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Abstract

In 2006 and 2007, multiple deployments of current meters and optical sensoon landers and moorings were
made in the first detailed in situ study of the particle supply to the coral ommunity in the Mingulay Reef complex
in the Sea of Hebrides at 140-m water depth. Two distinct and predictable pply mechanisms were resolved. One
mechanism consisted of the rapid downwelling of surface water caused bydraulic control of tidal flow that
transports particles from the surface to the corals in less than an hour. Ehrapid downwelling was recorded on
the reef top as a pulse of warm, fluorescent, and relatively clear water dte onset of the flood and ebb tides. The
pulse was strongest after flood tide and lasted for up to 3 h. The second meatism consisted of advection onto
the reef of deep bottom water with a high suspended matter load. This adveeh occurred during peak tides and
was combined with topographical current acceleration on the reef top, eramcing delivery of particles to the

corals.

Cold-water coral communities in the North Atlantic
Ocean are dominated by the colonial scleractiniad.ophelia
pertusa (Linnaeus 1758). They have been mainly reported
from bathyal depths on the continental shelf and slope and
are usually found on sloping topography or local highs
such as offshore banks, seamounts, and coral carbonate
mounds (Frederiksen et al. 1992; Rogers 1999). In some
cases, topography supporting live cold-water corals is the
result of growth of the corals giving rise to formation of an
extensive reef framework that over glacial-interglacial time
periods can develop coral carbonate mounds of several
hundreds of meters in height (Roberts et al. 2006; Williams
et al. 2006; Kano et al. 2007) that support biodiversity-rich
communities (Henry and Roberts 2007; Roberts et al.
2008). Besides extensive cold-water coral communities
covering deep-water mounds 600 m) such as the
Porcupine and Rockall banks (van Weering et al. 2003),
coral communities have also developed locally on sills and
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banks in relatively shallow water (100—200 m) off the
Scottish and Norwegian coasts (Freiwald et al. 2002;
Jonsson et al. 2004; Roberts et al. 2005).

The structure and functioning of deep-water benthic
communities living in topographically complex settings
(canyons, slopes, seamounts) is thought to be strongly
dependent on the interplay between water flow and seafloor
relief, as this determines the supply of food particles and
larvae (Flach and Thomsen 1998; Gage et al. 2000; Hughes
and Gage 2004). In some situations, the interaction
between currents, internal waves, and topography creates
suitable conditions for the development of rich benthic
communities dominated by suspension-feeding cold-water
corals (Genin et al. 1986; White et al. 2005, 2007). The
preferential occurrence of cold-water corals on seafloor
relief has been often explained by the topographic
acceleration of near-bed currents that enhances food supply
(Mortensen et al. 2001; Thiem et al. 2006; Kiriakoulakis et
al. 2007). In some locations, internal waves have been
found or assumed to play a role in food supply to cold-
water coral communities. Around the Faroe Islands,
Frederiksen et al. (1992) reported highestL. pertusa
abundances in areas where the seabed slope is critical to
the ray of an internal wave. They suggested that these
regions may have locally intensified currents and that
breaking internal waves may ultimately enhance local food
availability for cold-water corals. These waves may
improve conditions for coral growth by redistributing
suspended particles in near-bed mixing layers and may also
promote surface productivity by increasing the vertical
nutrient flux. Internal waves have also been found to
transport fresh phytoplankton to the cold-water corals

620



Food supply to Lophelia pertusa

covering the giant coral carbonate mounds in the Southeast
Rockall Trough (Duineveld et al. 2007; Mienis et al. 2007).

The diet of cold-water corals forms a critical issue in
discussions and inferences about their mechanisms of food
supply. Cold-water corals were thought to be sustained by
local hydrocarbon seepage and chemoautotrophic produc-
tion (Hovland and Thomsen 1997). Data obtained so far
indicate that cold-water coral communities rely on the
delivery of phytoplankton, organic matter, and perhaps
zooplankton derived from near-surface primary productivity
(Duineveld et al. 2004, 2007; Kiriakoulakis et al. 2005).
Lateral and vertical advection of particles may therefore play
an important role in the functioning of coral ecosystems. Few
studies have conclusively recorded food-supply mechanisms
to a cold-water coral reef in situ. Here, we report on in situ
measurements of currents, temperature, turbidity, and
fluorescence made in a cold-water coral community on a
reef in the relatively shallow strait between the Outer
Hebridean Island chain and the Scottish mainland. The data
were collected over 2 yr (2006—2007) with the aim of finding
predictable food-supply mechanisms that could explain the
presence of the local cold-water coral community.

Methods

Study area—The Mingulay Reef complex is located to
the east of the island of Mingulay in the Sea of Hebrides
(Fig. 1, inset). In 2003, areas suspected to contain cold-
water corals were mapped by multibeam echosounder and
several reefs formed by.. pertusa were discovered (Roberts
et al. 2005). The largest known area with a cover of living
coral is Mingulay Reef 1, which occurs as an extension to a
rocky sill. The reef and bank complex is approximately
4 km long and 500 m wide (Fig. 1). Subsequent multibeam
mapping of the Mingulay area was conducted in summer
2006 using a Kongsberg-Simrad EM300 multibeam echo-
sounder on board the RV Pelagia. The system was a 30-
kHz echosounder that used 135 beams per ping over a
maximum coverage sector of 150 (beam spacing was
equidistant), and was capable of producing detailed
bathymetric maps that allowed accurate placement of
moorings and benthic landers on the steep and rugged
topography of Mingulay Reef 1.

In situ measurements—A series of moorings and auton-
omous benthic landers were deployed around Mingulay
Reef 1 for various periods (Fig. 1; Table 1). The moorings
consisted of an Aanderaa RCM-11 current meter (Aanderaa
Data Instruments) and a set of optical back scattering (OBS)
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Fig. 1. (a) Bathymetry of the Mingulay Reef 1 generated
from multibeam data. The locations of principal mooring and
lander deployments in Table 1 are shown. The line shows the
direction of the north to south CTD transect in July 2006 across
the central and western part of Mingulay Reef 1 with the circles
showing individual CTD locations. The inset shows the location
of the Mingulay Reef 1 (circle) in relation to the UK landmass
(projection used is universal transverse Mercator). (b) Three-
dimensional map of Mingulay Reef 1 showing the steep southern
face and the sloping northern face.

current meter (Falmouth Scientific), (2) a Seapoint OBS
for measuring turbidity, and (3) a Seapoint fluorometer for
measuring fluorescent particles in the water column; all
lander instruments were mounted at 1 m above bottom,
recording horizontally rather than downward. Variables

and fluorescence sensors (Seapoint) connected to a data were recorded at 1- or 2-min intervals throughout the

logger (Netherlands Institute for Sea Research) that also
recorded temperature. The moorings were held upright by 6
Benthos floats, with the current meter and logger positioned

2.5-3.5 m above the seafloor (Table 1). The moorings were
supplemented by deployments of the autonomous lander for
biological experiments (Duineveld et al. 2004). The lander
consisted of an aluminum tripod frame equipped with 12

glass Benthos floats, two acoustic releases, and a single 250-

kg ballast weight. The lander carried the following
instruments: (1) a FSI three-dimensional (3D) acoustic

duration of each deployment at 2 Hz (two times per second).
Calibration of the Seapoint OBS was not conducted because
calibrations are material specific and can be unreliable over
long deployments because of a variety of different materials
encountered. Instead the values presented in the plots are
relative (volts) and linearly proportional to suspended solid
concentration.

At the end of the cruise in June 2007 a mooring was
deployed at the top of Mingulay Reef 1 for a period of
3 months (Sta. 284, Table 1). The instrumentation differed
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Fig. 4. CTD transect across the center of Mingulay Reef 1

(for position see Fig. 1). The white bar represents areas of dense
coral framework; gray arrows in the upper panel are individual
CTD locations. The values along thex-axis represent the distance
from the start at the north end of the transect. Recorded variables
from top to bottom: (a) temperature (uC), (b) salinity, (c)
fluorescence (Chlky, mg L 1), and (d) turbidity (formazin turbidity
standard, FTU). The profiles represent the situation after the
onset of ebb tide.

of a pulse of warm, fluorescent, and relatively clear surface
water (Fig. 3a).

Discussion

The mechanisms that supply food to cold-water coral
communities and the nature of the food itself has, to date,
been inferred from two sources: general hydrographic
processes occurring where corals are found and from
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nutritional biomarker analysis of coral samples. The
consensus is that accelerated currents associated with
topographic relief enhance particle supply to cold-water
corals (Thiem et al. 2006). This assumes that cold-water
corals primarily feed on particles in the benthic boundary
layer that are resuspended (by turbulent friction) and
advected by (tidal) currents. Depending on their residence
time near the bottom, such particles may have low
nutritional content because of the high microbial activity
in the benthic boundary layer (Ritzrau et al. 1997). Here, in
situ observations show that the food supply that sustaing..
pertusa reefs originates from outside of the reef area, driven
by a complex interplay between topography and tides. The
rapid downwelling event can have a velocity up to
10 cm s L. In the 19-h selection of the measurements of
the near-bottom current shown in Fig. 6 the vertical
downward velocity exceeds 5 cm &. Therefore, particles
from the surface can be transported to the corals at 140-m
depth in less than 1 h. The fluorescent matter supplied by
the rapid downwelling is probably a utilizable energy
source for L. pertusa. Isotope signatures ¢1°N) of L.
pertusa on a coral carbonate mound off Ireland showed
that the corals have the same trophic level, and possibly
also food source, as bivalves and tunicates, which are
obligate filter-feeders living on small organic particles
including algae (Duineveld et al. 2007).

Several possible physical explanations are available that
can describe the rapid downwelling observed at Mingulay,
and also for other mechanisms of turbulent transport that
occur at shallow banks. The most likely are the hydraulic
control of flow over topography, or the trapping and
breaking of nonlinear internal waves, which also can
transport matter to shoaling topography (Valle-Levinson
and Wilson 1994; Farmer and Armi 1999). Internal
hydraulic jumps have been associated with modified
density and flow structure near small banks (Nash and
Moum 2001). In a tidal situation, hydraulic control of the
flow over a bank can lead to a depression of the density
structure downstream of it. When the tidal flow weakens
and reverses, this depression propagates as an internal wave
over the summit in the previously upstream direction.

To determine whether the tidal flow over the Mingulay
Reef 1 could be hydraulically controlled, an internal
Froude number (Fr) was calculated,

Fr - 1
4
In a hydraulically controlled situation, the flow speed u

matches the internal wave phase speed, 86 1. Here,c is
estimated as:

c M 2
p

by assuming uniform stratification, where N is the
buoyancy frequency from the CTD profile:

gDr

N 2=

r H

g is the gravitational constant, r is the typical density for
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Fig. 6. Vertical water movement (blue line), N-S current speed componenblack line), and water temperature (red line) recorded by
a moored 3D current meter (Sta. 89) between 09:00 h UTC 18 July 2006 and 040Q@TC the following morning. The negative vertical
water movement at the onset of the ebb tide indicates a downward flow assatéd with the internal hydraulic jump.

Relationships between internal hydrodynamics imping- internal waves reflecting on a critical slope. Larger particles
ing on topography and the abundance of suspension and produced in the mixing zone would sink down rather than
filter-feeders at specific depths have been earlier suggestedbe moved away by the currents (Frederiksen et al. 1992).
by Rice et al. (1990) and Frederiksen et al. (1992). The The sponge belt along the slope of the Porcupine Seabight
zonation of corals along the Faeroes plateau has been seems to relate to resuspension and mobilization of organic
attributed to increased surface production resulting from  material from the seafloor by breaking internal waves (Rice
intensified vertical mixing. The mixing is generated by et al. 1990). The pulse of surface productivity to the

Fig. 7. Time-lagged relationships between recorded variables using csesorrelation from a current meter at Sta. 55 (with lags of
6 24 h) between (a) current speed and temperature, (b) current speed and tiglity, (c) current speed and fluorescence, (d) temperature
and turbidity, (e) temperature and fluorescence, (f) turbidity and fluoescence. Correlations range betweenl (negatively correlated) and
1 (positively correlated). Positive lags represent the primary axis offs against the secondary axis, whereas negative lags represent the
secondary axis offset against the primary axis.



