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Abstract: Cold-water gorgonians dwelling on the continental shelf are a common by-catch of
bottom-contact fishing practices. Given the slow growth and limited recruitment of cold-
water gorgonians, impacts derived from fishing activities may seriously compromise the
conservation of the highly complex coral gardens which they generate, as well as the
abundant and highly diverse associated fauna. For this reason, the development of
effective active and passive restoration methods is nowadays a priority to enhance the
natural recovery of impacted cold-water coral gardens. However, ecological restoration
of mesophotic and deep-sea communities remains extremely limited, due to their
technological requirements and associated costs bringing their wide-scale and long-
term application into question. This study reports the results of the first large-scale
active restoration of more than 400 cold-water gorgonians on the Mediterranean
continental shelf. By actively involving local fishers during two consecutive fishing
seasons, by-catch gorgonians were recovered and returned to the continental shelf (at
80–90 m depth). Two-years monitoring performed through Autonomous Underwater
Vehicle (AUV) surveys revealed that 460 gorgonian transplants survived over an area
of 0.23 ha. This reintroduced cold-water gorgonian population is compared to a
reference natural population in terms of size and spatial structure. The cost of the
restoration amounted to 140 000 €/ha, which is significantly less than for any deep-sea
restoration actions performed to date. The success of this cost-effective active
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restoration highlights the viability of large-scale restoration of impacted cold-water coral
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Dear Editor, 

We are pleased to submit the enclosed manuscript entitled “Involving fishers in scaling up the 

restoration of cold-water coral gardens on the Mediterranean continental shelf” for 

consideration for publication in Biological Conservation. 

 

General awareness of marine habitat degradation is steadily growing. Consequently, marine 

ecological restoration initiatives are receiving increasing attention, especially those focusing on 

benthic engineer species such as corals in shallow tropical habitats. However, the need to 

preserve and restore mesophotic and deep-sea environments has become increasingly evident 

due to cumulative human impacts, as most benthic communities at these depths have been 

seriously degraded by commercial fishing activities. To date, only a few ecological restoration 

actions have been carried out at intermediate depths and in deep-sea habitats at local scales, 

due to technical and economic limitations which questions its application efficiency.   

 

The aim of our study is to explore, for the first time, the possibility of scaling up restoration 

actions at deep environments through the application of a cost-effective restoration method 

working in close collaboration with local fishers. The restoration project performed during two 

consecutive years was aimed at restoring gorgonian gardens on the Mediterranean continental 

shelf collecting by-catch gorgonians obtained from artisanal fishing, and returning them to their 

natural environment on the continental shelf. Gorgonians are among the main structuring 

species of benthic communities on the continental shelf and slope, and they play a paramount 

ecological role in mesophotic and deep-sea ecosystems. Due to their morphology (erect and 

branched), gorgonians are frequently entangled in fishing nets, and their ecological 

characteristics (long-lived and slow growing species with low recruitment success) compromise 

the recovery and long-term viability of impacted populations. Our study demonstrates that a 

large number of gorgonians (460 colonies) were successfully reintroduced and survived after 

two-years at 80-100 m depth. The results suggested an initial establishment of a new gorgonian 

population, which will potentially evolve toward a comparable natural population in terms of 

size and spatial structure, if natural recruitment occurs. This study confirms the viability of a 

large-scale and cost-effective restoration method aimed at enhancing the recovery of impacted 

cold-water coral gardens. 

 

We confirm that this manuscript is all original research, has not been published elsewhere, and 

is not under consideration by any other journal. All the authors agree with submission to 

Biological Conservation. All sources of funding are acknowledged in the manuscript. We have no 
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Thank you for your consideration of our manuscript. We look forward to hearing from you. 
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Maria Montseny 

Institute of Marine Sciences (ICM-CSIC)- Marine biology and oceanography department – Pg. Marítim de 
la Barceloneta 37-49, E-08003 Barcelona, Spain- email: mariamontseny@gmail.com 

 

 

 

 



Highlights  

 Gorgonians were recovered from by-catch and returned to the continental shelf. 

 Photomosaic surveys showed the establishment of a reintroduced gorgonian population.  

 By involving local fishers, the low-tech restoration method resulted in low-cost.  

 The method allows for wide-scale application. 
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Abstract 1 

Cold-water gorgonians dwelling on the continental shelf are a common by-catch of bottom-2 

contact fishing practices. Given the slow growth and limited recruitment of cold-water 3 

gorgonians, impacts derived from fishing activities may seriously compromise the conservation 4 

of the highly complex coral gardens which they generate, as well as the abundant and highly 5 

diverse associated fauna. For this reason, the development of effective active and passive 6 

restoration methods is nowadays a priority to enhance the natural recovery of impacted cold-7 

water coral gardens. However, ecological restoration of mesophotic and deep-sea communities 8 

remains extremely limited, due to their technological requirements and associated costs 9 

bringing their wide-scale and long-term application into question. This study reports the results 10 

of the first large-scale active restoration of more than 400 cold-water gorgonians on the 11 

Mediterranean continental shelf. By actively involving local fishers during two consecutive 12 

fishing seasons, by-catch gorgonians were recovered and returned to the continental shelf (at 13 

80–90 m depth). Two-years monitoring performed through Autonomous Underwater Vehicle 14 

(AUV) surveys revealed that 460 gorgonian transplants survived over an area of 0.23 ha. This 15 

reintroduced cold-water gorgonian population is compared to a reference natural population in 16 

terms of size and spatial structure. The cost of the restoration amounted to 140 000 €/ha, which 17 

is significantly less than for any deep-sea restoration actions performed to date. The success of 18 

this cost-effective active restoration highlights the viability of large-scale restoration of 19 

impacted cold-water coral communities, with promising results for the conservation and 20 

recovery of mesophotic and deep-sea ecosystems. 21 
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Involving fishers in scaling up the restoration of cold-water coral gardens on the 1 

Mediterranean continental shelf. 2 
 3 
 4 
Abstract 5 
Cold-water gorgonians dwelling on the continental shelf are a common by-catch of bottom-6 
contact fishing practices. Given the slow growth and limited recruitment of cold-water 7 
gorgonians, impacts derived from fishing activities may seriously compromise the conservation 8 
of the highly complex coral gardens which they generate, as well as the abundant and highly 9 
diverse associated fauna. For this reason, the development of effective active and passive 10 
restoration methods is nowadays a priority to enhance the natural recovery of impacted cold-11 
water coral gardens. However, ecological restoration of mesophotic and deep-sea 12 
communities remains extremely limited, due to their technological requirements and 13 
associated costs bringing their wide-scale and long-term application into question. This study 14 
reports the results of the first large-scale active restoration of more than 400 cold-water 15 
gorgonians on the Mediterranean continental shelf. By actively involving local fishers during 16 
two consecutive fishing seasons, by-catch gorgonians were recovered and returned to the 17 
continental shelf (at 80–90 m depth). Two-years monitoring performed through Autonomous 18 
Underwater Vehicle (AUV) surveys revealed that 460 gorgonian transplants survived over an 19 
area of 0.23 ha. This reintroduced cold-water gorgonian population is compared to a reference 20 
natural population in terms of size and spatial structure. The cost of the restoration amounted 21 
to 140 000 €/ha, which is significantly less than for any deep-sea restoration actions 22 
performed to date. The success of this cost-effective active restoration highlights the viability 23 
of large-scale restoration of impacted cold-water coral communities, with promising results for 24 
the conservation and recovery of mesophotic and deep-sea ecosystems. 25 
 26 
 27 
1. Introduction 28 
Anthropogenic impacts, which are increasing in terms of magnitude, scale, frequency, and 29 
diversity have disrupted ecosystem processes to a large extent and diminished over 60% of the 30 
ecosystem services, leading to a serious loss of biodiversity (Millenium Ecosystem Assessment, 31 
2005; Jackson et al., 2001; Mooney et al., 2009). Focusing on the marine environment, the 32 
escalation of human activities (i.e., fishing, oil and gas extraction, mining) and climate change 33 
are seriously imperilling marine ecosystem’s biodiversity, functioning, stability, and resilience 34 
(Dulvy et al., 2008; Hughes, 1994; Ramirez-Llodra et al., 2011). Anthropogenic impacts on the 35 
oceans show strong spatial heterogeneity and are mostly concentrated on continental shelf 36 
and slope areas (Halpern et al., 2008). In fact, half of the world’s continental shelves are 37 
continuously being impacted by fishing activities, especially bottom trawling (Pusceddu et al., 38 
2014; Watling and Norse, 1998). Fishing practices directly damage benthic fauna, mainly 39 
engineering species (sensu Jones et al., 1994) such as corals, gorgonians and sponges (Fosså et 40 
al., 2002; MacDonald et al., 1996; Reed, 2002). Bottom-contact fishing gears, such as trawling, 41 
longlines, gills and trammel nets, get easily entangled in benthic sessile fauna specially corals 42 
and gorgonians, directly breaking, tilting their colonies or scattering fragments (Gage et al., 43 
2005; Martín et al., 2014; Mortensen and Buhl-Mortensen, 2005; Pham et al., 2014). Overall, 44 
cumulative effects result in fragmented and isolated populations, increasing their vulnerability 45 

to further disturbances (Hughes and Connell, 1999). Furthermore, the loss of key habitat-46 
forming organisms results in the disappearance of suitable habitat for a significant number of 47 
associated species, representing a simplification of the structure and functioning of the entire 48 
benthic community (Althaus et al., 2009; Clark et al., 2010; Clark and Rowden, 2009; Thrush 49 
and Dayton, 2002).  50 
 51 
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Cold-water corals (CWC) are widely distributed in the world’s oceans, mostly between 50 and 52 
4000 m depth, playing crucial structural and functional role in mid-depth and deep-sea 53 
ecosystems (Orejas and Jiménez, 2019; Roberts et al., 2009, 2006). They form complex three-54 
dimensional structures that act as shelter, feeding and nursery areas for a highly-diverse 55 
associated fauna, including species of high commercial interest (Henry and Roberts, 2007; 56 
Miller et al., 2012; Roberts and Hirshfield, 2004) while creating hotspots of biodiversity (Henry 57 
and Roberts, 2016; White et al., 2012). Moreover, these coral assemblages take an active part 58 
in most bio-geochemical cycles and benthic-pelagic coupling processes enhancing ecosystem 59 
functioning (Cathalot et al., 2015; Rovelli et al., 2015; Wild et al., 2009). CWC are slow-60 
growing, high-longevity species, with delayed sexual maturity and infrequent recruitment 61 
success (Andrews et al., 2002; Brooke and Young, 2003; Orejas et al., 2011; Reed, 2002; 62 
Watling et al., 2011). As a consequence, CWC ecosystems are highly vulnerable to 63 
anthrophogenic impacts and display reduced recovery capacity, which can jeopardize their 64 
long-term viability (Huvenne et al., 2016; Williams et al., 2010). Specifically, several studies 65 
have demonstrated that recovery of CWC ecosystems after anthropogenic impacts could take 66 
decades to centuries, if recovery is possible at all (Althaus et al., 2009; Girard et al., 2018; 67 
Huvenne et al., 2016; Williams et al., 2010). Therefore, given their life traits and ecological 68 
significance and vulnerability, protection of CWC ecosystems has been stated as a major 69 
priority in marine management strategies (Armstrong et al., 2014). In recent years, CWC 70 
ecosystems have been recognized as Vulnerable Marine Ecosystems (FAO, 2009) and their 71 
conservation is now internationally recognized as a high priority for the maintenance of 72 
marine biodiversity (Thurber et al., 2014). Conventions, directives and policies (Christiansen, 73 
2010; COM, 2008; Hall-Spencer and Stehfest, 2009; OSPAR Commission 2010; FAO, 2016) 74 
underline the importance of sustainably managing and protecting CWC ecosystems, 75 
addressing both the loss of biodiversity and ecosystem functioning (Armstrong et al., 2014; 76 
Bennecke and Metaxas, 2017; Otero and Marín, 2019). 77 
 78 
In this context, ecological restoration assisting the recovery of impacted ecosystems 79 
represents a worldwide-recognized strategy to complement protection and management 80 
measures (Gann et al., 2019; McDonald et al., 2016). The effectiveness of a passive restoration 81 
approach, such as the implementation of deep-sea marine protected areas, has been 82 
evidenced by CWC re-growth, recruitment and recovery of associated megafauna abundance 83 
after years of protection (Baco et al., 2019; Bennecke and Metaxas, 2017; Harter et al., 2009). 84 
However, given the scale of accumulated impacts, protection may not always be sufficient 85 
(Huvenne et al., 2016) and additional active ecological restoration may be required to enhance 86 
the recovery of impacted habitats (Lotze et al., 2011; Rinkevich, 2005). In fact, active 87 
restoration actions have been widely developed for terrestrial (Harker, 1999; Lamb, 1998) and 88 
marine ecosystems (Duarte et al., 2020). Nonetheless, the vast majority of actions performed 89 
at sea have been heavily skewed toward shallow tropical (e.g., Epstein et al., 2001; Pizarro et 90 
al., 2014; Rinkevich, 2005) and temperate habitats (e.g. Layton et al., 2020; Linares et al., 2008; 91 
Verdura et al., 2018) whereas restoration actions focused on deeper habitats remain scarce 92 
(Morato et al., 2018; Van Dover et al., 2014). Despite awareness of the need to protect deep-93 
sea environments, only few studies have addressed the active restoration of CWC habitats 94 
(Brooke et al., 2006; Dahl, 2013; Jonsson et al., 2015; Montseny et al., 2019), stressing that we 95 
are in an initial and pioneering developmental phase for restoration techniques suitable for 96 
CWC habitats. Recent studies have successfully evaluated transplantation techniques to 97 
restore CWC reef-forming species (Brooke et al., 2006; Dahl, 2013; Jonsson et al., 2015) and 98 
CWC garden ones (Boch et al., 2019; Montseny et al., 2019). The main challenges for CWC 99 
restoration are principally based on our vast lack of knowledge about biodiversity, functioning 100 
and resilience of deep-sea ecosystems (Da Ros et al., 2019; Morato et al., 2018; Van Dover et 101 
al., 2014). On the other hand, the difficult access to CWC habitats and major expenses related 102 
to the required technology, technically and economically limit the spatial scale of restoration 103 
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actions. Local interventions are far from adequate to match the scale of ecosystem 104 
degradation (Bayraktarov et al., 2016; Boström-Einarsson et al., 2020) and scientific efforts are 105 
currently focusing on expanding the spatial scale of CWC active restoration actions, making 106 
them technologically and economically affordable (Aronson and Alexander, 2013; Da Ros et al., 107 
2019; Perring et al., 2018). Integrating ecological data with economic and social aspects is 108 
becoming a crucial component in ecosystem management (Hull and Gobster, 2000; White et 109 
al., 2005). Cost information is essential for ecological restoration planning because it allows for 110 
selecting the best approaches (Iftekhar et al., 2017) and identifying aspects that need to be 111 
improved (Edwards et al., 2010). However, studies on restoration costs are still limited 112 
(Bayraktarov et al., 2016), with less than 5% of studies including an economic evaluation (De 113 
Groot et al., 2013; Wortley et al., 2013). To account for all types of costs associated with a 114 
restoration action is not an easy task (De Groot et al., 2013; Bayraktarov et al., 2016) due to 115 
the difficulties of standardizing cost analysis methods and outputs (Bullock et al., 2011; 116 
Spurgeon and Lindahl, 2000). Nonetheless, the few studies which have addressed the 117 
economic costs of deep-sea active ecological restoration actions have highlighted the fact that 118 
economic costs are two to three orders of magnitude higher than for shallow areas (Boch et 119 
al., 2019; Da Ros et al., 2019). 120 
  121 
Given this situation, the present study aims to go one step further in the restoration of CWC 122 
gardens, by scaling up the restoration of gorgonian populations on the Mediterranean 123 
continental shelf applying a low-cost method (Montseny et al., 2020) and involving local 124 
fishers. The active participation of local actors and stakeholders in ecological restoration 125 
actions may play a decisive role in their successful development (Hull and Gobster, 2000; Yap, 126 
2000). The restoration method consists of reintroducing by-catch gorgonians to their natural 127 
habitat by attaching them to cobble supports, and gently throwing them from the sea surface. 128 
A two-year restoration study to evaluate the ecological and socio-economic effectiveness has 129 
been carried out.  130 
 131 
2. Material and methods 132 
2.1 Target habitat and species 133 
The restoration action was conducted on the continental shelf of the marine protected area of 134 

Cap de Creus (north-western Mediterranean Sea, 42 19’ 12” N - 03 19’ 34” E) (Figure 1). In 135 
this area, outcropping rocks and coarse-grained sediments support an extensive population of 136 
the gorgonian Eunicella cavolini (Koch, 1887) at 80–120 m depth (Gili et al., 2011; Lo Iacono et 137 
al., 2012). Gorgonians are patchily distributed, with spots dominated by medium to large sized 138 
colonies, reaching densities up to 20 colonies m–2 (Dominguez-Carrió, 2018; Dominguez-Carrió 139 
et al., 2014). E. cavolini is a common azooxanthellate Mediterranean gorgonian species 140 
occurring in a wide bathymetric distribution range (< 10–220 m depth) (Bo et al., 2012; Grinyó 141 
et al., 2016; Russo, 1985). Colonies usually display a fan-shaped morphology with a varied 142 
branching pattern, depending on environmental conditions, but mainly lying on a single plane 143 
oriented perpendicularly to the dominant current (Velimirov, 1973; Weinbauer and Velimirov, 144 
1995). The size of E. cavolini colonies reported in the Mediterranean continental shelf is quite 145 
variable ranging from 9±7 to 15±10 cm in the Menorca Channel (Grinyó et al., 2016) and from 146 
18±2 to 25±3.5 cm in the south Tyrrenian Sea (Bo et al., 2012). The largest colonies can reach 147 
50 cm height (Bo et al., 2012; Grinyó et al., 2016). E. cavolini has slow growth rates (a few cm 148 
year-1), and low recruitment success with lifespans around two decades (Sini et al., 2015; 149 
Weinbauer and Velimirov, 1995). Moreover, its populations hold a great diversity of associated 150 
species such as sponges, soft corals, bryozoans, hydrozoan, polychaetes and some species of 151 
high commercial interest such as spiny lobsters or scorpionfishes (Dominguez-Carrió et al., 152 
2014). For this reason, artisanal fishing with trammel nets, longlines and traps are extended 153 
and permitted in the area. Due to their arborescent morphology, gorgonians are highly 154 
susceptible to being entangled by nets. As a consequence, colonies of E. cavolini are among 155 
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the more accidentally caught species, which represents a significant threat to these 156 
populations (Dominguez-Carrió et al., 2014; Enrichetti et al., 2019).  157 
 158 
2. 2 Restoration action  159 
The restoration action was carried out in close collaboration with artisanal fishers from fishing 160 
associations in Cadaqués and Port de la Selva (Figure 1). During the 2018 and 2019 fishing 161 
seasons (from March to August), a total of 9 fishers worked in collaboration with scientists to 162 
recover the E. cavolini colonies entangled in their nets. Collected colonies derived from 163 
trammel net fishing targeting lobster at 70–100 m depth. Once disentangled from the net, 164 

gorgonians were kept on board in seawater-filled buckets (⁓22–25C) until their transport to 165 
land (within 2 hours, at most) where they were held in aquaria installed at both harbours 166 
(Cadaqués and Port de la Selva), under environmental conditions similar to those on the 167 
continental shelf. Aquaria were composed of 100-L tanks (4 in Port de la Selva and 2 in 168 
Cadaqués) filled with seawater filtered using a biological filter (EHEIM 1500XL) and maintained 169 

at 13 ± 1.0C by chillers (Teco TK 2000). A submersible pump (Sicce Nano 2000) provided 170 
continuous water movement in each tank. Seawater was partially changed and renewed at 171 
least twice a week (approximately 1/3 of the water at each water change). Gorgonians were 172 
held under these conditions for a minimum of a few weeks to a maximum of three months and 173 
then were prepared for their reintroduction to the continental shelf. During this time, no 174 
additional food was added to the tanks to prevent nutrient increase, and gorgonians fed on 175 
the particulate organic matter incoming with the regular water changes. Colonies were 176 
fragmented into medium size nubbins (16.6 ± 0.6 cm height, mean ± SD), according to the size 177 
that showed the highest probability of success by the restoration method used (see details in 178 
Montseny et al., 2020). Additionally, necrotic portions were discarded. Natural cobbles and 179 
artificial concrete ones were used as supports for gorgonian fragments in the restoration. 180 
Natural cobbles (approximately 9–10 cm width, 12–13 cm length, 3–5 cm height, and 400–500 181 
g weight) were collected from the coastal area of Cap de Creus, whereas small artificial cobbles 182 
were produced in concrete using a square mould (width: 8.0 cm, length: 8.0 cm, height: 2.5 183 
cm, weight: 175 g) (see details in Montseny et al., 2020). Cobbles were painted with white 184 
water-resistant and non-toxic paint to enhance visibility once returned to the continental shelf 185 
(Figure 2A). A hole (1 cm diameter, 2 cm depth) was drilled in each cobble in order to allow 186 
attachment of gorgonian fragments using an epoxy putty (Corafix SuperFast, GROTECH®) 187 
(Figure 2B). All the obtained transplants were maintained in the aquaria facilities installed at 188 
both harbours and under the same condition as described above. Once approximately 50 189 
transplants were ready in the tanks, they were reintroduced to the continental shelf. Before 190 
their return, transplants were individually photographed on a ruled table in order to record 191 
gorgonian size and to allow for future growth monitoring after their reintroduction on the 192 
continental shelf. Three locations on the continental shelf within the Cap de Creus Natural 193 

Park area were selected as restoration sites: “Golfet” (42 20’ 42´´ N - 03 15’ 02´´ E; 64–68 m 194 

depth), “Cala Sardina” (42 20’ 54´´ N - 03 16’ 12´´ E; 82–86 m depth), and “Portaló” (42 20' 195 

23´´ N - 03 17' 35´´ E; 82–90 m depth) (Figure 1). These locations were selected based on the 196 
presence of horizontal bottoms in the natural bathymetric range of the species, and because 197 
natural populations of E. cavolini were known to be located nearby (Dominguez-Carrió, 2018). 198 
Even if artisanal trammel net fishery is allowed inside the natural park area, regulation strictly 199 
forbids bottom trawling fishing, providing at least a partial protection of the restored sites. A 200 
total of 9 return events were performed from June to August 2018, and 8 return events from 201 
June to August 2019. During each event, transplants were kept in portable plastic fridges (75 x 202 

40 x 30 cm) filled with seawater (⁓13C) and transported by boat to the restoration sites 203 
where they were gently thrown from the sea surface (Figure 2C and D).  204 
 205 
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Transplants on the continental shelf were monitored in order to assess the success of the 206 
restoration action through two consecutive surveys (November 2018 and September 2019) by 207 
means of the Girona 500 Autonomous Underwater Vehicle (AUV). The AUV records videos and 208 
acquires geo-referenced photo-mosaics of the three restored sites, and of an adjacent natural 209 
gorgonian population to be used as control site. The vehicle was equipped with two high 210 
definition cameras: one pointing down to acquire a geo-referenced photo-mosaic of the area 211 
and the other pointing forward to identify the gorgonians. Two parallel lasers were also 212 
included to provide accurate measurements of the forward-looking camera, as well as a set of 213 
underwater lights to illuminate the area. The Girona 500 AUV is equipped with a complete 214 
navigation suite that includes a MEMS-based attitude sensor, a Doppler velocity logger, a 215 
pressure sensor and an ultrashort baseline system that allows tracking and correcting the AUV 216 
position with respect to a surface vessel. The photo-mosaics were generated using image 217 
registration (Elibol et al., 2016) combined with a pose-graph optimization step which takes into 218 
account the navigation information of the AUV (Campos et al., 2016). Given that the seafloor 219 
was essentially flat, a 2D image registration approach was chosen, instead of a full 3D 220 
reconstruction, as it allowed better handling of cases of low overlap between images (Gracias 221 
et al., 2017).  222 
 223 
  224 
2.3 Ecological evaluation 225 
During each year, the total number of gorgonians recovered from artisanal fishers and their 226 
survival in the aquaria were quantified, as well as the total number of transplants obtained 227 
from the surviving gorgonians and returned to the continental shelf in each restoration site. By 228 
analysing the pictures of the transplants prior their reintroduction, the maximum height of 229 
each gorgonian fragment was measured using the Macnification 2.0.1 software (Schols and 230 
Lorson, 2008). Subsequently, the size structure of the reintroduced gorgonians was 231 
determined for each site and analysed in terms of descriptive statistics using distribution 232 
parameters such as skewness and kurtosis. Statistical analyses and graphics were performed 233 
with R (RCore Team, 2018) by means of the R Studio software (RStudio Team, 2016) using the 234 
´Ggplot2´ (Wickham, 2016) and the ´Moments´ packages (Komsta and Novomestky, 2015). 235 
 236 
The area covered by transplants (m2; ha) and the restoration success at each site was 237 
determined through the analysis of the videos and photo-mosaics recorded with the AUV. The 238 
restored area was quantified from the photo-mosaics, whereas the restoration success was 239 
evaluated by quantifying the percentage of upright and overturned transplants. In addition, 240 
the spatial structure of the gorgonians was assessed and compared between restored and 241 
control sites from the analysis of the geo-referenced photo-mosaics. The spatial distribution of 242 
the gorgonians and their corresponding coordinates were obtained by using a geographic 243 
information system software (QGIS 3.12.0). From these coordinates the gorgonian spatial 244 
structure was analysed by applying spatial statistics with Passage 2.0 software package 245 
(Rosenberg 2008). The distances between pairs of gorgonians were quantified and plotted 246 
with histograms. The restored and control areas were divided into 2 x 2 m grids and the mean 247 
colony density in each square plus the percentage of occupancy (percentage of occupied 248 
squares) were calculated. Finally, the gorgonian distribution pattern was evaluated 249 
using Ripley’s K-function, a second-order spatial statistic which was plotted as an L-function 250 
(L(t) = t – K(t) / 2) (Fortin and Dale, 2005). In Ripley’s K-function, the number of neighbouring 251 
colonies within a distance (t) of each gorgonian colony is counted, and an edge correction is 252 
applied to colonies near the border of the photomosaic (Fortin and Dale, 2005). Following this, 253 
the null hypothesis of a complete spatial randomness in the distribution of gorgonian colonies 254 
was tested by comparing with distributions generated by randomly repositioning all the 255 
observed colonies. For statistical significance a 95% confidence interval was set, and 999 256 
randomizations were used. If the sample statistic was found within the bounds of the 257 
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confidence interval at any point, then the null hypothesis could not be rejected. A significant 258 
positive deviation of the sample statistic indicates overdispersion of the colonies, whereas a 259 
significant negative deviation indicates a clumped distribution (Fortin and Dale, 2005).  260 
 261 
2.4 Economic evaluation 262 
The economic cost of the restoration action and the local fisher’s collaboration was evaluated, 263 
including the installation and operational costs (Edwards et al., 2010; Medrano et al., 2020; 264 
Pagès-Escolà et al., 2020). The restoration action was divided into 5 different phases 265 
(Chamberland et al., 2017; Edwards et al., 2010), and estimated costs were broken down into: 266 
(1) collection of the by-catch gorgonians, (2) set-up of aquaria facilities for gorgonian 267 
maintenance, (3) transplant preparation, (4) transfer and deployment of transplants to the 268 
restoration sites, and (5) monitoring of the restoration sites. Salaries of the scientific staff that 269 
supported all the phases of the restoration action were accounted separately and according to 270 
the base salary for research technician personnel, established by the Spanish Government 271 
(2018). Labour was expressed in terms of person-hours only including the time invested in the 272 
restoration action. Additionally, a monetary contribution per year was paid to each artisanal 273 
fishers for their commitment to collect all the accidentally fished gorgonians during the entire 274 
fishing season (6 months, every year). 275 
 276 
3. Results 277 
3.1 Ecological evaluation 278 
A total of 805 colonies of E.cavolini were recovered from trammel nets during the two studied 279 
fishing seasons (468 colonies in 2018 and 337 colonies in 2019). While being maintained in 280 
aquaria installed in both harbors, several gorgonian colonies recovered from partial breakage 281 
and tissue abrasion they had initially suffered due to the fishing impact. Even so, those 282 
gorgonians presenting severe signs of necrosis (22.6%) were rejected and not used for 283 
transplant preparation. As a result of this selection, 625 gorgonians (77.6%) were considered 284 
suitable for transplantation and were cut into medium-sized fragments, thus increasing the 285 
number of nubbins transplanted on supporting cobbles to 864 (representing a 27.7% increase 286 
compared to the initial number of colonies). Of these transplants, 38 were discarded (4.4%) 287 
which showed additional necrosis, thus resulting in a total of 826 transplants reintroduced to 288 
the continental shelf. In total, 693 transplants were placed on natural cobbles and 133 onto 289 
artificial small concrete cobbles (see details in Table 1). Based on the experience from 2018 290 
(see below), only natural cobbles were used in 2019 and all transplants were reintroduced at 291 
“Portaló”. Analyzing the size structure of the reintroduced gorgonian fragments, a dominance 292 
of medium-sized colonies (10–20 cm) was observed at all sites. More specifically, skewness 293 
and kurtosis values indicated that reintroduced populations were significantly positively 294 
skewed, indicating the prevalence of smaller sizes at “Golfet” and “Portaló”, while those at 295 
“Cala Sardina” were clearly dominated by 15–20 cm height colonies (Table 1 and Figure 3).  296 
 297 
The AUV surveys revealed significant differences in the three locations selected for the 298 
restoration action in 2018. The restoration failed at “Golfet” (where an area of 2 339.5 m2 was 299 
inspected) because the bottom was found to be covered by seagrass leaves (Posidonia 300 
oceanica), completely covering the reintroduced gorgonians (only some branches were visible 301 
coming out in-between the leaves). Likewise, at “Cala Sardina” (where 2 937.2 m2 were 302 
prospected) the majority of the detected gorgonian transplants were partially or completely 303 
buried in fine sediment, hampering their proper identification. In contrast, “Portaló” (where 304 
596.1 m2 were inspected) turned out to be the most appropriate location for the 305 
reintroduction, since 146 gorgonian transplants (out of 151 reintroduced) were correctly 306 
detected in 2018, representing 96.7% of all the reintroduced transplants at that site (97.0% on 307 
natural cobbles and 88% on small artificial cobbles). A 88.8% of gorgonians transplanted on 308 
natural cobbles were landed in a correct upright position, compared to only 72.7% of 309 
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transplants on small artificial cobbles. In total, the 83.8% of fragments transplanted were 310 
correctly landed (Figure 4). Given the failure in "Golfet" and "Cala Sardina" and the lower 311 
success of upright landing shown by small artificial cobbles only natural cobbles were used, 312 
and all transplants were devolved to "Portaló" in 2019. The AUV survey in 2019 (area 313 
inspected 2 330.30 m2) detected 460 gorgonian transplants, which represented 87.5% of all 314 
the reintroduced transplants during the two consecutive years. The majority of the detected 315 
transplants were in upright position (416; 90.4%) covering a restored area of 0.23 ha (Figure 316 
4). 317 
 318 
The photo-mosaic acquired at “Portaló” allowed detection of a total of 116 transplants, 16 of 319 
them were overturned and 100 maintained a correct upright position (86.2%) (Figure 5).  Due 320 
to technical difficulties in positioning of the AUV under the strong current conditions 321 
encountered on the continental shelf, part of the restored area was left uncovered, preventing 322 
the identification of all the transplants. From the 100 upright detected transplants, their 323 
spatial structure was analysed and compared to the control site (Figure 6), where 799 natural 324 
E. cavolini colonies were detected in an area similar to “Portaló” (2,365 m2). Transplants in 325 
“Portaló” were more dispersed than in the control site, where the distances between pairs of 326 

colonies were shorter (Figure 6B). The mean colony densities per square (2 x 2 m) were 5.3  327 

5.4 (mean SD) and 1.2  0.6 (mean SD) at the control site and “Portaló”, respectively. In 328 
accordance, the percentage of occupancy was also higher in the control site (23.7%) than in 329 
“Portaló” (13.5%). The distribution pattern displayed a clumped distribution of colonies from a 330 
scale of 10 cm distance, at both sites (Figure 6C). 331 

 332 
3.2 Economic evaluation 333 
A total cost of approximately 106 783 € was calculated for the whole restoration action of 826 334 
gorgonian transplants reintroduced to the continental shelf of Cap de Creus (Table 2 and 335 
Supplementary Material Table A1 and A2). Nevertheless, taking the sum of the three inspected 336 
areas as the total restored area, the standardized cost per hectare was of 140 504 € ha-1. The 337 
highest costs were related to the collection of by-catch gorgonians, and the monitoring of the 338 
restored sites (accounting for >80% of the total cost). Conversely, the setup and maintenance 339 
of the aquaria, transplant preparation and reintroduction only accounted for 3.5% of total 340 
costs (without including scientists' salaries, which accounted for a considerable 14.2% of total 341 
cost) (Table 2A). Focusing only on expenses of the transplant preparation and reintroduction 342 
stages, the cost of restoring a single gorgonian colony attached to a natural cobble (1 €) was 343 
half of the cost when using transplants with small artificial cobbles (2 €) (Table 2B).  344 
 345 
4. Discussion  346 
The present study demonstrated, for the first time, the feasibility of restoring a large number 347 
of cold-water gorgonians (about 400 colonies) at 80–90 m depth at a low-cost and working in 348 
close cooperation with local artisanal fishers. The results represent a first step to achieving 349 
comparable spatial and size structure to natural reference populations of E. cavolini in a similar 350 
bathymetric range (Bo et al., 2012). In the successfully restored site (“Portaló”) the dominance 351 
of medium-sized colonies (10–20 cm height) will drive the faster recovery of the ecosystem 352 
functioning, and services that gorgonian populations provide (Horoszowski-Fridman et al. 353 
2015; Geist & Hawkins 2016). The area covered at this site was about 0.23 ha, which exceeds 354 
most of the current coral restoration projects, mostly conducted at relatively small spatial 355 
scales with a mean restored area of 100 m2 (Boström-Einarsson et al., 2020) However, these 356 
results are still far from matching the scale of anthropogenic degradation of ecosystems (10–357 
1,000,000 ha.) (Bayraktarov et al., 2016).  358 
 359 
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During the initial phase of the restoration action, recovered gorgonians successfully overcame 360 
the mechanical damage and stress suffered after being accidentally fished and transported to 361 
aquaria facilities. During transport on fishing boats the gorgonians were exposed to high 362 
temperatures, suffering an abrupt thermal change in a short time. However, after their 363 

transfer and maintenance in aquaria kept at their normal habitat temperature (⁓13C), a large 364 
proportion of gorgonians recovered from mild signs of necrosis. This contrasts with the 365 
generally recognized complexity of ex situ maintenance of CWC species (Orejas, 2019), at least 366 
for some species. In our case, with relatively simple, low-cost (2 762€) and easy to maintain 367 
aquaria installations, only 23% of the collected gorgonians failed to recover, and thus were 368 
discarded for transplant preparation. This latter supports the previously demonstrated high 369 
recovery capacity of E. cavolini (Fava et al., 2010; Montseny et al., 2020, 2019) and proves the 370 
possibility of taking advantage of by-catch colonies that otherwise would be discarded. 371 
Moreover, since fishing activity generally covers an extensive area, there would potentially be 372 
a high genetic diversity of transplants, increasing the success probability for long-term viability 373 
of restored populations (Reynolds et al., 2012).  374 
 375 
The selection of restoration sites was determined by suitable local conditions for the 376 
development of E. cavolini, including depth range, bathymetric profile, proximity of natural 377 
gorgonian populations, and degree of protection. The restoration sites were located within the 378 
Natural Park area where bottom trawling is restricted. Even so, the first monitoring highlighted 379 
that the restoration action failed at two out of the three selected sites, due to the presence of 380 
fine sediment and dead seagrass leaves making it impossible to properly detect the 381 
reintroduced transplants. Contrarywise, at the “Portaló” site the two-years AUV monitoring 382 
allowed us to successfully detect more than 85% of the reintroduced transplants. These results 383 
underline the importance of considering the environmental conditions for a proper selection 384 
of restoration locations, since environmental conditions display a critical role in shaping the 385 
outcomes of restoration projects (Boström-Einarsson et al., 2020; Suggett et al., 2019). Several 386 
ecological restoration actions have failed due to the complexity of accounting for all the 387 
stressors influencing the system (Bruckner et al., 2008; MBARI annual report, 2016; Zedler and 388 
Callaway, 2000). However, most of those failures are often unreported (Precht and Robbart, 389 
2006). Selection of proper sites for the restoration actions is especially challenging for deep-390 
sea locations, where limited knowledge of environmental conditions and spatial and temporal 391 
dynamics, together with the difficulties in predicting future scenarios, can contribute to 392 
unexpected consequences affecting restoration efforts (Abelson, 2006). 393 
 394 
The high percentage of transplants found alive and in upright position is in close accordance 395 
with forecasts from the previous evaluation study of the used technique (Montseny et al., 396 
2020). The arborescent morphology of the gorgonian colonies leads to a successful landing in 397 
upright position on the continental shelf when attached to a cobble. Once there, transplants 398 
are likely to survive in the long-term, as previously suggested by small-scale trials for E. cavolini 399 
(Montseny et al., 2019) and other Mediterranean shallower gorgonians (Fava et al., 2010; 400 
Linares et al., 2008). High survival rates of transplants were also observed in the few other 401 
active CWC restoration attempts performed to date, with coral survival ranging from 52% to 402 
87.5% after 1 to 3 years (Boch et al., 2019; Brooke et al., 2006; Dahl, 2013; Jonsson et al., 403 
2015; Strömberg, 2016). Transplants attached to small artificial cobbles in 2018 showed higher 404 
probability of landing overturned than transplants on natural cobbles, thus reaffirming the use 405 
of local natural cobbles as the best option for this kind of active ecological restoration 406 
(Montseny et al., 2020), as well as avoiding the introduction of artificial material (Weinberg, 407 
1979). 408 
  409 
To properly assess restoration success over time it is crucial to establish a reference site for 410 
comparison (Aronson et al., 2017; Falk et al., 2006; McDonald et al., 2016). This site should 411 
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ideally be nearby, undamaged, analogous and pristine (or near pristine), serving to evaluate 412 
the success of the performed restoration action over time (Falk et al., 2006; McDonald et al., 413 
2016). However, the fact that artisanal fishing traditionally occurs over the entire study area 414 
prevented us from identifying a pristine reference site for our study case. This is commonly the 415 
case for most deep-sea areas, for which there is still very limited information about ecosystem 416 
baseline conditions (Da Ros et al., 2019), and reference ecosystems have to be inferred from 417 
the best ecological knowledge available (Gann et al., 2019; Morato et al., 2018). In our study, 418 
we selected a nearby control site with a natural E. cavolini population to compare with the 419 
restored population at the “Portaló” site. From the photo-mosaics comparison we were able 420 
to detect a first establishment of a reintroduced gorgonian population that may trend to a 421 
natural population in terms of distribution and density patterns, if natural recruitment occurs. 422 
Although current values at the “Portaló” site are far from those in natural control sites, the 423 
methodology presented here allowed us to set up a conceptual framework for the monitoring 424 
of ecological restorations in deep habitats. Consistent with our results, the successful use of 425 
photo-mosaics for the evaluation of CWC has also been proven in very recent studies 426 
(Boolukos et al., 2019; Prado et al., 2019). Long-term monitoring (15–20 years) has been 427 
highlighted as paramount to proper evaluating success of restoration actions in shallow waters 428 
(Bayraktarov et al., 2016), and this is even more crucial for CWC species given their slow 429 
population dynamics (Bennecke et al., 2016; Orejas and Jiménez, 2019; Roberts and Hirshfield, 430 
2004). Moreover, applying an adaptive management based on proper monitoring leads to the 431 
opportunity to improve restoration results by incorporating lessons from failures (Hackney, 432 
2000; Precht and Robbart, 2006), such as the correct selection of the restoration sites in our 433 
study case. The short duration of our monitoring period (two years) allowed for a proper 434 
assessment of the initial rate of transplant survival, as well as for comparing the restored 435 
population with natural ones in terms of population size and spatial structure (establishing a 436 
paramount baseline of information for future comparisons). Nonetheless, our monitoring 437 
period precluded the detection of any recruitment or growth. Most coastal marine restoration 438 
projects, even for shallower environments, are performed during short period times (less than 439 
two years). This throws into doubt their adequacy for assessing recovery of ecosystem 440 
functioning, since outcomes of restoration are directly related with the monitored time period 441 
(Bayraktarov et al., 2016). Therefore, enlarging the time scale of monitoring, especially in the 442 
deep-sea, is a necessity for obtaining reliable evaluation of restoration success. 443 
 444 
Given the sophisticated technologies and infrastructures (e.g., oceanographic vessels, ROVs 445 
(Remotely Operated Vehicles) and AUVs) involved in the whole process of restoring and 446 
monitoring deep-water environments, these actions still nowadays are a costly effort. 447 
Restoration costs usually exceed millions of dollars, ranging from US$ 1.2 to 4.4 M ha-1 during 448 
the first year (Da Ros et al., 2019; Van Dover et al., 2014). For the present restoration action, 449 
the fisher’s monetary contribution, the monitoring of restoration sites, and scientists’ wages, 450 
required more than 80% of the project budget (Table 2; and Supplementary Material Table A1 451 
and A2). Although these latter costs are highly dependent on local conditions such as fuel 452 
prices, distance to the restoration sites and country salaries, they could be significantly 453 
reduced by applying several improvements towards a more routine application, reducing the 454 
involvement of scientists and increasing local participation of fishers and stakeholders. 455 
Furthermore, improving technological development to obtain specialized, cheaper and easier-456 
to-use underwater tools would also reduce restoration costs (Van Dover et al., 2014). Indeed, 457 
once by-catch colonies have been collected, maintenance in aquaria, preparation of the 458 
transplants, and reintroduction to the continental shelf only amounted to 3.5% of the total 459 
expenses (3 737 € in total; 4.5 € transplant-1; Table 2). Keeping aside costs related with setting-460 
up aquarium facilities, the cost of restoring a single gorgonian colony attached to a natural 461 
cobble is about 1 € (Table 2B). Setting-up aquarium facilities requires an initial investment but 462 
has a low annual maintenance cost which reduces overall costs for years to come. Overall, the 463 
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total costs for the 2-yr restoration action reported here accounted for about 140 000 € ha-1, 464 
which is surprisingly more in accordance with the cost of restoring one hectare of marine 465 
coastal habitats (from US$ 13 000 to US$ > 1 M ha-1, with a median cost of ∼US$ 500 000 ha-1; 466 
Spurgeon and Lindahl, 2000; Edwards and Wells, 2010), than the cost estimated for deeper 467 
habitats (Van Dover et al., 2014, Da Ros et al., 2019). After one or two years of adaptation, the 468 
used method (Montseny et al., 2020) could be a promising cost-effective technique that in 469 
itself would not cost more than few euros for each transplant restored. In this sense, the 470 
involvement of local communities in the restoration action is key for the success of long-term 471 
application. As in the present example, through their local knowledge and meaningful 472 
sensitivity to existing conditions, cooperation of local fishers is a great opportunity to enhance 473 
the effectiveness of restoration actions (Hull and Gobster, 2000; Yap, 2000). From the 474 
experience of these two years of project implementation, we perceived a growing interest of 475 
fishers in CWC gardens and a greater willingness to protect them and reduce the fishing 476 
impact. Restoration actions, involving local actors (fishers, managers and stakeholders) could 477 
also be an advantage for connecting civil society with the natural environment. From the local 478 
actors’ point of view, being part of restoration activities can offer an opportunity to participate 479 
in the sustainable management of the habitats that guarantees their current and future source 480 
of income and resources, while prompting personal growth by achieving the satisfaction of 481 
making a difference (Miles et al., 1998). 482 
 483 
5. Conclusions 484 
In conclusion, the low-cost, low-tech and wide-scale applicable methodology presented here 485 
could be potentially extended to other CWC gardens, fostering a society-based 486 
implementation by involving local actors and using by-catch gorgonians. However, the 487 
importance of combining this active restoration with passive restoration measures such as 488 
marine protected and managed areas (Davies et al., 2007; Gubbay et al., 2003) to prevent or 489 
reduce impacts from anthropogenic disturbances and to ensure habitat recovery should also 490 
be noted. A total protection of restored areas would be ideal (Bennecke and Metaxas, 2017; 491 
Huvenne et al., 2016), but in turn challenging to apply in every situation. In fact, artisanal 492 
fishing practices impacting gorgonians populations will continue in the Cap de Creus Natural 493 
Park. Therefore, a complementary measure would be to search for alternative fishing gears 494 
that ensure a commercial catch while reducing the by-catch. 495 
 496 
 497 
ACKNOWLEDGEMENTS 498 
The authors are grateful to fishermen Rafael Diego Llinares Bueno, José Luis García Jaén, 499 
Moises Tibau, Salvador Manera González, Rafael Ruiz, Manel de la Cova, Joaquim Puigvert, 500 
Guillermo Cornejo and Josep Paltre for their enthusiastic collaboration in the gorgonian 501 
collection, and to the Parc Natural de Cap de Creus where the present study was conducted. 502 
This output reflects only the authors' views and the European Union cannot be held 503 
responsible for any use that may be made of the information contained therein. This work was 504 
supported by the European Union's Horizon 2020 research and innovation program, Grant/Award 505 
Number: No 689518 (MERCES); the Fundación Biodiversidad from the Ministerio para la Transición 506 
Ecológica through the Pleamar Program (RESCAP project), co-funded by the European Maritime and 507 
Fisheries Fund; the Ministerio de Educación, Cultura y Deporte, Grant/Award Number: FPU 2014_06977 508 
(FPU 2014 grant), and the Ministerio de Economía y Competitividad, Grant/Award Number: IJCI‐2015‐509 
23962 (JdC 2015 grant). 510 

 511 

 512 
REFERENCES 513 
Abelson, A., 2006. Artificial Reefs Vs Coral Transplantation As Restoration Tools for Mitigating 514 

Coral Reef Deterioration: Benefits, Concerns, and Proposed Guidelines. Bull. Mar. Sci. 78, 515 



 

11 

151–159. 516 
Althaus, F., Williams, A., Schlacher, T.A., Kloser, R.., Green, M.A., Barker, B.A., Bax, N.J., Brodie, 517 

P., Schlacher-Hoenlinger, M.A., 2009. Impacts of bottom trawling on deep-coral 518 
ecosystems of seamounts are long-lasting. Mar. Ecol. Prog. Ser. 397, 279–294. 519 
https://doi.org/10.3354/meps08248 520 

Andrews, A.H., Cordes, E.E., Mahoney, M.M., Munk, K., Coale, K.H., Cailliet, G.M., Heifetz, J., 521 
2002. Age, growth and radiometric age validation of a deep-sea, habitat-forming 522 
gorgonian (Primnoa resedaeformis) from the Gulf of Alaska. Hydrobiologia 471, 101–110. 523 
https://doi.org/10.1023/A:1016501320206 524 

Armstrong, C.W., Foley, N.S., Kahui, V., Grehan, A., 2014. Cold water coral reef management 525 
from an ecosystem service perspective. Mar. Policy 50, 126–134. 526 
https://doi.org/10.1016/j.marpol.2014.05.016 527 

Aronson, J., Alexander, S., 2013. Ecosystem restoration is now a global priority: Time to roll up 528 
our sleeves. Restor. Ecol. 21, 293–296. https://doi.org/10.1111/rec.12011 529 

Aronson, J., Blignaut, J.N., Aronson, T.B., 2017. Conceptual frameworks and references for 530 
landscape-scale restoration: Reflecting back and looking forward ,. Ann. Missouri Bot. 531 
Gard. 102, 188–200. https://doi.org/10.3417/2017003 532 

Baco, A.R., Roark, E.B., Morgan, N.B., 2019. Amid fields of rubble, scars, and lost gear, signs of 533 
recovery observed on seamounts on 30 to 40 year time scales. Sci. Adv. 5, 1–8. 534 
https://doi.org/10.1126/sciadv.aaw4513 535 

Bayraktarov, E., Saunders, M.I., Abdullah, S., Mills, M., Beher, J., Possingham, H.P., Mumby, 536 
P.J., Lovelock, C.E., 2016. The cost and feasibility of marine coastal restoration. Ecol. Appl. 537 
26, 1055–1074. https://doi.org/10.1890/15-1077 538 

Bennecke, S., Kwasnitschka, T., Metaxas, A., Dullo, W.C., 2016. In situ growth rates of deep-539 
water octocorals determined from 3D photogrammetric reconstructions. Coral Reefs 35, 540 
1227–1239. https://doi.org/10.1007/s00338-016-1471-7 541 

Bennecke, S., Metaxas, A., 2017. Effectiveness of a deep-water coral conservation area: 542 
Evaluation of its boundaries and changes in octocoral communities over 13 years. Deep. 543 
Res. Part II Top. Stud. Oceanogr. 137, 420–435. 544 
https://doi.org/10.1016/j.dsr2.2016.06.005 545 

Bo, M., Canese, S., Spaggiari, C., Pusceddu, A., Bertolino, M., Angiolillo, M., Giusti, M., Loreto, 546 
M.F., Salvati, E., Greco, S., Bavestrello, G., 2012. Deep Coral Oases in the South 547 
Tyrrhenian Sea. PLoS One 7. https://doi.org/10.1371/journal.pone.0049870 548 

Boch, C.A., Devogelaere, A., Burton, E., King, C., Lord, J., Lovera, C., Litvin, S.Y., Kuhnz, L., Barry, 549 
J.P., Lorenzo, E. Di, 2019. Coral Translocation as a Method to Restore Impacted Deep-Sea 550 
Coral Communities 6, 1–10. https://doi.org/10.3389/fmars.2019.00540 551 

Boolukos, C.M., Lim, A., O’Riordan, R.M., Wheeler, A.J., 2019. Cold-water corals in decline – A 552 
temporal (4 year) species abundance and biodiversity appraisal of complete 553 
photomosaiced cold-water coral reef on the Irish Margin. Deep. Res. Part I Oceanogr. 554 
Res. Pap. 146, 44–54. https://doi.org/10.1016/j.dsr.2019.03.004 555 

Boström-Einarsson, L., Babcock, R.C., Bayraktarov, E., Ceccarelli, D., Cook, N., Ferse, S.C.A., 556 
Hancock, B., Harrison, P., Hein, M., Shaver, E., Smith, A., Suggett, D., Stewart-Sinclair, P.J., 557 
Vardi, T., McLeod, I.M., 2020. Coral restoration – A systematic review of current 558 
methods, successes, failures and future directions. PLoS One 15, 1–24. 559 
https://doi.org/10.1371/journal.pone.0226631 560 

Brooke, S., Koenig, C.C., Shepard, A.N., 2006. Oculina Banks Restoration Project : Description 561 
and Preliminary Assessment. Proc. from 57th Gulf Caribb. Fish. Inst. 607–620. 562 

Brooke, S., Young, C.M., 2003. Reproductive ecology of a deep-water scleractinian coral, 563 
Oculina varicosa, from the southeast Florida shelf. Cont. Shelf Res. 23, 847–858. 564 
https://doi.org/10.1016/S0278-4343(03)00080-3 565 

Bruckner, A.W., Bruckner, R.J., Hill, R., 2008. Improving restoration approaches for Acropora 566 
palmata: Lessons from the Fortuna Reefer grounding in Puerto Rico. Proc. 11th Int. Coral 567 



 

12 

Reef Symp. 1199–1203. 568 
Bullock, J.M., Aronson, J., Newton, A.C., Pywell, R.F., Rey-Benayas, J.M., 2011. Restoration of 569 

ecosystem services and biodiversity: Conflicts and opportunities. Trends Ecol. Evol. 26, 570 
541–549. https://doi.org/10.1016/j.tree.2011.06.011 571 

Campos, R., Gracias, N., Ridao, P., 2016. Underwater multi-vehicle trajectory alignment and 572 
mapping using acoustic and optical constraints. Sensors (Switzerland) 16. 573 
https://doi.org/10.3390/s16030387 574 

Cathalot, C., Van Oevelen, D., Cox, T.J.S., Kutti, T., Lavaleye, M., Duineveld, G., Meysman, F.J.R., 575 
2015. Cold-water coral reefs and adjacent sponge grounds: hotspots of benthic 576 
respiration and organic carbon cycling in the deep sea. Front. Mar. Sci. 2, 1–12. 577 
https://doi.org/10.3389/fmars.2015.00037 578 

Chamberland, V.F., Petersen, D., Guest, J.R., Petersen, U., Brittsan, M., Vermeij, M.J.A., 2017. 579 
New Seeding Approach Reduces Costs and Time to Outplant Sexually Propagated Corals 580 
for Reef Restoration. Sci. Rep. 7, 1–12. https://doi.org/10.1038/s41598-017-17555-z 581 

Christiansen S. 2010. Background Document for Coral Gardens. Publication Number: 486/2010. 582 
London: OSPAR. 39 pp.  583 

Clark, M.R., Rowden, A.A., 2009. Effect of deepwater trawling on the macro-invertebrate 584 
assemblages of seamounts on the Chatham Rise, New Zealand. Deep. Res. Part I 585 
Oceanogr. Res. Pap. 56, 1540–1554. https://doi.org/10.1016/j.dsr.2009.04.015 586 

Clark, M.R., Rowden, A.A., Schlacher, T., Williams, A., Consalvey, M., Stocks, K.I., Rogers, A.D., 587 

O’Hara, T.D., White, M., Shank, T.M., Hall-Spencer, J.M., 2010. The Ecology of Seamounts: 588 
Structure, Function, and Human Impacts. Ann. Rev. Mar. Sci. 2, 253–278. 589 
https://doi.org/10.1146/annurev-marine-120308-081109 590 

COM, Directive 2008/56/EC of the European Parliament and of the Council of 17 June 2008 591 
establishing a framework for community action in the field of marine environmental 592 
policy (Marine Strategy Framework Directive), European Commission: Brussels; 2008. 593 

Da Ros, Z., Dell’Anno, A., Morato, T., Sweetman, A.K., Carreiro-Silva, M., Smith, C.J., 594 
Papadopoulou, N., Corinaldesi, C., Bianchelli, S., Gambi, C., Cimino, R., Snelgrove, P., Van 595 
Dover, C.L., Danovaro, R., 2019. The deep sea: The new frontier for ecological restoration. 596 
Mar. Policy 108. https://doi.org/10.1016/j.marpol.2019.103642 597 

Dahl, M., 2013. Conservation genetics of Lophelia pertusa. (PhD thesis). University of 598 
Gothenburg, Sweden. 599 

Davies, A.J., Roberts, J.M., Hall-Spencer, J., 2007. Preserving deep-sea natural heritage: 600 
Emerging issues in offshore conservation and management. Biol. Conserv. 138, 299–312. 601 
https://doi.org/10.1016/j.biocon.2007.05.011 602 

De Groot, R.S., Blignaut, J., Van Der Ploeg, S., Aronson, J., Elmqvist, T., Farley, J., 2013. Benefits 603 
of Investing in Ecosystem Restoration. Conserv. Biol. 27, 1286–1293. 604 
https://doi.org/10.1111/cobi.12158 605 

Dominguez-Carrió, C., 2018. ROV-based ecological study and management proposals for the 606 
offshore marine protected area of Cap de Creus (NW Mediterranean). (PhD thesis). 607 
University of Barcelona, Spain. 608 

Dominguez-Carrió, C., Gori, A., Gili, J.-M., 2014. Sistema de Cañones Submarinos Occidentales 609 
del Golfo de León. Proyecto LIFE+INDEMARES. Ed. Fundación Biodiversidad del Ministerio 610 
de Agricultura, Alimentación y Medio Ambiente 2014. 100 pp 611 

Duarte, C.M., Agusti, S., Barbier, E., Britten, G.L., Castilla, J.C., Gattuso, J.-P., Fulweiler, R.W., 612 
Hughes, T.P., Knowlton, N., Lovelock, C.E., Lotze, H.K., Predragovic, M., Poloczanska, E., 613 
Roberts, C., Worm, B., 2020. Rebuilding marine life. Nature 580, 39–51. 614 
https://doi.org/10.1038/s41586-020-2146-7 615 

Dulvy, N.K., Rogers, S.I., Jennings, S., Stelzenmüller, V., Dye, S.R., Skjoldal, H.R., 2008. Climate 616 
change and deepening of the North Sea fish assemblage: A biotic indicator of warming 617 
seas. J. Appl. Ecol. 45, 1029–1039. https://doi.org/10.1111/j.1365-2664.2008.01488.x 618 



 

13 

Edwards, A.J., Guest, J., Shafir, S., Fisk, D., Gomez, E., Rinkevich, B., Heyward, A., Omori, M., 619 
Iwao, K., Dizon, R., Morse, A., Boch, C., Job, S., Bongiorni, L., Levy, G., Shaish, L., Wells, S., 620 
2010. Reef Rehabilitation manual, Coral Reef Targeted Research & Capacity Building for 621 
Management Program. St Lucia, Australia. 622 

Elibol, A., Kim, J., Gracias, N., Garcia, R., 2016. Fast Underwater Image Mosaicing through 623 
Submapping. J. Intell. Robot. Syst. Theory Appl. 85, 167–187. 624 
https://doi.org/10.1007/s10846-016-0380-x 625 

Enrichetti, F., Bava, S., Bavestrello, G., Betti, F., Lanteri, L., Bo, M., 2019. Artisanal fishing 626 
impact on deep coralligenous animal forests: A Mediterranean case study of marine 627 
vulnerability. Ocean Coast. Manag. 177, 112–126. 628 
https://doi.org/10.1016/j.ocecoaman.2019.04.021 629 

Epstein, N., Bak, R.P.M., Rinkevich, B., 2001. Strategies for gardening denuded coral reef areas: 630 
the applicability of using different types of coral material for reef restoration. Restor. 631 
Ecol. 9, 432–442. https://doi.org/10.1046/j.1526-100X.2001.94012.x 632 

Falk, D.A., Palmer, M.A., Zedler, J.B., 2006. Foundations of Restoration Ecology. Islandpress. 633 
FAO, 2009. International Guidelines for the Management of Deep-sea Fisheries in the High 634 

Seas. 73 pp. 635 
FAO. 2016. Vulnerable Marine Ecosystems: Processes and Practices in the High Seas, by 636 

Anthony Thompson, Jessica Sanders, Merete Tandstad, Fabio Carocci and Jessica Fuller, 637 
eds. FAO Fisheries and Aquaculture Technical Paper No. 595. Rome, Italy. 638 

Fava, F., Bavestrello, G., Valisano, L., Cerrano, C., 2010. Survival, growth and regeneration in 639 
explants of four temperate gorgonian species in the Mediterranean Sea. Ital. J. Zool. 77, 640 
44–52. https://doi.org/10.1080/11250000902769680 641 

Fortin, M.-J., Dale, M., 2005. Spatial analysis. A guide for ecologists. Ca, New York. 642 
Fosså, J.H., Mortensen, P.., Furevik, D.M., 2002. The deep-water coral Lophelia pertusa in 643 

Norwegian waters: distribution and fishery impacts. Hydrobiologia 471, 1–12. 644 
https://doi.org/10.1023/A:1016504430684 645 

Gage, J. D., Roberts, J. M., Hartley, J. R., and Humphery, J. D. 2005. Potential impacts of deep-646 
sea trawling on the benthic ecosystem along the Northern European continental margin: 647 
a review. In Benthic Habitats and the Effects of Fishing. Ed. by B. W. Barnes, and J. P. 648 
Thomas. American Fisheries Society Symposium, vol 41, pp. 503–517. 649 

Gann, G.D., McDonald, T., Walder, B., Aronson, J., Nelson, C.R., Jonson, J., Hallett, J.G., 650 
Eisenberg, C., Guariguata, M.R., Liu, J., Hua, F., Echeverría, C., Gonzales, E., Shaw, N., 651 
Decleer, K., Dixon, K.W., 2019. International principles and standards for the practice of 652 
ecological restoration. Second edition. Restor. Ecol. 27, S1–S46. 653 
https://doi.org/10.1111/rec.13035 654 

Geist, J., Hawkins, S.J., 2016. Habitat recovery and restoration in aquatic ecosystems: current 655 
progress and future challenges. Aquat. Conserv. Mar. Freshw. Ecosyst. 26, 942–962. 656 
https://doi.org/10.1002/aqc.2702 657 

Gili, J.M., Madurell, T., Requena, S., Orejas, C., Gori, A., Purroy, A., Domínguez C., Lo Iacono, C., 658 

E., I., J.P., L., C., C., Grinyó, J., 2011. Caracterización física y ecologica de l’area marina del 659 
Cap de Creus. Informe final área LIFE+ INDEMARES (LIFE07/NAT/E/000732) 272. 660 
https://doi.org/10.13140/RG.2.2.32612.78728 661 

Girard, F., Shea, K., Fisher, C.R., 2018. Projecting the recovery of a long-  lived deep-  sea coral 662 
species after the Deepwater Horizon oil spill using state-  structured models. J. Appl. Ecol. 663 
1–11. https://doi.org/10.1111/1365-2664.13141 664 

Gracias, N., Garcia, R., Campos, R., Hurtos, N., Prados, R., Shihavuddin, A.S.M., Nicosevici, T., 665 
Neumann, L., Escartin, J., 2017. Application Challenges of Underwater Vision, in: Lopez, 666 
A., Imiya, A., Padila, T. (Eds.), Computer Vision for Vehicle Technology: Land, Sea & Air. 667 
John Wiley & Sons, Ltd, Chichester, UK. 668 

Grinyó, J., Gori, A., Ambroso, S., Purroy, A., Calatayud, C., Dominguez-Carrió, C., Coppari, M., 669 
Lo Iacono, C., Lï¿½pez-Gonzï¿½lez, P.J., Gili, J.M., 2016. Diversity, distribution and 670 



 

14 

population size structure of deep Mediterranean gorgonian assemblages (Menorca 671 
Channel, Western Mediterranean Sea). Prog. Oceanogr. 145, 42–56. 672 
https://doi.org/10.1016/j.pocean.2016.05.001 673 

Gubbay, S., Ludin, C.G., Briede, C., Gjerde, K.M., 2003. Protecting the natural resources of the 674 
high seas. Scientific background paper, in: IUCN, WCPA and WWF High Seas Marine 675 
Protected Areas Workshop. 33 pp. 676 

Hackney, C.T., 2000. Restoration of coastal habitats: Expectation and reality. Ecol. Eng. 15, 677 
165–170. https://doi.org/10.1016/S0925-8574(00)00067-7 678 

Halpern, B.S., Walbridge, S., Selkoe, K.A., Kappel, C. V., Micheli, F., D’Agrosa, C., Bruno, J.F., 679 
Casey, K.S., Ebert, C., Fox, H.E., Fujita, R., Heinemann, D., Lenihan, H.S., Madin, E.M.P., 680 
Perry, M.T., Selig, E.R., Spalding, M., Steneck, R., Watson, R., 2008. A global map of 681 
human impact on marine ecosystems. Science 319(5856), 948–952. 682 
https://doi.org/10.1126/science.1149345 683 

Hall-Spencer, J.M. and Stehfest, K., 2009. Background Document for Lophelia pertusa 684 
reefs. Background document for Lophelia pertusa reefs. 685 

Harker, D., 1999. Landscape Restoration Handbook, Second edi. ed. CRC Press. 686 
Harter, S.L., Ribera, M.M., Shepard, A.N., Reed, J.K., 2009. Assessment of fish populations and 687 

habitat on Oculina bank, a deep-sea coral marine protected area off eastern Florida. Fish. 688 
Bull. 107, 195–206. 689 

Henry, L., Roberts, J.M., 2016. Global biodiversity in Cold-Water-Coral reef ecosystems, Marine 690 
Animal Forests. Springer International Publishing, Cham. https://doi.org/10.1007/978-3-691 
319-17001-5 692 

Henry, L.A., Roberts, J.M., 2007. Biodiversity and ecological composition of macrobenthos on 693 
cold-water coral mounds and adjacent off-mound habitat in the bathyal Porcupine 694 
Seabight, NE Atlantic. Deep. Res. Part I Oceanogr. Res. Pap. 54, 654–672. 695 
https://doi.org/10.1016/j.dsr.2007.01.005 696 

Horoszowski-Fridman, Y.B., Brêthes, J.C., Rahmani, N., Rinkevich, B., 2015. Marine silviculture: 697 
Incorporating ecosystem engineering properties into reef restoration acts. Ecol. Eng. 82, 698 
201–213. https://doi.org/10.1016/j.ecoleng.2015.04.104 699 

Hughes, T.P., 1994. Catastrophes, phase shifts, and large-scale degradation of a Caribbean 700 
coral reef. Science 265(5178), 1547–1551. https://doi.org/10.1126/science.265.5178.1547 701 
Hughes, T.P., Connell, J.H., 1999. Multiple stressors on coral reefs: A long-term perspective. 702 

Limnol. Oceanogr. 44, 932–940. https://doi.org/10.4319/lo.1999.44.3_part_2.0932 703 
Hull, R.B., Gobster, P.H., 2000. Restoring Forest Ecosystems: The Human Dimension. J. For. 32–704 

36. https://doi.org/10.1093/jof/98.8.32 705 
Huvenne, V.A.I., Bett, B.J., Masson, D.G., Le Bas, T.P., Wheeler, A.J., 2016. Effectiveness of a 706 

deep-sea cold-water coral Marine Protected Area, following eight years of fisheries 707 
closure. Biol. Conserv. 200, 60–69. https://doi.org/10.1016/j.biocon.2016.05.030 708 

Iftekhar, M.S., Polyakov, M., Ansell, D., Gibson, F., Kay, G.M., 2017. How economics can further 709 
the success of ecological restoration. Conserv. Biol. 31, 261–268. 710 
https://doi.org/10.1111/cobi.12778 711 

MBARI. (2016). MBARI (Monterey Bay Aquarium Resarch Institute) Annual report. 712 
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J., 713 

Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A., Hughes, T.P., Kidwell, S., Lange, C.B., 714 
Lenihan, H.S., Pandolfi, M., Peterson, C.H., Steneck, R.S., Tegner, M.J., Warner, R.R., 715 
Pandolfi, J.M., 2001. Historical Collapse Overfishing of and the Recent Coastal 716 
Ecosystems. Science 293(5530), 293, 629–638. https://doi.org/10.1126/science.1059199 717 

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organismms as Ecosystems Engineers. Nord. Soc. 718 
Oikos 69, 373–386. 719 

Jonsson, L., Dahl, M., S, S., M, L., C, A., T, L., 2015. In situ measurement of survival and growth 720 
of genotyped transplanted fragments of the cold‐water coral Lophelia pertusa. 721 
Presentation, in: Restaurering i Marin Miljö. 722 

https://doi.org/10.1093/jof/98.8.32


 

15 

Komsta, L., Novomestky, F., 2015. Moments, cumulants, skewness, kurtosis and related tests. 723 
[Computer Software]. R package version 0.14. 724 

Lamb, D., 1998. Large-scale ecological restoration of degraded tropical forest lands: the 725 
potential role of timber plantations. Restor. Ecol. 6, 271–279. 726 
https://doi.org/10.1046/j.1526-100X.1998.00632.x 727 

Layton, C., Coleman, M.A., Marzinelli, E.M., Steinberg, P.D., Swearer, S.E., Vergés, A., 728 
Wernberg, T., Johnson, C.R., 2020. Kelp Forest Restoration in Australia. Front. Mar. Sci. 7, 729 
1–12. https://doi.org/10.3389/fmars.2020.00074 730 

Linares, C., Coma, R., Zabala, M., 2008. Restoration of threatened red gorgonian populations: 731 
An experimental and modelling approach. Biol. Conserv. 141, 427–437. 732 
https://doi.org/10.1016/j.biocon.2007.10.012 733 

Lo Iacono, C., Orejas, C., Gori, A., Gili, J.M., Requena, S., Puig, P., Ribó, M., 2012. Habitats of the 734 
Cap De Creus Continental Shelf and Cap De Creus Canyon, Northwestern Mediterranean, 735 
in: Seafloor Geomorphology as Benthic Habitat. Elsevier Inc., pp. 457–469. 736 
https://doi.org/10.1016/B978-0-12-385140-6.00032-3 737 

Lotze, H.K., Coll, M., Magera, A.M., Ward-Paige, C., Airoldi, L., 2011. Recovery of marine animal 738 
populations and ecosystems. Trends Ecol. Evol. 26, 595–605. 739 
https://doi.org/10.1016/j.tree.2011.07.008 740 

MacDonald, D.S., Liitle, M., Eno, N.C., Hiscock, K., 1996. Disturbance of benthic species by 741 
fishing activities: a sensitivity index. Aquat. Conserv. Mar. Freshw. Ecosyst. 6, 257–268. 742 

Martín, J., Puig, P., Palanques, A., Ribó, M., 2014. Trawling-induced daily sediment 743 
resuspension in the flank of a Mediterranean submarine canyon. Deep. Res. Part II Top. 744 
Stud. Oceanogr. 104, 174–183. https://doi.org/10.1016/j.dsr2.2013.05.036 745 

McDonald, T., Gann, G., Jonson, J., Dixon, K., 2016. International standards for the practice of 746 
ecological restoration – including principles and key concepts. Soc. Ecol. Restor. 747 

Medrano, A., Hereu, B., Cleminson, M., Pagès‐Escolà, M., Rovira, G., Solà, J., Linares, C., 2020. 748 
From marine deserts to algal beds: Treptacantha elegans revegetation to reverse stable 749 
degraded ecosystems inside and outside a No‐Take marine reserve. Restor. Ecol. 1–13. 750 
https://doi.org/10.1111/rec.13123 751 

Miles, I., Sullivan, W., Kuo, F., 1998. Ecological restoration volunteers: the benefits of 752 
participation. Urban Ecosyst. 2, 27–41. https://doi.org/10.1023/A:1009501515335 753 

Millenium Ecosystem Assessment. 2005. Ecosystems and human well-being: synthesis. Island 754 
Press. Washington D.C. 755 

Miller, R.J., Hocevar, J., Stone, R.P., Fedorov, D. V., 2012. Structure-forming corals and sponges 756 
and their use as fish habitat in bering sea submarine canyons. PLoS One 7. 757 
https://doi.org/10.1371/journal.pone.0033885 758 

Montseny, M., Linares, C., Viladrich, N., Capdevila, P., Ambroso, S., Díaz, D., Gili, J., Gori, A., 759 
2020. A new large-scale and cost-effective restoration method for cold-water coral 760 
gardens. Aquat. Conserv. Mar. Freshw. Ecosyst. 1–11. https://doi.org/10.1002/aqc.3303 761 

Montseny, M., Linares, C., Viladrich, N., Olariaga, A., Carreras, M., Palomeras, N., Gracias, N., 762 
Istenič, K., Garcia, R., Ambroso, S., Santín, A., Grinyó, J., Gili, J.M., Gori, A., 2019. First 763 
attempts towards the restoration of gorgonian populations on the Mediterranean 764 
continental shelf. Aquat. Conserv. Mar. Freshw. Ecosyst. 29, 1278–1284. 765 
https://doi.org/10.1002/aqc.3118 766 

Mooney, H., Larigauderie, A., Cesario, M., Elmquist, T., Hoegh-Guldberg, O., Lavorel, S., Mace, 767 
G.M., Palmer, M., Scholes, R., Yahara, T., 2009. Biodiversity, climate change, and 768 
ecosystem services. Curr. Opin. Environ. Sustain. 1, 46–54. 769 
https://doi.org/10.1016/j.cosust.2009.07.006 770 

Morato, T., Carreiro‐Silva, M., Smith, C.J., Bilan, M., Sweetman, A.K., Jones, D., Matabos, M., 771 
Gambi, C., Colaço, A., Gori, A., Linares, C., Sarrazin, J., D, B., Ramirez-llodra, E., Cuvelier, 772 
D., Sevastou, K., A, G., Martins, I., Carugati, L., Montseny, M., Amaro, T., Dailianis, T., V, 773 
G., Danovaro, R., Papadopoulou, K.N., 2018. Review on the principles of the deep-sea 774 



 

16 

restoration and on the ecological benefits of passive and active restoration in the deep 775 
sea. Deliverable D4.1. MERCES project, 112 pages and 2 Annexes. 776 

Mortensen, P.B., Buhl-Mortensen, L., 2005. Morphology and growth of the deep-water 777 
gorgonians Primnoa resedaeformis and Paragorgia arborea. Mar. Biol. 147, 775–788. 778 
https://doi.org/10.1007/s00227-005-1604-y 779 

Orejas, C., Ferrier-Pagès, C., Reynaud, S., Gori, A., Beraud, E., Tsounis, G., Allemand, D., Gili, 780 
J.M., 2011. Long-term growth rates of four Mediterranean cold-water coral species 781 
maintained in aquaria. Mar. Ecol. Prog. Ser. 429, 57–65. 782 
https://doi.org/10.3354/meps09104 783 

Orejas, C., Jiménez, C., 2019. Mediterranean Cold-Water Corals : Past , Present and Future. 784 
Understanding the Deep-Sea realms of coral. Springer. 785 
https://doi.org/https://doi.org/10.1007/978-3-319-91608-8 786 

Orejas, C, 2019. Cold-Water Coral in Aquaria: Advances and Challenges. A Focus on the 787 
Mediterranean., in: Orejas, Covadonga, Jiménez, C. (Eds.), Mediterranean Cold-Water 788 
Corals: Past, Present and Future. Coral Reefs of the World, Vol 9. Springer, Cham. 789 

OSPAR Commission. 2008. OSPAR List of Threatened and/or Declining Species and Habitats. 790 
Reference number 2008-6. London: OSPAR. 4 pages.  791 

Otero, M. del M., Marín, P., 2019. 46 Conservation of Cold-Water Corals in the Mediterranean: 792 
Current Status and Future Prospects for Improvement, in: Orejas, C., Jiménez, C. (Eds.), 793 
Mediterranean Cold-Water Corals: Past, Present and Future. Coral Reefs of the World. 794 
Springer, Cham, pp. 535–545. 795 

Pagès-Escolà, M., Linares, C., Gómez-Gras, D., Medrano, A., Hereu, B., 2020. Assessing the 796 
effectiveness of restoration actions for Bryozoans: The case of the Mediterranean 797 
Pentapora fascialis. Aquat. Conserv. Mar. Freshw. Ecosyst. 30, 8–19. 798 
https://doi.org/10.1002/aqc.3236 799 

Perring, M.P., Erickson, T.E., Brancalion, P.H.S., 2018. Rocketing restoration: enabling the 800 
upscaling of ecological restoration in the Anthropocene. Restor. Ecol. 26, 1017–1023. 801 
https://doi.org/10.1111/rec.12871 802 

Pham, C.K., Diogo, H., Menezes, G., Porteiro, F., Braga-Henriques, A., Vandeperre, F., Morato, 803 
T., 2014. Deep-water longline fishing has reduced impact on Vulnerable Marine 804 
Ecosystems. Sci. Rep. 4, 1–6. https://doi.org/10.1038/srep04837 805 

Pizarro, V., Carrillo, V., García-Rueda, A., 2014. Review and state of the art for ecological 806 
restoration of coral reefs. Biota Colomb. 15, 132–149. 807 

Prado, E., Sánchez, F., Rodríguez-Basalo, A., Altuna, Á., Cobo, A., 2019. Analysis of the 808 
population structure of a gorgonian forest (Placogorgia sp.) using a photogrammetric 3D 809 
modeling approach at Le Danois Bank, Cantabrian Sea. Deep. Res. Part I Oceanogr. Res. 810 
Pap. 153. https://doi.org/10.1016/j.dsr.2019.103124 811 

Precht, W.F., Robbart, M., 2006. Coral Reef Restoration: The Rehabilitation of an Ecosystem 812 
under Siege, in: Precht, W.F. (Ed.), Coral Reef Restoration Handbook. 813 

Pusceddu, A., Bianchelli, S., Martín, J., Puig, P., Palanques, A., Masqué, P., Danovaro, R., 2014. 814 
Chronic and intensive bottom trawling impairs deep-sea biodiversity and ecosystem 815 
functioning. Proc. Natl. Acad. Sci. U. S. A. 111, 8861–816 
8866.  https://doi.org/10.1073/pnas.1405454111 817 

RCore Team. (2018). R: A language and environment for statistical computing. R Foundation 818 
for Statistical Computing, Viena, Austria. URL https://www.R-project.org/ 819 

Ramirez-Llodra, E., Tyler, P.A., Baker, M.C., Bergstad, O.A., Clark, M.R., Escobar, E., Levin, L.A., 820 
Menot, L., Rowden, A.A., Smith, C.R., van Dover, C.L., 2011. Man and the last great 821 
wilderness: Human impact on the deep sea. PLoS One 6. 822 
https://doi.org/10.1371/journal.pone.0022588 823 

Reed, J.K., 2002. Deep-water Oculina coral reefs of Florida:biology,impacts,and management. 824 
Hydrobiologia 471, 43–55. 825 

Reynolds, L.K., McGlathery, K.J., Waycott, M., 2012. Genetic diversity enhances restoration 826 



 

17 

success by augmenting ecosystem services. PLoS One 7, 1–7. 827 
https://doi.org/10.1371/journal.pone.0038397 828 

Rinkevich, B., 2005. Conservation of Coral Reefs through Active Restoration Measures: Recent 829 
Approaches and Last Decade\rProgress. Environ. Sci. Technol. 39, 4333–4342. 830 
https://doi.org/10.1021/es0482583 831 

Roberts, J.M., Wheeler, A., Freiwald, A., 2006. Reefs of the Deep : The Biology. Science 832 
543(2006), 543–548. https://doi.org/10.1126/science.1119861 833 

Roberts, J.M., Wheeler, A.J., Freiwald, A., Cairns, S.D., 2009. Cold-Water-Corals: The Biology 834 
and Geology of Deep-sea Coral Habitats. Cambrige University Press. 835 

Roberts, S., Hirshfield, M., 2004. Deep Sea Corals: Out of Sight, But No Longer Out of Mind. 836 
Front. Ecol. Environ. 2, 123–130.  https://doi.org/10.1890/1540-837 
9295(2004)002[0123:DCOOSB]2.0.CO;2 838 

Rosenberg MS (2008) PASSaGE: pattern analysis, spatial statistics, and geographic exegesis, 839 
Version 2. Available at www.passagesoftware.net 840 

Rovelli, L., Attard, K.M., Bryant, L.D., Flögel, S., Stahl, H., Roberts, J.M., Linke, P., Glud, R.N., 841 
2015. Benthic O<inf>2</inf> uptake of two cold-water coral communities estimated with 842 
the non-invasive eddy correlation technique. Mar. Ecol. Prog. Ser. 525, 97–104. 843 
https://doi.org/10.3354/meps11211 844 

RStudio Team. (2016). RStudio: Integrated development for R. Boston, MA: RStudio, Inc. 845 
Available at https://www.rstudio.com/ 846 

Russo, A.R., 1985. Ecological observations on the gorgonian sea fan Eunicella cavolinii in the 847 
Bay of Naples. Mar. Ecol. Prog. Ser. 24, 155–159. https://doi.org/10.3354/meps024155 848 

Schols, P., Lorson, D., 2008. Macnification. Orbicule, Leuven, Belgium. Available at 849 
www.orbicule.com. 850 

Sini, M., Kipson, S., Linares, C., Koutsoubas, D., Garrabou, J., 2015. The yellow gorgonian 851 
Eunicella cavolini: Demography and disturbance levels across the Mediterranean Sea. 852 
PLoS One 10. https://doi.org/10.1371/journal.pone.0126253 853 

Spurgeon, J.P.G., Lindahl, U., 2000. Economics of Coral Reef Restoration, in: Herman, C.S.J. 854 
(Ed.), Collected Essays on the Economics of Coral Reefs. CORDIO, pp. 125–136. 855 

Strömberg, S.M., 2016. Early history of the Cold-water coral Lophelia pertusa with implications 856 
for dispersal. University of Gothenburg. 857 

Suggett, D.J., Camp, E.F., Edmondson, J., Boström-Einarsson, L., Ramler, V., Lohr, K., Patterson, 858 
J.T., 2019. Optimizing return on effort for coral nursery and outplanting practices to aid 859 
restoration of the Great Barrier Reef. Restor. Ecol. 27, 683–693. 860 
https://doi.org/10.1111/rec.12916 861 

Thrush, S.F., Dayton, P.K., 2002. Disturbance to Marine Benthic Habitats by Trawling and 862 
Dredging: Implications for Marine Biodiversity. Annu. Rev. Ecol. Syst. 33, 449–473. 863 
https://doi.org/10.1146/annurev.ecolsys.33.010802.150515 864 

Thurber, A.R., Sweetman, A.K., Narayanaswamy, B.E., Jones, D.O.B., Ingels, J., Hansman, R.L., 865 
2014. Ecosystem function and services provided by the deep sea. Biogeosciences 11, 866 
3941–3963. https://doi.org/10.5194/bg-11-3941-2014 867 

Van Dover, C.L., Aronson, J., Pendleton, L., Smith, S., Arnaud-Haond, S., Moreno-Mateos, D., 868 
Barbier, E.B., Billett, D., Bowers, K., Danovaro, R., Edwards, A.J., Kellert, S., Morato, T., 869 
Pollard, E., Rogers, A., Warner, R., 2014. Ecological restoration in the deep sea: 870 
Desiderata. Mar. Policy 44, 98–106. https://doi.org/10.1016/j.marpol.2013.07.006 871 

Velimirov, B., 1973. Orientation in the sea fan Eunicella cavolinii related to water movement. 872 
Helgoländer Wiss. Meeresunters. 24, 163–173. https://doi.org/10.1007/BF01609509 873 

Verdura, J., Sales, M., Ballesteros, E., Cefalì, M.E., Cebrian, E., 2018. Restoration of a Canopy-874 
Forming Alga Based on Recruitment Enhancement: Methods and Long-term Success 875 
Assessment. Front. Plant Sci. 9, 1–12. https://doi.org/10.3389/fpls.2018.01832 876 

Watling, L., France, S.C., Pante, E., Simpson, A., 2011. Biology of Deep-Water Octocorals, in: 877 
Advances in Marine Biology. pp. 41–122. https://doi.org/10.1016/B978-0-12-385529-878 



 

18 

9.00002-0 879 
Watling, L., Norse, E.A., 1998. Disturbance of the seabed my mobile fishing gear: A comparison 880 

to forest clearcutting. Conserv. Biol. 12, 1180–1197. 881 
Weinbauer, M.G., Velimirov, B., 1995. Morphological variations in the mediterranean sea fan 882 

Eunicella cavolini (Coelenterata: Gorgonacea) in relation to exposure, colony size and 883 
colony region. Bull. Mar. Sci. 56, 283–295. 884 

Weinberg, S., 1979. Transplantation experiments with mediterranean gorgonians. Bijdr. tot 885 
Dierkd. 49, 31–41. https://doi.org/10.1163/26660644-04901003 886 

White, H.K., Hsing, P.-Y., Cho, W., Shank, T.M., Cordes, E.E., Quattrini, A.M., Nelson, R.K., 887 
Camilli, R., Demopoulos, A.W.J., German, C.R., Brooks, J.M., Roberts, H.H., Shedd, W., 888 
Reddy, C.M., Fisher, C.R., 2012. Impact of the Deepwater Horizon oil spill on a deep-889 
water coral community in the Gulf of Mexico. Proc. Natl. Acad. Sci. 109, 20303–20308. 890 
https://doi.org/10.1073/pnas.1118029109 891 

White, P.C.L., Jennings, N.V., Renwick, A.R., Barker, N.H.L., 2005. Questionnaires in ecology: A 892 
review of past use and recommendations for best practice. J. Appl. Ecol. 42, 421–430. 893 
https://doi.org/10.1111/j.1365-2664.2005.01032.x 894 

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. New York: Springer-Verlag. 895 
ISBN 978-3-319-24277-4, Available at https://ggplot2.org 896 

Wild, C., Naumann, M.S., Haas, A., Struck, U., Mayer, F.W., Rasheed, M.Y., Huettel, M., 2009. 897 
Coral sand O2 uptake and pelagic-benthic coupling in a subtropical fringing reef, Aqaba, 898 
Red Sea. Aquat. Biol. 6, 133–142. https://doi.org/10.3354/ab00181 899 

Williams, A., Schlacher, T.A., Rowden, A.A., Althaus, F., Clark, M.R., Bowden, D.A., Stewart, R., 900 
Bax, N.J., Consalvey, M., Kloser, R.J., 2010. Seamount megabenthic assemblages fail to 901 
recover from trawling impacts. Mar. Ecol. 31, 183–199. https://doi.org/10.1111/j.1439-902 
0485.2010.00385.x 903 

Wortley, L., Hero, J.M., Howes, M., 2013. Evaluating ecological restoration success: A review of 904 
the literature. Restor. Ecol. 21, 537–543. https://doi.org/10.1111/rec.12028 905 

Yap, H.T., 2000. The case for restoration of tropical coastal ecosystems. Ocean Coast. Manag. 906 
43, 841–851. https://doi.org/10.1016/S0964-5691(00)00061-2 907 

Zedler, J.B., Callaway, J.C., 2000. Evaluating the progress of engineered tidal wetlands. Ecol. 908 
Eng. 15, 211–225. https://doi.org/10.1016/S0925-8574(00)00077-X909 

https://doi.org/10.1163/26660644-04901003


 

19 

TABLES AND FIGURES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Study area with the three restoration locations in black (Golfet - Cala Sardina - 

Portaló) and the control site in grey (close to Portaló) (UTM31 WSG84). 

 

 

Figure 2. Restoration action images. (A) Drilled and painted natural cobbles (photo credit ICM-

CSIC); (B) Gorgonian fragment attached to a natural cobble using epoxy potty (photo credit L. 
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Sabaté); (C and D) Gorgonian transplant gently thrown from a boat (photo credit ICM-CSIC and 

N. Viladrich).  

 

 

 

Table 1. Number of reintroduced transplants and size structure (height, skewness and kurtosis) 

for each restoration site and year. Significant skewness or kurtosis are indicated with asterisks. 

NC = natural cobbles, SAC = small artificial cobbles.  

 
 

 

 
 
Figure 3. Size frequency distribution of E.cavolini transplants reintroduced at each restoration 

site (n = number of transplants). Note that Portaló includes all the cumulative transplants 

reintroduced in 2018 and 2019.  

Site Year Nº colonies  Height (cm)  Skewness  Kurtosis 

   NC SAC  Mean SD Max Min  Skew p-value Sig.  Kurt p-value Sig. 

Golfet 2018 100 50  15.483.63 26.77 7.12  0.809 <0.001 ***  3.687 0.092  

Cala 
Sardina 2018 117 33  16.264.06 28.64 8.48  0.373 0.056   2.885 0.960  

Portaló 2018 and 2019 476 50  17.234.61 34.95 6.2  0.246 0.021 *  2.924 0.827  
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Figure 4: Number of upright (grey) or overturned (black) transplants detected at Portaló (82–90 

m depth) during the AUV monitoring surveys in 2018 and 2019. Note that 2019 includes all the 

cumulative transplants reintroduced in 2018 and 2019. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 

 

 

 

Figure 5: Photo-mosaic section obtained during the AUV monitoring at Portaló in 2019. 
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Figure 6. Comparison of colonies’ spatial structure between the control site and the restored 

Portaló site in 2019. A) Colonies density pattern in control site (2 365 m2) and Portaló (2 330 

m2); B) Distribution of distances between pairs of colonies; C) Colonies distribution pattern by 

the L-function (derived from Ripley’s K-function).  

 

Table 2: (A) Summary table of the estimated costs for the restoration action resulting in 826 

restored transplants. (B) Calculated costs for preparation and reintroduction of a single 

gorgonian transplant, according to the cobble type. 

A) 

Concept Total (€) % of the total costs 

Collection of by-catch gorgonians 54 000 50.57 

Setup of aquarium facilities 2 762.58 2.59 

Transplants preparation 460.27 0.43 

Transfer and deployment of transplants to restoration sites 514.5 0.48 

Monitoring of the restoration sites 33 880 31.37 

Scientists' salaries 15 165.36 14.20 

TOTAL RESTORATION COST 106 782.71 100 
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B) 

Concept Cost (€) / NC transplant Cost (€) / SAC transplant 

Transplants preparation 0.54 0.94 

Transfer and deployment of transplants to restoration sites 0.53 1.07 

TOTAL  1.07 2.01 
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