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Abstract

Cold-water corals (CWC) occur throughout the warldteans, with the reef building coral
Lophelia pertusdorming giant reefs and mounds in the Northeatiriic. CWC reefs are
hotspots of biomass and biodiversity, economicaiyportant as breeding and nursing
grounds for many commercial fish species, and \dduapaleoclimatic archives.
Furthermore, recent research suggests that CWG reay play an important role in the
marine carbon cycle, as they might be hotspotsdian cycling along continental margins.
Fundamental issues regarding CWC reef functionemain not well understood. These
include the relative contribution of different fosdurces to CWC ecosystem nutrition, the
influence of hydrodynamic processes on reef natrjtas well as the contribution of CWC
ecosystems to benthic carbon turnover along camthenargins.

Within this PhD project, these issues were adddeaséhe Tisler cold-water coral reef in a
succession of field campaigns between 2007 and.Z0@reef is centred on a sill peak in
the Norwegian Skagerrak. A variety of methodolobiapproaches were used. These
consisted of the collection of CTD and chloropipibfiles, the deployments of sediment
traps, current meters, temperature sensors ancenxsgnsors for time-series measurements
in the benthic boundary layer (BBL), the samplirfigparticulate organic matter (POM)
across the reef with subsequent chemical analgses the chemical analysis of freshly
released.. pertusamucus.

The environmental conditions at the Tisler Reefer@und to be highly dynamic, with an
overall water temperature range of 8.3 °C (min 8% max 13.9 °C) and occasional
temperature jumps of up to 4 °C in less than oner.hBlow velocity was also highly
variable, with maximum velocities of >80 cm./ertical particle fluxes were in the ranges
of 1-125 g nf d* (mass) and 35-2643 mg d* (POC). CTD and chlorophyll profiles
indicated that downstream of the sill crest, dowliing delivered warmer, fresher and
chlorophyll richer water masses down to the BBL.tHBwides of the reef received
downwelling nutrition delivery, as flow directionver the reef reversed periodically.
Several chemical composition indicators revealext fuspended POM was significantly
fresher on the downstream side of the reef thathenupstream sidd.. pertusamucus
from the Tisler Reef was labile in composition,iradicated by a low C/N ratio and a high
amino acid degradation index (DI) value. The corabon of fresh, downwelling POM
with mucus released from the reef is proposed asc#use of the greater lability of the
downstream POM.



Particulate organic carbon (POC) content in the B&ls significantly depleted across the
reef. Biodeposition was calculated to be 459 mg POQI™* on average. Dissolved oxygen
concentration within the reef structure was ~6 {4270 pmol 1) and decreased rapidly
during short phases of stagnant or near stagnanwt The maximum rate of Qdecrease
was 20.04 umor} h™. This decrease led to an estimate of the corahwamity respiration
rate of 981 mg C h d?, which suggests that CWC reefs are hotpots ofaradycling
along continental margins. The vertical POC flure=asured with sediment traps supplied
only ~25% of the total community respiration, iretiog the presence of other carbon
supplying mechanisms to the coral community suchbiasleposition and feeding on
zooplankton. The coral community respiration ratgsorted here at Tisler and from the
literature on Rockall Bank indicate that theseaafactor 10 to 15 higher than those of shelf
and slope sediments. These high respiration ratggest that though the areal extent of
CWC reefs on the central Norwegian shelf is limited-0.5%, their carbon processing may
represent about 3.2% to 10.9% of the total ber&ibon processing of this region.

In order to improve the accuracy of vertical fluieasurements in future studies, a new
approach to quantify vertical particle fluxes waveloped and tested in a pilot study. This
approach is based on a modification of the IRS@-trachnology and is capable of

determining settling velocity specific fluxes. Riswf the pilot study indicate that particles

with slow settling velocities are generally undapped, whereas particles with fast settling
velocities are overtrapped, confirming earlier tsstrom the literature. The new approach
can serve as an improvement of vertical flux quation in future studies on CWC reefs

and in the world’s oceans in general.

An additional chapter of this thesis, which is aaethor contribution, deals with the

influence of ‘drill cuttings’ - drilling waste matil - on the physical characteristics of

phytodetritus. In the vicinity of drilling rigs udeby the oil and gas industry, the

concentration of drill cuttings in the water colummay at times be enriched as a result of
discharge. As many drilling rigs are located inselwicinity to CWC reefs, it is important

to know how these drill cuttings alter the verticarbon flux towards nearby located CWC
reef ecosystems. Laboratory produced phytoplanidggregates were exposed to drill
cuttings of various composition. Results indicdtattsettling velocities are greater in

aggregates exposed to drill cuttings than in aggesgnot exposed to them.



CHAPTER 1

Introduction

1 Cold-water coral reefs and particulate organianatter fluxes

Cold-water coral (CWC) reefs occur throughout trerldls oceans (Freiwald and Roberts
2005, Roberts et al. 2006, 2009). In the Northédktntic the main reef-building coral
speciesLophelia pertusa(Scleractinia) has formed giant reefs (Mortenserale 2001,
Freiwald et al. 2004, Fossa et al. 2005) and cateomounds (Henriet et al. 1998, De Mol
et al. 2002, Kenyon et al. 2003, Wheeler et al.7200WC ecosystems are characterized by
a high biodiversity and biomass as compared tocadjaslope sediments (Jonsson et al.
2004, Roberts et al. 2008), with the dead skelhatkrial of the reef structure providing a
useful substrate for numerous sessile and mob#pesision and filter feeders (Henry and
Roberts 2007, van Oevelen et al. 2009). Knowledgéhe composition and functioning of
CWC ecosystems has grown rapidly over the lastdeaades, as they have become a focus
of research within large international programs;hsas ACES, MoundForce, HERMES,
CORAMM, CoralFish, HERMIONE and TRACES.

Aquarium studies (Mortensen 2001, Purser et alOp8@fhd in situ observations (Freiwald et
al. 2002) have shown that pertusacan feed on zooplankton, with higher capture rates
observed when higher concentrations of zooplankiere available (Purser et al. 2010).
Studies usin@™N values suggested thiat pertusautilise a mixed diet of zooplankton and
phytodetritus (Duineveld et al. 2004, 2007, Kiriakakis et al. 2005). High nutritional
values of particulate organic matter (POM) obsenvethe vicinity of some reefs indicate
the potential importance of POM as a food sourcecéwal communities (Kiriakoulakis et
al. 2004, 2007). Nevertheless, vertical POM fluk@sCWC reefs can be highly variable
(Duineveld et al. 2004, Mienis et al. 2009). Recshidies based od™N values also
suggested that bacterial sources might compleinepértusanutrition (Wild et al. 2008).
From these studies, it is clear that corals, asd@ated communities, are able to ingest



various food sources. Physical phenomena, sudht@mal waves (Frederiksen et al. 1992)
with their respective flow acceleration and subsequesuspension (Mienis et al. 2007,
2009), Taylor column development (White et al. 20@éhite 2007), and downwelling
(Davies et al. 2009) have been reported and agty limportant food supply mechanisms to
the various CWC communities, indicating the impoce of the environmental settings on
food availability.

Vertical POM fluxes are commonly measured with seit traps. Potential biases and
limitations of sediment traps have been identified, which the most important are

hydrodynamic biases, zooplankton “swimmer” retemtemd sample solubilisation in the

sample cups (see review papers by Gardner 200Baesseler et al. 2007). Whereas the
latter two issues can be addressed quite satisigctioydrodynamic biases are harder to
assess (Gust et al. 1992, 1994, 1996, Gardner &#9@Y), but are on the way to be better
understood (Gust and Kozerski 2000).

In addition to utilizing POM from vertical fluxesuspension feeding fauna (such as corals)
living within the benthic boundary layer (BBL) aeble to actively capture suspended
(phyto)detrital carbon sources from the water columhich would otherwise not settle on
the seafloor, a process called “direct biodepasit{@raf 1992, Thomsen et al. 1995, Graf
and Rosenberg 1997). Additionally, as benthic osyas (especially reef building ones)
indirectly change the hydrodynamic properties ef BBL by their vertical growth, they can
indirectly increase the flux towards the seaflaprocess called “indirect biodeposition”
(Graf and Rosenberg 1997). Biodeposition, whiclthis sum of both direct and indirect
biodeposition, is an additional “lateral deposiabfiux” (additional to the carbon supply
from passive vertical settling of POM onto the s=hband is influenced by flow velocity
(Thomsen 2002). Flow velocity at CWC reefs can igally variable (Duineveld et al. 2004,
2007, Davies et al. 2009, 2010, Mienis et al. 20@®aleye et al. 2009). Biodeposition was
suggested to play a major role in coral communityrition at the Rockall Bank (van
Oevelen et al. 2009).

Though food availability evidently impacts carbowycling in coral communities, also
environmental conditions such as temperature may pin important role. However,
information on respiration df. pertusaas well as of the whole CWC ecosystem is very
scarce, with only two published papers focusingespiration. The first (Dodds et al. 2007)
indicates that. pertusa respiration is very sensitive to tempeeatiranges, with a nearly
three-fold increase in respiration with temperatmgease from 6.5 to 11 °C. This study



suggests that temperature as a process-regulaiagnpter is important to record within
CWC reef monitoring programs. Fluctuations in terap@e were shown to be high
(Duineveld et al. 2007, Davies et al. 2009, 201&n et al. 2009), with maximum diurnal
differences of up to 2.6 °C (Mienis et al. 2009heTsecond study on respiration (van
Oevelen et al. 2009) assessed the coral commusityg ahole and showed that coral
respiration was only 9% of the whole community regon at a site on Rockall Bank
(~800 m depth). They measured community respiratiorbe 688 mg C t d* and
suggested that CWC ecosystems are hotspots of bsoraad carbon cycling along
continental margins.

As important hotspots of biodiversity and biomads,is imperative to study the
environmental conditions in which these coral comities flourish and to understand their
role on a large spatial scale. The complex intgrpketween environmental drivers requires
long-term monitoring and an integrative approactstudying CWC reef ecosystems, but
such studies are scarce to date.

2 Framework, aim and approaches of this thesis

This PhD work was carried out within the Coral Rislssessment, Monitoring and
Modelling (CORAMM) and the Hotspot Ecosystem Reskan the Margins of European
Seas (HERMES) projects. Within these two projeitts, Tisler cold-water coral reef was
investigated as one study site. The Tisler Reeficjpally formed from the calcium

carbonate skeleton secreted llmphelia pertusaduring coral growth, is located in the NE
Skagerrak at water depths between 70-150 m. ltitissted on a sill in the deepest
connection between the Kosterfjord and Skageri@iknihg a structure approximately 1.0-
1.2 km in length (live reef), and several hundreetres in width, orientated in a NW-SE
direction. The bathymetric situation forces the rdmattom currents in a NW or SE
direction, which makes the reef an ideal placetwdys biodeposition of a CWC reef. The
reef was first discovered in 2002 and was prote@gdinst bottom-impacting fishing

techniques by Norwegian fishery regulations in B3 (Fossa and Skjoldal, 2010). It is
one of the largest and shallowest inshore CWC rdistsovered to date. Additionally the
reef is located close to the Sven Lovén CentreMarine Sciences in Tjarnd, Sweden,
making it accessible for research cruises on g daiis.



Given these advantages and given the chance to workhe Tisler Reef within the
CORAMM and HERMES projects, | therefore chose ittlaes main study site within my
PhD project.

The aim of this thesis was to answer the follongagstions:

- How high are the vertical and lateral fluxes oftjgatate organic matter in the BBL
at the Tisler Reef?

- What is the quality of the organic matter in thelBR the Tisler Reef?

- What role do physical factors play in determinihg fluxes and quality of organic
matter at the Tisler Reef?

- Which carbon sources do the reef community utiigsel how high are the
contributions of vertical fluxes and biodepositiortotal nutrition?

- Do CWC reefs play a significant role in benthichaar turnover along continental
margins?

To answer these questions, the reef community wbae was investigated, rather than
Lophelia pertusan particular. Though the corals themselves agentlin catalysts for high
biodiversity within the reef ecosystem (FreiwaldddRoberts 2005, Roberts et al. 2009),
they were recently shown to be responsible for @#y of the total coral community
respiration (van Oevelen et al. 2009). Thus, tduata the role of the reef in the marine
carbon cycle, the reef ecosystem as a whole slogutsbnsidered.

The following approaches were used to answer tbeeajuestions.

Identification of hydrodynamic forcing on fluxes

To identify possible physical mechanisms influegcirertical fluxes, to calculate lateral
fluxes, and to get general information on vari&pitf flow, CTD transects across the reef
as well as ADCP measurements (time-series) atrdiftepositions within and at the edges
of the reef were carried out.

Quantification of lateral (POM) fluxes and biodeiios

To quantify the amount, quality and variabilitylaferal fluxes in the BBL above the Tisler
Reef, water samples on the upstream and downstseden of the reef were taken, with
subsequent chemical analyses, and together withvidocity determination. No studies on
biodeposition at CWC reefs have been publisheberliterature to date.



Quantification of vertical (POM) fluxes

To quantify the amount, quality and variability eertical fluxes towards the coral
community, sediment traps were deployed for tinmesemeasurements at different
locations within the reef, at different times. Fatmore, a new method to further improve
the quantification of vertical particle fluxes towla the coral community and in the ocean
in general was developed and tested in a pilotystud

Quantification of respiration

To quantify coral community respiration, an oxygeensor was deployed close to the
seabed and parallel temperature measurements oléreted.

Compilation of a carbon budget and assessment dmomracycling along continental

margins
To draw a carbon budget at the Tisler Reef, medstiaga on vertical fluxes, lateral fluxes

and respiration were compiled. They were furtheemocomplemented by data from the
literature on respiration and on reef extent onNlbewegian shelf, to make a first estimate
of the contribution of Norwegian CWC reefs to beénttarbon cycling along the Norwegian
continental margin.

As an additional topic, the impact of drill cutt;ign the physical characteristics of
phytodetritus were studied to identify possibleia#ly pathways of these potentially toxic
rock fragments to reef ecosystems, following drgloperation on continental margins.

The following hypotheses were investigated:
H1) The Tisler Reef produces a measurable sigriabdeposition.

H2) POM is more degraded on the downstream sidleeoT isler Reef than on the upstream
side.

H3) Near shore CWC reefs are able to thrive imlyigynamic environments.

H4) CWC reefs can be considered as hotspots bboasycling along continental margins.

The thesis research is presented in four manusgcuipth the first two manuscripts (Chapter
2 and Chapter 3) comprising the core of this thesis



The first manuscript (Chapter 2) summarizes thekvaor the influence of hydrodynamic
forcing on particle fluxes and on the quantificatiof lateral (POM) fluxes and
biodeposition. CTD and chlorophyll measurementswadi as data on the amount and
quality of POM and coral mucus in the BBL are preésd and discussed.

The second manuscript (Chapter 3) complements itse hanuscript by presenting the
work on vertical flux measurements and on timeesemeasurements of temperature, flow
and oxygen. A respiration estimate is compiled ftbe oxygen measurements. At the end
of the second manuscript, data on carbon fluxem filee first and second manuscript are
taken together to draw a carbon budget of the Miséef.

The third manuscript (Chapter 4), which is a cdiautcontribution, investigates how drill
cuttings impact on the sedimentation process thraggregation with phytodetritus. As
many oil rigs are located in close vicinity to CWégkfs, it is important to know how drill
cuttings alter the vertical carbon fluxes towarelsfrcommunities.

Because vertical flux measurements determined s@timent traps have known accuracy
problems (e.g. Buesseler et al. 2007 and referethegsin), a new approach for vertical
flux measurement is presented in the fourth mamts@hapter 5). This approach could in
the future help to more accurately determine valrtarbon fluxes at CWC reefs, as well as
in the world’s oceans in general.

Chapter 6 summarizes the thesis work and addrelsselypotheses. Finally, Chapter 7
gives a short outlook.
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Cold-water coral reefs occur in many regions of the world's oceans. Fundamental questions regarding their
functioning remain unanswered. These include the biogeochemical influence of reefs on their environment
(“reef effects”) and the influence of hydrodynamic processes on reef nutrition. In a succession of field
campaigns in 2007 and 2008, these questions were addressed at the Tisler cold-water coral reef, which is
centered on a sill peak in the Norwegian Skagerrak. A variety of methodological approaches were used. These
consisted of the collection of CTD and chlorophyll profiles, current measurements, sampling of particulate
organic matter (POM) in the benthic boundary layer (BBL) across the reef with subsequent chemical analyses,
and the chemical analysis of freshly released Lophelia pertusa mucus.
CTD and chlorophyll profiles indicated that downstream of the sill crest, downwelling delivered warmer,
fresher and chlorophyll richer water masses down to the BBL. Both sides of the reef received downwelling
nutrition delivery, as flow direction over the reef reversed periodically. Several chemical composition
indicators revealed that suspended POM was significantly fresher on the downstream side of the reef than on
the upstream side. L. pertusa mucus from the Tisler Reef was labile in composition, as indicated by a low C/N ratio
and a high amino acid degradation index (DI) value. Particulate organic carbon (POC) content in the BBL
was significantly depleted across the reef. Lateral depositional fluxes were calculated to be 18-1485 mg
POC m—2 d~!, with a mean of 459 mg POC m~—2 d~—".
We propose that the combination of fresh, downwelling POM with mucus released from the reef was the cause
of the greater lability of the downstream POM. Our data on POC depletion across the reef suggest that cold-water
coral reefs could play an important role in carbon cycling along continental margins.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Cold-water corals occur in many parts of the world's oceans.
Numerous species and growth forms can lead to a variety of colony
morphologies, such as scattered individuals, isolated thickets, car-
bonate mounds and complex reef structures (Roberts et al., 2006).

As the research regarding cold-water corals is a relatively new field
in interdisciplinary ocean science, many important aspects of reef
functioning have to date been poorly investigated. These include the
biogeochemical influence of reefs and mounds on their surrounding
environment (“reef effects”) and the role they may play in the global
carbon cycle. The diet of cold-water corals and the food supply to reefs
and mounds have been a focus of study over the last decade, but are
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1 Present affiliation: Nemus, Lda., Campus do LUMIAR, Edificio D, 1649-038 Lisboa,
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still a topic of ongoing research and debate. Many questions regarding
the role of hydrodynamic influences on reef and mound nutrition
remain open.

Aquaria and in-situ observations have shown that cold-water
corals can selectively feed on live zooplankton or suspended particles
(Mortensen, 2001; Freiwald et al., 2002; Tsounis et al., 2010). Isotope
studies suggest that corals utilise a mixed diet of zooplankton and
phytodetritus (Kiriakoulakis et al., 2005; Duineveld et al., 2007; Dodds
et al., 2009). The high nutritional values of particulate organic matter
(POM) observed in the vicinity of some reefs indicate the potential
importance of POM as a food source for reef ecosystems (Kiriakoulakis
et al., 2004, 2007). Nevertheless, POM fluxes to cold-water coral reefs
can be highly variable (Duineveld et al., 2004).

Certain physical processes have been identified that favour the
nutrition and growth of reefs. A seafloor relief which accelerates near-
bed currents and enhances food supply is believed to be essential for
coral development (Genin et al., 1986; Thiem et al., 2006). Along the
Atlantic European continental margin, living cold-water coral reefs
occur within a seawater density envelope of sigma-theta (0p)
between 27.35 and 27.65 kg m~>, highlighting the importance of
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physical boundary conditions for cold-water coral growth and distri-
bution (Dullo et al., 2008). Internal waves do play a role in particle
supply to some cold-water coral communities. Frederiksen et al. (1992)
found the highest Lophelia pertusa abundance around the Faroe Islands
where the bottom slope was critical to internal waves of semi-diurnal
frequency. They suggested that breaking internal waves enhance local
food availability for cold-water corals by redistribution of suspended
particles in the bottom mixed layer. On the southeast flank of Rockall
Bank, internal waves force the formation of intermediate and bottom
nepheloid layers and deliver fresh phytodetritus to the cold-water coral
communities covering the giant carbonate mounds (Mienis et al., 2007).
White et al. (2005) showed that Taylor columns develop around the
Porcupine and Rockall banks and suggested that their retentive action
can trap POM. This trapped material is subsequently transported
downslope through the benthic boundary layer (BBL) towards coral
communities by resulting Ekman drainage. A recent study by Davies et
al. (2009) showed that tidally induced downwelling of fresher, warmer
and chlorophyll richer water from surface layers is important for the reef
nutrition of the Mingulay Reef complex, a reef located on a sill in the Sea
of Hebrides.

These studies are also of increasing importance for the develop-
ment of strategies for the sustainable management of continental
margins, primarily because of the extensive oil and gas reservoirs
located in the vicinity of cold water coral reefs. The drilling activities
associated with the exploitation of these reservoirs can discharge
large amounts of drill cuttings to the ocean. These drill cuttings consist
predominantly of ground up rock fragments and barite (added in the
drilling process). Following release to the ocean, these particles can
accumulate around oil and gas installations and increase the levels of
particle exposure experienced by the surrounding benthic ecosystems
(Lepland and Mortensen, 2008; Trannum et al., 2010). Therefore, in-
situ studies of natural particle modification across the reef environ-
ment (“reef effects”) will also aid in determining the level of threat
posed by such drilling activity.

To date, studies on the biogeochemical influence of reefs on their
environment (“reef effects”) are scarce. Benthic ecosystems with
suspension-feeding fauna are known to actively remove particles from
the water column and deposit them as faeces either within or on top of
the sediment, a process known as biodeposition (Graf and Rosenberg
1997). In-situ experiments on biodeposition of suspension feeders
at the Norwegian continental margin were carried out by Thomsen
et al. (1995). The authors followed a watermass in the downstream
direction to quantify the particle modification. Kiriakoulakis et al.
(2004) showed for the Darwin mounds, a cold-water coral ecosystem
on the NE Atlantic margin, that the action of certain benthic faunal
elements associated with the corals (e.g. echiuran worms) can lead to
the subduction of fresh organic material into the sediments. In a recent
study on Tisler Reef, Norway, Lavaleye et al. (2009) showed the
preferential removal of nitrogen rich compounds from suspension as
water masses flowed over the reef, suggesting that the reef serves as a
filter for high-quality POM. They also suggest that, globally, cold-water
coral reefs are hotspots of remineralization activity in the ocean.
Another recent study by Van Oevelen et al. (2009) came to a similar
conclusion. Their quantitative food-web analysis of the cold-water
coral community at Rockall Bank (~800 m water depth) revealed that
coral communities are hotspots of carbon cycling along continental
margins. Wild et al. (2008, 2009) showed a release of organic matter by
cold-water corals, in particular mucus, that influenced the surround-
ing ecosystem by enhancing microbial activity in the overlying water
column. The corals released mucus mainly in the dissolved phase, so
POM uptake by the corals and subsequent dissolved organic matter
(DOM) release can be seen as a POM-DOM transformation process
(Wild et al., 2009).

Our study had two main aims. The first aim was to further
investigate food supply mechanisms to cold-water coral reefs, with
special emphasis on hydrodynamic forcing. The second aim was to

investigate the biogeochemical influence of cold-water coral reefs on
their environment (“reef effects”). As components of the second aim
we wanted:

1) To assess the degree to which a reef imposes chemical transfor-
mation processes on POM passing through it,

2) To answer the question, if mucus is occasionally released by the
corals and whether it is transported in a downstream direction or
not,

3) To investigate the capacity of a medium-sized cold-water coral
reef for biodeposition and carbon remineralization.

2. Methods
2.1. Study site

As a study site, we choose the Tisler cold-water coral reef, Norway.
The reef, principally formed from the calcium carbonate skeleton
secreted by Lophelia pertusa (Scleractinia) during coral growth, is
located in the NE Skagerrak at water depth between 70 and 150 m. It
is situated on a sill in the deepest connection between the Kosterfjord
and Skagerrak, forming a structure approximately 1.2 km in length
(live reef), and several hundred meters in width, orientated in a
NW-SE direction (Fig. 1A). The bathymetric situation forces the near-
bottom currents in a NW or SE direction, which makes the reef an
ideal place to study the possible reef effect on passing water masses.
The main component of the flow are usually residual currents,
whereas the tidal component is weak, ranging from 5 to 10 cm s~
(Lavaleye et al., 2009). The reef was first discovered in 2002 and was
protected against bottom-impacting fishing techniques by Norwegian
fishery regulations in late 2003 (Fossa and Skjoldal, 2010). It is one of
the largest and shallowest inshore cold-water coral reefs. Additionally
the reef is located close to the Sven Lovén Centre for Marine Sciences
in Tjarno, Sweden, making it accessible for research cruises on a daily
basis.

2.2. Flow measurements

To gain information on hydrodynamic conditions at the reef, flow
measurements were conducted using two Acoustic Doppler Current
Profilers (ADCP), a RDCP 600 (Aanderaa) and an Aquadopp current
profiler (Nortek). Three deployments of between 7 days and 3 months
duration were conducted using RV Lophelia and a Remotely Operated
Vehicle (ROV; Sperre SUB-fighter 7500 DC) for underwater deploy-
ment, positioning and recovery (Table 1). Additionally, daily deploy-
ments from research boat Norppa were conducted, using a small
tripod with the RDCP 600 as payload and a surface buoy. Regular ferry
crossings above the reef required periodic retrieval of the RDCP 600,
and thus the flow data from these days vary in duration and sample
location (Table 1).

2.3. CID and chlorophyll profiles

For further hydrodynamic investigations, on 26 September 2007,
15 August 2008 and 26 September 2008 three CTD transects were
made across the reef (transect shown in Fig. 1A). A DR-Mini Probe CTD
(ADM) was used, with a chlorophyll fluorometer (Seapoint) attached
as auxiliary sensor. The first two transects consisted of stations at the
NW edge of the reef, the middle and SE edge of the reef. The distance
between the stations was ~500 m. The third transect consisted of two
additional stations positioned approximately 350 m NW and SE of the
edges of the reef. During each transect, measurements were taken
from each station in quick succession. Only the downcast data were
analysed. For cross sectional visualisation, the CTD and chlorophyll
profiles were interpolated with the Surfer 8 (Golden Software)
application using kriging interpolation after Davies et al. (2009).
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Fig. 1. A.) Location of Tisler Reef in the northeast Skagerrak and bathymetry of the reef area. The approximate extent of the live reef is marked. The black line shows the CTD transect.
B.) Frequency distribution of current direction 20 m above Tisler Reef, recorded during long-term RCDP 600 deployment at the centre of the reef (# 2).

2.4. POM sampling

To investigate changes in POM composition and particulate
organic carbon (POC) concentration across the reef, water samples
were taken in the BBL at 2-3 m above the seafloor with a 51 Niskin
bottle. This sampling was conducted at the NW and SE edges of the
reef (same locations as CTD profiles) on 3 days in early fall 2007 and
on 3 days in summer 2008 (Table 2). Water samples were additionally
taken from the middle of the reef on one of these days in 2007 and on
two of these days in 2008. On each sampling day, 1-3 replicate 51
samples were collected per location in quick succession (for details on
replication see Supplementary Table 1). The Niskin bottle was
lowered from the research boat Norppa and was equipped with a
2 m rope and groundweight, which automatically closed the bottle at
2.5 m above the seabed, guaranteeing accurate sampling depth. The
water samples were subsequently filtered onto 47 mm GF/F filters

(Whatman, 0.7 pum nominal pore size). After filtration, the filters were
freeze dried and stored frozen until analysis. According to the flow
direction given by the ADCP data, the samples were later classified
into upstream, middle and downstream samples.

2.5. Mucus sampling

For investigation of mucus chemical composition and later
comparison with suspended POM composition, 10 Lophelia pertusa
colony branches (~150 live polyps) were used to produce “fresh”
mucus in the laboratory. These branches were collected by ROV from
the middle reef station in summer 2008. The coral pieces were
maintained at the Sven Lovén Centre for Marine Sciences for two
weeks prior to mucus sampling. They were kept in 40 | flow-through
aquaria supplied with sand filtered seawater pumped from a depth of
40 m from the adjacent Koster fjord. A constant temperature of 8 °C
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Table 1

Description of ADCP deployments.
Depl. no. Instrument Lat (N) Lon (E) Location Depth (m) Period/day/time
#1 Aquadopp 58°59.685 10°58.028 Near middle station 115 05.09.2007-12.09.2007
#2 RDCP 600 58°59.822 10°57.953 Near middle station 120 11.09.2007-28.10.2007
#3 Aquadopp 58°59.820 10°57.546 NW station 134 27.09.2007-11.01.2008
#4 RDCP 600 58°59.820 10°57.546 NW station 132 09.08.2008 10:24-11:44
#5 RDCP 600 58°59.705 10°58.020 Near middle station 111 09.08.2008 12:09-13:09
#6 RDCP 600 58°59.610 10°58.470 SE station 148 12.08.2008 14:12-14:57
#7 RDCP 600 58°59.610 10°58.470 SE station 148 12.08.2008 15:12-15:37
#8 RDCP 600 58°59.610 10°58.470 SE station 148 15.08.2008 10:12-10:57
#9 RDCP 600 58°59.610 10°58.470 SE station 148 15.08.2008 15:39-16:09
#10 RDCP 600 58°59.610 10°58.470 SE station 148 26.09.2008 9:05-16:40

was maintained in the aquaria prior to mucus sampling. To stress the
coral branches into producing mucus the fragments were briefly
exposed to air. Latex gloves were then used to stroke the mucus from
the branches into a glass beaker. This process was repeated with each
coral branch several times to produce a sufficient quantity of mucus
for analysis. Aliquots of 5-10 ml mucus were filtered onto four 25 mm
GF/F filters (Whatman, 0.7 pm nominal pore size). After filtration, the
filters were freeze dried and stored frozen until analysis. Two filters
were used for C/N analysis and 2 filters for amino acid analysis.

2.6. Laboratory analysis

To assess the degradation state and bioavailability of the POM and
mucus, carbon content, nitrogen content and amino acid composition
were chosen as biochemical indicator parameters. All POM-filters
were cut in half. One half was used for carbon and nitrogen analyses,
with the other half used for amino acid determination. For C/N
analysis of POM and mucus, filters were acidified after the method of
Pike and Moran (1997) to remove particulate inorganic carbon.
Acidification of dried samples prior to C/N analysis was conducted in a
desiccator using fuming reagent grade 12 M HCI for 24 h. After
acidification, samples were dried in a 60 °C oven and subsequently
analysed in a EURO EA Elemental Analyser. Amino acid analysis of
POM and mucus was carried out by reverse-phase HPLC using a
slightly modified method of Cowie and Hedges (1992) and Van Mooy
et al. (2002), as described in Garcia and Thomsen (2008). From the
amino acid composition, the degradation index (DI) was calculated
after Dauwe et al. (1999). The ratios of aspartic acid (asp) and
glutamic acid (glu) to their decompositional products p-alanine

Table 2

(bala) and y-aminobutyric acid (gaba), as well as the joint percentage
of bala and gaba (%[bala + gaba]) on all amino acids were calculated.
These indicators have been widely used to verify variations in organic
matter decomposition stage, both within the water column and in
marine sediments (Lee and Cronin, 1982; Cowie and Hedges, 1994;
Dauwe and Middelburg, 1998).

2.7. Statistical analysis

To investigate whether POM composition and concentration
differed between the downstream and upstream sides of the reef,
statistical analyses were carried out. For the overall period 2007-
2008, the Wilcoxon signed-rank test was used for all measured
parameters (POC, C/N, DI, asp:bala, glu:gaba and %[bala+ gaba]),
comparing the downstream daily mean values against the upstream
daily mean values. Additionally, Mann-Whitney U tests were carried
out to compare variations in all measured parameters across the reef
for each individual sampling day and for each survey season (2007
and 2008). Mann-Whitney U tests were also used to detect seasonal
variations (2007 vs. 2008) and daily variations within each season for
all parameters in incoming waters (upstream samples).

2.8. Calculation of POC fluxes

Lateral POC fluxes and depletion of suspended POC across the reef
inmgm~2d~" (“lateral depositional fluxes”) were calculated for each
sampling day assuming a uniform POC content throughout the first
3 m above the seabed. The mean POC content from upstream, middle
and downstream stations on each sampling day was taken, as well as

POC concentration and POM composition across Tisler Reef at upstream (U), middle (M) and downstream (D) edge in September 2007 and August 2008 (daily mean values). For

values of each replicate measurement see Supplementary Table 1.

Date Location Current Velocity (cm s~ 1) Site POC C/N DI asp:bala glu:gaba %[bala + gaba]
direction m (ng I (molar) (index)

06.09.2007 SE NW 29 33 U 106.3 10.7 na. na. n.a. n.a.
06.09.2007 NW NW 29 33 D 95.1 115 0.28 63.9 42.6 047
09.09.2007 NW SE 37 34 0] 80.7 8.7 0.20 46.3 43.2 0.56
09.09.2007 SE SE 37 34 D 61.9 7.2 0.09 53.2 35.0 0.55
26.09.2007 SE NW 14 36 §) 71.6 11.2 0.31 41.7 21.6 0.78
26.09.2007 M NW 14 36 M 56.6 10.7 0.27 59.7 20.9 0.78
26.09.2007 NW NW 14 36 D 63.0 10.1 0.17 76.4 21.0 0.75
09.08.2008 SE NW 17 19 U 50.9 8.4 —0.38 37.1 121 1.27
09.08.2008 M NW 17 19 M 46.9 7.9 —0.03 39.6 14.5 1.11
09.08.2008 NW NW 17 19 D 435 8.1 0.09 37.2 134 1.14
12.08.2008 SE NW 3 11 U 489 7.7 —0.31 31.0 13.1 1.22
12.08.2008 M NW 3 11 M 440 8.6 —0.24 452 129 1.12
12.08.2008 NW NW 3 11 D 46.3 7.6 0.02 331 129 1.14
15.08.2008 SE NW 11 10 U 56.7 8.8 —0.36 184 9.8 1.66
15.08.2008 NW NW 11 10 D 55.9 8.4 0.01 31.0 12.5 1.24
Mucus 6.2 0.29 331 6.9 2.15

* 20 m above bottom (mab) velocities on 06.09.2007 and 09.09.2007 were taken from 7 mab (uppermost cell of Aquadopp current profiler, deployed on these two days).
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the mean flow velocity in the BBL at time of sampling. A reef length of
1200 m, with a cross-sectional area of 3 m? (1 m width, 3 m height)
was assumed for the calculations. The lateral depositional fluxes
were calculated for the reef as a whole, and additionally for the initial,
upstream 600 m of reef structure.

3. Results
3.1. Flow data and CID transects

The main current over the Tisler Reef was forced in a NW-SE
direction by the bathymetry of the region (Fig. 1B). Data indicated that
a prevailing flow direction over the reef typically lasted for several
days (sometimes up to two weeks) before reversing direction,
therefore rendering each side of the reef ‘upstream’ and ‘downstream’
in turn. Flow was in a NW direction for approximately 60% of the
measurement period, and SE for the remaining 40% (Fig. 1B). Current
velocities were mostly in the range of 10-50 cm s~ !, with peaks
occasionally in excess of 70 cm s~ '. The current direction (NW or SE)
and velocity during POM sampling is shown in Table 2 (and Supple-
mentary Table 1).

All CTD transects showed a clear depression of isotherms and
isohalines downstream of the reef crest (Fig. 2, and Supplementary

. 4
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Figs. 1 and 2). On the downstream side (either the NW or the SE edge
of the reef, depending on the current direction) the water was in all
cases observed to be warmer and less saline than on the upstream side
at comparable depths. The chlorophyll profiles also showed that
chlorophyll was transported down to deeper water layers on the
downstream side than on the upstream side (Fig. 2, and Supplemen-
tary Figs. 1 and 2). The CTD and chlorophyll profiles correlated with
flow direction, with downwelling and mixing on the NW side of the
reef when flow was towards the NW, and downwelling and mixing on
the SE side when the flow was towards the SE.

A further indication of a downwelling process was presented by the
vertical flow velocities recorded by the Aquadopp current profiler
during the three month deployment (# 3) at the NW edge of the reef
(Fig. 3). Vertical flow velocities recorded by the instrument from 6 m
above the seabed showed a net downwelling when flow was in a NW
direction (at which time the instrument was at the downstream edge of
the reef). During periods of flow towards the SE (when the instrument
was therefore at the upstream edge of the reef) a net upwelling was
recorded, but weaker in intensity than the downwelling. As indicated by
linear regression, these vertical downwelling and upwelling flow
velocity components were greater during periods of elevated horizontal
current flow. Based on this regression, average downwelling was
1.4 cm s~ ! for a 40 cm s~ ! horizontal velocity.

4 . 4
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Fig. 2. CTD transect across Tisler Reef (for transect position see Fig. 1) on 26 September 2008. The white bar represents the live reef; grey arrows in the upper panel are individual CTD
locations. The values along the x-axis represent the distance from the northwest end of the transect. Flow on 26 September 2008 was towards SE.
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3.2. POM composition gradients across the reef

The results from the POM composition analysis are listed in Table 2
and shown in Fig. 4 (for values of each replicate measurement see
Supplementary Table 1). Only the statistically significant findings are
described in the following.

In the overall period 2007-2008, the ratio of aspartic acid to
R-alanine (asp:bala) was significantly higher in POM samples from
the downstream side of the reef than from the upstream side
(Wilcoxon signed-rank test; p<0.05). This indicated a fresher POM
composition downstream than upstream. Furthermore, the joint
percentage of $-alanine and 'y-aminobutyric acid (%[bala 4 gaba]) of
the whole amino acid content of POM was significantly lower in POM
samples from the downstream side of the reef than from the
upstream side in the overall period 2007-2008 (Wilcoxon signed-
rank test; p<0.05). This result also indicated a fresher POM
composition downstream than upstream. Degradation index (DI)
was significantly higher in downstream POM samples than in
upstream samples only in August 2008 (Mann-Whitney U test;
p<0.01), again indicating a fresher POM composition downstream
than upstream. In contrast to that, on 09 September 2007 DI was
significantly lower in downstream samples than in upstream
samples (Mann-Whitney U test; p<0.05), an indication that the
POM was more degraded on the downstream side than on the
upstream side on that particular day. This was the only significant
exception to the general finding that POM was more labile on the
downstream side than on the upstream side of the reef.

Ashort additional look at seasonal and daily variations in composition
of material in incoming waters (upstream samples) revealed that the C/N
ratio of the POM on the upstream side was significantly lower in August
2008 than in September 2007 (Mann-Whitney U test; p<0.05). This
indicated a fresher POM incoming source in August 2008 compared to
September 2007 or a higher proportion of terrigenous POM in September
2007 compared to August 2008. In contrast to that, DI, glu:gaba and %
[bala + gaba] indicated a significantly more degraded POM in incoming
waters in August 2008 compared to September 2007 (for all three
parameters: Mann-Whitney U test; p<0.01).

3.3. Mucus composition and comparison with POM

Lophelia pertusa mucus from the Tisler Reef samples was found to
have a molar C/N ratio of 6.0-6.3. The amino acid (AA) composition of

the mucus in Mol% is given in Fig. 5 (black bars). The degradation
index (DI) was 0.29 (Table 2).

We compared the AA composition of the mucus with the mean AA
compositions of the upstream and downstream POM samples for each
individual sampling day. By doing so, we wanted to assess if the
downstream AA composition was more similar to that of mucus than
the upstream. This was observed on 26 September 2007, when 15 of
the 18 analysed amino acids were more similar in concentration, with
only 3 amino acids (Ala, Lys, and bala) were more dissimilar (Fig. 5).
Based on binomial probabilities, the probability of getting such a
result (15 vs. 3) randomly is only 0.4%. On the other sampling days, no
significant results were found.

3.4. POC depletion across the reef and fluxes

POC content across the reef is listed in Table 2 and shown in Fig. 4
(for values of each replicate measurement see Supplementary Table 1).
In the overall period 2007-2008, POC content was significantly
lower on the downstream side of the reef than on the upstream side
(Wilcoxon signed-rank test; p<0.05). Table 3 summarizes this
depletion across the reef in absolute values and in percent. Cal-
culations on lateral POC fluxes determined an influx on the upstream
side of the reef of 416-7849 g POC per 3 m? d !, with an outflux of 395-
7025 g POC per 3 m? d~! on the downstream side (after passing 1200 m
of reef). This corresponds to lateral depositional fluxes of 18-1485 mg
POCm~2d~!, with a mean of 459 mg POCm—2d~"' (Table 3). To
determine the total depositional flux, addition of the vertical particle
flux to the lateral depositional flux would be required. This was not
possible as sediment trap data quantifying vertical fluxes were not
determined within this study.

A short additional look at seasonal and daily variations in POC
content in incoming waters (upstream samples) revealed that the POC
content on the upstream side was significantly higher in September
2007 than in August 2008 (Mann-Whitney U test; p<0.05).

4. Discussion
4.1. Downwelling and reef nutrition
Our CTD and chlorophyll profiles from Tisler Reef indicated that

downwelling occurred at the downstream side of the sill crest. Several
phenomena associated with mixing and downwelling are described in

W(ms’)

Up (ms™)
y=0,0503x+ 0,0083
R?=0,32
=057 0.10

E(ms")

Fig. 3. Record of vertical water movement (y-axis) plotted against W-E current speed component (x-axis) at 6 m above seafloor at the NW side of the reef (128 m water depth),
measured by Aquadopp current profiler during long-term deployment (# 3). Units are in m s~ '. Negative values represent current velocities towards W (x-axis) and downwelling
(y-axis), positive values represent current velocities towards E (x-axis) and upwelling (y-axis). Each dot is one measurement (15 min interval).
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Fig. 4. POC concentration and POM composition across Tisler Reef in September 2007 and August 2008. In each diagram from left to right: Upstream (U), middle (M), downstream (D).

Values are means+SD (n=1 to 3).

the literature when water masses flow over sill like structures. Flow
over banks generates increased mixing downstream (Nash and
Moum, 2001). The depression of isotherms, -halines and -bars,
together with downwelling and lee wave generation are general
phenomena occurring downstream of sills (Farmer and Armi, 1999;
Vlasenko et al., 2002; Klymak and Gregg, 2004; Lamb, 2004; Xing and
Davies, 2009). At the Mingulay cold-water coral reef complex,
downwelling was observed to bring chlorophyll rich water masses
down to the BBL of the reef downstream of a sill crest (Davies et al.,
2009). Our observations indicate a similar effect at Tisler Reef.

Through downwelling, organisms on the downstream side of the reef
benefit from having more labile POM as a food source available. This
study and that by Davies et al. (2009) both show the importance of
downwelling as a potential reef nutrition supply mechanism. The
difference between the two reef locations is that at Mingulay the
downwelling is tidally induced and hence the downwelling direction
changes with a tidal frequency. At Tisler the main component of the
flow are usually residual currents, with a lower tidal component,
ranging from 5 to 10 cm s~ (Lavaleye et al., 2009). The prevailing
current (and hence the downwelling direction) above Tisler Reef
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Fig. 5. Amino acid (AA) composition of Lophelia pertusa mucus in Mol% (black bars) compared to the mean AA composition of the upstream (white bars), middle (light grey) and
downstream (dark grey) POM samples from 26 September 2007. Error bars denote +SD (n=2 (upstream), 3 (middle) and 3 (downstream)).

typically lasts for several days (sometimes up to two weeks) before
reversing direction.

The importance of accelerated currents on cold-water coral
nutrition has been highlighted, as the food flux per time unit is higher
when flow velocity is higher, given a constant particle concentration
(Genin et al., 1986). At Tisler Reef, the current is accelerated by forcing
of the water masses through the channel between the Tisler Islands
and the Hvaler Islands. Furthermore, a comparison between flow
velocities measured during parallel long term deployments (Table 1)
of Aquadopp current profiler (NW edge of reef; # 3) and RDCP 600
(middle of reef; # 2) revealed that the flow velocity was accelerated
downstream and food flux per time unit was therefore increased. Thus,
the reef ecosystem on the downstream side benefited from both the
delivery of fresher particles via downwelling and from the increase in
food flux associated with current acceleration. This situation was
similar to that at Mingulay Reef (Davies et al., 2009).

Downwelling, mixing and the associated increased vertical
nutrition delivery could help explain why cold-water coral reefs
develop at certain locations that favour the development of these
processes, such as on sills, ridges, moraines, iceberg ploughmarks and
banks. In Norwegian waters many reefs are found on fjord sills and on
ridges and ploughmarks on the continental shelf (Freiwald et al.,
1999; Mortensen et al., 2001; Fossa et al., 2002; Fossad et al., 2005). On
the local scale, the exact location of the downwelling could help
explain the spatial extent and growth morphology of reefs. At the
Mingulay Reef complex downwelling mainly occurred on one side of
the Mingulay sill, with the live corals only covering that side of the sill
(Davies et al., 2009), whereas at Tisler Reef downwelling can occur in
both directions, depending on prevailing flow direction, and so reef
growth and development has taken place on both sides of the sill.

Prior to damage from bottom trawling, the Tisler Reef was more
extensive in coverage. It covered roughly twice its current area, with
smashed and dislodged coral blocks evident from ROV investigations
conducted by the authors. The reef extended down to depths of
approximately 150 m at the NW side and 170 m at the SE side. The

Table 3
POC depletion and calculated POC fluxes.

observation that the reef was historically more extensive tallies with
our findings presented here that both sides of the sill are delivered
fresh labile material by the downwelling process over a greater area
than is currently covered by living reef (see Fig. 2 for SE flow
direction).

4.2. POM composition gradients across the reef

POM composition in the BBL was significantly different between
the two sides of the reef, with in general the downstream POM
sampled being fresher in composition than that sampled upstream.
We identify two possible causes for this difference in composition.
Firstly we assume that the reef effect shown by Lavaleye et al. (2009)
for Tisler Reef (the preferential removal of nitrogen rich compounds
by the reef ecosystem), takes place at the same time as the influx of
fresh material on the downstream side as a result of downwelling. We
hypothesize that the POM composition signature of this fresh
downwelling material outweighs the degraded signature of the
material which has passed through the reef structure. Secondly,
mucus was released from the corals and transported in the
downstream direction. Increased mucus production is an observed
stress response in scleractinians (Reitner, 2005), and in Lophelia
pertusa mucus production can be induced by particle exposure
(Brooke et al., 2009). Our data on comparison of POM and mucus
composition suggest that mucus was a significant component of the
downstream POM on 26 September 2007. We hypothesize that mucus
was released from the corals into suspension and transported with the
prevailing current through and above the reef structure, this mucus
enriching the POM in suspension throughout and downstream of the
reef. Wild et al. (2009) also observed that mucus was released by
L. pertusa colonies at the Tisler Reef. The results from this study, in
combination with the observations of Wild et al., indicate that mucus
release occurs periodically at cold-water reefs. L. pertusa mucus was
found to have C/N ratios of 5.5-6.0 (Wild et al., 2008), resp. 5.7 +0.3
(Wild et al., 2009), resp. 6.0-6.3 (our study) and a degradation index

Date Depletion (ug 1°1) Depletion (%) Flux (g per 3m?d~") Lat. dep. flux (mgm—2d™")
Until middle Whole reef Until middle Whole reef Upstream Middle Downstream First half Whole reef
06.09.2007 n.a. 11.2 n.a. 10.5 7849 na. 7025 n.a. 687
09.09.2007 n.a. 18.8 n.a. 232 7669 n.a. 5887 n.a. 1485
26.09.2007 15.0 8.7 21.0 121 2641 2087 2322 924 266
09.08.2008 4.0 74 7.9 145 2280 2099 1949 302 276
12.08.2008 49 2.6 10.0 52 416 374 395 70 18
15.08.2008 n.a. 0.8 n.a. 1.4 1616 n.a. 1593 n.a. 19
Mean 8.2 11.2 3745 3195 459
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(DI) of 0.29 (our study). Thus, release and transport of mucus towards
the downstream side could additionally explain why certain POM
degradation indicators revealed a significantly fresher downstream
POM composition than upstream.

Lophelia pertusa mucus with C/N ratios around 6 has a high
nutritional value and is an attractive organic substrate for planktonic
microbial assemblages, as was shown by clearly increased microbial
activity in the water column above the Rost Reef and Tisler Reef (Wild
et al.,, 2008, 2009). The question arises as to whether or not mucus in
cold-water coral reefs plays a similar role in ecosystem functioning as
it does in tropical coral ecosystems. Tropical corals release mucus in
huge amounts which is then transported to the surrounding seabed,
providing a fresh labile food source for surrounding benthic
ecosystems (Wild et al., 2004, 2005). As in the water column above
the Tisler cold-water coral reef, planktonic heterotrophic bacteria can
convert coral-derived DOC back to POC, thereby making it again
available for higher trophic levels (Wild et al., 2009). This observation
combined with our hypothesis of mucus transport in the downstream
direction by currents suggests, that higher trophic levels of the seabed
ecosystems surrounding cold-water coral reefs could benefit from
mucus export out of the reef.

An exception to the POM composition gradient trend across the
reef discussed above was observed for 09 September 2007. On this
date the DI indicated a significantly more degraded downstream POM
composition than upstream. A likely cause of this exception was the
high current speeds (35-39 cm s~ ') observed on that day. This high
flow may well have led to resuspension of degraded, refractory
material from within the reef structure (Thomsen and Gust, 2000).
The large volume of such material could have provided a POM
composition signature sufficiently large to outweigh the fresh POM
signature delivered downstream by downwelling and mucus
transport.

In addition to the main focus on gauging the influence of the reef
on POM composition, we also investigated the temporal variability in
the composition of the upstream material reaching the reef. Most
amino acid indicators revealed a significantly more degraded
upstream POM composition in August 2008 than in September
2007. In contrast to that, upstream C/N ratios were significantly
lower in August 2008 compared to September 2007, principally
indicating a fresher upstream POM composition in August 2008. As
the reef is located in close proximity to the Swedish/Norwegian
mainland and terrestrial input to the reef is very likely, the observed
differences in the C/N ratios most likely indicate a higher proportion
of terrigenous organic matter delivery in 2007. Terrigenous organic
matter in general has a much higher C/N ratio than marine derived
organic matter (e.g. Meyers 1994, 1997 and references therein). From
the ratios observed in this study a fresher terrigenous input was
suggested for the 2007 sampling days, with a more degraded marine
input for the 2008 sampling days.

4.3. POC depletion across the reef

POC concentrations observed in this study were in the range of 44—
106 pg 17! (Table 2). Other results from the Tisler Reef report 22—
80 ug I~ ! for the BBL (<1-5 meters above bottom (mab)) in May 2008
(Wild et al., 2009) and 10-50 pg 1~! for the BBL (1 mab) in April 2007
(Lavaleye et al., 2009). These differences could reflect either
difference in sampling technique (bottle collecting and lab filtration
in this study and that by Wild et al. versus in-situ large volume pump
filtration by Lavaleye et al.) or difference due to seasonality. Small
scale hydrographic differences that arise due to placement of
equipment could also be an explanatory factor. Differences in filter
retention due to sampling techniques are documented and could have
lead to these differences (Moran et al., 1999; Turnewitsch et al., 2007).
However, as we always used the same methodology for our sample

collection, they can be compared among each other, in order to reveal
changes in POC content in the BBL across the reef.

Our data showed that suspended POC was significantly depleted
across the reef, with a mean depletion of 8.2 ug 1~ ! and a mean lateral
depositional flux of 459 mg POC m~2 d~'. The calculated lateral
depositional fluxes should be considered as minimum values, as we
have not assumed the depletion of POC to reach further up in the
water column. We only took the depletion in the first 3 m above the
seabed (up to our sampling height) into account. We also did not
assume an increasing depletion with decreasing distance to the reef.

The POC depletion in pug 17! and the lateral depositional fluxes
(across the reef) were greater when there was more POC available, as
in September 2007 compared to August 2008 (Table 2). A possible
explanation for the higher depletion of POC observed in September
2007 was the greater food supply (higher POC content) available in
that year. In a recent laboratory study of Lophelia pertusa net capture
rates, higher capture rates were observed when larger concentrations
of food were available (Purser et al., 2010).

We want to address the implications of the general depletion of
POC observed in this study. If feeding and subsequent respiration of
the corals and the associated reef community is the main cause for the
observed POC depletion, then cold-water coral reefs could be
considered as hotspots of carbon remineralization activity in the
ocean, as was also suggested by Lavaleye et al. (2009) and Van
Oevelen et al. (2009). However, several other explanations for the
observed POC depletion are conceivable. One such explanation is
biodeposition without immediate respiration. Kiriakoulakis et al.
(2004) showed for the Darwin mounds, a cold-water coral ecosystem
at the NE Atlantic margin, that the action of certain benthic faunal
elements that are associated with the corals (e.g. echiuran worms)
leads to the subduction of fresh organic material into the sediments.
Another explanation is given in a situation when the POC content of
the BBL-overlaying water mass (middle water column) is lower, as
was observed by Wild et al. (2009) for a sampling day in May 2008. In
this situation the “original” (upstream) BBL POC content is mixed
across the reef with the lower POC content from overlying waters
(middle water column) through downwelling and mixing. The result
then is a lower POC content in the BBL at the downstream side.
However, as we do not have time series data on the vertical POC
concentrations through the water column above the Tisler Reef, we do
not yet know if the POC content of the BBL-overlaying water (middle
water column) is lower in general. It could have been also higher
during the sampling days which would have led to an underestima-
tion of POC depletion. The POC content of the middle water column
could potentially change due to bloom successions in surface waters
and subsequent mixing with these surface waters etc. A further
possible explanation for the observed POC depletion across the reef is
the already mentioned POC-DOC transformation by the corals, which
was suggested by Wild et al. (2009). The different possible explana-
tions for reef induced POC depletion highlights that further research is
needed to understand the role of cold-water coral reefs in the global
carbon cycle.

5. Conclusions

1. Downwelling and mixing play an important role for reef nutrition
of cold-water coral reefs located on sills, as the process delivers
fresh particles to the downstream side of the sill. Accordingly, reefs
located in similar settings (e.g. on ridges on the Norwegian
continental shelf) may well also benefit from this effect, and the
exact location of downwelling occurrence could help explain the
spatial extent and morphology of reefs.

2. Lophelia pertusa mucus is a labile organic substrate. Released
mucus can be transported by currents towards the downstream
side of a reef. It is likely that the reef surrounding environment
benefits from the export of this labile substrate.
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3. It was shown that POM at the downstream side of a reef can be
more labile than at the upstream side. The combination of fresh,
downwelling POM with mucus released from the reef is the most
likely cause of the higher lability.

4, It has to be further investigated, if the observed POC-depletion
originates from the metabolic activity of the corals and associated
fauna, from biodeposition, from POC-DOC transformation by the
corals, or from mixing with overlying water masses. If the first of
these processes is the most significant, then globally cold-water
coral reefs could be hotspots of carbon remineralization.
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Abstract

Cold-water corals (CWC) occur throughout the warldteans, with the reef building coral
Lophelia pertusagorming giant reefs and mounds in the Northeasaric. The relative

contribution of different food sources to CWC eisyn nutrition and the respective food
supply mechanisms, as well as the contribution WCCecosystems to benthic carbon
turnover along continental margins are to datewelt understood. In a succession of field
campaigns at the Tisler Reef, Norway, we deployedinsent traps, current meters and
sensors for temperature and dissolved oxygen fore-Beries measurements. The
environmental conditions at the Tisler Reef werenfb to be highly dynamic, with an

overall water temperature range of 8.3 °C (min 8% max 13.9 °C) and occasional
temperature jumps of up to 4 °C in less than onar.hBlow velocity was also highly
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variable, with maximum velocities of >80 cr. 8/ertical particle fluxes were in the ranges
of 1-125 g nf d* (mass) and 35-2643 mgau* (POC). Dissolved oxygen concentration
within the reef structure was ~6 mi (~270 umol 1) and decreased rapidly during short
phases of stagnant or near stagnant flow. The mawinate of @ decrease was 20.04 pmol
It b, which translates into a community respiratiore rat 981 mg C M d* and confirms
that CWC reefs are hotspots of carbon cycling almmginental margins. The vertical POC
fluxes measured with sediment traps supplied ~25%hhe total community respiration,
indicating the presence of other carbon supplyiegmanisms to the coral community such
as biodeposition and feeding on zooplankton. Thealcoommunity respiration rates
reported here at Tisler and from the literatureRwtkall Bank indicate that these are a
factor 10 to 15 higher than those of shelf andeslepdiments. These high respiration rates
suggest that though the areal extent of CWC reefithe central Norwegian shelf is limited
to ~0.5%, their carbon processing may represeniitab@% to 10.9% of the total benthic
carbon processing of this region.

Key words cold-water corals, carbon cycle, respirationtieal fluxes, lateral fluxes, food
sources, environmental variability

1 Introduction

Cold-water coral (CWC) reefs occur throughout theld/s oceans (Freiwald and Roberts
2005, Roberts et al. 2006, 2009). In the Northédktntic the main reef-building coral
speciesLophelia pertusa(Scleractinia) has formed giant reefs (Mortenserale 2001,
Freiwald et al. 2004, Fossa et al. 2005) and cateomounds (Henriet et al. 1998, De Mol
et al. 2002, Kenyon et al. 2003, Wheeler et al.7200WC ecosystems are characterized by
a high biodiversity and biomass as compared toeslegdiments (Jonsson et al. 2004,
Roberts et al. 2008), with the dead skeletal maltefithe reef structure providing a useful
substrate for numerous sessile and mobile suspeasib filter feeders (Henry and Roberts
2007, van Oevelen et al. 2009). Knowledge on thapasition and functioning of CWC
ecosystems has grown rapidly over the last two diEs;aas they have become a focus of
research within large international research progta
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Aquarium studies (Mortensen 2001, Purser et alOp8@fhd in situ observations (Freiwald et
al. 2002) have shown that pertusacan feed on zooplankton, with higher capture rates
observed when higher concentrations of zooplanktere available (Purser et al. 2010).
Studies usin@™N values suggested thiat pertusautilises a mixed diet of zooplankton and
phytodetritus (Duineveld et al. 2004, 2007, Kiriakakis et al. 2005). High nutritional
values of particulate organic matter (POM) obsenvethe vicinity of some reefs indicate
the potential importance of POM as a food sourcecéwal communities (Kiriakoulakis et
al. 2004, 2007). Nevertheless, vertical POM flux@sCWC reefs can be highly variable
(Duineveld et al. 2004, Mienis et al. 2009). Recshidies based od™N values also
suggested that bacterial sources might compleinepértusanutrition (Wild et al. 2008).
From these studies, it is clear that corals, asd@ated communities, are able to ingest
various food sources. Physical phenomena, sudht@sal waves (Frederiksen et al. 1992)
with their respective flow acceleration and subsequesuspension (Mienis et al. 2007,
2009), Taylor column development (White et al. 20@éhite 2007), and downwelling
(Davies et al. 2009, Wagner et al. 2011) have beported and are probably important
food supply mechanisms to CWC communities, indngatithe importance of the
environmental settings on food availability.

In addition to physical mechanisms, suspensionifigefduna (such as corals) in the benthic
boundary layer (BBL) are able to actively capturspended (phyto)detrital carbon sources
from the water column, which would otherwise ndtleeon the seafloor, a process called
“direct biodeposition” (Graf 1992, Thomsen et abP9%, Graf and Rosenberg 1997).
Additionally, as benthic organisms (especially réeflding ones) indirectly change the
hydrodynamic properties of the BBL by their vertigrowth, they can indirectly increase
the flux towards the seafloor, a process calledifect biodeposition” (Graf and Rosenberg
1997). Biodeposition, which is the sum of both dirand indirect biodeposition, is an
additional “lateral depositional flux” (addition&d the carbon supply from passive vertical
settling of POM onto the seabed) and is influertmgdow velocity (Thomsen 2002). Flow
velocity at CWC reefs can be highly variable (Dwele et al. 2004, 2007, Davies et al.
2009, 2010, Mienis et al. 2009, Lavaleye et al. B0®iodeposition was estimated to be
459 mg POC m d* for the Tisler Reef (Wagner et al. 2011) and was auggested to play
a major role in coral community nutrition at thedRall Bank (van Oevelen et al. 2009).

Though food availability evidently impacts carbowcling in coral communities, also

environmental conditions such as temperature may pin important role. However,
information on respiration df. pertusaas well as of the whole CWC ecosystem is very

29



scarce to date. We are only aware of two studiedate which report on respiration. The
first (Dodds et al. 2007) indicates thatpertusarespiration is very sensitive to temperature
changes, with a nearly three-fold increase in rapn with temperature increase from 6.5
to 11 °C. This study suggests that temperature gsoaess-regulating parameter is
important to record within CWC reef monitoring prams. Fluctuations in temperature
were shown to be high (Duineveld et al. 2007, Daeieal. 2009, 2010, Mienis et al. 2009),
with maximum diurnal differences of up to 2.6 °CiéMis et al. 2009). The second study on
respiration (van Oevelen et al. 2009) assessedata community as a whole and showed
that coral respiration was only 9% of the whole owmity respiration at a site on Rockall
Bank (~800 m depth). They measured community raspir to be 688 mg C fd* and
concluded that CWC ecosystems are hotspots of ®namd carbon cycling along
continental margins.

Being important hotspots of biodiversity and biosjag is imperative to study the
environmental conditions in which these coral comities flourish and to understand their
role on a large spatial scale. The complex intgrpktween environmental drivers requires
long-term monitoring and an integrative approactstudying CWC reef ecosystems, but
such studies are however scarce to date. Here,une@asnts on organic matter fluxes,
respiration and environmental variability takervatious periods in the year are combined
to study the Tisler Reef ecosystem (Norway). Sedint@ps were deployed to determine
vertical fluxes and their variability, an oxygentoge forin situ respiration calculation, and
sensors to measure variability in flow and tempeeatt the Tisler Reef. We upscale these
results with data on biodeposition at Tisler (Wagekeal. 2011) and with other data from
the literature, to obtain a first estimate of tleatcibution of CWC reefs to benthic carbon
cycling along the central Norwegian continental ginar

2 Methods

2.1 Study site

The Tisler Reef, principally formed from the caltiucarbonate skeleton secreted by
pertusaduring coral growth, is located in the NE Skageatwater depths between 70-150

m. It is situated on a sill in the deepest conoechetween the Kosterfjord and Skagerrak,
forming a structure approximately 1.0-1.2 km ing#n (live reef), and several hundred
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metres in width, orientated in a NW-SE directioheTbathymetric situation forces the
near-bottom currents in a NW or SE direction, whthikes the reef an ideal place to study
biodeposition of a CWC reef (Wagner et al. 2011)e Thain component of the flow are
usually residual currents, whereas the tidal corapbis weak, ranging from 5 to 10 cfh s
(Lavaleye et al. 2009). The reef was first discedein 2002 and was protected against
bottom-impacting fishing technigques by Norwegiashéry regulations in late 2003 (Fossa
and Skjoldal 2010). It is one of the largest andllsiwest inshore CWC reefs known to
date.

2.2 Lander deployments

Five deployments of small benthic landers at déifeérlocations within and at the edge of
the reef took place between September 2007 and200% The landers carried a variety of
different instruments and were deployed and reealera a Remotely Operated Vehicle
(ROV; Sperre SUB-fighter 7500 DC) from RMophelia operated by the Sven Lovén
Centre for Marine Sciences. Instruments consistea sediment trap (Hydro-Bios; 13 cm
inner diameter, aspect ratio 6:1), two differenbAstic Doppler Current Profilers (ADCPs;
Aanderaa RDCP 600 and Nortek Aquadopp current Ipriyfithree different temperature
sensors (Aanderaa, Nortek and Sequoia), a sakeitgor (Aanderaa), an oxygen sensor
(Aanderaa optode), a turbidity sensor (Aanderaayl a Laser In Situ Scattering and
Transmissometry particle sizer (LISST; Sequoia). dverview of the combination of
instruments carried by each lander, as well asotagion, water depth, measurement height
above bottom (hab), sampling time and samplingrvaleis given in Table 1. For the
sediment trap deployments, sample cups were filled a 5% formalin solution (salinity
40%o).

2.3 Laboratory analysis

Sediment trap samples were stored at 4 °C aftaevat of landers. They were picked for
swimmers under a stereomicroscope (following Buesset al. 2007a) and were
subsequently split with a rotor splitter. Aliquats¥s to %2 of each sample were filtered onto
pre-weighed 0.4-um Nuclepore filters, gently ringeéth ~5 ml DI water to remove salt and
formalin, dried overnight at 60 °C, desiccated aeighed for mass using a semi-micro
balance (following Lee et al. 2009). The mater@llected on the filters was then carefully
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scraped from the filters and homogenized in a mori#l (following Bonnin et al. 2002).

Aliquots of 7-20 mg (in duplicate) were weighedoirsilver cartridges, decarbonated with

2N HCI, dried at 60 °C for ~90 min and acidifiedaag until termination of bubbling

(following Garcia et al. 2010). Silver cartridgesne subsequently closed and processed for

organic carbon and nitrogen content in an EURO HAmEntal Analyser using an

acetanilide standard for calibration.

Table 1.

Description of lander deployments. M =dhe of reef, NW = northwest side of reef; hab = heig
above bottom; dir = direction

Deploy Water Measure-
-ment depth | measured ment Sampling
no. Position| Lat °N Lon °E (m) parameters hab (m) | Sampling time interval
1 M 58°59.685| 10°58.028| 115 Vertical flux 1 05.09.07 — 09.09.07| 8 h
Flow speed + dir| 2 -7 05.09.07 — 12.09.07| 10 min
Temperature 1 05.09.07 — 21.09.07| 10 min
2 M 58°59.822| 10°57.953| 120 Flow speed + dir| 4 — 30 11.09.07 — 28.10.07| 15 min
Temperature 1 11.09.07 — 28.10.07| 15 min
Salinity 1 11.09.07 — 28.10.07| 15 min
Turbidity 1 11.09.07 — 28.10.07| 15 min
3 NW 58°59.820| 10°57.546| 134 Vertical flux 1 27.09.07 — 28.12.07| 96 h
Flow speed + dir| 2 -7 27.09.07 — 11.01.08| 15 min
Temperature 1 27.09.07 — 18.01.08| 15 min
Particle size 1 27.09.07 — 11.01.08| 15 min
Temperature 1 27.09.07 — 11.04.08| 15 min
4 NW 58°59.864| 10°57.454| 131 Vertical flux 1 30.09.08 — 04.10.08| 36 h
Flow speed + dir| 2 -7 29.09.08 — 05.10.08| 10 min
Temperature 1 29.09.08 — 23.11.08| 10 min
5 M 58°59.767| 10°58.005| 109 Flow speed + dir| 4 — 34 28.03.09 — 17.06.09| 30 min
Temperature 1 28.03.09 — 16.06.09( 30 min
Salinity 1 28.03.09 — 16.06.09| 30 min
Turbidity 28.03.09 — 17.06.09| 30 min
Oxygen 0.2 28.03.09 — 17.06.09( 30 min
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3 Results

3.1 Temperature and flow

Water temperature in the BBL of the Tisler Reefered a wide range, from 5.6 °C in
spring to 13.9 °C in autumn (Fig. 1).
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Fig. 1 Water temperature in the BBL as measusedifferent sensors at different locations withtire treef in
different years. Grey: Depl. no. 1; Dark blue: Depl. BpLight blue: Depl. no. 3a; Black: Depl. no. 3ed:
Depl. no. 4; Bluegreen: Depl. no. 5. For deploymemhbers see Table 1.

The characteristic features at Tisler are the mguarity and the presence of extreme
events, rather than regular forcing of currents tamperature by tides, as seen in some
other reefs. We will therefore in the following @amtrate on observed extreme values and
sudden fluctuations in temperature and flow.
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Fig. 2 Extreme temperature event in autumn 208&mded at the NW side of the reef (deployment jho. 4
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In autumn 2008, an extreme temperature event ttedeFig. 1 red line; Fig. 2) during

which temperature stayed above 10 °C for more tttamays, with only one short very

abrupt interruption (blue arrow in Fig. 2). Duritigs interruption, temperature dropped by
more than 4 °C within 40 min, with a rate of deseeaf 2.9 °C in the initial 10 min (Table

2). The decrease was followed by a comprehensorease. A maximum recorded diurnal
difference was 5.2 °C. Further large temperatugpsirand jumps were recorded during
autumn 2008, although of smaller intensity.

Table 2.  Overall maximum and minimum temperatweerall temperature amplitude, and maximum
temperature amplitude measured within a given iaterv

T max 13.9°C
T min 5.6 °C
A T max 8.3 °C

A T max 10 min 29°C
A T max 40 min 4.2°C
ATmax8.5h 5.2°C
AT max 24 h 5.2°C

Flow velocity was also highly variable, with maximwalues of 86 cm™sat 2 meters
above bottom (mab) (Fig. 3) and 122 cfas 7 mab, both measured at the NW edge of the
reef. Fig. 3 shows the flow regime at the NW edf¢he reef, with the bathymetry there
governing slow currents towards the SE (mostly Oci0 s'; ~50% of the time) or fast
currents towards the NW (~40-50 crif; -50% of the time). This observation is also
apparent in the frequency distribution of curregibeities for the same deployment (Fig. 4).
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Fig. 3 Current velocity measured at the NW sidthefreef at 2 mab (deployment no. 3).
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When switching from one mode to the other, suddereases or decreases in flow velocity
(at 2 mab) of up to 34 cnitsvithin 10 min and up to 46 cm'svithin 20 min occurred. The
mean flow velocity at the NW reef edge in autumf2@t 2 mab was as high as 21 ¢hn s
with a median of 9.8 cmi’s All other deployments had lower mean velocities 12-13 cm
s', but with comparable median velocities.
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Fig. 4 Frequency distribution of current veloestifor deployment no. 3, NW reef side, 2 mab.

3.2 Vertical particle and carbon fluxes

Mass fluxes were highly variable, ranging from @.9n? d* to 125.2 g it d* (Fig. 5).
Excluding one extreme flux event in early Octob@08, fluxes were below 20 g*frd™.
Mean mass flux over the whole measurement periosl 8& g nf d* (including the
extreme event) and 6.7 g (excluding the extreme event). The percentage gf C
ranged from 2.1% to 5.8%. Highest percentages vem@ded in early September 2007, the
lowest percentage during the extreme event in @dpber 2008. Organic carbon fluxes
ranged from 35 mg & m? d* to 2643 mg G, m? d*. Excluding the extreme flux event in
October 2008 organic carbon fluxes were below 890G, m? d*. Mean organic carbon
flux over the whole measurement period was 283 g ra? d* (including the extreme
event) and 247 mg g m? d* (excluding the extreme event). C/N ratios rangethf7.7 to
11.5, with highest values in September 2007. Medh 1@tio over the whole measurement
period was 9.0.
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Fig. 5 Combined results on vertical fluxes frone tthree sediment trap deployments in 2007 and.2008

Sample cup exposure time was 8, 96 and 36 houpctegely. (a) Mass flux, (b) Organic carbon petege,
(c) POC flux, (d) C/N ratio.
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3.3 Oxygen concentration and depletion

Dissolved oxygen (DO) concentration at 20 cm alibeeseafloor within the reef structure
next to a coral thicket varied between 5.6 T{250 pmol 1) and 6.4 mit (286 pmol 1
over the course of the measurement period from a8Mto 17 June 2009 (Fig. 6). This
corresponded to a saturation of 81% to 92%, ashisrperiod the saturation level varied
between 6.75 mlY (301 pmol 1) and 7.0 mlt (312 pumol ). A small decrease in
background DO concentration was observed towatdssf@ing and early summer.
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Fig. 6 Dissolved oxygen (DO) concentration and D@rs¢éibn measured at 20 cm above the seafloor within
the reef structure at the centre of the reef. Nwéepronounced drops in DO concentration occurringuieatly.

Analyses of the time series in comparison with floxglocity revealed that DO
concentration dropped rapidly during short phadestagnant or near stagnant flow. The
maximum rate of @ decrease within the whole measurement period W&821umol
(0.23 ml I*) in 30 min on 07 April. A comparable decrease 849umol 1 (0.21 ml I*) in
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30 min was observed on 17 May. Assuming a respyajootient (RQ) of 0.85 (Smith et al.
2001) and a constant oxygen depletion up to a heaih20 cm above seafloor
(measurement height), this corresponds to a regpireate of 981 mg C md* (07 April)
and 915 mg C rhd* (17 May).

4 Discussion

4.1 Environmental drivers: temperature, flow andparticle fluxes

The temperature range of 8.3 °C (5.6-13.9 °C) & ldrgest for a single CWC reef
measured to date. The value of 13.9 °C is amongitifeest temperatures measured at any
CWC reef to date, matching those from the Mediteean Sea (Freiwald et al. 2009,
Taviani et al. 2005). Furthermore, the sudden junfps excess of 4 °C in less than one
hour, as well as the maximum temperature variatioh.3 °C over 24 hours are the largest
reported thus far. A maximum diurnal difference206 °C was previously reported for a
site in 554 m depth at the Rockall Trough marginefit et al. 2009). This value was even
exceeded in 10 min at Tisler (2.9 °C). One main licafion of such temperature
fluctuations is the subsequent fluctuations in koommunity respirationLophelia pertusa
respiration has previously been found to be vengisige to temperature changes (Dodds et
al. 2007), which we will refer to later.

The maximum flow speeds of 86 cil at 2 mab and 122 cn' st 7 mab are among the
highest forL. pertusareefs reported so far. The observed sudden iresesrsd decreases in
flow velocity of up to 34 cm 'S within 10 min and up to 46 cm’swithin 20 min
demonstrate that the Tisler ecosystem is likelypssthto a highly dynamic environment.
One implication of current velocity changes is gwsequent change in lateral flux of
particulate matter and particulate organic carbweith higher encounter rates between
particles and suspension feeding fauna of the cooahmunity (including the corals
themselves) at high flow velocities and lower emteu rates at low flow velocities
(Thomsen 2002). Another potential implication ofremt velocity changes is the possible
occurrence of resuspension at high current veéscitHowever, we do not have a direct
indication of resuspension at Tisler, as both tleasared turbidity values and the measured
sediment trap fluxes do not correlate with flowogaty.
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Vertical fluxes of particulate matter and organehon were highly variable, as has been
observed at other reefs (Duineveld et al. 2004 nidiet al. 2009) and also reported for the
Tisler Reef in a previous study (Lavaleye et al090 However, the maximum values of
125 g n¥ d* (mass) and 2643 mg,gm? d* (POC) observed in this study in early October
2008 are the highest flux values reported so farafd. pertusareef. Whether or not
resuspension contributed to these high fluxes dabecanswered, as measured sediment
trap fluxes in general did not correlate with fle@locity. The mean flow velocity during
the time of this high-flux event was ~25 ci. §his was much lower than during many
other recorded periods, when the mean flow velagitg >40 cm§ but the simultaneously
measured fluxes were more than one order of madmitmwer. Additionally, the maximum
flow velocity (from all velocities measured duringgp deployments) was not recorded
during the time of the high-flux event. Interestinglso, that these high sediment trap
fluxes were not accompanied by an increase in @thd of the trapped material (Fig. 5d)
which is to be expected when organic matter of loguality is resuspended.

4.2 Coral community: oxygen concentration and comunity respiration

The well oxygenated background DO concentratiorl(@hing the drops) of 5.9-6.4 nit |
was in line with an earlier report on DO concemndrain the nearby Kosterfjord at 100 m
water depth, giving a long-term range variationwssn 4.8 mlt (minimum in autumn)
and 6.7 ml't (maximum in spring) (Wisshak et al. 2005). Our mwaments fell within the
upper half of this range, which could be expectedhey covered the spring and earlier
summer period. The observation of rapid drops in @@centration close to the seabed
within the reef structure begs the question whetherot DO levels below the critical value
of 2 ml I* or even anoxic situations possibly occur withie teef structure close to the
seabed. Below DO concentrations of ~3.3 thiLl pertusawas shown to be unable to
maintain its respiration rate (Dodds et al. 20B8sed on the maximum measured decrease
of 20.04 umolt h* (0.45 ml I h!) oxygen levels of 3.3 and 2.0 il Would be reached at
the Tisler Reef in 6 and 9 hours respectively (a88g a baseline DO level of 6 mh)l
However, as fully stagnant conditions at Tisler aveever observed for such a duration
during the measurement period, oxygen levels b&awl I within the reef structure are
very unlikely to occur. Nevertheless levels bela® @l ! cannot be fully excluded yet, as
such levels would be reached in ~3.5 hours givenldiwer baseline level of 4.8 mt |
reported in autumn (Wisshak et al. 2005), or evenrider 2.5 hours, assuming a higher
respiration rate at higher autumn temperature8d@ <C (Dodds et al. 2007; see discussion
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below). To obtain a general trend on the oxygenditmmms within the reef environment,
data were compiled on DO of reefs dominated Lbypertusain the North Atlantic,
Mediterranean and Gulf of Mexico (Fig. 7). The gahetrend follows the general
latitudinal trend with increasing values from SotwhNorth, resulting from the ability of
colder waters to dissolve more oxygen than warmatess. The compilation further
illustrates that DO levels below 3.3 mt br 2.0 ml I* might be reached within the reef
structure of Mediterranean and Porcupine reefeduétquently, if a respiration similar to
Tisler and comparable periods of stagnant flowaasimed. However, measurements have
shown thatl. pertusais adapted to low oxygen concentrations of <3 tihlthe Gulf of
Mexico (Fig. 7; Davies et al. 2010).
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Fig. 7 Measured ranges of dissolved oxygen (DOicentrations at CWC ecosystems dominated_by
pertusain the North Atlantic, Mediterranean and Gulf of Mexi Note that measurements were made at
different times of the year. GoM: Gulf of Mexico, diening to mid Oct 2008 (Davies et al. 2010). GoM
(Schroeder 2002). Med: Mediterranean, end Sep dodut 2006 (Freiwald et al. 2009). Porcupine (Dullalet
2008). Rockall: West Rockall Bank (Dullo et al. 2D0Blingulay: Mingulay Reef complex, mid Apr 2005
(Dodds et al. 2007). Koster: Kosterfjord at 100 m wakepth, long-term measurement (many years) of the
whole yearly cycle (Wisshak et al. 2005). Tislerslgéi Reef, end Mar to mid Jun 2009 (this study).viNor
shelf: Norwegian shelf (Dullo et al. 2008). Rost Relefin 2007 (Wild et al. 2008). Stjernsund, end D452
(Ruggeberg et al. 2011). Values of Dullo et al. @00ere collected in Apr, Jun, Jul, Aug of 2004, 20Q8E)7.

All values (except the ones for this study) are Kggmound” values in the BBL above the respectivef ree
(mostly measured via CTD). Within a reef structcise to the seabed, DO concentrations may drop l@aser,
shown in the present study.

The pronounced drops in DO suggest the occurrehbegb respiration rates at the Tisler
Reef. The maximum consumption rate of DO of 20.0dol|™ h? translates into a
community respiration rate of 981 mg C?nu’, when assuming a constant oxygen
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depletion up to a height of 20 cm above seaflooegsurement height) and a respiratory
quotient (RQ) of 0.85 (Smith et al. 2001). Benttienmunity respiration rates are typically
measured in benthic chambers that isolate the caomntynuiom exchange with outside water
masses (Glud 2008). Our oxygen consumption ratemi@sed in “open water” under near
stagnant conditions, but the input through latarad/or vertical advection, dispersion of
diffusion cannot be excluded. Moreover, oxygen comgtion in the water body above the
measuring height of 20 cm was not included, ancelosxygen concentrations towards the
seafloor, which are expected when transports linokygen uptake by the benthic
community, was also neglected. The above factogyitihat the inferred respiration rate
should be considered an under-estimate, but ilearahat within a 30 min interval, a
community respiration at a rate of at least 981@ngi* d* is possible at a temperature of
5.8 °C.

The coral community is here defined to include B®L-water up to a height of 20 cm
above bottom. The coral community itself is defiresl by van Oevelen et al. (2009),
comprising (a) living corals, (b) dead coral braxhvith all organisms attached to them,
and (c) sediments. Normally, only the benthic comityurespiration is measured by
subtracting the BBL-water respiration as a blanlku@aGlud 2008). However, oxygen
consumption rates in the water column of the dingctnity to the Tisler Reef were
measured to be only 0.52-0.60 pumbhi* (Wild et al. 2008). Though this represented more
than an order of increase in the pelagic phaseggoom 100 m depth to close to the reef
(Wild et al. 2008), it contributes <3% of the commity oxygen consumption of 20.04 umol
I h* measured in this study, indicating that oxygenscomption in the water column is
insignificant at the Tisler Reef.

The respiration estimate of 981 mg C ui* based on the DO decrease of 20.04 urhal!l
was measured at 5.8 °C water temperature in Aprifall and early winter, bottom water
was warmer on average by 2-4 °C (Fig. 1). In a medaboratory studyl. pertusa
respiration was found to highly increase with imsiag temperature, with very highQQ
values of 5.43 (for 6.5-9 °C water temperatureg8qfor 9-11 °C water temperature) and
7.88 (for the whole tested range of 6.5-11 °C wegerperature) (Dodds et al. 2007). This
would imply that our respiration estimate shouldadgisted upwards for most of the annual
cycle at Tisler. However, in a recent study on RdicRank van Oevelen et al. (2009) found
coral respiration to account for only 9% of the Yehcommunity respiration. Thus, thgQ
value of the remaining 91% must be considered dis Agsuming a typical ¢ value of 2
for biochemical and physiological processes (Rabettal. 2009) for the remaining 91%,
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we calculate a coral ecosystemy®alue of 2.53. Taking this value and assuming ame
yearly temperature of 7.5-8.0 °C (Fig. 1), we eatenthe mean respiration of the Tisler
ecosystem to be 1236-1311 mg C oi*. Following this calculation, maximum ecosystem
respiration at the highest measured temperatut®.8f°C (Fig. 2) could have been as high
as 2197 mg C rhd™.

The calculated community respiration rate of 98141fg C it d* is even higher than the
commonly used value of 300 g C’na* (~800 mg C it d%) for primary production of
highly productive systems like shelf seas, andctlyesuggests that the Tisler Reef is a
local hotspot for carbon cycling.

4.3 A carbon budget for the Tisler Reef

The high respiration rate in the reef communityscédr a comparison with the measured
vertical fluxes and data from the literature.

Carbon supply to the reef comprises three majompoorants: (a) the vertical POC flux, (b)
the lateral depositional POC flux (“biodepositiondnd (c) zooplankton uptake. The mean
vertical POC flux to the BBL at Tisler Reef as meas by sediment traps was 283 mg m
d? (this study), whereas biodeposition was estimtidze 459 mg POC ¥d* (Wagner et

al. 2011). Zooplankton was excluded from our tramgles (“swimmer picking”) as well as
from our filter samples used to determine bioddpwsi such that zooplankton uptake has
to be added to the budget. Zooplankton uptake atedun 19% of total carbon ingestion at
the Rockall Bank (Van Oevelen et al. 2009) andnigkhis as first estimate, this leads to a
zooplankton uptake of 174 mg,gm? d*. These three components (vertical POC flux 283
mg m? d*, lateral depositional POC flux 459 mg?rd?, zooplankton uptake 174 mgZar

1) sum to 916 mg &, m? d*. This total uptake is surprisingly close to theat@stimated
respiration of 981-1311 mg C ‘md>. The slight underestimation may be caused by
underestimating zooplankton uptake (assumed frormuzh deeper reef with lower
zooplankton biomass than at Tisler) and the omissiouptake of microbes and particles
below <0.7 um in size (as they were not retainetherGF/F filters used for biodeposition-
determination). Additionally, vertical fluxes asried from sediment traps might be
subject to different trapping uncertainties. Ovand undertrapping are both possible, but
cannot be quantified within this study. For a dethidiscussion on all trapping issues see
Gardner (2000) and Buesseler et al. (2007a). Fumibve, our vertical POC flux
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measurements did not cover a whole year, but drdySeptember to December period of
the annual cycle, leading to some uncertaintiesngan annual estimation. However, a
previous study measured comparable vertical POt&$lat the Tisler Reef, covering a 24
day period in April 2006 which included both a ieytoplankton-bloom period and the
bloom-period itself (Lavaleye et al. 2009). Thegag measured values of ~100 m¢f it

on the one side and ~400 m¢fm* on the other side of the reef prior to the ongehe
bloom and values of ~250 mg7u™* and ~600 mg rh d* respectively during the bloom.
This summarises to a pre-bloom average of ~250 fhgrtrand a bloom-period average of
~425 mg it d. Our measurement of 283 mg®rd™ lies closer to the pre-bloom value.
Given the fact that non-bloom conditions prevakoa far longer period of the whole year
than bloom conditions, the value of 283 mg di seems to be a reasonable estimate of the
mean vertical POC flux to the BBL layer above Tigkeef.

4.4 Carbon cycling by CWC reefs along continentahargins

Change of carbon sources with depth

The vertical flux of POC in the ocean decrease®eaptially with increasing water depth
(Martin et al. 1987, Buesseler et al. 2007b). Wdected data from the literature on
measured vertical fluxes at CWC ecosystems (Duidegtal. 2004, Mienis et al. 2009,
Lavaleye et al. 2009, Davies et al. 2010). The gdneend of exponentially decreasing
vertical POC fluxes with depth is also visible ihist data collection (Fig. 8). As a
conclusion, we can state that CWC ecosystems reegivexponentially decreasing amount
of POC with depth from direct vertical settling. @me other hand, a recent estimate of
CWC ecosystem respiration for a community at ~808apth has shown an only slightly
lower respiration value than estimated here fotefigzan Oevelen et al. 2009). This high
respiration value at 800 m depth together with maigyble reef observations on the
Northeast Atlantic margin made by ROV’'s, submeesildnd acoustic surveys during the
last two decades (e.g. Mortensen et al. 2001, Dé é¥lal. 2002, Kenyon et al. 2003,
Freiwald et al. 2004, Fossa et al. 2005, Wheeleal.e2007) lead to the assumption that
deep reefs may in general match shallow reefsrmg@f biomass and respiration. For the
coral community at Rockall Bank (800 m depth) apiregion value of 688 mg C thd™*
was derived (van Oevelen et al. 2009). This valoeoants for 52-70% of the Tisler
ecosystem respiration estimate of 981-1311 mgdh On the other hand, the vertical
POC flux at Rockall is only <10% of the Tisler valgvan Oevelen et al. 2009). The
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guestion thus arises: How do deep CWC ecosystemeh @s that at Rockall Bank) meet
their carbon demand? A combination of biodepositiod zooplankton capture must be the
answer and must hence have an even greater caiuntia total nutrition and respiration
than at Tisler. For the Rockall Bank community, @aeakton contribution to community
nutrition was calculated to be only 19%. With trertical POC flux measured to be only
1%, the remaining 80% required to close this busget explained by biodeposition (van
Oevelen et al. 2009).

Comparison of CWC reef respiration with soft bottoommunities

To evaluate the contribution of CWC reefs to bemtt@érbon cycling along continental
margins, we compare CWC ecosystem respiration tspingion of soft bottom
communities, using the empirical curve fitting ohdeersson et al. (2004) for benthic soft
bottom respiration. This curve was fitted to datanf 490 measurements from all parts of
the ocean from shallow water to the deep sea, mdavia benthic landers and via deck
incubations.

Plotting the respiration values from Tisler and Racagainst the Andersson curve makes
the exceptionally high respiration of CWC ecosydersible (Fig. 8). We calculate the
factors by which the Tisler and Rockall CWC ecosgstrespirations are higher than
“normal” Andersson values. We refer to these factorthe following as "hotspot-factors”,
as they are a direct measure to evaluate the etdemhich the respective system under
investigation is a hotspot in terms of respiratibar Tisler, we calculate a hotspot-factor of
9.2 using the conservative estimate for mean raspir of 981 mg C m d* (which is the
value measured at 5.8 °C water temperature in Apidr Rockall, the calculation lead to a
hotspot-factor of 15.1.

Fig. 8 reveals another important observation. \¢aftPOC fluxes at Tisler (283 mgal™

at 130 m water depth) and at the Viosca Knoll & @ulf of Mexico (99 mg rA d* at 476

m water depth; Davies et al. 2010) are higher tinmnmal” Andersson values. This could
be due to higher-than-average primary producticgtheisea surface above the two reefs, or
due to different physical processes which increélasevertical POC flux. As such processes,
Taylor column development (White et al. 2005) ammvawelling (Davies et al. 2009,
Wagner et al. 2011) have been reported at CWC.réefsTisler, downwelling has been
shown to occur (Wagner et al. 2011).
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Fig. 8 Comparison of CWC community respiratiotesaat Tisler and Rockall (red dots) with respiratiates

of soft bottom communities (dotted grey curve, asivitd from Andersson et al. 2004). Red triangles ar
temperature-corrected respiration rates for Tifder7.5 °C (left triangle) and 8.0 °C (right tridayy The blue
rectangle gives the sum of vertical flux and bicakfion for Tisler. The red cross gives the sunvettical
flux, biodeposition and zooplankton uptake for @iglassuming a zooplankton contribution to totatitian of

19 %). Black dots show to date measured fluxes aC@admmunities (from top to bottom: Tisler (this cy
Gulf of Mexico Viosca Knoll (Davies et al. 2010), RadlkBank (Mienis et al. 2009), Rockall Bank (Miergs

al. 2009), Galicia Bank (Duineveld et al. 2004)). D=sihorizontal grey lines show the depth range of the
densest CWC occurrence on the Norwegian shelf andrigdppe. Horizontal black bars at the bottom of the
graph illustrate amounts of different carbon sosragélised at Tisler and at Rockall in comparisorthwi
“normal” soft bottom community respiration (N: “noaffi respiration after Andersson et al. 2004, V: \catti

POC flux, B: biodeposition, Z: zooplankton).

However, vertical POC fluxes at Rockall (9.2 mg dt at 675 m water depth and ~16 mg
m? d' at 554 m water depth; Mienis et al. 2009) and alic& Bank (18.9 mg rhd™* at
770 m water depth; Duineveld et al. 2004) were dogrer than average values (Fig. 8).
This suggests that CWC reefs may in some casesehoion the mentioned additional
vertical POC supply mechanisms, but may insteafiilbecapable of meeting nearly all of
their carbon demand with a combination of zooplanktapture and biodeposition.
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Contribution of CWC reefs to benthic carbon turnoang the central Norwegian shelf

and upper slope — a first assessment

In a last step we try to estimate the contributbfCWC reefs to benthic carbon turnover
along the central Norwegian shelf and upper slope .are aware of the fact that this might
be rather ambitious at present, but we neverthelgissilate a first estimate, which should
be treated with caution.

In Norwegian waters reefs are located in the ba#tgimrange of 40 to 500 m depth and are
most abundant in the central part of the Norwegiamtinental shelf (Fossa et al. 2002). The
vast majority of reefs is located along the uppetinental slope and at ridges of morainic
origin in 200 to 400 m water depth (Fossa et ab220Nheeler et al. 2007). Fossa et al.
(2002) estimated the reef covered area betweerfNlaid 68.9°N latitude (referring to
their regions “R2” and “R3”) to be 1305-1577 kftotal area) and 773-879 Krtexcluding
trawl damaged areas). Based on topographical nvepsstimate the area of the central
Norwegian shelf and upper slope between 61.7°N6&2@°N (down to 500 m water depth)
to be ~220.000 kfn Thus, CWC reefs are estimated to cover 0.59-0.{atal reef area) or
0.35-0.40% (excluding trawl damaged areas) ofrégson.

We assume that the derived hotspot-factors of Bi2efr) and 15.1 (Rockall) are lower and
upper estimates of Norwegian reef respiration, \@adsubsequently multiply these factors
by 0.35-0.72% of the shelf area (that is covdngdeefs). This leads to estimations of reef
contributions to the total benthic carbon procegsim the central Norwegian shelf and
upper slope of 3.2-6.6% (low factor) and 5.3-10®8gh factor).

In conclusion, the reefs on the central Norwegtaglfsand upper slope may be responsible
for 3.2-10.9% of the benthic carbon turnover, etlevugh they only cover 0.35-0.72% of
the seabed in this region. An important mechantsan tnay explain this high contribution
is the high level of biodeposition occurring at C\W&&fs. Though these numbers are a first
estimate, they suggest conclusively that CWC re&dy play a significant role in carbon
cycling, not only on the local scale, but also asrcontinental margins as a whole.
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ABSTRACT

Sinking of aggregated phytoplankton cells is a crucial mechanism for transporting carbon to the seafloor
and benthic ecosystem, with such aggregates often scavenging particulate material from the water col-
umn as they sink. In the vicinity of drilling rigs used by the oil and gas industry, the concentration of par-
ticulate matter in the water column may at times be enriched as a result of the discharge of ‘drill cuttings’
- drilling waste material. This investigation exposed laboratory produced phytoplankton aggregates to
drill cuttings of various composition (those containing no hydrocarbons from reservoir rocks and those
with a <1% hydrocarbon content) and assessed the change in aggregate size, settling rate and resuspen-
sion behavior of these using resuspension chambers and settling cylinders. Results indicate that both set-
tling velocity and seabed stress required to resuspend the aggregates are greater in aggregates exposed to
drill cuttings, with these increases most significant in aggregates exposed to hydrocarbon containing drill

cuttings.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The majority of the transport of material from the surface
waters of the worlds ocean’s to the depths is made by the sinking
of coagulated organic and inorganic aggregates (Alldredge and Sil-
ver, 1988). These aggregates comprise of a mixture of living and
dead cells of phytoplankton, zooplankton, bacteria, and protists,
detritus, excretory products, such as fecal pellets and marine gels
(Burd and Jackson, 2009; Kiorboe et al., 1990). They also entrain
‘ballast’ minerals on their surfaces, namely, opal (SiO,), calcium
carbonates (CaCOs) and fine lithogenic minerals (sands, clays, dust)
(Armstrong et al., 2001; Hamm, 2002; Klaas and Archer, 2002).
Aggregates with adsorbed ‘ballast’ govern the POC export from
euphotic zone to the ocean interior and sediments (Armstrong
et al., 2001; Francois et al., 2002; Klaas and Archer, 2002). Aggre-
gates are also microhabitats for flagellates and bacteria communi-
ties, which control remineralization of the sinking fraction of POC.
Recent studies have demonstrated that bacterial production and
community respiration are strongly coupled with sinking aggre-
gates, revealing microbial activity in aggregates as an important
factor in regulating POC flux in the ocean (Egge et al., 2009; Gross-
art and Ploug, 2000; Iversen and Ploug, 2010; Kiorboe and Hansen,
1993). Once they enter the bottom boundary layer close to the
marine sediments, these aggregates are often consumed by the
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benthic communities in a process known as benthic pelagic cou-
pling (Graf and Rosenberg, 1997).

Phytodetrital aggregates formed by natural processes in the
vicinity of drilling rigs operated by the offshore industry are of par-
ticular interest on the local scale as they may scavenge fine sus-
pended lithogenic material released into the marine environment
during drilling operations (Neff, 2005; Schaanning et al., 2008).
This material is known generally as drill-cuttings, but these cut-
tings can vary in both size (from clay to coarse gravel) and material
composition. Cuttings consist of a combination of (1) fragments of
the various lithological types of sedimentary rock through which
the drill passes, and (2) the drilling fluid used to ensure both posi-
tive drill pressure and cooling of the drill bit during drilling. The
drilling fluid component can be water based, synthetic based, or
oil based, and consist of a mix of various ingredients. Most of the
drilling in the North Sea (focus of this study and source of the
drill-cuttings used here) is performed with water based drilling
fluids, with barite (BaSO4) or ilmenite (FeTiO3) the main compo-
nents of the mix. Typically, the lithological components of water
based drill cuttings consist of grey shale chips from the lithological
layers drilled through; minor constituents such as hematite, limo-
nite, goethite, and carbonate can be present, altering the color of
drill-cuttings. Following release into the marine environment,
coarse drill-cuttings have been observed to settle close to the dis-
charge point, with dispersal models employed by the offshore
industry indicating that the fine fraction may stay in suspension
and travel over large distances before settling to the seabed (Neff,
2005; Neff et al., 1989; Rye et al., 2006).

These dispersal models predict that the fine clay-sized unfloc-
culated fraction of the discharged drill cuttings creates a plume
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in the upper water column that drifts with prevailing currents
away from the platform, diluting rapidly with the distance, and
settling slowly over the large area of the sea floor. Ayers (1994)
using the Offshore Operations Committee (OOC) Drilling Mud Dis-
charge Model, predicted the dilution of 300,000 mg/l of drill cut-
tings at the source of discharge to 8 mg/l at ~760 m from point
of release, after one hour of transport (given a discharge rate of
42,300 gal/h) (Ayers, 1994). Drill cutting discharges modeled by
Voparil et al. (2009) with the same model showed dilution to
150 mg/l 100 m from the source (discharge rate 65,000 gal/l).
Applying the Dose-Related Risk and Effect Assessment Model
(DREAM model), Rye et al. (2006) estimated high concentrations
of the suspended drill cuttings (>200 mg/l) within 50 m from the
discharge point, with subsequent dilution to 50 mg/l ~100 m away
from the platform (Rye et al., 2006). At the benthic boundary layer
(BBL) concentrations of drill cuttings can reach 100-1000 mg/l
close to the rig site (250 m), and up to 100 mg/l 5 km away from
the platform site (Niu et al., 2009).

Presence of drill cuttings in the surface waters has two effects
on primary production and transport of carbon from surface
waters. Firstly, presence of the fine drill-cuttings fraction in sus-
pension can lead to turbidity increase in the water column (Lynch
et al., 1994), with associated light limitation that can negatively af-
fect primary production. Secondly, fine drill-cuttings incorporated
into aggregates can act as mineral ‘ballast’ increasing the settling
rate of the aggregate, therefore reducing the residence time in
the water column (Curran et al., 2002; Schaanning et al., 2008).

On the Norwegian Margin seabed there are numerous devel-
oped cold-water coral reefs. These ecosystems develop slowly,
with scleractinian corals forming complex three dimensional reef
structures with growth. These skeletal structures provide habitat
niches for a variety of benthic organisms and reefs are considered
to be local hotspots of regional biodiversity. These ecosystems are
of public and legislative concern in Norwegian waters, and there-
fore any potential risks to their viability posed by human activity
must be investigated. Previous experimental study investigating
the sedimentation of fine drill cuttings onto cold water corals in
laboratory experiments showed that: (1) the structure of coral
branches of commonly occurring European corals such as Lophelia
pertusa minimize the chance of surface coverage by deposited
material (Larsson and Purser, 2011), a process assisted by surface
cleaning by coral mucus production (Allers et al., in review). Coral
polyp behavior is affected in the short term following exposure to
drill cuttings, indicating a reduction in feeding with possible nega-
tive consequences on the energy budget of the organism is a pos-
sible result of exposure over a long period (Purser et al., 2010a).
Given that net capture rates by L. pertusa are highest during low
flow conditions (Purser et al., 2010b), repeated resuspension of
drill cuttings followed by settling in periods of reduced flow (such
a situation may be associated with tidal cycles in the region) may
well reduce active feeding in the long term. (2) After 3 months of
constant exposure to fine drill cuttings, respiration rates of L. per-
tusa were not affected, indicating the ability of the organism to en-
dure long term exposure, even if active feeding is reduced (Larsson
and Purser, 2011).

From the research to date, the risks posed by drill cuttings to the
reef organisms are not fully understood. Given this fact, it is per-
haps sensible to wherever possible minimize exposure by the reef
to drill cutting material. To best achieve this, drill cutting dispersal
predictions, following release to the ocean, should be as accurate as
possible. This study concentrates on assessing the interactions be-
tween fine drill-cuttings and fresh phytodetrital aggregates. The
main objectives of the study being to compare the effects of two
classes of fine drill-cuttings on the hydrodynamic behavior of phy-
todetritus; one class representing pure lithogenic drill-cuttings,
(hereafter referred to as regular drill-cuttings (DC)) and a further

class additionally containing hydrocarbons from the reservoir, re-
ferred to hereafter as hydrocarbon containing drill-cuttings
(HCDC). According to Norwegian regulations these HCDC drill cut-
tings have an oil content of formation oil of less than 1% of dry mat-
ter. From 2004 to 2008, the discharge of cuttings from water based
drilling fluids decreased from 86,000 t to 70,000 t/year of which up
to 2500 t/year were transported to land.

Potential implications of this research are locally significant, as
the alteration of physical properties of aggregates may affect trans-
port of materials in the vicinity of drilling activities, and therefore
expose regions of the seabed to material at concentrations not pre-
dicted by dispersal models which do not take into account the pro-
cess of aggregation. This is an important consideration for benthic
ecosystems, as the entrainment of drill-cuttings of various chemi-
cal compositions within sinking aggregates might not only impact
microbial activity and remineralization processes within the aggre-
gates, but also alter community structures and food webs within
the benthic community (Sanders et al., 1987; Schaanning et al.,
2008; Trannum et al., 2010). Consequently, it is essential to be able
to predict the fate of fine drill-cuttings released into the water col-
umn. Given the variable quantity, hydrodynamic behavior and
composition of the drill cuttings which can be released to the
ocean during a drilling operation, it is important to best assess
how release of this waste material can be best managed to reduce
ecosystem impact.

The hypothesis investigated by this study was that

1. the discharge of drill cuttings into waters containing phytode-
trital aggregates would alter the hydrodynamic characteristics
of both the phytodetrital aggregates and drill cutting particles.

2. Materials and methods

To test the proposed hypothesis, three experimental investiga-
tions were conducted. The first of these investigated whether or
not drill cuttings would aggregate with phytodetritus under typical
oceanographic turbulence conditions. The second set of experi-
ments focused on determining whether phytodetritus aggregates
exposed to various types or concentrations of drill cuttings settle
at different rates in the marine water column. The third set of
experiments investigated the degree to which resuspension behav-
ior varied between phytodetritus aggregates exposed to different
drill cutting types and concentrations. Prior to carrying out the
experimental investigations, phytodetrital aggregates were pro-
duced in the laboratory and drill cuttings homogenized, sieved
and quantified for use in the experiments.

2.1. Production of phytodetrital aggregates

In the natural marine environment, aggregation and mass cell
sedimentation often terminates a phytoplankton bloom (Crocker
and Passow, 1995; Kiorboe and Hansen, 1993; Kiorboe et al.,
1994). Diatoms are very abundant during blooms and play an
important role in the aggregate formation process (Smetacek,
1999; Thornton, 2002). One of the crucial parameters of aggrega-
tion is the stickiness of the particles, which usually increases at
the decline of diatom bloom. During this period of nutrient limita-
tion, a special class of marine gels, called transparent exopolymer
particles (TEP), is abundant in both the water and aggregates
(Alldredge et al., 1993; Kiorboe et al., 1994; Passow, 2002). TEP
are generated abiotically from polysaccharide precursors released
mainly from diatoms as dissolved colloidal matter (DCM) (Kepkay,
1994). DCM undergoes ‘annealing’ when polymers from one gel
diffuse and interpenetrate into neighboring gels forming microgels
(Chin et al., 1998). Since the TEP are sticky, they act as biological
glue, increasing attachment probability of the particles once
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inter-particle contact has occurred (Passow, 2002; Prieto et al.,
2002). Presence of TEP significantly reduces the time of coagulation
and to a great extent determines remineralization potential of the
aggregated organic matter. Moreover, this factor contributes to
more rapid transfer of material to larger particles and, conse-
quently, their faster loss from the upper Ocean (Burd and Jackson,
2009; Engel and Schartau, 1999; Prieto et al., 2002).

For this study, the pelagic centric diatom (6-20 pm x 8-15 pm)
Thalassiosira weissflogii (Bacillariophyceae) was chosen for aggrega-
tion. This microalgae is abundant in the Norwegian Sea and tends
to flocculate into marine snow at the decline of the bloom
(Smetacek, 1999). The cultures of T. weissflogii were cultivated in
the laboratory at ~20 °C temperature under constant illumination.
The cultures were weekly inoculated with fresh 32 psu saline sili-
con-based f/2 medium (K-medium). Laboratory-made artificial
aggregates of T. weissflogii were generated following Shanks and
Edmondson (1989) method. Cylindrical tanks with ~800 ml of T.
weissflogii culture in seawater (32 psu) were rotated on a motor-
ized roller table at ~0.66 rpm until a substantial amount of aggre-
gates was formed (3-4 days). Minor concentrations of silicate and
carbonate minerals were added into the tank in the following pro-
portions: kaolinite (Al,Si,05(OH),4) - 25 + 0.4 mg 1!, smectite ((Al,-
Si)304) - 25 0.3 mg 1!, and carbonate (CaCO3) - 25+ 0.1 mgl~".
The resulting artificial aggregates represent a good biological mod-
el of natural marine snow (Shanks and Edmondson, 1989).

2.2. Drill cutting selection, homogenization and quantification

Drill cuttings used in the study were provided by Norwegian
petroleum company Statoil. These drill cuttings were delivered in
different sample bags each containing cuttings taken from differ-
ent depths from different drill wells. The drill cuttings used in this
study were cuttings from the 12.25” and 8.5” sections of well 6407/
2-5S from the Nona Heidrun field, Norway (Fig. 1). The DC samples
were representative for the types of reservoir and cap rocks com-
monly drilled through on the Norwegian Continental Shelf. The
section of well 6407/2-5S that contained hydrocarbons from the
reservoir was 757 m long: 30 m of which were gas filled and
41 m were oil filled sand sections.

During the selection process, 17 drill-cutting samples (originat-
ing from a depth range 2500-2800 m) were checked for hydrocar-
bon content. Color and texture of the drill-cutting samples were
also examined. On the basis of these primary analyses, samples ex-
tracted from 2650 m to 2700 m, 2705 m and 2756 m were identi-
fied as containing small quantities of hydrocarbons from the
reservoir rocks (HCDC). HCDC samples had a reddish-brownish
color and distinctive hydrocarbon aroma, whereas the rest of the
drill-cuttings had a typical grey appearance and did not have a
strong hydrocarbon smell (DC cuttings). Analysis of a sample of
the HCDC material indicated an oil content of 0.073% dry weight
(measured with GC-FID and loss of ignition).

In this study we were interested in trying to determine if the
different drill cutting types (DC or HCDC) would have different ef-
fects on the physical characteristics of phytodetritus after expo-
sure. For this reason, two drill cutting samples of differing
composition were selected for use in this study. Standard drill cut-
tings (DC) from the uncontaminated overlaying strata were se-
lected from 2502 m drill depth, and hydrocarbon contaminated
drill cuttings (HCDC) from 2705 m.

After selecting the two drill cutting types to be used in the
experimental work, the raw drill cuttings of each type were sieved
through a <63 micron sieve. The wet weight/dry weight ratio of
these sieved samples was determined to allow replicable addition
of drill cutting concentrations of known dry weight to the experi-
mental chambers. The decision to use <63 micron fine fraction of
drill cuttings in this study was made because this represents the
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Fig. 1. Location of the Heidrun field, from which the drill cuttings used in this study
originated. Figure also shows distribution of Lophelia corals along the Norwegian
margin. The black and grey circles indicate the verified (from the literature) and
non-verified records (from fishermen) of Lophelia. Figure is adapted from Fossa
et al. (2002).

fraction of material which would stay in suspension following re-
lease of drill cuttings to the ocean. The larger drill cutting size frac-
tions (in some cases consisting of rock chippings up to a cm in
diameter) would sink swiftly to the seabed following release and
therefore play no significant role in any aggregation process. The
dry weight percentage of the fine fraction (<63 um) in the regular
drill cuttings (DC) used in this study was 97% and 77% for the
hydrocarbon-containing (HCDC) drill cuttings. Forty five percent-
age and 12% by volume of the DC and HCDC drill cuttings were
of <10 um diameter. Less than 10% by volume of either drill cutting
type was of >64 pm diameter (Fig. 3B and C).

2.3. Investigation 1: Drill cutting aggregation with phytodetritus

Throughout the experimental work, triplicate runs were con-
ducted for each investigation. All experimental work was con-
ducted in a thermo-constant room at a temperature of 6-8 °C.

Step 1: Turbidity change over time in experimental chambers con-
taining phytodetritus. To simulate the behavior of the aggregates in
the water column, semidiurnal tidal resuspension-deposition
loops were created in an erosion chamber with controlled bottom
stress. Four hundred milliliter of phytodetrital aggregates from the
roller tank were carefully siphoned into the benthic chamber filled
with 32 psu artificial seawater. These aggregates were then kept in
suspension for 6 h under a bottom shear velocity [u*] of 0.8 cm s~!
typical for advective flow of phytodetritus in the North Sea (Van
Raaphorst et al., 1998) and North Atlantic (Thomsen et al., 2002).
Turbidity variations of the sample were recorded 15, 30, 60, 120,
240 and 360 min after aggregates were added to the chamber. An
Aquafluor turbidity meter (NTU) was used to record turbidity be-
low the rotation disc of the benthic chamber. After 6 h the aggre-
gates were allowed to settle for 8 h and subsamples taken of the
settled material to determine size and settling velocities of the
aggregates, as discussed in Investigation 2.
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Step 2: aggregation of phytodetritus with drill cuttings. After the
8 h of sedimentation the bottom flow with a u* of 0.8 cm/s was
reestablished and the disposal of fine drill cuttings was simulated
by adding pre-sieved <63 pm drill cuttings (DC) and hydrocarbon
containing drill cuttings (HCDC) to provide concentrations within
the chamber of 35mgl~! and 175 mg1~! dry weight in parallel
experiments. Turbidity in the sample in the chamber was then re-
corded 15, 30, 60, 120, 240 and 360 min after addition of the drill
cuttings. Control runs were conducted with 35mgl~! and
175 mg 1~! DC and HCDCs being delivered to chambers containing
no aggregates. By comparing NTU decrease over time in these con-
trol chambers with those containing algal aggregates, any effect on
rates of drill cutting removal from suspension played by the aggre-
gates would be indicated by changes in turbidity.

Step 3: After 12 h of mixing under u* of 0.8 cm s~ the drill cut-
tings which had aggregated with the phytodetritus were sampled
for the determination of critical shear velocity, settling velocity
and particle size distribution (Investigations 2 and 3).

2.4. Investigation 2: particle size distribution and settling velocities

The variations in particle size distribution of the drill cuttings
and of the phytodetrital aggregates before and after mixing with
drill cuttings were measured with Laser In Situ Scattering and
Transmissiometry device (LISST-100X). By using the LISST to
compare the peaks in particle size distribution within the aggre-
gates before and after addition of drill-cuttings significance of
the scavenging of the drill cuttings fraction by aggregates would
be indicated by the change in size spectra of the material. The
particle size vs. settling velocity relationship of phytodetrital
aggregates and drill cutting aggregates was investigated by using
a settling cylinder (square cross-section) of 10cm diameter
(Thomsen and Gust, 2000). The particles were back-illuminated
and settling rates and particle sizes determined with a digital vi-
deo camera (Imageworks DFK-41F02). The camera was capable
of resolving particles of >11 um diameter. The analyses of the
particle sizes and settling velocities were obtained using the Im-
ageJ (v.1.61) software application, with aggregate diameters as-
sumed to be the maximum straight distance observed across a
particle. The resulting settling speeds were converted into a
m day~! velocity for a selection of size classes, from within the
100 pum to 1500 wm particle diameter range. Average speed
(with standard deviation) for each of the aggregate size classes
was calculated and plotted.

2.5. Investigation 3: critical shear velocity [u?,;] variation

Critical shear velocity (u;,;) was determined by applying the ero-
sion chamber with controlled bottom stress to the aggregates.
Experimental runs were carried out with phytodetrital aggregates,
and with phytodetrital aggregates which had been aggregated with
DC and HCDC cuttings at the 35 mg1~' and 175 mg1~' concentra-
tions. The u* was increased in increments of 0.1 cm s~' every 5 min
until u* . was attained and the aggregates resuspended.

cri

2.6. Statistics

In this study two-way ANOVA tests were conducted to deter-
mine how turbidity may change over time in experimental
chambers containing various concentrations of drill cuttings
(HC and HCDC in different experimental runs) and algal aggre-
gates. The two factors used in the test were drill cutting type
(none, 35mgl~' DC, 175mgl~' DC, 35mgl' HCDC and
175 mg1~! HCDC) and algal aggregate concentration (present/ab-
sent). Tests were carried out to compare % NTU reduction across
treatments from readings taken 60 min and 120 min after drill

cutting delivery, with those measured 240 min and 360 min after
delivery. Data was not transformed as Leverene’s test indicated
an equal variance in NTU % values observed across treatments.
Where a significant difference in NTU % reduction was observed
for the drill cutting factor, a Boniferroni post hoc test was con-
ducted to determine between which drill cutting level (type or
concentration) these differences were significant. In this study
the Kruskal-Wallis test and the Mann-Whitney U test were used
to assess statistical validity of the settling speed comparisons be-
tween phytoplankton aggregates and those exposed to DC and
HCDC cuttings at 35mg1~! and 175mgl~! concentrations. The
Kruskal-Wallis test was applied to determine if there was differ-
ence in the size-classed settling speeds between these three
groups. If a significant difference in the results was indicated,
Mann-Whitney U tests were conducted to see which pairs were
different. For statistical analysis, three size classes of aggregates
of each type were selected: 100-200 pm (small), 500-600 pm
(middle) and 1000-1100 (large).

3. Results
3.1. Turbidity change after drill cutting exposure

After the injection of 35 mg 17! or 175 mg1~! of drill cuttings
into the experimental chambers, observed turbidity values imme-
diately following delivery were greater than in the experimental
chambers containing phytoplankton aggregates alone. An in-
creased turbidity of a factor of 2-3 was observed for 35 mg 1!
injections and roughly a 9-fold increase in chambers dosed with
175 mg 1! injections. There was no great difference in initial tur-
bidity increase between aggregates containing DC or HCDC cutting
types.

3.1.1. Impact of drill cutting type and concentration on turbidity
decrease

The two-way ANOVA results showed a significant main effect of
drill cuttings type on turbidity reduction in the first two hours after
drill cutting delivery, F(4, 42) = 8.43, p < 0.001. Mean NTU % reduc-
tions observed for phytoplankton aggregates was M=0.24
(SD=10.79, N=22). For DC 35mgl' aggregates, M=14.90
(SD=5.86, N=6), with the higher DC 175 mg1~! concentration,
M=16.91 (SD=7.90, N=6). For the HCDC cuttings, turbidity
reduction in this period for 35mgl~! drill cutting dose was
M=19.60 (SD=12.08, N=6), the higher concentration HCDC
175mg1~' giving % reduction of M=15.10 (SD=11.37, N=6).
The Bonferroni post hoc test indicated that this NTU % reduction
in the first 2 h after drill cutting delivery was significantly greater
in chambers containing drill cuttings in addition to the natural
aggregates than those containing natural aggregates alone (DC
35mg 1" and HCDC 175 mg 1~ p<0.05, DC 175 mg 1~' and HCDC
175 mg 1! p <0.01). The type of drill cuttings (DC or HCDC) was
not a significant factor in this period.

Drill cutting type also had a significant effect on NTU % reduction
rates observed after 4-6h, F(1,42)=14.67, p<0.001 and
F(4,42)=12.76,p < 0.001.The Bonferroni post hoc test indicated that
the significant differences were observed between the no drill cut-
tings runs and the DC 175 mg 17! treatment (p < 0.005), as well as
both the HCDC 35mgl~! and HCDC 175mgl~' treatments
(p <0.001). Mean values of NTU % reduction in the experimental runs
containing no algal aggregates for the various concentrations of each
type of drill cutting was DC 25 mg1~!, M =20.59 (SD = 7.54, N=2),
DC 175mgl~! (M=22.46, SD=4.24, N=2), HCDC 35mgl},
M=24.51 (SD=10.08, N=2) and HCDC 175mgl~!, M=20.54
(SD =3.00, N =2). No significant difference between phytodetrital
aggregates and the DC 35mg 1! treatment was observed. There
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Fig. 2. Turbidity decrease over time in experimental chambers containing phytodetrital aggregates and various concentrations of either standard drill cuttings (DC's) or
hydrocarbon containing drill cuttings (HCDC’s): (A) 35 mg 1~! DC treatment; (B) 35 mg 1~! HCDC treatment; (C) 175 mg1~! DC treatment; (D) 175 mg 1~! HCDC treatment.

was no significant difference in NTU % reduction between the HCDC
25mgl~!, HCDC 175 mg 1! or DC 175 mg1~! treatments. For the
experimental runs with phytoplankton aggregates which had been
exposed to drill cuttings, the mean NTU % reduction was greater in
HCDC treatment chambers than in those injected with DC or no drill
cuttings-phytoplankton aggregates, M = 16.57 (SD = 13.33, N=22),
DC 35mgl!, M=29.29 (SD=10.61, N=6), DC 175mgl',
M=38.42 (SD =8.02, N=6), HCDC 35 mg1~', M=47.28 (SD = 5.20,
N=6),HCDC 175 mg1~!, M =43.63 (SD = 12.55,N = 6).

3.1.2. Phytoplankton aggregate presence/absence impact on turbidity
decrease

There was no significant effect of algal presence/absence on
NTU % uptake in the first two hours of the experiment. Addition-
ally, there was no significant interaction effect between algal pres-
ence/absence and drill cutting type on NTU % reduction during
these 2 h (Fig. 2).

For NTU % reductions observed during hours 4-6 after drill cut-
ting delivery, presence or absence of aggregates had a significant ef-
fect on NTU% reduction, F(1,42)=14.67, p<0.001. Mean NTU %
reductions were for runs with algae present, M = 35.04 (SE = 1.903,
N=46) and runs with algae absent, M =22.04 (SE=3.987, N=38)
indicating that the presence of algal aggregates increases the NTU
% reduction observed 4-6 h into the experimental runs.

3.2. Particle size distribution

The particle size distribution analysis showed that about 41% by
volume of phytodetrital aggregates of T. weissflogii exceeded the
size of 64 um, whilst 45% and 13% by volume were in the size range
10-64 pm and <10 pm respectively (Fig. 3A).

The simulated discharge of drill cuttings into a water mass con-
taining phytodetrital aggregates altered the particle size distribu-
tion of material within the water mass. Under discharge
concentrations of 35 mg 1! the regular drill cuttings (DC) resulted
in a shift of particle size from the >64 um fraction towards the finer
fractions. The injection of the same concentration of hydrocarbon
containing drill cuttings (HCDC) resulted in an opposite effect:
the particle size spectrum shifted towards the coarser fraction
(>64 wm), Fig. 4.

3.3. Settling velocities of aggregates

For the determination of settling velocities of aggregates only
particles larger than 100 pum in size were analyzed in the settling
tube. Settling velocities varied between 10mday~! and
20 m day !, never exceeded 25 m day .

The settling velocities of the >100 pm phytodetrital aggregates
ranged between 1 mday~! and 357 m day~'. In general there was
an increase of settling velocity with increasing size of aggregates,
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revealing a linear relationship. The addition of high and low doses
of drill cuttings of both types considerably enhanced settling
speeds of phytodetrital aggregates in all replicate experiments
(Fig. 5). Under discharge concentrations of 35 mg1~' HCDCs, the
settling velocities of the resulting aggregates varied from

50 mday~! to 500 m day . Regular drill cuttings (DCs) also con-
tributed to an increase in settling velocities of the aggregates.
The average settling velocities rarely exceeded 70 mday~! for
median sizes between 100 pm and 600 um and up to 600 m day !
for the larger aggregates. Under both high and low exposure
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concentrations of drill cuttings, phytodetritus exposed and aggre-
gated with HCDCs exhibited generally higher settling velocities
than aggregates exposed to DCs. The differences in settling veloci-
ties between these two aggregates types were most pronounced
for the largest aggregate size class (>1000 pm).

Statistical analyses showed that there were significant differ-
ences in settling velocities between phytodetrital aggregates and
aggregates exposed to the two types of drill-cuttings. For small
sized aggregates (100-200 pm median diameter) exposed to
35mg1~! DCs the difference in settling velocities were very sig-
nificant, (Mann-Whitney, U=13, p<0.005). For medium size
classes of aggregates (500-600 pum), the scavenging of drill-cut-
tings significantly enhanced settling velocities of aggregates
(Mann-Whitney U=23.5, p<0.001 for HCDC drill cutting

exposures; Mann-Whitney U=122, p<0.001 for regular (DC)
drill-cutting exposure). Exposure to HCDCs also significantly in-
creased the settling velocities of newly formed 1000-1100 pm
aggregates (Mann-Whitney U=11.0, p <0.001). Higher drill-cut-
ting exposure (175 mgl~") significantly increased the settling
velocities of aggregates for most tested aggregates size groups.
The only exception was 100-200 pm aggregates, the settling
speeds of which were not significantly altered by presence of
DC drill cuttings (Mann-Whitney U =1, P=0.34). Differences in
individual settling behaviors of phytodetrital/drill cutting aggre-
gates of similar size were observed across treatments. Photo-
graphs of these aggregates within the settling cylinder provide
good information on the variation in morphologies of the aggre-
gates (shape structure, and porosity) by exposure. Natural
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phytodetrital aggregates of T. weissflogii were fluffy, ephemeral,
and very fragile (Fig. 6).

Phytodetrital aggregates treated with drill cuttings also showed
variations in their morphology and were different in form to the
natural aggregates. Fast settling aggregates appeared denser and
entrained drill cuttings particles were clearly visible on photo-
graphs taken from the settling cylinder. The shapes of those aggre-
gates varied from being totally irregular to forming chain like
elongated structures. Morphological differences could be spotted
between aggregates treated with low doses of HCDCs and DCs.
The former were much darker in color and aggregate shapes were
more rounded (Fig. 6), additionally, an increased number of small
aggregates were present after the injection of DCs.

3.4. Critical shear velocity for resuspension

The alteration of the physical characteristics of the aggregates
as a result of their exposure to fine fractions of drill-cuttings was
further indicated by the results of the resuspension experiments.
This part of the study was designed to measure the threshold for
entrainment of deposited aggregates back into the water column.
The results are summarized in Table 1. From observations made
during the experiments in the erosion chamber, the resuspension
process could be divided into aggregate bedload transport and sus-
pended load transport.

In experimental runs phytodetrital aggregates unexposed to
drill cuttings showed homogeneity in their resuspension behavior.
Minimal shear flow of u*=0.2 cm s~! was required to commence
bedload transport while suspended transport began with shear
velocities of u* =0.3-0.4 cm s~ .

As with settling speeds and particle size distribution,
unaggregated HCDC and DC samples showed variability in their

35mgil DC
treatment
o

35mg/l HCDC
treatment

2177

resuspension potential. The DC sample commenced resuspension
at u*=0.6 cms~', whereas the HCDC sample needed a minimum
of u*=0.7 cms~! to be returned to suspension. Full resuspension
for the DC sample was observed at u*=0.7-0.9 cm s~ . In contrast,
the majority of the HCDC sample particles were lifted up under a
u*=0.8cms L

Impact on the critical shear velocity required to resuspend
aggregates by exposure to DC and HCDC cuttings was indicated
after aggregate exposure to the lower concentration of 35 mg 1!
of either DC or HCDC cuttings. The first DC and HCDC aggregates
started to weakly resuspend under a flow of u*=0.3cms . In
the case of 35 mg 1~! HCDC treatment, peak resuspension was ob-
served at u*=0.4-1.0cm s ! although some aggregates were not
resuspended until u*=1.0-1.2 cm s~'. In contrast, all aggregates
exposed to DC drill cuttings at this concentration were resus-
pended by u*=08cms~' (replicates 1 and 2) and by
u*=0.9 cms~! (replicate 3). Similar trends in resuspension were
observed in high drill cutting exposures (175 mg 1~ !). Here, resus-
pension of DC drill cutting aggregates commenced at
u*=03cms!, with peak resuspension observed at u*=0.4-
0.7cms™! (Table 1). Resuspension of HCDC aggregates com-
menced at u*=0.3 cm s~ !, with the peak resuspension observed
at the higher u* = 0.6-0.9 cm s~' (Table 1). There was a ‘sweeping
effect’ observed on the aggregate bedload in the experimental
chambers. This effect was most characteristic for high DC treat-
ments, and accounted for fast removal of most of the bedload. With
175 mg 1! of DCs added to the system, clearly distinguishable lay-
ers of particles could be seen resuspending. The lighter aggregates,
composing the top surface of the bedload were the most easily
resuspended. Mid-layer of the bedload in the chamber was domi-
nated by heavier aggregates (also looking darker in color). The very
bottom layer of the bedload mostly consisted of lithogenic material
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Fig. 6. Photographs of a selection of phytodetrital aggregates and aggregates exposed to drill cuttings of various concentrations and compositions.
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Table 1
Resuspension behavior of aggregates exposed to the investigated types and concentrations of drill cuttings.
Resuspension type u* [cm/s]
Replicate # DCA HCDCA Phyto. Aggregates DC HCDC
35 mg/l 175 mg/1 35 mg/l 175 mg/1
Bedload transport 1 0.3 0.3 0.4 0.3 0.2 0.6 0.7
2 03 0.3 0.3 0.3
3 03 0.3 0.3 0.3
Suspended load transport 1 0.4-0.8 0.4-0.7 0.6-1.0 0.5-1.0 0.3-0.4 0.7-0.9 0.8
2 0.4-0.8 0.4-0.9 04-1.2 0.6-0.9
3 0.5-0.9 0.4-0.8 0.4-1.2 0.6-1.2

which settled shortly after DCs were introduced to the aggregates,
and was the last fraction to be resuspended.

4. Discussion
4.1. Aggregation of phytoplankton material with drill cuttings

The aim of this study was to determine the effect of the dis-
charge of drill-cuttings on aggregation and physical characteristics
of phytodetritus. The results show that changes in settling veloci-
ties, resuspension behavior, particle size distribution and turbidity
over time are evidence that phytodetrital aggregates can scavenge
drill cuttings under turbulent flow conditions in the water column.
This is a predicted interaction process when high amounts of lith-
ogenic particles come into contact with organic rich aggregates of
different hydrodynamic behavior.

Elevated fine particle concentrations in bottom waters are also a
result of bottom trawling or storm induced resuspension. Palanques
et al. (2001) studied the effect of bottom trawling on turbidity and
showed that after the start of a trawling run, water turbidity
increased first near the seabed over the initial hours following trawl
deployment, and later at shallower depths in the water column over
aperiod of 2-5 days (Palanques et al.,2001). Average turbidity in the
water column increased by a factor of up to three for 4-5 days after
trawling. Dounas et al. (2007) revealed that that bottom trawling
may trigger off considerable productivity pulses, in addition to
pulses from the natural seasonal cycle, as a result of the nutrient rich
resuspended sediments (Dounas et al., 2007). In contrast however,
Pusceddu et al. (2005) reported a negative effect on food lability
(e.g. of phytodetrital aggregates) towards a more refractory compo-
sition after resuspended lithogenic sediments aggregated with the
organic fraction (Pusceddu et al., 2005).

Our results show that the discharge of DC drill-cuttings may
similarly result in lithogenically enriched phytoplankton aggre-
gates within the water column. There is no resuspension of the sea-
bed sediments associated with drill cutting release, so the surface
phytoplankton bloom associated with trawling resuspension will
not occur-the lability of surface aggregates will decrease following
drill cutting release as particles of the waste material are incorpo-
rated into the phytoplankton aggregates, with no possible enrich-
ment as observed in association with trawl resuspension. This
lability decrease in aggregates may well impact negatively on the
benthic ecosystem.

The discharge of hydrocarbon containing drill-cuttings (HCDCs)
is expected to have a different effect. According to Norwegian reg-
ulations these drill-cuttings have an oil content of formation oil of
less than 1% of dry matter. The question however remains on the
percentage of oil in the fine fraction (<64 pm) which can disperse
in the water column and will be subsequently scavenged by phy-
todetritus and then transferred to benthic communities.

It is known that clay-minerals bind to oil during as a process of
clay-oil flocculation (Lee et al., 2002). The formation of these

oil-mineral aggregates (OMAs), which consist of microscopic par-
ticles of oil stabilized by fine minerals, is a well known process
in marine waters. Oil associates with fine mineral particles in an
aqueous medium not only as molecules adsorb onto mineral sur-
faces, but also as a discrete phase, to form OMAs. This process pro-
motes the dispersion of stranded oil, and is believed to be possibly
instrumental in the natural recovery of oiled shorelines. It can thus
be expected that a discharge of oil containing drill cuttings will re-
sult in a preferential accumulation of the oil in association with the
cutting fine fraction, which then aggregates readily with the phy-
todetritus in the water column.

Although the overall concentration of drill-cuttings particles
(<63 wm) was maintained across experiments with both types
of cuttings, their characteristics with respect to size distributions
within this fine fraction was different. Regular drill-cuttings
(DCs) were richer in very fine particulates (<10 um), while
hydrocarbon containing drill-cuttings (HCDCs) had predomi-
nantly larger median sizes of 10-64 um. The percentage of the
fine fraction (<63 pum) in the regular drill cuttings used in this
study was 97% and 77% for the hydrocarbon-containing drill cut-
tings. Twelve percentage of these hydrocarbon-containing drill
cuttings were in the size range <10 pm (9.2t of 100 t). Thus
for every 100t of disposal of drill cuttings with less than 1%
(1t) of oil, this oil most probably binds in preference with the
very fine drill cutting fraction (<10 pm). Hundred tons of dis-
charged oil-containing drill cutting used in this study could thus
release <1t of oil preferably bound to 9t, the <10 um fraction
with high clay content. These fine drill cutting fractions could
therefore consist of almost 10% oil, which would then be scav-
enged readily by phytodetritus aggregates.

So how does this fine fraction change the hydrodynamic behav-
ior of phytodetrital aggregates? The original hypotheses, that the
aggregation process would be more pronounced when phytodetri-
tus comes into contact with hydrocarbon containing drill cuttings
(HCDCs) was confirmed by the results of the experiments with
both 35 mg 1 ! and 175 mg 1! exposure. Since flow velocity, shear
stress, and concentration of the drill-cuttings as well as plankton
species composition were maintained across experimental runs,
such physiochemical characteristics as composition, shape, particle
size and settling speed of drill-cuttings were crucial in defining
their potential to alter the physical characteristics of phytodetritus.

The pronounced shift towards larger particle sizes of phytode-
trital aggregates after exposure to 35 mg 1=! hydrocarbon-contain-
ing drill cuttings was a good indication for their stickiness during
the aggregation process. During the typical aggregation process
many particles encounter each other but often less than 10% of
these interactions result in adhesion to form larger or denser
aggregates. The chance of this adhesion is controlled to a large ex-
tent by the ‘stickiness’ of the particles (Kiorboe et al., 1990; Kiorboe
and Hansen, 1993; Thomsen and McCave, 2000). A ‘sticky’ hydro-
carbon coating of lithogenic drill-cuttings, even as low as <1% but
possibly as high as 10% of the particle mass (see discussion above)
for the fine fraction of <10 um drill cuttings will thus promote



K. Pabortsava et al./Marine Pollution Bulletin 62 (2011) 2170-2180 2179

coagulation processes in the water column and act like a chemical
flocculant for organic material (Lee et al., 2002) effecting addition-
ally the porosity, density and morphology of the resulting aggre-
gates. The greater stickiness of hydrocarbon containing drill
cuttings and the resulting higher inorganic ballast of the phytode-
tritus could explain the faster production of denser aggregates (as
indicated by reduction in NTU) in HCDC than DC experimental
runs.

4.2. Change of settling and resuspension behavior

The increased settling velocities of phytoplankton aggregates
exposed to even the lower investigated concentration of DCs or
HCDCs (Fig. 5) indicates that settling behavior of naturally occur-
ring aggregates may be susceptible to rapid change following
exposure to drill cutting material.

Similar factors to those that regulate settling rates of aggregates
control the resuspension behavior of aggregates; size, density,
porosity, shape, and stickiness of aggregates and their constituents
may play a crucial role in determining uxcrit for their resuspension.
Phytodetrital aggregates were resuspended at lower shear veloci-
ties than aggregates treated with drill cuttings (u;,;=0.3-
0.4cms™! in contrast to 0.4-0.9cms~' for drill cutting aggre-
gates). The resuspension process took even longer for HCDC aggre-
gates than for pure aggregates or DC aggregates, which may
indicate that the characteristics of aggregates formed following
exposure to drill cuttings vary in mass, density and hydrodynamic
behavior related to drill cutting composition and hydrocarbon con-
tent. The outcomes of resuspension experiments would indicate
that phytodetrital aggregates with drill cutting inclusions are less
mobile following deposition than those not containing inclusions,
indicating a possible change in food availability to the benthos over
time in the vicinity of drilling rigs.

4.3. Implications

This study has shown by laboratory investigation that following
exposure to concentrations of drill cuttings at operational densities
observed and modeled in the vicinity of drilling rigs, the hydrody-
namic behavior of the naturally occurring phytoplankton aggre-
gates may be affected. The experimental studies carried out here
have shown that at concentrations of 35mgl~! and 175 mgl™!
drill cuttings are incorporated rapidly into the structure of phyto-
plankton aggregates. In the field such incorporation could lead to a
more rapid delivery to the seafloor of the drill cuttings than is pre-
dicted by currently used dispersal models based on particle size
and density, which do not incorporate aggregation processes. Com-
position of the drill cuttings appears from this study to be a factor
in the rate of incorporation of material into phytoplankton aggre-
gates, with the settling rate of aggregates and the seabed stress re-
quired to resuspend the material after settling both affected by the
drill cutting composition. These observations have wide ranging
implications for carbon transport rates and food lability within
the water column and at the seabed in the vicinity of drilling oper-
ations on the Norwegian margin. Ecosystem management strate-
gies utilized by the oil and gas industry during drilling
operations may be improved by taking into account the phyto-
plankton concentration and ‘stickiness’ of material in the water
column at the time of drilling, and how these factors may influence
aggregation rates and settling of the drill cutting material.
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CHAPTER 5

A further improvement for quantification of vertica | particle fluxes in
the ocean based on the IRSC trap technology — a gilstudy
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1 Introduction

Vertical particle fluxes are one of the main drveaf the distribution and profiles of

elements in the ocean. The downward motion of @adiis estimated to account for 50-
80% of the biological carbon pump (Volk and Hoff@&85, Fasham et al. 2001). Accurate
guantification of vertical carbon fluxes, espegiat the mesopelagic where most of the
particulate organic carbon (POC) flux attenuatiocturs, now and in the future is

fundamental if we are to understand the presenfitnde marine carbon cycle.

The most important tools for the quantification wdrtical fluxes are sediment traps.
Potential biases and limitations of sediment traps well known, of which the most
important are hydrodynamic biases, zooplankton rfewer” retention and sample
solubilisation in the sample cups (see review papgrGardner 2000 and Buesseler et al.
2007a). Whereas the latter two problems can be eaddd quite satisfactorily,
hydrodynamic biases are still not fully understo®d. minimize the hydrodynamic effect,
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neutrally buoyant sediment traps have been develfgaldes and Price 2000, Buesseler et
al. 2000, Lampitt et al. 2008) and have given inguarnew insights into flux attenuation in
the twilight zone (Buesseler et al. 2007b, Lameital. 2008). However, a small residual
slip velocity over the trap mouth of up to 0.4 cth(¥aldes and Price 2000) and additional
vertical trap motions of 0.5-1.0 crit and occasionally more than 1.0 cth(kampitt et al.
2008, their Fig. 3; Salter et al. 2007, their EApgstill seem to remain. Both of these motions
(relative to the ambient water), horizontal andticaf, are fast compared to the typical
sinking speed of oceanic aggregates and faecaltp¢l.01-1.0 cm™3. The potential effect
of these motions on trapping efficiency is notyulhderstood to date.

Carbon cycle imbalances in the mesopelagial, asrithesl by bacterial carbon demand
(BCD) versus POC flux (Boyd et al. 1999, Steinbetrgl. 2008, Balter et al. 2009, Burd et
al. 2010) have been reported. One possible reasorthése imbalances could be the
inaccuracy of sediment traps. An imbalance factoB8-40 was calculated while using

NBST for flux determination (Steinberg et al. 200Bxplanations for imbalances are given
by the authors as zooplankton migration, dark d¢lesbinorganic carbon fixation, and

lateral advection. However, it seems unlikely thet large discrepancy of a factor 3-10 (or
in other words, only 10-35% of the BCD is met byedt passive vertical fluxes) can be
solely explained by these factors.

Also in the bathypelagial and along continental gives, imbalances in the carbon cycle
have been detected (Biscaye et al. 1994, Wolla$tGiou 2001). Detailed studies on the
coupling between sinking fluxes of particulate ariganatter and the activity of the benthic
community (Graf 1992) revealed that vertical fluxas continental margins were not
sufficient to balance benthic community requirerseritlence, lateral advection was
suggested to play a role (Thomsen 1998).

Besides sediment traps, the most commonly and asorgly used method for vertical
carbon flux determination is the thorium isotopetimd ¢3‘Th; Buesseler et al. 2006).
Application of this method have led to importanaisal data sets on carbon flux and to the
possibility to calibrate trap fluxes again&'Th fluxes (Benitez-Nelson et al. 2006,
Buesseler et al. 2006, Rutgers van der Loeff €2G06). Based off*Th assessments, over-
and undertrapping by a factor of 1-2.5 was showne@3eler et al. 2007a). However,
varying POCP*Th ratios may have an effect on the accuracy ok filetermination
(Benitez-Nelson et al. 2006, Buesseler et al. 2088)there is no “absolute standard” of
flux determination (Valdes and Price 2000, Buessetiaal. 2007a), evaluation of accuracy
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of differently derived fluxes, like from neutrallyuoyant traps or fror®*Th applications,
may have some limitations (Buesseler et al. 2007a).

Besides the need to accurately quantify total #uxhere is recent awareness that further
progress in understanding particle export and tbedical pump, and understanding the
underlying mechanisms that drive these fluxes, hbe made by determining sinking-
velocity-specific (SVS) fluxes over the whole pelei sinking spectrum found in the ocean
and get a mechanistic understanding of the prosekae create, change and maintain these
spectra (Trull et al. 2008, Armstrong et al. 2008 et al. 2009, Peterson et al. 2009, Boyd
and Trull 2007).

For this purpose, Indented Rotating Sphere/SampleuGel (IRSC) traps (Peterson et al.
1993) for separating flux into sinking velociti€S\{) were developed (SV-IRSC; Peterson
et al. 2005, 2009) and have already been deplayedcouple of field studies (Trull et al.
2008, Lee et al. 2009, Armstrong et al. 2009, Ate@onzalez et al. 2010), showing
important results on how fluxes of different compds are related to SV. However, as SV-
IRSC traps operate as normal traps, they may adwdsed due to hydrodynamic issues at
the collection process.

In the present paper we want to address the taskwfan external non-hydrodynamically-
biased standard of flux determination could be Wgexl which at the same time also
addresses the task of determining SVS fluxes ofctiraplete sinking velocity spectrum
found in the ocean. Following Kozerski (1994) anasGand Kozerski (2000), this method
should ideally determine the Sinking-Velocity-Md3wstribution (SVMD) of the particle
population outside the trap in the water columns#a this context means the mass of
whatever compound (carbon, nitrogen etc.), a sumifedrent compounds, or the overall
particle mass. By realisation of such a SVMD deteation, this would automatically also
lead to a determination of SVS in situ fluxes (SNS} by a multiplication of mass times
the respective SV and to the total in situ fluxiIET-sum of all SVS-IFs). To our knowledge,
two methods for SVMD determination have been degwadioto date, onén situ settling
chamber method (SCM) for lake and surface watersz€kski 1994, Gust and Kozerski
2000) and one shipboard or shore based methodté&anic waters (Gustafsson et al. 2000,
2006). Both methods cover the lower range of simkielocities (<30 m dand <10 m d,
respectively). There is no method available to datehe whole SV spectrum and for an
application in the ocean.
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In order to go a step further in this direction, wenducted a pilot study on the
determination of the SVMD on the whole sinking \ap spectrum (<1 m'd- >980 m d)

of a marine water mass. This approach was madéposy a modified deployment of the
IRSC trap, operating not as a conventional trap,asua settling funnel above its rotation
sphere (hereafter called the “IRSC-SVMD approachije water mass determined by this
method was from a 200 m deep location within thetdjord off western Sweden, which
is characterised by oceanic water masses in its kdgers. From the so determined SVMD
we calculated SVS-IFs and T-IFs. At the same locatin Kosterfjord we deployed
different sediment traps, including an IRSC trap,a conventional way, leading to
“classical” total trap fluxes (T-TFs) and (for tHiRSC trap) SVS-TFs. By comparing both
datasets on T-TFs and T-IFs we determined colleafticiencies of the trap deployments.
For the IRSC case, the direct comparison of SVS-Wih SVS-IFs enabled us to
determine SVS collection efficiencies of the IR$&pt

We present further steps to improve the IRSC-SVNpraach in order to possibly achieve
a most accurate and at the same time SV speaificdietermination (C, N, other elements)
in the ocean. We suggest that the here introducettiod complements existing methods
and sampling schemes, and may allow to better dication of sinking carbon fluxes in
the ocean.

List of abbreviations

SV Settling/Sinking velocity

SVS Sinking-velocity-specific

IF In situ flux

IFC In situ flux organic carbon

TF Trap flux

TFC Trap flux organic carbon

IRS Indented rotating sphere

IRSC trap IRS carousel trap

SV-IRSC trap IRS carousel trap operating inrSate
SVMD Sinking-velocity-mass-distribution
SCM Settling chamber method (Kozerski 1994)

IRSC-SVMD approach
SVS-IF

Determination of the SVMD vidRB8C trap
Sinking-velocity-specific in situ flux

SVS-TF Sinking-velocity-specific trap flux
SVIFD Sinking-velocity-in situ flux-distributio
SVTFD Sinking-velocity-trap flux-distribution
SVSD Sinking-velocity-size-distribution
ASV Average sinking velocity

MSV Minimum sinking velocity
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2 Methods

When this study of TF-IF intercomparison was orédjiyn conducted in September 2009 we
used the SCM (Kozerski 1994, Gust and Kozerski P&R0IF determination. The SCM, as
described further below, was at that time the besthod for the purpose of SVMD
determination. However, it is only capable of SVMBtermination within the slow settling
fractions sinking <30 m™H Given that, we knew to only get a rough estinudtéhe T-IF
and designed the whole study to mainly be a trégreomparison one. For that purpose,
four traps of different designs (including an IR8&p) were conventionally deployed in the
Kosterfjord at 200 m water depth right next to eamther, sampling an identical
environment and particle population on 15 Septen20&9. Parallel to that we conducted
the SCM using water masses from the same enviranagegampled by the traps at the
same time. Besides TF-intercomparison we thus tesless got a direct comparison
between the SVS-IFs within the slow settling class80 m d and the IRSC-trap-derived
SVS-TFs within the slow settling classes.

The idea for the main new method introduced in piaiper, the IRSC-SVMD approach (as
described below in detail), being able of a SVMDedmination of the whole particle
sinking spectrum in the ocean (<1 to >1000thwas born in October 2009. This idea led
to a second Kosterfjord campaign at the exact skroation on 19 November 2009,
utilizing this new method. Because of logisticalnswaints a second set of parallel
conventional trap deployment could unfortunately he conducted. However, replicate
water sampling and analyses from the sample latatioboth days (15 September and 19
November) revealed that the particle population weyg similar in terms of total mass and
carbon content on both days. Because of this dityilave thus took for the purpose of this
pilot study the results of the November IRSC-SVM&eatmination to compare with the
September trap deployments.

2.1 SVMD determination and IF calculation
2.1.1 ThelRSC-SVMD approach
In order to find an approach of SVMD determinatioh the whole sinking velocity

spectrum found in the ocean, we identified thatlR@C trap should principally be able to
conduct that. The principal idea is that the IR®&p tcould, instead of separating the TF
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into SV classes, separate the natural particle lpopo (not biased and sorted by trapping
processes) within the water body under investigatito SV classes.

For this purpose the IRSC trap was not used asngeational trap, but as a “double settling
funnel”. In this manner not only the funnel beldwve tindented rotating sphere (IRS) served
as a settling funnel, but also the collection furai®ve the IRS served as such. This can be
realised by the “collection” of a representativet(hydrodynamically sorted) part of the
water mass to study, into the collection funnel,d asubsequent isolation from
hydrodynamic influence and water exchange withathside. This isolation can be done by
closing the collection funnel with a lid on top. Whin a subsequent settling period of time
the collection funnel then serves as a funnelttthie particle population settle onto the IRS,
the lower funnel then serves (after IRS rotatioopwentionally as the separation funnel.
The difference to the conventional procedure is$ tivd the TF, but the particle population
is here separated into SV classes. Conventiond§-BFs, or in other words a Sinking-
Velocity-TrapFlux-Distribution (SVTFD) is createdyhereas in our here introduced
procedure, a SVMD is created. The SVMD leads to db&ermination of SVS-IFs and
hence to a Sinking-Velocity-In Situ Flux-Distriboti (SVIFD) by multiplication of each
mass with its respective SV and to the total i $iix (T-IF; sum of all SVS-IFs). In
summary, instead of SVS-TFs, the T-TF and the SV,IW®get SVS-IFs, the T-IF and the
SVIFD.

The whole procedure should ideally be conduatesitu. An approach to realise that will be
given in the last chapter of this paper. While sachin situ approach is technically
challenging and subject to future development, weduthe following procedure for this
pilot study.

Three water samples from the exact same locatidimeasap deployments on 15 September
2009 (2 m above the seafloor at 58°52.492 N, 158IbE) were sampled with a Niskin
bottle (5.2 | volume) after each other on 19 NovemB009. The samples were directly
transferred to the coast (ca. 20 min boat ridegretihe IRSC trap was waiting ready for
“operation” in the harbour in front of the Sven lesvCentre for Marine Sciences. It was
“deployed” via a crane, which was able to lift dodier the trap gently up and down. The
water samples were subsequently gently filled thi® IRSC trap collection funnel via a
pipe. Previous to starting the filling procedurbe ttrap was lowered until the rotating
sphere was at water level. During the filling psethe trap was gently lowered by the
crane at the same rate as the water level insededlection funnel rose due to filling. This
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was done to prevent harbour water to diffuse iht dollection funnel, because the IRSC
trap is not fully water-tight. The volume of thelleation funnel allowed for filling 14.5
litre into it, so that the water level inside thenhel (and also outside by adjustment via the
crane) at the end of the filling process was a ¢ewtimetres below the upper funnel end.
The filling procedure took around 5 minutes, aftéich the funnel was closed by a lid, to
prevent contact and exchange of the funnel-watd#r thie outside environment. We chose
this deployment procedure in the harbour because@fadvantages over a “deployment”
on land. (a) The water temperature in the harbéut {C) was the same as the temperature
of the samples from 200 m water depth, allowing &mnducting the experimental
procedure under in situ temperature. (b) The IR®&p tis not fully water-tight. A
“deployment” on land in a cool room is thus not gibke, since small leakages would over
the time drain the water out of the funnels andsedurbulence.

Particles were let settle for 40 minutes in oradeseédiment on the rotating sphere. The trap
was then programmed in SV mode according to Armgtret al. (2009) and in the same
way as during the conventional deployment on 15eBper 2009. As the SVMD within
the slow sinking fractions of the whole spectrunswa#ready assessed via the SCM on 15
September 2009 (as described below), the class rix8& was changed to 28.8-50 rit,d

as the SCM was conducted in a way to have thesiastess >28.8 m™t No classes <28.8
m d* were thus measured by the IRSC-SVMD approach mithis pilot study, but could
normally be determined by this approach down ten<d’.

Directly after the separation process into the 88ses by the IRSC trap, the samples were
filtered onto pre-weighed and pre-ashed 25 mm Gif#s, and processed for weight and
organic carbon and nitrogen. Filters were aciditiedemove carbonate (Pike and Moran
1997) and measured for organic carbon and nitregdnan Euro EA elemental analyser
calibrated with an acetanilide standard.

SVS-IFs were then calculated for overall particlessnas well as for organic carbon (SVS-
IFCs). The SV of the classes was determined by thattarithmetic mean and the geometric
mean. T-IF and T-IFC were calculated as the suall @VS-IFs and SVS-IFCs.

Another three Niskin bottles were taken at the skoation and the water filtered onto 47
mm GF/F filter in order to determine total partat@ matter, organic carbon and nitrogen
concentration and hence express the mass in eaitigainking class also as a percentage
of the total mass, organic carbon and nitrogen.
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2.1.2 The SCM for SYMD determination within the slow sinking fraction

During the time of the trap deployments on 15 Septr 2009, three water samples were
taken in approximately equal time intervals spreaer the whole trapping interval close to
the trap apertures at 2 m above seafloor with &iiisottle (5.2 | volume), sampling the
identical environment as the traps. A ground weighitomatically closing the bottle,
guaranted accurate sampling depth (accurate haigive bottom). The samples were taken
on the downstream side of the traps in order topeomit resuspended material from the
groundweight to enter the traps. Water samples warsferred to PE-bottles, kept cool at
approximately 6 °C and were rotated smoothly frometto time in order to keep the
particle population as homogenous as possible. Thee subsequently transferred to a
laboratory cool room with 6 °C room temperatureevehSVMD determinations within the
slow sinking fraction of the particle spectrum wetetermined following the SCM of
Kozerski (1994), with slight modifications. Brieflgach water sample was gently filled into
two “batteries”, each consisting of four cylindgesd; 35 cm length and 4.65 cm inner
diameter, 595 ml volume), referred to as settlihgmabers (Burns and Rosa, 1980; Rosa et
al. 1991), which were then closed and kept undigifrom motion. After 15, 45, 135 and
405 minutes the water of the top 30 cm was siphaofécll cylinders (a, b, ¢ and d)
respectively and the amount of settled materiaérd@ned gravimetrically on pre-weighed
and pre-ashed (12h at 450°C) GF/F filters (25 mminfthe concentration increase in the
bottom 5 cm water mass. In order to increase wegyprecision, both cylinders belonging
to the same water sample were added together gddolAfter weighting, filters were
processed for organic carbon and nitrogen as destabove for the IRSC-SVMD filters.
By utilizing a set of equations, SVMDs were caltethfor the following five SV classes: |
with <1.1 m d', Il with 1.1-3.2 m d&, 1l with 3.2-9.6 m d, IV with 9.6-28.8 m &, and V
with >28.8 m d. This was done with all three replicates.

SVS-IFs and SVS-IFCs, as well as T-IF and T-IFCenttren calculated for all replicates
following the same procedure as described abovth&RSC-SVMD method, with the SV
of each class determined by both the arithmeticthedeometric mean.

2.2 Trap deployments and TFs
Two landers equipped with four cylindrical sedimeraps of different design were

deployed in the Kosterfjord, Sweden, at 200 m wdegth at 58°52.492 N, 11°05.580 E
(lander A) and 58°52.452 N, 11°05.610 E (landeroB) 15 September 2009 from the
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research vessé@oris operated by the Sven Loven Centre for Marine SeienLander A
carried an IRSC trap (with 15.2 cm inner diametat.)) and two additional cylindrical
traps, with 10 cm i.d. and 7 cm i.d.. The IRSC tvegs equipped with a sphere with four
extremely wide (15 mm) and deep (6mm) grooves, r@ieg to type “D” of Fig. 3 in
Peterson et al. (2009). Lander B carried a 19.1.dntylindrical trap with a rotation valve
as designed by Technical University Hamburg Harl§litgHH).

The Kosterfjord at that depth is characterised dganic conditions in terms of temperature
and salinity. Fishing activity was stopped via ®Geast Guard in the whole Kosterfjord for
that day in order to prevent material to resusgesd the bottom.

The IRSC trap and the 19.1 cm trap were mountetheranders in a way that the intake
funnels were both 2 m above the seafloor. The Arth10 cm trap intake funnels were at
1.5 m above the seafloor, in order to not disthebdollection process of the IRSC trap. The
landers were placed only 60 m away from each athethe seafloor in order to let them
sample the exact same environment, the same pafigdt, in order to compare the TFs
with each other. They were far away enough fromheztber to not interfere which each
other.

The IRSC trap was programmed in SV mode with theesintervals >50 m Has for
SVMD determination in November 2009, similar to Atnong et al. (2009).

For flow, temperature, pressure and pitch andmelasurement, an ADCP was additionally
mounted on lander A. As recorded by the pitch aviisensor, lander A was perfectly

standing upright with pitch and roll combined I&san 3° skewness. Lander B did not carry
a device to measure pitch and roll, but was méstylialso standing perfectly upright, as
the lander construction was similar to lander A dhd seafloor was very flat in the

deployment region in the middle of the Kosterfjord.

The brine solution of the IRSC and 19.1 cm traps W8@%.. No poison was used, as
remineralisation of POC in the cups could be ndgbtbdecause of the short deployment
time of only a few hours and rapid lab processifigraecovery in the same evening and
night. The samples were filtered onto pre-weigheztgshed glass fibre filters and weight
was determined gravimetrically. They were procedsedrganic carbon and nitrogen as
described above for the other samples.

The 7 cm and 10 cm traps were not filled with briaiter recovery, the whole water body

of these traps was filtrated, but mass and carbateat of the water was subtracted, to only
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determine the mass of the particles collected. W&® conventionally calculated as per m
per day.

2.3 Filter pore size experiment

In order to study the effect of the filter meshesan the determination of the total particle
mass in a natural water sample, we sampled antitres replicate water samples from the
trap deployment location in approximately equaletimtervals during the time of the trap

deployments on 15 September 2009. For every répliwater sample, equal aliquots of 0.5
| were then filtered onto 0.2, 0.45, 0.7, 1.0 andZm mesh size filters. In the 0.7 um class,
both 25 mm and 47 mm GF/F filters were used for gamson.

3 Results
3.1 SVMD outside the traps and IFs

The SVMD for the slower end of the sinking spectr{#88.8 m d), as determined by the
SCM, is shown in Fig. 1. Mass is defined here l®y itiass which did not pass a 0.7 um
GF/F filter. Total mass on 15 September was 177%%grganic carbon mass was 169.8
ug . 777.5 ug't (43.8% of the total mass) and 84.2 [{g49.6 % of the Gmass) had
settling velocities slower than 1.1 rit.dMass and Gymass decreased with increasing SV.
Only 108.6 pug't (6.1% of the mass) and 3.2 (1.9 % of the Gmass) sank faster than
28.8 m d.
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Settling velocity (m/d) Settling velocity (m/d)

Fig. 1 SVMD derived by the SCM for the slower endh&f sinking spectrum. Mass in the SV class
“<1.1 m d" refers to mass >0.7 um. Error bars denote stahdeviation from three replicates.
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The SVMD for the medium and fast end of the sinkepgctrum, as determined by the
IRSC-SVMD approach, is shown in Fig. 2. The geneeaid of decreasing mass angiC
mass with increasing SV continued within the medamd fast SV classes. Only 2.1 g |
(0.12% of the mass) and 0.06 [Ig(0.04 % of the Gymass) was found to settle faster than
980 m d.
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Fig. 2 SVMD derived by the IRSC-SVMD approach for S&¥sses >28.8 mt Error bars denote weighing
precision. Horizontal bars denote uncertainties tueifferences between the SCM and the IRSC-SVMD
approach and between “September water” and “Novembteriva

Fig. 3 combines both approaches to a SVMD on thelavBV spectrum from <1 m’dto
>1000 m d.
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Fig. 3 Combined SVMD for the whole SV spectrum foumdhe ocean. Mass in the SV class “<1.1f d
refers to mass >0.7 pum.

For better graphical illustration, Fig. 4 shows ®¢MD for the whole SV spectrum on
logarithmic scales, normalized to settling velodaitierval (SVI; Armstrong et al. 2009).
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Fig. 4 Combined SVMD for the whole SV spectrum showrogarithmic scales.

From the SVMD, SVS-IFs and the T-IF were calculdteded both on the arithmetic mean
and the geometric mean within each SV class. Aaltiliy, as the IRSC-SVMD approach
showed a higher overall mass and a higher massmqtage in the SV classes “>28.8 ii d
compared to the SCM, IFs for the SV classes “>28.81" were also calculated by
multiplication of each mass within each SV class @@termined by the IRSC-SVMD
approach) by the quotient of total SCM-mass “>28.8" divided by total IRSC-SVMD-
mass “>28.8 m{.

The SVIFD is shown in Fig. 5 on a logarithmic scalalues are flux densities normalized
by SVI (Peterson et al. 2005; Armstrong et al. 2009

It becomes clearly visible that despite the very foass in the fast SV classes, these classes
carried most of the IF. ~50% of the IF was in thec®asses “>330 mt and ~70% in the
SV classes “>100 md. For Cor, ~50% of the IF was in the SV classes >100'm d
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Fig. 5 SVIFDs for mass (blue) and,{green). Error bars denote weighing precision. Humtial bars denote
uncertainties due to differences between the SCMthedRSC-SVMD approach and between “September
water” and “November water”.

Besides the uncertainties in IF-calculation as wlesd above and as marked by the
horizontal bars and error bars in the graphs (aetic vs. geometric mean, September vs.
November water, instrumental precision), the IFegktion of both the slowest and the

fastest SV class is subject to additional uncetitsn because the lower and the upper
boundary respectively are not well defined in teahSV.

Additionally, the calculated IF in the slowest SMss can vary with the filter mesh size

used for mass determination. The mass of all atleesses is not effected by the filter mesh
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size, because particles sinking >1.1 th ate bigger than 1.0 um anyway. The lower
boundary of the slowest SV class within the SCMaace defined by the filter mesh size.

In order to investigate how the concentration (pactentage) in the slowest SV class and
thus also the value of total particulate mattemges when the filter mesh size (used for
filtration) is varied, the filter mesh size expeeimt was conducted (Fig. 6).

4.0

3.5 }
3.0 - ¢

2.5

2.0

Mass (mgfl)

1.5 -

1.0

0.5 1

0.0

1 2 3 4 5 6
Filter (#)

Fig. 6 Total particulate mass on the differefiefs used. Filter mesh size: #1: 0.2 um, #2: uag #3: 0.7
pm (25 mm diameter), #4: 0.7 um (47 mm diametés),1#0 um, #6: 2.7 um.

Values from the glass fibre filters of 0.7, 1.0 aBd pum mesh size did not differ
significantly and all showed a particle mass of-1.g mg I*. In contrast to that, particle
mass determined by 0.45 pm and 0.2 um mesh sieesfivas ~70% more (~3.0 my land
~100% more (~3.5 md'}, respectively.

By not changing the lower boundary of the sloweégtckss in terms of SV, using a 0.45
pum filter would lead to a ~70% higher mass in thdtclass and hence to a ~70% higher IF
in that class. For a 0.2 um filter this would b&6% more. However, as the contribution of
the slowest SV class to the T-IF was small, chapge filter to 0.45 pm or 0.2 um would
not have made a big difference in terms of T-IF.
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In a next step we calculated the average SV (AS\the particle mass. It is important to
notice that the ASV varies with the minimum seglimelocity (MSV) included in the
calculation (Armstrong et al. 2009). We followedsthpproach and calculated ASVs versus
MSVs using the geometric mean within each SV olggs 7). ASVs spanned a range of 15
m d* (for MSV 0.4 m d) to 470 m & (for MSV 200 m d). For G, the range was 7 ni'd

to 430 m d.

1000

100

10

average settling velocity (m/d)

1 T T T
0,1 10 10,0 100,0 1000,0

minimum settling velocity included in average (m/d)

Fig. 7 Average settling velocity in relation to tmeinimum settling velocity included in the average
calculation.

It is again important to note that (as in Armstragigal. 2009) the ASVs of all calculated
MSVs also depend on the SV value used for thedastass (>980 mY here 1384.8 mt
is used (see description above)), which is not defiined.

For the slowest SV class the MSV is not well dedirend the mass of that class (as
described above) depends on the filter mesh sikerefore we additionally plotted the
ASV (by using the same MSV) for a ~70% and a ~1008her total mass. For a MSV of
0.4 m d" this led to an ASV of 8 mtand 9 m d respectively.
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3.2 TFs

T-TFs were 15.3, 17.0, 16.2 and 27.1gdhand T-TFCs were 603, 680, 616 and 1143 mg
m? d* for the 7 cm, 10 cm, 15.2 cm (IRSC trap) and k9riltraps respectively (Fig. 8).
With the exception of the IRSC trap, an increastrgnd in T-TF and T-TFC with
increasing trap diameter and aperture area wasifolime percentage ofyfgwas constant

at around 4% for all traps.
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Fig. 8 Total trap fluxes (T-TFs and T-TFCs) ifat®n to trap diameter and collection area.
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The IRSC trap derived SVS-TFs are shown in FigArdund 70% of the T-TF and nearly
70% of the T-TFC was in the very fast SV classe30> d'.
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Fig. 9 IRSC trap flux from the September deplogt{&VTFD)

Current velocity during the whole trap deploymeémiet was in the range of 2-20 cmsn a
one minute interval basis and in the range of S#t7s' on a moving average (15 min)
basis (Fig. 10). Within the main comparison timayent velocity was in the ranges of 3-17
cm s* (one minute interval basis) and 6-14 ci(:oving average (15 min) basis).
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Fig. 10 Current velocity during deployment. Rk Moving average (15 min).

3.3 TFsvs. IFs

T-TF compared to T-IF is displayed in Fig. 11, shoas deployment specific “trapping
efficiency” of each trap. For the IRSC trap, T-TFdefined as T-TF >5 m'd(as no SV
classes <5 mtwere measured) and is compared to the T-IF >5'nThapping efficiency
for the IRSC trap is thus defined as trapping &fficy >5 m d. Trapping efficiencies for
the 7 cm, 10 cm and IRSC trap were <1, so undegaitngpoccurred. For the 19.1 cm trap
the efficiency was ~1.

20 20
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Fig. 11 Trapping efficiencies. For the IRSC trappping efficiency is defined as the efficiency msd™.
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SVS-TFs (IRSC) are compared to SVS-IFs in Figs. di2é 12b. For both mass angC
undertrapping occurred in all SV classes <490 T ld contrast to that, overtrapping
occurred in the SV classes >490 th d
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Fig. 12a Trap flux IRSC (red) vs. in situ fluximass (blue) and g (green)
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Fig. 13 shows the &grpercentage versus SV for TF and IF. A clear destngetrend in Gg
percentage with increasing SV is visible for bothand IF.
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4 Discussion
4.1 SVMD outside the traps and IFs
4.1.1 Accuracy of SYMD determination and | F calculation

Before we discuss the results on IFs, we have tidresd the accuracy of SVMD
determination within this pilot study. There areesal potential factors which could have
influenced the exact determination of IFs.

(a) Disaggregation and/or aggregation of partidesng the water collection process (via
Niskin bottle), the transport to the lab, and tiribution into the SCM bottles and IRSC
collection funnel during IRSC-SVMD determinationubd have happened.

(b) Water from November and not September was feelF determination (>28.8 m™)
via the IRSC-SVMD approach. Though water mass amsabkhowed that particle mass and
carbon content were both nearly identical in Septmand November, uncertainties in
calculation remain, because we do not know if ti1B >28.8 m d" was exactly the same
on 15 September 2009 and 19 November 2009.

(c) The SV value for the fastest class (>980 tis not clearly defined. The calculated flux
however is sensitive to this value.

(d) The IRSC trap itself has some uncertaintieseiparating particles into sinking velocity
classes (Peterson et al. 2005, 2009; Trull et@8R The possible factors are aggregation
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and/or disaggregation on the sphere, the timingetdase of particles from the sphere
during rotation, a sticking of particles to the sgh and the slightly skewed funnel.

Nevertheless given these drawbacks on exact IFmdetation within this study, we feel
this pilot study important to report, as it demoatdgs a new approach for quantifying
vertical particle fluxes in marine environmentscduld pave the way to a hydrodynamic-
bias-free, accurate method of SVS-IF determinatiothe ocean, which we will present in
the last chapter of this paper. We will show thatertainties related to (a) and (b) can be
avoided via ann SituIRSC-SVMD approach. Furthermore, (c) can be awblgechoosing

a higher boundary for the fastest SV class (e.§020 d* or 3000 m &) above which most
likely no flux occurs. Additionally, concerns on) @e subject to ongoing improvements of
the IRSC trap (Peterson et al. 2009).

4.1.2 Spectrum of mass, flux and size

The non neglectable contribution of all investightéasses of the wide oceanic spectrum of
sinking classes to the IF demonstrated again thsitvery important for carbon flux studies
to address the whole SV spectrum found in the ofesn <1 m & to >1000 m &. This
was especially shown by the non neglectable fractibthe IF which was found in the
fractions <10 m d and >1000 m 3, as demonstrated in the case of the water mad®dtu
in this pilot study. To our knowledge, no previaiady has to date determined the SVMD
of a certain water mass for its whole particle $&crum from <1 mdto >1000 m d.

It is long known that the larger, faster settlirgticles are rarer and have only a very small
mass-percentage of the whole particle mass suspgendiee water column (McCave 1975,
1984). The exact determination of this mass-peagethowever, is difficult.

Different studies have shown that “sinking” POC tritrutes to only ~10% of the total POC
(Stemmann et al. 2002, McCave et al. 1975, 1984hdji and Wood 2008). Our results
support this finding, with additionally showing th#éhe determined amount of total
particulate matter, as well as the mass-percerdageery SV class, depend on the filter
used.

To calculate an ASV alone is not very helpful. Tiresent study and that of Armstrong et
al. (2009) both highlight that an ASV determinatibas to go together with a “lower
boundary determination”. The inclusion of a verwlMSV and the choice of an “open”
lower boundary (as for the SCM) let the ASV varipa depending on what is defined as
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the “mass” from which the ASV is calculated. Thelirsion of even all dissolved (organic)
matter (which typically has a mass around 10 tifaeger than the particulate mass) in the
calculation would lead to a 10 times lower ASV (@ese the SV of the dissolved mass is
zero).

There is a lower percentage of{compared to mass) in the IF of the very fastismk
velocities, indicating that &, has a lower mean sinking velocity than mass.

The shape of our SVIFD looks similar to resultgrirother IRSC trap flux studies on their
SVTFED (Trull et al. 2008, Armstrong et al. 2009,eLet al. 2009, Peterson et al. 2009).
Both this study and the other mentioned IRSC thay $tudies show that fluxes >500 i d
may have a significant contribution to total flux.

4.2 TFs

T-TF of the IRSC trap was less than T-TF of thell®n trap. Other studies have also
shown that IRSC traps measure less than otherdeidad traps (Trull et al. 2008; Buesseler
et al. 2009). Possible reasons for that are (ajoAdw aspect ratio of 5:1, whereas the other
deployed traps had aspect ratios of > 6:1. (b)i¢kastmight stick to IRS surface and might
not be released at rotation, with this issue atdndya problem for the 19.1 cm trap though.
(c) Particles might stick to the skewed settlingrfel of the IRSC trap (Peterson et al.
2009).

Another possibility for the lower IRSC TF compatedhe 19.1 cm TF could be that lots of
IRSC TF might have been in the very slow sinkintpeities <5.4 m d, as in the case of
the study of Alonso-Gonzalez et al. (2010) for Mte-Atlantic. This material sinking <5.4
m d* may therefore not have reached a collection cuiéncarousel, but have still been
suspended in the water of the funnel during recovand therefore lost at recovery. The
high 1 minute blank value might point in this diien. Another possibility could be a
general increase in TF with trap diameter or tragri®lds number. Whatever the reason for
differing TFs is, this study again shows that Tksived from an identical sampling
environment can differ by a factor of nearly twavaeen traps of different design.

7 cm TFs and 10 cm TFs are not discussed heretail ds the results should be treated
with caution, because (a) both trap apertures weltecting at 1.5 m instead of 2 m above
the seabed, (b) the time of collection was onlynigal for the “middle” 200 min of
collection and (c) the particle mass and partieutaganic carbon mass of the trap-water
was subtracted.
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The here presented IRSC derived SVTFD again shioatsiost of the TF is carried by the
very high sinking velocities. The shape of the SWTiE similar to that observed in other
recent IRSC deployments, with most of the TF infdst settling velocities of 100-1000 m
d* (Armstrong et al. 2009, Lee et al. 2010), thougbnemore shifted towards the faster
sinking velocities.

4.3 TFsvs. IFs and implications for carbon fluxstudies

Regarding the total fluxes (mass and carbon) bwén and undertrapping occurred within
this study, depending on the trap used. The rahgamping efficiencies found in this study
of 0.41-1.37 is comparable to the range commonindoin the bathypelagic ocean as
derived from ?**Th investigations (Buesseler et al. 2007). The aeafor the better
similarity of the trapping efficiencies from thitudy with the ones from the bathypelagial
might be the low percentage of,£(~5%) of the investigated particle community. e t
mesopelagic zone, typical values are 10-15% Boyd and Trull 2007), and trapping
efficiencies based off*Th are lower, commonly in the range of 0.15-1.20¢8seler et al.
2007).

Regarding SVS fluxes, the parallel conduction afoaventional IRSC trap deployment
together with a SVMD determination via the IRSC-SWMpproach enabled us to assess
SVS collection efficiencies of the IRSC trap. Thisnfirmed, that the slower settling
velocities are undertrapped and the very fastiisgttielocities are overtrapped, as it is in
line with Gust et al. (1996) and Gust and Koze(&100). According to the mentioned
studies, the SVTFD should normally always be sHifraore to the right” than the SVIFD.
On the other hand, aggregation of particles on upper side of the IRS during the
collection process (before rotation) may also hapffeeterson et al. 2005, 2009), also
leading to a shift of the SVTFD - relative to th¥IBD - to the right, even without trap
collection discrimination against the slow settlireocities.

Because 6 sinks slower than total mass, undertrapping fgy IS higher than for total
mass. In ocean regions where lots gf €inks slow, underestimation of the contribution of
slow settling velocities by traps leads to too [@Wws. In general, the slower the settling
speed, the lower the trapping efficiency. Thisisine with Gust et al. (1996) and Gust and
Kozerski (2000) and implicates, that the “shapethef SVMD and the SVIFD is critical for
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over- and undertrapping. When very high settlinpeiies have a higher mass-percentage
overtrapping is favoured, otherwise undertrappstavoured. Both scenarios can originate
from an identical IF intensity, which itself canginate from two different scenarios, a) a

higher mass and a slower settling velocity and dpveer mass and a higher settling

velocity.

Our results could have implications for carbon eyasearch. They could help explain the
common known imbalance between bacterial respivadind vertical carbon flux (Baltar et
al. 2009, Burd et al. 2010). Our results again shioat undertrapping of slowly sinking
particles by sediment traps could be one reasothé®ocommon imbalance found in many
carbon cycle studies. All indicators for ecosystpmcesses which are coupled to the
rejected, slow-settling particle fractions mightibelertrapped (Gust and Kozerski 2000).

5 Conclusions and the next step: Thien Situ (IRSC)-SVMD approach

The IRSC-SVMD approach couples a variety of advgegaAs it is based on an IRSC trap,
it (&) uses a swimmer free trap and (b) determimsonly the bulk flux, but also SVS

fluxes. Additionally to these IRSC trap advantaggs) avoids hydrodynamic biases. The
IRSC-SVMD approach enables us (when done in a tege®ay) to study the dynamics of
shifts in the SV spectrum and (when combined witteomethods like primary production

and plankton community determination) should leaddéw information on the mechanistic
understanding of particle export. The IRSC-SVMD maagh combined with a conventional
IRSC deployment (using the same SV classes) enalsleé® determine SVS collection

efficiencies of the IRSC trap for a certain depleym

The next step is to conduct the IRSC-SVMD approathsitu. This would avoid
uncertainties and biases due to aggregation amdgtisgation during water sampling and
handling, and would at the same time give the pdggifor long-term time series studies
on SVMD shifts and dynamics. In the following, th@nceptual and technical requirements
for such an oceania situapproach are shown.

To collect a sufficient amount of particle mass $¥rclass in the ocean, the collected water

volume must be relatively large. This could for myde be realised with an array of three
traps arranged vertically next to each other on aoring, each trap being capable of
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collecting 500 L. Three traps could sufficientlypaeate the particle community of the
collected ambient waters into the whole SV spectfoom 2 m d to 1000 m d, for
example the first trap from 100 m'do 1000 m &, the second trap from 10 it ¢o 100 m

d* and the third trap from 2 mi'do 10 m d&. A 500 L water collection could for example
be realized with a collection cone of 200 cm hei@ cm diameter at the top and 15 cm
diameter at the lower end (to be placed on thev@&®e), leading to a skewness of the side
walls of only 10° (thus efficiently preventing pale accumulation on the walls). Other
dimensions are generally also possible.

Given a typical mesopelagic particle mass of 10-4@0m? (determined by conventional
filtering through a 0.45 or 0.7 pm mesh size f)ltand considering only 0.1-1.0% of the
particle mass to be in the quantitatively smaltsking classes, the collected mass in the
collection cups of these classes would be 5-500qr¢00 L collection step. These small
material masses per collection interval are notablpm, since material will accumulate
over the entire sampling period. In the above examjth three traps, the trap separating
the highest SV classes can collect one 500 L wsateple every 30 min (the time it takes
for the 100 m d particle to settle from the top of the collectimone onto the IRS; all other
particles >100 m d have settled onto the IRS during this time anywdyjis leads to
approximately 50 collections per day, producingodiection mass in each sample cup of
0.25-25 mg per day, or 1.75-175 mg per week, seiffity enough to analyse the samples
at least for mass and organic carbon during low flariods and for all kinds of analyses
including PIC, biogenic silica (bSi), dust and wais biomarkers during medium and high
flux periods. The amount of the collected matedepends on the number of SV classes
separated per trap (max 11 collection cups availabthe current IRSC design) and can be
varied, as the amount of material increases, lmuaiticuracy of SV determination decreases
when decreasing the number of SV classes to beateda

The number of collections per day decreases to téosecond trap (10-100 rit garticle
separation) and to 1 for the third trap (2—10 Tparticle separation), as the time to settle
onto the IRS for the slowest particles to be deiteech is approximately 5 hours and 24
hours respectively. However, this does not go aleiiy a decrease in mass collection per
cup (compared to the above calculations for the $segparating the fastest sinking classes),
as the mass (not the flux!) of small, slowly sagjlparticles is in general much bigger than
the mass of the rare, large, fast settling onesOdwe 1975, 1984). Thus, a collection mass
per cup in the same order of magnitude as foritsetfap is expected for the second and
third trap, sufficiently enough for various anatyi procedures.
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The collected material could be analysed for aildki of constituents. Of special interest
would be the relation of POC to PIC (“rain ratiob$i and dust with regard to SV, to gain
important insights into the controlling factorsRDC export.

To increase the measurement precision within tis¢e$d SV class, this class could be
chosen as >2000 md30 sec. opening time). The amount of materiahat class would
then probably mostly be below detection limit, Huto, that would give evidence that the
>2000 m d-flux is neglectable. Hence the SV value for thed®d m d'-class would
become definable as the geometric or arithmeticnnoéan class from 1000 to 2000 rit,d
as was used by assumption already in this studypaendous studies (Trull et al. 2008,
Armstrong et al. 2009, Lee et al. 2009, Petersah. &009).

For time series measurements, a further techmigadvement could be made by building a
“carousel of carousels”, meaning that the collectoup carousel, which separates the
material into SV classes, would be replaced innaetiseries mode by further empty
collection cup carousels step by step.

The technical requirements for such an oceamisitu approach would be (a) to build an
appropriate cone for each IRSC trap, (b) to devaloip situ mechanism for “up and down
lifting” the cone to “collect” a new water sampjgssibly in a 90° angle to flush the cone
with new water, and (c) to develop emnsitu “opening and closing mechanism” for the top
cover of the cone, which should open for wateremibn and close when the cone is down
lifted onto the IRS. Both mechanisms, (b) and $bpuld be programmable to operate in
defined time intervals (for example 30 min, 5 hoamsl 24 hours for the three traps as given
above).

Whatever the exact design and operation of suawadevice will look like in the end, the
general suggestion proposed here for epi- and reésgip flux studies, is to complement
existing methods with this method of repeatedsitu “water collection” and subsequent
SVMD determination.

This method may serve as an additional step onwdne to assess the response of the
biological pump to ocean change and to better whaled the mechanisms regulating the
flux of POC to depths within the current and futweean. It may further help to find
explanations on what is wrong with current carbatahces (Burd et al. 2010).
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CHAPTER 6

Summary and Conclusions

The manuscripts presented in the context of thesithhave led to some important new
findings regarding the ecology and biogeochemistr WC reef ecosystems. They have
additionally also led support to a number of pragabgleas and findings from the recently
published literature.

In the following | summarize the most importantdings and conclusions presented in the
four manuscripts which comprise this thesis.

Paper 1
1. Downwelling was shown to occur at the downsireade of the Tisler sill and was

shown to play a potential role as one physical ggsdor supply of nutrition to the Tisler
Reef, as it delivers organic matter with higheiiligbto the downstream side of the reef.
Accordingly, reefs located in similar settings (eog ridges on the Norwegian continental
shelf) may well also benefit from this effect, atfte exact location of downwelling
occurrence could help explain the spatial extedtranrphology of reefs. The identification
of downwelling as a potential food supply mechantsnCWC reefs is a confirmation of
Davies et al. (2009) and also goes along with g#nphysical dynamics described
previously at sills (e.g. Farmer and Armi 1999, iiBk and Gregg 2004, Xing and Davies
2009).

2. The particulate fraction okophelia pertusamucus was shown to be labile in
composition, as indicated by a low C/N ratio (~6§ia high amino acid degradation index
(DI) value (~0.3). Mucus was further suggested gatlansported by currents towards the
downstream side of the Tisler Reef, based on sonuemce for mucus enrichment in the
water column at the downstream reef edge. The IéW 1Gtio of ~6 is a confirmation of
recent observations of Wild et al. (2008, 2009).

3. POM was shown to be more labile on the dowastreside of the Tisler Reef. A
combination of downwelling and mucus export wagpsed as the probable cause of this.

97



4. Biodeposition of the Tisler Reef ecosystem estemated to be 459 mg[,.g:m'2 d* on
average, suggesting that CWC reefs may play an riapiorole in carbon cycling along
continental margins, as was also suggested by tretbar studies (Lavaleye et al. 2009,
van Oevelen et al. 2009). Our study was the fissieasment of biodeposition at a CWC
reef.

Paper 2
5. The Tisler Reef environment was shown to behly dynamic one. The overall water

temperature range of 8.3 °C (min 5.6 °C; max 1&Pwhich the reef was exposed to, was
by far the largest reported range to date fdr. gpertusareef. The absolute maximum
temperature of 13.9 °C was among the highest repat far fol.. pertusareefs. Sudden
temperature jumps of up to 4 °C in less than ona lo@curred and were as well much
larger than previously reported values on tempegaumps. AsL. pertusarespiration is
very sensitive to temperature changes (Dodds &€08I7), this may well lead to very large
changes in respiration.

6. Variability of flow velocity was shown to bedh as well. Sudden increases or decreases
in flow velocity (at 2 mab) of up to 34 cni svithin 10 min and up to 46 cmtswithin 20
min were observed. Maximum current velocities 0®x8n §' at 2 mab and >120 cnt sit

7 mab were among the highest reported at CWC teedate. Variability of flow directly
leads to variability in the lateral flux of the patial food source POM.

7. Vertical particle fluxes to the reef communitere shown to be highly variable, with
mass fluxes in the range of <1 ¢g°rd* to >100 g rif d* (mean: 8.5 g A d*) and POC
fluxes in the range of <50 mg o’ to >2500 mg i d* (mean: 283 mg hd?). The
maximum values are the highest reported so faa ©OYWC reef.

8. Dissolved oxygen concentration within the r&teficture was ~6 miland was shown to
decrease rapidly during short phases of stagnanear stagnant flow. The maximum rate
of O, decrease was 20.04 umdlh™* (0.45 ml I' h'). Based on this decrease and on the
temperature data, a community respiration rate8d£8311 mg C m d* was calculated,
again suggesting that CWC reefs may play an impbntale in carbon cycling along
continental margins.

Papers 1 and 2 combined

9. A carbon budget for the Tisler Reef was conthilEhe three components on the carbon
supply side (vertical POC flux 283 mg’d™?, lateral depositional POC flux 459 mg?rd™,
zooplankton uptake estimate 174 mg i) summed to 916 mg g m? d*. This total
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uptake was close to the total calculated respimatf®81-1311 mg C thd?, indicating that
the budget matched quite well.

10. Based on these values and on data from theatlire (Andersson et al. 2004, van
Oevelen et al. 2009, Fossa et al. 2002), a coreaptderived to estimate the contribution
of CWC reefs to benthic carbon turnover along teat@al Norwegian shelf and upper
slope. This contribution was estimated to be 3.3%) even though CWC reefs only cover
~0.5% of the seabed in this region.

Paper 3
11. It was shown that the settling velocity aslvesl the resuspension shear velocity of

natural aggregates increased when they were exgosettill cuttings”. These increases
resulted from incorporation of drill cuttings inthe aggregate matrix and were most
significant in aggregates exposed to drill cuttingentaining hydrocarbons from the
reservoir rocks. Exposure to drill cuttings is oftdhe case in the vicinity of oil and gas
drilling rigs, which are commonly operated in theimty of CWC reefs on the Norwegian
shelf. Such incorporation could lead to a moredamd higher concentration delivery of
drill cuttings to the seafloor than is predicted duwrrently used dispersal models (e.g. the
DREAM model; Rye et al. 2006). It may therefore @asbigger threat to ecosystems such
as coral reefs than previously predicted.

Paper 4
12. To improve the quantification of vertical pelg fluxes, a new measurement approach

based on the existing IRSC-trap technology (Peteetal. 1993, 2005) was proposed and
was successfully tested in a shore-based piloysiliis approach can be realisadsituin

the future and may then contribute to a better tfieation of vertical carbon fluxes to
CWC reefs and to the ocean interior in generahdly subsequently contribute to a better
determination of “hotspot-factors” and hence tefanement of the presented concept.

13. Based on the results of this pilot study, te@ping was indicated for fast sinking
particles, whereas undertrapping was indicatednfedium and slow sinking particles. This
finding is in line with previous studies (Butman88) Gust et al. 1996, Gust and Kozerski
2000).

The presented results allow the hypotheses presantke first chapter to be addressed.

Answer to H1) The Tisler Reef indeed produceseasurable signal of biodeposition,
which was calculated to be 459 mg @n? d* on average.
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Answer to H2) POM was not found to be more rdbigcon the downstream side of the

Tisler Reef than on the upstream side. In contiastas shown to be more labile on the

downstream side. The combined effect of downwelang mucus export is proposed as a
possible explanation for this.

Answer to H3) The Tisler Reef ecosystem was iddeind to be part of a highly
dynamic environment. However, we cannot state wétainty that the reef flourishes in
such an environment, as we do not know if the oleskdarge variations in measured
parameters are common events at the reef or ifahgyrepresented rather seldom events,
which may be harmful for the coral community.

Answer to H4) Based on this study and on data fiiee literature, CWC reef ecosystems
can indeed be considered as hotspots of carboringy@long continental margins.
However, the presented estimate for benthic capsooessing contribution should only be
considered as a rough first estimate.
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CHAPTER 7

Outlook

Based on the most important findings of this thdsssiggest that future research on CWC
reefs should include further investigations regagdhe two following issues.

Downwelling as a food supply mechanism to CWC comities

Based on our study and on the observation of Dagteal. (2009), we proposed that
downwelling may in general play an important rale feef nutrition of CWC reefs located
on sills. It would thus be straightforward to tdss hypothesis in the future, for example on
reefs located on ridges on the Norwegian shelfiddéibn could confirm downwelling as
one general food supply mechanism, along with othechanisms such as Taylor column
development (White et al. 2005, White 2007) andugpsnsion due to internal waves
(Frederiksen et al. 1992, Mienis et al. 2007), aodld help clarify which of these
mechanisms is the most important for which kindeaff (reefs on the shelf, the shelf edge,
sills, ridges, mounds etc.). In this context, fertstudies both on the physical dynamics (as
can be measured via CTD profiling and ADCP measargs) and on the chemical
differences between organic matter at the downstigad upstream reef edges are needed.

CWC reefs as respiration hotspots along continenémbins

As this study, as well as the one of van Oevelesl.ef2009), strongly suggest that CWC
reefs should be considered as hotspots of carbboover along continental margins, future
studies should try to refine the estimates preseint¢his study. Therefore, more studies on
biodeposition are needed. Additionally, the redilisaof the here presenteth“situ IRSC-
SVMD” approach may lead to a better quantificatioin vertical fluxes. Furthermore,
additional studies on coral community respiratios @eeded. Moreover, not all CWC reefs
in the world are possibly discovered. The discovdmew reefs will lead to a refinement in
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the estimation of the contribution of CWC reefsbnthic carbon cycling. Also, global
warming could potentially increase CWC communitgpieation through bottom water
warming, as respiration was found to be very seesib temperature changes (Dodds et al.
2007). Thus, the potential warming of BBL waters G¥WC reefs should also be
investigated.
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