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Chapter 1

Fig. 1.1
Plate II from Gunnerus (1768) illustrates fragments of cold-water corals including Madrepora pertusa (= Lophelia pertusa) along with common associated fauna including the polychaete worm Nereis norvegica (= Eunice norvegica), gastropod molluscs and ophiuroid echinoderms. 

Fig. 1.2
Notable coral taxonomists, clockwise from top left: Louis François de Pourtalès (1824-1880), Henry N. Moseley (1844-1891), Alfred W. Alcock (1859-1933) and Frederick M. Bayer (1921-2007). 

Fig. 1.3
Plate V from Pourtalès (1871) Deep-sea Corals, published as an Illustrated Catalogue of the Museum of Comparative Zoology at Harvard College. (1) Diaseris crispa (= Fungiacyathus crispus); (2) the same viewed from above; (3) Thecocyathus lævigatus in vertical section (= Tethocyathus laevigatus); (4) the same in horizontal section; (5) Desmophyllum solidum (= Thalamophyllia riisei); (6) the same from above; (7) Dendrophyllia cornucopia (= Eguchipsammia cornucopia); (8) the same from above; (9) magnified portion of Deltocyathus agassizii (= D. calcar) from the side; (10) the same from below; (11) Oculina tenella; (12) the same from above; (13) Stylaster filogranus; (14) magnified branch from the same. 

Fig. 1.4
A ‘banana core’ bent during sampling coral carbonate mound sediment. Note the sample of coral also stopping the core catcher from shutting completely. Photograph courtesy of B. Dorschel.
Fig 1.5 
Imaging a coral carbonate mound with sound. (a) Multibeam echosounders record a large number of discrete echoes from a swath of seabed thereby visualising seabed topography. Both the sound sources and receivers are hull-mounted. (b) Seismic imaging uses sound sources emitted near the vessel and received by a streamer towed behind. Low frequency and high magnitude sound sources penetrate the seabed and reflect off density contrasts (usually sediment unit boundaries and potentially buried coral carbonate mounds).

Fig. 1.6
A box corer (a) can recover up to 0.25 m2 sediment surface area but is usually deployed without video guidance. 

Fig. 1.7

A Russian hydraulically-operated, video-directed seabed grab recovering a bottom sample from a coral carbonate mound in the Porcupine Seabight.
Chapter 2
Fig. 2.1
The six ecological permutations of scleractinian corals, the number of species/groups, and some examples. 

Fig. 2.2
Drawing of a Lophelia pertusa skeleton showing the framework formed by the coral colony and the details of individual polyp calices. Both scale bars 10 mm. 
Fig. 2.3
Global distribution of Lophelia pertusa (isobaths at 2000, 5000 and 9000 m depth). 

Fig. 2.4
Drawing of a Madrepora oculata skeleton showing the structure formed by the coral colony and the details of individual polyp calices. Note opening of a symbiotic eunicid polychaete tube at the base of the coral colony. Scale bars: 10 mm (coral colony) and 4 mm (calyx detail).
Fig. 2.5
Global distribution of Madrepora oculata (isobaths at 2000, 5000 and 9000 m depth).

Fig. 2.6
Drawing of a Goniocorella dumosa skeleton showing the fragile framework formed by the coral colony and the details of individual polyp calices. Note the small bridges (coenosteal processes) between separate coral branches. Scale bars: 10 mm (coral colony) and 3 mm (calyx detail).
Fig. 2.7
Global distribution of Goniocorella dumosa (isobaths at 2000, 5000 and 9000 m depth).

Fig. 2.8
Drawing of an Oculina varicosa skeleton showing the structure formed by the coral colony and the details of individual polyp calices. Scale bars: 10 mm (coral colony) and 3 mm (calyx detail).
Fig. 2.9
Drawing of an Enallopsammia profunda skeleton showing the structure formed by the coral colony and the details of individual polyp calices. Both scale bars 10 mm.
Fig. 2.10
Drawing of a Solenosmilia variabilis skeleton showing the framework formed by the coral colony and the details of individual polyp calices. Scale bars: 10 mm (coral colony) and 3 mm (calyx detail).
Fig. 2.11
Global distribution of Solenosmilia variabilis (isobaths at 2000, 5000 and 9000 m depth).

Fig. 2.12
Drawing of a colony of the antipatharian coral Leiopathes showing the complex structure it forms with details of individual polyps from a preserved specimen. Scale bars: 50 mm (coral colony) and 3 mm (polyp detail).
Fig. 2.13
Drawing of a colony of the gorgonian coral Paragorgia arborea showing its branching structure and details of individual polyps from a preserved specimen. Scale bars: 50 mm (coral colony) and 10 mm (polyp detail).
Fig. 2.15
Drawing of a colony of the gorgonian coral Primnoa resedaeformis showing its branching structure and details of individual polyps from a preserved specimen. Scale bars: 30 mm (coral colony) and 1 mm (polyp detail).
Fig. 2.16
Drawing of a colony of the stylasterid coral Stylaster erubescens showing its delicately-branching structure and the details of individual polyp calices. Scale bars: 10 mm (coral colony) and 3 mm (polyp detail).
Fig. 2.17
Photograph of Errinopsis reticulum. Length of colony is 24 cm.

Fig. 2.18
Global species diversity of the 706 azooxanthellate Scleractinia showing three high diversity centres: (1) the region bordered by the Philippines to the north, by New Caledonia to the southeast, including New Guinea and the northeast coast of Australia, (2) the region of the Caribbean from Cuba to the Lesser Antilles and (3) the northwest Indian Ocean. Two other isolated diversity centres can be seen in the southwestern Indian Ocean and off Brazil. Figure reproduced from Cairns (2007), with permission the Rosentiel School of Marine and Atmospheric Science of the University of Miami.

Fig. 2.20 
Graphical representation of the Hardy-Weinberg principle where the horizontal axis shows allele frequencies p and q and the vertical axis shows the resulting genotype frequencies. 
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Fig. 3.1

Dichotomous key showing that the five coral groups can be distinguished based on characteristics of their mesenteries, tentacles and skeletons.

Fig. 3.3
Diagrammatic cross sections of the polyps of the various coral orders, showing the major differences among them.  A double line indicates a hard, usually calcareous, exoskeleton; the central circle represents the mouth and actinopharynx; the radial lines indicate the mesenteries, those reaching to the actinopharynx being complete (or perfect), those falling short being incomplete (or imperfect); arrows indicate regions in which additional mesenteries are formed after the first six or 12. (a) Octocorallia, (b) Scleractinia, (c) Antipatharia, (d) Zoanthidea, (e) Stylasteridae. 

Fig. 3.4
The fragile lattice-like skeleton of the scleractinian coral Leptopenus hypocoelus Moseley, 1881, one of the deepest known of the corals. Figure reproduced from Plate 14, Moseley (1881).
Fig. 3.11
Simplified schematic of a coral polyp to illustrate its two cell layers; the outer ectoderm and inner endoderm separated by a gelatinous mesoglea.

Chapter 4
Fig. 4.2
Reef development cycle and processes. (a) Coral larvae settle on suitable hard substrata and (b) start to form small isolated or grouped colonies. (c) Continued coral colony growth leads to intermingling of coral colonies and the development of coral thickets with associated fauna forming a distinct biocoenensis. (d) The thicket reaches the coppice stage, possibly with Wilson rings, and a well-developed biocoenensis with a thanatocoensis of dead coral frameworks and rubble beneath. (e) If environmental conditions change then the corals may die and the reef is bioeroded to coral rubble. This may become covered by sediment or form a site for new coral larvae to settle (a). The closure of this cycle now sets the stage for coral carbonate mound development. During reef development stages (c) to (e), key biotic and sedimentary processes have a major control on reef development. At the base of the reef (1) bioeroders topple dead coral colonies contributing to coral rubble where it may be further bioeroded to make micrite or recolonised by more coral recruits (possibly aided by the coral-aggregating behaviour of Eunice norvegica) or incorporated into the sediment as bioclasts (taphocoenensis). (2) Coral colonies also baffle hemipelagic and bedload sediment which is volumetrically important and may also help structurally support coral colonies.
Fig. 4.6
Coral carbonate mound development model showing phases of mound development through cyclical periods of reef growth. Coral carbonate mounds may start from (a.1) many small reefs that merge or (a.2) from an extensive lateral reef. (b) Once established the mound grows quickly under optimal hydrographic conditions trapping both bedload and hemipelagic sediment. (c) Mound growth then slows and becomes more susceptible to erosion as it grows out of its optimal water mass and is starved of bedload sediment. (d) Eventually off-mound sedimentation rates may overtake mound growth rates and it becomes buried. Details of reef development cycle are given in Fig. 4.2.

Fig. 4.7
Schematic diagram summarising the hydraulic and environmental control theories for mound initiation and development. (a) Hydraulic theory. (1) Gas seepage may lead to the development of (2) methane-derived authigenic carbonates that may act as a substratum for coral settlement. (3) Gas seepage at the seabed may provide a source of food increasing (4) biomass along the food chain. (5) Cold-water corals are supported by this food chain. (6) Along slope and hemipelagic sedimentation provides a lithic sediment infill to the reef structure. (b) Environmental control theory. (7) Erosion of the seabed by strong currents may generate suitable coarse-grained substrata for coral settlement. (8) Surface primary productivity underpins the food chain. (9) This settles through the water column as marine snow and may (10) become concentrated at water mass boundaries and transported to the coral reef possibly assisted by internal waves. (11) Benthic hydrodynamics help to enhance food flux and prevent coral polyp smothering by fine sediment deposition. (12) Along slope and hemipelagic sedimentation provides a lithic sediment infill to the reef structure.
Fig. 4.10
Photograph of the base of core 1317A from Challenger Mound. Image courtesy of the Integrated Ocean Drilling Program.
Fig. 4.13
Schematic diagram illustrating differences between interglacial and glacial environmental conditions. (a) Glacial conditions with cooler ocean temperatures and (1) ice prograding onto the shelf exposed due to (2) low eustatic sea levels. (3) Glacio-marine sediment supply to the continental margin is high with additional (4) ice-rafted debris. (5) Water masses are unstratified and (6) along-slope currents are weak. (b) Interglacial conditions with warmer ocean temperatures and (7) high eustatic sea levels flooding continental shelves where (8) cold-water coral reefs may form. (9) Sediment supply is lower but may become concentrated in (10) nepheloid layers in a more stratified ocean. (11) Along-slope currents are stronger.
Fig. 4.23
Global distribution of known coral carbonate mounds. The distribution is an underestimate as in many cases it is not clear if reef structures not shown have in fact grown successively at the same site and are therefore true coral carbonate mounds. In other cases, it is not clear if topographically elevated reefs have colonised rock outcrops or have generated their own topography through mound development. The distribution is also clearly skewed by an Atlantic survey bias in work carried out to date.
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Fig. 5.1
Artist’s impression of a Lophelia pertusa cold-water coral reef habitat. The foreground shows live L. pertusa polyps with a symbiotic polychaete worm (Eunice norvegica) emerging from its tube. To the right are gorgonian corals, zoanthids and the large bivalve mollusc Acesta excavata. Individual coral reefs can be seen in the background. A rabbitfish (Chimaera monstrosa) swims by and several redfish (Sebastes) can be seen hovering above the reef structure.
Fig. 5.3
Artist’s impression of a cold-water gorgonian coral forest habitat. Several large colonies of Paragorgia arborea are growing attached to exposed rock and boulders on the seabed. The foreground illustrates live polyps of P. arborea extended to feed from the water column and a large brittle star entwined round the gorgonian’s branches. Several fish are among the corals and a large skate can be seen swimming close to the seabed.
Fig. 5.4 
Artist’s impression of an Aleutian Island cold-water coral garden habitat. The corals here are dominated by gorgonians and calcitic stylasterids. Many species of rockfish (Sebastes) are found among the structurally complex coral habitat.
Fig. 5.8
The foraminiferan Hyrrokkin sarcophaga (arrowed) attached to a polyp of Lophelia pertusa.
Fig. 5.10
The polychaete worm Eunice norvegica (a) forms a significant symbiosis with several reef framework-forming scleractinian corals including Lophelia pertusa (b), which calcifies over its parchment tubes adding strength to the coral skeleton and providing protection to the worm. 

Fig. 5.11
Reef aggregating behaviour of Eunice norvegica with Madrepora oculata collected from a coral carbonate mound in the Porcupine Seabight, northeast Atlantic (820 m depth). These video frame-grabs taken under infra-red light show the worm (centre right) moving a coral fragment 4 cm across the glass base of an aquarium tank. The transplantation took just over a minute. Time-lapse sequence runs from left to right. Image reproduced from Roberts (2005), with permission of Cambridge University Press.
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Fig. 6.1 

Temporal evolution and major steps of calcareous cnidarian development in the Palaeozoic and Mesozoic. Thick black lines indicate the end-Permian (251 Ma) and the end-Cretaceous (65 Ma) extinction events. See text for details.

Fig. 6.3

Temporal evolution of cold-water corals (Dendrophylliidae, Oculinidae, Caryophylliidae, emergence of Stylasteridae, Isididae and Corallium) and major fossil sites from the Mesozoic to the present. Age indications derived from Gradstein et al. (2004). The bold line at 65 Ma marks the position of the end-Cretaceous mass extinction event. See text for details. E, Early; M, Middle; L, Late.

Fig. 6.5
Artist’s reconstruction of a cliff-bound cold-water coral setting characteristic of many Cenozoic and Recent Lophelia-Madrepora occurrences from canyon walls and steep escarpments in the Mediterranean Basin. Note the coral debris falls accumulating on the seafloor beneath the live colonies. Illustration derived from an original figure by J. Titschack. 

Fig. 6.7
The thickening deposits (x) that are periodically secreted by the coral’s coenenchyme onto the corallite produce a characteristic banding pattern. (a) Longitudinal and (b) cross-sections of a polished Lophelia pertusa skeleton. (c) A cementing Anomia bivalve (arrowed) sealed by a faint aragonite layer from the Madrepora coenenchyme after settling on the coral skeleton. This in situ fixation has kept both of the valves in place. Scale bar, applicable to all panels, is 1 cm.

Fig. 6.8
Micro-bioerosion by the ubiquitous endolithic fungus Dodgella. (a) Thin-section of a part of a Lophelia pertusa corallite (scale bar 3 mm) with the black lines representing the centres of calcification (1) in the septa and thecal wall. The ‘Dodgella-layer’ made by fungal borings always follows the external circumference of infested substrata (arrowed). The coral was colonised by a spirorbid tube (2) and by a gorgonian (3), note the spicules in the tissue. 
Fig. 6.11
The calcareous sponge Plectroninia celtica has encrusted bathyal coral habitats since the Miocene. The rigid skeleton consists of regular fused honeycomb tetractines (labelled 1), fringed by a laminar layer of spiny and irregularly-shaped tetractines (labelled 2). Scale bar is 1 mm in (a).
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Fig. 7.2 
Bjerrum plot showing typical concentrations of dissolved carbonate species in seawater as a function of pH. Figure redrawn from Zeebe & Gattuso (2006).

Fig. 7.4

Drawing of the scleractinian coral Desmophyllum dianthus with detail showing the septal structure within a coral calyx. When these solitary corals divide they often remain attached forming a strong pseudocolony. This large, slow-growing and ubiquitous species has been used in many palaeoceanographic studies. Both scale bars 10 mm. 
Chapter 8
Fig. 8.2
Damage inflicted by bottom trawling to Oculina varicosa reef structure at 67 m depth off Florida. (a) Photograph taken in 1976. (b) Video frame grab from the same site reduced to rubble in 2001. Figure reproduced from Reed et al. (2007) with permission of the Rosentiel School of Marine and Atmospheric Science of the University of Miami. 

Fig. 8.5
Changes recorded in surface ocean pCO2 (left) and pH (right) from three time series stations: European Station for Time-series in the Ocean (ESTOC, 29°N, 15°W); Hawaii Ocean Time-Series (HOT, 23°N, 158°W); Bermuda Atlantic Time-series Study (BATS, 31/32°N, 64°W). Values of pCO2 and pH were calculated from DIC and alkalinity at HOT and BATS; pH was directly measured at ESTOC and pCO2 was calculated from pH and alkalinity. The mean seasonal cycle was removed from all data. The thick black line is smoothed and does not contain variability of less than a 6 month period. Figure reproduced from Fig. 5.9 (p. 404) in Bindoff et al. (2007) with permission of IPCC and Cambridge University Press.
Fig. 8.6
Corallium jewellery displayed in a Sardinian shop window.

Colour Plates
Colour Plate 1
Portrait of Johan Ernst Gunnerus (1718-1783) an early Norwegian taxonomist who illustrated cold-water corals in his 1768 book Om nogle Norske coraller (see Fig. 1.1). 

Colour Plate 2
Colour plate from Gosse (1860), Actinologia Britannica. Gosse illustrates a prominent colony of Lophelia prolifera (= L. pertusa) among the sea anemones and solitary corals. 

Colour Plate 4
Manned submersibles and remotely operated vehicles allow precise, controlled survey and sampling operations in cold-water coral habitats. (a) The four-man Johnson-Sea-Link submersible launching to examine a deep reef of Lophelia pertusa (b) on the Blake Plateau, southeastern USA. (c) The VICTOR6000 ROV on deck.
Colour Plate 10
A 3 m high colony of Paragorgia arborea photographed at 1311 m depth on Davidson Seamount, north Pacific. Photograph copyright National Oceanic & Atmospheric Adminstration and Monterey Bay Aquarium Research Institute, USA (2006). 

Colour Plate 26
(a) Early Pleistocene Desmophyllum dianthus and oyster exposed at Capo Milazzo Peninsula, northeast Sicily. (b) Plio-Pleistocene rudstones from the basal cold-water coral reef exposed at La Montagna showing abundant Lophelia pertusa.

PAGE  
19

