans, Brisingella coronata and Brisinga 

endecacnemos (Howell et al., 2003). These asteroids had high levels of PUFAs as well 

as the copepod markers 20:1 and 22:1, suggesting a diet linked to the benthopelagic 

food web, with specialisation on copepods (Howell et al., 2003).

6.5 Conclusions

The fatty acid composition of L. pertusa shows a strong link to surface production. 

Copepod species appear to be a dominant food source and the geographical variations in 

lipid signature are likely to be related to variations in copepod prey species. The 

reduced amount of lipids in New England and Rockall corals could imply differences in 

food availability and metabolism. The results in Chapter 5 recorded lower growth and 

oxygen consumption rates for L. pertusa from the Rockall Bank compared with those 

from Mingulay, which could imply that metabolism was reduced to cope with decreased 

food input. The lack of an obvious seasonal pattern in lipid storage could suggest that 

Mingulay corals are reproductively inactive, or have a different reproductive strategy to 

previous studies from other areas. Alternatively, L. pertusa might be able to modify its 

metabolism in relation to the prevailing conditions of food input. The apparent lack of a 
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seasonal cycle suggests that L. pertusa is not dependent on particular copepod species 

that spawn at different times of the year. It is therefore likely that L. pertusa is an 

opportunistic feeder that is capable of exploiting the dominant copepod species in a 

particular area. In recent years, changes in the distribution of copepod species have been 

observed and this has been linked to increased seawater temperature caused by climate 

change (Reid et al., 1998; Beaugrand et al., 2002; Beaugrand and Reid, 2003). It is 

therefore likely that the current prey species of L. pertusa in particular areas will change 

in the coming decades. The opportunistic nature of L. pertusa feeding could benefit this 

species under changing conditions. However, the links between seasonality and 

abundance of prey species, reproduction and metabolism have not been established and 

this requires further study before accurate predictions can be made.
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Chapter 7

Discussion

In light of the threats to cold-water coral habitats and our current lack of understanding, 

experiments on the physiology and biology of reef framework-forming cold-water 

corals and how they react to changes in their environment, were urgently required. 

There has been very little research on the physiology of L. pertusa and the links to its 

ecology. Hence, this thesis addressed various aspects of the biology and physiology of 

L. pertusa and attempted to relate them to the environment in which it is found. The 

difficulties in studying a deep-water animal resulted in various limitations to this 

research that will be discussed before focusing on the implications from the three main 

areas of research: respiratory physiology, growth rates and feeding ecology of 

L. pertusa. 

7.1 Limitations 

The main limitation in this work relates to the use of laboratory-based studies and the 

applicability of the findings to the natural environment. Laboratory studies often 

indicate that organisms are able to survive a wider range of environmental conditions 

than are actually observed in the field (Spicer and Gaston, 1999). Specimens that are 

maintained in aquaria might not show the same physiological responses that occur in 

animals in the field. The constant conditions of marine aquaria may also lead to a 

decreased response to stimuli. Despite the fact that aquarium experiments do not 

accurately represent every aspect of natural conditions, they are still a very useful, 

predictive tool (Carlson, 1999), especially in deep-sea research. Aquarium experiments 
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allow for the analysis of the effects of individual variables under otherwise constant 

conditions. 

The difficulties in collecting adequate numbers of samples from deep-water settings 

often limited the scope of this research and resulted in low numbers of replicates in the 

experiments, which in turn, makes it more difficult to extrapolate results to the natural 

environment. Although there are limitations of laboratory experiments, they are an 

essential component of research due to the difficulties in working with organisms in 

deep-waters and are necessary to drive field research. Field-based physiology 

experiments on L. pertusa are challenging due to the technological requirements and 

great expense of studying animals at depth. Hopefully, future advances in the field of 

deep-sea research will allow for greater access and in situ analysis of physiological 

processes, for example, the use of respiration chambers on benthic landers. 

7.2 Respiratory physiology

Despite the limitations described, this thesis provides important information on aspects 

of the ecophysiology of L. pertusa. The investigation of the respiratory physiology of 

L. pertusa revealed low rates of oxygen consumption compared to tropical 

scleractinians. The oxygen consumption rates appear to be more similar to soft coral 

species and were also similar to those recorded in Chapter 4 for the temperate cup coral, 

Caryophyllia smithii. The lower rates recorded for L. pertusa and C. smithii compared 

to tropical corals is likely to result both from lower temperatures and a lack of 

endosymbiotic algae. The low metabolic rate of L. pertusa and C. smithii suggests a low 

energy demand. Comparing respiration rates between coral species is complicated by 

differing normalisation methods. In Chapter 5, a number of biomass measurements were 
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assessed and oxygen consumption was normalised to ash-free dry mass of tissue. 

Several biomass measurements can be made simultaneously and this may be the best 

option for future research as morphological differences may alter the relationship 

between biomass characteristics. In tropical corals, respiration accounts for up to 70% 

of energy requirement (Sorokin, 1995) and if this is also the case in L. pertusa, it would 

suggest an overall low total energy requirement. Many organisms in deep waters have 

low metabolic rates, even after a correction for temperature, and this has been linked to 

low and seasonally variable food inputs (Gage and Tyler, 1991). The decline in 

metabolism with depth is approximately linear for many species, suggesting that 

L. pertusa will have lower metabolic rates than shallow-water organisms. Lophelia 

pertusa is often found in areas of increased production (White et al., 2005), although 

with pronounced seasonal and annual variation in the flux of organic material to the 

seafloor (Duineveld et al., 2004).

Oxygen consumption is an important component of an animal’s energy budget; it was 

therefore of interest to investigate the effect of changes in environmental variables on 

oxygen consumption. Previous studies have recognised the link between L. pertusa

areas with waters of between 4 and 12 oC (Roberts et al., 2003), but no studies have 

investigated how the animal responds physiologically to variations in temperature. Both 

literature values and those presented in Chapter 2 show daily fluctuations in temperature 

in the field, which may be influenced by a tidal regime (Roberts et al., 2005b). These 

field-collected data suggest that L. pertusa experiences temperature fluctuations of 

around 1-2 oC. However, Q10 values obtained during this study suggest that L. pertusa is 

stenothermic, as illustrated by sensitivity to relatively modest increases in temperature. 

A greater Q10 value was observed at the upper end of the temperature range, possibly 

supporting the field observations that 11-12 oC is close to the upper thermal limit of 
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occurrence. The Q10 values for the cup coral C. smithii suggested less temperature 

sensitivity and this probably reflects the greater range of temperatures experienced by 

this shallow-water scleractinian.

The temperature sensitivity of L. pertusa suggests that future changes in seawater 

temperature could reduce the suitability of current areas of occurrence and lead to large-

scale changes in distribution. Even if higher seawater temperatures do not exclude the 

occurrence of L. pertusa, the temperature sensitivity observed in this research implies 

that coral metabolism will increase with a concomitant increase in energy requirements. 

If L. pertusa cannot meet the increased energy requirements from food sources, then 

energy requiring processes such as growth and reproduction could be adversely affected

(Newell and Branch, 1980; Clarke, 2003). It is unclear whether this species will be able 

to adapt to long-term changes in temperature. A major physiological threat from high 

temperatures is temperature-induced hypoxia (Pörtner, 2001). The ability of L. pertusa

to maintain respiratory independence at high temperatures might suggest some 

capability for adaptation; however, there was only a modest increase in temperature that 

was within the natural temperature range of this species.

There are no data on the fluctuations in oxygen concentration within the reef structure 

of L. pertusa. Studies have recorded near-bed oxygen concentrations ranging from 2.6 

ml l-1 in the Gulf of Mexico to 6.7 ml l-1 in shallow-water areas of L. pertusa in Sweden 

(Schroeder, 2002; Wisshak et al., 2005). Data were presented in Chapter 2 that showed 

the oxygen concentration of the Mingulay study site was relatively high with a mean of 

6.1 ml l-1. Previous work by Freiwald (2002) linked the occurrence of L. pertusa in the 

North East Atlantic to zones of low oxygen of 3-5 ml l-1. The response of L. pertusa to 

varying oxygen availability revealed a capacity for respiratory independence, and 
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therefore, aerobic metabolism, until oxygen levels reached 3.3 ml l-1 (approximately 

50% saturation). It is therefore possible that oxygen levels are one of a number of 

environmental factors that limit the distribution of L. pertusa. Previous studies have 

used occurrence data correlated with environmental factors to indicate possible limiting 

factors including temperature, salinity, oxygen (Freiwald, 2002) and, more recently, the 

ASH (Guinotte et al., 2006). However, causal links cannot be attributed to these factors 

from correlations alone and laboratory studies are required to determine the 

physiological response of L. pertusa to abiotic factors. This thesis presents the first 

laboratory study of the effects of oxygen availability on metabolism as a potentially 

limiting factor to distribution. However, a number of physiological and abiotic factors 

are likely to control distribution and the ability to attribute distribution unequivocally to 

individual factors is notoriously difficult (Spicer and Gaston, 1999). 

The distribution of L. pertusa has also been linked to the occurrence of oceanic water 

masses of suitable conditions. These generally occur below surface waters where 

temperature decreases, salinity increases and there is a corresponding decrease in 

oxygen level. Studies of the hydrography of giant carbonate mound provinces from the 

Rockall Bank and Porcupine Seabight show an association with Mediterranean Outflow 

Water (MOW), which occurs below warmer, less saline and more oxygenated North 

Atlantic water (White, 2007). Lophelia pertusa occurs in the Sea of the Hebrides, an 

area supplied with cool and dense Atlantic deep water (Gillibrand et al., 2001). Climate 

change scenarios suggest a reduction in salinity of the world’s oceans in polar regions 

as well as increased temperatures (IPCC, 2007). A reduction in the salinity of polar seas 

has already been recorded (Curry et al., 2003), while Mediterranean seawater is 

increasing in temperature and salinity (Roether et al., 1996). All climate change 

scenarios suggest a weakening of the thermohaline circulation (THC) in the North 
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Atlantic, with a complete collapse predicted at high atmospheric CO2 levels (Joos et al., 

1999). A decrease in THC is likely to result in decreased production of North Atlantic 

Deep Water (Joos et al., 1999). If oxygen levels and other abiotic factors, such as 

temperature and salinity, which occur in specific water masses, are linked to the 

distribution of L. pertusa, any changes in hydrography and water mass formation and 

movement could alter the present occurrence of this species.

Although permanently hypoxic conditions may limit the occurrence of L. pertusa it 

appears that this species may be able to withstand fluctuations in oxygen levels. Lactate 

accumulated in tissue samples held under anoxia. This, together with the occurrence of 

an oxygen debt on return to normoxia, suggested that L. pertusa can respire 

anaerobically under low oxygen conditions. Anaerobic metabolism has not been 

previously recorded in scleractinian corals although variations in oxygen levels have 

been recorded within tropical reefs and this has been attributed to community and coral 

respiration as well as the complexity of the reef structure (Kuhl et al., 1995; Gardella 

and Edmunds, 1999; Richier et al., 2003). The mechanism of survival for many species 

of tropical scleractinians is through the production of oxygen by symbiotic 

dinoflagellates. It is unclear whether similar low oxygen conditions would occur within 

the L. pertusa reef structure and this requires further investigation. However, variations 

in oxygen levels within the L. pertusa habitat are likely to result from seasonal falls of 

phytodetritus of the sort that have been recorded in areas of L. pertusa by Duineveld et 

al. (2004).

A similar ability to survive hypoxia and anoxia was observed in C. smithii. This cup 

coral is often found in areas of relatively high sedimentation, thought to reduce the 

competitive exclusion by macroalgae (Bell and Turner, 2000; Bell, 2001). The ability 
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for C. smithii to survive periods of sedimentation is likely to be achieved by its ability to 

maintain aerobic metabolism under low oxygen levels and to switch to anaerobic 

metabolism under severe hypoxia and anoxia. A behavioural response to hypoxia and 

anoxia was also observed for C. smithii. As oxygen levels decreased the polyp diameter 

markedly increased and it was also observed to ‘inflate’ its polyps. This type of 

response has previously been observed when C. smithii is covered in layers of sediment,

in both the field and the laboratory (Bell pers. comm.; Hiscock and Howlett, 1977). The 

behaviour was attributed to a need to escape the layer of sediment and maintain feeding 

(Bell, pers. comm.). However, the work presented in Chapter 4 suggests that the 

behavioural response to sedimentation may in fact be a reaction to decreasing oxygen 

availability. Caryophyllia smithii and L. pertusa appear to employ similar mechanisms 

to survive low and fluctuating oxygen levels. 

The results presented in this thesis suggest that both L. pertusa and C. smithii may be 

physiologically capable of surviving periods of sedimentation. This ability in L. pertusa 

may relate to changing levels of sedimentation that is a feature of carbonate mound 

formation. Carbonate mounds have developed through glacial and interglacial periods 

as a result of changes in seawater circulation and the entrapment of sediment within the 

reef framework (Dorschel et al., 2005; Huvenne et al., 2005). When coral growth rates 

are higher than the rate of sediment infill, the carbonate mounds grow, but when growth 

rates are lower than sedimentation rates, the live corals are smothered and further 

growth ceases (Huvenne et al., 2005). The cycle of mound development was reviewed 

by Roberts et al. (2006) and can be used to explain the formation of giant carbonate 

mounds in the North East Atlantic. It therefore seems likely that L. pertusa experiences 

high levels of sedimentation and has developed some resilience to this feature of its 

environment.
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7.3 Growth rates 

As well as exhibiting low rates of oxygen consumption, L. pertusa also appeared to 

have low growth rates. Again this may be linked to the conditions in deeper water, 

namely, low temperatures and a low and seasonal food input (Gage and Tyler, 1991; 

Childress, 1995). The growth rate of L. pertusa measured in this study was positively 

correlated with the rate of oxygen consumption. This could be a result of increased 

oxygen consumption supplying greater levels of carbon for skeletogenesis and would 

support the McConnaughey and Whelen (1997) model of calcification proposed for 

tropical scleractinians, that suggests calcification is linked to internal (and symbiont) 

metabolism (Al-Horani et al., 2003). An alternative hypothesis is that increased growth 

rates could result in larger amounts of respiring tissue. However, the relationship 

between skeletal weight and tissue weight was highly variable between individuals and 

among samples collected from different geographical areas, therefore, making the first 

hypothesis more probable.

The slow growth and metabolic rates of L. pertusa could make this species particularly 

vulnerable to current fishing practices. The use of heavy gear in deep-water fisheries has 

already had a negative impact on many areas of L. pertusa (Fosså et al., 2002; Hall-

Spencer et al., 2002). Lophelia pertusa reefs are long-lived and reefs off Norway have 

been aged at 9000 years (Hovland and Mortensen, 1999). If areas of L. pertusa are 

destroyed they will take thousands of years to recover. 

As well as fishing impacts, the effects of climate change are likely to threaten 

L. pertusa. The growth of L. pertusa is likely to be affected by both temperature and 

increased PCO2 leading to ocean acidification and reduced aragonite saturation. Growth 
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rates of tropical and temperate corals increase with temperature within their natural 

temperature range, but decline with further increases (Coles and Jokiel, 1978; Marshall 

and Clode, 2004; Edmunds, 2005; Rodolfo-Metalpa et al., 2006). Tropical coral 

researchers have also demonstrated the negative effects of increased PCO2 on coral 

calcification in shallow-water scleractinians (Gattuso et al., 1998; Leclerq et al., 2000; 

Marubini et al., 2003; Reynaud et al., 2003; Langdon and Atkinson, 2005). To date, no 

studies have investigated the effect of increased temperature and decreased aragonite 

saturation on the growth of L. pertusa.

7.4 Geographical differences in metabolism and feeding

Lophelia pertusa showed some geographical variation in both oxygen consumption and 

growth rates between the Mingulay Reef Complex and Rockall Bank. The Mingulay 

Reef Complex is around 150 m deep, whereas the coral samples from Rockall Bank 

were collected from 900 m. Despite the difference in depth between the two areas, the 

temperature regimes are similar (see Chapter 2). The growth rates at Mingulay were 

slightly higher than those at Rockall Bank. The samples were collected at the same time 

of year to reduce the effects of any seasonal variation in growth rates. However, 

sampling methods differed between the two areas, which could have affected the 

condition of the samples. The rate of oxygen consumption of L. pertusa from the 

Mingulay Reef was also significantly higher than that recorded for samples from the 

Rockall Bank. The higher rates at the Mingulay site may be a result of a stronger link to 

surface primary production that is likely in shallower areas.

This was supported by evidence from the analysis of the lipid signature of L. pertusa

from the two areas. The Mingulay coral samples had nearly double the lipid content of 
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the Rockall samples. They also had a larger proportion of wax esters within the lipids. 

This fraction has been used to indicate seasonality of food input, where wax esters are 

stored during times of food input and utilised when food sources are scarce (Falk-

Petersen et al., 1981). However, there was no apparent seasonal cycle in the amount of 

lipids or of different lipid classes for Mingulay corals, although sample sizes were 

small. The large proportion of wax esters is more likely to reflect the dependence on 

copepod species as prey items since they store large proportions of their lipids as wax 

esters (Lee et al., 1971; Sargent and Falk-Petersen, 1988). The lipid stores of two 

species of tropical scleractinians, Turbinaria mesenterina and Acropora valida, were 

higher in coastal than in offshore areas (Anthony, 2006). The authors found no 

differences in reproductive investment and therefore attributed the larger lipid reserves 

to increased somatic growth in coastal areas. Lophelia pertusa does not appear to store 

larger amounts of lipids as a strategy for surviving at greater depths with lower food 

availability, but instead appears to lower its metabolic rate to reduce overall energy 

demand at depths. This seems to corroborate the idea presented by Gage and Tyler 

(1991) that metabolism decreases with depth as a function of decreased food input.

The ability to modify metabolism annually and seasonally has already been observed in 

the growth pattern of L. pertusa. Polyp division appears to occur once per year (Gass, 

2007) and isotopic analysis has revealed the presence of inter-annual growth lines that 

suggest alternating periods of growth and no growth (Mortensen and Rap, 1998). This 

has been substantiated by measurements of short-term, variations in linear extension 

rates for L. pertusa maintained in an aquarium (Mortensen, 2001). The variation in 

growth rates may be related to variations in temperature and food input (Mortensen and 

Rapp, 1998; Mortensen, 2001). It is therefore likely that L. pertusa can modify other 
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elements of its metabolism in relation to changes in abiotic and biotic factors, including 

food availability, resulting in geographical variations.

Lophelia pertusa from Rockall, Mingulay and the New England seamounts all showed a 

strong dominance of copepod species in their diets. The species of copepod that 

L. pertusa preys upon appears to vary geographically.  The Mingulay corals appeared to 

feed on herbivorous calanoid copepod species. Despite the distances between the 

Rockall and New England Seamount areas, L. pertusa from these sites had a similar 

lipid signature and appeared to feed on omnivorous or carnivorous non-calanoid 

cyclopoid copepods e.g. Oithonidae. Cyclopoid copepods have been found in great 

abundance in older, up-welled waters along the continental shelves on both sides of the 

Atlantic (Paffenhofer et al., 1987; Paffenhofer, 1993; Verity et al., 1996; Hillgruber et 

al., 1997). Lophelia pertusa from Rockall and the New England seamounts had a higher 

bacterial input than those from Mingulay, suggesting a greater dependence on marine 

snow and resuspended particles. The lateral movement of organic matter along the 

continental shelf has been recorded in cold-water coral areas in the Porcupine Seabight 

and the Rockall Bank and resuspension events are a feature of this environment 

(Kiriakoulakis et al., 2007; White, 2007). Lophelia pertusa appears to have a largely 

carnivorous diet, although the variation in copepod species between areas suggests 

opportunistic feeding abilities for live prey capture.

Despite the seasonal occurrence of different species of copepods in the oceans, there 

was only limited seasonal variation in the amounts of individual fatty acids and no 

apparent variation in their relative proportions in L. pertusa from Mingulay. The largest 

input of phytodetritus to an area of L. pertusa off the coast of Spain occurred in spring, 

while the largest numbers of copepods and amphipods were recorded in the summer 
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months (Duineveld et al., 2004). It might, therefore, be predicted that lipid stores would 

increase throughout the summer and autumn and decrease over the winter months. 

Previous studies on marine invertebrates have shown a link between seasonal changes 

in lipids to both food supply (Taylor and Savage, 2006) and the reproductive cycle 

(Pond et al., 1996; Rosa and Nunes, 2002; 2003; Hudson et al., 2004). Histological 

studies of the reproductive cycle predict that L. pertusa spawns in January or February 

in the Porcupine Seabight, although the release of gametes has not yet been observed 

(Waller and Tyler, 2005). There were no apparent seasonal variations in lipid signature 

that could be attributed to this reproductive cycle in Mingulay corals. It is possible that 

these corals were reproductively inactive or had a different reproductive strategy or that 

the sample sizes were too small to show a difference. The lack of seasonal differences in 

lipid signature could also suggest a lack of seasonality in food input. This may result 

from the shallow depth of occurrence reducing the seasonality of food input compared 

to L. pertusa in deeper areas. 

The impact of climate change has altered the distribution of many phytoplankton and 

zooplankton species as a result of increased temperatures and changes in water mass 

movements (Reid et al., 1998; Beaugrand et al., 2002; Walther et al., 2002; Parmesan 

and Yohe, 2003). The occurrence of copepod species in the oceans has been linked to 

temperature and the boundary between Calanus finmarchicus and Calanus 

helgolandicus has moved north by up to 10o over recent years, as a result of increasing 

seawater temperatures (Beaugrand and Reid, 2003). This may have important 

consequences for organisms that prey on these species. If L. pertusa is more dependent 

on either the northern or the southern species of Calanus, then future changes in their 

distribution may have consequences for energy acquisition. The changes in distribution 
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and phenology of many species of phytoplankton and zooplankton are likely to have 

impacts on the entire food web (Parmesan and Yohe, 2003).

Current fishing practices could also have an effect on the prey species that support 

L. pertusa. There is evidence that fishing practices have altered ecosystem functions and 

food webs (Pauly et al., 1998; Reid et al., 2000). In the North Sea, fishing of predatory 

fish species has resulted in changes to the abundance and distribution of different 

species of plankton (Frank et al., 2005). Changes in phytoplankton and zooplankton 

communities caused by either fishing practices or climate change (or a combination of 

both) are likely to impact upon L. pertusa. An increase in biomass of plankton species 

that is predicted with the occurrence of increased temperatures and decreased predation, 

through the removal of top predators, is likely to increase the potential energy available 

for L. pertusa. However, it is unclear whether L. pertusa will be able to exploit these 

resources if there are changes in species composition and seasonality of plankton 

species. The apparent opportunistic nature of L. pertusa feeding on live prey may be 

advantageous under changing conditions. However, it is difficult to predict food web 

changes and the effects on L. pertusa, although identification of prey species and 

investigation of seasonal and geographical variations in lipid signature means that we 

are better able to understand the impacts of these changes.
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7.5 Further work

An inherent and exciting aspect of scientific research is that answering one question 

often leads to many more. This research represents the first study on respiration and one 

of the few studies on growth and feeding ecology of L. pertusa. Therefore, the results 

presented here form important baseline information and will underpin future research in 

this field, as well as highlight many areas where further research is needed in both the 

field and the laboratory. Aquarium experiments are a useful tool in research, especially 

for deep-water organisms and future long-term aquarium experiments may benefit from 

the use of flow-through rather than recirculating systems to reduce the accumulation of 

potentially damaging substances. 

The aquarium experiments reported in this thesis have highlighted the need to collect 

further data from the field to add to our understanding of the ecophysiology of 

L. pertusa. Oxygen levels may be one of the limiting factors for L. pertusa distribution 

and this, together with the ability for L. pertusa to survive changes in oxygen levels, 

highlights the need to obtain information on the temporal and spatial variability of 

dissolved oxygen content in cold-water coral habitats. It may also be useful to compare 

respiration rates of L. pertusa and other cold-water corals collected from areas that 

experience different ranges of oxygen availability.

Future studies should also investigate the effect of sedimentation on the growth and 

respiration of L. pertusa. This will give vital information on possible indirect effects of 

fishing. Fishing practices may also indirectly affect L. pertusa through the modification 

of food webs. It is therefore important to confirm the prey species of L. pertusa as well 

as prey preferences and this could be investigated through laboratory feeding trials. This 
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type of experiment could also be used to investigate the incorporation of particular prey 

species into the lipid signature of L. pertusa. Although fatty acid analysis has inferred 

copepods as a likely food source, this should be confirmed by in situ collection of prey 

species at a range of depths, seasons and locations. 

The apparent lack of seasonal cycle in lipid signature of L. pertusa from the Mingulay 

Reef suggests energy storage is unaffected by a reproductive cycle. However, further 

work needs to be carried out to investigate the reproductive cycle of L. pertusa and link 

this to physiology and feeding ecology. It would also be of interest to investigate 

seasonality of lipid content for L. pertusa from deeper areas, e.g. Porcupine Seabight, 

where seasonality may be more distinct, and compare it directly to the reproductive 

cycle and changes in food input. It is possible that deeper sites experience more distinct 

seasonality in food input that could result in seasonal changes in lipid content. This 

should be investigated alongside any seasonal variations in growth and oxygen 

consumption rates. The measurement of metabolic data in situ using seabed respiration 

chambers and monitoring of known coral colonies would allow comparisons with 

laboratory data. All of these aspects could be linked into an integrated approach by 

assessing an annual energy budget of L. pertusa and investigating how this is affected 

by changes in biotic and abiotic factors. 

It is necessary for future studies to determine the upper temperature limit of L. pertusa

and other cold-water corals, in order to identify areas that are close to the upper thermal 

threshold and potentially threatened by climate change. In addition, recent studies 

reviewed by Roberts et al. (2006) suggested that cold-water coral ecosystems might be 

substantially impacted by ‘acidification’ of the ocean, most notably the predicted 

shallowing of the aragonite saturation horizon (ASH). If the predictions are accurate, the 
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predicted ASH shallowing will reduce the global extent of habitat suitable for cold-

water coral growth (Guinotte et al., 2006). Given these concerns there is urgent need for 

further ecophysiological study of these species, in particular to understand their growth 

and calcification under altered PCO2. Future studies should address the combined 

effects of increased PCO2 and increased temperature on coral physiology and 

calcification, as these are likely to be the conditions experienced within the coming 

decades. 

7.7 Final conclusions

The major aim of this research project was to provide novel information on the 

physiology of a poorly understood species. This species forms an ecosystem with high 

biodiversity and is likely to have low rates of recovery. This thesis has shown that L. 

pertusa has low metabolic rates that are likely to increase sensitivity to disturbance and 

result in long recovery times. Although L. pertusa occurs in a relatively wide range of 

temperatures it appears to be stenothermic and is therefore likely to experience only a 

limited temperature range in an individual location. This was in comparison to the cup 

coral Caryophllia smithii that exhibited less temperature sensitivity. Oxygen levels are 

likely to be variable in the environment of both L. pertusa and C. smithii, suggested by 

the highly developed adaptations of both organisms to short-term periods of hypoxia 

and the ability to respire anaerobically. 

Oxygen appears to be a limiting factor in the distribution of L. pertusa. Distribution has 

previously been linked to temperature, oxygen, salinity and more recently the aragonite 

saturation horizon (ASH), but this is the first study to investigate the physiological 

tolerance of L. pertusa to any of these factors. The metabolism of L. pertusa varied 



170

geographically and this may relate to variation in food supply. Lipid content was lower 

in L. pertusa from deeper areas and the dominant prey species also appeared to vary 

geographically. The dominant prey species of L. pertusa in the shallow-water Mingulay 

Reef appeared to be calanoid copepods, while smaller non-calanoid copepods appeared 

to be more important in the deeper-water areas. There was a lack of seasonal differences 

in lipid content suggesting little influence of a reproductive cycle or seasonal variation 

in food input, but studies in deep-waters with a more distinct seasonal food input are 

required. The distribution of zooplankton species is being affected by changes in 

seawater temperatures as a result of climate change, which may have important 

consequences for L. pertusa. The low temperature tolerance of L. pertusa suggests that 

the distribution of this species is also likely to be affected by future changes in ocean 

temperature. As concern over the impact of climate change increases, the response of 

this reef framework-forming coral to temperature change represents vital information. 

The predicted shallowing of the ASH is also likely to affect the distribution of 

L. pertusa and studies are urgently required that address the affect of changes of both 

aragonite saturation and increased temperature on calcification. Climate change is also 

likely to affect water mass formation and ocean circulation, which will have profound 

effects cold-water coral ecosystems. Although the effects of anthropogenic change on 

L. pertusa are challenging to predict, this thesis presents important information that will 

underpin future climate change studies. 
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