
ATLAS                                                                                                                                      Deliverable 2.2 
 

1 
 

 

 

 

 

ATLAS Deliverable 2.2 

Integrated physiological experiments and models 

 

 

 

 

 

 

 

 

 

 

 

 

 

This project has received funding from the European Union's Horizon 2020 research and innovation 
programme under grant agreement No 678760 (ATLAS). This output reflects only the author's view 
and the European Union cannot be held responsible for any use that may be made of the information 
contained therein.  

  

Project acronym: ATLAS 

Grant Agreement: 678760 

Deliverable number: 2.2 

Deliverable title: Integrated physiological experiments and models 

Work Package: 2 

Date of completion: 30/06/2019 

Authors: 
Marina Carreiro-Silva (IMAR-UAz), Dick Van 
Oevelen (NIOZ) (see next page for full author list) 

Ref. Ares(2019)4172137 - 02/07/2019



ATLAS                                                                                                                                      Deliverable 2.2 
 

2 
 

Author list: Marina Carreiro-Silva1,  Covadonga Orejas3, Maria Rakka1, Stephanie Lieffman4, Evert de 

Froe2, Johanne Vad4,5, Sandra Maier2, Meri Bilan1, António Godinho1, Inês Martins1, Patricia Puerta3, 

Sebastian Hennige4, Theodore B. Henry5, Murray Roberts4, Karline Soetaert6, Dick van Oevelen6 

1IMAR-University of Azores, Portugal carreirosilvamarina@gmail.com 
2Department of Ocean Systems, Royal Netherlands Institute for Sea Research (NIOZ-Yerseke), Utrecht University, 

Yerseke, The Netherlands 
3Instituto Español de Oceanografía, Centro Oceanográfico de Baleares, Palma, Spain 
4School of GeoSciences, The University of Edinburgh, UK 
5School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh, United Kingdom 
6Department of Estuarine and Delta Systems, Royal Netherlands Institute for Sea Research (NIOZ-Yerseke), 

Utrecht University, Yerseke, The Netherlands 

 

Contents 
1 Executive summary ......................................................................................................................... 3 

2 General introduction ....................................................................................................................... 6 

3 Experimental studies conducted during ATLAS .............................................................................. 7 

3.1 Feeding ecology of cold-water corals ..................................................................................... 7 

3.1.1 Capture rate efficiency for black corals and gorgonians in the Azores ........................ 12 

3.1.2 Capture rate efficiency for scleractinian Lophelia pertusa, the bivalve Acesta excavata 

and the sponges Geodia barretti, Stryphnus sp. and Phakellia ventilabrum in Norway .............. 23 

3.1.3 Food preference and assimilation rates of habitat-forming cold-water corals in the 

Azores ....................................................................................................................................... 42 

3.1.4 Competition for food between two coexistent species in Azores coral gardens, 

Dentomuricea aff. meteor and Viminella flagellum ..................................................................... 50 

3.2 Assessing the impact of ocean acidification under variable food supply on the octocoral 

Viminella flagellum ........................................................................................................................... 55 

3.3 Ecotoxicological studies on the sponge Halichondria panicea ............................................. 69 

4 Physiological model of cold-water corals and sponges under different scenarios of environmental 

change (flow velocity and food supply) ................................................................................................ 80 

5 Conclusions and way forward ....................................................................................................... 90 

References ............................................................................................................................................ 90 

Document Information ....................................................................................................................... 101 

mailto:carreirosilvamarina@gmail.com


ATLAS                                                                                                                                      Deliverable 2.2 
 

3 
 

1 Executive summary 

A major objective of ATLAS is to produce a new class of predictive modelling tools that integrates food 

supply and biogeochemical cycling for mapping deep-sea species and ecosystems at management 

relevant spatial scales. To produce these models it is necessary to integrate field data on 

hydrodynamic conditions, organic matter concentration and settling flux to the seafloor with ex situ 

aquarium studies conducted to determine how deep-sea organisms respond to altered food supply 

regimes and changes in ocean conditions, such as ocean acidification. Here we report results of the 

ex-situ experiments using scleractinian corals, black corals, octocorals, bivalves and sponges 

conducted by different ATLAS partners and then use this data together with data available from the 

literature (DL 2.1) to produce physiological models for selected cold-water coral and sponge species. 

Four types of experiments were carried out to: 

(1) Assess the capacity of selected CWC species to capture live zooplankton prey under different 

hydrodynamic conditions (section 3.1). For this purpose, a set of experiments were performed in the 

Azores (section 3.1.1) and Norway (section 3.1.2). Experiments in the Azores tested capture rate 

efficiency of the black coral Antipathella wollastoni and the gorgonians Viminella flagellum and 

Dentomuricea meteor using the rotifer Branchionus plicatilis as prey under flow velocities of 1.5, 4 and 

6 cm/sec for the black coral and 3, 6 and 9 cm/sec for the gorgonians, using laminar flow experimental 

flumes. Results obtained for A. wollastoni show the capacity for this species to consume high amounts 

of prey and this capacity seems to be enhanced in intermediate flow velocities (4cm/sec). This explain 

the natural abundance of A. wollastoni in crevices protected from strong currents. Experimental 

results obtained for the gorgonians, demonstrated higher capture rates per polyp for V. flagellum, 

with maximum capture rates at 6 cm/sec, compared with D. meteor with maximum capture rates at 

9cm/sec. These results may be related to the larger size of polyps of V. flagellum and might reflect 

different feeding strategies by the two species due to their different morphological shape. All species 

studied showed lower capture rates per polyp when compared with the reef-forming Lophelia pertusa 

likely related with the smaller polyp size of black corals and gorgonians but preference for higher flow 

rates. These species-specific effects corroborate the hypothesis that flow regime can be a very 

important factor in describing species presence, density and success among different areas and may 

an important prediction factor of the distribution of species under present and future conditions. 

Studies conducted in Norway tested capture rate efficiency for the reef-forming species Lophelia 

pertusa, the sponges Geodia barretti, Stryphnus sp. and Phakellia ventilabrum, and the bivalve Acesta 

excavata under 2 natural seston concentrations and water flow treatments using a flow through 
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chamber. Results of these studies found higher consumption rates for L. pertusa and A. excavata when 

compared with sponges. Interestingly, the sponge P. ventilabrum, a species characterized as having 

low abundance of associated microbial organisms (Low Microbial Abundance (LMA) sponges), had 

higher consumption rates when compared with Geodia barreti and Stryphnus sp, which characteized 

as High Microbial Abundance (HMA) sponges. This may be due to the fact that HMA sponges may 

complement their diet with their own symbionts and dissolved organic matter. Furthermore, L. 

pertusa and A. excavata showed a wider range of food sources consumed when compared with 

sponges which preferentially fed on algal and bacterial particles. 

 (2) ) Determine the feeding preferences of selected habitat forming CWC species in the Azores (black 

corals and gorgonians) to different food source using live algae, zooplankton and DOC fed with 

isotopically labelled OM (13C and 15N) ; and estimate the incorporation of carbon and nitrogen and 

metabolic activity under ingestion of these different food sources (section 3.1.3). Results of these 

experiments showed that the black coral A. wollastoni and gorgonians V. flagellum and D. meteor can 

feed on a variety of food sources (DOC, algae and zooplankton), but preferentially fed on zooplankton. 

This was translated into higher incorporation of carbon and nitrogen in to coral tissues and higher 

oxygen consumption rates in coral feeding on zooplankton, suggesting that this food source is of high 

importance for the growth and metabolism of black corals and gorgonians, as it has been already 

documented for CWC scleractinian species. The gorgonian D. meteor showed higher tracer 

incorporation and oxygen consumption for all food sources consumed when compared with V. 

flagellum, suggesting different metabolic strategies between these two co-existing gorgonians. While 

fragments of D. meteor appeared to be more efficient in removing prey than V. flagellum (section 

2.1.1.) under similar flow velocities, further studies are needed to determine if the lower values 

displayed by V. flagellum can be attributed to lower capture and ingestion of prey or if ingested prey 

was used for other metabolic processes such as excretion, calcification or growth of the main skeletal 

axis, which was not considered in this study. 

(3) Understand competition interactions of two co-occurring octocoral species D. meteor and V. 

flagellum under different water flow conditions. Results showed that both species have higher 

incorporation rates under 4cm s-1 in comparison to 2cm s-1 likely because of higher prey encounter 

rate. D. meteor had higher incorporation of C and N tracers for all treatments when compared to V. 

flagellum likely related to the more branching and fan shape colony morphology of D. meteor that can 

maximize prey capture (see also 3.1.2). Viminella flagellum is a whip coral that stands higher in the 

water column and likely gets access first to food particles. These different feeding strategies may 
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contribute to their co-existence in the same coral garden. However if food becomes scarce, D. meteor 

may gain a competitive advantage in relation to V. flagellum. 

(4) Understand the impacts of OA on coral garden forming octocorals in Azores by testing the 

interactive effects of OA and food availability. Specific objectives of this experiment were to determine 

if and how food concentration alters the impacts of OA on the physiology of the tested species; and 

to assess the impact of OA on food uptake and food assimilation. Viminella flagellum displayed a 

decrease in polyp activity under OA conditions for all food treatments although this was more 

pronounced under starvation. This can consequently lead to lower energy input, although during the 

course of the experiments main metabolic rates such as oxygen consumption and tracer C respiration 

remained stable or even increased under acidified conditions. The increased oxygen consumption and 

tracer C respiration observed under acidified conditions are indications of increased metabolic 

demands. Nevertheless, the uncoupling between the patterns in tracer C respiration and oxygen 

consumption in the case of V. flagellum fragments under acidified conditions is a strong indication of 

a change in metabolic processes among fragments under low and high conditions, i.e. under low food 

concentrations energy may be diverted towards survival physiological mechanisms instead of growth 

and reproduction.  Negative impacts of acidification on the species physiology, such as the one 

described for V. flagellum, may not directly affect their survival but are expected to impact other 

processes such as long-term growth and reproduction with possible detrimental effects on the 

population level which can cascade to the whole community.  

(5) Determine the physiological impacts of crude oil and dispersants on the marine shallow-water 

sponge Halichondria panicea as model species. Respiration rates from the single concentration 

experiment and the dose-response experiments were highly variable and did not seem to change with 

exposure to hydrocarbons. However, clearance rates decreased sharply in sponges exposed to crude 

oil fractions or chemically enhanced oil fractions, even at low oil loading. It is likely that stopping its 

filtration activity for extensive periods of time will strongly impact survival of H. panicea. The capacity 

of sponges to survive longer exposure periods should therefore be further investigated. 

In the last section of the report (section 4), physiological models for passive (i.e. CWC) and active (i.e. 

sponges) suspension feeders were constructed based on literature and experimental data (see section 

3) using physiological parameters such as respiration and assimilation efficiency. For illustrative 

purposes, these models linked the respective physiological models to theoretical trajectories of 

variable food supply using L. pertusa as representative passive filter feeder of the Rockall Bank and 

the sponge Geodia sp. as a representative of a suspension active filter feeder from Davis Strait.  These 
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physiological models will be coupled in D2.5 to the environment using the hydrodynamic model 

(developed in D2.4) factors and calibrated by field data in D2.3. 

Overall, experiments conducted in this DL have contributed to a better understanding of the feeding 

ecology and ecophysiology of understudied habitat-forming species such as black corals, octocorals, 

bivalves and sponges. It has also elucidated how octocorals, and the coral gardens they form, may be 

impacted by future predicted changes in seawater chemistry (OA) and food supply (OM concentration) 

and how sponges may be impacted by anthropogenic impacts such as oil spills. We have also 

demonstrated how this data can be integrated in physiological models of CWC and DWS as a proxy for 

the environmental status of the ecosystems.  

2 General introduction 

Cold-water coral (CWC) reefs and deep-water sponge (DWS) grounds are important for global 

biogeochemical cycles and the ocean’s benthic pelagic coupling loop, being responsible for nearly 30% 

of the coupling between organic matter (OM) produced at the ocean surface and the seafloor 

(Cathalot et al., 2015). Several studies have shown OM export from the surface to the seafloor may 

decrease with a changing global climate (Sweetman et al., 2017; Wohlers et al., 2009), but the 

consequences to  vulnerable marine ecosystems (VMEs) such as CWC reefs and DWS grounds remains 

elusive. These ecosystems provide complex three-dimensional structural habitat that support high 

levels of biodiversity by providing refuge, feeding opportunities, and spawning and nursery areas for 

a wide range of organisms, including commercially important fish species (Buhl-Mortensen etal. 2010, 

Pham et al. 2015). In addition, they represent hotspots of ecosystem functioning processing 

substantial amounts of OM (White et al., 2012, Cathalot et al., 2015; Rovelli et al., 2015) and release 

nutrients back into the surrounding water (Van Oevelen et al., 2009; Cathalot et al., 2015; Rovelli et 

al., 2015). Yet these ecosystems are lacking in global and regional (Regnier, et al., 2013), meaning 

existing mass balance estimates are inaccurate. Close associations between these ecosystems and 

regional hydrodynamics means that effects of an Atlantic Meridional Overturning Circulation (AMOC) 

slowdown, changing food supply, or resource exploitation on biomass, food webs and ecosystem 

functioning are not known. 

Unlike some sponges and reef framework‐forming corals, very little is known about whether other 

VME indicator taxa such as octocorals, which also support biologically rich communities, can survive 

variable food concentration and flux. For example, in the Azores, octocorals are the most prominent 

habitat builders with more than 90 species recorded for the region (Braga-Henriques et al. 2013, 

Tempera et al. 2013) but little is known on the life history of these organisms such as growth, age, 
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reproduction, feeding ecology and the role they play in ecosystem functioning. Effects of 

environmental variability on food uptake rates in sponges and corals has also not been verified, but 

the feeding ecology and ecophysiology of all these taxa need to be studied in order to better predict 

outcomes of altered AMOC and food supply. 

In addition, compared to reef-framework corals, little is known on the impacts of climate change and 

anthropogenic impacts on octocorals and sponges and the ecosystem functions they provide (Xavier 

et al., 2019). However, this information is necessary to produce predictive modelling tools that 

integrates food supply and biogeochemical cycling under different environmental change conditions 

for mapping species and ecosystems at management relevant spatial scales. These modelling tools 

need to integrate field data on hydrodynamic conditions, OM concentration and settling flux to the 

seafloor (provided in D2.3 and 2.4) with ex situ aquarium studies conducted to determine how corals 

and sponges respond to altered food supply regimes and changes in ocean conditions, such as ocean 

acidification (OA). Here we report results of the ex-situ experiments using scleractinan corals, 

octocorals, bivalves and sponges conducted by different ATLAS partners and use this data to produce 

physiological models based on data produced from these experiments. We also present results on an 

additional experiment on the impact of chemical pollution (oil and dispersants) on sponges that will 

help us understand the potential impacts of oil pollution on these organisms.   

3 Experimental studies conducted during ATLAS 

3.1 Feeding ecology of cold-water corals  

The study of the CWC feeding ecology under aquaria conditions has been investigated for 

approximately a decade. The precursory studies for CWC feeding were conducted by Orejas et (2001, 

2003) on the capture rates of some Antarctic hydroids and anthozoans; these studies were also based 

on previous studies conducted in situ in Mediterranean waters with gorgonians (see Ribes et al. 1999). 

The first aquaria studies dealing with the ability of CWCs to capture prey were conducted with 

“artificial prey” (i.e. Artemia salina nauplii and adults) with Mediterranean specimens of Lophelia 

pertusa, Madrepora oculata, Desmophyllum dianthus and Dendrophyllia cornigera (Tsounis et al. 

2010), and almost simultaneously with North Atlantic specimens of L. pertusa (Purser et al. 2010). For 

these studies, small circulation flumes were used (Figure 1a). Details on the functioning and 

characteristics of these flumes can be found in the publications mentioned above as well as in the 

recently published review chapter on experimental work conducted with CWCs (Orejas et al. 2019). 
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Cylindrical flumes (Figure 1b) have been also used to investigate CWC capture rates. The work by 

Orejas et al. (2016) used this type of aquaria with natural living prey, analysing the ability of L. pertusa 

specimens from the NE Atlantic in capturing different prey types and sizes (OM, algae and copepods). 

 

 

Figure 1: a) Closed recirculation flume (7 L volume) used at the CSM to conduct feeding experiments (Photo: © S. Reynaud), 
b) Cylindrical flumes (5 L) used for feeding experiments. The motor in the top of the chambers is connected to a blade, which 
keep the water moving at constant flow speed. The speed of the flow can be switched with the controllers (white boxes in the 
right part of the image). (Photo: © C. Orejas). 

The work by Tsounis et al. (2010) compared the ability of L. pertusa, M. oculata, D. dianthus and D. 

cornigera to capture the same prey types under the same current speed (1 cm s-1). The results reveal 

a better ability of L. pertusa to capture Artemia nauplii, and higher capture rates of A. salina adults for 

D. dianthus and L. pertusa, although the differences among the four species where not significant. 

Following studies tested the ability of L. pertusa to capture prey under different current speeds (Purser 

et al. 2010; Orejas et al 2016). Although the experimental set-up (circular vs cylindrical) was quite 

different, the results obtained were similar for the experiments conducted with zooplankton as prey, 

and flow speeds of 2 to 2.5 cm s-1 were revealed as the most suitable for an effective capture of these 

prey items by L. pertusa, whereas the capture of microalgae seems to be more effective by 5 cm s-1 

(Orejas et al. 2016). These studies demonstrated that seawater turbulence should be just below the 

limit for the polyp’s ability to manage (and thus be able to feed): that is, there should be a noticeable 

strong flutter of the tentacles due to turbulence, but not too high to prevent the polyps from 

positioning its tentacles to catch food. Also, in some cases, when the current is too high the tentacles 

retracted, being also unable to capture food (see Orejas et al. 2019). 

The findings that low current speeds are fundamental to assure the effective capture of prey by L. 

pertusa, may seem to be contradictory, considering that this CWC species frequently grows in 

locations where current speeds are considerably high, such as 20 cm s-1 in the Mingulay Reef Complex 
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(NE Atlantic) (Davies et al. 2009) and up to 80 cm s-1 in the Cap de Creus underwater canyon (NW 

Mediterranean), (Palanques et al. 2006). for) However, recorded data in continuum and over several 

days, showed  remarkable differences in current speed regimes in a single day, ranging from less than 

2 cm s-1 and up to 20 cm s-1 (Davies et al. 2009). This indicates that CWC feeding may be maximized at 

times when current speed is lowest (Davies et al 2009). 

Although most studies on capture rate efficiency have been conducted with L. pertusa, studies with 

other CWC species have emerged in recent years that may better explain the CWCs capture rate 

efficiency under varying environmental conditions. 

For example, Gori et al (2015) tested the ability of D. cornigera to capture two different prey sizes (i.e. 

mesozoplankton: Artemia salina nauplii and microzooplankton: A. salina adults) under three different 

current speeds (2, 5 and 10 cm s− 1) and three different temperatures (8, 12, and 16 °C). Flow speeds 

did not significantly affect the capture of mesozooplankton by D. cornigera, whereas capture of 

macrozooplankton was significantly enhanced with increasing flow speed (Gori et al., 2015). Both 

meso- and macrozooplankton captures were not significantly affected by temperature. However, even 

if temperature did not directly affect the capture rates of D. cornigera, it may still influence the feeding 

capacity of this CWC since the capture rates at 8 °C were always in the lowest range of the observed 

values at each flow speed. In addition D. cornigera  maintained at 8 °C required a  longer time to fully 

expand their polyps once they were placed in the incubation chambers, than corals maintained at 12 

and 16 °C. Overall, this study demonstrated that D. cornigera is more efficient in capturing 

zooplankton under a larger range of flow velocities than L. pertusa, whose capture efficiency 

significantly decreased from low to high flow speeds (Orejas et al. 2016). 

Although, prey capture studies have contributed to improve our knowledge of food preferences and 

rates of uptake of food particles, this approach cannot account for food that was lost as sloppy feeding 

(Moeller et al., 2005; Pitt et al., 2008) or cannot be assimilated, and thus food uptake rates cannot be 

directly translated to assimilation. In addition, organisms utilize the assimilated food in its total energy 

budget, which includes maintenance and growth respiration, tissue growth and storage, reproduction 

(Davies, 1984; Kooijman, 2000), calcification (Cohen and Holcomb, 2009; McCulloch et al., 2012) and 

the release of mucus as particulate and dissolved organic matter (Crossland, 1987; Maier et al., 2019; 

Naumann et al., 2011; Wild et al., 2008; Zetsche et al., 2016). The partitioning of the assimilated 

carbon (C) and nitrogen (N) amongst these processes is difficult to determine from traditional 

incubation studies as the measured physiological processes, such as respiration, are also fuelled by 

previously assimilated compounds.  
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The use of resources that are enriched in stable isotopes provides a unique tool to quantitatively 

follow the uptake and processing of organic and inorganic resources in freshwater and marine 

organisms (Fry, 2006; Middelburg et al., 2015). The general principle is relatively straightforward: an 

(in)organic resource, with a substantially higher than natural ratio of the heavy isotope (e.g. 13C for 

carbon and 15N for nitrogen) over the lighter isotope (e.g. 12C for carbon and 14N for nitrogen) is offered 

to the organism and the ‘heavy isotope’ pulse is used to trace the fate of the resource in the tissue 

and metabolic products of a consumer (Figure 2, e.g. Middelburg et al., 2000; Moodley et al., 2000). 

Stable isotopically enriched resources can be obtained in various ways. Inorganic resources (e.g. 

NaH13CO3, or 15NH4Cl) can be commercially purchased, while organic resources (e.g. phytoplankton 

or bacteria) can be produced by culturing them in a 13C or 15N enriched medium (e.g. Moodley et al., 

2000; Mueller et al., 2014). Enriched dissolved organic material (DOM) can be extracted from an 

enriched algal culture (De Goeij et al., 2008), while herbivorous zooplankton can be grown by feeding 

them with enriched algae (Mueller et al., 2014, Rakka et al, in prep).  

 

Figure 2. Uptake and processing of organic and inorganic resources of a cold-water coral feeding on a 13C/15N enriched 
resource, from assimilation to utilisation for metabolic activity, for tissue and skeletal growth and reproductive tissue 
formation. The resource 13C and 15N can be ‘traced back’ in metabolic products such as DIC dissolved inorganic carbon, 
POC/PON particulate organic carbon/nitrogen, NH4 + ammonium, and into coral (reproductive) tissue plus tissue molecules, 
NLFA neutral lipid-derived fatty acids, PLFA phospholipid- derived fatty acid, HAA hydrolysable amino acids, NCH neutral 
carbohydrates, and in skeletal calcium carbonate.(Scheme by © S.R. Maier reported in Orejas et al 2019). 

 

Pulse-chase stable isotope tracer studies have shed light on the physiology of DWS and CWCs in 

various ways. Mueller et al. (2014) found opportunistic use of L. pertusa of different 13C and 15N-

enriched substrates ranging from algal-derived amino acids (Dissolved Organic Matter) to 
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zooplankton. In addition, de novo lipid synthesis by L. pertusa was apparent from the 13C enrichment 

of individual phospholipid-derived fatty acids (PLFAs) in the coral that were absent in the added food 

sources, a finding which may complicate the interpretation of coral nutrition based on lipid 

composition profiles alone (Mueller et al., 2014). Van Oevelen et al. (2016) found that selective 

feeding of L. pertusa were offered algae and bacteria in a cross-labeling approach, dependent on food 

concentration as algae were preferred over bacteria only at higher food concentration. Maier et al. 

(2019b) studied the metabolization of 13C-labeled phytodetritus following the exposure of L. pertusa 

to a short food pulse. They found distinct temporal dynamics, with an initial preferential use 

phytodetritus-derived C for respiration and particulate mucus production. These fluxes declined 

exponentially to <20% within 2 weeks after feeding and then remained stable, which indicated that 

the remainder of the incorporated phytodetritus had entered a tissue pool with lower turnover. 

Analysis of 13C in individual FAs revealed a mismatch between the FAs incorporated from 

phytodetritus and the FA requirements of the coral. Van Oevelen et al. (2018) found a niche overlap 

between the coral L. pertusa and the DWS Hymedesmia coriacea using isotopically-enriched algae and 

bacteria as suspended food sources. Both species assimilated and respired the suspended bacteria 

and algae, indicating a niche overlap between these species. Rix et al. (2016) identified a direct trophic 

link between corals and reef sponges using stable isotope tracer experiments in Red Sea warm-water 

and north Atlantic CWC reefs and the authors suggest that the presence of this sponge loop in two 

vastly different reef environments suggests it is a ubiquitous feature of reef ecosystems contribution 

to the high biogeochemical cycling that may enable coral reefs to thrive in nutrient-limited (warm-

water) and energy-limited (cold-water) environments. 

Finally, Kazanidis et al. (2018) used on-board feeding experiments to examine the processing of four 

isotopically-labelled food sources (15N-ammonium chloride, 13C-glucose, 13C/15N-labelled microalgae 

and 13C/15N-labelled bacteria) by Sponsorites coralliophaga and its symbiotic bacteria and epibionts 

from two reefs in the North-East Atlantic. The authors found that S. coralliophaga assimilated C and 

N from all four food sources and this versatile feeding strategy was accompanied by an ability for de 

novo synthesis of essential and non-essential hydrolysable amino acids (HAAs) and they therefore 

suggest that metabolic flexibility of S. coralliophaga plays an important role in the survival of this 

massive sponge under food-limited conditions in the deep sea. 
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3.1.1 Capture rate efficiency for black corals and gorgonians in the Azores  

Authors: Maria Rakka, Sandra Maier, Meri Bilan, Antonio Godinho, Dick van Oevelen, Sebastian 

Hennige, Covadonga Orejas, Marina Carreiro-Silva 

Aims and objectives: The aim of this study was to assess the capacity of selected CWC species to 

capture live zooplankton prey and determine the effect of varying hydrodynamic conditions on this 

capacity. For this purpose a set of experiments was set for each species in order to estimate prey 

capture of a predetermined concentration of live zooplankton under different flow rates. 

 

 Materials and Methods  

Studies on the feeding ecology of habitat-forming CWCs in the Azores focused on one antipatharian 

and two gorgonian species, which form dense coral gardens in the Azorean infralitoral and deep-sea 

environments. Antipathella wollastoni is a common black coral (order Antipatharia) within the 

Macaronesia, recorded in the Azores, Madeira, Canaries and Cape Verde Islands (Ocaña et al., 2007). 

It has a wide bathymetric distribution, since it can be found from 15m to 1400 m of depth. In the 

Azores A. wollastoni is mostly found in the infralitoral of island slopes where it forms dense coral 

gardens (Fig. 3) below 20m of depth (Tempera et al., 2001; de Matos et al., 2014). It possesses a 

skeleton exclusively made of organic material (protein and chitin), typical of the order Antipatharia 

(Goldberg et al., 1991). Dentomuricea aff. meteor is a fan shaped octocoral of the family Holaxonia. It 

is typically encountered in seamounts between 150 and 600 m. Viminella flagellum is a whip octocoral, 

very common in the Azorean EEZ between 100 and 600m. It forms dense coral gardens, very often in 

coexistence with fan shaped gorgonians such as D. meteor and species of the genus Acanthogorgia. 

The aim of this study was to assess the capacity of selected CWC species to capture live zooplankton 

prey and determine the effect of varying hydrodynamic conditions on this capacity. For this purpose 

a set of experiments was set for each species in order to estimate prey capture of a predetermined 

concentration of live zooplankton under different flow rates. 
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Figure 3: Coral gardens of the studied species. Antipathella wollastoni (A), Dentomuricea aff. meteor (B), Viminella flagellum 
(C) 

 

Experiments with Anthipathella wollastoni Coral fragments of A. wollastoni were collected in 

October 2017 at two sites located at the natural parks of Faial and Pico island, namely the reef Baixa 

da Feteira in Faial and the bay of São Caetano in Pico. A total of 15 colonies with height higher than 

40 cm were selected and four fragments with length between 8-10 cm were collected from the apical 

part of each colony, at depths between 20-40m. Fragments were kept at 1 liter flasks and immediately 

transferred to aquaria in the DeepSeaLab facilities, IMAR/DOP were they were fixed in bases made of 

epoxy. All fragments were kept in continuous flow-through open systems in a thermostatic room, in 

conditions of dim blue light (K) that followed the natural photoperiod while seawater temperature 

was controlled by cooling systems to match the temperature at the site of collection (19±0.6 °C). 

To assess the capture ability of the study species, a series of capture rate experiments were set up 

using the rotifer Branchionus plicatilis as prey. This species was selected as zooplankton food source 

because of its common use as food for suspension feeders with and animals with small mouth size 

(Lubzens et al., 1989). Rotifers were cultured continuously in conditions of low salinity (28-30), 

temperature between 16-18°C, natural light, slight aeration and fed daily with live microalgae of the 

species Nannochloropsis gaditana. 

Experimental trials were run in four 33L aquaria that were adapted in order to create conditions of 

laminar flow (Fig. 4). A series of 8 cm marine propellers (Graupner) attached to heavy duty gear motors 

(313 rpm, 12V, Servocity) were used to create different flow velocities between 2, 4 and 6 cm/sec. An 

electromagnetic current meter was used to determine and control the flow velocities created by the 

motors. The four aquaria were kept in a water bath in order to keep uniform temperature throughout 

the experimental runs. 
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Figure 4: Experimental 33 flume used to determine feeding rates of the species Antipathella wollastoni under different flow 
rates. A:313 rpm motor; B: 8 cm marine propeller; C: tube facilitating the creation of laminar flow; D: ramp to decrease 
localized water turbulence. Arrows indicate flow direction. 

Three flow velocities were tested: 1.5 cm/sec, 4 cm/sec and 6 cm/sec. In each experimental run, five 

fragments were randomly chosen and positioned in each experimental flume. Fragments were left for 

20-30 minutes to acclimatize in the respective flow velocities. After acclimatization, water renewal 

was stopped and a predetermined amount of live rotifers was added to the flume, in order to create 

a target concentration of 2550 prey/L corresponding to carbon concentrations of 17 μmol/L. In total, 

three experimental runs were conducted for each flow regime, with different combination of 

fragments. 

During the experimental trials, four water samples were taken from each aquaria with 10 ml glass 

pipettes approximately 30 seconds after placing the food, every 15 minutes for the next hour and 

every hour until completion of 5 hours. The number of rotifers in each pipette was counted using a 

stereomicroscope. The experiments were repeated by using the skeleton of coral fragments, in order 

to determine the effect of the flume and flow speed on rotifer concentration. This set of experiments 

were considered as the control (CTR) treatment. Due to the small polyp size and high density of polyps 

which complicates the determination of polyp number per fragment, dry weight was used to 

standardize the capture of each experimental run. In order to obtain dry weight estimates for each 

fragment, all fragments were dried at 70 °C for 72 hours and weighted with an analytical balance. 

Experiments with Dentomuricea aff. meteor and Viminella flagellum Specimens of the two 

gorgonian species, D. meteor and V. flagellum, were collected as by-catch from local long-line fishing 

vessels during September-November 2018 and transferred to the aquaria in coolers. Colonies were 

fragmented in fragments of 8-10 cm height and kept in darkness in temperature 14 ± 0.9 °C, 

corresponding to the annual average temperature at the site of collection of the two species. 
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The experimental work was performed in flumes with an improved design, with capacity of 13L (Fig. 

5) and equipped with 113 RPM motors (12V, Servocity) that can achieve higher flow rates than the 

initial tanks used for A. wollastoni (Fig. 4). Three flow regimes were tested: 3 cm/sec, 6 cm/sec, 9 

cm/sec. Temperature was kept constant at 14°C.  In each experimental run a fragment was randomly 

selected, positioned in one of the flumes and left for 15-20 minutes to acclimatize under the selected 

flow speed. After acclimatization and polyp opening, water renewal was stopped and a predetermined 

amount of live rotifers was added to the flume achieving a prey concentration of 1500 rotifer/L, 

corresponding to carbon concentrations of 10 μmol/L. Each experiment was repeated four times for 

each flow regime and each species. 

 

Figure 5: Experimental 13L flume used to study feeding rates of the two gorgonian species under different flow velocities. A: 
113 RPM motor, B: 9 cm marine propeller. Arrows indicate flow direction. 

At the end of the experimental part, all fragments were photographed from two opposite sides (angles 

of 0, 180°) and the software image J was used to count the total number of polyps in each fragment. 

Polyp number was used to standardize the capture of each experimental run. 

Statistical analysis Statistical analysis focused on four main independent variables: prey 

concentration, standardized prey concentration corresponding to the prey available for each 

standardizing unit (dry weight or polyp), prey capture estimated as a percentage of the provided prey 

and standardized prey capture. For the case of A. wollastoni, only standardized variables were used 

to account for the high number of coral fragments within each flume. A preliminary statistical analysis 

was performed to assess the potential decrease of prey concentration due to the designs of the two 

experimental flumes, by focusing on the experimental runs without coral presence (CTR). This analysis 

was made by using Generalized Least Squares (GLS), in order to deal with the repeated measures that 

characterized the experiments. Subsequently, Linear Mixed Models (LMEs) were used to analyze the 

difference between CTR runs and experimental runs with coral presence (COR), in each flow velocity 

by examining the effect of Time and its quadratic on prey concentration. LMEs were also used to 

compare the decrease of standardized prey concentration among the flow velocities. Lastly, non-linear 
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regression (NLS model) with asymptotic exponential was used to facilitate the comparison of prey 

capture among the tested velocities. 

 

Results and discussion 

Anthipathela wollastoni   Prey concentration remained stable throughout the experiment runs of the 

CTR treatment (Fig.6), which was also confirmed by the GLS models. 

A significant decrease in prey concentration was observed in all experimental runs with coral 

fragments of A. wollastoni, under all flow velocities (Fig. 6). In flow velocities of 4 and 6 cm/sec, 

capture levels were so high so as to diminish prey concentration in values very close to zero and led 

to negative predicted values by the used models (Fig. 6). Estimated standard deviations between 

experimental runs of the same flow velocities were high, highlighting differences in capture rates 

between different coral fragments which can be attributed to coral and polyp position and individual 

coral behaviour. However, flow velocity had a significant effect on prey concentration with prey 

concentrations being significantly lower in runs with flow velocity of 4 cm/sec. 

 

Figure 6: Standardized concentration as the concentration of available prey (rotifers/ml) per DW of tissue of Antipathella 
wollastoni for the CTR treatment (A) and the coral treatment (B). Estimated means (points) with standard deviations, 
predicted means from LME models (lines) and 95% confidence intervals (shaded areas) are provided. 

Analysis of cumulative prey capture highlighted the high capture capacity of A. wollastoni, in the three 

flow velocities, reaching final capture levels of 86.5±2.4%, 95.6±2.4% and 95.2±3% of the available 

prey quantities in flow velocities of 1.5, 4 and 6 cm/sec respectively (Fig. 7). These estimates 
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corroborate with the results of the NLS model. However, coral fragments displayed distinct capture 

rates between the three flow velocities in the first hours of the experimental runs where fragments 

under 4 cm/sec displayed the higher rate, followed by fragments under 6 cm/sec (Fig. 7). 

 

 

Figure 7: Final standardized prey capture of the species Antipathella wollastoni in the end (A) and cumulative prey capture 
during the course of the experiments including estimated means (points), predicted means from NLS models (lines) and 95% 
confidence intervals (shaded areas) (B) for three tested flow velocities (1.5, 4, 6 cm/sec). 

These results suggest that A. wollastoni has the capacity to consume high amounts of prey once it 

becomes available and this capacity seems to be enhanced in intermediate flow velocities, especially 

if prey is not available for long time. This can happen during the short duration of tidal currents which 

are very common in the collection sites of this species. So far, it has been suggested that antipatharians 

require strong currents to feed (Tazioli et al. 2007; Wagner et al., 2012) and are thus typically found 

in areas with high accelerated currents such as crests of seamounts, pinnacles and knobs (Wagner et 

al., 2012). While there is a strong current effect in the collection sites of A. wollastoni of this study, 

the species reaches higher densities in locations protected from strong currents brought by spring 

tides (see material & methods), which might be a result of more efficient feeding under intermediate 

flow velocities. 

Due to the high number of fragments within each flume, it is unclear whether the similar values of 

final prey capture among the three flow velocities is a result of the presence of several coral fragments 

within each flume which can consume high amounts of available prey until its concentration reaches 

very low values, or the consequence of satiation. Nevertheless, final consumption rates are very high 

and comparable to those of other suspension feeders (Table 1), suggesting that antipatharians might 
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play an important role in food webs and bentho-pelagic coupling in the coral gardens they form, as 

previously observed for coral gardens from other areas (e.g. Ribes et al. 1999; Rossi et al.,2004; Orejas 

et al., 2003). 

 

Dentomuricea aff. meteor and Viminella flagellum Analysis of the collected data for the smaller 

flumes used for the experimental runs of the gorgonian species revealed a small decrease in prey 

concentration (<20%) in the CTR experimental runs under 3 cm/sec (Fig. 8). Although this was not 

highlighted as statistically significant by the GLS models, it might be a result of insufficient prey 

circulation or entrapment in the lower part of the flume. Further comparisons between COR and CTR 

runs in flow velocity of 3 cm/sec, revealed that there was no significant difference between the two 

treatments in none of the two species. In higher flow velocities, there was a significant difference 

between the CTR and COR runs for both species. This reflects the low capacity of the two gorgonians 

to capture prey under 3 cm/sec compared to higher flow velocities and can be a result of the low 

encounter rate with prey (Sebens et al., 1998). Alternatively, it might be due to the ability of prey to 

avoid coral tentacles under low flow rates (Gori et al., 2015). Due to these results and in order to avoid 

overestimation of captured prey under 3 cm/sec, this flow velocity was excluded from further analysis. 
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Figure 8: Prey concentration in experimental runs without coral (A) and with coral (B) of the species Dentomuricea aff. meteor 
and Viminella flagellum under three different flow velocities: 3, 6, 9 cm/sec. Estimated means (points) with standard 
deviations, predicted means from LME models (lines) and 95% confidence intervals (shaded areas) are provided. 

Cumulative prey capture was not statistically different between the two remaining flow velocities in 

both species (Fig. 9). Overall, fragments of D. meteor captured higher amounts of prey (Fig. 9), 

reaching an optimum average capture of 52.47±18 % under 9 cm/sec while V. flagellum reached an 

optimum of 39±8.66 % under 6 cm/sec. Confidence intervals of the LME model in the case of V. 

flagellum were particularly large, suggesting highly variable results among different fragments which 

might be due to polyp number or polyp and fragment orientation. 
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Figure 9. Cumulative prey capture of the species Dentomuricea aff. meteor and Viminella flagellum under two different flow 
velocities (6 cm/sec, 9cm/sec). Estimated means (points) with standard deviations, predicted means from LME models (lines) 
and 95% confidence intervals (shaded areas) are provided. 

Estimation of standardized prey concentration also revealed high standard deviations for the two 

gorgonian species for both flow velocities (Fig. 10). Collectively, such high standard deviations are 

indicative of the highly variable polyp number and polyp density among the used coral fragments and 

highlights the difficulty in standardizing the data of capture efficiency experiments with gorgonian 

species in comparison to scleractinians where polyp number can be counted easier and taken into 

account in order to create similar conditions among experimental runs. Moreover, the available prey 

concentration per polyp turned out to be much higher for V. flagellum, owing to the low number of 

polyps per fragment comparatively to D. meteor. According to the LME models, in both species there 

was a significant difference in the intercept between the two flow velocities, however their slopes did 

not vary significantly, which corroborates with the results on cumulative prey consumption (Fig. 7) 

and highlights the ability of the two species to capture prey in intermediate flow velocities. Similar 

results have been reported by Chang-Feng & Ming-Chao (1993) who studied the capture efficiency of 

three tropical gorgonians and found that capture rates were higher at intermediate flow velocities 

and peaked at 8 cm/sec.    

Based on the slopes of the LME models, V. flagellum had higher capture rates per polyp than D. 

meteor. This might be due to the bigger size of the polyps of V. flagellum and might reflect different 

feeding strategies by the two species due to their different shape. It is generally accepted that the 

shape of suspension feeders can affect their feeding capacity and growth (Warner, 1977; Wildish and 
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Kristmanson, 2005). V. flagellum, being a whip coral, can grow to great heights, increasing its polyp 

number and reaching higher in the water column where prey might be more available. However it has 

a limited capacity to increase surface and maximize polyp number in different directions. This might 

be compensated by the large size of its polyps, ensuring that polyps positioned in favourable sides of 

the colony, for instance in areas where common currents are unidirectional, can capture more prey. 

Comparatively, D. meteor, which is a fan-shape gorgonian, can increase its surface to different 

directions by expanding its branching pattern and can invest in a larger number of smaller polyps to 

catch prey. Estimated captured quantities of prey and carbon per polyp were high compared to those 

reported for cold-water gorgonians in the field (Table 1). However, while overall carbon concentration 

might be similar in the field, zooplankton concentration is expected to be much lower, explaining such 

differences. Moreover, as highlighted by Purser et al. (2010), captured prey in these experiments is 

not necessarily consumed by the polyps. Removed prey quantities in the two species are comparable 

to those reported in similar experiments with L. pertusa, a cold-water scleractinian species (Table 1). 

However estimated capture per polyp is much lower (Table 1) which is most likely due to the 

differences in polyp size between members of the two taxonomic orders, with scleractinians having 

much larger polyps. 

 

 

Figure 10. Standardized prey concentration (rotifers/ml available per polyp) for the species Dentomuricea aff. meteor and 
Viminella flagellum under flow velocities of 6 and 9 cm/sec. Estimated means (points) with standard deviations, predicted 
means from LME models (lines) and 95% confidence intervals (shaded areas) are provided. 
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Lophelia pertusa displayed higher capture capacity at lower flow velocities compared to the gorgonian 

and antipatharian species in this study (Table 1). Such species-specific effects enhance the hypothesis 

that flow regime can be a very important factor in describing species presence, density and success 

among different areas. Such knowledge can be crucial to predict species distribution not only under 

present but also under past and future conditions. 

Table 1. Prey capture by some cold-water gorgonians, antipatharians and scleractinians, as reported in this study and in the 
literature. 

 

Current 

(cm/sec) 
Prey 

Prey 

concentration 

prey/L 

prey polyp-

1 h-1 

μg C polyp-1 

h-1 

prey 

fragment-1 

Carbon 

fragment-1 

A. wollastoni 4 Rotifers  - - 2376±151 192.46±12.25 

V. flagellum 6 Rotifers 1500 17.44±0.84 1.41±0.07 1381.2±6.3 111.2±0.5 

D. meteor 9 Rotifers 1500 9.58±2.67 0.77±0.22 1868.7±2.7 151.3±0.2 

Lophelia 

pertusa 

(Purser et al. 

2010) 

2.5 
Artemia 

nauplii 
1030 

73.3± 2 66.4±2 584.9±15.9 655±14.2 

20.2±9.5 17.9±10.7 161.20±75.8 143.9±84.9 

5 

Lophelia 

pertusa 

(Tsounis et al. 

2010) 

1 
Artemia 

nauplii 
 283.73±130 462±212  

 

Leptogorgia 

sarmentosa 

(Rossi 2004) 

 

Small 

zooplankton 
natural 0.16±0.02 0.019±0.002  
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3.1.2 Capture rate efficiency for scleractinian Lophelia pertusa, the bivalve Acesta 

excavata and the sponges Geodia barretti, Stryphnus sp. and Phakellia ventilabrum 

in Norway 

Authors: Stephanie Liefmann, Tina Kutti, Sebastian Hennige, Sandra Maier, Marina Carreiro-Silva, 

Murray Roberts 

Specimen collection Specimens of the sponges Geodia barretti and Stryphnus sp. were collected from 

Nakken reef (59°49’53 N, 5°33’ 44 E DMS), and Langenuen Fjord (60.00 37° N, 5.19 14° E DMS), South-

Western Norway in April 2017. Specimens were collected by the ROV Aglantha. The collected sponges 

were cut into pieces of ca. 5*5*5 cm to produce explants (small pieces of living tissue cultivated to 

have more manageable pieces of the massive sponges). Geodia barretti and Strypnus sp. explants 

were cultivated in modified scallop cages at Uggdalsfjorden (60o02’ 17N, 05o27’ 43E DMS) at 150 m 

depth. Explants were collected in November 2017, were transported to the Institute of Marine 

Research (IMR) Austevoll research facilities and placed in 1000 l tank with a flow of 2000 l*h-1. The 7 

months ‘recovery time’ in the field is considered to be sufficient for complete cortex regeneration, re-

development of aquiferous systems, for normal pumping and respiration rates to resume, and for 

representative symbiotic microbial communities to re-establish (Hoffmann et al., 2003, 2006; Kutti et 

al., 2015). Specimens of the CWC L. pertusa and the bivalve Acesta excavata were collected from the 

Nakken reef (59°49’53 N, 5°33’ 44 E DMS) during the same cruise as G. barretti and Strypnus sp. were 

collected. The 5 coral colonies and the 30 A. excavata individuals were collected using the Remotely 

Operated Vehicle (ROV) Aglantha from 150-200m depth.  Specimens were placed in a 375 l tank until 

arrival to the Ins IMR Austevoll research station. At the research station the corals were placed in a 

1000 l tank with water flowing at and 3000 l*h-1. The bivalves were placed in the same tank as 

described G. barretti and Stryhnus sp.  

The sponge Phakellia ventilabrum was collected from Korsfjorden. (60º9’ 46.8N, 05º10.24E DMS) with 

a trawling net on January 2018 on RV Hans Brattström. The sponges were collected and kept on board 

on a flow-through system. Upon arrival to IMR Bergen facilities, the sponges were placed in a flow-

through 37 l tank before transportation to the Austevoll research facilities where they were put in the 

same tank with the bivalves and other sponges. The water flowing through all the tanks was unfiltered 

Seawater from 160 m deep which provided enough food items for all organisms.  

Prior to experiments, L. pertusa colonies were fragmented into nubbins of 10 polyps each, attached 

to putty epoxy bases and left to acclimate for 2 weeks. P. ventilabrum individuals were cut to 5*5 cm 

fragments and left to acclimate for 2 months. 
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Experimental design Each species was submitted to 6 different treatments resulting from the 

combination of 3 flow speeds and 2 food concentrations (Table 2). 

Table 2: Summary of experimental treatments 

               Flow speed 

Food  

Concentration 

Low Speed (LS) 

18.51±0.63 lh-1 

Medium Speed 

(MS) 

38.75±1.45 l h-1 

High Speed (HS) 

60.3±1.82 lh-1 

Natural Food (NF) 
Natural seston, present on  

unfiltered deep-sea water 

(160m deep) 

  

LSNF 

  

MSNF 

  

HSNF 

High Food (HF) 
Extra seston was gathered for 4 

days with a 41 µm mesh net 

  

LSHF 

  

MSHF 

  

HSHF 

  

Experiments were conducted in flow-through chambers as described in Strohmeier et al. (2012), 

where chambers were designed to restrain water recirculation, helping prevent re-filtration. Chamber 

internal dimensions were: 10.5* 22 * 10 cm (w*l*h). Experiments were run in replicate batches: each 

batch consisted of 7 replicates of one treatment per species. Specimens were placed in the test 

chambers (Fig. 11), and one chamber was left with a coral skeleton as a control for particle deposition 

(the control chamber was left empty when the sponges were being tested). The flow was graduated 

to the desired value and measured before every experimental run for each chamber. The organisms 

were left to acclimate until filtering resumed which was verified by visible tentacles for L. pertusa, 

open oscula for the sponges, and open shell for A. excavata. For HF treatments (LSHF, MSHF and HSHF) 

seston was incorporated to the header tank with an IWAKI dosing pump. Water samples were 

simultaneously taken from the outflow of each chamber (7 with organisms and 1 control). Three 

subsamples of 10 ml were analysed with a PAMAS S4031 GO (Partikelmess- und Analysesysteme 

GmbH RUTESHEIM/ GERMANY) particle counter analyser (hereafter referred as PAMAS) with 16 

channels. Each channel counted particles of one predetermined diameter from 1 to 16 µm. This range 

was chosen as preliminary results showed very little particle abundance above that size range. When 

performing the HF treatments the organisms were left to acclimate to the high food conditions for 2 

h before taking the samples. Moreover, a fourth subsample of each seawater sample was transferred 

into 2 ml cryovials and fixed with 25% Glutaraldehyde (final concentration 0.5 %) to preserve the 

bacterial and algal populations and frozen at -80º until analysis by flow cytometry. Due to the limited 
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number of specimens numbers constraints, not all the species and treatments had the same amount 

of replicate batches and some of the specimens had to be re-used. (Table 3 and 4)  

Table 3: Number of experimental batches per species per treatments. Each batch had 7 replicates and one control chamber. 
LS: low flow speed; MS: medium flow speed; HS: high flow speed; NF: natural food quantity; HF: high food quantity. 

Species/ 

Treatment 

 

           

L.pertusa A.excavata G.barretti Stryphnus.sp P.ventilabrum 

  

LSNF 

3 4 2 2 2 

MSNF 2 4 2 2 2 

HSNF 0 4 2 2 2 

LSHF 2 1 1 1 1 

MSHF 1 2 1 1 1 

HSHF 0 1 1 1 1 

  

Table 4: Number of available specimens and their distribution for the experimental batches. 

Species Available specimens Distribution on the different treatments runs. 

L. pertusa 56 Different fragments for each run and treatment 

A. excavate 28 Rotated randomly between the runs and 

treatments 

G. barretti 14 The 7 specimens used in the first  NF treatments  

batch were re-used for the HF batches 

Stryphnus sp. 14 The 7 specimens used in the first NF treatments 

batch were re-used for the HF batches 

P. ventilabrum 7 The 7 specimens were used for  all batches 
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Lophelia pertusa batches were run between March and April 2018, A. excavata batches were run in 

March April and end of May 2018, and G.barreti, Stryphnus sp. and P. ventilabrum batches were 

performed between the end of May and the beginning of June 2018. In order to better quantify the 

amount of POM and Suspended Particulate Matter (SPM) introduced to every batch, 10 l of water 

were collected from the control chamber and filtered through pre combusted, pre-weighed GF\F 

filters (WHATMAN). Each filter was rinsed twice with 15 ml ammonium formate to eliminate salts. 

Filters were subsequently dried for 24h at 60 ºC, weighed and burnt for 4.5h at 450 ºC and weighed 

again. Following experiments, Dry Weight (DW) and organic Carbon content of each organism from 

the different species was determined. L. pertusa fragments were individually crushed with a pestle 

and mortar and placed into pre-weighed tin trays. Acesta excavata individuals were scooped out of 

their shell put into pre-weighed trays G. barretti and Stryphnus sp. individuals were sliced into small 

pieces to speed up the drying process. P. ventilabrum individuals were placed into pre-weighed trays. 

All organisms were thereafter weighed in order to obtained wet weight, left to dry at 60ºC until weight 

was stable (2 weeks for L. pertusa, 2 days for the sponges, and 3 days for A. excavata). The trays were 

then burnt for 4.5h at 450 ⁰C and weighed again, which to estimate Ash Free Weight (AFW). To obtain 

organic Carbon content the AFW was subtracted from the DW. Organic content was then standardized 

to mol C g DW-1. 

 

 

Figure 11: Schematic view of experimental chambers used in Norway 

Data analysis: The mean particle counts ml-1 obtained from the three sub samples analysed with the 

PAMAS were used to calculate size specific Retention Efficiency (RE), for each individual in every batch 

using the following equation (Cranford et al., 1992): 
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RE=1-(PCC/PCB)            (1) 

 
Where PCCis particle count exiting the control chamber (outflow) and PCBis particle count exiting the 

experimental chamber (inflow). Multiplying equation 1 by 100 provides estimates of the percentage 

of particles retained by the organisms. The Clearance Rate (CR) was also calculated for each particle 

size, for each individual in every batch using the following equation: 

CR=RE*F    (2) 

Where RE is the previously calculated retention efficiency and F is the flow (lh-1) measured for each 

chamber before each run. 

The subsamples placed in the cryovials were analysed with BD LSR FORTESSA flow cytometer (BD 

Biosciences New Jersey USA) at the school of biological sciences, Institute of Immunology & Infection 

Research Flow Cytometry Core Facility, University of Edinburgh. The analyses were performed to 

account for bacterial and algal cells numbers. Aliquots of 200 µl of each subsample were placed in 96 

flat bottom well plates (one sample per well). Each sample was stained with SYBR green (Invitrogen, 

California USA), final concentration 0.02%. The dye attaches to DNA, making cell fluoresce green, algal 

and bacterial cells are differentiated because of chlorophyll fluorescence. The filled well plates were 

put in the auto sampler one by one. The acquisition rate of the auto sampler was 3 µl*sec-1, total 

acquired volume per sample was 150µl. The FITC channel and the PerCP-Cy5-5-A in the flow cytometer 

were used to detect SYBR-green and Chlorophyll fluorescence respectively. Forward Scatter, (FSC) is 

used as an estimate for particle size. In order to get a particle size, latex beads of known sizes were 

analysed through and a regression curve was used to convert the mean FSC values to sizes. The 

number of SYBR green positive particles (particles containing DNA) were determined by gates. Gates 

are assigned to distinguish particles of interest in this case defined as particles which fluoresce green 

and red. 

Gating was FSC vs FITC-H to identify negative control profile, the DNA contribution can be determined 

by a shift in emission intensity. Appropriate gates are applied to the samples to detected DNA content 

and chlorophyll fluorescence (PerCP-Cy5-5 channel) to discriminate between bacteria and algae. The 

particles that did not contain DNA were considered silt. For each sample, the flow cytometer provided 

the total number of particles between 0.3 and 4 µm which was divided into total number of silt, 

bacterial and algal particles per 150 µl. Using these numbers the RE and CR were calculated using 

equations 1 and 2 for bacteria, algae, and silt. Calculated CRs were normalized to mol C -1(CRN) (for 

both results coming from the PAMAS and the flow cytometer). 
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The results obtained for CRN of particles of 1µm and bigger than 10µm were discarded. Particles of 1 

µm around the error zone of the PAMAS S4031 GO instrument. Particles above10 µm were on a 

concentration lower than 10 particles ml-1 which is also the detection limit of the instrument Negative 

CRN were also excluded from the final analyses since the negative values meant that the analysed 

samples contained more particles than the control chambers which could be due to particle 

production/release by the tested organisms. 

Statistical analysis Data was analysed using R Studio 1.1.456 version statistical software (RStudio 

team, 2016) For each specie and treatment, a linear model was used, were the dependent variable 

was the CRN: average and the independent variable particle size, measured as a categorical variable 

with n=9 levels: 2 to 10 µm. Due to the high skewedness of the CRN a logarithmic transformation of 

this variable was done to have a more approximated normal distributed variable. To compare all the 

multiple factors for each species a Post-hoc tukey adjustments for pairwise comparisons the lsmeans 

R package (Lenth, 2016) was used. 

 The log-linear model can be written as: 

log(CRN) = 𝛽0 + 𝛽1 ParticleS(3 µm) + 𝛽2 ParticleS(4 µm) + … 𝛽8 ParticleS(10 µm) + ε (1)  

A model with independent variables of particle size and treatment with interactions as:  

log(CRN.average) = 𝛽0 + 𝛽1 ParticleS(3 µm) + 𝛽2 ParticleS(4 µm) + … 𝛽8 ParticleS(10 µm) + 

𝛼9𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑀𝑆𝑁𝐹+𝛼10𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝐻𝑆𝑁𝐹+⋯𝛼13𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝐻𝑆𝐻𝐹+𝛼14ParticleS(3 

µm𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑀𝑆𝑁𝐹+⋯ε 

Results and discussion 

PAMAS Due to natural seston variability the presented results are highly variable. The amount of 

carbon given to each species is presented in Table 5 in each food treatment, this measurement does 

not account for OC contained in particles smaller than 0.7 µm. Particle amount decreased with particle 

size for all treatments (Figure 12). Particle amount differences between NF and HF treatments for each 

species was statistically significant (p-value<0.0001) highlighting the success in replicating the two 

treatments. 

High variability was observed among species in the estimated CR for each particle (Table 6). Cases of 

negative CR were interpreted as particle release from the organisms or attributed to the high 

variability of the natural seston. Results for each species are presented below. 
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Table 5: Mean initial organic carbon (OC L-1) given to the organisms per species and food treatment NF: Normal 
Food, HF: High Food. All values are given as average± SD 

 A.excavata  L.pertusa  G.barretti (OC.L-1) Stryphnus sp.   P.ventilabrum  

NF 0.0004±0.0002 0.0003±0.00021 0.0004±0.0002 
 

0.0003±0.0001 
 

0.0003±0.00009 
 

HF 0.0013±0.0003 0.0006±0.0007 0.0003±0.00007 

 

0.0004±0.00006 

 

0.0004±0.00001 

 

 

Table 6: Percentage of positive CRN per species and per treatment. LSNF: low speed Normal Food; MSNF: 
Medium Speed Normal Food; HSNF High Speed Normal Food; LSHF Low Speed High Food; MSHF: Medium 
Speed High Food: HSHF: High Speed High Food 

 A. excavata L. pertusa G. barretti Stryphnus .sp. P. ventilabrum 

LSNF 83.73 92.06 55.55 31.56 46.03 

MSNF 76.59 46.03 50 46.03 52.38 

HSNF 75 NA 47.62 41.28 26.98 

LSHF 34.92 60.32 23.81 25.4 34.92 

MSHF 75.40 46.03 25.40 25.40 44.44 

HSHF 61.90 NA 11.11 12.70 25.40 
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Figure 12: Number of food particles (particles ml-1) for each particle size for all treatments together. 

Acesta excavata This species had a higher CR in NF treatments than in HF treatments (143 ±52 and 

78±45 l h-1*mol C, respectively, Figure 13). No interactions were found between CR and flow speed 

in either the HF and NF treatments, although in HF treatments CR values appeared to be  lower at 

lower speeds (LSHF treatment for all size class particles, Figure 2x). In the treatment HSNF, lower CRN 

values were observed for particles smaller than 5 μm and the difference was confirmed by the Tukey 

test which showed that CR values for 2 µm particles were significantly lower than the CR values for 

particle sizes 6,7,8,9 and 10µm (p-values:0.00297, 0.0124,0.0019,0.0001). For the treatment MSNF 

the CR values particles of 2 µm were significantly lower than 10 µm (p-value:0.0437). 
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Figure 13: Log-normalized clearance rate (CRN) for Acesta excavata for each particle sizes (2-10 μm) and the six experimental 
treatments. Each colour represents a treatment in each particle size class. The middle of each bar represents the median and 
the end of the bars the 2 quartiles. The small dots of the same colours represent the amount of positive results. LSNF: low 
speed Normal Food; MSNF: Medium Speed Normal Food; HSNF High Speed Normal Food; LSHF Low Speed High Food; MSHF: 
Medium Speed High Food: HSHF: High Speed High Food 

Lophelia pertusa CRN seemed to be higher in the NF compared to the HF treatments (118 ±42, and 

91 ± 50 l h-1 *mol C, respectively, Figure 14).  However, the CRN calculated for particles between 8 

and 10 µm was higher for LSHF. No interactions were found between food concentration treatments 

and different flow conditions. In treatment LSNF the estimated CRN for the 2µm particle was 

statistically lower from the particle sizes: 5,6,7,8 9, 10 µm, (0.0001<p< 0.0056). In the MSNF 

treatment, the CRN for particle 2 µm was statistically lower than for particles of 4, 6, 7, 8,9, 10 µm, 

(0.0001<p-values<: 0.0387) in all other treatments, highlighting that under natural food conditions 

lower clearance rate was observed for very small particles. 
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Figure 14: Log-normalized clearance rate (CRN) for Lophelia pertusa for each particle sizes (2-10 μm) and the six 
experimental treatments. Each colour represents a treatment in each particle size class.  The middle of each bar 
represents the median and the end of the bars the 2 quartiles. The small dots of the same colours represent the 
amount of positive results LSNF: low speed Normal Food; MSNF: Medium Speed Normal food; LSHF Low Speed 
High Food: MSHF: Medium Speed High Food. 

Geodia barretti The calculated CRN suggests that G. barretti has a higher CR at MSHF, although this 

results rely on less than 3 data points for each calculated CRN, hence they are not very representative 

The same issue was encountered with the LSHF and HSHF treatments. The CRΝ values for the HSNF 

treatments were the highest (11 ± 6 l h-1 *mol C-1). Overall CRN values for NF and HF treatments were 

7 ±5 and 5 ±4 l h-1 *mol C, respectively. No interaction between flow speed and CR was found (Figure 

15). In treatment LSNF the CR for particle of 3 µm was statistically different to the CR for 9 µm particles 

(p-values: 0.0181). In treatment MSNF the CR for the 2µm particle was statistically different to the CR 

for: 8,9,10 µm particles, (0.001<p-values< 0.0459). 
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Figure 15: Log-normalized clearance rate (CRN) for Geodia barretti for each particle sizes (2-10 μm) and the six 
experimental treatments. Each colour represents a treatment in each particle size class.  The middle of each bar 
represents the median and the end of the bars the 2 quartiles. The small dots of the same colours represent the 
amount of positive results. LSNF: low speed Normal Food; MSNF: Medium Speed Normal Food; HSNF High Speed 
Normal Food; LSHF Low Speed High Food; MSHF: Medium Speed High Food: HSHF: High Speed High Food 

Stryphnus sp. For all the particles sizes and treatments Stryphnus sp. had the lowest CRN of all the 

tested species. The results calculated for HF treatments rely on less than 3 positive events per particle 

size, hence the results are not representative. The CRN values for all the particles sizes were higher 

for the HSNF treatment except for CR for the 6µm particle (Figure 16). 
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Figure 16:  Log-transformed normalized clearance rate (CRN) for Stryphnus sp. for each particle sizes (2-10 μm) and the six 
experimental treatments. Each colour represents a treatment in each particle size class.  The middle of each bar represents 
the median and the end of the bars the 2 quartiles. The small dots of the same colours  represent the amount of positive 
results. LSNF: low speed Normal Food; MSNF: Medium Speed Normal Food; HSNF High Speed Normal Food; LSHF Low Speed 
High Food; MSHF: Medium Speed High Food: HSHF: High Speed High Food 

Phakellia ventilabrum Clearance rates were highest for MSNF, HSNF and MSHF (Figure 17). The CRN 

values for the treatment HSNF and particles sizes 4, 8 and 10 µm is not representative since it is just 

based on one data point. In treatment HSNF the CR for the 2 and 9µm particle was statistically 

different, (p-value: 0.0258). 
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Figure 17: Log- normalized clearance rate (CRN) for Geodia barretti for each particle sizes (2-10 μm) and the six experimental 
treatments. Each colour represents a treatment in each particle size class.  The middle of each bar represents the median and 
the end of the bars the 2 quartiles. The small dots of the same colours represent the amount of positive results. LSNF: low 
speed Normal Food; MSNF: Medium Speed Normal Food; HSNF High Speed Normal Food; LSHF Low Speed High Food; MSHF: 
Medium Speed High Food: HSHF: High Speed High Food 

Flow cytometry The amount of the different particle types in HF and NF treatments was for the 

majority statistically significant see (Table 7). Algae had a mean size of 4.39 ± 0.8 µm, bacteria had a 

mean size of 0.52 ± 0.2 µm. The particles categorized as silt ranged from 8 to 0.3 µm and comprised 

all the particles that did not have DNA or had chlorophyll fluorescence. Percentage of positive CR can 

be seen in Table 8. 
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Table 7: Results of the t test compairing the amount of particle types in Low Food (LF) and High Food (HF) treatments 

  A. excavata L. pertusa G. barretti Stryphnus sp. P. ventilabrum 

LSNF 

LSHF 

  

Silt 0.02 0.0001 0.1 0.9 0.01 

Bacteria 0.06 0.0001 0.0001 0.001 0.001 

Algae 0.001 0.0001 0.0001 0.04 0.45 

MSNF 

MSHF 

Silt 0.3 0.0001 0.65 0.0001 0.01 

Bacteria 0.0001 0.0001 0.0001 0.0001 0.16 

Algae 0.0001 0.0001 0.0001 0.0002 0.0001 

HSNF 

HSHF 

Silt 0.01   0.85 0.01 0.003 

Bacteria 0.3   0.0001 0.0001 0.45 

Algae 0.0001   0.0001 0.0001 0.0001 

  

 Table 8: Percentage of positive CRN per species and per treatment. LSNF: low speed Normal Food; MSNF: Medium Speed 

Normal Food; HSNF High Speed Normal Food; LSHF Low Speed High Food; MSHF: Medium Speed High Food: HSHF: High Speed 

High Food 

 A. excavata L.pertusa G.barretti Stryphnus .sp. P.ventilabrum 

LSNF 66 22 71 80 57 

MSNF 41. 67 73 76 85 

HSNF 75 NA 79 76 69 

LSHF 32 66 71 89 100 

MSHF 64 17 52 42 68 

HSHF 53 NA 68 71 80 
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Acesta excavata Average CR was overall higher in the NF treatment 116 ± 54 vs 66 ±40 l h-1 * mol C-

1. For all particle types was higher in HSNF treatment 174 ±161 CR l-1 *mol C-1 (Figure 18). Average 

CRN are higher for silt particles (100 ± 67 l h-1 *mol C-1) except for the LSHF treatment were just one 

data point was recorded. 

 

Figure 18: Box plot showing the average CR for each particle type and each treatment. 

Lophelia pertusa Average CR are 86 ±91 and 54 ± 23 l h-1 * mol C respectively. Tough the lowest 

average CR were for LSNF treatment for all particle types 25 ± 10 l h-1 * mol C and they were highest 

for MSNF 147 ± 98  l h-1 * mol C (Figure 19). In the MSNF treatments the CR for bacteria is significantly 

higher than for algae, (p-value: 0.00329).The CR for bacteria in MSNF is statistically significantly higher 

than in treatment LSNF (p-value: 0.0019). 
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Figure 19: Box plot showing the average CR for each particle type and each treatment. 

Geodia barretti Average CR are 26 ± 19 and 15 ±14 l h-1 * mol C. For all particle types, CR were higher 

in MSNF with an average of 40 ± 21 l h-1 * mol C (Figure 20). In LSNF the CR for algal particles was 

significantly higher than for silt, (p-value: 0.0369). For MSNF, CR for bacterial particles was significantly 

higher than for silt, (p-value: 0.011). In HSNF CR for algal particles was significantly higher than for silt, 

(p-value: 0.0146). For LSHF treatment the CR for bacterial particles was significantly higher than for 

silt and algae, (p-values: 0.0004 and 0.0073). The CR for algal particles in HSNF and MSNF was 

significantly higher than in LSNF, (p-values: 0.004 and 0.04), also the CR for algal particles was 

significantly higher in MSNF compared to LSHF, (p-value: 0.001). Geodia barretti had a CR for silt 

particles significantly higher in HSNF than in LSNF, (p-value0.02). The CR for bacteria was significantly 

higher under MSNF compared to LSNF (p-value: 0.00025), and it was also significantly higher in MSHF 

than LSNF, (p-value: 0.024). 
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Figure 20: Box plot showing the average CR for each particle type and each treatment. 

Stryphnus sp. Mean CR were 18 ±11 and 8 ± 4 l h-1 * mol C.  The HSNF treatment presented the highest 

CR for all particles types 29 ± 19 l h-1 * mol C. In LSHF CR for algae was higher than for bacteria, (p-

value:0.0049). For bacteria, the CR in HSNF was significantly higher than in LSHF and MSNF, (p-

values: .0.00001 and 0.009) for the same particle type, the CR was significantly higher in HSHF than 

LSHF, (p-value:0.048). 

Phakellia ventilabrum Mean CR were 172 ±135 and 71 ± 29 l h-1 * mol C. For all particle types. CR was 

highest in MSNF 296 ± 71 l h-1 * mol C (Figure 21). For MSHF treatment the CR for algae was 

significantly lower than for silt and bacteria, (p-values: 0.014 and 0.0004). The CR for algae was higher 

at HSHF than in MSHF, (p-value: 0.016). For silt the CR was statistically higher in MSNF than in MSHF 

treatments, (p-value: 0.02). Phakellia ventilabrum presented a significantly higher CR for bacterial 

particles under MSNF compared to LSNF, (p-value: 0.013). 

 



ATLAS                                                                                                                                      Deliverable 2.2 
 

40 
 

 

Figure 21: Box plot showing the average CR for each particle type and each treatment. 

The PAMAS results revealed increasing CR with increasing particle size for all the species, this trend 

has to be taken with caution because of the decreasing amount of particles with their size (Figure 12) 

and variability in particle concentration when using natural water and seston in a flow through system. 

Hence it is difficult to assess a specifically preference for any given particle size and species, but the 

particle sizes tested are on the recorded natural spectrum for all the tested species (Järnegren & Altin, 

2006; Witte et al., 1997; Mueller et al., 2014). 

For all species, HF treatments had an overall lower CR, which suggest that organisms can get stressed 

or are sensitive to high particle concentration. This phenomenon has been already reported for 

bivalves (Cahalan et al., 1989) and can be the case of the tested bivalve species A. excavata. This 

argument can be further reinforced by the fact that consistently, for all the species, a lower percentage 

of positive results were found in HF treatments. The fact that negative results were found suggests 

that the organisms were releasing particles, pseudo-faeces in the case of A. excavate. In the case of 

sponges, particle release can be explained by cell shedding, sponges have been found to have a high 

cell turnover (Alexander et al., 2014; de Goeij et al., 2009). In all treatments L. pertusa and A. excavata 

(Figures 13, 14) had the highest CR for all treatments without properly characterizing the particles it 

is very difficult to affirm if they compete and if their competition is exploitative. L. pertusa has been 
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characterized as an opportunistic feeder (Maier et al., 2019; Mueller et al., 2014; van Oevelen et al., 

2016), deep-sea bivalves are known to be adapted to low food availabilities and have specific 

adaptations to food types (Oliver, 1979). Hence if food resources are affected because of global 

change as predicted (Levin et al., 2015; Sweetman et al., 2017) L. pertusa could possibly outcompete 

A. excavata, but is also worth noting that very little information is available on the feeding ecology of 

A. excavata besides its high filtration rate 13 l h-1 recorded by Järnegren & Altin, (2006). The results 

found in this study for A. excavata are lower than those calculated in Järnegren & Altin, (2006) which 

can be due to methodological differences such as the usage of natural seston, and flow through 

systems. Comparing the obtained CR results for L. pertusa in this study is not as straight forward since 

previous studies quantify its efficiency as capture rate per polyp. The CR for the sponges were lower 

than for A. excavata and L. pertusa. Overall P. ventilabrum had a higher CR than G. barretti and 

Stryphnus sp. (Figure 15, 16, 17). It is difficult to assess if the sponges compete for the same food 

resources. Geodia barretti and Stryphnus sp being High Microbial Abundance (HMA) sponges 

(Schhöttner et al. 2013) are structurally different from P. ventilabrum which is a Low Microbial 

Abundance (LMA) (Schhöttner et al. 2013). This difference can explain the higher CR for P. 

ventilabrum, HMA sponges are recorded to have lower pumping rates compared to LMA sponges 

(Maldonado et al., 2012; Weisz et al 2008). HMA sponges have also been hypothesized to further 

complement their diet with their own symbionts and DOM (de Goeij et al., 2008, Leys et al., 2018, 

Yahel et al., 2007). Sponges are also documented to feed on DOM (Maldonado et al., 2012) the 

consumed DOM can be converted to detrital POM a process that has been characterized and named 

the sponge loop (de Goeij et al., 2008; 2009; 2013 Rix et al., 2016). Transformation of DOM into POM 

can explain how the different studied species are able to co-exist. The POM detritus produced by 

sponges using DOM from coral mucus has already been observed to be utilized by other detritivores 

in tropical reefs (Rix et al., 2018). 

 The results calculated after the Flow cytometry analyses are not going to be directly compared with 

the results from the PAMAS because they are inherently to very different forms of characterizing 

particles and counting them. The samples used for this analysis were preserved and frozen. 

The results for A.excavata and L. pertusa suggest that they are opportunistic feeders which is in 

accordance with the available literature for the former (Mueller et al., 2014). The fact that A. excavata 

feeds on bacteria (Figure 18) suggest that this species is more versatile than previously thought. 

Lophelia pertusa filters more bacteria in HS treatments (Figure 19) is in accordance with previous 

studies (Orejas et al., (2016) where at higher speeds L .pertusa has a higher efficiency capturing small 

particles. The amount of positive results for L. pertusa in LSNF treatments was lower for the results 
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calculated from flow cytometry data that for PAMAS, this can possibly be explained because of sample 

degradation. The trend amongst the sponges is the same as in the PAMAS results, CR was overall 

higher for P. ventilabrum than for the other two species (Figures 15-17), again this can be explained 

by the different morphologies and live strategies, HMA vs LMA as mentioned above (Weisz et al., 

2008). Results suggest that Stryphnus sp. and G. barretti has a preference for algal and bacterial 

particles evidencing perhaps a more selective feeding strategy in HMA sponges, tropical sponges have 

been found to have low functional redundancy and to differentiate between different types of 

bacteria as a food source (Perea-Blázquez et al., 2013). Other studies have also pointed out that 

sponges can discriminate between particles of similar sizes (Leys, 2006; Maldonado et al., 2010;Yahel, 

2006, 2007) hence the sponges are not necessarily in direct competition. Better characterization of 

the natural seston can be key to better elucidate competition. Characterizing and quantifying the DOM 

can also give valuable information since sponges are known to feed on it (Maldonado et al., 2012) and 

one laboratory record suggest that L. pertusa can also incorporate carbon from DOM (Mueller et al., 

2014). Further investigation of the sponge loop in CWC reefs might elucidate even further C and N 

processing in the deep-sea, and might explain the niche overlap found between L. pertusa and H. 

coriacea found by van Oevelen et al, (2018). 

 

3.1.3 Food preference and assimilation rates of habitat-forming cold-water corals in the 

Azores 

Authors: Maria Rakka, Sandra Maier, Meri Bilan, Antonio Godinho, Dick van Oevelen, Sebastian 

Hennige, Covadonga Orejas, Marina Carreiro-Silva 

Aims and objectives: The objectives of these experiments were (1) to determine the ability of selected 

habitat forming CWC species to feed on different food substrates such as algae, zooplankton and 

Dissolved Organic Carbon (DOC); (2) estimate the incorporation of carbon and nitrogen under 

ingestion of different food sources and (3) assess the metabolic activity of the studied species after 

ingestion of different food sources. 

Materials and Methods 

Colonies of the species A. wollastoni, V. flagellum and D. meteor were collected in October 2017 and 

maintained in aquaria, as described in 2.1.1.1. 

Four food treatments were selected, based on the provided food substrate: phytoplankton, 

zooplankton, DOC and unfed (starved). The diatom Chaetoceros calcitrans was chosen as 
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phytoplankton substrate, since diatoms of the genus Chaetoceros are known as basic components of 

the spring bloom in the area (Santos, 2013). The rotifer B. plicatilis (diameter: 80-120 μm) was used 

as zooplankton substrate. Microzooplankton has been reported to be a main component of the diet 

of gorgonian species in the Mediterranean (Ribes et al., 2003) and in the Antarctica (Orejas et al. 2003), 

making rotifers a possible prey for the small polyp size of the two studied species. Lastly, DOC was 

chosen due to the wide ability of cnidarian species to utilize DOC as food source (Naumann et al., 

2011). The phytoplankton and zooplankton substrates were prepared by keeping live cultures under 

the presence of tracer 13C and 15N. The microalgae C. calcitrans and N. gaditana were cultured in 2-

L Erlenmeyer flasks using artificial seawater and an F/2 culture medium containing 50 % 15N-sodium 

nitrate (NaNO3, Cambridge Isotopes) and 100% 13C-bicarbonate (NaHCO4, Cambridge Isotopes) for 

three weeks. Labelled cultures of the rotifer species were obtained by inoculating starter cultures in 

filtered seawater (1 μm) under continuous presence of labelled N. nannochloropsis, cultured as 

described above, for 6 days. An algae derived product of dissolved amino-acids (Cambridge Isotopes, 

U 13C 97–99 %, U 15N 97–99 %, CNLM-452-0.5) was used as DOC source. Labelled cultures were 

prepared so as to reach the desired concentrations on the day of delivery and were harvested a few 

hours before provision. Cultures of the species C. calcitrans were harvested by light filtering with 

membrane filters (0.2 μm), rinsed with filtered SW and resuspended in artificial seawater. Rotifer 

cultures were harvested by filtering (nylon, 40 μm), rinsed and resuspended in artificial seawater. 

Preliminary analysis was performed to ensure that harvesting did not cause significant decrease in cell 

concentration. Subsamples of known concentration of labelled cultures of C. calcitrans and B. plicatilis 

were harvested, freeze-dried and analyzed for carbon and nitrogen content by elemental analysis. 

Mean dry weight and carbon content per cell were calculated and used to standardize the amount of 

carbon provided between the two live food sources and among flumes. During the experiments, cell 

concentration was used as a proxy of the provided carbon quantity. 

Experiments were conducted in 33L flumes described in 2.1.1.1 (Figure 4). A power analysis was used 

to determine the optimum number of flumes and fragments to be used in each treatment, considering 

the low number of available flumes. In order to maximize power, multiple fragments were placed in 

each experimental flume. One fragment from each colony was assigned to each treatment, resulting 

to three flumes per treatment containing five fragments each for the species A. wollastoni and D. 

meteor and four flumes per treatment containing three fragment each for the species V. flagellum. 

Due to logistical constraints experiments on different treatments did not take place simultaneously: 

three flumes from one treatment were combined with one flume from the starved treatment, leading 

to three consecutive experimental runs for A. wollastoni and D. meteor, and four for V. flagellum. 
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Fragments were randomly assigned to the experimental flumes and were left to acclimatize for 6 hours 

before the start of each experimental run. After the acclimatization period, a flow rate of 4cm/sec was 

established and left for an hour before pausing water renewal and providing a predetermined amount 

of carbon to each experimental flume. Flow was kept constant for a total of 12 hours to allow for 

feeding, a period referred to as food incubation. Upon completion of the food incubation, flow was 

stopped, flumes were cleaned by siphoning and fragments were left to rest for 12 hours under slight 

water circulation. Food incubations were repeated five times for A. wollastoni and six times for the 

two gorgonian species. Immediately after the end of the last food incubation, oxygen consumption 

and excretion measurements took place. Six fragments from each treatment were selected and placed 

in 450 ml glass respiration chambers filled with filtered (0.2 μm) natural seawater. In each incubation, 

six chambers were occupied by corals and two were left empty serving as control chambers. All 

chambers contained glass-coated magnetic stirrers and were placed in a single water bath maintaining 

temperature at 19 ±0.6 for A. wollastoni and 14±0.7 for D. meteor and V. flagellum. Incubations took 

place in the dark and lasted for four hours for A. wollastoni and 15 hours for D. meteor and V. 

flagellum. Oxygen concentration measurements were taken at the beginning and end of each 

incubation from seven out of the eight chambers, while the chamber containing the largest fragment 

was continuously connected to an O2 electrode to allow for continuous monitoring of oxygen 

saturation. During the respiration incubations, oxygen saturation was never lower than 80 %. 

Upon completion of the experimental runs all fragments were freeze-dried and kept at -80 ºC until 

further processing. Fragments of D. meteor and V. flagellum were dissected to separate the tissue 

from the skeleton but this procedure was not followed for A. wollastoni due to the presence of very 

dense spines, characteristic of the antipatharian skeleton, that do not allow this separation. 

Subsequently, tissue was grinded by using mortar and pestle. A subsample of ground material was 

analyzed for isotopic ratio and C/N content using an elemental analyzer (Thermo Electron Flash 1112) 

coupled to an isotope ratio mass spectrometer (EA‐IRMS, DELTA‐V, THERMO Electron Corporation). A 

second subsample was acidified stepwise with drops of HCl to remove completely the inorganic C 

fraction, and all remaining material was analyzed on the EA-IRMS for isotopic ratio and organic C 

content. Calculation of tracer incorporation was performed as described in Maier et al., (2018). Tissue 

carbon and nitrogen content of each fragment was standardized to dry weight, including tissue and 

skeleton for A. wollastoni and only tissue for V. flagellum and D. meteor, and expressed as mmol C or 

N (g DW)−1. In order to calculate tracer incorporation into coral tissue, the heavy/light isotope ratio 

(e.g 13C: 12C) of each coral fragment (Rsample) was calculated as 

Rsample = ([δtracerCsample/1000] + 1) × Rref, where Rref = 0.0111802 for organic C and 

Rref = RN2 = 0.0036782 for organic N. Fractional abundance of 13C and 15N (e.g. F13 = 13C/[12C + 13C]) 
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was expressed as Ftracer = Rsample/(Rsample + 1). Enrichment of each coral fragment was expressed 

in relation to the fractional abundance of the respective starved fragment or average of starved 

fragments of the same colony. Final tracer incorporation was estimated by multiplying its fractional 

abundance with its OC content (μmol 13C fragment−1). The total amount of C or N incorporated into 

coral tissue from the provided labelled food substrate was calculated by dividing the tracer 

incorporation of each fragment with the fractional abundance (F13 or F15) of the respective food 

substrate. Final tracer C and N incorporation rates were normalized to the OC (moles) of each coral 

fragment. Independent variables including organic C, organic N, tracer incorporation rate and oxygen 

consumption were analysed by using Linear Mixed Models (LMEs) with the factors tank and colony 

being considered as random effects in order to deal with pseudoreplication in the experimental 

design. 

 

Results and discussion 

All food substrates were significantly enriched above background, for the experiments with the three 

species (Table 2). 

Table 9: Tracer fractional abundance (F13, F15) of food substrates provided in the experiments with each studied species. 

Experiment A. wollastoni D. meteor V. flagellum 

  F13 F15 F13 F15 F13 F15 

C. calcitrans 0.47 0.60 0.58 0.42 0.59 0.41 

N. gaditana 0.55 0.70 0.49 0.31 0.58 0.30 

B. plicatilis 0.36 0.39 0.21 0.12 0.37 0.15 

 

Fragments of the species A. wollastoni had a total C content of 24.29 ±1.49 mmol C/g DW with organic 

C representing 29.17±1.79 % of total C. Organic C and organic N content did not change significantly 

between treatments. All coral fragments fed with labelled food substrates were significantly enriched 

above background, highlighting the ability of A. wollastoni to utilize a variety of food particles. Tracer 

C incorporation into coral tissue was statistically different among treatments, with fragments fed with 

zooplankton displaying much higher incorporation, followed by fragments fed with DOC (Fig. 22). The 
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same pattern was also observed in tracer N incorporation (Fig. 22). Moreover, a large standard 

deviation was observed in fragments fed with zooplankton in both C and N incorporation, 

corroborating with the observations made on 2.1.1., that some fragments had higher capacity to 

capture live zooplankton than others. Tracer C incorporation was significantly higher than tracer N 

incorporation in all treatments. Oxygen consumption was also significantly higher in fragments fed 

with zooplankton compared to the rest of the fragments (Fig. 23). The ability of antipatharians to 

capture and feed on live zooplankton has been reported before (Lewis, 1978; Warner, 1981; Wagner 

et al., 2012). However to our knowledge this is the first study that highlights the selective feeding 

strategy of an antipatharian species. In addition, the higher tracer incorporation and oxygen 

consumption of fragments offered zooplankton food substrate, suggest that zooplankton is of high 

importance for the growth and metabolism of this species, as it has been already documented for 

CWC scleractinian species (Naumann et al., 2011). 

 

 

Figure 22: 13C and 15N tracer incorporation in tissue of the species Antipathella wollastoni for three food substrates: diatom 
Chaetoceros calcitrans (CHAET), Dissolved Organic Carbon (DOC) and rotifer Branchionus plicatilis (ROT). 
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Figure 23: Oxygen consumption of fragments of the species Antipathella wollastoni under four different food 
treatments: CHAET: phytoplankton substrate; DOC: Dissolved Organic Carbon substrate; ROT: Zooplankton 
substrate; STAR: no food substrate (starved). 

Dentomuricea aff. meteor and V. flagellum displayed a C content of 7.10±1.77 % and 8.00±1.48% of 

total C respectively. Neither organic C nor organic N content varied significantly among treatments. 

At the end of the experiment, however, tracer C and N incorporation was significantly different among 

treatments and species. Fragments fed with zooplankton had higher tracer C and N incorporation, 

followed by fragments fed with DOC, for both species (Fig. 24, 25). In D. meteor, oxygen consumption 

was significantly higher in fragments fed with zooplankton and DOC, compared to the rest of the 

treatments (Fig. 26). In V. flagellum, oxygen consumption was higher in the zooplankton treatment, 

followed by the DOC and phytoplankton treatment, while the starved treatment displayed the lowest 

values (Fig. 26). Similarly to the case of A. wollastoni, these results demonstrate the ability of the two 

gorgonian species to feed on a variety of food sources. In the field, it is possible that feeding of the 

two gorgonian species displays seasonal patterns with colonies opportunistically feeding on available 

food sources, which has been also reported for other cold-water octocorals (Ribes1999; Orejas et al., 

2003). The higher values of tracer incorporation and oxygen consumption for fragments fed with the 

zooplankton food substrate emphasize their selective capacity and preference for zooplankton food 

sources. Also, it provides an indication of the importance of zooplankton for major physiological and 

metabolic processes of the two gorgonian species as it has already been demonstrated by CW 

scleractinians corals (Naumann et al. 2011). Considering the seasonal patterns of zooplankton 

dynamics in temperate, as well as in high latitude ecosystems, it is likely that zooplankton can also 
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control life history processes which are highly energy dependent and also display seasonal patterns 

such as gametogenesis and reproduction. 

 

Figure 24: 13C tracer incorporation in tissue of the gorgonian species Dentomuricea aff. meteor and Viminella flagellum under 
three food substrates: diatom Chaetoceros calcitrans (CHAET), Dissolved Organic Carbon (DOC) and rotifer Branchionus 
plicatilis (ROT). 

Another emerging aspect from the collected data is the higher values of tracer incorporation and 

oxygen consumption displayed by D. meteor in all treatments (Fig. 24, 25, 26). Such results are 

indicative of different metabolic strategies between the two species. While fragments of D. meteor 

appeared to be more efficient in removing prey (section 2.1.1.) under similar flow velocities, further 

studies are needed to examine whether the lower values displayed by V. flagellum can be attributed 

to lower capture and ingestion of prey or if ingested prey was used for other metabolic processes such 

as excretion, calcification or growth of the main skeletal axis which was not considered in this study. 
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Figure 25: 15N tracer incorporation in tissue of the gorgonian species Dentomuricea aff. meteor and Viminella 
flagellum under three food substrates: diatom Chaetoceros calcitrans (CHAET), Dissolved Organic Carbon (DOC) 
and rotifer Branchionus plicatilis (ROT). 

The three coral species, despite their taxonomical differences, ingested higher quantities of 

zooplankton compared to other food substrates. Zooplankton has been suggested as a major food 

source that can sustain major physiological processes in scleractinians (Kiriakoulakis et al., 2005; 

Naumann et al., 2011). However, similar studies with L. pertusa (Mueller et al., 2014) reported a more 

flexible capacity of the species to ingest and utilize different food substrates. The results presented 

herein suggest that zooplankton derived energy can be of great importance for the survival of 

octocoral and antipatharian species. Moreover, since the three studied species are habitat-formers, 

physiological processes on the colony level can affect whole communities by altering their 

biogeochemical cycles and growth dynamics. It is therefore becoming evident that zooplankton 

dynamics can be a crucial driver for the distribution, and ecosystem function of coral gardens. 



ATLAS                                                                                                                                      Deliverable 2.2 
 

50 
 

 

Figure 26: Oxygen Consumption for the species D. meteor and V.flagellum under four different food treatments. 
CHAET: phytoplankton substrate; DOC: Dissolved Organic Carbon substrate; ROT: Zooplankton substrate; STAR: 
no food substrate (starved). 

 

3.1.4 Competition for food between two coexistent species in Azores coral gardens, 

Dentomuricea aff. meteor and Viminella flagellum 

Authors: Stephanie Liefman, Marina Carreiro-Silva, Maria Rakka, Sandra Maier, Sebastian Hennige, 

Murray Roberts 

Aims and objectives: Understand competition interactions of two co-occurring octocoral species D. 

meteor and V. flagellum under different water flow conditions by assessing bulk 13C and 15N 

incorporation. 

Materials and methods 

Specimen collection and maintenance Specimens of V. flagellum and D. meteor specimens were 

collected were obtained from bycatch material caught during scientific longline fishing cruises 

(ARQDAÇO monitoring programme, University of the Azores) on the Condor Seamount (38˚08′N, 

29˚05′W) onboard of the RV “Arquipélago” in November 2018 from a depth ranging from 179 to 384 

m. After collection, the colonies were transported to the DeepSeaLab Facilities IMAR /DOP where they 
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were fragmented into nubbins of 5 to 10 cm and maintained as described in 2.1.1.1 until used in 

experiments. 

 Isotopically labelled food production Nannochloropsis microalgae were cultivated in Artificial Sea 

Water (ASW) enriched with f/2 media where 100% of the NaHCO3 was replaced by 99% NaH13CO3 

(Sigma-Aldrich) and 50% of the NaNO3 by 99% Na15NO3 (Sigma-Aldrich). Each liter of culture media 

consisted of 800 ml of ASW and 200ml of natural sea water filtered through a Gf/F filter (WHATMAN. 

The algal cultures were cultivated for 3 weeks at a temperature of 14⁰C and a light cycle of 16h light 

and 8h dark. The algal cells were harvested at a mean concentration of 2.9*107 cells ml-1, (a total of 

54 l of algal culture were produced). 

Stock cultures of rotifers B. plicatilis at a concentration of 87 individuals ml-1 were fed the isotopically 

labelled algae. Each 12 l stock culture was fed twice daily for 4 days with 0.8 l of the isotopically 

labelled micro algae suspension at a concentration of 2.9*107 cells ml-1. After the incubation time, B. 

plicatilis cultures were separated into equal portions of 500 ml aliquots containing 0.002683 mol C, 

filtered through 41-µm mesh, rinsed with filtered seawater packed into plastic containers and frozen 

at -18 ⁰C until used. 

Experimental design To assess competition under different flow regimes, one specimen of each 

species were placed together on a 33 l flume (Figure 4). Two water speeds were tested: 4 cm s-1 and 

2cm s-1 and named hereafter as Treatment 1 (T1) and Treatment 2 (T2) respectively. Four experimental 

runs of each treatment were performed.  After the nubbins were transferred to the experimental 

flume, they were left to acclimate for 24h before the commencement of the experiments with a flow 

of 12 l h-1. After the acclimation period the propellers attached to a rotating 12V engine (Servocity), 

where introduced to the flumes to create water movement at the desired speeds for T1 and T2, corals 

were left to acclimate to the water speeds for 1h. Following that period the water circulation was 

closed and the frozen isotopically labelled rotifers, in a predefined quantity of 0.002683 mol C, were 

added to each flume. The system was left with the predefined flow speed for 12 h. Food incubations 

lasted just for 12 hours so to avoid a large drop in pH, which had been previously noted for D. meteor 

and V. flagellum in closed systems. Subsequently 5 l water samples were taken, the propellers where 

removed, water circulation was opened and the flume was vacuumed to remove food residuals. Water 

samples were filtered through Gf/F filters dried at 60 ⁰C for 24h, weighed then burned at 450 ⁰C for 

4h and re-weighed in order to assess the amount of carbon left in the water. This process was repeated 

for 6 consecutive days, with 12 hours intervals in between each food incubation period. Between each 

incubation period 5 l samples were collected from each flume, samples were filtered through a Gf/F 

filter dried at 60⁰ C for 24h, weighed then burned at 450 ⁰C for 4h and re-weighed, to estimate the 
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background amount of C present in the seawater. As a control treatment for competition for food 

resources, each species was tested individually by placing a single individual in the flume and expose 

it to the 2 different water speeds, C1 and C3 were the control treatments for V. flagellum at 4 and 2 

cm s-1 respectively, C2 and C4 were the controls for D.meteor at 4 and 2 cm s-1 respectively. The same 

process as described above was performed for the control treatments, with each control treatment 

having 4 replicates in total. Only four flumes were available hence the experiments had to be 

performed in batches. 

Sample processing After the six incubation periods were finished for each batch the specimens were 

collected and frozen at -18 ⁰C. When all the experimental batches were finished all the samples were 

freeze-dried and, weighed to obtain DW. The dry samples were then shipped to the University of 

Edinburgh. 

Coral tissue was separated from the skeleton, weighed; and homogenized with a pestle and mortar. 

For 13C analysis, aliquots of 4 mg of each sample were weighed into silver capsules and were 

subsequently acidified stepwise with 5% HCl to eliminate inorganic carbons. Acidification process was 

repeated until no bubbling was observed. The samples were dried over night at 50 ⁰C between 

acidification episodes. For 15N analyses 2 mg of each sample was weighed in a tin capsules. All samples 

analysed forisotopic ratio using EA-IRMS (Elemental Analysis - Isotopic Ratio Mass Spectrometer) 

HS20-22E (Sercon). Stable isotope data are presented as a per mille (‰) deviation from a standard as 

δX (‰)= ((Rsample-Rreference)-1) x 1000, where (X) is 13C or 15N, Rsample is the isotope ratio (13C/12C 

or 15N/14N, respectively) in the sample and Rreference is the isotope ratio of the reference material 

(Rreference=0.0111797 for C and Rreference=0.0036765 for N). The atomic fraction (F) of 13C and 15N 

in specimens was calculated with F=R/(R+1). Excess values (E) are calculated as E=Fsample–

Fbackground, so that positive excess values indicate uptake of the isotopically-labelled food. Total 13C 

and 15N assimilation was calculated as the product of excess (E) and the biomass of the specimen 

(Moodley et al., 2005). The biomass was expressed in C and N units and calculated by multiplying the 

specimen’s dry weight (DW) with C and N content (as % of specimen’s DW). The normalization of total 

C and total N assimilation to specimen’s biomass was carried out through the division of total C and 

total N assimilation by biomass (in C or N units, respectively). The total amount of tracer incorporated 

from the food source into each fragment (tracer C incorporation, μmol tracer fragment−1) was 

calculated by dividing each’ 13C assimilation by the fractional abundance (F13 and F15) of the labelled 

food normalized C and N incorporation was expressed as [μmol tracer (mmol OC)-1]. 

Statistical analysis Data was analysed using R Studio 1.1.456 version statistical software (RStudio 

team, 2016) Assimilation of C and N values did not have a normal distribution hence Kruskal-Wallis 
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non-parametric test was used to analyse the data. After the Kruskal-Wallis test Multiple comparison 

test between treatments or treatments versus control was done using the R package pgirmess 

(Giraudoux et al 2018). 

Results and discussion 

Between the start and the end of each incubation, the pH of the aquaria dropped on average 0.065 ± 

0.03 units and the temperature decreased on average for all aquaria 1.14 ±0.17⁰ C. All the tested 

corals incorporated tracer C and N into their bulk tissue (Table 10). The data suggest V. flagellum 

incorporated more C and N tracer at high speeds either when in competition or in control treatments 

but no statistical difference was found. The incorporation was higher when in competition than in 

control treatments (Figure 27). Dentomuricea meteor also incorporated more tracer C and N on high 

speed treatments (C2 and T1), under competition conditions. Fragments of D. meteor under higher 

speed displayed the highest incorporation rate for this species (Figure 28). Competition experiments 

revealed a statistically significantly higher incorporation of C and N tracers by D. meteor under T1 (p-

value: 0.02), (Figure 28). 

Table 10: Average 13C and 15N  bulk tracer incorporation in corals for each treatments 

Species/treatment 

 

C tracer incorporation 

[μmol C (mmol OC)-1] 

N Tracer incorporation 

[μmol N(mmol N)-1] 

V. 

flagellum 

T1 12.24±8.01 14.53±9.92 

T2 12.74 ±12.46 10.44±9.63 

C1 8.32 ±8.57 8.69 ±8.69 

C3 5.57 ±4.49 5.16 ±3.96 

D. meteor T1 68.89 ±53.83 65.94 ±38.13 

T2 18.25 ±14 17.84 ±8.9 

C2 28.48 ±15.69 28.23±20.56 

C4 26± 24.39 19.21 ± 19.41 
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Figure 27: Average tracer incorporation for the octocorals Viminella flagellum and Dentomuricea aff. meteor. 
Note the different scales in the y axes .( trends for N tracer were the same hence graphs are not shown). C1: 
individual V. flagellum at 4 cm s-1; C3: individual V. flagellum at 2 cm s-1; T1: both species at 4 cm s-1; T2: Both 
species at 2 cm s-1; C2: individual D. meteor at 4cm s-1; C4: individual D. meteor at 2 cm s-1 

 

 

Figure 28: Tracer incorporation per species per treatment, note the difference in scale in the 2 graphs.  15N 
incorporation showed the same trend. T1: both species at 4 cm s-1; T2: Both species at 2 cm s-1 

 

Both species have a higher incorporation under 4cm s-1 most likely due to higher prey encounter rate 

(Sebens et al., 1998). Moreover, flow speed at 2cm/sec could have not been sufficient to keep enough 

food in suspension. D. meteor had a higher incorporation of C and N tracers for all treatments when 
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compared to V. flagellum (Figures 27, 28), which suggest that the former has the possibility to 

outcompete the latter when found in mixed coral gardens if food resources become scarce. 

Higher food uptake by D. meteor can also be due to it being a branching/fan shaped coral (Fig (picture 

above) which can create eddy turbulence around the branches increasing the possibility of prey 

encounter, similar to the documented fact that coral colonies at that are found at higher densities 

feed more efficiently at higher water speeds (Sebens et al., 1984; 1997). Polyp morphology differences 

can also explain the possible niche overlap when found in mixed gardens suggested by the present 

results. Viminella flagellum has larger and longer polyps than D. meteor.  The larger sized polyps may 

be deformed at higher velocities, and this can reduce the speed range at which this species is more 

effective at catching prey compared to the range of corals having smaller polyps (Chang-Feng & Ming-

Chao 1993) such as D.meteor. Other studies comparing polyp sizes in the anemone Metridium seneli 

also found that smaller polyps were more efficient at higher speed flow (Anthony, 1997). This can 

point that perhaps the tested speeds were not the ideal for the species, as reinforced by the fact that 

differences in incorporation rates for the different species are not as big in the 2cm s-1 speed 

treatment. The present study assessed competition based on one food source, which was the 

preferred experimental food source for both of the species (Rakka et al in preparation). Different 

zooplankton sources might be available in the Condor Seamount. Selectively preying in different 

zooplankton can be a possible explanation on how these two species co-exist in mixed coral gardens. 

Viminella flagellum rises higher up in the water column hence it most likely get access first to food 

items in the water column, which could also offset possible resource exclusive competition. The 

findings of this study suggest that both of the species when in competition (T1 and T2) have a higher 

incorporation rate when compared to the respective controls (Figure 27), though this is less marked 

for D.meteor in T2 and C4 (2 cm s -1). This can perhaps be explained by the fact that two organisms in 

one aquarium create more eddy turbulence in the water flow increasing particle encounter with the 

polyps 

 

3.2 Assessing the impact of ocean acidification under variable food supply on the 

octocoral Viminella flagellum 

Authors: Maria Rakka, Sandra Maier, Meri Bilan, Antonio Godinho, Ines Martins, Dick van Oevelen, 

Sebatian Hennige, Patricia Puerta, Covadonga Orejas, Marina Carreiro-Silva 

The deep Atlantic Ocean is an area already experiencing significant environmental changes and is 

predicted to continue to be heavily impacted by global changes over the next 100 years (Sweetman 
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et al., 2017). Projections for 2100 suggest temperature (T) increases between 1-4oC, a decrease in pH 

of up to 0.4 pH units (OA), declines in oxygen concentrations up to 3.7%, and 40% loss of the food 

supply to the ocean seafloor (2) which are predicted to reduce the habitat suitability of fish and CWC 

in the North Atlantic (Gehlen et al. 2014; Sweetman et al 2017, see DL 3.3).    

Experimental studies with the reef-building CWCs from NE Atlantic and Mediterranean to date have 

showed the ability of scleractinian CWCs to calcify and grow under OA and warming predicted for 2100 

and even under undersaturated conditions (Form & Riebesell, 2012; Maier et al., 2012, 2013; Hennige 

et al., 2014; Hennige et al., 2015; Movilla et al., 2014; Büscher et al., 2017, Maier et al., 2018). In 

contrast, studies using the same species in the Gulf of Mexico and California margin suggested a great 

susceptibility of the same CWC species to OA alone or in combination with warming and 

deoxygenation with decreased calcification rates, increased skeletal dissolution, and induced 

mortality (Brooke et al., 2013; Lunden et al., 2014; Georgian 2016; Kurman et al., 2017; Gómez et al., 

2018) potentially related to genotypic variability between CWC populations (Kurman et al 2017). 

Despite these differing physiological responses, coral framework supporting live reefs are susceptible 

to corrosive waters and will suffer chemical and biological dissolution (Hennige et al., 2015; Schönberg 

et al., 2017), possibly resulting in reef structure collapse under the predicted shoaling of the aragonite 

saturation horizon as a consequence of OA (Davies and Guinotte, 2011; Yesson et al., 2012; Perez et 

al., 2018). 

Furthermore, because of the short-term nature of the experimental work, it remains unclear whether 

CWC can be sustained indefinitely, as OA has been shown to affect coral metabolism (Hennige et al., 

2015; Gori et al., 2016) and up-regulate genes related to stress, immune responses, energy production 

and calcification (Carreiro-Silva et al., 2014). A key question has been the ability of CWC to resist OA 

under the reduced food conditions predicted for 2100. Records of CWC occurrences in undersaturated 

waters have been associated with areas of high primary productivity, leading to the hypothesis that 

increased food supply may compensate the extra necessary energy for CWC to survive under these 

undersaturation conditions (Thresher et al 2011; Baco et al 2017). Indeed, reduced food availability 

has been linked with reduced physiological performance (e.g. calcification and respiratory 

metabolism) and condition of CWCs (Naumann et al., 2011; Larsson et al., 2013; Büscher et al., 2017), 

although it has not been shown to increase calcification in carbonate undersaturation conditions 

(Maier et al., 2016; Busher et al., 2017). Nevertheless it is plausible that the metabolic costs of 

calcifying in extremely low carbonate conditions may become prohibitively expensive compromising 

coral survival (Carreiro-Silva et al 2014; Hennige et al., 2015; Maier et al. 2016). 
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In contrast to scleractinian CWCs, the impact of reduced calcite saturation states on octocorals has 

been little studied, but the limited experimental evidence suggests reduced calcification and growth 

of temperate octocoral Corallium rubrum (Cerrano et al., 2013) and reduced metabolism in the deep-

sea octocoral D. meteor (Carreiro-Silva et al unpublished information) suggesting that octocorals may 

be negatively affected by OA. To better understand the impacts of OA on coral garden forming 

octocorals in Azores, we performed an experiment testing the interactive effects of OA and food 

availability. Specific objectives of this experiment were to determine if and how food concentration 

alters the impacts of OA on the physiology of the tested species; and to assess the impact of OA on 

food uptake and food assimilation.  

The initial plan included testing the effect of predicted change OA using three scenarios, including a 

present day and two elevated CO2 levels; a median and the projected CO2 scenario in accordance with 

IPCC RCP8.5, the current CO2 trajectory for 2100. However, due to the limited laboratory space to 

accommodate for the high number of experimental tanks necessary for this experimental design and 

limited number of coral fragments available, it was decided to exclude the median OA scenario as it 

was considered more important to test for the ”business as usual scenario” IPCC RCP8.5  to test for 

the interactive effects of OA and food availability affecting coral garden communities in the future. 

 

Materials & Methods 

Sample collection Colonies of the octocoral V. flagellum were obtained from bycatch material caught 

during scientific longline fishing cruises (ARQDAÇO monitoring programme, University of the Azores) 

at Condor Seamount onboard of the RV “Arquipélago” in October-November 2018 from a depth 

ranging from 179 to 384 m. Α total of 19 colonies were collected, fragmented and maintained as 

described in 2.1.1.1. 

Data collected during field work missions in July 2018 to measure oxygen fluxes and total community 

OM mineralization of coral gardens in the Condor Seamount as part of D2.3 (WP2 Task 2.2) were used 

to simulate natural habitat conditions of V. flagellum in aquaria. Five water samples were collected 

with a 5L niskin bottle deployed at seabed using a hand held cable. Subsamples of 100 ml were 

collected in borosilicate flasks to determine total alkalinity (TA) while the rest of the collected 

seawater was filtered with 0.2 μm GFF filters (Whatman Glass microfiber filters) to estimate 

concentrations of particulate organic carbon (POC) in the coral garden. A CTD attached to the niskin 

bottle recorded data on Temperature (T) and salinity (S) which corresponded to 14 ± 0.6 ºC and 

36±0.214 respectively (full set of data provided in DL 2.3). Additional results for daily temperature 
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fluctuations obtained through the deployment of eddie correlation for DL 2.3 were also taken into 

account. These data were used to replicate environmental conditions in the aquaria experiments and 

estimate the pH values corresponding to the two experimental pCO2 scenarios. 

Experimental design A fully crossed factorial experimental design was used to test the interactive 

effect of OA and food availability. Two treatments manipulating pCO2 conditions were used: present 

day (~385 atm) and IPCC RCP8.5 scenario (1000 atm; IPCC, 2014), in combination with three food 

treatments (starved, low food availability, high food availability), resulting in 6 treatment 

combinations (Figure 29). 

 

Fig. 29: Experimental setup. (1) Continuous monitoring of pH conditions in storage tanks by Profilux 4; (2) 
Controlled addition of air filtered through soda lime in storage tank to increase pH in the low pCO2 treatment; 
(3) Controlled addition of CO2 in storage tank to decrease pH in the high pCO2 treatment; (4) Four water baths, 
two for each pCO2 treatment with 9 experimental aquaria each. Each experimental aquaria is assigned to one 
food treatment adding up to 6 experimental aquaria per crossed treatment. 

The experimental systems included two storage 150L tanks, which were constantly supplied with 

seawater pumped from 5m depth and passed through an ultraviolet filter system and subsequently 

through 1μm nylon filters. The two tanks were used to simulate two OA  scenarios referred above with 

two pCO2 levels ~385 atm 1000 atm, corresponding to pH values of 7.85 and 8.21 respectively (NBS 

scale). In order to achieve the two pCO2/pH values, the control tank was bubbled with CO2-free air, 

created by an air pump connected to soda-lime filters while the high pCO2/low pH tank was bubbled 

with pure CO2 (Figure 29). Bubbling in both tanks was controlled by a central controller (Profilux 4, 

GHL) connected to glass electrodes which continuously monitored the pH values in the two storage 

tanks. Each tank provided water continuously to 18 experimental aquaria, similar to the ones used in 

2.1.1 (Figure 5), which were placed in a total of four water baths, keeping temperature stable at 14.5 

± 0.5 ºC for each replicated aquaria per treatment. 
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A total of 36 fragments of V. flagellum were fragmented as described in 2.1.1.1 one month before the 

beginning of the experiment and were distributed to the 36 experimental aquaria. Seawater pH was 

gradually adjusted to the required levels within a week, time referred to as acclimatization week (Wac) 

and kept stable for another six weeks (W0-W6). During this period, conditions of the three food 

treatments referred above were recreated 5 days per week in the different aquaria: (1) In the starved 

treatment no food was provided; (2) in the Low Food treatment prey was provided in a concentration 

of 250 live rotifers/L and (3) in the High Food treatment, prey was provided in a concentration of 1500 

live rotifers/L. The low rotifer concentration treatment corresponds to carbon concentration of 1.60 

μmol C/L, which is close to the values of natural carbon levels estimated at Condor seamount (1.55 ± 

0.68 μmol/L;  D.L. 2.3) while the high concentration treatment corresponds to 10.12 μmol/L which is 

the highest value of carbon that could be achieved under laboratory conditions.  

Once every week, the provided prey was enriched with 13C and 15N, as described in 2.1.2.1. Water 

circulation was paused before prey provision and remained closed for approximately 6 hours, period 

which was considered as a food cycle. During prey provision a continuous laminar flow with speed of 

6 cm/sec was created in each aquaria by using 113 heavy duty motors (see 2.1.1.1). After the end of 

the food cycle, all aquaria were cleaned by siphoning and water replacement of least 2/3 of the initial 

volume in order to remove any non-consumed prey. 

Temperature pH and salinity in all aquaria were measured manually every day using a Mettler-Toledo 

S8 glass electrode and S30 SevenEasyTM conductivity meter which were calibrated every other day. 

Water samples for TA  were collected once per week and analyzed using a spectrophotometric method 

(Dionísio et al., 2017; adapted from Sarazin et al., 1999) with an estimated error of 0.8 - 4%. Levels of 

phosphorus (P), Silica (S) and Nitrite (NO3) were also monitored by taking water samples once a week. 

Seawater carbonate chemistry parameters (Table 2) were calculated from the measured TA and pH at 

the average experimental water temperature and salinity using the program CO2SYS (Lewis and 

Wallace 1998) with the thermodynamic constants of Mehrbach et al. (1973) as refitted by Dickson and 

Millero (1987). 

In order to assess the physiological response of the target species to the experimental treatments, the 

following rationale was adopted: coral activity was assessed to determine if fragments were able to 

actively feed on the provided prey, prey capture was used to monitor the amount of captured prey 

and subsequently oxygen consumption, Dissolved Inorganic Carbon excretion (DIC), nutrient 

excretion, and growth were determined to assess the fate of the ingested prey under the different 

pCO2 treatments. Coral activity was measured twice per day, 1h after feeding and 1h before the end 

of the feeding cycle. Fragments were considered open if at least one polyp was extended and closed 
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if all polyps were retracted. Prey capture was estimated by counting prey in water samples that were 

taken at the beginning and at the end of the feeding cycle in three aquaria from each crossed 

treatment twice a week. Only aquaria with open fragments were used for the prey capture estimates. 

Samples were taken and counted as described in 2.1.1.1. Measurements of oxygen consumption, DIC 

excretion and nutrient excretion were performed in closed-cell incubations at the end of each 

experimental week, right after the end of the feeding cycle, following procedures described in 2.1.2.1. 

Determination of bulk DIC fluxes, i.e. the amount of carbon respired, was not possible as DIC 

concentrations did not change significantly between the beginning and end of incubations. However, 

the samples were used to estimate tracer C respiration, which corresponds to the amount of carbon 

ingested through the isotopically enriched prey and subsequently respired, by multiplying DIC by its 

relative enrichment in 13C according to Maier et al., (2019). To estimate potential growth, images were 

taken at four sides of each fragment with a scale and processed with the software Image j in order to 

provide estimates of polyp number and surface. Moreover, at the end of the experiment fragments 

were collected, freeze-dried and processed in order to assess tracer incorporation. Calculations for 

tracer incorporation and tracer C respiration were made as described in 2.1.2.1. Herein, we present 

results on coral activity, prey capture, oxygen consumption as well as preliminary results on C tracer 

respiration, with the rest of the variables pending further analysis. 

Statistical analysis Generalized Linear Models (GLMs) were used following the procedure described 

in 2.1.1.1. Two approaches were followed: the first approach focused on general means of all 

experimental weeks, in order to examine overall effects of the experimental treatments, and the 

second approach focused on data within food treatments, to study time trends without compromising 

statistical power. 

 

Results & Discussion 

Parameters of seawater carbonate chemistry during the course of the experiment pooled for the 

different food treatment levels are presented on Table 11. 
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Table 11: Seawater carbonate chemistry parameters (mean ± sd) determined for each experimental week in the 
two pCO2 treatments (control: 400 ppm; high: 1000 ppm) pooled for the different food treatment levels. 
Temperature, salinity, pH (pHNBS) and Total alkalinity (TA) were monitored during the experimental period and 
all the other parameters (Dissolved Inorganic Carbon (Tc02) and Aragonite saturation (ΩAR) were calculated. 
Temperature was kept constant at 14.5 ± 0.5 and salinity at 36 ± 0.4 

Experimental 
Week 

pHNBS TA(μmol/kg-1) TCo2(μmol/kg-1) ΩAr 
400 
ppm 

1000 
ppm 

400 
ppm 

1000 
ppm 400 ppm 

1000 
ppm 

400 
ppm 

1000 
ppm 

W1 
8,19±0

.01 
7,85±0

.01 
2386.5

±54 
2412.9

±29 
2143.17±

44.6 
2316,31

±24 
2,66±0

,12 
1,36±1

.41 

W2 
8,17±0

.02 
7,86±0

.03 
2228.6

±58 
2318.8

±72 
2006.15±

43.7 
2220,85

±58 
2,38±0

,14 
1,34±1

.47 

W3 
8,18±0

,02 
7,86±0

.01 
2337.4

±34 
2508.7

±59 
2102.68±

21.5 
2406,14

±53 
2,55±0

,14 
1,45±1

.51 

W4 
8,18±0

.02 
7,86±0

.01 
2388.6

±54 
2463.7

±88 
2150.33±

39.4 
2362,23

±81 
2,62±0

.16 
1,42±1

.50 

W5 
8,20±0

.01 
7,85±0

.01 
2445.4

±33 
2495.1

±58 
2192.58±

25.4 
2396,61

±52 
2,78±0

.09 
1,41±1

.48 

W6 
8,20±0

,01 
7,85±0

.01 
2402.6

±43 
2481.4

±42 
2152.84±

34.8 
2383,23

±36 
2,73±0

.1 
1,40±1

.46 

 

Under the control pCO2 treatment, significantly higher proportion of fragments were closed in the 

starved treatment compared to the other two food treatments (Figure 30). Under the high pCO2 

treatment, however, no statistically significant difference was observed among food treatments. 

Within the high and low food treatments, more closed fragments were observed under the high pCO2 

treatment (Figure 30). The inverse pattern was observed under the starved treatment, with the 

percentage of closed fragments with closed polyps being significantly higher in the control pCO2 

treatment. Overall, there was high variability in all the experimental treatments, as highlighted by the 

large standard deviation in Figure 30.  
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Figure 30: Coral activity of fragments of the octocoral Viminella flagellum expressed as percentage of fragments with closed 
polyps under two pCO2 treatments (control: 400 ppm; acidified: 1000 ppm) and three food treatments (High food 
concentration: HIGH, low food concentration: LOW; starved: STAR) 

Great variability was detected in the time patterns among the three food and pCO2 treatments. Within 

the high food treatment, the percentage of closed fragments was significantly higher under the high 

pCO2 treatment except on week 4 where the opposite pattern was observed (Figure 31). Under the 

low food treatment, there were no statistical differences among the two pCO2 treatments, except for 

week 3 when the percentage of closed fragments was much higher under the high pCO2 treatment. 

Lastly, under the starved food treatment there were fluctuations with the percentage of closed 

fragments reaching a maximum in week 4 for the control pCO2 treatment and in week 2 for the high 

pCO2 treatment, after which it started decreasing again (Figure 31). 
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Figure 31: Coral activity of fragments of Viminella flagellum expressed as percentage of closed fragments under two pCO2 
treatments (control: 400 ppm; acidified: 1000 ppm) and three food treatments (High food concentration: HIGH, low food 
concentration: LOW; starved: STAR) for each of the experimental weeks (W1-W6). 

The average initial concentrations for the high food treatment were 17780,6 ± 3932 prey/L and 17700 

± 4995 prey/L in the high and control pCO2 treatment respectively while for the low food treatment 

they were 2595 ± 803.6 prey/L and 2561 ± 643.7 prey/L respectively. The error in recreating the 

desired food concentration was higher in the high food treatment, reaching levels of 20% in 

comparison to the low food treatment were the error was on average 8%. However, the initial 

concentrations did not differ significantly between the two pCO2 treatments. Fragments consumed on 

average 38.85 ± 18.13 % of the provided prey in the high food treatment and 75.91 ± 18.21 % of the 

provided prey in the low food treatment in both PCO2 treatments. However, standardized captured 

prey (i.e. capture divided by fragment dry weight, Fig. 32) was significantly higher for the high food 

treatment compared to the low food treatment. As a result, fragments in the high food treatment 

captured on average 27.8 % more prey than fragments in the low food treatment. 

Standardized prey capture, reached 2286.12 prey/g coral DW/h corresponding to 14.73 μmol C/g 

DW/h in the high food treatment compared to 747.17 prey/g coral DW/day corresponding to 4.81 

μmol C/g DW/day in the low food treatment. High variation in the amount of captured prey was 

observed among coral fragments, especially when standardized with coral DW (Fig. 4). Although 

capture seemed to increase for fragments under high food and high pCO2 conditions over the 

experimental time period (Fig. 32), percentage capture was not significantly different among pCO2 

treatments and fluctuations in standardized capture throughout time in both pCO2 treatments (Fig. 

32) were also not statistically significant. Both statistical results might be due to the very high variation 

observed among coral fragments. 
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Figure 32: Standardized captured prey (prey/coral DW) of fragments of Viminella flagellum under two pCO2 treatments 
(control: 400 ppm; high:: 1000 ppm) and two food treatments (High food concentration: HIGH, low food concentration: 
LOW). 

 

 

Figure 33: Standardized captured prey (prey/coral DW) of fragments of Viminella flagellum under two pCO2 treatments 
(control: 400 ppm; acidified: 1000 ppm) and two food treatments (High food concentration: HIGH, low food concentration: 
LOW) for each of the experimental weeks (W1-W6). 
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Oxygen consumption was higher in the high pCO2 treatment under low food and starved conditions, 

but it was not statistically significant between pCO2 treatments under high food conditions (Fig. 34). 

Although a peak in oxygen consumption was observed in week 5 in all treatments (Fig. 35), statistical 

analysis revealed that oxygen consumption fluctuations over time within each food treatment were 

not statistically significant, owing to the large observed variability. 

 

Figure 34: Oxygen consumption of fragments of Viminella flagellum under two pCO2 treatments (control: 400 ppm; acidified: 
1000 ppm) and three food treatments (High food concentration: HIGH, low food concentration: LOW; starved: STAR). 

 

Figure 35: Oxygen consumption of fragments of Viminella flagellum under two pCO2 treatments (control: 400 ppm; high: 1000 
ppm) and three food treatments (High food concentration: HIGH, low food concentration: LOW; starved: STAR) for each of 
the experimental weeks (W1-W6). 
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Tracer C respiration displayed overall higher levels in the high pCO2 treatment (Figure 36) which were 

more pronounced and statistically significant in the high food treatment. Fragments under the low 

food treatment displayed higher values of tracer C respiration in comparison to the high food 

treatment, especially in the control pCO2 treatment (Figure 36). However, under the high pCO2 

treatment this difference was not statistically significant. No significant trend in tracer C respiration 

was detected over time (Figure 37). 

 

Figure 36: Tracer C Respiration of fragments of Viminella flagellum under two pCO2 treatments (control: 400 ppm; acidified: 
1000 ppm) and three food treatments (High food concentration: HIGH, low food concentration: LOW). 

 



ATLAS                                                                                                                                      Deliverable 2.2 
 

67 
 

 

Figure 37: Tracer C respiration of fragments of Viminella flagellum under two pCO2 treatments (control: 400 ppm; acidified: 
1000 ppm) and three food treatments (High food concentration: HIGH, low food concentration: LOW for each of the 
experimental weeks (W1-W6). 

Polyp expansion in cnidarians facilitates prey capture and handling, increases oxygen and waste 

product diffusion and exposes potential symbionts to light, e.g. in the case of symbiotic corals (Bell et 

al., 2006). Contraction, on the other side, is used as a protection against predators and as a mechanism 

to reduce oxygen, waste product diffusion and overall metabolic rates (Swain et al., 2015). Therefore, 

polyp activity is a vital process for the survival and metabolic function of octocoral species. A number 

of studies report increased contraction of anthozoans under non-optimal environmental conditions. 

In the case of octocorals, examples include Mediterranean octocorals which displayed increased polyp 

contraction under low pH (Cerrano et al., 2013) and high temperature (Previatti et al., 2010). Similarly 

to the species in these studies, it is likely that V. flagellum displayed higher percentages of closed 

fragments in the high pCO2 treatment as a defensive response or in an attempt to lower its metabolic 

rates, as it is also suggested by the provided data on oxygen consumption. Moreover, the behaviour 

observed in fragments in the starved treatment may be indicative of an energetic trade-off between 

the processes of retraction and expansion: the absence of food during W1 forced more and more 

fragments to choose retraction, possibly reducing their metabolic rates, while during the last three 

weeks of the experiment an increasing percentage of fragments returned to expansion, possibly in 

search for food or due to accumulation of metabolic byproducts. 

Exposure to acidification has been shown to cause a variety of impacts on the metabolism of marine 

invertebrate species (Pörtner et al., 2004). Invertebrates subjected to suboptimal environmental 

conditions such as lower pH are expected to display high metabolic energy demands in order to 
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maintain vital processes such as the acid-base regulation in extracellular and intracellular fluids (Lannig 

et al., 2010). One way to compensate for such demands is to increase food intake which was clearly 

not the case for the fragments of V. flagellum. Another strategy is to enter metabolically slower or 

depressed stages, which decreases physiological performance and can be reflected in lower oxygen 

consumption and growth rates (Pörtner 2004; Lannig et al., 2010). Moreover, acidification not only 

can cause metabolic depression but also shifts in metabolic processes such as protein synthesis 

(Pörtner et al., 2004) and protein catabolism (Zhao et al., 2017). 

Viminella flagellum displayed a decrease in coral activity under acidified conditions which can 

consequently lead to lower energy input, however main metabolic rates such as oxygen consumption 

and tracer C respiration remained stable or even increased under acidified conditions. The increased 

oxygen consumption and tracer C respiration observed under acidified conditions are indications of 

increased metabolic demands. Moreover, changes in oxygen consumption and tracer C respiration 

were uncoupled: tracer C respiration increased in both food treatments (Figure 36) under acidified pH 

but oxygen consumption increased only in the low food treatment (Figure 34). The ratio of CO2 to 

oxygen production, known as respiratory quotient, can be considered as an index of the substrate 

used to produce energy (Hatcher, 1989). When aerobic respiration oxidizes carbohydrates, it results 

in an equal ratio of CO2 release and oxygen consumption but when proteins or lipids are used to 

produce energy, less CO2 is released for the same volume of consumed oxygen, leading to lower ratios 

of respiratory quotient. Estimates of oxygen consumption can consist an overall sum of various energy 

consuming processes, complicating precise estimates and interpretation of the respiratory quotient 

(Lannig et al., 2010). In addition, in the present study it was not possible to determine bulk DIC 

respiration (see materials and methods). Nevertheless, the uncoupling between the patterns in tracer 

C respiration and oxygen consumption in the case of V. flagellum fragments under acidified conditions 

is a strong indication of a change in metabolic processes among fragments in the two food treatments. 

Further analysis of the collected data is needed to provide insights to these changes. 

Responses to OA seem to be case-specific, depending on the taxa, species, life history stage, location, 

or even depth (Kroeker et al., 2010; Kroeker et al., 2013; Georgian et al., 2016). A number of studies 

have investigated the impacts of OA on cold-water scleractinians, reporting decrease in respiration 

rates (Hennige et al., 2014), up-regulation of stress and immune related genes (Carreiro-Silva et al., 

2014) and differential responses regarding growth (Movilla et al., 2014) and calcification (Buscher et 

al., 2017; Maier et al., 2009). Only a few studies have focused on cold-water octocorals, including 

mainly work on the red coral C. rubrum in the Mediterranean (Cerrano et al., 2013; Bramanti et al., 
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2013). To our knowledge, this is the first study providing detailed insights to the combined effects of 

OA and food availability on the metabolism and growth of a cold-water octocoral. 

Cold-water octocorals are fundamental players in deep-sea communities in the North Atlantic and 

especially in the Azores Archipelago where coral gardens constitute the major CWC habitat (Braga-

Henriques et al., 2013). In these communities cold-water octocorals increase habitat complexity which 

has been marked as a fundamental element in marine communities with high biodiversity (Levin et 

al., 2001) and therefore high level ecosystem functioning (Danovaro, 2008). Negative impacts of 

acidification on the species physiology, such as the one described for V. flagellum, may not directly 

affect their survival but are expected to impact other processes such as long-term growth and 

reproduction with possible detrimental effects on the population level (Portner et al., 2004). 

Furthermore, such impacts are expected to affect the ecological performance of the species which in 

the case of habitat formers can lead to cascading negative effects on the whole community. 

 

3.3 Ecotoxicological studies on the sponge Halichondria panicea 

Authors: Johanne Vad, Theodore B. Henry, Murray Roberts 

Little is known about the capacity of sponges to cope with environmental stressors such as chemical 

pollution. Sponges high filtration rates mean that they can bioaccumulate a range of chemicals 

including polycyclic aromatic hydrocarbons (PAHs) (Batista et al., 2013; Mahaut et al., 2013), 

polychlorinated bisphenyls (Gentric et al., 2016) and metals (Olesen and Weeks, 1994; Berthet et al., 

2005). While this has led to research on sponges for biomonitoring purposes (Châtel et al., 2011; 

Batista et al., 2013; Mahaut et al., 2013; Gentric et al., 2016), the biological impacts of contaminants 

in sponges, including petroleum hydrocarbons, have remained poorly understood. PAHs have been 

shown to inhibit sponge Crambe crambe larvae settlement (Cebrian and Uriz, 2007). Furthermore, 

exposure to the PAH Benzo[a]Pyrene (BaP) induced DNA damage in Tethya lyncurium (Zahn et al., 

1981, 1983). Activation of the mitogen-activated protein kinases (MAPK) cell signalling pathway has 

also been detected in Suberites domuncula exposed to diesel contaminated seawater (Châtel et al., 

2011). However, further studies are needed to better understand the physiological impacts in sponges 

of petroleum hydrocarbons that can occur, at high concentrations, during an accidental spill. 

To study the impact of oil and dispersants on sponges in a laboratory environment, water 

accommodated crude oil fractions (WAFs) and chemically enhanced WAFs (CEWAFs) should be used. 

WAF is defined as a laboratory solution produced by mixing crude oil and seawater with limited energy 

(slow stirring speed without the formation of a vortex) (Aurand and Coelho, 2005). The resulting 
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solution should be free of visible oil droplets (Aurand and Coelho, 2005).  CEWAF is defined as a 

laboratory solution obtained by mixing crude oil, chemical dispersant and seawater with medium 

energy (medium stirring speed with small vortex formation) (Aurand and Coelho, 2005). The resulting 

solution can contain small oil droplets in suspension (Aurand and Coelho, 2005). No study to date has 

yet investigated the impact of crude oil WAF and CEWAF on sponges.  

Amongst temperate shallow-water sponges, Halichondria panicea is a species that has been more 

widely studied. Early publications have described H. panicea seasonal growth rate, silica uptake, 

reproduction and physiology (Barthel, 1986, 1988; Riisgard et al., 1993; Thomassen and Riisgaard, 

1995; Frøhlich and Barthel, 1997; Schönberg and Barthel, 1997; Osinga et al., 1999) while later work 

focussed on the bacterial community associated with this sponge species (Althoff et al., 1998; Wichels 

et al., 2006; Schneemann et al., 2010). The relationship between H. panicea and its environment and 

how the sponge interacts with other organisms such as mussels and nudibranchs have also been 

investigated (Knowlton and Highsmith, 2005; Khalaman and Komendantov, 2016; Khalaman et al., 

2017). More recently H. panicea’s diet, filtration rate and dynamic osculum behaviour have also been 

researched (Riisgård et al., 2016; Kumala et al., 2017). Some information on the sponge tissue 

organisation is also available (Eerkes-Medrano et al., 2015). Furthermore, the impact of cadmium 

pollution on H. panicea physiology has been studied (Olesen and Weeks, 1994). Widely present in 

Scotland at intertidal depth (Ackers et al., 2007), H. panicea is easy to sample and therefore constitutes 

an ideal model sponge species to use in experimental work. The objective of the experimental work 

presented here was therefore to determine the physiological impacts of WAF and CEWAF on the 

marine shallow-water sponge H. panicea. 
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Materials and Methods 

Sample collection H. panicea samples were collected at Coldingham bay, located 80 km to the south 

of Edinburgh, Scotland. H. panicea can easily be found in the bay, at low tide, colonising rocks 

underneath kelps where it grows in a yellow-green encrusting/cushion morphotype (Figure 38ABC). 

Sponges were carefully removed with a scalpel from the rocks and placed into sampling bags filled 

with freshly collected seawater. Upon return to the University of Edinburgh, samples were kept in 

retention tanks in a cold-room at 10° C, for up to three weeks, prior to the. Surface seawater were 

also collected at Coldingham bay to be used for the preparation of treatment solutions. Upon return 

to the University of Edinburgh, the seawater samples were also kept in a cold-room at 10° C and 

aeration was provided until the samples were needed. 

Experimental apparatus To conduct exposure experiment with H. panicea, bespoke incubation 

chambers in a flow-through experimental apparatus were used. In total, 16 chambers of 750 mL of 

volume were manufactured. The chambers were made of a beaker of 80 mm in diameter in tempered 

glass while the lid was constructed of PTFE (Figure 39A).  Each subset of four incubation chambers 

could be placed onto a holding plate and the lids could be locked onto the chamber by tightening a 

metal panel with bolts placed above the lid (Figure 39B). A water-proof magnetic rotor column was 

attached to the centre of each holding plate. This magnetic rotor column enabled the magnetic stirrers 

attached to the lids of the four chambers placed around the column to move (Figure 39B). Each lid 

was also equipped with a Presens sensor spot (Presens Precision Sensing GmbH, Germany) enabling 

direct respiration measurement without the need to transfer the sponge into respiration chambers as 

well as inflow and outflow valves. The inflow valves were fitted with inner PTFE tubing so that inflow 

water entered from the lower half of the chamber (Figure 39AB). 

Figure 38: Halichondria panicea from Coldingham bay. (A) H. panicea colonising a rock collected from coldingham bay (B) 
Sample in incubation chamber (C) Close-up of healthy H. panicea with three oscula. 
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Figure 39: Incubation chambers and experimental apparatus. (A) Incubation chamber with (1) locking system, (2) 
inflow PTFE tube and (3) magnetic stirrer. (B) Holding plate with four incubation chambers. At the centre of the 
plate, a waterproof magnetic rotor column controls the magnetic stirrers in the four adjacent chambers. (C) 
Experimental apparatus with (1) Duran® bottles containing the treatment solutions, (2) Marine ColorTM 
peristaltic pumps, (3) incubation chambers on holding plates and (4) used seawater collection bucket. 

Chambers were connected through PTFE tubing to three six-channel Marine ColorTM peristaltic 

pumps (Figure 39C). Each channel of the peristaltic pumps was itself connected back to a one litre 

Duran® bottle containing the relevant treatment solution (Figure 39C). Air bubbling was provided into 

the Duran® bottle through PVC tubing connected to glass Pasteur pipettes so that the treatment 

solutions were only in contact with the glass pipette. Flow was set at 750 mL per 24 h to allow replenish 

the chamber every day. 

Experimental design To investigate the impact of WAF and CEWAF on H. panicea physiology, two 

types of experiments were conducted: a single concentration experiment and two dose-response 

experiments. In the single concentration experiment, sponge samples were exposed to WAF (1 g/L of 

oil), CEWAF (1 g/L of oil with dispersant) and BaP (10 ppb as described in Zahn et al., 1983) dissolved 

in DMSO for 48 h (three replicates per treatment). Sponge samples were also kept in two control 

conditions: seawater and DMSO (three replicates per condition). Sponges were placed in the 

incubation chambers described above and left to acclimatise for 48 h before starting the exposure. 
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Sponges were then exposed for 48 h to the relevant treatment solution. Clean seawater was pumped 

back into the chambers for another 48-hour period before the end of the experiment. Dose-response 

experiments were also conducted during which sponges were exposed to increasing nominal 

concentrations of crude oil (WAF dose-response) or crude oil and dispersants (CEWAF dose-response) 

for 48h. For both treatments, the nominal oil loading ranged from 0.01 g/L to 10.0 g/L of oil. Sponges 

were placed in their chambers and left to acclimatise for 48 h before exposure, as for the single 

concentration experiment. The sponges were then exposed to their treatment for 48 h after which 

the experiments were terminated. 

Treatment preparation In all experiments presented in this thesis, Schiehallion crude oil (BP) and 

dispersant Slickgone NS (Dasic International) were used. Schiehallon crude oil is produced at 

Schiehallion oil field in the Faroe-Shetland channel and was provided by BP. The crude oil is 

characterised by an American Petroleum Institute gravity of 25.2, a sulphur content of 0.46 % and a 

viscosity of 67 centistokes (cST) at 20°C (BP, 2017). Slickgone NS, provided by the Oil Spill Response 

Limited, is one of the dispersants approved for use by the United-Kingdom Marine Management 

Organisation and is listed for potential use in the Faroe-Shetland channel in the case of a spill (BP, 

2014; Marine Management Organisation, 2018). 

The chemical response to oil spills ecological research forum (CROSERF) protocol, which allows for the 

preparation of WAF and CEWAF at different nominal oil loadings, was followed (Aurand and Coelho, 

2005). For the single concentration experiment, WAF at 1 g/L of oil loading and CEWAF at 1 g/L of oil 

loading were prepared. For the dose-response experiments, WAFs and CEWAFs at 0.01, 0.03, 0.05, 

0.1, 0.5, 1.0, 2.5, 3.5, 5, 7.5 and 10.0 g/L oil loadings were prepared. The amount of crude oil added to 

seawater was first weighed. A glass syringe was used to sample and transfer the crude oil to a Duran® 

bottle filled with one litre of seawater. The glass syringe was weighed before and after the transfer to 

determine the exact weight of oil added to the seawater. When preparing CEWAF, dispersant was 

applied after the addition of the oil to the seawater at a volume ratio of 1:10 as advised by the 

manufacturers (Dasic International OSD Limited, 2018). The mixture was then mixed for 18 hours using 

a magnetic multi-plate stirrer at low (for WAF) or medium speed (for CEWAF). At the end of the 18 h 

mixing time, solutions were left to settle for three hours and the water fraction was then carefully 

removed and used in the experiments. 

BaP (positive control) and dimethyl sulfoxide (DMSO) (negative control along with seawater) solutions 

were also prepared for the single concentration experiment. A stock solution of BaP in DMSO at a 

concentration of 0.1 g/L was first prepared. For the BaP treatment solution, 100 µL of stock solution 

was then added to 999.9 mL of seawater prior to the use in the experiment (no mixing time was 
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allowed for this treatment). The same volume of DMSO only was also added to seawater in the DMSO 

only treatment. 

Sponge volume determination The volume of each sponge sample, to be used for the normalisation 

of the respiration and clearance rate, was determined at the end of each experiment. The thickness 

of the sample was measured directly with a calliper. A photography was then taken of each sample 

and the freely available software Fiji was used to determine the surface area of the sample (Schindelin 

et al., 2012). Surface area was then multiplied by the thickness to determine the sponge volume. For 

this technique to be precise, the thickness of the tissue needs to be homogenous throughout the 

sample. H. panicea present at Coldingham Bay are of an encrusting morphotype, with little variation 

in the layer thickness. Standardisation to the volume is therefore here applicable and was chosen even 

though standardisation to other parameters, such as carbon content, could have also been 

considered. 

Respiration rate measurements Respiration rate was determined by analysing the decrease in O2 

over time in each chamber. Concentration of O2 in each chamber was measured every 15 seconds 

during two hours using Presens sensor spots connected to Oxy-4 optodes (Presens Precision Sensing 

GmbH, Germany). A two-hour time period was enough to detect a significant change in O2 

concentration in the respiration chamber. Stirring in the chambers was kept active during the 

measurement time but the inflow and outflow were closed so no fresh input of seawater was added. 

To account for microbial respiration in the seawater, blank measurement of respiration in seawater 

and treatment solutions were also determined in empty chambers. %O2 was converted to µmol/L 

using the R package presens (Birk, 2016). Sponge respiration rate were then determined using the 

following formula: 

Respiration rate=(〖Resp〗_Chamber-〖Resp〗_blank)/V_sponge 

where Respchamber is the respiration rate determined in the chamber with a sponge, Respblank is 

the respiration rate determined in the blank chamber without a sponge and Vsponge the volume of 

sponge tissue (determined at the end of the experiment). 

Clearance rate measurements Clearance rate is an estimation of the amount of water filtered by the 

sponge per unit of time and per unit of sponge volume and can be used as a proxy for filtration rate. 

To determine clearance rate, Isochrysis Instant Algea® (Reed Mariculture, California) diluted solution 

was added to each chamber and the sponges were left to filter for two hours. Stirring in the chambers 

was kept active during the measurement time but the inflow and outflow were closed so no fresh 

input of seawater was added. Water samples were collected every 20 minutes and algae cell 
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concentrations were determined through total absorbance measurements. Clearance rates for each 

sample was calculated as follows (De Goeij et al., 2008): 

Clearance rate=((V_water/t)  ln⁡(C_0/C_t ))/V_sponge 

where Vwater is the volume of water in the chambers, t the time of incubation, C0 and Ct the initial 

and final concentration of algae in the chamber and Vsponge the volume of sponge tissue. 

Statistical analysis To determine if treatment influenced respiration and clearance rates during and 

after exposure in our single concentration experiment, a repeated-measure Analysis of Variance 

(ANOVA) was carried out with Rstudio (R Core Team, 2017). Using the R package lme4 (Bates et al., 

2015), a linear mixed-effect model was fitted to each data set with treatment, time, treatment*time 

as fixed explanatory factors and individual sponge as a random effect. Residual normal distribution 

and sphericity was checked graphically. To determine the effect of increasing oil loading in WAF and 

CEWAF solutions on respiration and clearance rate (dose-response experiments), a dose-response 

analysis was performed using the package drc (Ritz et al., 2015). A dose-response model was fitted to 

each dataset (respiration and clearance) using a Weibull 1 three parameter (upper asymptotic limit, 

slope and ED50) function with treatment as a grouping factor. As controls from WAF and CEWAF 

experiments did not statistically differ from each other, the model was constrained to a single 

asymptotic limit while slope and ED50 were estimated independently for each treatment. A lack-of-fit 

test and no effect test were then carried out to determine if the models were significant. Further 

comparison of significant parameters between treatments was also carried out using the package drc 

(Ritz et al., 2015). 

Results and Discussion 

Gross observations All H. panicea samples kept in control conditions survived the experiments, 

appeared healthy and still displayed their natural sharp yellowish green colours at the end of the 

experiments.  Furthermore, all H. panicea samples survived the 48 h exposure to DMSO, BaP and WAF 

during the single concentration experiment and the 48 h exposure to WAF in the dose response 

experiments (at all oil loadings). These samples also appeared healthy as no signs of external tissue 

damage could be detected, and their colour remained unchanged until the end of the experiments. 

When considering the CEWAF treatment, all sponges survived the exposure in the single concentration 

experiment (1g/L of oil with dispersant). However, some samples exposed to the highest oil loading in 

the CEWAF dose response experiment showed significant rapid external tissue decay, displaying 

patches of dark tissue and died within the first 24 h of the total 48 h exposure. Specifically, sponges 
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exposed to 3.5 g/L, 7.5 g/L (one of the two replicates survived) and 10 g/L of oil with dispersant did 

not survive the exposure. 

Single concentration experiment Respiration rates between individuals across the single 

concentration experiment varied greatly. Overall, respiration rate ranged from 0.6 (BaP ind. 1 after 

exposure) to 35.3 µmol cm-3 hour-1 (Control ind. 3 during exposure) (Figure 40). No clear pattern could 

be determined (Figure 40) and no statistical differences between treatment (p-value=0.34), time (p-

value =0.53) or time*treatment (p-value =0.89) were detected by the repeated-measures ANOVA 

(Table 12). Clearance rates also varied between individuals and throughout the single concentration 

experiment, but a clear pattern could be detected in these data (Figure 40). 

 

 

Figure 40: Physiology results of the single concentration exposure experiment. In the first panel, full symbols 
represent control sample measurements whereas empty symbols represent DMSO sample measurements 

A sharp decrease in clearance rate was measured in all samples exposed to WAF, CEWAF and BaP 

during the exposure and the clearance rate remained low 48 h after the end of the exposure (Figure 
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40). All values measured in samples in control and DMSO conditions across the experiment as well as 

in samples before exposure in hydrocarbon treatments ranged between 0.5 (Control ind. 3 before 

exposure) and 4.9 cm3 cm-3 min-1 (WAF ind. 3 before exposure). In the hydrocarbon treatment 

conditions (WAF, CEWAF and BaP) during and after exposure, clearance rate decreased to a minimum 

of 0.1 cm3 cm-3 min-1 (WAF ind. 1 after exposure). Time (p-value=1.61e-08) and Treatment*Time (p-

value=3.01e-05) appeared as strongly statistically significant in the repeated-measures ANOVA (Table 

12). 

 

Table 12: Results of the repeated-measures analysis of variance (ANOVA) on respiration and clearance rates from the single 
concentration exposure experiment. Element in bold highlight statistical differences 

Response Variable Explanatory variable χ2 Degrees of Freedom Pr(>χ2) 

Respiration rate 

Treatment 4.4808 4 0.3448 

Time 0.3949 1 0.5298 

Treatment*Time 1.1318 4 0.8892 

Clearance rate 

Treatment 0.8513 4 0.9314 

Time 31.9094 1 1.615e-08 

Treatment*Time 26.1080 4 3.010e-05 

 

Dose-response experiments Physiological data gathered in the dose-response exposure experiments 

were in accordance with the data collected during the single concentration experiment. Respiration 

rate varied across individuals in both the WAF and CEWAF experiments and ranged from 1.1 (7.5 g of 

oil/L with dispersant) to 22.9 µmol cm-3 hour-1 (1 g of oil/L) (Figure 41). No clear pattern was detected 

in the data (Figure 41) and no dose-response models appeared to fit the data or to detect any effect 

of oil loading on respiration rate. Clearance rate rapidly decreased with increasing oil loading in both 

the WAF and CEWAF dose-response experiments (Figure 41). Clearance rate in control conditions 

varied from 0.3 to 5.5 cm3 cm-3 min-1 across WAF and CEWAF experiments. The lowest clearance rate 

in the WAF exposure only reached 0.3 cm3 cm-3 min-1 (at 10 g of oil/L) while the lowest clearance rate 

measured in the CEWAF experiment dropped to 0.01 cm3 cm-3 min-1 (at 5 g of oil/L with dispersant). 
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Overall clearance rates in samples exposed to CEWAF were lower than those measured in samples 

exposed to WAF at the same oil loading. All coefficients of the Weibull 1 log-logistic dose response 

model (slope, upper asymptotic limit and ED50) were statistically significant (Table 39). The model 

fitted the data well (lack of fit test p-value=0.84) and a dose effect on clearance rate was statistically 

significant (p-value=6.4e-07) (Table 32).  CEWAF ED50 (0.04 g/L of crude oil with dispersant) differed 

statistically from WAF ED50 (1.56 g/L of crude oil), however the slopes for each dataset did not differ 

significantly (Tables 12 and 13). 

 

 

Figure 41: Dose-response physiology measurements. WAF measurement are in black dots and CEWAF measurements are in 
red squares. The clearance rate dose-response model is plotted in black for WAF samples and in red for CEWAF samples. 
Ribbons around each curve represent the confidence intervals 
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Table 13: Results of the dose-response model applied to clearance rate from the dose-response experiments. 
Elements in bold highlight statistical differences 

Parameters estimates 

 Estimate  Std Error t-value p-value 

Slope WAF 0.369172 0.120051 3.0751 0.000104 

ED50 WAF 1.560996 0.482497 3.2458 0.003609 

Slope CEWAF  0.326211 0.076470 4.2659 <2.2e-16 

ED50 CEWAF 0.043311 0.018123 2.3910 0.021145 

Upper Asymptote 2.229147 0.070923 31.4304 0.002242 

Lack Of Fit Test 

Model Degrees of Freedom RSS Degrees of Freedom F-value p-value 

44 31.901 17 0.6226 0.8446 

No Effect Test 

 χ2 test Degrees of Freedom p-value  

 3.431826e+01 4 
6.411789e-

07 
 

 

Table 14: Results of parameter comparison tests between dose-response model estimates. Elements in bold highlight 
statistical differences. 

Parameter compared Estimate  Std Error t-value p-value 

ED50 0.027668 0.045363 -21.434 <2.2e-16 

Slope 0.88363 0.87114 -0.3458 0.7311 
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Implication for future work 

Both respiration rate and clearance rate were measured during the exposure experiments conducted 

in this study but only clearance rate was impacted by exposure to hydrocarbons. Respiration rates 

from the single concentration experiment and the dose-response experiments were highly variable 

and did not seem to change with exposure to hydrocarbons. The high variability seen in these 

measurements is, however, in accordance with the literature available for H. panicea (reviewed in 

Osinga et al., 1999). Clearance rates measured in both the single concentration experiment and in the 

dose-response experiments also displayed high inter-individual variability, which is in accordance with 

literature available for other encrusting sponges (De Goeij et al., 2008). However, in contrast to 

respiration rate, clearance rate decreased sharply in sponges exposed to WAF or CEWAF, even at low 

oil loading. A decrease in filtration rate was also observed in H. panicea exposed to cadmium (Olesen 

and Weeks, 1994), showing that this appears to be a typical physiological response to pollutants in H. 

panicea. Concentration of cadmium over 100 µg/L led to longer term filtration loss with filtration rate 

remaining low for several hours after exposure (data only available for 4 h in the study) (Olesen and 

Weeks, 1994). This is also in accordance with observations made in the single exposure experiment 

where sponges exposed to hydrocarbon treatments (WAF, CEWAF and BaP) displayed lowered 

clearance rate even 48 h after the end of the exposure. It is likely that stopping its filtration activity 

for extensive periods of time will strongly impact survival of H. panicea. The capacity of sponges to 

survive longer exposure periods should therefore be investigated. 

4 Physiological model of cold-water corals and sponges under 
different scenarios of environmental change (flow velocity and 
food supply) 

Authors: Evert de Froe, Dick van Oevelen, Karline Soetaert 

Deep-water sponges and CWCs are key biotic components of the deep Atlantic Ocean ecosystem, as 

they form structurally complex habitats that sustain high biotic abundance and biodiversity at the 

seafloor (Hogg et al., 2010; Roberts et al., 2006). Although these reef-forming systems are increasingly 

recognized as important deep-sea habitats, our capacity to predict their occurrence, let alone 

biogeochemical activity, relies solely on statistical models in which sponge (e.g. Knudby et al., 2013) 

or coral (Davies and Guinotte, 2011; Rengstorf et al., 2014; Tittensor et al., 2010) occurrence is related 

to environmental variables such as temperature, salinity, seafloor rugosity, aragonite saturation state 

and surface productivity. 
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Another approach to predicting CWC reef or sponge ground occurrence is by developing models that 

are stronger rooted in mechanisms. A recent study showed that sponge grounds and CWC reefs jointly 

process almost 30% of the flux of OM to the seafloor via benthic-pelagic coupling on the Norwegian 

shelf, a contribution which has hitherto been missed in budget estimates (Cathalot et al., 2015). The 

enhanced OM processing rates have been confirmed in several studies conducted at ATLAS case study 

areas (Deliverable 2.3, in prep) The high rates of OM processing by these reefs, however, imply that 

sponges and corals manage to ‘circumvent’ the food limitation that is characteristic for life at the deep 

seafloor (Wei et al., 2010), indicating that OM availability is an important predicting factor in the 

occurrence of sponge or coral ecosystems. In addition, recent reports suggest that living CWCs and 

DWS are the main contributor to benthic respiration in their respective habitats (de Froe et al, in prep; 

D2.3.; Cathalot et al., 2015). These results suggest that we can use CWC and DWS biomass as a proxy 

for the environmental status of the ecosystem. Another consideration is including the hydrodynamics 

at the site, which is responsible for downslope transport of surface waters (Duineveld et al., 2007; 

White et al., 2005), downward convection over reefs (K. Soetaert, pers. comm.) and enhanced particle 

transport over a reef ecosystem through accelerated currents and elevated turbulence (Mienis et al., 

2007; Soetaert et al., 2016; Van Haren et al., 2014, D2.4, in prep). Also, from a geological perspective, 

Hebbeln et al. (2019) (Deliverable 1.4) identified food availability and hydrodynamics as key and 

consistent explanatory factors describing the rise and demise of CWC reefs at geological time scales. 

In their analysis, also other factors such as oxygen concentration, salinity and temperature were 

considered and although these factors were deemed relevant for individual reef systems, the factors 

food availability and hydrodynamics (albeit both quite loosely and qualitatively defined) explained 

coral at all studied reef systems. 

Hence, a more mechanistic approach to predict CWC and sponge biomass should at least include the 

factors food availability and hydrodynamics. Soetaert et al. (2016) developed a method to predict OM 

in the water column based on export from the photic, degradation, sinking and advective transport by 

local hydrodynamics, with the latter forcing received from a local high-resolution hydrodynamic 

model. The current velocity and OM concentrations in the bottom layer predicted by such a model 

may then set limits on the growth of coral and sponge biomass. A classic way to model the 

development of faunal biomass in aquaculture (Stigebrandt, 2011) or natural settings in through the 

use of carrying capacity. The carrying capacity sets the maximum amount of biomass that can be 

sustained by the environment, while limiting factors can be included that determine how much of the 

carrying capacity can be realized. The limiting factors that need to be included differs between 

sponges and corals. Both taxa are opportunistic organisms, which feed on a variety of OM sources that 

are suspended in the water column (Mueller et al., 2014; Yahel et al., 2007), with one crucial 



ATLAS                                                                                                                                      Deliverable 2.2 
 

82 
 

difference. Sponges actively filter large amounts of seawater through their internal aquiferous system 

(Leys et al., 2011). Hence, the feeding rate of sponges is proportional to the food concentration in the 

water column. In contrast, CWC are ‘passive’ suspension feeders that ‘catch’ organic resources with 

tentacles and therefore depend on the flux of food particles (i.e. current velocity x food concentration) 

that passes at a given location (Shimeta and Jumars, 1991). At the same time, too low food 

concentrations or fluxes prohibits the development of extensive sponge or coral reefs in the deep 

ocean due to energy limitation. A recent paper suggests that these differences in feeding mode was 

responsible for the higher food uptake of sponges in incubation experiment (Van Oevelen et al., 2018).  

Other physiological parameters that feature in the carrying capacity modelling include assimilation 

efficiency and respiration rates, which we have compiled from the literature in D2.1 and are estimated 

for other species in this Deliverable. The carrying capacity model can also be easily extended to predict 

consequences of increasing temperature (e.g. Dodds et al., 2007; McClain et al., 2012) or OA 

(McCulloch et al., 2012) on biomass development by increasing respiration or maintenance rates 

accordingly. Deliverable 2.1 provides a compilation of experiments have assessed how respiration was 

affected by warming and OA. 

An important goal of WP2 is to link biomass development of CWC and DWS to environmental forcing. 

In this section, we develop physiological models for passive (i.e. CWC) and active (i.e. sponges) 

suspension feeders based on literature and experimental data (see section 3) on physiological 

parameters such as respiration and assimilation efficiency. For illustrative purposes, we here also link 

the respective physiological models to theoretical trajectories of variable food supply. Results 

reported here will be followed in Deliverable 2.5, where the physiological models will be linked to 

realistic food supply predictions from the coupled hydrodynamic (D2.4) and biogeochemical (D2.5) 

models. Hence, our goal here is to develop comparatively simple physiological models that are based 

on parameters from the literature (D2.1) and data from recent experiments reported here, which will 

eventually be implemented in the computational heavy biogeochemical-hydrodynamic models in 

D2.5.   

Materials and methods 

Model set-up The physiological models for passive (PSF) and active (ASF) suspension feeders consists 

of the state variables PSF and ASF benthic biomass (mmol C m-2). As detailed below, the main 

difference between the model formulations for PSF and ASF is that the former depends on the organic 

matter flux for the uptake of food particles from the water column, while ASF depend on the organic 

matter concentration for their food uptake (Van Oevelen et al., 2018).  



ATLAS                                                                                                                                      Deliverable 2.2 
 

83 
 

 

The physiological model for PSFs is given by: 

dPSF

dt
= AEPSF ⋅ NGEPSF ⋅ vbbl ⋅ OMbbl ⋅ APSF ⋅ (1 −

PSF

CCPSF
) − mPSF ⋅ PSF 

in which AEPSF is the assimilation efficiency of PSF (-), NGEPSF the net growth efficiency of PSF (-), 

vbbl is the current velocity (i.e. √ubbl
2 + vbbl

2 ) in the benthic boundary layer (m d-1), OMbbl is the OM 

concentration in the benthic boundary layer (mmol C m-3), APSF is the carbon-specific surface area for 

PSF (m2 mmol-1 C ), CCPSF is the carrying capacity of PSF biomass on the seafloor (mmol C m-2) and 

mPSF is maintenance respiration (d-1).  

 

The physiological model for ASF (i.e. sponges) is similar to that of PSF, although uptake of OM is not 

dependent on bottom flow, as active filter feeders maintain their own current velocity for OM uptake: 

𝑑𝐴𝑆𝐹

𝑑𝑡
= 𝐴𝐸𝐴𝑆𝐹 ⋅ 𝑁𝐺𝐸𝐴𝑆𝐹 ⋅ 𝐹𝑅𝐴𝑆𝐹 ⋅ 𝑂𝑀𝑏𝑏𝑙 ⋅ (1 −

𝐴𝑆𝐹

𝐶𝐶𝐴𝑆𝐹
) − 𝑚𝐴𝑆𝐹 ⋅ 𝐴𝑆𝐹 

in which 𝐴𝐸𝐴𝑆𝐹  is the assimilation efficiency for 𝐴𝑆𝐹 (-), 𝑁𝐺𝐸𝐴𝑆𝐹  is the net growth efficiency for 𝐴𝑆𝐹 

(-), FRASF is the mass-specific filtration rate (m3 mmol-1 C d-1), 𝐶𝐶𝐴𝑆𝐹  is the carrying capacity for 𝐴𝑆𝐹 

(mmol C m-2) and 𝑚𝐴𝑆𝐹  is the mass-specific maintenance respiration rate for 𝐴𝑆𝐹 (d-1). 

 

Values for vbbl and OMbbl will later be generated by the coupled hydrodynamic-biogeochemical 

model (D2.5) and will be given theoretical trajectories here for illustrative purposes (see below). The 

other physiological parameters, below for L. pertusa being a representative PSF of the Rockall Bank 

case study area and Geodia sp. as representative ASF for Davis Strait, are based on experiments 

conducted within ATLAS (see above) or on literature report (D2.1) (Table 155; Table 1616).  

  



ATLAS                                                                                                                                      Deliverable 2.2 
 

84 
 

Table 15: Model parameters for the Passive Suspension Feeders (PSF) 

Passive suspension feeders 

Parameter Value Unit Source 

AEPSF 0.8 - Fraction of ingested food particles available for 

digestion. No data available for L. pertusa. Estimated 

for tropical corals by (Anthony, 1999; Anthony et al., 

2002)  

NGEPSF 0.3 - Fraction of assimilated food particles that is 

incorporated into the coral tissue. Estimated from data 

reported in (Maier et al., 2019) 

APSF 7.05e-05 m2 mmol-1 C Polyp surface per mmol C biomass. Based on data on 

number of polyps per weight of coral (Gori et al., 2014) 

and surface area per polyp (Purser et al., 2010) 

CCPSF 6000 mmol C m-2 Maximum coral biomass on Rockall Bank. Estimated 

based on D2.3 and video survey. 

mPSF 0.00267 d-1 Respiration after 28 weeks of starvation, reported by 

(Larsson et al., 2013).  

 

Table 16: Model parameters for the Active Suspension Feeders (ASF). 

Active suspension feeders 

Parameter Value Unit Source 

𝐴𝐸𝐴𝑆𝐹 0.80 - Set to value for PSF 

𝑁𝐺𝐸𝐴𝑆𝐹 0.15 - (Koopmans et al., 2010; Thomassen and Riisgard, 1995; 

Van Oevelen et al., 2018) 

𝐹𝑅𝐴𝑆𝐹 3.6e-0.5 m3 mmol-1 C d-1 (Kutti et al., 2013a) 

𝐶𝐶𝐴𝑆𝐹 30,000 mmol C m-2 Maximum sponge biomass found with trawling surveys 

in Davis Strait.  

𝑚𝐴𝑆𝐹 0.000216 d-1 Set to 15% (i.e. NGE) of the total respiration reported 

by (Kutti et al., 2013b; Leys et al., 2017)  

 

Food supply The model equations were solved using an ODE solver from the R packages deSolve and 

FME (Soetaert et al., 2018; Soetaert and Petzoldt, 2010). Model simulations were run for four years 

and two different POM concentrations were used as a forcing function: a constant POM concentration 

of 0.10 mmol C m-3 for the entire simulation, and a variable POM concentration with every five days a 

food pulse of 0.10 mmol C m-3 (Figure 4242). For these two POM scenarios, we run the model 

simulations with five different flow velocities: 0.00, 0.25, 0.5, 0.75 and 1.00 m s-1.  
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Model results 

At constant POM concentration, the PSFs grow to carrying capacity with flow velocity determining 

how quick their maximum benthic biomass is reached. However, when flow velocity is zero, the food 

ingestion for PSFs is zero and their biomass decreases to almost zero in the model. The here simulated 

maximum PSF benthic respiration (500 mmol C m-2 d-1) is considerably higher than the reported 

maximum benthic respiration of a CWC reef (250 mmol C m-2 d-1; Cathalot et al., 2015). The simulated 

benthic respiration when the PSF biomass is at its carrying capacity (80 mmol C m-2 d-1) is similar to 

what observational studies reported (20 – 140 mmol C m-2 d-1; D2.3., de Froe et al, in prep; Cathalot 

et al., 2015; Rovelli et al., 2015; White et al., 2012). However, when POM input is zero and growth 

respiration is not taken into account, the simulated total benthic respiration values are a factor 20 

lower. The implied constant POM concentration of 0.1 mmol C m-3 is not sufficient for ASF to increase 

its biomass. ASFs decrease from 1.0 mmol C m-2 to 0.75 mmol C m-2 over the course of the four-year 

simulation (Figure 4343).  

At a variable POM concentration, the PSFs grow to carrying capacity when flow velocity is 0.50 m s-1 

or higher. The PSF grow slower at a flow velocity of 0.25 m s-1 and reaches a biomass of 300 mmol C 

m-2 after four years (Figure 4444). When flow velocity is 0.00 m s-1 the PSF biomass decreases to zero 

in the model. Benthic PSF’s respiration varies with the enforced POM concentration and flow 

velocities. When POM is present, the flow velocity is higher than zero and the PSF biomass is at 

carrying capacity, the benthic PSF respiration ranges between 163 – 177 mmol C m-2 d-1. When POM 

is not present, the benthic PSF respiration of the populations at carrying capacity varies between 1.6 

– 15 mmol C m-2 d-1. The POM pulse every five days is not sufficient to let the ASFs grow in the model. 

As in the constant POM concentration, the ASF biomass decreases from 1.0 to 0.75 mmol C m-2 (Figure 

445). 

The lower POM flux in the variable POM scenario compared to the constant POM scenario causes a 

lower maximum PSF biomass in the models, and the PSF biomass follows different trajectories with 

the five different flow velocities. Also, the benthic PSF respiration differs between the two scenarios. 

The varying POM concentration causes, when POM is present in the model, the benthic PSF respiration 

to be twice as high than at a constant POM flux (80 vs 160 mmol C m-2 d-1). The varying POM 

concentration does not influence the trajectory of the ASF biomass, indicating the ASF need a much 

higher POM concentration than used in this model simulations. Looking closer at our model 

parameters, the decreasing ASF biomass also makes sense. The food supply for a PSF is determined 

by the water velocity times the food concentration, while for ASF food supply is determined by 

filtration velocity times the food concentration. The filtration capacity of PSFs can be determined by 
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multiplying its biomass specific surface area (7.05e-05 m2 mmol C-1) with the current velocity. Current 

velocities are typical between 0.1 – 0.2 m s-1 and can reach up to 2.0 m s-1, giving a filtration rate for 

PSFs between 7.05e-6 and 1.41e-4 m3 mmol C-1 s-1. The filtration capacity of an active filter feeder is 

determined solely its filtration rate. For Geodia sp. the filtration rate is measured as from 4.166e-10 

m3 mmol C-1 s-1 (Kutti et al., 2013b), which is 0.0005 % of the filtration capacity of a PSF in water flowing 

at 0.1 m s-1. Therefore, in our current model, the ASFs need a high POM concentration to grow in 

biomass. Figure 45 presents the rate of change of ASF against the ASF’s biomass for five POM 

concentrations. At a POM concentration of 50 mmol m-3 the ASF is able to grow in the model. This 

POM concentration is well above observed POM concentrations 10 meters above bottom (1.32 mmol 

m-3) or even at the surface (12.21 mmol m-3) at sponge grounds in the Davis Strait. This finding provides 

evidence that for growth of ASF, we may need to consider adding the alternative food sources bacteria 

and dissolved organic matter (Leys et al., 2017) to the models in D2.5.  
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Figure 42: Two theoretical scenarios were simulated: one with a constant POM concentration (left panel) and one with a 
POM pulse every five days (right panel).  
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Figure 43: Model results at a constant POM concentration, for five flow velocities. PSF is the passive suspension feeders 
biomass, ASF is the active suspension feeders biomass, PSF and ASF respiration is the benthic respiration by PSF and ASF 
respectively. 
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Figure 44: Model results at a variable POM concentration, for five flow velocities. PSF is the passive suspension feeders 
biomass, ASF is the active suspension feeders biomass, PSF and ASF respiration is the benthic respiration by PSF and ASF 
respectively. 

 

 

 

Figure 45: Rate of change for active suspension feeders (ASF) against the ASF biomass for five POM concentrations. 
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5 Conclusions and way forward 

Experimental work conducted part of this deliverable has significantly contributed to improving our 

understanding of the feeding ecology and ecophysiology of important, but so far understudied, habitat 

forming species (e.g. black corals, octocorals, sponges). It has also shed some light on the potential 

consequences of altered food supply regimes and changes and OA on octocorals.  However, there are 

other predicted climate-related changes, such as warming and deoxygenation, that may cause 

detrimental effects on these organisms and for which we did not have the opportunity to test here. 

Climate change is also occurring simultaneously to human pressures such as fisheries and deep-sea 

mining. It thus becomes urgent to determine the cumulative effects of climate change and local 

human stressors on these communities and on the functions and services they perform to meet 

ecological and societal needs.  

Modelling results reported here improved our knowledge on how passive (i.e. CWC) and active (i.e. 

sponges) suspension feeders respond to different scenarios of environmental change (flow velocity 

and food supply). These physiological models will be linked to realistic food supply predictions from 

the coupled hydrodynamic (D2.4) and biogeochemical (D2.5) models, which will eventually be 

implemented in the computational heavy biogeochemical-hydrodynamic models in D2.5.   
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