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Onboard Scientific Observers Provide a Realistic Picture of Harvesting and Management Priorities for the Precious Red Coral (Corallium rubrum L.)
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Mediterranean red coral Corallium rubrum is considered the most precious coral worldwide. Harvesting activities are performed by licensed scuba divers and managed through the recent pan-Mediterranean management plan issued by General Fisheries Commission for the Mediterranean (GFCM) along with measures locally enacted, imposing limits on licenses, harvesting season, minimum depth of dive, and size. The use of Remotely Operated Vehicles (ROVs) is prohibited, with the only exception being for scientific purposes. Despite measures already in force, the implementation of additional management tools has been recently recommended. This article reports results from the first monitoring campaign on C. rubrum harvesting based on ROVs for seabed exploration and Onboard Scientific Observers (OSOs), carried out from 2012 to 2015 along the coast of Sardinia (Mediterranean Sea—Western basin). More than 450 dives were monitored, confirming how ROV’s support eases the scouting of exploitable banks, leading to increases in catches. OSOs reported the collection of colonies below the minimum reference size and catches/dive above limits. Onboard observers collected data also on colony diameter, which is crucial for the estimation of population size structure and exploitation status. OSOs proved to be valid tools in providing additional and reliable information on red coral harvesting, thus deserving to be included among mandatory measures for the sustainable exploitation of red coral in the Mediterranean Sea.
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INTRODUCTION

The Mediterranean red coral (Corallium rubrum, Linneus, 1758, Octocorallia, Anthozoa, Cnidaria) is a slow growing, long-lived, and habitat-structuring gorgonian, endemic to the Mediterranean Sea and Atlantic rocky bottoms (Garrabou and Harmelin, 2002; Cau et al., 2015, 2016). It is a sciaphilous species living at depths ranging from 5 to 1000 m (Costantini et al., 2010; Knittweis et al., 2016), although more commonly found between 30 and 200 m (Rossi et al., 2008; Taviani et al., 2010). Because of its red calcium carbonate skeleton, C. rubrum is the precious coral par excellence and was used as jewelry, currency, and religious talismans as early as 30000 years ago, thus becoming one of the most valuable but also vulnerable resources in the Mediterranean Sea (Tescione, 1973; Garrabou and Harmelin, 2002; Garrabou et al., 2017).

During recent years, Remotely Operated Vehicles (ROVs) started being employed to scout for exploitable beds (GFCM, 2017a), enhancing the accessibility also to deeper areas. However, their use presented different problems, from damages to benthic ecosystems (Western Pacific Regional Management Council (WPCouncil), 2007) to illegal remote-controlled harvesting (GFCM, 2010). The potential unregulated use of ROVs, even only for seabed exploration (i.e., prospection), was soon identified as a possible cause for a sudden and unsustainable increase in the amount of coral harvested (Tsounis et al., 2010, 2013; Bruckner, 2014). Therefore, as a precautionary principle, the use of ROVs in red coral fishery has been prohibited since 2011 in all the GFCM competence areas (GFCM, 2011) and is allowed only for scientific purposes, as a monitoring non-destructive tool to study the status of deep-sea coral (Bavestrello et al., 2014; GFCM, 2016, 2017b, 2019). However, to date, how the use of ROVs for seabed exploration might influence red coral catches has never been scientifically quantified. Despite the recommendation made by GFCM, its sustainability as prospection support is still a frequent matter of debate among fishermen and scientists (Cannas et al., 2019 and references therein).

While a regional adaptive management plan for red coral was established in 2017 (GFCM, 2017b), a recent workshop in 2019 (WKREDCORAL) urged the effective implementation of current measures to manage red coral (Food and Agriculture Organization, 2019a). Among tools already in force in fishery worldwide, the use of Onboard Scientific Observers (OSOs) has been recently proposed and recommended at different round tables also for red coral harvesting (Food and Agriculture Organization, 2019a; GFCM, 2019). However, it has not been included among the compulsory measures neither in national management nor in the recent GFCM pan-Mediterranean plan, possibly due to the lack of scientific data demonstrating their efficacy in red coral management. Observers at sea are specifically trained biologists officially in place for commercial and non-commercial fisheries worldwide to collect data on catch, bycatch, fishing effort, and impacts on protected species (Furlong and Martin, 2000; Porter, 2010; Faunce and Barbeaux, 2011; Brooke, 2012; Mangi et al., 2015; Gilman et al., 2017). They could represent a link between fishermen and scientists, thereby promoting communication and bridging existing gaps between science and policy (Cotter and Pilling, 2007; Gray and Kennelly, 2017).

The present research reports results from a first pilot study on C. rubrum harvesting based on the use of ROV as prospection support and Onboard Scientific Observers (OSOs). The monitoring campaign was carried out from 2012 to 2015 along the northwestern coast of Sardinia, which is documented among the most productive areas of red coral in the western Mediterranean Sea (Santangelo et al., 1993; Cannas et al., 2010; Cau et al., 2013; Cattaneo-Vietti et al., 2016). In order to conserve and sustainably exploit banks, since 1979, the Autonomous Government of Sardinia has enacted specific measures to regulate harvesting: a licensing system, a restricted fishing period, a maximum daily quota (≤2.5 kg/day per diver), and a minimum legal size of basal diameter (usually 10 mm with the exception of 2013, 8 mm; see Supplementary Table S1; Cannas et al., 2011; Cau et al., 2013; Follesa et al., 2013). The sustainable exploitation is the main aim of any management plan, even of those recently enacted for red coral harvesting (GFCM, 2017b, 2019). Furthermore, it is the inspiring principle of the FAO Code for Responsible Fisheries (Food and Agriculture Organization, 1995) as well as the objective of the European Common Fisheries Policy (CFP) for the conservation and sustainable exploitation of fisheries resources [Regulation (EU) No. 1380/2013]. We acknowledge that red coral is a slow growing, centennial species, with a time of recovery of decades after overexploitation (Cattaneo-Vietti et al., 2016; Cannas et al., 2019). However, we here use the term “sustainable” from a management point of view, for which sustainability is defined through three different perspectives: social, economic, and environmental (Food and Agriculture Organization, 2019b). In this framework, “sustainable” refers to the need to achieve a balance between fulfillment of both present and future human needs, i.e., social and economic demands, and the conservation of the natural resource (Caddy and Griffiths, 1995). In particular, our study aimed at providing valuable scientific data for an improved management of red coral, as indicated in paragraph 23 of the CFP: “The objective of sustainable exploitation of marine biological resources is more effectively achieved through a multiannual approach to fisheries management, establishing as a priority multiannual plans reflecting the specificities of different fisheries” (Regulation (EU) No. 1380/2013).

This study aims to assess the usefulness of ROVs for scouting red coral banks since their potential use as prospection support is still frequently debated, but no study has ever evaluated it so far. In order to do this, we tested as to whether sea bottom exploration carried out with ROV during routine harvesting practices might lead to an increase in the number of red coral banks found and in total catches. Besides this, we here aim to evaluate the effectiveness of onboard observers as science and monitoring tools in red coral harvesting campaigns since they have been recommended but not imposed yet by GFCM. To achieve this goal, data collected by OSOs are analyzed and compared with those available so far (i.e., logbooks). The outcomes of this study are discussed to evaluate the possible implementation of specific OSOs programs and their inclusion among mandatory measures in the adaptive management plan for the sustainable exploitation of red coral in the Mediterranean Sea (GFCM, 2017b, 2019; Cannas et al., 2019).



MATERIALS AND METHODS


Study Area

The scientific monitoring campaign was carried out during official C. rubrum harvesting seasons (usually from May/June to September/October, see Supplementary Table S1), from 2012 to 2015, in three areas located off the northern (N, off Santa Teresa di Gallura), northwestern (NW, off Alghero), and central-western (CW, off Bosa) coasts of Sardinia (Figure 1). The experimental campaign has been realized by the University of Cagliari and financed by the Autonomous Region of Sardinia, in order to acquire detailed scientific data on effort and respect of the management measures enacted in the competence area. Details on official harvesting seasons and the relative periods monitored by OSOs are indicated in Supplementary Table S1. A total of seven commercial boats and nine licensed SCUBA divers were monitored by 21 OSOs. All the licensed SCUBA divers participated on a voluntary basis to the campaign, and only in presence of an observer, they could have the ROV on board and used it for prospection of red coral banks. During the official harvesting season, they could harvest red coral even in the absence of OSOs, providing that they disembarked the ROV and recorded the mandatory data on the logbook. OSOs were biologists and, before working onboard, attended a compulsory training course on data collection methods and procedures. Observers were extensively trained in measuring red coral colonies and logging data in order to standardize and improve the validity and reliability of collected information.
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FIGURE 1. ROV prospection (A): black squares represent the sites where ROV failed to detect red coral banks, while red squares correspond to the record of Corallium rubrum colonies (i.e., coral points). Harvesting activities (B): blue squares represent the harvesting sites and red squares the coral points. The bar corresponds to 25 km and the dashed gray lines to –50 and –80 m bathymetries, the minimum legal depth limits for collecting red corals in Sardinian waters in the investigated period (see main text and Supplementary Table S1 for details).


During monitored days, the observers collected information on ROV activity as well as data on depth of dive, size, and weight of the catches for which local binding management measures exist (Supplementary Table S1).



ROV Prospection

Each boat used its own ROV: five boats used the model Prometeo by Elettronica Enne and one used Flat Platform6+ by the same manufacturer. OSOs recorded the operational time of each ROV deployment (deployment time) along with the number of sites explored using ROV (total points) and those characterized by red coral banks (coral points).



Catch Recording and Sampling

For each harvesting dive, the observers recorded coordinates (not reported here for the privacy restrictions imposed by the financing authority), maximum depth, and total amount (kg) of coral harvested. In addition, they also measured the basal diameter (mm) of all the colonies, excluding those with broken bases. As prescribed in regional regulations (Regional Decree N. 1204/DecA/83 del 08.08.2012), the basal diameter was measured in the stem, in the mid between the base and the first branch. Weight of individual colonies were calculated from the diameter according to Follesa et al., 2013 (W = 0.4984D1.8356, where W is the weight in g, and D the basal diameter in mm). Finally, each colony was labeled with a unique code and photographed for further checks and analyses of the branching pattern useful to infer population structure (Follesa et al., 2013). Small portions were also sampled and preserved in ethanol to be used for studies on reproduction, genetics, and growth.



Observers’ Data vs. Data From Logbook

Whenever possible the data collected by the observers were compared with those reported in logbooks, directly compiled by the divers and transmitted to the competent office (Source Regione Autonoma della Sardegna 2019, henceforth RAS, 2019). Only aggregated data by year were made available, including the total amount of coral caught for each season by all licensed divers, the minimum and maximum depth of exploitation dives, as well as the numbers of harvesting days at sea. Such data have been used, with permission of the competent authority, for the purpose of this study. Data related to single divers have not been included in this article for privacy reasons. Anyone interested in them can ask the access permission to the competent office (Servizio Pesca – Assessorato dell’Agricoltura e Riforma Agro-Pastorale – Regione Autonoma della Sardegna). As concerns the yield expressed as number of colonies/dive, these values were obtained from the observers’ data for the period under investigation (2012–2015), while available in the logbooks only since 2016 and onward.



Statistical Analyses

Data on ROV prospection and catches, such as ROV deployment time, depth of dive, daily catch weight, and size of basal diameter, were analyzed using R studio Desktop v1.1.456 (R Core Team, 2016) and XLSTAT-Base (2018). Once the assumption for normality was violated (Shapiro–Wilk test; P < 0.0001), nonparametric tests were used to calculate the presence of significant differences among years, areas, boats, and divers using both pairwise (Kolgomorov–Smirnov test) and multiple pairwise comparisons (Kruskal–Wallis test and Steel–Dwass–Critchlow–Fligner procedure).

In order to evaluate the effect of ROV prospection on red coral harvesting, we tested for a significant correlation between the number of hours that each boat invested in prospection (i.e., ROV prospection boat−1; h), and (i) the number of explored sites with red coral banks (i.e., n. coral points boat−1) and (ii) the weight catch per boat (catch boat−1; kg).

Finally, in order to ascertain the lack of biases due to differences between observers performing measurements, bi-plots of Canonical Analysis of Principal Coordinates (CAP) were prepared using Euclidean distance-based matrix and the routines included in the software PRIMER 6+ (Clarke and Gorley, 2006). The absence of segregation among points belonging to different a priori assigned categories (i.e., observers) and the elevated miss-classification percentage allowed us to assess the absence of biases due to the factor “observer.”



RESULTS


Monitoring Data

From 2012 to 2015, the divers were at sea, for ROV prospection, harvesting, or both activities during 35% of the official harvesting season, considering both the days monitored by OSO and those not monitored but included in the logbooks. Operative days within a harvesting season reached a maximum of 50% in 2013 and a minimum of 25% in 2012 (Figure 2). Onboard Scientific Observers monitored more than half of operative days (65%). The total number of monitored days, considering all areas, were 509, whose 134 (26%) dedicated only to ROV prospections, 137 (27%) to harvesting dives, and 238 (47%) to prospection followed by a dive.
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FIGURE 2. Percentage of days in the harvesting season (2012–2015) dedicated to the different activities at sea.




ROV Prospection

Table 1 reported all the data related to ROV activity, such as the number of prospection days, deployment time, total points surveyed, and those with red coral banks. Data on the use of ROV were acquired through a total of 351 valid prospection days and a total deployment time of 514 h and 12 min.


TABLE 1. ROV prospection.

[image: Table 1]
During the study, the monitored boats deployed ROV for prospection for 72% of the monitored days as average. The averaged percentage of the use of ROV for seafloor exploration increased during 4 years, with the lowest value (55%) registered in 2012 and the highest one (82%) in 2015. Conversely, the percentage of harvesting days decreased from 2012 (43%) to 2015 (18%).

The daily hours dedicated for prospection increased during the study period, both as overall trend and per single boat. The average daily time (ROV hours day–1) was 1 h 27′, ranging from 1 h 12′ to 2 h 33′ in 2013 and 2015, respectively (Figure 3A). Considering each boat singularly, the lowest time dedicated to prospection was registered in 2013 for boat 2 (41 min) and the highest one (3 h 24′) in 2015 for boat 4 (Figure 3B).
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FIGURE 3. Hours of daily ROV prospection reported for each year (A) and each boat (B), from 2012 to 2015.


Overall, from 2012 to 2015, 5505 points were explored with ROV, whose more than half (54%), as average, were characterized by red coral banks (coral points). We found a significant correlation between hours invested to exploring sea bottom by each boat (ROV prospection boat–1) and the number of points found with red coral banks (n. coral points boat–1; Figure 4A). In addition, also the total weight of catches per boat (catch boat–1) increased with the increase in time dedicated to ROV prospection (Figure 4B).
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FIGURE 4. Relationships between hours invested in ROV prospection by each boat in each investigated year (ROV prospection boat–1) and the number of coral points (n. coral points boat–1; n = 14, R = 0.780, P < 0.01) (A), and the weight of harvested colonies (catch boat–1; n = 14, R = 0.518, P < 0.1) (B).




Catch Monitoring

Total monitored harvesting dives were 463 and have been realized outside the interdicted areas identified by the Sardinian regulation. Data related to number of dives, total amount (weight) of red coral harvested, total number of red coral colonies collected, and those measured are reported in Table 2.


TABLE 2. Catch monitoring.
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Depth

Overall, depth of dives ranged from 59 m (recorded in 2013) to 135 m (in 2015; Figure 5A). Two dives were performed outside the legal limit of 80 m, at the very beginning of the 2013 harvesting season. The depth of dive significantly varied across areas and years (see Supplementary Data and Supplementary Table S2). Dives performed off the northern coast were significantly shallower than those performed off the CW and NW coasts. The depth of dives significantly changed also among different years in the same area: dives performed in 2015 off the CW coast were significantly deeper than those carried out in 2012 in the same area.
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FIGURE 5. Notched boxplots for the different areas (N, northern coast, CW, central–western coast, NW, northwestern coast of Sardinia) and years: depth of dives (A), amount (kg) of red coral collected in each dive (B), and basal diameter (mm) of the harvested red coral colonies (C). The box shows the interquartile range (IQR), while the whiskers add 1.5 times the IQR to the 75 percentile (Q3) and subtract 1.5 times the IQR from the 25 percentile (Q1). The thick line shows the median of the data, the notch displays the confidence interval around the median, and the blue cross indicates the mean value. The small circles are the outliers. The dashed lines in color (red, orange, and green) indicate the legal limits for collecting red coral in Sardinia (see main text and Supplementary Table S1 for details).




Weight

A total of 1355 kg of red coral colonies were collected during the monitored days. The amount of coral taken in each dive ranged from 0.15 to 12 kg in 2013 and 2015, respectively, both in CW area (Figure 5B). The weight of red coral colonies collected was significantly different for the investigated temporal and spatial factors (see Supplementary Data and Supplementary Table S3).

The limit of 2.5 kg coral/day per diver has exceeded >40% of times as average. Such percentage ranged from 5 to 73% of dives in 2013 in NW and CW area, respectively (Figure 6A).
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FIGURE 6. Percentage of dives performed within (green) or outside (red) the legal limits in terms of weight per dive (A). Percentage of colonies collected within (green) or outside (red) the legal limits in terms of size (B) in the different areas (N, northern coast, CW, central–western coast, NW, northwestern coast of Sardinia) and years. In orange, the values obtained considering a tolerance of 20% on the fixed limits to allow for errors.


The weight of the harvested coral was measured onboard, after the dive, and thus can be overestimated, because colonies could be still wet and not completely clean of the rocky substrate and epibionts. When considering a tolerance of 20% in weight due to the uncomplete clearness of the colony, the percentage of dives exceeded 3 kg weight/day limit was still high, >30% on average, ranging from 0 to 57% in 2013 in NW and CW area, respectively.



Size

A total of 19667 red coral colonies were collected, whose 18333 had intact basal and thus have been measured. The basal diameter ranged from 2 mm to a maximum of 37.7 mm both in CW area in 2014 (Figure 5C). The size of basal diameter was significantly different across years and areas (see Supplementary Data and Supplementary Table S4).

The limit of 10 mm of basal diameter was complied with only half of the harvested colonies, as average, with the lowest value recorded off the N coast, where only 20% of the collected colonies were of the allowed size (Figure 6B). Under water, the size of corals is difficult to appreciate especially by divers plunging at deeper depth. Furthermore, the measurement is subjected to additional errors due to the shrinkage of the coenenchyma (living tissue) as the colonies dry. Even when considering a tolerance of 20% in the measurement of basal diameter, allowing the harvesting of colonies up to 8 mm, the percentage of undersized colonies was high, being 20% on average and ranging from 9 to 42% in 2015 (NW) and 2012 (N), respectively. Colonies whose diameter was lower than 7 mm (i.e., minimum conservation reference size imposed by GFCM, 2019) were 8.5% of the total harvested colonies. Such percentage ranged from 2 to 20% in 2015 (NW) and 2012 (N), respectively. However, if the amount of undersized colonies is expressed as percentage in weight (as in the GFCM plan), it totaled only 3.4% of the total catches.



Comparisons Between Observers’ and Logbook Data

Table 3 shows the data derived from logbooks, compulsory compiled by the licensed SCUBA divers and transmitted to the competent authority at the end of each harvesting season. Overall, all the divers involved in the campaign reported deeper dives and higher kg/dive values than the ones not participating and hence not using the ROV. In addition, mean values of coral kg caught per dive (mean W/D) reported in logbooks (Table 3) were much lower than the ones recorded by the observers on board (Table 2). As concerns the number of colonies caught per dive, the values recorded by OSOs for the divers involved in the project were almost double (on average 39 ± 10) than the ones they included in the logbooks (on average 22 ± 16; source RAS, 2019).


TABLE 3. Logbook data.
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DISCUSSION

During recent years, a variety of scientific surveys demonstrated the status of overexploitation for C. rubrum in some areas of the Mediterranean Sea (Santangelo et al., 2007; Tsounis et al., 2007; Santangelo and Bramanti, 2010), even if data reported so far confirmed that measures enacted in Sardinia have guaranteed a sustainable management (Follesa et al., 2013; Cannas et al., 2015, 2016). Given the concerns regarding red coral fishery, US and EU proposed to include the genus Corallium in Appendix II of the CITES in 2007 and in 2009, but both proposals were not accepted, based on the expectation that local measures could be more efficient (Food and Agriculture Organization, 2009, 2010; Cannas et al., 2019).

Following these indications, the GFCM has recently established a pan-Mediterranean management plan for the exploitation of red coral in the Mediterranean Sea (GFCM, 2017b, 2019). Actually, in Sardinia, stricter measures than the ones imposed by GFCM have been in place since 1979 (Cannas et al., 2019).

This study provides pivotal information for the management and conservation of Mediterranean red coral banks. Our results demonstrate, on the one hand, how ROVs prospection for red coral harvesting may lead to an increase in catches and, on the other hand, emphasize how current management measures could be strengthened through the mandatory use of Onboard Scientific Observers.


ROV Prospection

Since 2011, a precautionary prohibition of the use of ROVs for red coral harvesting has been imposed on the whole GFCM competence area, based on the assumption that the use of ROV can increase the yield per dive (Tsounis et al., 2010, 2013; GFCM, 2011), which, however, has never been scientifically demonstrated. During our study, ROVs were exceptionally allowed to be used for seabed exploration prior to dives for the scientific purposes outlined above, namely, to measure the effects of its prospection support on catches.

In our research, ROVs were used extensively, being a valid tool for the efficient and quick search of a “suitable” bank to harvest. However, it is noteworthy to remember that, despite the nominal length of the harvesting season is of several months, the effective “productive” days at sea represented ca. a third of the available days (Figure 2), due to inherent limits imposed by the weather conditions and the human physiology (divers cannot dive at great depths, such as the ones where commercial banks dwell, every single day and/or in bad weather conditions).

Our results showed how the daily time dedicated to underwater prospection and location of the red coral banks increased throughout the studied period, with a peak in 2015. Conversely, the percentage of days spent for harvesting activities decreased. It is premature to describe this as a general trend, considering the limited number of years included in the experimental campaign and the restricted number of divers that voluntarily participated in it. Moreover, our results highlighted that professional divers differed in their behavior regarding the time spent in ROV prospection: some boats (i.e., boat 3 and 4 all monitored years and boat 7 in 2015; Figure 3B) invested more hours in exploration than others, probably because they were scouting for “less known” sites in deeper or “never-exploited” areas. Therefore, it could be difficult to identify a unique driving cause for the observed data. If we consider the overall pattern (i.e., more time spent in prospections and less in dives that are deeper and deeper), this could be interpreted in two opposite ways. On the one hand, throughout the years, divers progressively understood the importance of spending more time in ROV-guided prospections to avoid plunges in smaller banks and to make more selective and profitable dives in larger and denser ones, decreasing the proportion of time dedicated to harvesting. On the other hand, more time dedicated to ROV-scouting could be instead the consequence of the rarefaction of banks, which are found with increasing difficulty and only in deeper areas. The most valid explanation is probably a combination of these two opposite views: ROV is increasingly used by divers because it allows them to have shorter and safer dives, reducing the time spent underwater in a very risky activity, but our results could also suggest a decreasing availability of shallower exploitable banks in some areas. More data, from a larger number of divers and areas, extending the monitoring over more years, are needed to have a clearer picture and to draw definitive conclusions.

In our study, the usefulness of ROV for prospection has been confirmed by the significant correlation we found between hours dedicated to exploring seabed and the number of coral points, as well as the increase in catches per boat with time spent for prospection. Therefore, our data indicated that the use of ROV eases the identification of relevant exploitable red coral banks and permits an increase in catches, often above the allowed daily quota. OSOs reported indeed that 30% of these catches were above the limits, emphasizing that the use of ROVs, even only for seabed exploration, could lead to a serious risk of overexploitation.



Catch Monitoring

In 2012, the GFCM put in place a series of measures, including the establishment of its own data collection protocol to obtain data on red coral annual landings from the national administrations of member countries (GFCM, 2012; Cannas et al., 2019). The Autonomous Region of Sardinia started collecting information on catches through logbooks in 1996. Later, in 2017, the established GFCM management plan for red coral in the Mediterranean Sea imposed also that member states shall establish a system of daily and/or annual catch limitation in order to keep harvesting within “biologically sustainable levels” (GFCM, 2017b). Despite measures imposed so far, experts and scientists suggested that current management plan for red coral should be enforced with more effective tools (Food and Agriculture Organization, 2019a). The use of onboard observers has been recommended but not imposed yet to collect scientific information on red coral harvesting in the Mediterranean (GFCM, 2019). We here report, for the first time, data collected by OSOs on red coral harvesting, comparing them with those available so far in order to evaluate their effectiveness as science and monitoring tools.

Onboard Scientific Observers reported that licensed divers, despite respecting the upper depth limit, plunged deeper and deeper over the years, especially in CW area. This result could be explained considering that the use of ROV helped divers to scout “suitable” banks, especially those dwelling in deeper waters, which are more difficult to find without a ROV presurvey. These are expected to host larger colonies of higher commercial values (Rossi et al., 2008), as previously reported for the CW coast of Sardinia, where deep-sea banks are mostly constituted (38%) by larger colonies (>10 mm basal diameter; Cannas et al., 2010), thus inducing divers to perform deeper dives. Data reported by OSOs further highlighted that fishermen disregarded the limits imposed by the Autonomous Region of Sardinia regarding the weight of catch per day, for >30% of the dives. A peak was registered in CW area in 2013 where >3 kg/dive of red coral were collected during half of the monitored dives. Also, the analysis of the size of the basal diameter pinpointed how about 20% of the harvested colonies had a basal diameter <8 mm, and about 8.5% were <7 mm in diameter. Considering the harvest control rule recently imposed by GFCM (2019), when the percentage of undersized colonies (<7 mm) overpass 10% in weight of the catch, controls and surveys of population size structure should be implemented. Our data indicated that in Sardinia we are far below the GFCM threshold (only 3.5% in weight of red corals were undersized), confirming that the levels of exploitation are still under control. We report here both values (% in number and % in weight of undersized colonies of the total catch) also to highlight the difference between them. To monitor the structure of the population and document the shift of the size distribution in case of depletion, we believe that the proper indicator is the number of small colonies in the catch. Furthermore, from a management perspective, it represents a more sensitive and conservative limit, as a sort of early warning of potentially dangerous changes in the population in response to an excessive exploitation. On the contrary, the 10% limit in weight could be reached too late, when the population is already “suffering,” being composed of only a few medium colonies and the majority of small corals.

Anyhow, these results (i.e., the documented fraction of undersized colonies, especially in some areas) should raise awareness regarding the conservation status of red coral populations and the need to enforce all the current MCS measures as well as to implement new ones. In order to guarantee the sustainable exploitation previously described for the study area, there is the need to increase the knowledge on the size structure of the exploited populations. Size parameters have been proved to be crucial to assess the status of precious corals and to develop sustainable fishery management plans (Montero-Serra et al., 2015; Cannas et al., 2019). In this framework, the measure of the individual size of colonies collected by OSOs and thus the implementation of OSOs programs should be pivotal to acquiring such data, enforcing the harvest control rule and guaranteeing the sustainable exploitation of the resource.

Our results also highlighted that the weight of catches per dive was underestimated in logbooks (Table 3; on average 1.55 kg dive–1) compared to actual catches (Table 2; on average 2.84 kg dive–1). Onboard observers recorded also a higher number of colonies caught in each of the dives performed during 2012–2015 campaigns, compared to logbook data for the following seasons (2016 and 2017), when the experiment was over and in addition, they were no longer allowed to use ROV. Logbooks are self-certifications, whose validity and reliability are often questioned and need to be validated. Besides logbooks, harvest statistics for C. rubrum in Sardinia have also been reported in the FAO global capture database, since the late 1970s. Such data have been mainly provided by red coral import–export and jewelry production wholesalers (Cannas et al., 2019 and reference therein), and therefore, they could present shortcomings and should be considered cautiously (e.g., possible conflict of interest for an industry data provider; some data may refer to trade information rather than to actual annual harvest). Comparing data on harvested weight reported in logbooks and in the FAO database, for Sardinia, between 2012 and 2015, we found that total red coral catches declared in logbooks were about 2.5 tons (RAS, 2019), which was around 16 times less than that reported in the FAO dataset (40.2 tons). A similar trend has been reported also for other countries exploiting red coral (Cannas et al., 2019). Even if the FAO data are eventually overestimated because of mixing trade and fishery data, the values reported in the logbooks are underestimated. This is a common trend in fishery worldwide: recent studies showed indeed that logbook data of recreational and non-recreational fisheries did not adequately report catches and thus cannot be trustable alone to estimate total catch (Faunce, 2011; Uhlmann et al., 2014; Gray and Kennelly, 2017; Schewe and Dutton, 2018).

Results reported here should raise awareness considering that the only data available so far for red coral harvesting are those reported in logbooks by divers or in the FAO dataset by traders. Our results confirmed how at-sea observers, and the important data they collect, could represent a further step towards a more efficient management also for precious coral fisheries (Cannas et al., 2019). Scientific observers onboard proved to be an efficient data source to validate information reported in logbooks and/or to implement them, i.e., recording not only the total weight and the percentage of undersized colonies in weight, as it is now mandatory in the GFCM data collection system, but also their individual sizes. Such data are essential, otherwise, the progressive shift of harvesting pressure to younger age classes could be unnoticed.

The need to develop and include OSOs programs among mandatory measures for red coral harvesting is of paramount importance and evident urgency, in order to collect reliable information and to enforce any sound management plan.



CONCLUSION

This study provided evidence of how, even in controlled conditions (i.e., with OSOs), ROV proved to be a useful support for scouting and reducing the “searching” phase on the one hand, but also the cause of an increase in catches. Our results confirmed the relevance of the decision made by GFCM in 2011 regarding the prohibition of using ROV even for seabed exploration, since its use, especially in uncontrolled conditions (i.e., without OSOs), could lead to a shift toward a non-sustainable exploitation.

Onboard Scientific Observers demonstrated to be a valid and irreplaceable tool in drawing a truthful picture of the Mediterranean red coral fishery. OSOs reported the occurrence of undersized colonies and amounts of harvested corals above the limits imposed by the local regulations. In addition, data on weight catch reported in logbooks were underestimated compared to those reported by OSOs.

As recently stated in different GFCM meetings and reports, the enforcement of the current MCS system with the adoption of new, additional monitoring control and surveillance measures should be of high priority. Among them, official onboard observer programs should be developed and included among mandatory measures for all countries involved in red coral harvesting, also considering the recent implementation of the management plan for the Mediterranean Sea and the need to have trustable yield data for the whole basin. Besides this, the evaluation of the status of the resource is mandatory in order to adjust fishermen needs and management policies to scientific evidence. A high level of mutual respect between fishermen, politicians, and researchers could support the collection of high-quality data facilitating the sustainable exploitation of Mediterranean precious coral.
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Year Boat Total (valid) ROV Total Coral
prospection deployment points points
days time
2012 Boat 2 22 (18) 16:45:00 159 97
Boat 3 19(19) 22:36:00 205 96
Boat 4 13(12) 33:41:00 309 120
Boat 5 21 (21) 21:17:00 323 212
Total 2012 75 (70) 94:13:00 996 525
2013 Boat 2 54 (51) 35:25:00 404 218
Boat 3 33 (21) 34:50:00 436 259
Boat 4 46 (42) 94:54:00 897 455
Boat 5 56 (56) 53:04:00 871 622
Boat 7 38 (38) 36:53:00 341 125
Total 2013 227 (208) 255:06:00 2949 1679
2014 Boat 2 6 (6) 6:50:00 53 32
Boat 3 6 (6) 9:17:00 121 71
Total 2014 12 (12) 16:07:00 174 103
2015 Boat 3 12(12) 20:26:00 169 105
Boat 4 25 (25) 85:00:00 806 426
Boat 7 21 (21) 43:20:00 411 109
Total 2015 58 (58) 148:46:00 1386 640
Total 377 (351) 514:12:00 5505 2947

Year; monitored boat; number of days invested in prospection (valid data);
operational time of ROV deployment; total number of surveyed points (total points);
and those with red coral banks (coral points).
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Year Boat SCUBA Area nD tW nC nM Mean Mean

diver W/D C/D
2012 Boat 1 A N 15 36.7 1180 1180 2.4 79
Boat 1 B N 15 361 1095 1095 24 73
Boat 2 C CW 20 484 556 516 24 28
Boat 3 D CW 15 352 421 356 2.3 28
Boat 4 E Cw 12 31.8 564 521 2.7 47
Boat 4 F Cw 10 228 487 459 2.3 49
Boat 5 G CW 24 623 894 806 2.6 37
Boat 5 H CwW 16 572 781 664 3.6 49
Total 127 330.5 5978 5597 2.6 47
2012
2013 Boat 2 C CW 58 160.2 1883 1675 2.8 33
Boat 3 D CwW 28 798 951 880 2.9 34
Boat 4 E CW 26 128.2 1397 1020 4.9 54
Boat 4 F Ccw 25 110.7 1163 1376 4.4 47
Boat 5 G CW 65 2266 1676 3116 3.5 26
Boat 5 H CW 40 1152 3258 1541 2.9 82
Boat 7 J NW 45 743 1623 1399 1.7 37
Total 287 895 11951 11007 3.1 42
2013

2014 Boat 2 C Cw 9 30.1 299 295 3.3 33
Boat 3 D Cw 4 7 78 7 1.8 20

Total 13 374 377 372 29 29
2014

2015 Boat 3 D Cw 10 172 294 292 1.7 29
Boat 4 F Cw 11 45 562 561 41 51
Boat 7 J NW 156 30.2 505 504 2.0 34

Total 36 924 1361 1357 26 38
2015

Year; monitored boat; SCUBA diver; area (N, northern Sardinian coast, CW, central-
western Sardinian coast, NW, northwestern Sardinian coast); nD, total number of
dives; tW, total weight of red coral harvested (kg); nC, total number of red coral
colonies collected; nM, total number of red coral colonies collected and measured;
mean W/D, mean weight of red coral caught per dive (kg); mean C/D, mean number
of colonies caught per dive.
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Year

Divers not in the campaign

Divers in the campaign

Depth (min; max) nD tw Mean W/D Depth (min; max) nD tw Mean W/D
2012 16; 112 191 246.3 1.3 80; 130 322 558.5 1.7
2013 80; 110 501 623.7 1.2 59; 132 434 5352 1.2
2014 50; 82 43 57.0 1.3 95; 131 26 42.0 1.6
2015 65; 103 275 357.8 1.8 87;135 67 117.2 1.7

The first four columns show the data regarding divers active in a given year but not involved in the experiment, while the last four columns show the data for the divers
participating in the monitoring campaign. Depth, minimum and maximum depth of the exploitation dives (m); nD, number of dives; tW, total weight of red coral caught
(kg); mean W/D, mean weight of red coral caught per dive (kg).
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