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Abstract
Cold-water coral communities around the world are under pressure by fisheries
activities. It has been found recently that a cold-water coral community on Rockall bank
in Irish waters shows elevated levels of biological activity when compared to open shelf
habitats of comparable depth. This study investigates whether this is also the case for
other cold-water coral communities in the north east Atlantic Ocean. When this is so, it
would be an indication that these communities might have a big influence on their wider
surroundings and that they need to be protected from destructive fisheries activities.
The δ13C and δ15N stable isotope signatures of organisms from five CWC communities
were analysed to gain insight into the trophic diversity of the communities and linear
inverse models were constructed for three communities for which enough data was
available to get a reasonably constrained model. It was found that all CWC communities
host organisms from a wide range of trophic levels. Both asteroids and sponges were
found to have distinct stable isotope signatures which indicate possible symbiosis with
microorganisms. The omnivores and predators from relatively shallow communities
near the Scottish coast are significantly more enriched in their nitrogen and carbon
signatures than the omnivores and predators from deeper communities. This was not
the case for suspension feeders. Both biomass and modelled total respiration rate per
surface area were substantially higher in a community at +/- 150 m depth when
compared to two deeper communities at +/- 750 m, but all three cold-water coral
communities show signs of being hotspots of biological activity. The biomass and
modelled total respiration rate of all three communities were at least ~2 orders of
magnitude higher than in open shelf habitats at comparable depths.
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1. Introduction
1.1 Cold-water corals
Coral reefs in the shallow warm seas of the world continue to amaze people by their
biodiversity and abundance of life. Very few people are aware that these colourful
shallow reefs have an equally diverse counterpart in deeper colder waters. It has been
found that of the known coral species, 65% are found in habitats below fifty meters of
water depth (Roberts et al. 2009a). This would mean that the popular shallow-water
reefs are only a small fraction of the total amount of coral reefs in the world. Corals
might actually for the most part be at home in deep cold waters with some forays into
warmer shallow waters, especially since large sections of the world’s oceans have not
been studied yet. Who knows what other species might be found as deep-sea research
continues?
Fishermen have known of the existence of cold-water corals (CWCs) for
centuries; finding specimens in their nets every now and then. Research into CWCs,
which mostly occur at great depth, has not really taken off until recent decades when
fisheries and mining activities moved into deeper waters, developing new technologies
along the way. These new technologies now make it possible to obtain samples and
images of these hard to reach ecosystems.
Although CWCs are mostly found in deeper waters, they seem to be primarily
sensitive to water temperature. CWCs occur at a temperature range of 4-13°C (Freiwald
et al. 2004). The CWC Lophelia pertusa (Linnaeus 1758), for example, occurs in cold
Norwegian fjords at depths as shallow as 39 meters, but CWCs also occur at depths of
300-1100 m in the Mediterranean Sea at temperatures up to 13°C, close to their
tolerance limit (Carlier et al. 2009). As most CWCs are found at depths where sunlight
has been absorbed by the water column above, they have no symbiotic algae like most of
their warm-water relatives. As a result, CWCs feed only heterotrophically; catching food
items to obtain energy. This poses challenges to these sessile suspension feeders as their
feeding is dependent on water currents bringing food particles and prey to them. As a
result CWCs are mostly found in areas with enhanced currents. This has two effects: the
current delivers more food particles per minute, and it resuspends any sediment which
might smother the coral polyps. There are of course downsides to a high current speed.
Coral polyps deform under the water pressure which limits their efficiency, and food
particles might move too fast, whipping by before the polyps have a chance to catch
them. One way in which a CWC reef handles these downsides is through bioengineering.
The reef grows into the water column and influences the currents around it. The
currents across the reef slow down and become more turbulent, causing any particles in
them to drift down onto the reef, where they are available as food for the CWC
community (Roberts et al. 2009a, van Oevelen et al. 2009). CWC communities have
several food sources: phytodetritus as well as other detritus drifts down from shallower
water layers, detritus is also resuspended with sediment from the seafloor and brought
to the community by advection, and zooplankton (e.g. copepods and amphipods) which
is present in the water column around the community has also been identified as a food
source (Duineveld et al. 2004).
CWCs are found in all of the world’s oceans, and many species are not reef builders as
we know them from shallow waters. Of the zooxanthellate (containing symbiotic algae)
species of the Scleractinia, 767 out of 777 species are constructive; contributing to the
structure of shallow-water reefs. Of the azooxanthellate species (including all the CWCs),
18 out of 711 species are constructive. Various CWC communities are found around the
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world, some build great carbonate mounds, while others form wide aggregations on the
seafloor. Gorgonian communities can reach such sizes (up to 10m) and densities that
fishermen in, for instance, eastern Canada have named them trees which stand together
in a forest (Roberts et al. 2009a). Gorgonian CWC forests provide a raised feeding
position for a wide variety of organisms allowing them to forage more effectively from
the water column (Stone 2006).
The best studied CWC communities are L. pertusa reefs in the northeast Atlantic.
These reefs have L. pertusa as the main constructive CWC species, with Madrepora
oculata (Linnaeus 1758) contributing to a much lesser degree (Freiwald et al. 2004). A L.
pertusa reef can start to build up after coral larvae have settled on a hard substrate and
have transformed into coral nubbins. As these grow into branches, they start to entwine,
reinforcing each other and enhancing their influence on water currents. The entwined
coral branches provide organisms from the surrounding area with shelter and support.
It does not take long for a community to be established with for example, polychaetes,
crustaceans, starfish and bivalves making use of the habitat provided by the CWCs. One
remarkable species is the polychaete Eunice norvegica (Linnaeus 1767) this worm lives
in symbiosis with the CWCs. It lives within the coral structure and creates bridges from
branch to branch consisting of a paper-like substance. These bridges are then sheeted in
aragonite by the CWCs which reinforces the coral structure. It has even been found that
the worm moves small colonies and rubble together which would improve its
microhabitat thereby possibly accelerating reef patch development (Roberts 2009a). As
the reef grows upwards, its lower branches start to die off and they lose their tissue.
These bare aragonite branches become inhabited by a wide variety of species, including
suspension feeders such as sponges, anemones and hydroids, brittlestars, gastropods,
sea urchins etc. At a certain point in the lifetime of a reef, the balance between live and
dead coral branches will shift towards the latter. The live branches will start to form a
thin layer on top of a much larger section of dead branches underneath. However, CWCs
are not the sole organism to have an effect on how the reef develops. Bio-eroders such as
sponges and fungi slowly degrade the dead reef structure until it falls apart and slides
down the reef as coral rubble. This rubble forms the third part of the reef community at
the bottom of the reef structure and on the slopes around the reef (Fig. 1). The rubble
has its own collection of species, for example sponges and burrowing worms. As the reef
grows, more and more sediment will fall from effected currents and will end up among
the dead coral branches. As this sediment accumulates, an infauna starts to develop with
all kinds of worms for example. It takes thousands of years for this process to result in
CWC reefs of tens of meters high and hundreds of meters long (Freiwald et al. 2004).
While developments in fisheries have led to the CWC communities being more
accessible to research, they have also led to increased exploitation of the deep sea as
shallow water fisheries became more depleted. Bottom trawling around CWC
communities is employed by fishermen, because of the high biomass of fish which tends
to accumulate around the communities. Bottom trawling with so-called rockhopper or
roller gear has severe detrimental effects. This gear makes it possible to fish in rough
terrain like CWC reefs, because it prevents the net from getting caught on obstacles. It
does this however by being dragged and bounced across the terrain, thereby destroying
the habitat (Fosså et al. 2002). The management of these destructive fisheries activities
around CWC communities is imperative for their preservation.
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Figure 1. The three habitats of a L. pertusa reef. Image taken from Freiwald et al. (2004).

1.2 Research focus
The research in this report focuses on L. pertusa reefs in the northeast Atlantic Ocean. L.
pertusa reefs and mounds occur in the northeast Atlantic Ocean from northern Norway
down to Mauretania (Hovland 2008). These reefs have been studied in the last years in a
series of EU projects (e.g. ACES, Hermes, Hermione, and Coralfish). These projects span a
wide variety of scientific fields, looking at biological, hydrological and geological factors
influencing the reefs.
Recently, van Oevelen et al. (2009) showed that the Rockall bank CWC reef
community in Irish waters is a hotspot of biological activity. Both overall respiration and
biomass per square meter were ~2 orders of magnitude higher than in open slope
habitats at comparable depths. This research focused on the question whether other
CWC communities in the northeast Atlantic Ocean show signs of being hotspots for
biological activity in their trophic interactions. When it is found that other CWC
communities also show signs of increased biological activity when compared to open
shelf habitats of comparable depth, it is an indication that this might be a general trend
for these communities, and that CWC communities in general play an important role for
their wider surroundings. This would then support increased conservation efforts of
these habitats.
It is expected that other CWC communities show similar levels of biological
activity as were found for Rockall bank. It is also expected that CWC communities at less
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depth show higher levels of activity due to more energy being available from the photic
zone.
Two methods were employed: First, the communities were examined with stable
isotope analyses to study the food web composition and trophic diversity. The isotope
signatures of a wide range of organisms within five CWC communities (Fig. 2) were
compared and the signatures were then grouped into feeding guilds. Statistics were
applied to test for significant differences between the feeding guilds in the different
communities. Secondly, two CWC communities for which sufficient data sets were
available were modelled in the same way as the Rockall bank community in van Oevelen
et al. (2009) to compare their energy inflow and biological activity.

Figure 2. The five CWC communities: Hatton bank, Rockall bank, Belgica mounds, Mingulay reef, and
Banana reef.
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2. Material and methods
2.1 Research areas
Rockall bank is an offshore bank in the north-eastern Atlantic Ocean. It forms the Rockall
plateau together with Hatton bank and, between them, the Hatton basin. The CWCs here
have been found to form dense aggregations on top of sea mounds on the southern edge
of Rockall bank (van Weering et al. 2003, Roberts et al. 2006). These mounds are up to
380 m high and several kilometres long (Mienis et al. 2007, 2009, Fig. 3). Food
availability from high primary production in the surface waters, high turbidity and the
right temperature all implicate that these mounds are ideal locations for CWC growth
(Mienis et al. 2007, 2009). Evidence suggests that these mounds have slowly
accumulated by coral rubble and sediment piling up over thousands of years (Duineveld
et al. 2007). It was thought that these mounds provide the CWCs with accelerated
currents, which enhanced the particle supply (Masson et al. 2003, Roberts et al. 2006).
Duineveld et al. (2007) found however, that the CWCs occurred in places with medium
flow speeds (mean flow speed 9 cm . s-1). No corals were present at sites where flow
speeds were high (mean flow speeds 13 and 16 cm . s-1), possibly due to the inability of
coral larvae to settle there, or detrimental effects of the flow speed on the ability of the
CWCs to feed. The intermediate flow speeds may also be due to the effect which the
coral structure has on the water flow. Aggregation of CWCs may slow the flows across
the mound in such a way that more and more of the mound becomes suitable for coral
settlement. Duineveld et al. (2007) also found evidence for down-welling by internal
waves of particles from higher up the bank. This would provide the CWC community
with a periodic inflow of fresh material that is produced in the sunlit surface waters. It is
reported by van Oevelen et al. (2009) that the biodiversity (total number of species,
expected number of species, Shannon index) was higher in areas with CWCs when
compared to adjacent areas.

Figure 3. Rockall bank research area, the small inset shows location of the research area on Rockall bank.
CWC mounds are shown as clusters which are up to several kilometres long. The two arrows point to
locations where B.O.B.O. landers were deployed during research by Mienis et al. 2009. Image taken from
Mienis et al. (2009).
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Hatton bank forms the western part of the Rockall plateau and also has coral carbonate
mounds (Fig. 4). CWCs have been found on Hatton bank in recent years (Roberts et al.
2008). These CWCs seem to have settled on cliffs where preferable currents were
present and have since then constructed carbonate mounds over a time course of
thousands of years as they grew upwards by accumulation of coral rubble and sediment.
The CWC communities at Hatton bank seem to be patchier than those at Rockall bank.
The aggregations are less dense (R. Jeffreys pers. comm.). Not much is known yet of
Hatton bank in respect to the CWCs, but the analysis of video footage taken at Hatton
bank indicates that the richest communities found at Hatton bank are in coral structured
and rocky habitats (Roberts et al. 2008).

Figure 4. Hatton bank research area on the north-western edge of Hatton bank. Red line is the track of the
R.V. Pelagia during its time in the area on the Hermes 2008 cruise. The two red cubes indicated by the
arrows are locations where a boxcore was taken for biomass analyses. Image modified from Buck (2008).
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The Belgica mounds are a series of sea mounds at the eastern edge of the Porcupine
Seabight to the southwest of Ireland (Fig. 5). There are four main mounds, from north to
south: Galway and Poseidon mounds west and east of each other, Thérèse mound, and
Challenger mound. These carbonate sea mounds are found at a depth range between
600 and 1200 m (Dorschel et al. 2007), and can reach heights of up to 190 m (de Mol et
al. 2002). Research at Galway mound found that water currents were enhanced around
the mound as compared to their flow speed at other places, and that live coral presence
coincided with the highest measured flow speeds on the summit with a flow range of
16.0 to 51.1 m s-1, as well as the west side with a flow range of 7.7 to 34.5 m s-1 (Dorschel
et al. 2007). Dorschel et al. (2007) concluded that the presence of CWCs was not directly
influenced by current speed, but by the effect the water currents have on the settlement
of sediment on the coral reef. The east and west side of the mound have currents with
comparable flow speeds, but the west side of the mound experiences currents which
provide a low input of resuspended sediment, while the east side experiences currents
which move sand waves towards it, potentially smothering and clogging the coral
polyps. Henry and Roberts (2007) found Shannon indexes of macrobenthic diversity in
CWC areas to be significantly higher than in surrounding sediments.

Figure 5. A) Belgica mounds research area on the eastern edge of the Porcupine Seabight to the west of
Ireland. B) The sea mounds which make up the Belgica mounds with the different sensory analyses done
by Wheeler et al. 2005. Image taken from Wheeler et al. 2005.
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The Mingulay and Banana reefs are Part of the Mingulay Reef Complex (MRC) just east of
Mingulay Island in the Hebrides (Fig. 6). L. pertusa occurs at the MRC at a depth range of
120 to 190 m. The MRC was first sampled in 2003 (Roberts et al. 2005), but Banana reef
was not discovered until 2006 (Maier 2006). The two reefs are situated about two
kilometres apart. Mingulay reef is an asymmetric sea ridge extending from east to west
with a steep southern slope and a gentler northern slope, where most of the CWCs are
found (Roberts et al. 2009b). The ridge is dissected by a narrow channel (Watmough
2008). Banana reef appears like an igneous dyke which has cut through existing
sediments (Roberts et al. 2009b). Large parts of Banana reef are covered by dense
outcrops of live CWC, while the CWCs at Mingulay reef are more limited to smaller
structures (Watmough, 2008). Particle delivery at Mingulay reef was found to be
augmented by downwelling at the change of the tides. This led to a constant inflow to
the CWC community of fresh material (Roberts et al. 2009b). This augmentation of the
particle delivery was also observed at Banana reef (G. Duineveld pers. comm.). It has
recently been found that the particulate material at Banana reef is of much better quality
than at Mingulay reef (R. Jeffreys pers. comm.), which might be an indication why the
CWC outcrops at Banana reef are larger than those at Mingulay reef.

Figure 6. The Mingulay Reef Complex situated to the east of Mingulay Island in the Hebrides. Mingulay
reef as mentioned in this study is named Mingulay 1 in this figure. To the southwest of Mingulay reef,
Banana reef has been found in recent years. Image taken from Roberts et al. 2009b.
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2.2 Stable isotopes
Stable isotope analyses are a commonly used tool in ecology (Fry 2006). They can be
used to examine the diet of an organism over the last couple of weeks or months,
depending on tissue turnover times. This knowledge of the diet of an organism can for
example be used to disentangle the food web of a certain habitat (Iken et al. 2001). The
two elements which were used in this study are carbon and nitrogen. The isotope
signature of an organism is the relation between the heavy and light isotope of an
element, when compared to a known standard:

δX = [( Rsample − Rs tan dard ) / Rs tan dard ] ⋅ 1000
in which X = 13C or 15N, and R = 13C/12C or 15N/14N (Duineveld et al. 2007).
Standards which are often used are atmospheric N2 for δ15N and PeeDee Belemnite for
δ13C. It has been found that the fraction of heavy isotopes increases from prey to
predator, this is due to heavier isotopes reacting slightly more slowly in metabolic
processes. The enrichment of tissues of organisms with heavier isotopes has been found
to be similar for many animals. For nitrogen this increase in fraction of heavy isotopes,
or fractionation factor, is on average 3.4‰, while it is around 1‰ for carbon (Post
2002). The nitrogen signature and fractionation factor are often used to discern trophic
position in a food web, while the carbon signature, which changes less as one moves up
the food web, is often used to designate the primary carbon sources of a consumer (Fry
2006).
The samples from the CWC reef communities were collected during a number of
research cruises with the Research Vessel Pelagia. Rockall bank was sampled during the
Hermes 2005 cruise, the Mingulay Reef Complex was sampled during the Biosys 2006,
and Hermes 2007 cruises, and Hatton bank and the Belgica mounds were sampled
during the Hermes 2008 cruise.
All collected specimens were separated from the coral habitat by boxcore,
triangular bottom dredge, beam trawl, or traps mounted on a lander (Fig. 7) and
immediately frozen onboard at -80°C. When the specimens arrived at the NIOZ, they
were transferred to storage at -30°C. When the specimens were dissected to obtain
tissue for the stable isotope analyses, they were taken from the freezer to thaw, but then
kept on ice to prevent degradation of the tissues. Where possible, muscle tissue was
collected. When this was not possible, for example with anemones or polychaetes, body
wall tissue was collected. The dissection was done under a dissecting microscope when
necessary, and all samples were checked with the microscope to make sure that they
were clean. Most samples were collected from the animals and then freeze-dried, but
some animals, such as anemones, would almost disintegrate when they were dissected.
These animals were freeze-dried whole, after which tissue samples were taken. The
CWCs were also freeze dried previous to dissection, because collecting tissue from the
polyps before freeze-drying proved to be difficult. When possible, five separate animals
were sampled to obtain an average isotope signature for the species at that location.
Some animals were not collected in sufficient numbers, and it was not clear for colonial
animals that were damaged during sampling which parts belonged to separate
individuals. It was also attempted to get the individuals from a range of stations across
each CWC community to get as broad a sampling of the isotope signature as possible.
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When one individual would not provide enough tissue for one sample, multiple
individuals were sampled and pooled together. To get an idea of the signatures of food
sources for the CWC community, filters from stand alone pump systems (SAPS) with
particulate organic matter (P.O.M.) on them, sediments, and surface plankton were also
sampled, and freeze-dried.
After freeze-drying, all samples were sent to Iso-Analytical, a company which is
specialized in stable isotope analyses (http://www.iso-analytical.co.uk/). The analyses
there were performed on an elemental analyzer-isotopic ratio mass spectrometer (EAIRMS) manufactured by Europa Scientific, Crewe, UK. Samples which could contain
calcium carbonate were acidified with 10% HCl prior to analysis. Every few samples, one
sample was tested in duplicate to test the accuracy of the EA-IRMS. Fish muscle was
used to cross compare the data with samples from Rockall bank analysed some years
ago. Several reference materials with known signatures (powdered bovine liver,
ammonium sulphate, and sugars) were added by Iso-Analytical to test whether the EAIRMS produced values which were within an acceptable range around the known values.

2.2.1 Statistical analyses
The data used in all analyses were tested for normality (Kolmogorov-Smirnov test), and
homogeneity of variances (Levene’s test) when necessary. When the data did not pass
these tests, they were Log10-transformed when possible. When the data were normally
distributed and had homogeneous variances, ANOVA’s and Independent Samples TTests were performed. When it was not possible to obtain normality or homogeneity,
Kruskal-Walis and Mann-Whitney U tests were performed. A difference was found to be
significant in the analyses when a p-value was found which was less than 0.05. All
statistical results are presented in appendix 3. Data from the Belgica mounds were not
taken into account during the statistical analyses. The omnivores and predators in this
community only had a sample size of five species. This community can be added to the
statistical analyses when more samples have been analysed. Signatures of Porifera and
Asteroidea were removed from the analyses, as these showed signs of a symbiotic
microbial relationship in some habitats, which caused them to be outliers. Signatures of
pelagic fish were also removed, because it was not certain that these belonged in the
CWC communities.
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Figure 7. The sampling devices used to obtain samples for stable isotope analyses. From top
left clockwise: boxcore, triangular dredge, amphipod trap mounted on lander, and beam
trawl.
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2.2 Modelling
Linear inverse models (LIMs) are very useful in discerning energy flows in under
sampled habitats (see Soetaert and van Oevelen 2009 for a tutorial on LIMs). Deep sea
communities are some of the hardest habitats to sample. The sampling quite often
comes down to a shot in the dark from hundreds or thousands meters above, and the
time and equipment needed to get to the communities and obtain the needed samples
make it a costly affair. It is therefore essential that the most is made from what samples
can be obtained. Linear inverse models can estimate the various energy flows in a
community and can examine which of these flows have the highest impact on the
community as a whole. These flows could then be the focal point of following research.
The analysis of a food web with a linear inverse model can be broken down into
four main steps. First, the topological food web needs to be designed, what
compartments are in the community, who eats whom and what is taken in from and
exported to the outside environment. The flows to and from a compartment in the LIM
can be written as the following formula:

dX
= ∑ f in − ∑ f out
dt
The collection of flows to and from a compartment can be rewritten in matrix notation
as:

A⋅ x = b
In that formula, x is a vector with the unknown flows, and b is a vector with the rates of
change of the compartments. Matrix A is a mass balance of the food web flows. As all
flows can only be positive, the following equation also holds:

x≥0
Second, physiological constraints have to be placed on the flows from one
compartment to another. Not all energy flowing from one compartment to another can
be transformed by the other compartment into biomass. Some will be lost because it can
not be digested, and some will be lost due to maintenance costs (respiration, tissue
maintenance). These constraints on the flows between the compartments can also be
rewritten in a matrix equation:

G⋅x ≥ h
The vector h consists of the absolute bounds on the flows. The matrix G consists of the
constraints coefficients, indicating if and to what extend a flow contributes to the
constraint.
Third, in situ measurements are added. Biomass data and respiration rates which
have been measured in the field are entered into the model as constraints on carbon
cycling by a compartment, and flows from compartment to compartment. The
measurements can be added to the model as equations when their uncertainty is small
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or when the data have been gathered from the system at study, or as inequalities when
the uncertainty is higher or when the data are taken from other, but similar, food webs.
When biomass has been used to calculate the respiration, for example through
allometric scaling relationships (Mahaut et al. 1995), this respiration is less certain than
when it would have been measured directly. It would then be more prudent to apply this
calculated respiration as a constraint with an upper and lower limit, instead of an
absolute value that is entered as an equation.
A recent addition to the LIM is stable isotope data. These data can be
implemented in the LIM as mass-balances. When the isotope signatures of a consumer
and its food sources are known, and the fractionation factor is taken into account, it is
possible to calculate what percentage of the diet of a consumer must consists of each
food source. In this way stable isotope data can be used to constrain the flows from
various food sources to a consumer.
Finally, a solution method is chosen. A solution to the model is a collection of flow
values (x) that is consistent with the matrix equations and inequalities. For each flow,
there is a solution space of an infinite number of values that are consistent with all
equations and inequalities. There are various methods to choose one solution from this
solution space, or to indicate its range (Fig. 8). One method is the parsimonious solution;
the solution is selected that minimizes the sum of squared flows. The main problem with
this solution is that it tends to choose extreme values for its flows. When it can set a flow
to 0, it will do that, and when two flows come from one compartment, it will maximize
one flow and minimize the other. Another method estimates the uncertainty of the
solution space for each flow. This gives an insight into the range of values of flows that
are consistent with the equations and inequalities. A recent addition is a method in
which the mean and standard deviation are calculated from a representative collection
of solutions that were sampled with Monte Carlo methods (Kones et al. 2006). The
model is run many times, and each time another random flow value is chosen that is
consistent with all equations and inequalities. As the method jumps around the solution
space for each flow, an estimate of the whole solution space is generated. The mean and
standard deviation of this space give an estimate of the average value for the flow and its
uncertainty.
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Figure 8. Solution methods for LIMs. The parsimonious solution chooses the one solution value for which
the sum of squared flows is minimized. The range estimation gives the range of values of each flow for
which it is consistent with all equations and inequalities. The Bayesian sampling estimates random values
which are consistent with all equations and inequalities. This is done many times, by which an estimate of
the whole solution space is produced. The mean and standard deviation of this solution space are taken as
estimates of the flows and the level of their constraint. Image taken from Soetaert and van Oevelen
(2009).
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2.2.1 Food web topology
It was decided to apply a linear inverse model (LIM) only to Hatton bank and Mingulay
reef. Belgica mounds and Banana reef had too few data available, besides stable isotopes,
to constrain a LIM sufficiently to draw conclusions on their activity.
The model as described in van Oevelen et al. (2009) was simplified to make it
comparable with the two new models developed in this study. The datasets of the two
new communities were not as expansive as the one for Rockall bank, and certain
compartments for which few data were available were pooled to take the added
uncertainty into account. The three layers of live CWCs, dead coral branches and trapped
sediment are taken into consideration. The model which was used in this study has two
food sources bringing energy into the system: detritus and zooplankton. The distinction
between phyto-detritus and other detritus in van Oevelen et al. (2009) was removed.
The feeding links between the compartments in the model were taken from van Oevelen
et al. (2009). A compartment was included for the “biofilm”. This compartment consists
of the bacteria living on the coral branches together with an assortment of small
organisms which could not be separated from their substratum. The compartments
CWCs, sponges, crinoids, bivalves, hydroids, and a pooled compartment consisting of
other suspension feeders (e.g. ophiuroids, anemones, and anthipatharian black corals)
were assumed to feed on the two food sources mentioned above. The polychaete E.
norvegica was also considered to feed only on the suspended food sources. The
compartment polychaetes (pooling the Hesionidea and other polychaetes) feeds on the
suspended food sources as well as the biofilm. The compartment omnivores and
predators (e.g. gastropods, shrimps, squat lobsters) feeds also on the suspended food
sources and the biofilm. Crabs have a broad diet and feed on detritus and plankton,
hydroids, crinoids, sponges, polychaetes, bivalves, other suspension feeders, omnivores
and predators, and the biofilm. Sea urchins also feed on a wide variety of food sources.
Their diet consists of the biofilm, sponges, hydroids, other suspension feeders,
polychaetes, and omnivores and predators. Starfish feed on polychaetes, biofilm,
bivalves, sponges, other suspension feeders, omnivores and predators, and sea urchins.
Very little is known about the life in the sediment, the food web in the sediment was
therefore kept simple. The infauna and bacteria in the sediment compartments from van
Oevelen et al. (2009) were pooled together into one sediment life compartment. Detritus
accumulates from the water column in the sediment and is consumed by the sediment
life. The fish compartment from van Oevelen et al. (2009) was not added to the model
due to a lack of data, but was assumed to be included in the export flow: a flow of energy
out of the system which includes migration and predation by organisms not included in
the model. Nonfeeding flows were also included. All biotic compartments respired
carbon to dissolved organic carbon and produced organic waste which went to detritus
in either the water column or sediment.

2.2.2 Hatton bank
For Hatton bank, the following data were available: 1) Stable isotopes of a wide range of
reef organisms. 2) Biomasses of organisms in one on-mount boxcore. 3) Respiration
data from a coral garden, consisting of a lump of dead coral structure with attached
organisms, with known ash free dry weights for separate taxa, and from an
Anthipatharian black coral. 4) Video surveys of transects across coral mounds with
abundance measurements of megafauna on the reef.

19

The biomasses of the compartments in the LIM were mostly calculated from
biomasses in boxcore 73 from the HERMES 2008 cruise. This boxcore was taken on top
of a mound covered in CWCs. The biomass in grams wet weight per boxcore surface was
recalculated to mmol C . m-2.
No crabs were found in the boxcore, but it was decided that these animals might
be quick enough to escape the boxcore and that the areal extent of boxcore sampling is
insufficient to representatively estimate biomass of crabs. The biomass of crabs was
therefore estimated by taking their average abundance from the video surveys from the
“low knoll” area, an area with CWC outcrops along the slope of Hatton bank from which
the boxcore was also taken, and converting this into biomass using the individual carbon
content of a crab specimen that was determined for Rockall bank.. By dividing the
biomass from Rockall bank by the number of individuals, one obtains the mass of one
individual. One can then multiply this by a known abundance from Hatton and thus
obtain a biomass. This does assume that animals in both habitats are of equal size. See
Table 1 for biomasses from Hatton bank.
There were very few respiration data available for Hatton bank. Upper and lower
respiration limits were therefore calculated for the compartments using the formula
from Mahaut et al. (1995) as described in van Oevelen et al. (2009)

r = 0.0075 ⋅ W −0.24
The respiration rate of a compartment was calculated by using the r from the formula as
a biomass-specific respiration rate (d-1), and multiplying this with the biomass of a
compartment. The resulting respiration estimate (R), of course, has some uncertainty.
The lower respiration limit was therefore defined as R/2 and the upper respiration as
R*2.
For the CWC compartment, data from Dodds et al. (2007) were used (Fig. 9). They
measured oxygen consumption at three different temperatures (6.5°C., 9°C., and 11°C.),
and varying pressures as a measure for respiration of L. pertusa. Although the CWC
found in the boxcore was Madrepora, it was decided that these measurements would be
a more realistic estimate of respiration, than estimates calculated from biomass. The
lower respiration limit was defined as the level of oxygen consumption at 6.5°C and
pressures where oxygen consumption had levelled off (estimated at 0.1 μmol O2/g
dw/h). The upper respiration limit was defined as the level of oxygen consumption at
9°C. and pressures where oxygen consumption had levelled off (estimated at 0.23 μmol
O2/g dw/h).
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Table 1. Biomasses of the compartments in the LIM of Hatton bank. BC = obtained from boxcore data,
VS = recalculated from visual survey data.

Compartment
cold-water corals
E. norvegica
polychaeta
urchins
starfish
crabs
omnivores
sponges
hydroids
crinoids
suspension feeders
bivalves
total

mmol C m-2 Origin
2363.836
BC
5.715
BC
28.029
BC
0.265
BC
0.354
BC
0.003
VS
0.265
BC
34.042
BC
5.394
BC
0
BC
94.766
BC
119.543
BC
2652.211

The respiration data from the coral garden was used as an extra constraint. It was
assumed that the coral garden, as used in the respiration incubations, made up almost
all coral structure and attached organisms from its boxcore. To include the uncertainty
in this assumption, the respiration of the whole coral garden was set as the lower limit
for all compartments found in it and the respiration of the coral garden * 2 was set as the
upper limit. Respiration of the sediment was calculated by averaging all sediment
incubations performed with on-mount sediments and recalculating this to
mmol C m-2 d-1.

Figure 9. Respiration rates of L. pertusa at different pressures and water temperatures. Image taken from
Dodds et al. (2007).

21

The stable isotopes data were obtained as described in the stable isotopes
section, but only the δ15N data were used in the model, because δ13C, while useful when
different basal food sources are investigated, does not have the resolution of δ15N when
it comes to trophic interactions.
The fractionation factor for almost all animal compartments was set at 3.4‰, the
one exception being the sponges. The average isotope signature of these was highly
enriched when compared with their food sources. It was found in literature that sponges
often have symbiotic bacterial communities which can lead to fractionation factors up to
11‰ (Southwell et al. 2008). This factor matched the isotope signatures of sponges and
their food sources and was added to the model. The isotope signature of the biofilm was
not measured. Van Oevelen et al. (2009) estimated the isotope signature of the biofilm at
Rockall bank from the range of values which were consistent with all other data from
the model. They took the mean of that range as the signature for the biofilm. Due to time
constraints, it was not possible to fully test the range of values for which the biofilm
signature was consistent. It was set to 6.3‰, which is quite similar to the value from
Rockall bank, and is consistent with the other data from the Hatton bank model. The
biofilm is a mixture of animals and microbes. This has an effect on the fractionation
factor of the biofilm as a whole with bacteria having a fractionation factor of about 1‰
(Altabet 1996). Van Oevelen et al. (2009) tested what values within the range of 1‰ 3.4‰ were valid with the other data from the model and they found a range of 1‰ 1.7‰. From this range, the mean was taken as fractionation factor for the whole biofilm.
Due to time constraints, it was not possible to test this for the other habitats. The
fractionation factor of the biofilm was taken from van Oevelen et al. (2009) and set to
1.35‰.
It was tested for all compartments whether isotope signatures of food and
consumers matched with the assumed fractionation factors. Isotopes signatures of
sponges and hydroids were slightly modified (sponges 15.73‰ to 15.84‰ and
hydroids 8.14‰ to 8.24‰) to comply with restrictions from the fractionation factors.
The δ15N isotope signature of detritus in the water column was obtained by averaging
the isotope signature of the SAPS samples. The isotope signature of the zooplankton in
the water column was taken from Fry and Quinones (1994). They found isotope
signatures for zooplankton in temperate and northern seawater to vary between 7‰
and 9‰. The average of this range was taken at 8‰. The stable isotopes values and
fractionation factors for all compartments can be found in Table 2.
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Table 2. Nitrogen stable isotope values and fractionation factors of compartments in LIM of Hatton bank.
Detritus in water column, zooplankton in water column and detritus in sediment have no fractionation
factor in the LIM.

Compartment
detritus in water column
zooplankton in water column
detritus in sediment
cold-water corals
E. norvegica
biofilm
polychaeta
urchins
starfish
crabs
omnivores/predators
sponges
hydroids
crinoids
suspension feeders
bivalves

δ15N(‰)
5.5
8.0
48
8.4
9.8
6.3
8.8
11.8
13.8
10.0
9.6
15.8
8.2
9.5
8.8
9.6

fractionation
factor(‰)

3.4
3.4
1.35
3.4
3.4
3.4
3.4
3.4
11
3.4
3.4
3.4
3.4

Constraints were placed on assimilation efficiency (AE) and net growth efficiency
(NGE). Respiration rates (R) were used to constrain the production rate (P) of a
compartment. This was done by using the formula:

NGE = P /( P + R)
The NGE was found to be independent of organism size and a lower constraint of 30%
and upper constraint of 60% for herbivores and carnivores (Calow 1977, Banse 1979,
and Hendriks 1999) were implemented in the model for all animal compartments. The
growth efficiency of bacteria on the coral branches was limited to 20-45%. This range
takes into account growth efficiencies from bacterial growth on phytoplankton, phytodetritus and faeces (del Giorgio and Cole 1998). Assimilation efficiency (AE), being the
percentage of consumption (C), which is assimilated (A):

AE = A / C
has a lower limit of 40% and an upper limit of 80% for endothermal aquatic herbivores,
carnivores, and detrivores (Banse 1979, Hendriks 1999). These constraints were
implemented for all animal compartments. The rate of burial of carbon from the
sediment into lower layers was taken from the Rockall bank model in van Oevelen et al.
(2009).

23

2.2.3 Mingulay reef
For Mingulay reef, the following data were available: 1) Abundances of animals from six
Day grab samples taken from amongst the CWCs. 2) Respiration incubations of CWCs
with associated fauna. 3) Stable isotopes for a wide variety of animals.
The biomass of the compartments in the LIM were calculated using abundance
data provided by Lea-Anne Roberts from her research on biodiversity of the Mingulay
reef complex (Henry et al. 2009). Six Day grab samples were obtained among the corals
on Mingulay reef. The abundances were recalculated to biomasses by using the biomass
per abundance calculation as described above in the Hatton bank section. This
recalculation assumes that animals in both habitats are of equal size. The biomasses of
the compartments are shown in Table 3.

Table 3. Biomasses of compartments in the LIM of Mingulay reef.

compartment
E. norvegica
polychaeta
crinoids
urchins
starfish
omnivores/predators
sponges
hydroids
suspension feeders
bivalves
crabs
total

mmol C . m-2
2190.622
217.037
0
0
39.345
1022.432
598.004
8.046
1048.596
692.048
211.875
6028.006

CWCs are not shown in Table 3, because these were present in the samples, but were not
analysed by Henry et al. (2009). There were few respiration data available for Mingulay
reef. The same calculation of upper and lower respiration bounds from biomass as used
for Hatton bank was therefore used for most compartments (Mahaut et al. 1995). In
addition, a respiration incubation with a big section of live CWC with associated E.
norvegica was used as a constraint on the CWC and E. norvegica compartments. It was
assumed that the CWC sample made up most of the CWC in the boxcore sample from
which it was collected. The actual respiration measurement was used as a lower
constraint for the respiration of the CWC and E. norvegica compartments and the
respiration measurement *2 was used as the upper respiration constraint for these two
compartments.
No sediment incubations were done at Mingulay reef. To constrain the flows
pertaining to the sediment, the sediment respiration from Rockall bank was assumed as
an upper limit. The role of the sediment at Mingulay reef is not clear at this time. The
reef is a basalt ridge with the CWCs growing on top. There is some sediment present, but
nothing like the sediment/coral rubble mounds found at the Rockall and Hatton bank.
How this could affect the model results will be discussed further on.
The isotopes data from Mingulay reef were used in the same way as the data from
Hatton bank. There was an inconsistency between the isotope signature of the detritus
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in the water column from the S.A.P.S. filters and the isotope signatures of crinoids and
hydroids. These suspension feeders show signatures of about 6.8‰, and the detritus
signature is 6.3‰. This is not consistent with the fractionation factor of 3.4‰. It was
therefore decided that the detritus signature was most likely enriched with resuspended
sediment. The signature of the detritus in the water column was recalculated by
subtracting the fractionation factor from the signature of the lightest suspension feeder
(crinoids). The new signature for the detritus was 3.3‰. The signature of the
zooplankton was again set at 8.0‰. The signatures of E. norvegica and polychaetes were
slightly modified to comply with the restrictions from the fractionation factor (E.
norvegica from 12.22‰ to 11.40‰ and polychaetes from 12.52‰ to 11.40‰). The
sponges at Mingulay reef did not show the enrichment that was found at Hatton bank.
The fractionation factor for the sponges was therefore set at 3.4‰. The fractionation
factor of the biofilm was once again set at 1.35‰ and the isotope signature of the
biofilm was set at 7.0‰. This value complied with the other data in the model. No
sediments were collected at Mingulay reef. Because of this, the isotope signature of the
sediment could not be measured. The isotope signatures and fractionation factors of the
compartments at Mingulay reef can be found in Table 4.
Table 4. Nitrogen stable isotope values and fractionation factors used in the LIM of Mingulay reef. No
isotope value was available for the detritus in the sediment. Detritus in the water column, zooplankton in
the water column and detritus in the sediment did not have fractionation factors in the LIM.

compartment
detritus in water column
zooplankton in watercolumn
detritus in sediment
cold-water corals
E. norvegica
biofilm
polychaeta
urchins
starfish
crabs
omnivores/predators
sponges
hydroids
crinoids
suspension feeders
bivalves

δ15N(‰)
3.3
8.0
8.6
11.4
7.0
11.4
11.9
13.5
11.3
9.1
9.2
6.8
6.7
9.6
8.5

fractionation
factor(‰)

3.4
3.4
1.35
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4

The same biological constraints were placed on the flows as described for Hatton
bank. The carbon burial was also assumed to be the same as at Hatton and Rockall
banks. This carbon burial was copied to keep all three models as identical as possible,
which was done to be able to compare them. The question remains whether any burial
occurs at Mingulay reef as there might not be deep sediment banks present in which the
carbon may be buried.
The LIMs of Hatton bank and Mingulay reef were solved using Bayesian sampling.
Both LIMs were run 5000 times, and means and standard deviations of the collection of
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5000 values were calculated as estimates of the average value for each flow and its
constraint.

3. Results
3.1 Stable isotopes
The stable isotope signatures of the organisms obtained from various communities can
be found in Appendix 1. All names of species from the stable isotope analyses are
temporary names, because there was not enough time for identification during this
project. All species will be identified in the future. Figure 10 shows an isotope biplot of
the average signatures of all species and possible food sources sampled at Hatton bank
with δ13C on the X-axis and δ15N on the Y-axis. Figure 11 shows small isotope biplots of
the other habitats showing overall trends, and samples that have signatures which
separate them from the main cluster of signatures. The full-size biplots of the other
habitats can be found in Appendix 2. Table 5 gives the species with the most and least
enriched nitrogen and carbon signatures in the communities. The pelagic fish were not
included in this table, because they were possibly collected on the way back to the
surface and might not be a normal part of the CWC community.
Table 5. Organisms from all five CWC communities that showed the most and least enriched nitrogen and
carbon isotope signatures.
Habitat
Hatton
bank
Belgica
mounds
Rockall
bank
Mingulay
Reef
Banana
Reef

min N

name
max N
Colus
7,94 gastropod 16,63
Orange
6,57 anemone
17,92

minC

Colus
7,31 gastropod

Madrepora
-20,69 Oculata
Lophelia
-20,38 Pertusa
Lophelia
-20,52 pertusa

6,72 crinoid
Chlamys
6,74 bivalve

name
branched
porifera
Aphrocallista
porifera
Starfish w.
long slender
15,97 arms
Porania
13,45 Starfish
only claw
13,79 crab

name

maxC

name
Porania
-21,30 crinoid
-12,86 starfish
Aphrocallista
Porania
-21,05 porifera
-14,63 starfish
Porania
-12,70 starfish
Porania
-13,18 starfish
Porania
-13,45 starfish

At Hatton bank, the surface plankton shows a nitrogen signature of 3.82‰ which is
substantially lighter than all other samples. The sediment, and P.O.M. samples are a little
under 2‰ more enriched in nitrogen than the surface plankton with 5.60‰ and
5.47‰ respectively, but these two possible food sources of the CWC community are still
more than 2‰ lighter in their nitrogen signature than the CWC community. The lightest
nitrogen signature of the whole community belongs to Colus, a gastropod (7.94‰).
The CWCs at Hatton bank (L. pertusa, M. oculata, and an unidentified solitary coral) have
very similar carbon signatures with a range between -20.70‰ and -19.84‰. their
nitrogen signatures do differ about 2‰ however with M. oculata and the solitary coral
having values of 8.42‰ and 8.30‰ respectively and L. pertusa having a value of
10.37‰. The main cluster of signatures does not show a clear division in feeding guilds.
Suspension feeders and omnivores and predators are mixed together. The fish are
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mostly in the upper half of the cluster, but they do not show clear signs of enriched
isotopic signatures expected from top predators in the community. There is no clear
separation between the benthic and pelagic fish. One of the pelagic fish is similar in its
nitrogen signature to the benthic fish, and another is less enriched. The non-porifera
suspension feeders show a wide range in their nitrogen signature (range between
8.14‰ for the hydroids and 10.87‰ for the brachiopods). The bivalves have carbon
signatures within a small range between -17.08‰ and -17.20‰, while the other
suspension feeders have a carbon signature range between -17.55‰ and -21.30‰. The
crustaceans with the heaviest nitrogen signatures are big crabs (10.46‰ and 10.64‰),
while the lightest signature is that of the squat lobster Munida (8.55‰).
The asteroid Porania, is the most different from the cluster of signatures with a carbon
signature of -12.86‰ and a nitrogen signature of 15.46‰. The three species which
came closest to Porania in their carbon signature are one asteroid (-16.09‰, 12.23‰)
and two echinoids (-15.70‰, 12.39‰ and -16.05‰, 13.77‰). The three porifera
sampled are also distinct from the main cluster. Their carbon signatures (range between
-19.94‰ and -18.43‰) are not different from the other suspension feeders, but they
are far more enriched in their nitrogen signatures (range between 14.73‰ and
16.63‰). One other species is separated from the main cluster of signatures: this is an
amphipod. Its carbon signature of -18.85‰ is not remarkable, but it is heavily enriched
in its nitrogen signature (12.75‰).
Faunal sampling was less extensive during the cruise to the Belgica mounds as
compared to the cruises to the other communities. More samples have been obtained
during a recent cruise, but these have not yet been analysed. The one sample of P.O.M.
has an isotopic signature which places it well outside the range of the organisms
analysed at Belgica mounds. Its nitrogen signature (5.15‰) is a little lighter than the
lightest of the organisms (orange anemone 6.57‰). Its carbon signature (-24.55‰) is
however 3‰ lower than even the lightest carbon signature in the CWC community (21.05‰ for a porifera). The CWCs at Belgica mounds (L. pertusa, M. oculata and an
unidentified solitary coral) have carbon and nitrogen signatures which are quite similar
to those at Hatton bank with the exception of the L. pertusa at Hatton bank with its more
enriched nitrogen signature (carbon signatures range between -20.15‰ and -20.70‰,
nitrogen signatures range between 7.34‰ and 8.85‰). the CWCs together with the
other cnidarian suspension feeders seem to be less enriched in their carbon signatures
(range between -20.70‰ and -19.74‰) than the non-cnidarian suspension feeders
(range between -18.56‰ and -16.26‰). The amphipods do not have the highly
enriched nitrogen signature of the amphipods from Hatton bank (10.96‰ here), and
the gastropod Amphissa is much more enriched in its nitrogen signature (9.62‰) than
Colus at Hatton bank. One fish was analysed. This was the pelagic Syngnathidea, its
nitrogen signature was lighter than any from the CWC community (4.98‰). The one
porifera which was sampled at Belgica mounds showed a similar nitrogen enrichment as
was found at Hatton bank (17.92‰). the asteroid Porania shows a similar distinction
from the other samples in both carbon and nitrogen signatures (-14.62‰ and 13.84‰)
as were found for the Asteroids at Hatton bank. The echinoid which was sampled did not
show the same distinctiveness as was found at Hatton bank. Its carbon and nitrogen
signatures (-16.88‰ and 10.50‰) place it amongst the other species sampled.
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Figure 10. Biplot of stable isotopes analyses of Hatton bank. δ13C and δ15N values of sampled organisms and food sources.
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Belgica mounds

Mingulay reef

Banana reef

Rockall bank

Figure 11. Biplots of stable isotopes analyses of the other CWC communities. δ13C on the X-axis and δ15N on
the Y-axis. Color indicate the different feeding guilds and food sources as in Figure 10.

The signatures of the surface plankton at Mingulay reef show that it is slightly
lighter than the CWC community in its carbon signature (-20.84‰), but it is among the
lighter signatures in its nitrogen signature (8.04‰). The P.O.M. is again lighter than the
CWC community in both its carbon and nitrogen signatures (-21.13‰ and 6.00‰
respectively). The least nitrogen enriched species sampled is a crinoid with a signature
of 6.72‰. the least carbon enriched species is L. pertusa (-20.38‰). This is the only
CWC sampled at Mingulay reef. Its nitrogen signature of 8.62‰ places it among the
nitrogen signatures of other suspension feeders and is similar to the CWC signatures
from the habitats previously discussed with the exception of the enriched L. pertusa
from Hatton bank.
There seems to be an overall trend with suspension feeders being less enriched in
both their carbon and nitrogen signatures(carbon range between -20.38‰ and 17.38‰, nitrogen range between 6.72‰ and 12.19‰), when compared to the
omnivores and predators (carbon range between -17.80‰ and -13.18‰, nitrogen
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range between 9.31‰ and 13.45‰. This will be further analysed below. The lightest
nitrogen signature of the omnivores and predators (9.31‰) belongs to the squat lobster
Munida this is the same as at Hatton bank. The heaviest nitrogen signature of the
crustaceans is found in a big crab (11.94‰). the sponges at Mingulay reef did not have a
relatively heavy nitrogen signature as was found at Hatton bank and Belgica mounds.
their nitrogen signatures (range between 7.24‰ and 12.19‰) fell within the range
cluster of other species. the asteroid Porania is once again found to be heavily enriched
in both its carbon and nitrogen signatures (-13.18‰ and 13.45‰) especially the
carbon signature places Porania well outside of the range of the other samples. The
closest to Porania in both its carbon and nitrogen signatures is an unidentified
gastropod (-16.44‰ and 13.06‰).
The samples of the food sources in the MRC were taken around both Mingulay
and Banana reef, the Values of P.O.M. (δ15N 6.00‰, δ13C -21.13‰) and surface plankton
(δ15N 8.04‰, δ13C -20.84‰) were therefore assumed to be equal at both habitats. The
signatures of both the P.O.M. and the surface plankton place them at the same relative
positions in the biplot to the CWC community at Banana reef as at Mingulay reef.
The species with the least enriched carbon signature from Banana reef is L.
pertusa (-20.52‰) this is the same as at Mingulay reef. The nitrogen signature of L.
pertusa places it among the other suspension feeders (9.00‰). The species analysed at
Banana reef seem to show a similar overall pattern when compared to Mingulay reef.
The suspension feeders seem to have lighter carbon and nitrogen signatures (carbon
ranges between -20.52‰ and -17.05‰, nitrogen ranges between 6.74‰ and 12.58‰)
than the omnivores and predators (carbon ranges between -17.77‰ and -13.45‰,
nitrogen ranges between 9.29‰ and 13.04‰). the lightest nitrogen signature of the
omnivores and predators belongs again to a squat lobster: Galathea. The community
from Banana reef once again shows the isotopic enrichment in the carbon signatures of
the asteroids. Both Porania and Ophidiaster are well outside the cluster of the other
species (-13.45‰ and -13.74‰). They are however not more enriched in their nitrogen
signatures (13.04‰, 10.79‰ respectively) when compared to the other species.
Porania is still among the most enriched, but Ophidiaster is in the middle of the
signatures of the omnivores and predators (for nitrogen range omnivores and predators
see above). The porifera do not have signatures different from the other suspension
feeders.
The data that we present from Rockall bank are data from Duineveld et al. (2007),
which are supplemented with results from later stable isotope analysis. The additional
data in particular concern the carbon signatures of their food sources and species, with
the exception of the CWCs. There is no clear separation in carbon or nitrogen signatures
between suspension feeders and omnivores and predators. Again apparent, is the strong
enrichment of the asteroids: Porania and an unidentified asteroid in both carbon and
nitrogen signatures (Porania: -12.70‰, 13.68‰ and the other asteroid: -14.37‰,
15.97‰). They are closely followed in their nitrogen signature by a large holothuroid.
Its carbon signature is very similar to the other holothuroids, but its nitrogen signature
is a lot more enriched. The lightest nitrogen signature belonged to Syngnathidea, the
same pelagic fish as at Belgica mounds (5.70‰). The species with the lightest nitrogen
signature from the community itself was the gastropod Colus (7.31‰).
The nitrogen ratio (NR) is the range between the most and least enriched
nitrogen signatures of a community. The NR gives an idea of the level of trophic
diversity, the number of trophic levels in a food web increases with increasing NR
(Layman et al. 2007). The NR of most of the communities is quite similar with a range
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between 6.73‰ and 8.67‰, the only exception is Belgica mounds, which has a much
higher NR at 11.35‰. The nitrogen signature of the orange anemone at Belgica mounds
is the lightest signature of all the CWC communities, while the porifera at Belgica
mounds has the heaviest nitrogen signature of all. While Hatton bank also has porifera
which have very heavy nitrogen signatures, its NR is very similar to the other
communities, because its lightest nitrogen signature (7.94‰) is the heaviest when
compared to the lightest signatures of the other CWC communities (range between
6.53‰ and 7.31‰).

3.1.1 Statistical analysis
There was a significant difference in carbon signature between the suspension
feeders and omnivores and predators from Banana reef, Hatton bank, and Mingulay reef.
Significant differences in nitrogen signature were found for Banana reef, Mingulay reef
and Rockall bank (Fig. 12).
ANOVA’s and a Kruskal-Walis test were then performed on the isotope signatures
of the suspension feeders and omnivores and predators in the habitats. When significant
differences were found in the ANOVA’s, an LSD post hoc test was performed to analyse
between which habitats this significant difference was present. The carbon data of the
suspension feeders was not normally distributed, and could not be transformed to make
it so. For these data, a Kruskal-Walis test was used. All other data could be analysed with
ANOVA’s. Significant differences were found between the habitats for both isotope
signatures of the omnivores and predators (Fig. 12). There was no significant difference
between the signatures of the suspension feeders in the habitats. The omnivores and
predators at Banana reef were significantly more enriched in both isotope signatures
than the omnivores and predators at Hatton and Rockall bank.
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It was then investigated whether there was a significant difference between the
deep and shallow communities as a whole for each feeding guild, and whether there was
a significant difference between the feeding guilds in either the deep or shallow
communities. There was a significant difference between the omnivores and predators
in the deep and shallow communities. No significant difference was found between the
deep and shallow communities for the suspension feeders. Within both the deep and
shallow communities, there was a significant difference between the suspension feeders
and omnivores and predators (Fig. 13).
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3.2 Linear Inverse Modelling
As can be seen in Tables 1 and 3, the total biomass in the two CWC communities added
in this study differed substantially. The total biomass of Hatton bank was 2652 mmol C
m-2, while the total biomass of Mingulay reef was 6028 mmol C m-2. The total biomass
calculated for Mingulay reef was without the CWCs, which were excluded from the
analysis in Henry et al. (2009). At Hatton bank, the CWCs make up 89.1% of the total
biomass. The total macrofaunal biomass of Mingulay might therefore be substantially
larger than what is reported in here. As mentioned above, the biomass of Hatton bank is
dominated by the CWCs. The remaining 10.1% consists mostly of bivalves (4.5%),
suspension feeders (3.6%), and sponges (1.3%). The measured biomass of Mingulay reef
was dominated by E. norvegica. It comprised 36.3% of the total biomass. Other
important compartments were: suspension feeders (17.4%), omnivores/predators
(17.0%), bivalves (11.5%), and sponges (9.9%).
The biomass of the macrobenthos at Rockall bank was very similar to Hatton bank
(3135 mmol C . m-2). It too was dominated by CWCs, all be it in a smaller way (39%). Van
Oevelen et al. (2009) found the infauna to be an important contributor to the biomass as
well. It was not possible to obtain a value for the biomass of the infauna at Hatton bank
and Mingulay reef. Van Oevelen et al. (2009) also found that sponges (19%), E. norvegica
(10%), and suspension feeders (5%) were large contributors to the total biomass.
The respiration rate of the coral garden from Hatton bank was found to be 17.8 mmol C .
m-2 . d-1. The respiration rate of the sediment at Hatton bank was found to be 4.2 mmol C
. m-2 . d-1. The large fragment of L. pertusa with associated polycheates from the MRC had
a respiration rate of 41.0 mmol C . m-2 . d-1., assuming that the fragment was all that was
present in its boxcore. The sediment respiration rate found at Rockall bank was
substantially higher than at Hatton bank (33.2 mmol C . m-2 . d-1). See van Oevelen et al.
(2009) for respiration rates of the other compartments.
The flow values for all three communities span a wide range of values, ranging
from 116 mmol C . m-2 . d-1 for the flow from detritus in the water column to the CWCs at
Mingulay reef to 8.8 . 10-6 mmol C . m-2 . d-1 for the flow from sponges to crabs at Hatton
bank. There is a clear separation between the three reefs in the magnitude of their flows
(Fig. 14). When the flows in the three communities are ranked from large to small, the
flows at Mingulay reef all have a larger value than flows with a similar rank at the other
two communities. The largest twelve flows at Hatton bank and Rockall bank overlap in
their magnitude, but smaller flows have a higher value at Rockall bank than at Hatton
bank.
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Figure 14. Means of flow values of Hatton bank, Rockall bank and Mingulay reef. The flows of the three
communities are sorted top-down on the Y-axis from large to small. The logarithmic values on the X-axis
are mmol C m-2.
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The flows at Hatton bank and Mingulay reef are reasonably well constrained (see
Appendix 4 for figures of the means of all flows in the two communities with their
standard deviations). This can be tested with the coefficient of variance(CoV). This is the
standard deviation of each flow, normalized to the mean. For 56.4% of the flows from
Hatton bank, the CoV is smaller than 0.5, and it is smaller than 0.75 for 65.9% of the
flows. At Mingulay reef, the CoV is smaller than 0.5 for 51.6%, and smaller than 0.75 for
61.5% of the flows. When comparing these values with those of van Oevelen et al.
(2009) (<0.5 51%, <0.75 77%) it seems that the flows from all three models are quite
similarly constrained, even though the datasets from Hatton bank and Mingulay reefs
were more limited than the dataset from Rockall bank.
Many of the largest flow values in the Mingulay reef community are associated
with the CWCs. The feeding of the CWCs on zooplankton and detritus in the water
column, the respiration, and the excretion of the CWCs are all among the highest flows.
The flow from the CWCs to the biofilm is also very high. Other compartments that have
some of the highest flow values are the biofilm, the sediment life, E. norvegica and the
suspension feeders (Fig. 15A). Flows from the zooplankton to polychaetes, omnivores,
and bivalves are also quite high (Fig. 15B). The flow from quite a few compartments to
export also fall into this range, as well as respiration flows to dissolved organic carbon.
The highest predatory flows between compartments fall in the range of Figure 15C, as
well as respiration, excretion and export flows for compartments with a low biomass,
such as crabs and starfish. Figure 15D shows the lower predatory flows, mostly
associated with starfish, and respiration and export flows for the hydroids, the
compartment with the lowest biomass. Figure 15E shows the lowest flow from
zooplankton to hydroids at 0.03 mmol C . m-2 . d-1.
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Figure 15. Food-web flows of the LIM of Mingulay reef. Because of the wide range of flow values, the flows are depicted in
several flow webs. All flows are depicted in 15A, but 15B-F are truncated at a maximum of 50, 5, 0.5, 0.05, and 0.005 mmol C . m2 . d-1 respectively to make the smaller flows visible. 15F is included in the figure, although all flows at Mingulay reef are larger
than 0.005 mmol C . m-2 . d-1 to make the flow web figures of all communities identical. To clarify the flows depicted in the flow
webs, most of the flows are colour coded: flows from zoo_w to other compartments are blue, flows from det_w to other
compartments are brown, flows from all compartments to dic are pink, all flows between animal compartments are orange, and
all others are dark-grey. Abbreviations are: CWC = cold-water corals, BIO = biofilm, EUN = E. norvegica, POL = polychaeta, URC =
sea urchins, STA = starfish, CRA = crabs, OMN = omnivores and predators, SPO = sponges, HYD = hydroids, SUS = suspension
feeders, BIV = bivalves. DET_S = detritus in the sediment, SEDL = life in the sediment, dic = dissolved inorganic carbon, det_w =
detritus in the water column, zoo_w = zooplankton in the water column, exp = export from the LIM, bur = burial into deeper
layers of sediment.
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At Hatton bank, all food web flows are at a lower level than at Mingulay reef. The largest
flows do not stand out until Figure 16B. The largest flows are dominated by the biofilm,
the sediment life, and the CWCs. In Figure 16D, the polychaetes, sponges, hydroids, and
suspension feeders stand out for the first time. The flow from zooplankton to E.
norvegica is seen in Figure 16E, together with the first flows from compartments such as
the urchins, starfish, and omnivores/predators. The real predatory flows from one
internal compartment to another become apparent in Figure 16F, while the flows to and
from the crab compartment are still depicted as narrow arrows in this flow web which is
truncated to the smallest flow values.

Figure 16. Food-web flows of the LIM of Hatton bank. All colour coding, abbreviations, and truncation of the flow webs are
identical to Figure 15.
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The food web at Rockall bank is dominated by the biofilm and sediment life (Fig. 17B).
Flows relating to the CWCs, sponges, suspension feeders, and bivalves are also large
(Fig. 17C). These are all suspension feeders with a large biomass. Fig. 17D shows flows
of suspension feeders with smaller biomasses such as hydroids and E. norvegica, as well
as the omnivores/predators, and polychaetes, and the first internal predatory flow from
polychaetes to urchins. As we move to smaller flows in Fig. 17E and F, flows to and from
the crinoids become apparent, as well as flows to and from the starfish and crabs. Most
internal predatory flows become apparent in the flow web with the smallest flows (Fig.
17F)

Figure 17. Food-web flows of the simplified LIM of Rockall bank. All colour coding, abbreviations, and truncation of the flow
webs are identical to Figure 15. Circles next to the flow webs are due to trophic links within simplified compartments.
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The total inflow of carbon into the Hatton bank community was very similar to that of
the Rockall bank community (Table 6). The total inflow at Mingulay reef was
substantially higher. The diet composition was more one-sided at Hatton bank, when
compared to Rockall bank. 97.0% of the carbon coming into Hatton bank consisted of
detritus, at Rockall bank, this was 81.1%. At Mingulay reef, the diet composition is
completely different, 76.1% of the incoming carbon is in the form of zooplankton. The
total inflow of carbon to the CWCs is also quite similar between Hatton bank and Rockall
bank, but the composition at Hatton bank is again more extreme with 94.5% consisting
of detritus compared to 71.9% at Rockall bank. The CWCs at Mingulay reef have more
zooplankton in their diet, only 59.4% of the diet consists of detritus. At Mingulay reef,
the CWCs take in 45.8% of the total carbon inflow. At Hatton bank and Rockall bank, this
percentage is smaller at 13.1% and 9.3% respectively. The percentage of the total inflow
which is used in respiration is similar at Hatton bank and Mingulay reef, 60.9% and
65.1% respectively. At Rockall bank it is higher at 75.3%. In all communities, almost all
carbon that is not used in respiration is exported from the community.
Table 6. Inflow and respiration values calculated by the LIMs for the three communities. All values in
mmol C . m-2 . d-1.

Hatton Bank
total inflow C CWC
community
total inflow C CWCs
inflow CWC com./inflow
CWCs
total respiration
total resp/total inflow
CWCcom
positive difference
Mingulay reef
total inflow C CWC
community
total inflow C CWCs
inflow CWC com./inflow
CWCs
total respiration
total resp/total inflow
CWCcom
positive difference
Rockall bank
(van Oevelen et al. 2009)
total inflow C CWC
community
total inflow C CWCs
inflow CWC com./inflow
CWCs
total respiration
total resp/total inflow
CWCcom
positive difference

Total

Detritus

64.82
8.48

62.87 (97.0%)
8.01 (94.5%)

Zooplankton
1.94 (3.0%)
0.47 (5.5%)

13.1%
39.45
60.9% Export
Burial
25.37
25.19 (99.3%)
0.18 (0.7%)
Total
Detritus
Zooplankton
429.76
196.63

102.64 (23.9%)
116.74 (59.4%)

327.11 (76.1%)
79.89 (40.6%)

45.8%
279.63
65.1% Export
Burial
150.13 149.94 (99.9%)
0.18 (0.1%)
Total

Detritus

75.10
7.01

60.90 (81.1%)
5.04 (71.9%)

Zooplankton
14.1 (18.8%)
1.97 (28.1%)

9.3%
57.30
75.3% Export
Burial
17.80
17.62 (99.0%)
0.18 (1.0%)
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4. Discussion
4.1 Stable isotopes
The fractionation factor between food and consumer makes stable isotopes particularly
useful in food web ecology. This fractionation factor is dependant on the biochemical
processes occurring in an organism which lead to integration of food into the tissues of
the organism. In this study, both asteroids and porifera had distinct isotope signatures.
The asteroids were highly enriched in both δ15N and δ13C in all CWC communities.
Assuming a fractionation factor of 3.4‰ (Post 2002), predation might lead to the
enrichment in δ15N, but the enrichment in δ13C which placed the asteroids outside of the
range of other organisms, beyond the maximum enrichment step of 1‰ (Post 2002),
showed that other factors play a role in the integration of food into the tissues of these
asteroids. Iken et al. (2001) found similar enriched nitrogen signatures for some of the
asteroids examined in a benthic community at the porcupine abyssal plain. Jeffreys
(2006) found similar values for asteroids in the Arabian Sea. The asteroids examined
here might have symbiotic microbial organisms which metabolise material which is
eaten by the asteroids. This might lead to isotope enrichment at a higher rate than the
3.4‰ found by Post (2002). No literature was found on this hypothesis. The porifera at
Hatton bank and Belgica mounds were highly enriched in δ15N, the porifera examined at
Belgica mounds was also more depleted in δ13C than the rest of the community. The
porifera at the other habitats did not show these remarkable signatures and their
signatures were among those of the other suspension feeders. porifera have been found
to contain symbiotic bacteria that have a much higher fractionation factor for δ15N
(Southwell et al. 2008). Carnivorous behaviour by porifera has also been observed
(Bergmann et al. 2009, Vacelet and Boury-Esnault 1995). These two factors might lead
to the higher δ15N signatures found. As demonstrated by the porifera and asteroids in
this research, every time stable isotopes are used to examine food webs, results should
be investigated whether the organisms in the food web have special pathways in which
they assimilate food and build the examined tissues.
It is important to realise that the nitrogen fractionation factor of 3.4‰ in Post
(2002) is an average calculated from a collection of 56 studies. Figure 18 shows the
histogram of the fractionation values of those studies. Values ranging from 2.5‰ to
4.5‰ are found in the majority of the studies. When results from stable isotope analyses
are examined, and feeding links and trophic levels are assigned, it is necessary to
remember that the fractionation factor is not a fixed value. It is likely that different
species within one community have different fractionation factors, which would
complicate the assignment of trophic levels.
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Figure 18. Histogram of fractionation factors found for δ15N in 56 studies by Post (2002). Image taken
from Post (2002)

Fish which had been collected were analysed in all the communities. The nitrogen
signatures found in all communities corroborate the conclusions from Duineveld et al.
2007. Fish were not the clear top predators in any of the communities. The nitrogen
signature of the amphipods at Hatton bank is distinct, because it is more enriched than
the isotope signatures of the fish. Amphipods are voracious scavengers that quickly
swarm any vertebrate cadaver present in the community. This was observed during the
Coralfish 2009 cruise to Belgica mounds, but it should be noted that the amphipods
analysed from Belgica mounds were not more enriched than other omnivores and
predators from that community. It is possible that the amphipods analysed from the two
communities make use of different food sources. The scavenging behaviour would
explain the highly enriched nitrogen signature at Hatton bank. It should be noted that
the amphipods were collected with baited traps, so they had been feeding on fish before
collection. It was however attempted to obtain tissue samples from the amphipods
without contamination by gut content. Only one fish sample was collected at Mingulay
reef and Banana reef each. The only fish which was collected at Belgica mounds was
pelagic. At both Hatton bank and Rockall bank, quite a few samples were collected. The
fish from both these communities showed a range of nitrogen signatures which placed
them in the upper half of the food web, with the exception of a rattail from Rockall bank
which had a nitrogen signature of 7.34‰. This is not much more enriched than the
lightest signature found at Rockall bank of a gastropod: Colus (7.31‰). It seems that the
fish in these two communities utilise a wide range of food sources. Iken et al. (2001)
proposed that the fish were feeding in the benthic system and the pelagic system above;
thereby also feeding on less enriched food than what is solely available in the benthic
system. Duineveld et al. (2007) provided an alternative hypothesis; they proposed that
the fish compete with the benthic invertebrates for the same food. They do not feed
solely on large animals, but scavenge the reef for what can be found. They base this
explanation on the signature of Gaidropsarus cf. vulgaris, a bottom dwelling fish which
does not seem to forage in the pelagic layer. This fish had a nitrogen signature of
11.3‰; clearly lower than for example a large crab (Chaecon affinis 12.2‰). The one
Gaidropsarus sp. examined in this study was from Banana reef. It had a nitrogen
signature of 13.0‰. The large crab from the same community of which only a claw was
collected had a nitrogen signature of 13.8‰. Gaidropsarus sp. from Banana reef seems
to have the same relative position within the community as at Rockall bank.
The Gaidropsarus sp. from Banana reef was more enriched than the one from
Rockall bank. This is not what is expected when a shallow and deep community are
compared. One would expect the organic matter to be reused several times more often
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as it sinks down to the deeper community. This would lead to the food source at the base
of the food web being more enriched in nitrogen in deeper habitats when compared to
more shallow habitats. The statistical analyses show that the increased enrichment of
Gaidropsarus sp. in the shallow habitat is not an exception. The omnivores and predators
from the shallow habitats are significantly more enriched in both δ15N and δ13C than the
omnivores and predators from the deep habitats. This might be due to more trophic
levels being present in omnivores and predators of the shallow habitats, which would be
possible because the shallow habitats have a higher carbon inflow than the deeper
habitats. Although the average nitrogen signature of the omnivores and predators of the
shallow habitats (Mingulay reef 11.13‰, Banana reef 11.82‰) are higher than those of
the deeper habitats (Hatton bank 10.36‰, Rockall bank 10.21‰), the nitrogen ratios of
the omnivores and predators of the shallower habitats (Mingulay reef 3.75‰, Banana
reef 4.50‰) are smaller than those of the deeper habitats (Hatton bank 5.83‰, Rockall
bank 5.65‰). The omnivores and predators of the shallow habitats are more enriched
in nitrogen than the omnivores and predators of the deeper habitats, but they do not
seem to have more trophic levels, or the organisms in these intermediate trophic levels
have not been sampled. It might also be possible that the shallow habitats, which are
situated close to the Hebrides, experience some effect from their proximity to land, but
this effect should then be visible in the whole community. It has also been found that
outflow of nutrients from the land into the sea leads to a more depleted carbon
signature (Fry 2002), as opposed to the carbon enrichment which was observed in this
study. The omnivores and predators in both the shallow and deep habitats are
significantly more enriched in both carbon and nitrogen than the suspension feeders, as
one would expect when the omnivores and predators feed on the suspension feeders.
The suspension feeders at the two depths are not significantly different from each other
in both their isotope signatures.
The fact that the omnivores and predators in the shallow habitats are more
enriched than in the deeper habitats, while this is not the case for the suspension feeders
can mean one of two things: Either the omnivores and predators in the shallow habitat
have access to a food source which is absent from the deep habitat and which the
suspension feeders can not obtain, or the omnivores and predators from the shallow
habitats have on average a higher fractionation factor than the omnivores and predators
from the deep habitats. One big difference between the deep and shallow habitats is the
presence of high densities of zooplankton in the shallow habitats (Duineveld et al. 2007).
When the omnivores and predators are capable of foraging on the zooplankton while the
suspension feeders rely more on the particulate organic matter in the water column, this
would lead to the omnivores and predators in the shallow habitats being more enriched
than the omnivores and predators from the deep habitats, while the suspension feeders
would not be more enriched. The zooplankton at the shallow reefs has a nitrogen
signature of 8.04‰. The P.O.M. has a nitrogen signature of 6.00‰. This is quite similar
to the P.O.M. nitrogen signatures from Hatton Bank, and Belgica mounds (5.47‰,
5.15‰ respectively). The P.O.M. nitrogen signature from Rockall bank is somewhat less
enriched at 4.5‰ (Duineveld et al. 2007).
Duineveld et al. (2007) discuss the accuracy of their P.O.M. nitrogen signature as
an average for the P.O.M. during the whole year. The amount of fresh material from the
surface seems to vary throughout the year, and while the isotope signatures of the
animals are an average of the food they have assimilated over the last couple of months,
the snapshots taken in this study show only the nitrogen signature of the P.O.M. at that
moment. All values do however fall within the range found by Kiriakoulakis et al. (2004)
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on other carbonate mounds in the northeast Atlantic Ocean (3.3‰-7.3‰). Something
remarkable is the fact that there seems to be discrepancies between the carbon
signatures of the food sources and those of the CWC community. The most extreme
example is the carbon signature of the P.O.M. from Belgica mounds (-24.55‰). This
signature places the P.O.M. far outside the signature range of the species analysed
(between -21.05‰ and -14.63‰) which would indicate that it is not part of their diet.
The P.O.M. carbon signature from Belgica mounds was measured in only one sample, it
will be interesting to see whether this remarkable carbon signature would be found in
other samples.
A difference in fractionation factor might also lead to the increased enrichment of
the omnivores and predators in the shallow habitats. No evidence was found in
literature for a higher overall fractionation factor in omnivores and predators in more
shallow benthic communities, but it should be noted that the feeding guilds consist of
different species in the different habitats, these might have different fractionation
factors which would cause the difference. McCutchan et al. (2003) found that animals
with a diet consisting of vertebrate tissue, microbes, or animal-based prepared diets
have a significantly higher fractionation factor than animals with an invertebrate diet.
Animals with a diet consisting of plant material had a fractionation factor that falls
between the other two diets. When the fractionation factor of the omnivores and
predators is higher in the shallow habitats, this would then mean that the omnivores
and predators in the shallow habitats have more plant, vertebrate, or microbial material
in their diet, than the omnivores and predators in the deep habitats, while the diet of the
suspension feeders at the two depths does not vary in composition. Further research
into the diet composition of these animals remains necessary.

4.2 Modelling
A model is an interesting way of gaining new insights on a subject, but it is of course only
as good as the assumptions on which it is based. The data available for the two reefs
which were added to the study by van Oevelen et al. (2009) on Rockall bank were
limited. Some major assumptions had to be made to be able to model all three reefs. The
biomasses of the compartments at Rockall bank were calculated from three boxcores.
The biomasses from Hatton bank were calculated from one on-mound boxcore, another
off mound boxcore was available, but the main organisms in this boxcore were a lot of
Ophiuroidea. These Ophiuroidea made up the bulk of the biomass, but they had not been
counted. This made it impossible to calculate the biomass specific respiration (Mahaut et
al. 1995). The biomass of the Ophiuroidea would have been a major part of the total
biomass, but it would not have been possible to calculate respiration constraints for it.
The biomass of the compartments at Mingulay reef was calculated from
abundance data from Henry et al. (2009). No biomasses were directly available, it was
therefore decided that this was an acceptable alternative. Henry et al. (2009) calculated
the abundance of all species in 18 day grabs. Of these, six were among the CWCs at
Mingulay reef. The data of these six grabs were recalculated to biomass by using the
relation between biomass and abundance available from Rockall bank. This does assume
that the organisms at both sites are of equal size. At both Hatton bank and Mingulay reef,
a respiration measurement of a segment of CWC with associated organisms was used to
constrain the respiration of the included compartments. The assumption that these
segments made up most of the biomass of the compartments in the boxcore could not be
verified, but this uncertainty was taken into account by setting the respiration of the
segments as the minimum respiration and the respiration times two as the maximum
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respiration. It should also be noted that the respiration measurements done at the MRC
were actually done with L. pertusa fragments from Banana reef. It was decided that due
to the proximity of Banana reef to Mingulay reef, the samples from Banana reef could be
used to get an estimate of the CWC respiration at Mingulay reef.
The respiration measurements of L. pertusa that were taken at Banana reef, but
could not be used because they could not be recalculated to surface area, gave an
average value of 0.30 μmol O2 per gram dry weight per day. Dodds et al. (2007)
performed respiration experiments with L. pertusa at varying temperatures and
pressures. They found similar respiration rates (Fig. 19). Van Oevelen et al. (2009)
compared their respiration rate also to Dodds et al. (2007). It was found that they had
misread the calculation used by Dodds et al. (2007). Dodds et al. (2007) did not express
their respiration rates per gram wet weight, but per gram dry weight. This means that
the respiration rate found at Rockall bank comes out higher when compared to the rates
found by Dodds et al. (2007) (Fig. 19).
It was also assumed that respiration of the sediment at Mingulay reef was lower
than the sediment respiration at Rockall bank. No sediment respiration data was
available for Mingulay reef. This was due to the fact that the corals at Mingulay reef do
not grow on a carbonate mound like at Rockall bank and Hatton bank. Mingulay reef is a
basalt ridge on which the CWCs grow and there is very little sediment. To keep all three
models equal to be able to compare them, the sediment respiration was included at
Mingulay reef. It is not clear what activity is present in the sediment at Mingulay reef.
The little sediment that is there might be very active. The total respiration of the CWC
community, calculated by the model, is more than five times as high at Mingulay reef
when compared to the deeper communities (Fig. 21A). The assumption that the
sediment respiration at Mingulay reef is not higher than at Rockall bank is quite
conservative. While the sediment respiration makes up more than half of the total
calculated respiration at Rockall bank, it makes up just over 10% of the total respiration
at Mingulay reef. It should be noted that the measured sediment respiration at Hatton
bank also makes up just over 10% of the total calculated respiration. Future research
will have to investigate what role the sediment plays at Mingulay reef.

Banana
reef

Rockall
bank

Figure 19. Respiration rates of L. pertusa at different water temperatures and pressures as found by Dodds
et al. (2007). The respiration values of L. pertusa from Banana reef and Rockall bank have been added.
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The burial of carbon deeper into the sea floor was copied from Rockall bank for the
other two communities. This burial was a tiny fraction of the total carbon turnover in
the three systems, and its effect is expected to be negligible.
The respiration measurements done during the research cruises might be
influenced by the removal of the organisms from their habitat, the pressure difference
they endured, while being brought to the surface, and the non-natural conditions in the
respiration chambers. The biomass specific respirations of some of the incubations were
compared to values from literature (Fig. 20). All respiration values were in the same
range as the values from literature. The factors which were mentioned above did not
seem to have a big influence on the organisms. What is remarkable is that the coral
garden from Hatton bank has a biomass specific respiration that is even lower than that
of the biofilm at Rockall bank. At Hatton bank, the epifauna was not removed, the ratio of
living vs. dead organic matter was therefore thought to be higher in the coral garden at
Hatton bank, but the total biomass specific respiration of the coral garden was less than
that of only the biofilm at Rockall bank (van Oevelen et al. 2009). The black coral
incubated at Hatton bank had a biomass specific respiration that was among the values
from literature.
To obtain a solution from the models, the isotopes data had to be altered slightly.
The fractionation factor of 3.4‰ was not consistent with all isotope signatures. At
Hatton bank, the sponges were extremely enriched when compared to their food
sources. It was found in literature that many sponges contain symbiotic bacteria that
have a very different fractionation factor than animals (Southwell et al. 2008). It has also
been found that sponges can show carnivorous behaviour, further enriching their
isotope signature (Bergmann et al. 2009, Vacelet and Boury-Esnault 1995). At Mingulay
reef, the isotope signatures of hydroids and crinoids were less enriched than the isotope
signature of their lightest food source, detritus, plus the fractionation factor. It was
decided that the isotope signatures of the suspension feeders gave a better estimate of
the isotope signature of their food than the few measurements that were taken of that
food. The signature of the detritus was therefore set at the signature of the lightest
suspension feeder, crinoids, minus the fractionation factor of 3.4‰.
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Figure 20. Biomass-specific respiration rates from two literature sources (temperate invertebrates in
Coma et al. (2002), cold-water invertebrates in Gatti et al. (2002)) compared to the respiration
measurements done in this research. Image modified from van Oevelen et al. (2009).

The models were solved with the assumption of steady state. The biomass of the
compartments does not change over time. This assumption is of course not correct, but
there was no data available on growth of CWC communities over time. The CWC
communities are found in areas with low temperature. Biomass increases are expected
to be small, when compared to the large flows (van Oevelen et al. 2009). Mingulay reef
resides at less depth than the other two communities. The water temperature there is
higher, which would have an effect on the assumption of steady state. Vézina and
Pahlow (2003) investigated the effect of steady state assumptions on inverse models
and they found that it had little effect on the accuracy with which the models could
reconstruct energy flows.
The diet of CWCs has been found to consist of (phyto)detritus and zooplankton
(Kiriakoulakis et al. 2005, Duineveld et al. 2007) which originates at the surface (Griffin
and Druffel 1989). The diet of the CWCs at Hatton bank consisted of even more detritus
than at Rockall bank (94.5%, 71.9% respectively). The diet of the CWCs at Mingulay reef
had more zooplankton in it (only 59.4% detritus). The whole CWC community at
Mingulay reef seems to rely even more heavily on zooplankton for its energy input.
76.1% of the carbon inflow to the whole community is zooplankton. At Hatton bank, the
reliance on detritus is even larger for the whole community, with 97.0% of the carbon
inflow consisting of detritus. At Rockall bank, the diet of the whole community consists
mainly of detritus (81.1%). Duineveld et al. (2007) reports unpublished observations of
abundant mesozooplankton at Mingulay reef as well as the Norwegian Tisler reef, both
of these are relatively shallow reefs, while video observations at Rockall bank showed
no concentrations of zooplankton. The diet composition in the model relies heavily on
the stable isotopes data. The data used at Mingulay reef for the food sources are a value
for zooplankton taken from literature (Fry and Quinones, 1994), and a value for detritus
which was derived from the signature of the lightest suspension feeder. More conclusive
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isotope values will have to be obtained for the diet components, but these results might
lead to interesting new insights in how CWCs meet their energy demands in different
environments.
The total biomass and modelled respiration of the three CWC communities were
found to be substantially higher than that of soft sediments at comparable depth (Fig.
21). Biodiversity within the CWC community has been found to be higher in all three
habitats when compared to surrounding areas (Henry and Roberts 2007, Roberts et al.
2008, van Oevelen et al. 2009). Although there are clear differences between the three
CWC communities, and the models of the two CWC communities added in this study are
based on limited datasets, it seems that all three communities are hotspots for biomass,
biodiversity, and carbon cycling.
One thing which should be taken into account is the difference in scale of the habitats.
The Mingulay reef is less than four kilometres long and 500 m across, and maybe half
that is covered to some extend with CWCs (Roberts et al. 2009b). The south side of
Rockall bank has series of carbonate mounds, each kilometres long and topped with
CWCs (Mienis et al. 2007), and while the CWC aggregations at Hatton bank are more
patchy than the ones at Rockall bank, the total amount of CWC community seems to be
substantially larger than at Mingulay reef.
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Figure 21. Total respiration (A) and macrobenthos biomass (B) of the three CWC community LIMs both vs.
depth, compared to open shelf benthic communities from literature. Image modified from van Oevelen et al.
(2009).
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5 Conclusion
The study of CWC communities has taken off only in the past few decades. Insight into
their functioning is therefore still quite limited. This study tried to expand the
knowledge of trophic interactions within coral communities gained by van Oevelen et al.
2009 to other CWC communities. The stable-isotope analyses have shown that care
should be taken when deriving food webs and assigning trophic levels to communities.
Isotope signatures do not automatically give a clear picture of the relationships within a
community. The role fish play within the CWC communities is something which will
have to be studied further. They are not the top predators in the system, but seem to
make a living by scavenging the reef for whatever food is available. The CWC
communities studied in this research showed more heavily enriched omnivores and
predators in the shallow communities than in the deep communities, while no difference
was found in the suspension feeders. This difference within the omnivores and
predators might be due to the availability of zooplankton in the shallow communities
while it is absent in the deep communities.
This factor also became apparent in the model solutions. The shallow Mingulay
reef community as a whole seemed to be more dependent on zooplankton, than the two
deeper communities. The Mingulay reef community was substantially more active in
respiration and carbon cycling than the two deeper reefs. Even though the deeper
communities were less active than the shallow community, all three of them seemed to
be hotspots of activity when compared to open shelf communities of comparable depth.
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Appendix 1 Stable-isotope data (all values means of nr. of
samples given in Sample#)
Stable-isotope data food sources
Food source

Habitat

δ15N

δ13C

Surface plankton

Hatton bank

3.82

-20.58

Surface plankton

Mingulay & Banana reef

8.04

-20.84

Sediment

Hatton bank

5.60

-20.68

Sediment
Particulate organic matter

Rockall bank

7.26

Hatton bank

5.47

-21.78

Particulate organic matter

Mingulay & Banana reef

6.00

-21.13

Particulate organic matter

Belgica mounds

5.15

-24.55

Particulate organic matter

Rockall bank

4.55

Stable-isotope data Hatton bank
SF = suspension feeder, OP = omnivore or predator, DV = detrivore, δ15N and δ13C in ‰
Taxa

Temporary name

Sample#

δ15N

δ 13C

Feeding
guild

Actinaria

orange anemone

4

8.20

-19.87

SF

Antipatharia

Black coral

7

9.28

-18.92

SF

Asteroidea

Henrichia

5

12.23

-16.09

OP

Asteroidea

Porania

1

15.46

-12.86

OP

Bivalvia

Astarte

5

10.21

-17.20

SF

Bivalvia

Asperarca

5

9.59

-17.08

SF

Bivalvia

Chlamys

5

9.56

-17.65

SF

Bivalvia

Hiatella

5

9.29

-17.19

SF

Brachiopoda

brachiopod

5

10.87

-20.16

SF

Crinoidae

crinoid

5

9.50

-21.30

SF

Crustacea

5

8.55

-17.74

OP

Crustacea

Munida
Dorhynchus
tomsoni

5

9.80

-18.89

OP

Crustacea

Balkynectes

1

10.64

-17.48

OP

Crustacea

Decapoda

4

10.46

-17.12

OP

Crustacea

Amphipods

5

12.75

-18.85

OP

Crustacea

Rochinia carpenteri

5

8.96

-18.14

OP

Crustacea

Shrimp

5

8.99

-17.97

OP

Echinoidea

Cidaris

5

13.77

-16.05

OP

Echinoidea

Echinus

3

12.39

-15.70

OP

Gastropoda

Colus

5

7.94

-17.47

OP

Holothuroidea Psolus

5

9.50

-17.72

DV

Holothuroidea Cucumaria

1

9.99

Holothuroidea Big

1

10.44

-18.21

DV

XXX

DV

Hydrozoa

Hydroid

5

8.14

-19.85

SF

Ophiuroidea

Orange brittlestar

5

9.74

-19.70

SF
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Pisces

Macrouridae

5

10.66

-19.06

OP

Pisces

Lepidion

6

10.83

-18.51

OP

Pisces

Bijlvis

3

9.70

-19.51

OP

Pisces

Synaphobranchus

5

9.77

-20.03

OP

Pisces

pelagic black

1

10.59

-19.14

OP

Pisces

Raja spec.

6

10.58

-17.60

OP

Pisces

Shark

1

11.13

-17.59

OP

Pisces

small shark

1

10.48

-18.30

OP

Pisces

1

9.24

-17.42

OP

Pisces

Chimaera
Black pelagic Big
nr 8

1

8.82

-19.81

OP

Polychaeta

Hesionidae

5

8.76

-18.29

OP

Polychaeta

E. norvegica

5

9.85

-17.55

SF

Porifera

Phakelia

5

15.85

-19.94

SF

Porifera

Branched sponge

5

16.63

-18.73

SF

Porifera

Glass sponge

5

14.73

-18.43

SF

Scleractinia

Solitary coral

6

8.33

-19.84

SF

Scleractinia

Lophelia pertusa

4

10.37

-20.29

SF

Scleractinia

Madrepora oculata

5

8.42

-20.70

SF

Tunicata

Ascidiacea

5

10.06

-18.90

SF

Stable-isotope data Belgica mounds
SF = suspension feeder. OP = omnivore or predator. DV = detrivore. δ15N and δ13C in ‰
Taxa
Actinaria

Temporary name

Sample#

δ 15N

δ 13C

Feeding
guild

orange anemone

2

6.57

-20.69

SF

Asteroidea

Porania

1

13.84

-14.63

OP

Bivalvia

Asperarca

5

11.26

-16.26

SF

Bivalvia

Chlamys

1

10.87

-17.47

SF

Bivalvia

Delectopecten

3

11.49

-17.58

SF

Crustacea

1

10.96

-18.47

OP

Crustacea

Amphipods
Dorhynchus
tomsoni

1

10.77

Echinoidea

sea urchin

1

10.50

-16.88

OP

Gastropoda

Amphissa

XXX

OP

3

9.62

-17.97

OP

Hexacorralia Epizoanthus

5

8.20

-19.74

SF

Ophiuroidea

orange brittlestar

6

9.86

-18.56

SF

Pisces

Syngnathidae

2

4.98

-19.71

OP

Polychaeta

E. norvegica

5

11.29

-17.71

SF

Polychaeta

Hesionidae

5

8.43

-18.20

OP

Porifera

Aphrocallista

4

17.92

-21.05

SF

Scleractinia

Madrepora oculata

5

7.34

-20.70

SF

Scleractinia

Solitary coral

3

8.67

-20.15

SF

Scleractinia

Lophelia pertusa

2

8.85

-20.40

SF

Tunicata

Ascidiacea

1

12.64

-18.46

SF
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Stable-isotope data Mingulay reef
SF = suspension feeder. OP = omnivore or predator. DV = detrivore. δ15N and δ13C in ‰
Taxa

Temporary
name

Sample#

δ 15N

δ 13C

Feeding
guild

Actinaria

orange anemone

5

8.07

-19.53

SF

Asteroidea

Porania

5

13.45

-13.18

OP

Bivalvia

Astarte

5

9.61

-17.88

SF

Bivalvia

Chlamys

5

7.33

Brachiopoda

Crania anomale

3

8.97

Crinoidea

crinoid

5

6.72

-19.07

SF

Crustacea

Munida

5

9.31

-17.74

OP

Crustacea

Galathea

7

9.69

-17.67

OP

Crustacea

Xantho pilipes

5

10.66

-16.71

OP

Crustacea

3

11.94

-16.96

OP

Crustacea

Big Crab
Pandalus
montagui

5

10.00

-17.14

OP

Echinoidea

Brissopsis

1

11.95

-18.16

DV

Gastropoda

gastropoda

1

13.06

-16.44

OP

Hexacorallia

Epizoanthus

5

9.61

-18.44

SF

Holothuroidea Cucumaria

1

9.65

-17.74

DV

Holothuroidea Thyone fusus

2

Hydrozoa

-17.70
XXX

SF
SF

9.35

-17.41

DV

5

6.83

-18.07

SF

Ophiuroidea

hydroid
orange
brittlestar

5

9.84

-18.92

SF

Ophiuroidea

Ophiotrix

4

10.12

-18.82

SF

Pisces

Gobius

1

11.83

-17.80

OP

Polychaeta

E. norvegica

4

11.60

-17.38

SF

Polychaeta

Polynoidea

3

12.52

-17.50

OP

Porifera

Axinella

1

11.10

-19.35

SF

Porifera

Spongosorites

3

7.80

-18.46

SF

Porifera

phakelia

1

12.19

-18.95

SF

Porifera

glad sponsje

1

7.24

-19.10

SF

Porifera

porifera

1

8.08

-18.44

SF

Porifera

Yellow sponge

2

8.59

-18.77

SF

Scleractinia

Lophelia pertusa

2

8.62

-20.38

SF

Tunicata

Ascidia

5

7.29

-19.44

SF

Tunicata

Dendrodoa

5

9.15

-18.93

SF

Stable-isotope data Banana reef
SF = suspension feeder. OP = omnivore or predator. DV = detrivore. δ15N and δ13C in ‰
Taxa

Temporary
name

Sample#

δ 15N

δ 13C

Feeding
guild

Actinaria

orange anemone

6

8.47

-19.37

SF

Asteroidea

Porania

6

13.04

-13.45

OP

Asteroidea

Ophidiaster

1

10.79

-13.74

OP

Bivalvia

Hiatella

5

9.06

-17.15

SF
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Bivalvia

Astarte

4

9.16

-18.51

SF

Bivalvia

Chlamys

5

6.74

-18.48

SF

Brachiopoda

brachiopoda

5

9.15

-18.62

SF

Crustacea

Munida

5

10.04

-17.31

OP

Crustacea

Galathea

4

9.29

-17.57

OP

Crustacea

Xantho pilipes

5

12.28

-16.12

OP

Crustacea

only claw

1

13.79

-14.88

OP

Crustacea

Inachus

4

12.30

-17.18

OP

Crustacea

4

12.50

-16.52

OP

Crustacea

Grote krab
Pandalus
montagui

5

10.82

-17.77

OP

Gastropoda

gastropoda

1

12.57

-16.43

OP

Hexacorallia

Epizoanthus

5

9.08

-18.42

SF

Holothuroidea Thyone fusus

1

Ophiuroidea

9.80

-18.39

DV

5

10.06

-18.48

SF

Ophiuroidea

Ophiotrix
orange
brittlestar

5

10.43

-18.44

SF

Pisces

Gaidropsarus

1

12.99

-17.05

OP

Polychaeta

E. norvegica

8

12.58

-17.05

SF

Polychaeta

Polynoidae

2

11.67

-17.36

OP

Porifera

porifera

5

8.98

-19.23

SF

Porifera

Facepia

1

10.50

-19.47

SF

Scleractinia

Lophelia pertusa

5

9.00

-20.52

SF

Tunicata

Leather

5

8.14

-18.86

SF

Tunicata

Ascidia

5

7.48

-19.40

SF

Stable-isotope data Rockall bank
SF = suspension feeder. OP = omnivore or predator. DV = detrivore. δ15N and δ13C in ‰
Taxa

Temporary name

Sample#

δ 15N

δ 13C

Feeding
guild

Actiniaria

orange anemone

2

7.59

XXX

SF

Antipatharia

Black coral

2

8.40

XXX

SF

Asteroidea

Porania

5

13.68

-12.70

OP

Asteroidea

starfish with long slender arms

1

15.97

-14.37

OP

Asteroidea

Henrichia

2

11.68

XXX

OP

Bivalvia

Asperarca

2

8.97

XXX

SF

Bivalvia

Hiatella

3

9.14

-17.11

SF

Bivalvia

Astarte

5

10.08

-16.61

SF

Bivalvia

Chlamys

2

7.74

XXX

SF

Bivalvia

Delectopecten

2

7.39

XXX

SF

Bivalvia

Lima marioni

2

7.76

XXX

SF

Brachiopoda

brachiopoda

2

9.80

XXX

SF

Crinoidea

crinoid

2

7.38

XXX

SF

Crustacea

Amphipods

2

12.47

XXX

OP

Crustacea

Chaecon

2

12.21

XXX

OP

Crustacea

Munida

5

8.84

Crustacea

Dorhynchus tomsoni

2

8.81

57

-17.09
XXX

OP
OP

Crustacea

Plesionika

2

8.29

XXX

OP

Crustacea

small shrimp

2

9.82

XXX

OP

Echinoidea

Cidaris

2

12.95

XXX

OP

Echinoidea

Echinus

5

11.05

Gastropoda

Amphissa

2

8.08

Gastropoda

Colus

5

7.31

-17.53

OP

Holothuroidae

holothurian

1

13.63

-16.62

DV

Holothuroidae

herd

3

8.57

-16.28

DV

Holothuroidae

Psolus

5

10.05

-17.49

DV

Hydrozoa
Ophiuroidea (brittle
star)

hydroid

2

8.58

XXX

SF

orange brittlestar

2

9.87

XXX

SF

Pisces

Gaidropsarus

2

11.20

XXX

OP

Pisces

Moridea

2

11.90

XXX

OP

Pisces

1

9.46

-18.80

OP

Pisces

bijlvis
Coryphaenoides with pointed
head

6

11.04

-17.23

OP

Pisces

rattail

1

7.34

-17.88

OP

Pisces

Lepidion

2

9.27

-17.23

OP

Pisces

Syngnathus

5

5.70

-19.07

OP

Pisces

cf. Bulbalis

1

11.78

-16.80

OP

Pisces

Synaphobranchus

2

11.13

-17.99

OP

Pisces

Meun

6

9.95

-18.11

OP

Pisces

Big Eyes

6

11.71

-17.46

OP

Pisces

Gobylike

1

10.14

-18.38

OP

Pisces

Big long

1

9.35

-17.91

OP

Pisces

Lepidionlike

2

9.89

Pisces

Rockfish

5

11.18

XXX

OP

Polychaeta

Hesionidea

2

9.66

XXX

OP

Polychaeta

Polynoidea

3

9.97

Polycheata

E. norvegica

2

11.30

XXX

SF

Porifera

Sponges

2

9.09

XXX

SF

Scleractinia

Lophelia pertusa

2

8.68

-20.52

SF

Scleractinia

Madrepora oculata

2

8.64

-20.69

SF

Scleractinia

Desmophyllum

5

8.47

-19.23

SF

Scleractinia

Leucocyathus

4

9.09

-19.10

SF

Tunicata

Ascidia

2

8.91

58

-16.52
XXX

-17.86

-18.72

XXX

OP
OP

OP

OP

SF

Appendix 2 Stable-isotope biplots
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Appendix 3 Statistical analyses

Results comparisons suspension feeders vs. omnivores and predators within each community. Yellow =
significant difference.
Habitat
Banana reef
Hatton bank
Mingulay reef
Rockall bank

Test δ13C
Mann-Whitney U
Ind. Samp. T-Test
Ind. Samp. T-Test
Ind. Samp. T-Test

Result δ13C
p < 0.001
p = 0.009
p = 0.002
p = 0.133

Test δ15N
Ind. Samp. T-Test
Ind. Samp. T-Test
Ind. Samp. T-Test
Ind. Samp. T-Test

Result δ15N
p < 0.001
p = 0.053
p < 0.001
p = 0.001

Results comparison habitats per feeding guild. BR = Banana reef. HB = Hatton bank. RB =
Rockall bank. Yellow = significant difference.
Feeding guild
Suspension
feeders
Omnivores and
predators
Post Hoc

Test δ13C
Kruskal-Walis

Result δ13C
p = 0.629

Test δ15N
ANOVA

Result δ15N
p = 0.299

ANOVA

p = 0.013

ANOVA

p = 0.026

LSD

BR – HB
p = 0.002
BR – RB
p = 0.023

LSD

BR – HB
p = 0.015
BR – RB
p = 0.006

Results comparison deep vs. shallow habitats.Yellow = significant.
Feeding guild
Suspension
feeders
Omnivores and
predators

Test δ13C
Ind. Samp. TTest
Ind. Samp. TTest

Result δ13C
p = 0.330
p = 0.003
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Test δ15N
Ind. Samp. TTest
Ind. Samp. TTest

Result δ15N
p = 0.660
p = 0.004

Appendix 4 Flow means and standard deviations LIM
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