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Abstract The first living sample of Lophelia pertusa from

Greenlandic waters was inadvertently collected at 60.3675�,
-48.45528�, entangled together with other corals to a sea-

water sampler and property sensor (CTD) package. We

collected in situ photographs taken at two sites in the same

area in order to determine whether a reef was present. We

identified reef-like structures formed by living and dead

L. pertusa at 886–932 m depth on a steep slope. We

assembled and analyzed hydrographic data to characterize

the reef environment in order to facilitate future localization

of other reefs and predictions of the impacts of climate

change. We showed that the reef was located in a layer of

modified Atlantic Water of relatively stable bottom tem-

perature (4.1–5.0 �C) and salinity (34.90–34.98) with den-

sity slightly higher (27.62–27.71 kg m-3) than that

reported for the occurrence of reefs in the northeast

Atlantic, and in an area with exceptionally and persistently

high currents of[15 cm s-1 at 1000 m. The intermediate-

depth salinity maximum was found in the depth range

where the corals were found. We discovered signals of

consistent vertical and horizontal transports at 700–900 m

over the reef area. Although this area is not directly

influenced by intermediate and deep convection in the

Labrador Sea, the seasonal evolution of near-bottom tem-

perature, salinity and density for the 700–900 m depth

range revealed strong seasonal patterns with both temper-

ature and salinity reducing to their annual minimal values at

the end of March and staying low for 1 month with an

indication of a second minimum in June, 3 months later.

The occurrence and temporal extent of these minima likely

arose through a combination of local convection from the

surface and advection of cooled and freshened waters at

depth from the Irminger Sea. A diversified associated fauna

was described; the short list of species compiled from our

limited sample comprised species common in the area, as

well as rare species, species new to Greenland, and species

new to science.

Keywords Cold-water coral � Greenland � Lophelia

pertusa � Associated fauna � Atlantic Water � Irminger

Current � Deep water seasonality

Introduction

Ahermatypic scleractinian corals, both solitary and colo-

nial, are known from most regions of the world oceans,

many of them from deep cold-water habitats (Zibrowius

1980). Lophelia pertusa is the best known among the reef-

forming deepwater species, with a wealth of publications

existing on various aspects of its distribution and ecology

(partly reviewed in Rogers 1999; Freiwald et al. 2004;

Rogers et al. 2007; Sulak et al. 2007; Davies et al. 2008).

Lophelia pertusa can form cohesive reefs or reef fields

(aggregations of smaller reefs), with or without bioherms

(build-up of organic matter under the reef structure), but

also occurs as isolated colonies. The most extensive known
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reef field is 40 km long and 5 km wide, located off Røst

Island of the Lofoten archipelago, Norway (Fosså and

Alvsvåg 2003) where it is associated with Norwegian

Coastal Water and Atlantic Water along the Norwegian

margin (Dullo et al. 2008). Large reefs can be hundreds to

thousands of years old (Schröder-Ritzrau et al. 2005) and

constitute biogenic habitats, which support ecosystems

comprising hundreds of associated species from nearly all

phylae (Rogers 1999).

Lophelia pertusa is widely distributed in the Atlantic

Ocean, mainly to the north. It has been found also in the

Indian and the Pacific Oceans although the records there

are few in number (Freiwald et al. 2004; Buhl-Mortensen

et al. 2014). In the northern Atlantic, L. pertusa has been

recorded numerous times in two major areas. One stretches

from northern Norway along the continental slope south-

wards to off western Africa and westwards along the

Scotland–Greenland Ridge over the Faroes to southern

Iceland and the mid-Atlantic Ridge (Copley et al. 1996;

ICES 2008; Buhl-Mortensen et al. 2014). The other stret-

ches along the American continental slope from Nova

Scotia to Florida and into the Gulf of Mexico and the

Caribbean Sea (ICES 2008). The two areas are well sepa-

rated by deep-sea basins and great distances, with few

occurrences on seamounts (Rogers et al. 2007), raising

speculation on the likelihood and means of genetic inter-

change. The recent discovery of L. pertusa from Green-

landic waters, made in 2012 (Tendal et al. 2013), has

created an important extension to the biogeographic range

of this species by narrowing the geographical gap between

eastern and western Atlantic L. pertusa populations.

Dullo et al. (2008) examined the relationship between

L. pertusa reefs and hydrology in the northeast Atlantic.

They found that the coral reefs on the Celtic and Nordic

margins were confined to temperature and salinity fields

bounded by a density envelope between 27.35 and

27.65 kg m-3. Off southwest Greenland in the locality of

the L. pertusa discovery, the hydrographic characteristics

of the water masses, including their seasonal and inter-

annual variability, have not been examined previously at a

level sufficient for assessing the environmental conditions

under which the species is living and for making connec-

tions to the hydrographic conditions over the L. pertusa

reefs elsewhere; however, the general oceanographic set-

ting of the region has been well documented. The coastal

and shallow waters from the southwestern tip of Greenland

from Cape Farewell northwards are influenced by a system

of strong currents encompassing Greenland and flowing in

the same direction (Yashayaev 2007). The West Greenland

Current receives the cold and relatively low saline Polar

Water from the East Greenland Current and passes it via

Davis Strait into Baffin Bay or around the northern Lab-

rador Sea into the waters flowing south and southeast along

the Canadian Labrador shelf and slope. Outside the

Greenland shelf break, 500 m and deeper, there is a rela-

tively warm and saline core of Atlantic Water. This water

is carried there by the Irminger Current, which is often

associated or even combined with the West Greenland

Current, but other than being partly and locally linked and

sharing the same general direction, these flows have dif-

ferent origin, composition and location of their cores rel-

ative to the shelf break (e.g., Yashayaev 2007; Yashayaev

et al. 2007). Dullo et al. (2008) associate the occurrence of

L. pertusa in the northeast Atlantic with Atlantic Water,

which is being carried to the Nordic Seas by various

branches of the North Atlantic Current (Yashayaev and

Seidov 2015). One of its branches forms the Irminger

Current that takes warm saline water toward the Labrador

Sea. Near Greenland, the Polar Water of the East Green-

land Current actively mixes with the Atlantic Water

delivered there by the Irminger Current, with this process

being enhanced by strong shear at the interface of the two

water masses and winter-time cooling and vertical mixing

(convection). The products of their mixing, containing the

signatures of both, subduct down the slope off the shelf

break where the new record of L. pertusa was found. The

Polar Water is found close to the coast, and the Atlantic

Water is found as a 500- to 800-m-thick layer over the

continental slope with a core at about 200–300 m depth

(Yashayaev 2007). The Polar Water in particular has been

warming significantly, causing changes to circulation in

Baffin Bay (Myers and Ribergaard 2013); in southwest

Greenlandic waters, the depth of the core gradually

decreases from southeast to northwest, whereas the depth

gradually increases from south to north to below 400 m in

the northern Davis Strait and Baffin Bay (Ribergaard

2012). Below the Irminger Current ([500 m), the water

over the slope remains warm and saline, but is derived

through a somewhat different route of modification—this is

the Icelandic Slope Water, hereafter ISW, that is formed

through mixing of Atlantic Waters and the fresher and

colder waters from the Icelandic shelf and slope

(Yashayaev et al. 2007), which in turn are linked to the

waters coming from the Nordic Sea. L. pertusa reefs in the

northeast Atlantic are associated with Eastern North

Atlantic Water (ENAW) in the intermediate layer along the

Celtic margin (Dullo et al. 2008). Both ISW and ENAW

originate from the same source and have a distinct high-

temperature/low-salinity signature, but ISW, as it enters the

Labrador Sea, reflects a longer transformation (modifica-

tion) history and is the warmest and saltiest water in the

entire 500–1500 m depth range of the Labrador Sea.

However, it is notably cooler and fresher that ENAW due

to mixing with cooler and fresher water masses encoun-

tered along the ISW pathway and winter vertical mixing

along the southwestern Greenland slope. This pathway is
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the most likely means of long-distance connectivity

between L. pertusa reefs in the northeast Atlantic.

Here, we report new details of the ecology and living

conditions of the first find of L. pertusa from Greenlandic

waters made in 2012 (Fig. 1; Tendal et al. 2013). We

elaborate on the oceanographic setting and describe an

initial list of associated fauna ascertained from study of the

original specimen and new in situ photographic images.

Materials and methods

Physical oceanography

Fisheries and Oceans, Canada (DFO) conducts annual

monitoring (1990 to present) along a transect running from

Hamilton Bank on the Labrador Shelf (53.667�, -55.5�) to
Cape Desolation on the Greenland Shelf (60.5�, -48.25�)
under the Labrador Sea Monitoring Program. This line is

the Atlantic Repeat Hydrography Line 7 West (AR7 W) of

the 1990–2002 World Ocean Circulation Experiment and

presently forms the core component of the Canadian

Atlantic Zone Off-Shelf Monitoring Program (AZOMP).

The discovery of L. pertusa was inadvertent. A single

fragment of a living colony (Fig. 2) associated with large

specimens of the gorgonian corals Paragorgia arborea and

Primnoa resedaeformis (Online Resource 1) was entangled

on the top of the conductivity–temperature–depth (CTD)

package as it surfaced at one of the fixed stations on the

AR7W line off Greenland, during the annual AZOMP

survey in June of 2012. The location of the discovery was

60.3675�, -48.45528� (Fig. 1).
Vertical CTD profile data collected in the vicinity of the

Greenland slope within the water depth range of

300–2000 m were collated. These data (temperate, salinity

and density) were compiled from the NOAA NODC World

Ocean Dataset, from the AZOMP surveys and from pro-

filing Argo floats (Yashayaev and Loder 2009; Keike and

Yashayaev 2015). Density was calculated as sigma-theta as

in Dullo et al. (2008). We used data collected between

1990 and 2015. Profiles that reached within 200 m of

gridded bottom topography and that followed the conti-

nental slope at bottom depths of 300–1920 m (N = 242;

yellow points in Fig. 1) were used to characterize the reef

environment. A slightly larger data set including the first

data set but expanded to the surrounding waters to depths

of 2000 m (122 additional points from 1940–2000 m; red

points in Fig. 1), and also only using profiles that reached

within 200 m of gridded bottom topography, was used to

create temperature–salinity (T–S) profiles (N = 364; yel-

low and red points in Fig. 1). Lastly, all profiles from the

vicinity of the reef that had valid data for selected depth

strata were used to evaluate annual and seasonal variability

in temperature, salinity and density at depth (N = 901; all

data including additional blue points in Fig. 1). In that

dataset, profiles that were much deeper in their full extent

were used, but only to the depth range of interest (i.e.,

300–2000 m) so as to characterize the water surrounding

the reef away from the slope. This was necessary in order

to accurately reflect the local environment as the area had

very steep depth contours and may be near a canyon

(Fig. 1). Those latter data were detrended either by season

or by year following the method introduced in Yashayaev

and Zveryaev (2001) to separately examine the main

effects in detail. Detrending was performed using an 8th

degree least-square polynomial fit. Temperature and

salinity-depth frequency diagrams normalized by the total

number of points in each depth band for each 40-m interval

were used to show the most probable water temperature

with depth.

The spatial pattern of deep currents at approximately

1000 m depth in the study area was determined from Argo

float trajectories compiled over a 13-year period from 2001

to 2013 (Yashayaev and Loder 2009; Keike and Yashayaev

2015). The individual float displacements were summed up

in 0.5� geographic coordinate cells. Each cell accounts

crossings by floats even if data transmission occurred

outside that cell.

In situ photographs

A second survey took place on October 4, 2012, during a

DFO-led international multidisciplinary cruise operating in

the Davis Strait area. In situ photographs were taken from

each of two drift transects in the area where the L. pertusa

specimen was collected (CON134 and CON135 being 1.6

and 1.3 km, respectively; Fig. 3) using the Natural

Resources Canada (NRCAN) digital still camera system

referred to as the 4KCam. This system is capable to

4000 m depth, and houses a Canon Rebel Eos Ti 12

megapixel camera and two Canon flashes enclosed inside

an aluminum roll cage. The area covered by the field of

view of each photograph when the camera is landed

squarely on the sea floor is 0.47 ± 0.05 m2 (mean ± SD)

(Beazley et al. 2013). Temperature and depth were mea-

sured with a Sea-Bird Electronics SBE 39 recorder

attached to the 4KCam. It can be deployed at depths up to

3500 m, and the accuracy of the temperature reading is

±0.002 �C. The position of the camera was determined

using an ORE Trackpoint 3 USBL Tracking System (ORE

Offshore, 4 Little Brook Road, West Wareham, MA 02576

USA), which is a high-accuracy survey quality acoustic

navigation system.

The nonconductor hydrostatic wire of the camera was

used to lower it via a winch to the sea bed where it hovered

near bottom; the winch operator then lowered the camera
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causing an attached lead weight to touch the bottom trig-

gering the camera and flashes. The winch operator then

raised the camera off the sea bed allowing it to drift with

the ship. It was then lowered again after approximately

1 min. This continued until the minimum transect length of

1 km was achieved as monitored by the ship’s position.

The 4KCam was used to take the first in situ images of

the reef. Accurate depth of each photograph was obtained

by cross-referencing the time stamp on the camera with

that of the Sea-Bird recorder, and position was similarly

determined by cross-referencing with the Trackpoint 3

data.

Fauna associated with specimen

The single large sample (Fig. 2) of L. pertusa, collected in

March 2012, was frozen and later dried, while some small

fragments were preserved in alcohol. Before drying, the

coral block was carefully photographed from all angles,

and loose and easily picked associated fauna was sampled

separately and stored in alcohol. It was decided not to

break the specimen and so the associated fauna could only

be sampled superficially. Further associated fauna with

hard skeletons was picked from the dried sample. Identi-

fication of the associated fauna was done by specialists on

Fig. 1 Position of CTD profiles

from 300 to 2000 m collected

from 1990 to 2015 used to

summarize temperature, salinity

and density in the vicinity of the

Lophelia pertusa reef (green

star). Yellow symbols represent

data positions from the

continental slope (N = 242);

red symbols represent data

positions from an expanded

spatial range used to construct

T–S profiles (N = 364) (both of

these data sets used only profiles

that reached within 200 m of

gridded bottom topography and

were shot over depths equal to

or shallower than 2000 m); blue

symbols represent data positions

used to characterize the local

environment of the reef

(N = 901) and included valid

data positions used in analyses

of selected strata (100–200 m,

…) regardless of whether the

profile reached the bottom and

also included profiles that in

their full extent may have

exceeded 2000 m
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the respective taxa. The sample was included in the

Cnidarian collection of the Natural History Museum of

Denmark, University of Copenhagen. Details on the asso-

ciated species distribution in Greenland waters were taken

from T. Schiøtte and O. S. Tendal (eds., unpublished:

Report on Greenland marine benthic animals, diversity and

geographic distribution, project funded by the Danish

Environment Agency, Arctic Environment Programme) in

order to place the findings into context with the regional

fauna.

Results

Physical description of the area

Data collected from the vicinity of the L. pertusa collection

site (Fig. 1) coincided with an area of systematically high

temperature (4.13–5.03 �C) and salinity (34.90–34.98)

(Fig. 4), which is the known signature of the Atlantic

Water and its modifications. Water density was between

27.62 and 27.71 (Fig. 4). In December, the data are spread

through the full range of the variables (Fig. 4). The range

of variability shown in the temperature–salinity (T–S) plots

was particularly wide in the upper layer as expected due to

the presence of both Atlantic and Polar Waters and sig-

nificantly narrowed below 800 m. When viewed by year,

there is a strong warming trend in the T–S plots (Fig. 5)

with warmer and more saline water appearing in recent

years.

There was a strong seasonal cycle through the water

column that was most pronounced in temperature (Fig. 6).

The temperature minimum was observed at the end of

winter to early spring (March–April), right at the end of the

cooling season or weeks following it (Fig. 6), suggesting

that water was vertically mixed locally through winter-time

convection and penetrated to the bottom or stopped not far

from it. This mixing will ventilate the environment while

the water stays fairly warm—although slightly cooled as a

result of vertical/convective mixing, it was still 4.5 �C in

winter, providing oxygen, nutrients and chlorophyll (that

are known to peak following winter mixing). In June, there

was a second dip in temperature below 600 m (Figs. 6 and

7) that was paralleled in salinity (Fig. 7, 700–900 m),

creating colder fresher water at depth (Fig. 7, 700–900 m).

This is cold intermediate water that was horizontally

transported (it did not appear in the upper layers) possibly

coming from as far as Cape Farewell where tip-jet wind is

known to cause cooling (Moore and Renfrew 2005). The

time required for the water to travel from the southern tip

of Greenland to the site at the speed of 5–10 cm s-1 was

consistent with this conclusion (Yashayaev and Seidov

2015). The water properties in the vicinity of the L. pertusa

are summarized in Fig. 7. At this depth, there has been

strong inter-annual change as well as seasonal variability.

However, the range of seasonal variation is similar to the

inter-annual variation, putting the latter into perspective

(Fig. 7).

Inter-annual variation in temperature was more pro-

nounced in the deeper waters than at the surface with

Fig. 2 Photograph of the live Lophelia pertusa colony taken on board the deck of the CCGS Martha L. Black in March 2012. Left panel whole

colony with 15.5 cm ruler as a scale guide; Right panel close-up of the colony tips
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average temperature varying within a degree over the time

period (Fig. 8). In the 1990s, the water over the reef area

was colder (Fig. 8) and fresher (not shown) than in recent

decades. Despite annual and inter-annual changes, both

temperature and salinity at 600 m and deeper appeared

very stable and consistently high throughout the record

(Fig. 9), which is likely associated with continual feed of

water of Atlantic origin, ISW in particular.

The displacements between consecutive positions of

individual Argo floats from a 13-year period, between 2001

and 2013, provided a detailed view of mid-depth

(*1000 m) circulation around the southern tip of Green-

land (Fig. 10). The resulting velocity fields revealed the

intensified boundary current along the continental slope

and recirculation of this water toward the Irminger Sea.

The current at the location of the L. pertusa reef was

remarkably strong (10–15 cm s-1) and persistent (standard

errors much smaller than mean currents).

Photographic survey

The topography of the photographic transect was dominated

by the very steep continental slope, and it was not possible

for the vessel sounder to make a clear picture of the slope

area. The current was very strong, and the camera was nearly

lost due to entanglement. Pictures were obtained in the depth

interval from 670 to 1047 m ascertained through matching

the time stamp on the photographs with that of the depth

reading from the Sea-Bird recorder. A total of 96 pho-

tographs were taken, of these 36 were without information,

20 contained some information and 40 photographs were

considered good (containing information in approximately

50 % or more of the image). The rough and steep nature of

the slope made the interval between photographs rather

arbitrary, ranging from 0 to 59 m. The average temperature

recorded from the Sea-Bird recorder attached to the camera

housing was 4.86 �C with a minimum temperature of

4.83 �C and a maximum of 4.92 �C. Those temperatures

were consistent with those of the separately collected CTD

profiles analyzed above (Fig. 4).

Live L. pertusa colonies forming a reef-like structure

(Fig. 11) were observed at 4 locations on one camera tran-

sect (CON135; Fig. 3) at depths of 911, 922, 931 and 932 m.

Dead L. pertusa were noted at two other locations along the

same transect, at 886 and 907 m, respectively. The habitat

surrounding the reef was dominated by sponges and other

corals (Fig. 11). L. pertusa colonies were not seen in pho-

tographs from the second transect, CON134 (Fig. 3).

The reefs had the form of rounded, protruding structures

with extensive development of the interior dead parts and

with living L. pertusa on the crust. They seemed to reach

sizes of at least 1 m, consistent with the presence of a

bioherm.

Biological data

The single sample obtainedwas a 25-cm large fragment from

the surface of a L. pertusa colony (Fig. 2). One side was

covered by numerous ([100) living, light reddish polyps

(Fig. 2). They were of different diameters with all stages

being represented, from initial intra-tentacular buds to sep-

arated small polyps still recognizable as daughter polyps, and

further to fully grown polyps. In some parts of the sample, up

to five daughter polyps were distinguished. Below the layer

of living polyps, branches of the colony were well developed

carrying calices from dead polyps and had open spaces of

different sizes between the branches (Fig. 2).

Fauna associated with the fragment was found mainly on

and in the dead lower parts of the specimen. More than 30

species belonging to the phyla Porifera, Cnidaria, Annelida,

Mollusca, Crustacea, Bryozoa and Echinodermata were

found (Table 1). Boring sponges were not found.

Fig. 3 Locations of the two 4KCam drift transects and photographs

(stars) taken in October 2012 in the vicinity of the Lophelia pertusa

reef. The location of the CTD cast which discovered the live L.

pertusa colony is indicated by the single large black star. Depth

contours were derived from the General Bathymetric Chart of the

Oceans (GEBCO) 08 Grid bathymetry and are only approximate
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Associated fauna viewed in the photographs could not

be identified to species with the same degree of certainty.

Some species such as the gorgonian corals Paragorgia

arborea and Primnoa resedaeformis (Fig. 11, Online

Resource 1) were identified by their morphology and their

known distribution; however, identification of the sponges

required an examination of their spicules which was not

possible without specimens. Only one sponge species was

identified with confidence. Therefore, only those mega-

fauna that could be identified with some degree of certainty

were reported here (Table 1).

Annotated species list of associated fauna

Foraminifera Several species of calcareous Foraminifera

were found on the dead branches. No attempt was made to

identify them.

Porifera The hexactinellid Asconema setubalense was

seen in several in situ photographs; it is known from the

area. Forcepia forcipis was the best represented of the

species attached to the specimen. On the photographs of

the fresh sample, it was seen as a porous sponge filling

many of the spaces between the branches (Fig. 2); it was

new to the Greenland fauna. Iophon piceum was identified

and is also a well-known sponge from the area. The

Hymedesmia species were thinly growing and very little

material was found when dried; there were enough spicules

of each to recognize them as different species, but not for a

final identification—18 species of the genus being known

from Greenland waters. In comparison, there are [25

species of Porifera reported from Norwegian reefs (Bur-

don-Jones and Tambs-Lyche 1960; Mortensen and Fosså

2006), [65 species from Swedish reefs (Alander 1942;

Tendal unpublished), 95 species from Rockall Bank (van

Soest and Lavaleye 2005) and[35 species from Faroese

reefs (Jensen and Frederiksen 1992; Tendal unpublished).

Boring sponges were not found in the sample and have

not been recorded previously from Greenland waters. As

Fig. 4 Scatterplots of temperature (�C), density (sigma; kg m-3) and

salinity by depth and color-coded by season. The depth range of the L.

pertusa reef is outlined, and the range of values for each variable at

that depth is shown. The relationship between temperature and

salinity (T–S) from 200 to 1400 m is shown in the bottom right panel

color-coded by depth (m). Data were drawn from the local

environment of the L. pertusa reef (T–S plot: red symbols in Fig. 1;

all others: yellow symbols in Fig. 1)
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they are elsewhere known as the most important bioeroders

of L. pertusa corals (Beuck et al. 2007; van Soest and

Beglinger 2009), this means that provided the growth of the

corals is not especially slow, the bioherms in Greenland

may reach a substantial size in a shorter span of time than

elsewhere in the distribution area.

Cnidaria Halecium labrosum and Lafoea dumosa are

known from West Greenland (Schuchert 2001). The large

octocorals P. resedaeformis and P. arborea are both known

from the area (Madsen 1944; Jørgensen et al. 2013; Tendal

et al. 2013; Buhl-Mortensen et al. 2014). While P.

resedaeformis has been known for many years from West

Greenland fjords (Jungersen 1915), this is not the case with

P. arborea. Despite being large (Greenland specimens

become 2 m wide) and readily identified, it was not

recorded by the early major Danish expeditions working in

West Greenland, viz. ‘‘Ingolf’’ 1895–1896, ‘‘Tjalfe’’

1908–1909 and ‘‘Godthaab’’ 1928, the first find being from

1967 (Tendal 1992). In comparison, 32 species of hydroids

and 7 species of octocorals were identified from Norwegian

reefs (Burdon-Jones and Tambs-Lyche 1960; Mortensen

and Fosså 2006), and 15 and 2, respectively, from Faroese

reefs (Jensen and Frederiksen 1992; Tendal unpublished).

Annelida Polychaetes were represented by fragments

that were only identified to Family; at least 5 species were

present. In comparison, 28 species are known from Nor-

wegian (Burdon-Jones and Tambs-Lyche 1960) and 72

from Faroese (Jensen and Frederiksen 1992) reefs. Eunice

norvegica, which is generally found in L. pertusa reefs

(Mueller et al. 2013) and regarded as an indirect reef

builder, was not recorded, and the species is not known

from Greenland.

Mollusca The gastropod Mohnia simplex is rare in

Greenland, being found only once before.

Crustacea Janira maculosa is known from West

Greenland. Caprella rinki has only been taken once before,

on the type locality in South Greenland (Stephensen 1933).

Gitana cf. rostrata was new to Greenland, provided the

Fig. 5 Scatterplots of temperature (�C), density (sigma; kg m-3) and

salinity by depth and color-coded by year. The depth range of the L.

pertusa reef is outlined, and the range of values for each variable at

that depth is shown. The relationship between temperature and

salinity (T–S) from 200 to 1400 m is shown in the bottom right panel

color-coded by depth (m). Data were drawn from the local

environment of the L. pertusa reef (T–S plot: red symbols in Fig. 1;

all others: yellow symbols in Fig. 1)
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identification is correct. In comparison, 14 species of iso-

pods and 8 species of amphipods were identified from

Norwegian (Burdon-Jones and Tambs-Lyche 1960; Mor-

tensen and Fosså 2006), and 13 and 10, respectively, from

Faroese (Jensen and Frederiksen 1992) reefs.

Bryozoa Reteporella beaniana, Disporella hispida,

Entalophoroecia deflexa and Tubulipora aperta were all

known from West Greenland, the last mentioned with some

doubt about the identification (Bille Hansen 1962). Exid-

monea atlantica and Turbicellepora boreale were both new

to the Greenland fauna. Turbicellepora bathyalis and T.

groenlandica were both new to science (Denisenko 2016).

In comparison, 40 species were identified from Norwegian

(Burdon-Jones and Tambs-Lyche 1960; Mortensen and

Fosså 2006) and 45 from Faroese (Jensen and Frederiksen

1992) reefs.

Echinodermata Specimens of a Gorgonocephalus were

seen on some photographs. Further identification was not

possible, four species having been reported from Green-

land. Ophiactis abyssicola and Ophiacantha anomala

were known from Greenland. In comparison, 15 species

of ophiuroids were identified from Norwegian (Burdon-

Jones and Tambs-Lyche 1960; Mortensen and Fosså

2006) and 8 from Faroese (Jensen and Frederiksen 1992)

reefs.

Discussion

Physical oceanographic setting of the reef

and possible biogeographic affinities

The discovery of a living L. pertusa reef off southwest

Greenland at approximately 900 m depth provided an

important biogeographic record by extending the known

distribution in the North Atlantic considerably to the

Fig. 6 Detrended (using 8th degree least-square polynomial fit)

seasonal variation in temperature values for four depth categories/

layers. Data were drawn from the local environment of the Lophelia

pertusa reef (blue symbols in Fig. 1). Red symbols represent original

data; blue symbols represent detrended data
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northwest. This depth was slightly deeper than the range of

700–850 m reported for living L. pertusa along the shelves

of the Porcupine and Rockall Banks in the northeast

Atlantic (Dullo et al. 2008). The large apparent height of

the bioherms suggested that the reef is of ancient origin and

has likely persisted due to its depth and placement along a

steep slope below the depths of iceberg rafting. The East

Greenland Current brings icebergs calved from the glaciers

in East Greenland around Cape Farewell to the southwest

coast off Greenland in the vicinity of the reef. These were

Fig. 7 Scatterplots of original and detrended (through the polyno-

mial fitting) seasonal variation (left panels) and inter-annual variation

before and after subtraction of the regular seasonal cycle (right

panels) in temperature (�C), density (sigma; kg m-3) and salinity for

the 700–900 m depth stratum. Data were drawn from the local

environment of the Lophelia pertusa reef (blue symbols in Fig. 1).

Red symbols represent original data; blue symbols represent detrended

data
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unlikely to scour the reef as the average keel depth (sub-

merged depth) of the icebergs was only around 60–80 m

and the maximum is \150 m (Mangor and Zorn 1983).

However, paleoiceberg keel depths could have been con-

siderably deeper and depths of 950 m have been described

from Disko Bay, central West Greenland (Kuijpers et al.

2007). Identification of ancient scour marks in the vicinity

of the reef could help to determine its age.

Our oceanographic data allowed for comparisons of

water mass characteristics between the location of the

Greenlandic reef and those found in the northeast Atlantic.

In the Labrador Sea, the ISW presents a warmer and saltier

counterpart of the Labrador Sea Water (LSW), both sharing

the same depth and density range, and when production of

LSW by winter convection (Lazier et al. 2002; Yashayaev

2007) is reduced, the ISW tends to expand filling the depth

previously occupied by LSW. That mechanism may have

led to the increased ISW inflow, which enters the Labrador

Sea along the Greenland slope covering the depth range

where the L. pertusa colony was found. Following the

slope of Greenland into deeper water the Deep Western

Boundary Current also carries water that originated from

the Nordic Seas across the Denmark Strait—this water is

known as the Denmark Strait Overflow Water (Yashayaev

and Dickson 2008). This water lies deeper than the coral

reef site and is quite young with a high saturation of dis-

solved gases and other features of newly ventilated waters.

It may represent the lower limit of the reef. The association

of the reef with the Atlantic Water (AW) layer indicated an

association with reefs along the Reykjanes Ridge, i.e., of

northeast Atlantic origin, and was consistent with the

physical boundary conditions observed for similar reefs in

the northeast Atlantic (Dullo et al. 2008). The L. pertusa

reefs on the Celtic and Nordic European continental

Fig. 8 Inter-annual variation in temperature values for four depth

layers before and after subtraction of the regular seasonal cycle. Data

were drawn from the local environment of the Lophelia pertusa reef

(blue symbols in Fig. 1). Red symbols represent original data; blue

symbols represent detrended data
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margins have an upper limit corresponding to water mass

boundaries of Eastern North Atlantic and Mediterranean

Outflow Water (MOW) and Norwegian Coastal Water and

AW, respectively (Dullo et al. 2008). In both areas, the

lower boundary was at the Intermediate Salinity Maximum

represented by the MOW on the Celtic margin and the AW

on the Nordic margin. In our case, the reef resides in the

layers of all-year high-temperature and salinity values. The

waters above the reef may be warmer and saltier in some

seasons but also show much stronger seasonal variations

and excursions into colder and fresher states. It is just at the

approaching of the depths of the reef that the water prop-

erties become more stable, yet the water, as we indicated

about, gets ventilated quite regularly. There are at least two

reasons for the density of Atlantic Water in the Labrador

Sea to be higher than that of NEAW. First of all, the

Atlantic Water in its circuit around the subpolar gyre

exchanges heat and salt with the other resident waters, and

heat diffuses faster than salt leading to more cooling than

freshening and therefore to a density decrease. The other

reason is convective vertical winter-time mixing that

results in cooling and increasing of the density of the

bottom layer.

Despite annual and inter-annual changes, both temper-

ature and salinity at 600 m and deeper appeared very

stable and temperature was consistently relatively high

throughout the record for the area. Such stability of

oceanographic conditions in a region despite complex

dynamics and vigorous currents (Clarke 1984) is remark-

able. The fundamental contrast in water mass properties

seen at depth suggests sustained if not persistent inflow of

relatively warm and saline modified Atlantic waters, which

may vary in strength but not direction, providing a constant

supply of these waters to the intermediate-depth layers of

the Labrador Sea, mostly through ISW.

Dullo et al. (2008) concluded that L. pertusa was

restricted to a density envelope of sigma-theta between

27.35 and 27.65 kg m-3. Our observations concurred with

that finding at the lower bound where we observed

27.63 kg m-3, but extended the upper boundary to

27.75 kg m-3. However, it was clear that on both sides of

the Atlantic, this species occupied the intermediate waters

and that physical boundary conditions determined distri-

butions. The physical conditions tend to adapt to various

factors and processes, and the noted increase in the density

of Atlantic Water between the two marginal regions is one.

One of our exciting discoveries was the signal of vertical

mixing at depth in the spring. This provided a mechanism

to support delivery of oxygen, nutrients and food from the

surface to 1000 m depth where the reef was found. We

presented evidence of both vertical and horizontal water

transports at depth which when combined with the rela-

tively warm Atlantic Water, provided ideal conditions for

growth of benthic organisms that can be food limited in

deep waters (Carney 1989, 2005).

There were no direct observations of currents available

for the depth and location of the reef site. The closest

moored observations were collected south of Cape Fare-

well (Clarke 1984) and were short in duration. However,

using displacements between consecutive positions of

Fig. 9 Number of temperature, salinity and density observations

(each profile’s 5-m mean values count as individual points) in 40 m

depth—seawater property intervals/bins. Darker areas represent

greater numbers of points and reflect the most common conditions

at a given depth. The depth range of the Lophelia pertusa reef is

outlined
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individual Argo floats we were able to construct a detailed

view of mid-depth circulation around the southern tip of

Greenland. The current in the vicinity of the L. pertusa reef

at 1000 m is remarkably strong ([15 cm s-1 in some areas

and[10 cm s-1 in many) and persistent (standard errors

much smaller than mean currents). These estimates support

our explanation of the second seasonal temperature mini-

mum at the depths of the reef as a signal advected from the

area of extreme winter cooling associated with tip jets.

In a global analysis of the habitat associated with the

occurrence of L. pertusa, Davies et al. (2008) identified a

salinity of 35, mean temperatures of 6.2–6.7 �C and dis-

solved oxygen levels of 6.0–6.2 ml l-1 as the environ-

mental niche for this species. The reef off Greenland falls

within this salinity range but occurs at lower temperatures

than reported elsewhere (Dodds et al. 2007; Dullo et al.

2008; Davies et al. 2008), and well below its upper thermal

tolerance limit of 15 �C (Brooke et al. 2013).

Scleractinians in Greenland

The scleractinian fauna of Greenland waters is poor. The

only living species hitherto reported was the bathyal soli-

tary Flabellum alabastrum known from numerous locali-

ties over a wide area off West Greenland (Kramp 1932;

Jørgensen et al. 2013; Tendal unpublished). Dead skeleton

fragments from the colony-forming Solenosmilia variabilis

were taken by the Canadian CCGS Dawson in 1971 at

60.06167�, -46.825� in Davis Strait from 1465 to 1555 m

depth (Zibrowius 1980). From time to time, the occurrence

of L. pertusa in Greenland waters has been claimed by

zoologists and geologists bringing supposed fragments to

the Zoological Museum (SNM, Copenhagen), but all

samples checked turned out to represent either dead

skeletal fragments from octocorals, or skeletons from sty-

lasterids. A few dead skeletal fragments from L. pertusa

were taken west of Iceland at 65.65806�, -40.91667� at

341–365 m depth by the German FFS Walther Herwig in

2009 (Tendal, unpublished).

The condition of the reef

The sample seems to come from a reef with a well-de-

veloped bioherm. The living polyps are numerous, sit close

and were in fine condition. Active growth was evident from

the lively formation of buds. The growth rate was difficult

to estimate, but because of the temperature regime it was

probably in the lower end of the scale for the species. On

the other hand, the size of the reef was probably stable,

since degradation of the dead parts is likely slow because

boring sponges do not occur in the area, and dissolution is

low under the relatively cold conditions—leaving negative

growth to occur through breakage of colonies under their

own weight in the fast currents. It could not be judged from

the photographs if the surveyed area constituted a coherent

reef situated along the steep slope, or if the observed bio-

herms represented smaller, separate reefs.

Associated fauna

In comparison with the fauna lists obtained from L. pertusa

reefs in Norway, the Faroe Islands and the Bay of Biscay,

Fig. 10 Water circulation at

approximately 1000 m around

Greenland derived from Argo

float data of the period

2001–2013. Displacements

between consecutive float

positions were summed in 0.5�
geographic coordinate cells.

Different mean strengths of

current are highlighted by

different colors and lengths of

arrows. The location of the reef

is indicated by the black oval
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the[30 species recorded here must be considered a frac-

tion of what really lives on the reef, probably ca. 10 %

(Danois 1948; Burdon-Jones and Tambs-Lyche 1960;

Jensen and Frederiksen 1992; Mortensen and Fosså 2006).

A direct comparison with these studies is biased because in

each of the investigations making the most of the material

depended on the collection method, handling of the catch

and the preservation as well as on the kind of specialists

taking part, and these factors differed between investiga-

tions. Comparison of species numbers and taxonomic

composition of species lists become a very superficial

matter because the animal groups, especially major ones as,

for example, sponges, hydroids, polychaetes and bry-

ozoans, were not worked up to the same level. Taken

together, more than 900 species have been recorded from

northeast Atlantic L. pertusa reef areas (Rogers 1999).

However, the compositions of the associated faunas in

geographic areas at some distance from each other are

different, with only low numbers of overlapping species

(Jensen and Frederiksen 1992). About 300 species were

recorded in Norwegian and Faroese reefs and few, if any,

are obligate L. pertusa reef inhabitants, rather they are local

fauna finding suitable living space in the many habitats of

the reef (Burdon-Jones and Tambs-Lyche 1960; Jensen and

Frederiksen 1992). The fauna found on the Greenland L.

pertusa site seemed to be dominated by species of northern

temperate distribution. Greatest faunal similarity may be

with the Faroese reefs, but it should be borne in mind that

Fig. 11 In situ photographs of the Lophelia pertusa reef and

surrounds taken from the Greenland continental slope (CON135,

Fig. 3). A, B Living L. pertusa on the steep slope with underlying

bioherm; C, D non-reef habitat on the same transect line that is

dominated by sponges; E Primnoa resedaeformis and smaller soft

corals (Nephtheidae) from the vicinity of the reef
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Icelandic coral reef fauna has not yet been studied. It is

expected that the number of faunal taxa associated with the

L. pertusa reef in Greenland will increase with further

sampling efforts.

Future research

(1) Mapping of the distribution of L. pertusa reefs. Most

obvious target areas are parts of the steep slope from

Cape Farewell to the sill between the Labrador Basin

and Baffin Bay influenced by water of Atlantic ori-

gin. Potential reef habitats may also exist in the outer

part of some of the so called Atlantic West Green-

land fjords.

(2) Age determination of the L. pertusa bioherms. It is to

be supposed that the coral spread north when the

Atlantic Water began to flow into the area. This

might be indicative also for the time of colonization

of a large part of the species constituting the

associated fauna.

(3) Investigation of the composition of the associated

fauna. A crucial question is if the associated fauna is

composed of species occurring in other habitats in

the area, or if it in some ways represents a

specialization.
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Swedish Museum of Natural history, Stockholm (Ophiuroidea), Dr.

Tom Schiøtte, Natural History Museum of Denmark, Copenhagen

(Gastropoda) and Dr. Peter Schuchert, Muséum d’Histoire Naturelle,
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