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1. ABSTRACT  

In today’s marine research, a knowledge gap still remains in understanding deep-sea habitats and those 

animals that live in them. The occurrence and distribution of benthic organisms were investigated by 

assessing the Gazul Mud Volcano (GMV) ecosystems at ~ 400 - 500 m depth, in the Gulf of Cadiz (NE 

Atlantic, Spain). Scientific research still remains limited at this specific mud volcano, with regards to 

understanding the various types of it’s deep-sea communities and quantifying the structuring species. 

Our study aims to fill these gaps and better understand the Vulnerable Marine Ecosystems (VMEs) 

located at Gazul. A total of 745 colonies / individuals were counted including 7 phyla and 46 

Operational Taxonomic Units (OTUs) along a video transect recorded by a Remote Operated Vehicle 

(ROV). Important VME indicator organisms such as scleractinian CWCs Madrepora oculata, Lophelia 

pertusa (0.033 ind · m-2 combining both species), the alcyonacean Acanthogorgia spp. (0.096 ind · m-

2) and hexactinellid sponge Asconema setubalense (0.020 ind · m-2 were observed at considerable 

densities. Certain commercially important species showed to be frequent (e.g. E. cirrhosa and 

Scyliorhinus canicular) and three different locations of fishing impacts were observed (e.g. trawling 

nets, fishing lines, debris). The distribution of CWCs and deep-sea sponges formed dense aggregations 

into four main clusters along the transect, which were dominated by different substrate and community 

composition. This study identifies different VMEs and/or VME indicator organisms at the GMV and 

provides detailed information that might help to implement future protection and conservation plans in 

the overlooked area. 

2. INTRODUCTION   

2.1 Vulnerable Marine Ecosystems (VMEs)  
 
In the recent past, accessing the deep-sea has been a huge obstacle due to the absence of appropriate 

technology to sample and survey (Gage and Bett, 2007). Obtaining information and distribution patterns 

in deep-sea ecosystems remains a challenge due to the extreme conditions and locations inhabited by 

these organisms (Gage and Bett, 2007). Due to improvements within the last 10-15 years, in underwater 

technology as well as bottom-surveying techniques using autonomous underwater vehicles (AUV) and 

remotely operated vehicles (ROV), scientists nowadays have more opportunity to investigate accurate 

and quantitative studies on Vulnerable Marine Ecosystems (VMEs) in the deep (Gage and Bett., 2007; 

Corbera et al., 2019).  
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Vulnerable Marine Ecosystems are defined by FAO (Food and Agriculture Organization of the United 

Nations, 2015) as areas which, among others, may include unique features such as seamounts, 

hydrothermal vents, etc., that may be vulnerable to fishing impacts. These VME features promote the 

presence of highly diverse benthic habitats and communities (Rossi et al., 2017). Different VME 

habitats, comes with different VME indicator organisms and different vulnerabilites, defined as benthic 

taxa which indicate the (likely) occurrence of VMEs including species of corals and sponges (FAO, 

2016). It is generally difficult to define exactly when an assemblage of organisms or a habitat should be 

considered a VME or simply a VME indicator organism. Some assemblages of key habitat-forming taxa 

such as CWCs and deep-sea sponges are also considered VMEs (FAO, 2015; International Council for 

the Exploration of the Sea (ICES), 2018) themselves and are of critical importance (Sweetman et al., 

2017). For example, CWCs, such as Madrepora oculata and Lophelia pertusa, are responsible for 

building habitats that provide high structural heterogeneity and a complex mosaic of dwellings for 

multiple organisms and are therefore categorized as a VME (Henry and Roberts, 2007; Buhl-Mortensen 

et al., 2010,  Chimienti et al., 2019). Both CWC and sponge communities provide important functions 

(Sweetman et al., 2017) for the ecosystem such as nutrient cycling (Thurber et al., 2014), protection (De 

la Torriente et al., 2018), enhancement of food availability (Davies et al, 2017; Guinan et al, 2009), 

carbon and nitrogen fixation etc. (Rossi et al., 2017). Beyond benthic invertebrates, VMEs also provide 

habitat and food for multiple fishes, many of commercial interest (D’Onghia 2019, D’Onghia et al, 

2010; FAO, 2009; Buhl-Mortensen et al, 2010; Escobar and Johnson, 2011). Therefore, it is very urgent 

and important to study, protect and conserve these organisms and their habitats (Pham et al., 2015). 

 
Cold-water corals may refer to both the order Scleratinia (stony, hard skeleton, colonial or solitary) and 

the organisms commonly known as gorgonians, which belong to the order Alcyonacea 

(colonial, stiff, branching skeleton; FAO, 2015), CWCs are also included in the Habitat Directive (Reef- 

1170, 92/43/ EU Environmental Law, 2017). In addition, coral gardens, deep-sea sponge aggregations 

and Lophelia pertusa reefs are all listed as threatened and/or declining species or habitats and are 

considered of interest for conservation by the OSPAR Commission (Oslo/Paris Convention for the 

Protection of the Marine Environment of the North-East Atlantic) and other entities (e.g. Biocenosis of 

Deep-Sea Corals) (Escobar and Johsnson, 2011). 
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Some species or habitats may be more vulnerable than others, making it difficult to define precisely 

when an assemblage of organisms in an environment should be considered a VME (Andron et al., 2014). 

Furthermore, the habitats and organisms which form a VME could also be vulnerable to different human 

impacts in a number of ways (Sitjà et al., 2018, Rossi et al., 2017). Actions such as fishing (particularly 

trawling, long-line and bottom-nets), mining, dredging, etc., all pose a threat to the resilience of deep-

sea VMEs (Sitjà et al., 2018, Rossi et al., 2017). A more efficient and precise way to recognize and 

identify VMEs is required in order to plan for protection and conservation measures, and to work on 

understanding the level of impact. 

 
2.2 Factors controlling the occurrence and distribution of VMEs    
 
The occurrence and distribution of VMEs and associated species depend on a number of factors; such as 

the type of substrate for settlement (Henry & Roberts, 2007; Buhl-Mortensen et al, 2010), a highly 

dynamic environment (Willig et al., 2003) which provides enough food supply (Levin et al, 2001) for the 

growth of CWCs and sponges, etc. Some studies suggest that CWC occurence among 

VMEs are correlated with a specific substrate type and geomorphology of the bottom that 

is characterized by strong slopes and irregularities (Guinan et al, 2009). Other studies in the NE Atlantic 

(Porcupine Seabight, Le Danois Bank seamount, Aviles Canyon and the Galicia Bank seamount) state 

that water masses and associated physical parameters (e.g. temperature and salinity; De Mol et al, 2005; 

Van Rooij et al, 2010; Sánchez et al, 2014) can positively influence VMEs occurrence, for both 

sponges (Sitjà et al., 2014) and CWCs (Dullo et al., 2008). However, more investigation is needed on 

understanding how water mass characteristics control the occurrence and distribution of benthic fauna, 

specifically on deep-sea features. 

  
2.3 The Gazul Mud Volcano (Gulf of Cádiz, Spain). A seafloor feature 
that harbours VMEs    
 
Among all the different types of VMEs, underwater gas seepage and fluid flows on the sea bottom are 

too included (FAO, 2019). The Gulf of Cádiz (GoC) is located off Spain’s southern continental margin, 

and is known for the presence of one of the most extensive gas seepage areas in the NE Atlantic 

(Medialdea et al., 2009; Vanreusel et al., 2009; León et al., 2007), which originated several large sea 

bottom features called mud volcanoes (MV). Mud volcanoes are vents formed in the earth’s surface with 

escaping gas and vapour causing mud to boil and overflow creating a conical shape mound around the 
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vent (León et al., 2012). The GoC houses more than 50 MV, all of various size and shape (Rueda et al., 

2016). These features often present unique characteristics, such as high current speeds and a high rate of 

nutrient transport (Palanques et al, 2006; Canals et al, 2009) and harbour VMEs or VME indicator 

organisms, like CWCs and deep-sea sponges (Gardner, 2001; Pinheiro et al, 2003; León et 

al, 2007; Medialdea et al, 2009; Palomino et al, 2016). The physical environment of MVs, specifically in 

this study, help to provide high food availability to benthic suspension feeders like CWCs and sponges 

(Palanques et al, 2006). Due to the particular location of the GoC, near the Strait of Gibraltar, in 

the Mediterranean - Atlantic transitional area, where water mass exchange take place (Rueda et al., 

2016; Sitjà et al., 2018), this area is of particular importance for biodiversity and connectivity. 

 
The Gazul Mud Volcano (GMV) is the shallowest MV ever explored in the GoC (Rueda et al., 2016). 

Major components at GMV are the varied substratum on the bottom, from soft to hard sediment and the 

many unique formations. These unique structures, known as hydrogen-derived authigenic carbonates 

(HDACs), provide a source of new hard substrate for the colonization of deep-sea fauna (Léon et al., 

2007). These features may be in forms of cylindrical chimneys, slabs or crusts and attract demersal 

fauna and increase overall benthic biodiversity (León et al, 2007; Rueda et al, 2012; Palomino et al, 

2016). Amongst GMV, some VMEs have been observed; CWCs and sponge communities have been 

found colonized on various substrate types and mainly existing in small patches of reef-building corals 

(Rueda et al, 2016). Regarding protectiong and conservation of VMEs at GMV, studies state that 

trawling fisheries in the vicinity of GMV may negatively impact the benthic communities and the 

associated fauna (Rueda et al., 2016). Furthermore, additional knowledge focused on the effects of 

environmental factors like hydrodynamic conditions would be beneficial for eventual research and 

planning of VMEs in the GoC (Álvarez-Pérez et al. 2005; Wienberg et al. 2009; Corbera et al. 2019). It 

is clear we need to improve our understanding on what environmental and human factors are driving 

differences in distribution of VMEs, by improving our knowledge in quantitative data and 

comprehensively understanding these ecosystems. Such information is essential for more effective 

protection plans in the future. 

 
2.4 Aims and objectives 
 
In the present study, we had two main objectives; (1) to characterize the composition of deep-sea 

megabenthic communities at GMV, (2) to try to understand distribution patterns, and the influence of 
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different environmental factors in the occurrence, density and distribution of the structuring benthic 

species. We hypothesized that GMV acts as a host to different VMEs with varying biodiversity due to 

associated factors such as substrate type. More specifically, we aim to (1.1) characterize the habitats, 

communities and taxonomic composition. (1.2) Provide for the first time, values of densities for the most 

relevant and abundant taxa and (2.1) describe the different VME communities, understand influential 

factors (e.g. substrate) as well as the conservation status and the observed impacts (e.g. fishing). Our 

results will help to improve the knowledge on deep-sea VMEs and will help to inform stakeholders 

in the development of management plans and conservation actions. 

 

3. MATERIALS AND METHODS    

3.1 Research area    
 
The study area is located in the Spanish waters of the GoC (NE Atlantic Ocean). Gazul Mud Volcano is 

located about 33 nm away from Cadiz, Spain at 36°24’N and 6°56’W (Fig 1; Rueda et al, 

2016). Gazul Mud Volcano presents a South – Southwest / North – Northeast orientation with depths 

ranging between 393 and 475 m (Rueda et al, 2016).  The GMV has an oval shaped morphology 

(Fig. 2), with an approximate diameter of 1 km (Santana et al., 2018). 

 

 
Figure 1. Map showing the study area and location of the Gazul Mud Volcano (red dot) in a) the 

Mediterannean Sea and in, b) the Gulf of Cadiz. 
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Figure 2. Bathymetry map showing the two video transects performed with a Remotely Operated Vehicle at Gazul 

Mud Volcano during the MEDWAVES cruise (Source: Jesus Rivera, ATLAS project). 

 
Moreover, the region of GoC is oceanographically complex, as it is highly influenced by two different 

water masses (Fig. 3; Sánchez-Leal et al., 2017). A two-layer flow covers the GMV with both the 

Mediterranean Outflow Water (MOW) mass in a dense bottom-current and the North Atlantic Central 

Water (NACW) mass in the upper water column (Sánchez-Leal et al., 2017). 

 

 
Figure 3.The two main water masses at Gazul Mud Volcano and their associated conditions; a) Water 
masses: North Atlantic Cold Water (NACW) in purple and Mediterranean Outflow Water (MOW) in 
pink, also surface waters in green, plotted with depth (m), and b) Water masses NACW and MOW 

plotted with temperature (ºC; left colour gradient) and salinity (psu; right colour gradient). (Source: 
Angela Mosquera, MEDWAVES-IEO, ATLAS project). 



 9 

This outflow results in an impressive channel system (Sánchez-Leal et al., 2017) surrounding the GMV 

and develops a unique benthic environment on the Spanish continental margin (Rueda et al., 2012). Due 

to the enhancement of sediment accumulation from the double layer flow, the afore mentioned HDAC 

features are continuously produced on the seabed floor (Fig 4; Rueda et al., 2012). The leading factor 

influencing the rate of sediment accumulation is; MOW circulation, which greatly contributes to the 

transport and deposition of sediments, to seabed erosion and to the formation of seabed structures 

(Rueda et al., 2012). Overall, such geomorphological alterations due to high current speeds at GMV 

significantly influences the presence and occurrence of various types of deep-sea habitats and VMEs 

(Hernández-Molina et al. 2016, Pinheiro et al. 2003, Rueda et al. 2016).  

3.2 Sampling  
  
The study was conducted during the MEDWAVES cruise (Orejas et al., 2017) as part of the H2020 

European project ATLAS (A Trans-Atlantic assessment and Deep-Water Ecosystem-Based Spatial 

Management Plan for Europe; https://www.eu-atlas.org/). 

 

Figure 4. Hydrogen-Derived Authigenic Carbonates (HDCA) in form of mud chimneys found on the 
muddy slopes of Gazul Mud Volcano at approximately 460 m depth (Source: MEDWAVES, ATLAS 

project). 
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The cruise took place between September 22nd to October 26th, 2016 on the Spanish research vessel 

‘Sarmiento de Gamboa’. Sampling was done by conducting video transects with the use of the ROV 

‘Liropus’ (Super Mohawk from Sub Atlantic). The previously acquired multi-beam bathymetry from 

the study area (Luis Miguel Fernández Salas, IEO, project LIFE+ INDEMARES CHICA) was used to 

select the locations to conduct the ROV video transects (Fig. 2). The ROV video transects were chosen 

as a sampling technique to gather detailed quantitative data on the spatial distribution and density of the 

organisms at a small spatial scale, as well as to reduce damage to organisms and minimize invasiveness.  

The ROV collected data by moving parallel along the seabed floor while recording both photographic 

and video footage. The ROV was equipped with still and motion cameras (Kongsberg), as well as 

navigational devices used for different purposes (Orejas et al., 2017). An HD video-camera was used for 

obtaining high quality images to use for video analysis and the identification of Operational Taxonomic 

Units (OTUs; which include species, genus or other taxonomic levels and morphotypes). A flash 

and Sealite Spheres were also attached for illumination requirements as complete darkness in the deep-

sea dominates (Orejas et al., 2017). Laser beams spaced 10 cm apart were used as a scale to determine 

sampling area. The lasers were located in the middle of the video recording scope which made it useful 

for comparison and measurement purposes. Positioning of the deep-sea submersible on the seafloor 

was obtained using HYPACK software. The ROV was also equipped with a CTD sensor (conductivity, 

temperature, pressure) that gathered temperature and salinity data of the water masses bathing the 

benthic communities at every second of ROV video recording. Two independent ROV video transects 

were completed at GMV (Fig. 2), although the present investigation focuses solely on only one of the 

two video transects. Our studied video transect 01 was linearly oriented North to South, ending at the 

middle of the summit of the GMV, lasting approximately 1.5 km in length, starting at its deepest point 

(457 m) becoming shallower towards the end of the video transect and towards the summit (393 m) of 

the MV. 

  
3.3 Video analysis    
 
The analysis of the video transect was carried out with the OFOP software (Ocean Floor Observation 

Protocol). Video footage was analyzed in three steps; (1) to determine the useful footage 

for quantitative data analysis, (2) to characterize the substrate, and (3) to identify and count densities of 

the different organisms (e.g. OTU) and of other features (e.g. fishing remains, mud chimneys, etc.; Gori 

et al., 2011).  



 11 

1) To ensure standardization of the obtained data, terms were given to each data set and to each type of 

sequence observed. The term quantitative data refers only to the sequences of the footage where the 

ROV navigated in a linear transect. The term linear transect refers to only the useful sequences from the 

recorded footage that were inside the 1 m sampling frame. These include sequences with 1) good 

visibility, 2) consistent distance to the bottom, 3) straight and linear movement of the ROV, and 4) laser 

beams turned on. Lastly, if the data was not part of the linear transect, and was annotated outside of the 

1m sampling frame, the observations were placed in another data set and was given the term out-

sampling frame data. Overall, the term video transect refers to all of the footage recorded from the 

ROV. 

 
After categorization of different video sequences, the subsequent characterization of (2) the substrate 

type, and (3) the benthic community composition was analyzed in the linear transect sequences 

only. Annotations on either substrate or OTUs were made along the horizontal laser pointer 

field, within a 1.0 m sampling frame (Fig. 5). The selection of the sampling width was aimed to increase 

accuracy of identification as it was sometimes difficult to identify towards the edges of the frame 

(Fig. 5).   

 

 
Figure 5. Framework of the video processing method. IN represents the one meter sampling frame (within the 
dash line) used to characterize the substrate and count the Operational Taxonomic Units used for quantitative 

analysis. OUT represents the outside of the sampling frame where any data collected was used for Out-Sampling 
Frame Data analysis only. 
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2) The characterization of substrate type was made based on previous studies (Van den Beld et al., 2017; 

Santana Bernaldo de Quirós, 2018). Substrates were categorized as either mud, sand, detritic, soft 

flagstone, hard flagstone or rock (Figure 6). Mud (Fig. 6a) was characterized by its bare and soft 

appearance, and by the presence of holes made by animals. Sand (Fig. 6b) frequently formed distinctive 

ripples and lines embedded in the seafloor. When the ROV hit sand off the seabed, it was more visible to 

see smaller, separated particles and its rate to descend during suspension was much faster than mud. 

The detritic sediment (Fig. 6c) was determined by the appearance of sand with thicker grains and 

particles, as well as coral rubble and carbonate debris. Hydroden-Derived Authigenic Carbonate features 

such as soft and hard flagstone were identified by the layer of compact sediment in different degrees. 

 
Figure 6. Classification of the different substrate types used in Gazul Mud Volcano. The images encompass 

different substrates recorded during the MEDWAVES survey (Source: MEDWAVES, ATLAS project). 
 

The major difference was that soft flagstone (Fig. 6d) contained a smaller and thinner crust of compact 

sediment, whereas hard flagstone (Fig. 6e) contained a thicker, platform of compact sediment with 

cracks and slabs. Rock (Fig. 6e) was characterized by its large, boulder morphology and occasionally, a 
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thin layer of sediment might cover the rock surface. Sometimes the presence of specific organisms 

helped in determining that a particular substrate was present, as different taxa require different substrate 

types. A maximum of two different substrate types were annotated at any location within the sampling 

frame, as either primary or secondary. When two substrates co-occurred, the primary substrate was 

assumed to cover > 60% of the seafloor, while the rest covered by 40% of the secondary substrate type. 

 

 
Figure 6. (continue) Classification of the different substrate types used in Gazul Mud Volcano. The images 

encompass different substrates recorded during the MEDWAVES survey (Source: MEDWAVES, ATLAS project). 
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3) Prior to the processing of linear transect sequences for quantitative analyses of the fauna, we 

identified and compiled a list of all observed OTUs (Annex 1). Organisms were identified to the lowest 

possible taxonomic level or given a general morphotype within a group or class of organisms, forming 

the OTUs . Further, in the specific case of Porifera, the taxonomical classification using solely images 

can be very difficult and in many cases, impossible. In those and other similar cases, assistance on 

taxonomic identification was required and obtained from literature, online research, colleagues and 

experts in the field. When morphotype names were given, general descriptions were used; for example 

two different reef-building species: M. oculata and L. pertusa, recorded at GMV were categorized 

together in an OTU termed ‘White Corals’ (Annex 3), due to differentiation difficulty, since colonies of 

both species commonly intermingled.  

 
 Only organisms larger than 5cm were counted within the 1 m sampling frame (Fig. 5) for quantitative 

data analysis. A 5 cm minimum limit was used to reduce any bias from visual error, such as missing 

records or misidentification of any OTU. Any footage that did not meet the requirements to be included 

in the linear transect was termed non-useful and was not used in the data analysis. Many sequences did 

not meet the criterion due to poor image quality or navigational purposes, such as; sampling errors, 

stopped at the bottom for photography, bad visibility, erratic movement, moving side to side, or laser-

beams off.  

 
3.4 Fishing activity in the area  
 
The only sign of anthropogenic impacts documented in the video transect derived from human sources. 

Impacts were observed and thus counted in the analyzed video transect at GMV. The presence of fishing 

activities and other debris such as man-made trash, rests of fishing nets, plastics, lines, debris, etc. were 

recorded, along with location and depth.  

 

 4. RESULTS   

4.1 Selection of useful video footage for quantitative analyses   
 
The total amount of linear transect sequences used for quantitative data was 7.2% of the total video 

transect (Fig. 7), encompassing approximately 809.7 m distance navigated. With that being said, 92.8% 

of the video transect was non-useful for this type of data analysis and was not included as part of the 
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quantitative data analysis. The leading cause for non-useful sequence types was due to bad visibility 

(33.9%). Bad visibility arose from a number of reasons; an excessive amount of marine snow (e.g. 

organic material falling from the upper water column to the deep ocean), or when the ROV hit bottom 

and formed a cloud of mud and/or sand. In addition, when the ROV is simply not moving (stopped to 

sample or capture a panoramic image) the sequences could neither be used. 

  

   
Figure 7. The different sequence types (in percentage) identified along the remote operated vehicle video transect 

at Gazul Mud Volcano (see Figure 1 for location of the transect). The light blue slice represents the linear 
transect sequences whereas the dark blue slices represent the non-useful sequences. 

 
4.2 Substrate characteristics  
 
Throughout the linear transect sequences, substrate type consisted of approximately 90% of detritic 

sediments with soft flagstone as the remainder 10% (Fig. 8). With regards to the distance navigated in 

the linear transect (Fig. 8), the first 168 m were dominated by detritic substrate until the 319 m mark. 

Soft flagstone began to take over between 319 m and 723 m, followed by hard flagstone between 429 m 

to 485 m navigated. At the end of the linear transect, detritic was the dominant substrate with mud and 

rock as a secondary substrate between 1434 m to 1564 m and then rock present again at 1944 m (Fig. 8). 

Blanks refer to any sequences that were non-useful and therefore not part of the linear transect. 

 

Deployment 8.70%

Useful / Linear 7.20%

Bad Visbility 33.90%

Stopped At Bottom
17.70%

Sampling 11.30%

No Lasers 4.30%

Erratic Movement
5.10%

Moving Sideways
2.10% Recovery 9.10%

Sequence Types in Video Transect 
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Figure 8. The different substrate types (in percentage) along the distance navigated (m) in the video transect 

in Gazul Mud Volcano. Blanks represents non-useful sequences. 
 
4.3 Total occurrence and abundance of megabenthic organisms   
 
A total of 745 organisms, belonging to 46 OTUs (Annex 1), were recorded in the linear transect, 

belonging to the quantitative data set (Fig. 9a). Overall, the most abundant OTUs (Fig. 9a,b; from both 

quantitative and out-sampling frame data sets) were Cnidaria with 411 organisms total, followed by 

Porifera with 243 organisms total and Echinodermata with 50 organisms total. The quantitative data 

abundance plot and the out-sampling frame data abundance plot (Fig. 9) showed very similar counts and 

groups in all OTUs. The most frequent and abundant OTU was Acanthogorgia spp., which represented 

almost one third of the total fauna observed and 26% of the total number of cnidaria recorded from the 

linear transect (belonging to the quantitative data set). The second most abundant OTU was  F. chunii  

(12%) and the third most abundant OTU was ‘White Coral’, with 85 colonies / individuals (11%). 
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Figure 9. Number of individuals counted per Operational Taxonomic Unit (OTU), categorized by source of 

data; a) Quantitative data, b) Out-sampling frame data. Complete names for OTUs can be found in the complete 
taxonomic list in Annex 1. 
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In terms of important deep-sea sponges, Asconema setubalense was one of the few identified to species 

level and also one of the dominant habitat-forming species with 42 individuals counted (belonging to the 

quantitative data set). Other abundant OTUs were Porifera lamellate with a total of 42 individuals and 

Porifera encrusting with the highest number of counts (with 67 individuals) overall for deep-sea sponges 

(all belonging to the quantitative data set).  

 
For the out-sampling frame data set, the same OTUs remained as the most frequent and abundant.  

Regarding the out-sampling frame data, a total of 1448 individuals were counted, and the same patterns 

for abundance of OTUs were observed (Fig.9b) as the quantitative data set (Fig. 9a).  

 
4.4 Densities and spatial patterns of megabenthic organisms  
 
The six OTUs that showed to be the most frequent and abundant in the linear transect sequences (Fig. 

10), were studied in further detail; a) Acanthogorgia spp., b) White Corals, c) Asconema setubalense, d) 

Flabellum chunii, e) Porifera globular, and f) Porifera lamellate. Total densities were calculated and 

averaged in number of individuals per square meter (Table 1, Fig. 11). Results showed that the majority 

of individuals and OTUs tended to form assemblages in large aggregations or patches, which we will 

refer to as clusters (Fig. 11, Annex 2). The six most frequent and abundant OTUs showed aggregation 

patterns in association with substrate type. Furthermore, four clusters of variable sizes have been 

identified and described along the linear transect from GMV (Fig. 11). Cluster 1 was covered with dense 

aggregations of deep-sea sponges including A. setubalense, Porifera globular and Porifera lamellate. 

Sponge taxa tended to be more frequent and abundant here in cluster 1, yet the colonial coral; 

Acanthogorgia spp. also showed the highest density here for CWCs. Cluster 2 showed other emergent 

fauna, such as the solitary coral F. chunii (Table 1, Fig. 11). While clusters 3 and 4 were composed 

mainly of the White Corals. 

 
Cluster 1 was the largest in distance navigated and area covered, but also the one with the highest 

taxonomic diversity in terms of number of OTUs (Table 1). Indeed, Cluster 1 also showed to have the 

highest densities for most OTUs observed in this study (Table 1). A large variation of density values 

between the six most abundant OTUs (at least one order of magnitude) was observed, yet showed large 

differences of density values between the different cluster locations (Table 1). All individuals of 

Acanthogorgia spp. (a) were found in Cluster 1 at high densities (Table 1, Fig. 12) settled on soft 

flagstone and some hard flagstone (Fig. 11). The colonies were mixed among sponge fields, consisting 
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mainly of small and large A. setubalense (c) individuals (Table 1, Fig. 12). Some Porifera globular, 

Porifera lamellate, Porifera flabellate and Leiodermatium sp. were observed among the assemblage as 

well (Fig. 11, 12). White Corals (b) and Porifera globular (e) showed to monopolize cluster 3, mainly 

nearing the summit of the volcano on hard rocky substrate (Fig. 11). Porifera globular, Porifera lamellate 

(f), and A. setubalense all showed similar distribution patterns with little density variation (Table 1, Fig. 

12), aggregated in both clusters 1 and 3. Few of the six most abundant OTUs tended to aggregate in 

cluster 4 where a mixture of rock and soft flagstone covered the bottoms, yet other important CWC 

OTUs (Bebryce mollis, Dendrohyllia cornigera and Plexauridae sp.) did happen to colonize the hard 

substratum instead (Annex 2). Lastly individuals of the actinian species, A. richardiii and the 

sclearctinian F. chunii (d) were found dominating in cluster 2 on detritic substrate, with no observations  

in any other clusters (Fig. 11, 12). 

 
Figure 10. The six most frequent and abundant operational taxonomic units from the linear transect at the Gazul 
Mud Volcano. a) gorgonian, cold-water coral; Acanthogorgia spp., b) reef-building ‘White corals’; Madrepora 

oculata on left, Lophelia pertusa on right, (Source: NOAA-Pelagic Research Services), c) deep-sea sponge; 
Asconema setubalense, d) solitary scleractinian coral; Flabellum chunii, and examples of the Porifera 

morphotypes included as the Operational Taxonomic Units; e) Porifera globular, and f) Porifera lamellate
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Figure 11. Spatial patterns of the megabenthic communities along the linear transect of Gazul Mud 
Volcano. Entire transect track is denoted by the black line (see Figure 2 for location within the study 
area). Clusters are displayed in rectangular boxes labelled with the corresponding number. Substrate 

types are represented along the transect track with different colours (see legend). Red triangles indicate 
fishing impacts observed. 
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Figure 12. Density plots of the six most frequent and abundant Operational Taxonomic Units (OTUs) along the 

linear transect; a) Acanthogorgia spp., b) Asconema setubalense, c) Flabellum chunii, d) White corals; including 
the combined observations from both 1) Lophelia pertusa (Source: NOAA-Pelagic Research Services) and 

2) Madrepora oculata, e) Porifera globular, and f) Porifera lamellate. 
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With regards to distribution of the remaining OTUs, results showed that most tended to aggregate 

among one or more of the four clusters we identified (Annex 2, Fig. 11). Some individuals showed 

interesting and clearly visible spatial patterns. For Cnidarian taxa; Bebryce mollis, Dendrophyllia 

cornigera, Plexauridae sp1 and Gorgonacea sp1, showed a patchy distribution, aggregating together 

near or at the summit of GMV in cluster 4 (Annex 2, Fig. 11). The cup coral Caryophyllia spp. was the 

only cnidarian OTU found in cluster 2, and nowhere else. For Porifrera taxa; OTUs were found 

widespread along the entire linear transect (e.g. in all clusters). Leiodermatium sp. individuals 

aggregated in a dense cluster only at the beginning of the video transect, just outside of cluster 1 (Annex 

2). Porifera stony morphotype showed unique patterns as it was the only OTU from the Porifera phyla to 

be found in cluster 4. For Echinodermata taxa; the common urchin Cidaris cidaris showed to be the 

most widespread and most abundant Echinodermata (Annex 2). It should also be noted that Echinoderm 

Crinoidea sp. were difficult to observe, differentiate and therefore properly count the number of 

individuals. For Chordata taxa; elasmobranch, Scyliorhinus canicula was observed in a single location at 

the beginning of the transect. Most, if not all fish taxa were found widespread along the linear transect as 

well (Annex 2). The ascidian, Polycarpa sp. occurred in 4 distinct and highly dense patches (>100 

individuals) amongst cluster 1, 3 and 4. The actinia, A. richardii displayed a similar distribution pattern 

as the solitary scleractinian F. chunii, dominating in cluster 2 only, although the actinia showed much 

lower densities compared to F. chunii. For Mollusca taxa; individuals were found in cluster 1 and 3 

only, with cephalopod species; Eledone cirrhosa found at the bottom of the volcano and at the summit in 

cluster 4 (Annex 2, Fig. 11).  

 
4.5 Fishing impact in the analyzed video transect   
 
The total number of fishing impacts were counted and objects human debris or leftover fishing 

gear were annotated along the video transect (Fig. 13). A total number of three separate fishing remains 

were recorded in three separate locations (Fig. 13) along the video transect. One large fishing net (Fig. 

13) found at 450 m depth in an area of hard flagstone mixed with detritic bottoms. The colonization of 

Crinoidea sp., Acanthogorgia spp., Porifera globular, Porifera lamellate, Porifera encrusting and White 

Corals, all exist, some directly attached to the mesh of the net. Three remains of fishing lines (Fig. 13) 

were found at 447 m depth, surrounded by different habitat-engineering OTUs; several large 

A. setubalense and Porifera lamellate individuals, more than 12 colonies / individuals of 

Acanthogorgia spp. and several Crinoidea spp. individuals were attached directly on the line. 
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Figure 13. Three different fishing impacts observed along the video transect at Gazul Mud Volcano; a) thick 

fishing line, b) thin fishing line and debris, and c) fishing net. Location of fishing impacts within the video 
transect can be found in Figure 11. 

 
One fishing line and two pieces of fishing debris (Fig. 13) were found at 405 m depth, in a soft substrate. 

In the surrounding area of the remains, F. chunii dominates, with diverse taxa intermingling; M. oculata, 

Munida sp., Asteroidea sp., Cidaris cidaris, Porifera globular and Porifera encrusting (Fig. 13). 

 

5. DISCUSSION  

5.1 Video Analysis 
 
Our main results from the ROV video analysis at GMV showed that the study area hosts a large number 

of OTUs found in different deep-sea benthic communities. The sampled area also shows to have a high 

density of OTUs, compared to nearby soft-bottoms in the GoC (Rueda et al., 2012; Sitjà et al., 2018). 

Our study area focused on only a short-navigated distance and yet our overall findings still supported 
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our hypothesis in that the GMV acts as a host of many different VMEs and VME indicator taxa. CWCs 

and sponges are both important players in deep-sea ecosystems, acting as habitat providers (Guinan et 

al., 2009; Davies et al., 2017; Pham et al., 2015; De la Torriente et al., 2018) to a variety of diverse 

organisms. Indeed, there is a particular interest for conservation of reef habitats in the Habitat Directive 

(Reef-1170, (Directive 93/42/EC Habitat). As part of the Spanish and European natural heritage, the 

GMV and eleven others within the GoC have previously been added to the Habitats Directive (Evans, 

2006). and the Marine Strategy Framework Directive for conservation of resources (European 

Parliament and Coucil of the EU, 2008).These past implementations put us one step ahead and closer to 

complete protection of these vulnerable fauna, our findings and data collected from GMV could greatly 

contribute to the overall knowledge on this specific location, in hopes of attaining more and more 

conservation. 

 
5.2 Biodiversity and densities of megabenthic fauna 
 
Densities of the main scleractinian CWCs at GMV showed to be higher than average in comparison to 

the same species (M. oculata, L. pertusa) in nearest surrounding areas, e.g. the GoC and other northern 

locations in the NE Atlantic (Cathalot et al., 2015; Wienberg et al., 2009, 2010; Davies et al., 2017; Van 

den Beld et al., 2017; Cunha et al., 2011). Average density values for White Corals at GMV (0.05 ind · 

m-2) showed to be most comparable to those from the Bay of Biscay (NE Atlantic) (0.01-0.04 ind · m-2; 

Arnaud-Haond et al., 2017; Reveillaud et al., 2008). Both regions are biogeographically located within a 

subtropical / boreal transition zone and both regions display similar ecological richness and diversity 

(Andonegi et al., 2015). The two areas are shaped by strong hydrodynamics with an increase in food 

availability, making them both suitable for benthic suspension feeders such as CWCs (Clippele et al., 

2017; Thiem et al., 2006). The hydrodynamics at the Bay of Biscay undergoes upwelling, is highly 

influenced by river runoff, the Gulf Stream and gyres (Andonegi et al., 2015). Whereas the 

hydrodynamics at the GoC basin involves the connection of the North Atlantic Ocean to the 

Mediterranean Sea, being highly influenced by two different water masses; the MOW and the NACW. 

Indeed, the presence of various water conditions may influence both areas biodiversity. The warmer 

Mediterranean waters, such as the MOW in the GMV might benefit the M. oculata growth over L. 

pertusa. Madrepora oculata is known to be more tolerant to slightly warmer temperatures, ranging in 

the Mediterranean Sea between 11-13 °C (Naumann et al., 2014) and up to a maximal upper limit of 20 

°C. Madrepora oculata is also more tolerant to abrupt environmental changes (Keller and Os’kina, 
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2008; Wienberg et al., 2009) and acts as the dominant CWC framework species in the Mediterranean 

Sea (Weinberg et al., 2009). In comparison to L. pertusa which is commonly found between 

temperatures of 4 - 12 °C (Frank et al., 2011) and seems to dominate more cooler locations in the North 

Atlantic (Arnaud-Haond et al., 2017 Naumann et al., 2014). Madrepora oculata seemed to dominate 

over L. pertusa in the analyzed video transect at GMV, as usually occur in this area (Keller and Os’kina, 

2008). However, these results should be taken with caution due to the difficulties in the identification of 

the two species using underwater ROV footage only. 

 
The alcyonacean CWC Acanthogorgia spp showed to be the overall most abundant and frequent OTU in 

the linear transect, it dominated in cluster 1 and was often found living amongst sponge fields at deeper 

depths of the MV (~450m). This species is also considered an important ecosystem-structuring 

individual responsible for forming dense aggregations (Braga-Henriques et al., 2013), known as ‘coral 

gardens’. Similarly, as scleractinian coral reefs, the complex structure and 3D-framework (Pham et al., 

2015) of the coral gardens also provide stability (Gori et al., 2012) as well as other ecosystem benefits 

and services for many associated organisms, including habitat (Arnaud-Haond et al., 2017) and nursery 

provisioning (Pham et al., 2015). 

In addition to CWCs, sponge taxa show equal importance in the deep-sea as they play key roles in 

habitat supply, nutrient cycling (Thurber et al., 2014), and give structural complexity, increasing local 

biodiversity (Ramiro-Sánchez et al., 2019). Unfortunately, available information regarding distribution 

and biology of these organisms remain limited, especially in areas below 200 m (Kazanidis et al., 2019). 

Our findings at GMV, for Porifera density values (e.g. flabellate globular, etc.) are comparable to those 

observed at the Faroe-Shetland Channel (FSC) in the NE Atlantic (Kazanidis et al., 2019). Densities of 

common sponge OTUs ranged  between 0.009 – 0.056 ind · m-2 at GMV (mean ~ 0.116 ind ·m-2) 

whereas densities within the FSC-NCMPA (Faroe-Shetland Channel Nature Conservation Marine 

Protected Area) ranged from 0.011 to 0.338 ind ·m-2  (mean ~ 0.175 ind ·m-2 ; Kazanidis et al., 2019). 

Both areas present very different characteristics in terms of location and oceanography (Kazanidis et al., 

2019), yet still show similar mean densities for deep-sea sponge fauna. It could be thought that substrate, 

salinity and temperature all influence these organisms distributions at both locations and may give 

reasoning for such similarities in density values. At FSC-NCMPA, Porifera densities were highest on 

harder substrate (e.g. rock, cobble; Kazanidis et al., 2019), showing comparable findings to GMV where 

porifera organisms also preferred harder substrate (e.g. detritic, flagstone) opposed to sand. At FSC-
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NCMPA, densities were highest in the salinity range of 34.91 to 35.13 psu and temperatures between 

6.52 to 8.98 °C. Although temperatures at GMV are slightly warmer (reaching 13.1°C), salinities were 

very similar (ranging from 35.9 to 36.0 psu). Overall, Porifera fauna at FSC-NCMPA aggregated in a 

narrow depth zone between 450 – 530 m in warmer and more saline water masses (Kazanidis et al., 

2019). These findings show many similarities to our results from GMV, as most Porifera also 

aggregated around 440 to 460 m depth, also highly influenced by warmer water masses (MOW). 

Therefore it could be suggested that the salinity and depth range of the Faroe-Shetland area coincides 

with the MOW in the Faroe-Shetland area producing similar influences on the deep-sea sponge 

communities for both regions. 

A noteworthy pattern was observed at GMV regarding other existing fauna. The diversity in terms of 

OTUs tended to show an increase when CWCs and sponges were present (Table 1, Fig. 11). Cluster 1 

showed the highest diversity (20 OTUs), which positively associates with the presence of CWCs and 

sponges which dominates this cluster. Whereas cluster 2 has the lowest diversity (5 OTUs) likely due to 

the fact that only small solitary corals and actinians were present, but none with complex structure were 

present in this cluster. The presence of CWCs and sponges provide services and functions to many other 

organisms, such as refuge (Guinan et al., 2009), feeding, nursery and reproductive grounds (Pham et al., 

2015), cycling (Van den Beld et al., 2017) carbon sequestration (Sweetman et al., 2017), etc. It could 

also be suggested that with a higher biodiversity in the area, comes more colonization and growth of 

CWC individuals (Komyakova et al., 2018; Clements et al., 2019), which gives reasoning to the 

biologically diversified ecosystems at GMV. Indeed, the structures and ecosystems formed by 

underwater mud volcanoes themselves may also favour diversity of organisms, simply due to the 

presence of marked slopes, enhanced currents and in general due to the specific oceanographic 

conditions surrounding the area (Cunha et al., 2013; Morato et al., 2013; Rueda et al., 2015). 

5.3 Distribution patterns 
 
In terms of distribution patterns, results showed that almost all OTUs tended to aggregate in four main 

clusters (Fig. 12, 13), rather than randomly along the analyzed linear transect. Clustering patterns has 

previously been suggested in the GoC for both CWCs and sponges by Cunha et al (2013). These authors 

stated that few locations in the GoC are known where CWCs and sponges occur, but generally 

aggregating at small carbonate mounds and on flanks of the volcanoes. Although no presence of 
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carbonate mounds were observed at GMV, flanks of underwater MVs in the GoC probably show similar 

sediment characteristics, topography and slope, which make our findings comparable to the study of 

Cunha et al (2013). Indeed, similar spatial patterns were found, where diverse CWCs and sponge OTUs 

tended to aggregate on the flanks of GMV, as clearly observed in cluster 1.  

 
The main aggregations along the linear transect may have been obvious and apparent simply due to the 

true occurrence and distribution of these organisms as a patchy distribution is very common in benthic 

communities (Bett and Rice, 1992; Cosson et al., 1997; Orejas et al., 2009b). However, the processing 

technique used involved the selection of only certain sequences to be analyzes from video transect and 

in consequence, the observed patchy distribution of OTUs could have been determined artificially. 

However, the non-useful sequences of the video transect generally showed two contrasting settings; 1) 

bare bottoms with sand and detritic or 2) harder bottoms with organisms aggregated together. Thus, 

despite the fact that those sequences were not included in the quantitative data analysis, they are useful 

to confirm the patchy distribution patterns found. Overall, it seems as though organisms at GMV tend to 

show a more patchy distribution rather than a continuous change. 

A main influential factor to determine spatial patterns was substrate type, as fauna aggregations and 

clusters were commonly associated with different substratum types observed. The main hard substrates 

observed in GMV included carbonates crusts and slabs, rock and in a further extent coral rubble 

(classified as detritic sediment) . Same substrate types has been observed covering the surfaces of other 

MVs within the GoC (e.g. Hespérides, Faro; Léon et al., 2007, 1999). Harder substrates usually offer 

better settling grounds, for most CWC species (Léon et al., 1999; Henry and Roberts, 2007; Weinberg et 

al., 2009. These surfaces provide a hard substratum for white corals, Acanthogorgia spp., Porifera OTUs 

and many other benthic taxa of GMV (Díaz-del-Rio et al., 2003; Léon et al., 2007; Somoza et al., 2014. 

Overall, our findings are supported by those of Purser et al. (2013) in that different taxa favours different 

substrate in terms of settlement, growth and distribution. As observed in our study area, CWCs and 

sponges mainly existed on hard substrate such as soft flagstone, hard flagstone and rock (e.g. clusters 1, 

3 and 4). Deep-sea sponges (A. setubalense, Leiodermatium sp., and most Porifera morphotypes) OTUs 

were mainly found on hard substrates in cluster 1. In agreement with the study of Sitjà et al. (2018), in 

the Galicia Bank (NE Atlantic), sponge OTUs at GMV tended to aggregate on the less steep areas (Sitjà 

et al., 2018) and deepest depths (450 m). No large habitat forming CWCs or sponge OTUs were found 

on soft substrate (cluster 2; Fig. 11). However, there are other coral species (e.g. F. chunii, Caryophyllia 
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spp.) that have adapted to settle on soft bottoms (Corbera et al., 2019). Sedimentary habitats are also 

noteworthy sea floor components within the MV of the Spanish margin (Rueda et al., 2012). Weinberg 

et al. (2009) documented that soft sediment dwellers showed to be more common on the lower flanks of 

MVs in the GoC compared to the summit region. In GMV, when soft substrate was present, individuals 

of F. chunii and A. richardii cohabited and were found in flatter, deeper areas (450 m) of the linear 

transect.  

Beside substrate type and geomorphology other environmental and biological factors influence the 

distribution patterns of benthic fauna at GMV, as observed previously in other studies (e.g. Clippele et 

al., 2017; Guinan et al., 2009; Sánchez et al., 2014). Among these factors; hydrodynamic conditions play 

a role in spatial patterns and species growth (Clippele et al., 2017; Thiem et al., 2006). For instance, 

CWCs; M. oculata and L. pertusa were observed intermingling on the summit of the volcano in cluster 

3, probably due to the ideal conditions seen at the summit of the volcano. Compared to other parts of the 

volcano, temperatures reached 13.1 °C and salinities were lower between 35.9 – 36.0 psu, with strong 

current speeds of > 0.3 m · s-1 [MEDWAVES; ATLAS project unpublished data]. In contrast, colonial 

Acanthogorgia spp. were found among all four clusters in high densities, distributed all along the linear 

transect. It could be added that these diverse communities may favour the GMV for its unique 

conditions, specifically regarding hydrodynamics and water masses. Throughout the video transect, 

large amounts of detritus and suspended particles were continuously being transported which probably 

acts as a primary source of food for benthic suspension feeder organisms (e.g. CWCs, sponges), 

especially because these organisms display an opportunistic behaviour of passive suspension feeding 

(Van Rooij et al, 2010; Sánchez et al, 2014; Corbera et al., 2019). Unfortunately, due to time constraints, 

our study was unable to analyze all of these driving factors, nevertheless hydrodynamics and other 

factors, such anthropogenic impacts (see details below), cannot be disregarded as partially responsible 

for the observed spatial patterns at GMV. 

5.4 Vulnerable Marine Ecosystems (VMEs), fishing impact and conservation  
 
Vulnerable Marine Ecosystems are areas which, among others, may include unique features such as 

seamounts, hydrothermal vents, etc., that may be vulnerable to fishing impacts (FAO, 2015). According 

to the ICES (2018), FAO (2019) and other studies (e.g. Ardron et al. 2013), VMEs are formed by 

organisms that possess uniqueness or rarity, functional significance of the habitat, fragility, life-history 
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traits that make recovery difficult (e.g. slow growth rates, long life span) and structural complexity. It is 

generally difficult to define exactly when an assemblage of organisms or a habitat should be considered 

a VME or simply a VME indicator organism. According to the FAO (2016), VME indicator organisms 

are defined as benthic taxa which indicate the occurrence or likely occurrence of a VME. These 

indicator organisms in the deep-sea include: black corals, gorgonians, sea-pens, soft corals, sponges, 

stony corals, anemones, stalked crinoids, sponges, among others (ICES, 2018; FAO, 2019). However, 

some VME or VME indicator organisms are more vulnerable (fragile vs. resilient) than others (FAO, 

2015). According to ICES (2018) guidelines for VMEs; numerous assemblages, habitat types and 

organisms may be considered VMEs or indicators of VMEs in GMV (Annex I). At least 4 different 

VMEs were clearly identified as: a) Mud and sand emergent fauna (A. richardii, F. chunii), b) Cold-

water coral reefs (M. oculata, L. pertusa), c) coral gardens (Acanthogorgia spp.), and d) deep-sea 

sponge aggregations (A. setubalense, Porifera OTUs). 

 
Unfortunately, VMEs all around the world and their associated organisms are currently subject to many 

human threats, including fishing and pollution and will be subject to future threats such as climate 

change, oil and gas exploitation, mining, shipping, etc.; which also play a key role in shaping benthic 

communities (Fisheries and Oceans Canada, 2012; FAO, 2016 Lo Iacono et al., 2018; Orejas et al., 

2009a; Hall-Spencer et al., 2002; Pham et al., 2015; Sweetman et al., 2017). Fishing activities at GMV 

could negatively influence benthic fauna (Sitjà et al., 2018). A recent study by Sitjà et al. (2018), 

suggested that GMV deals with low (0.5) fishing activity (0 = none, 1= 1 vessel, 2= 2 - 5 vessels, 3= >5 

vessels) within the GoC area. Although fishing activity may be labelled as low to moderate, remains of 

fishing gear can still be observed at GMV from our video transect (Fig. 15). Perhaps this could be due to 

higher intensity of fishing activities in past time (Coll et al., 2014). The three impacted locations 

observed at GMV were probably old since signs of recolonization by various taxa were shown. Indeed, 

the man-made materials may actually provide benthic organisms a hard substrate for attachment and 

settlement needs (Sampaio et al., 2012).   

 
The conservation of VMEs, such as the reef-building CWCs, from these impacts is of substantial 

importance and require protection measurements. The International Union for Conservation of Nature 

(IUCN) assigned global status’ for taxa that shows threats of endangerment (Annex 1). 
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Figure 14.  Vulnerable Marine Ecosystems found in the video transect analyzed at Gazul Mud Volcano: a) Mud 

and sand emergent fauna, dominated by anemones, colonized on sandy bottoms by Actinauge richardii, b) 
Aggregation of mud chimneys on muddy slopes, c) Mud and sand emergent fauna, dominated by Flabellum chunii 

on sandy bottoms, d) Cold-water coral aggregations composed of Madrepora oculata, Lophelia pertusa mixed 
with sponges on detritic bottoms, e) Coral garden created by Acanthogorgia spp. mixed with sponges on soft 

bottoms, f) Deep-sea sponge aggregations made up of Asconema setubalense on soft flagstone. 

Certain CWCs observed at GMV, such as M. oculata and L. pertusa are listed as ‘critically endangered’ 

(CR) as well as the solitary coral D. cornigera (IUCN, 2019). Other alcyonacean CWCs observed at 

GMV such as Callogorgia verticillatta are listed as ‘near threatened’ (NT) and some species of the 

family Plexauridae are labelled as ‘vulnerable’ (VU) (IUCN, 2019). Conservation of VMEs help to 

improve ecosystem stability, which in turn improves the status and recruitment of commercially 

important species (Komyakova et al., 2018; Clements et al., 2019). For instance, the ‘curled octopus’ E. 

cirrhosa, which is exploited particularly in the Western Mediterranean (Belcari et al, 2002), was 

observed frequently in the video transect at GMV (Fig. 15). These species have been previously 

suggested to migrate to shallower, coastal areas for reproduction with only adults living in deep waters 
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(Sánchez et al., 1998; Sartor et al., 1998; Belcari et al., 2002; Regueira et al., 2013). However, all 

throughout the video transect at GMV, every observation was of small, juvenile individuals. This may 

require further investigation regarding the previous knowledge on E. cirrhosa lifecycles (Relini et al., 

2006). Also, the small-spotted catshark Scyliorhinus canicula, another species of commercial interest, 

was recorded in the GMV (Fig. 15). Sharks are protected in numerous areas and are of critical 

importance as they are great indicators of a good environmental status (Kousteni et al., 2014). In 

addition, both the catshark and octopus are thought to be potential competitors (Kousteni et al., 2014; 

Puerta et al., 2016). Furthermore, such trophic interaction may show evidence for hunting and feeding 

grounds, suggesting the presence of enough food and resources for both species to co-exist at GMV 

(Puerta et al., 2016). 

Protection is required for all VME associated fauna as the entire ecosystem deserves conservation 

(Douvere et al., 2008; Hughes et al., 2005). An ecosystem-based approach may be the best strategy 

moving forward because not just one species or individual should be given special consideration, rather, 

all taxa and habitats should be paid attention to (Crowder et al., 2008; Personnic et al., 2014). Our study 

could contribute to progressing the knowledge on deep-sea VMEs at the GoC and help to protect them 

and their associated fauna. 

 
Summarising, this study provides insight in the spatial distribution and biological diversity of VMEs at 

GMV which may be used in contribution for future planning and management of the area. Using image 

methodologies (a non-invasive approach) can help to develop a baseline of VMEs in the region which 

can be used to evaluate other impacts (e.g. anthropogenic influences, environmental changes, etc.; 

Chimienti et al., 2018). This non-invasive approach, using an ROV to document and characterize 

benthic communities can help to build our scientific findings in deep-sea research and contribute to the 

conservation of vulnerable organisms like ecosystem engineers (reef-building CWCs and deep-sea 

sponges). 
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Figure 15. Diagram of the Vulnerable Marine Ecosystems and key indicator organisms found in the 
bathymetric gradient at the Gazul Mud Volcano. 

 
5.5 Difficulties and limitations of the methodological approach 
 
Numerous difficulties arose from this non-invasive method of sampling, that we tried to overcome 

during the analysis. Problems regarding ROV video sampling may have reduced our sample size and the 

majority of the video footage was unusable for the kind of quantitative analysis we planned to conduct. 

For example, a long video sequence of a dense sponge-field of A. setubalense was recorded at GMV for 

a couple of minutes, but unfortunately the lasers were off, making it a non-useful sequence. In addition, 

the footage that was good and useful was sometimes difficult to analyze due to bad visibility and image 

quality, overall adding inaccurate taxonomic identifications and/or a potential bias in counting. Another 
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example of misidentification could have been between the morphotypes (e.g. Porifera lamellate and 

Porifera flabellate). 

 
For future perspectives, it is most beneficial to analyze the footage multiple times in order to capture any 

observations which may not have been noted in the initial viewing, as we did in our study. Although it is 

quite out of our hands, good environmental conditions offer more successful functioning of the ROV 

which provides us with more useful and quantitative data. For example; with unfavourable 

environmental conditions in the study area, such as a strong current, comes high flows of sedimentation 

and in our case, low visibility. To conclude, it would have also been very beneficial and advantageous to 

analyse our data in relation to the different water masses, to better understand how the different 

hydrodynamic conditions affect different VMEs. It would be interesting to compare taxonomic diversity 

between the NACW and MOW masses, although unfortunately time was a constraint.  

 

6. CONCLUSIONS  

• Gazul Mud Volcano hosts diverse megabenthic communities with 745 total organisms/colonies 

counted in one video transect (~1200 m2); belonging to 46 different Operational Taxonomic 

Units identified within 7 phyla, including organisms like; cold-water corals, deep-sea sponges, 

sharks, octopus, sea urchins, fish etc. 

• The six most frequent and abundant Operational Taxonomic Units observed in the deep-sea 

benthic communities at Gazul Mud Volcano consisted of all cnidaria and porifera phyla (in order 

of decreasing abundance): 1) Acanthogorgia spp., 2) Porifera lamellate, 3) White Corals 

(Madrepora oculata and Lophelia pertusa), 4) Flabellum chunii, 5) Asconema setubalense, and 

6) Porifera globular. 

• Density values showed a large variation, of at least one order of magnitude, between the six most 

frequent and abundant Operational Taxonomic Units; the highest values arose from 

Acanthogorgia spp. with an average total density value of 0.096 ind · m-2. 

• Most of the observed benthic fauna and particularly the key habitat-forming Operational 

Taxonomic Units (cold-water corals and sponges) from Gazul Mud Volcano tended to aggregate 

into four main clusters, which associated with substrate type. Cluster 1 covered the largest area 

(573 m-2) and showed the highest biodiversity with a total of 20 different Operational Taxonomic 

Units observed.  
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• Density values of the six most frequent and abundant Operational Taxonomic Units also 

presented large differences among the different cluster locations. For example; cluster 1 shows 

the highest total densities (0.52 ind·m-2) mainly composed of cold-water corals and sponges, 

whereas cluster 2 shows the lowest total densities (0.02 ind·m-2), mainly composed of Flabellum 

chunii individuals. 

• Harder substrate types (such as soft flagstone, hard flagstone, rock) tended to host biodiversity in 

terms of Operational Taxonomic Unit diversity and density in comparison to bottoms dominated 

by soft substrate. In addition, the presence of habitat-forming cold-water corals, which mainly 

colonized on hard substrate, increased the biodiversity. 

• At least four different Vulnerable Marine Ecosystem types were observed at Gazul Mud Volcano 

(following ICES, 2018 criteria) including: (1) Mud and sand emergent fauna, (2) Cold-water 

coral reefs, (3) Coral gardens, and (4) Deep-sea sponge aggregations. In addition, numerous 

indicator organisms were also observed such as Madrepora oculata, Lophelia pertusa, Asconema 

setubalense, Dendrophyllia cornigera, etc., and organisms of commercial interest or importance 

such as Eledone cirrhosa and Scyliorhinus canicula. 
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LIST OF ANNEXES 
 
Annex 1.  
Complete list of all Operational Taxonomic Units (OTUs) observed in the linear transect at Gazul Mud 
Volcano (GMV). 
  
  

Phylum  Class  Order  Family  OTU Threatened 
Status 

ID 
Number 

Arthropoda  Malaconstraca  Decapoda  Munididae  Munida sp.  
 

1 

  
  

Palinuridae  Palnurus mauritanicus  
 

2 

  
  

Unidentified  Malaconstraca sp1  
 

3 

Annelida  Polychaeta  Sabellida  Sabellidae  Sabellidae sp1  
 

4 

  
 

Unidentified  Unidentified  Polychaeta sp1  
 

5 

Chordata  Actinopterygii  Gadiformes  Macrouidae  Ceolorhynchus coelorhynchus  
 

6 

  
  

Gadidae  Gadiculus argenteus  LC 7 

  
 

Scorpaeniformes  Scorpaenidae  Helicolenus dactylopterus  LC 8 

  
 

Unidentified  Unidentified   Fish 
 

37 

  Ascidiacea  Enterogona  Ascidiidae  Polycarpa sp1  LC 9 

  Chondrichthyes  Carcharhiniforme Scyliorhinidae  Scyliorhinus canicula  LC 10 

Cnidaria  Anthozoa  Actinaria  Hormathiidae  Actinauge richardii  DD 11 

  
 

Alcyonacea  Acanthogorgiida
  

Acanthogorgia spp.  DD / LC 12 

  
  

Chrysogorgiidae
  

Radicipes cf. gracilis  
 

13 

  
  

Primnoidae  Callogorgia verticillatta  NT 14 

  
  

Plexauridae  Bebryce mollis  DD 15 

  
  

Plexauridae  Plexauridae sp.  VU 16 

  
 

Scleratinia  Caryophyliidae  Caryophyllia spp.  LC 17 

  
   

Lophelia pertusa  EN 18 

  
  

Dendrophyliidae
  

Dendrophyllia cornigera  EN 19 

  
  

Flabellidae  Flabellum chunii  DD 20 

  
  

Gorgoniidae  Gorgoniacea sp1  
 

41 
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Oculinidae  Madrepora oculata  CR 21 

Echinodermata
  

Asteroidea  Unidentified  Unidentified  Asteroidea sp1  
 

22 

  
 

Diadematoida  Diadematidae  Centrostephanus longispinus  
 

23 

  
 

Valvatida  Chaetasteridae  Chaetaster longpipes  
 

24 

  
  

Ophidiasteridae  Hacelia superba  
 

25 

  Crinoidea  Unidentified  Unidentified  Crinoidea sp1  
 

26 

  Echinoidea  Camarodonta  Echinidae  Graciilechinus acutus  
 

27 

  
 

Cidaroida  Cidaridae  Cidaris cidaris  
 

28 

  Holothuroidea  Synallactida  Stichopodidae  Parastichopus regalis  
 

29 

Mollusca  Bivalvia  Unidentified  Unidentified  Bivalvia sp1  
 

30 

  Cephlapoda  Octopoda  Eledonidae  Eledone cirrhosa  LC 31 

Porifera  Desmospongaie  Tetractinellida  Azoricidae  Leiodermatium sp.  LC 33 

  
 

Axinellida Axinellidae Phakelia ventilabrum 
 

32 

  
 

Lyssacinosida  Rossellidae  Asconema setubalense  LC 34 

  Hexactinellida  Unidentified  Unidentified  Porifera encrusting   
 

35, j), k), 
l) 

  Unidentified  
  

Porifera digitate  
 

38 

  
   

Porifera flabellate   
 

39, a), b) 

  
   

Porifera globular   
 

40, c), d) 

  
   

Porifera lamellate    
 

42, e), f), 
g) 

  
   

Porifera massive    
 

43, h), j) 

  
   

Porifera stony   
 

44 

  
   

Porifera sp1  
 

36 

  
 

Porifera sp2  
 

45 

 
 Operational Taxonomic Units (OTUs) are grouped by phylum, class, order, family then species level. When 
identification was not possible, a general morphotype name was given. The global threatened status’ are listed 
for some important OTUs (IUCN, 2019): LC = least concern, DD = data deficient, NT = not threatened, VU = 
vulnerable, EN = endangered, CR = critically endangered. Photo identification of all OTUs can be found below 
in Annex 3.  
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Annex 2.  
Density plots for each Operational Taxonomic Unity (OTU) observed along the linear transect at Gazul 
Mud Volcano. 
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Annex 3. 
Operational Taxonomic Unit (OTU) photo catalogue for visual identification. All photos were obtained 
from the Remote Operated Vehicle video footage except photo #18, source: NOAA-Pelagic Research 
Services. Identification numbers in the photos refer to ID number in Annex 1, whereas identification 
letters in the photos refer to the exact morphotype of the various OTUs.  
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Some Operational Taxonomic Units (OTUs) encompass several taxa with the same morphotype: the OTU 

Porifera flabellate includes diverse sponge species such as those represented in a) and b). Porifera globular 
includes c) and d); Porifera lamellate comprises e), f) and g); Porifera massive includes h) and i) and Porifera 

encrusting includes j), k) and l). The two OTUs of White Corals can be found in photo #18 and #21. 

 


