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Precious corals are a fishery resource of cultural and religious importance. Because of their high commercial value, precious corals have been exploited for several centuries in the Mediterranean and for almost one century in the Northwest Pacific. Taiwanese fishing fleets have harvested precious corals since the 1920s; however, management regulations have only been promulgated since January 2009, when the catch and effort data of fisheries began to be collected. This study examined spatiotemporal variation in the catch composition and abundance of precious corals Corallium, Hemicorallium, and Pleurocorallium spp. around Taiwan using fishery data from 2009 to 2018 and discussed its implications for fisheries management. Licenses are issued for 60 vessels annually, and the annual total catch was 2.9–3.5 t between 2009 and 2018, peaking in 2015 and then decreasing sharply in 2016. Because of the use of non-selective fishing gear, dead and fossilized colonies were included in the total catches of the fishery. Fossilized colonies were predominant (average 78.5%) in the total catches, whereas the proportion of live colony catches accounted for less than 5%. Pink coral (Momo) was predominant in the total and live colony catches during the 10-year period. The Taiwanese precious coral fishing fleets are restricted to harvesting precious corals in five designated fishing grounds (DFGs; A–E). The fishing effort (vessel⋅day) was mainly concentrated in DFG-A (average 56.6%), which accounted for an average of 63.9% of the total catches. However, the live colony catches were largest in DFG-E (average 39.9%) and DFG-A (average 39.6%). The annual catch rates of live colonies decreased in two major fishing grounds (DFGs-A and DFG-B), whereas it increased in two minor fishing grounds (DFGs-C and DFG-D). The temporal variation in occurrence rates of live colonies decreased between 2015 and 2018, indicating a declining trend for precious coral populations around Taiwan. These results indicate that an unsustainable condition may occur in the near future if the precious corals continue to be harvested at the current scale. Revised regulations for the Taiwanese precious coral fishery should contain proposals on fishing gear modifications, a rotational harvesting scheme, or both; such measures can contribute to the conservation of precious coral populations. Regional cooperation in fisheries management is necessary to achieve the sustainable development of precious corals and their fisheries in the Northwest Pacific.
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INTRODUCTION

Sustainable marine resources exploitation is a central goal in fisheries management and the United Nations 2030 Agenda for Sustainable Development (FAO, 2018). However, most management measures focus on “typical fishery,” targeting marine resources characterized by free movement and supporting essential food security for a rising human population (Jennings et al., 2001; FAO, 2018). By contrast, several fisheries, such as precious coral fisheries, target marine resources with limited movement or sessile organisms that do not represent an essential food source for humans; however, these marine resources play a substantial role in ecosystem function (Bruckner, 2009; Tsounis et al., 2010). Marine resources, particularly precious corals, have warranted attention for their vulnerability to commercial exploitation; for example, studies have highlighted their slow growth rates, high commercial values (Collette et al., 2011), and critical functions in ecosystems (Tsounis et al., 2010). Conservation and management measures for these resources and relevant fisheries require specific and distinct approaches from those of typical fisheries to achieve sustainable development (Carugati et al., 2020).

Precious corals are a group of coral species belonging to various orders, such as black corals Antipathes spp. from Antipatharia, blue corals Heliopora spp. from Helioporacea, gold corals Gerardia spp. from Zoanthidae, and red corals Corallium, Hemicorallium, and Pleurocorallium spp. from Gorgonacea (Bruckner, 2009). Of these, red corals from the family Corallidae are the most well-known and valuable precious corals in the world (Bruckner, 2014). Precious corals are non-reef building corals that do not live endosymbiotically with zooxanthellae, and thus may inhabit areas deeper than the euphotic zone (Grigg, 1984). Precious corals, in contrast to other exploited marine resources, are characterized by sessile behavior and slow growth rates (Garrabou and Harmelin, 2002; Santangelo et al., 2003, 2004; Bramanti et al., 2005; Torrents et al., 2005; Tsounis et al., 2006b) that increase their vulnerability to commercial exploitations (Tsounis et al., 2010). The harvesting of precious corals in live or dead colonies substantially affect their ecosystem functions, and consequently, other organisms.

A high proportion of fossilized colonies has been reported in the total catches of precious corals around Taiwan (Huang and Ou, 2010; Chen, 2012); however, the causal mechanism underlying the formation of fossilized colonies has yet to be investigated. Therefore, a conservative management approach, which may include precautionary measures (reducing the number of vessels or catch quota) and adaptive measures (reviewing the effectiveness of management every 1–2 years), must be implemented for precious coral fisheries to ensure the sustainability of precious coral populations.

Fisheries management following the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) may play a critical role in marine resources conservation (Vincent et al., 2014). However, proposals to include red corals Coralliidae in Appendix II listing of the CITES did not meet sufficient support (in terms of votes) at the respective Conference of Parties in meetings in 2007 and 2009. At these meetings, various concerns were raised including species identification difficulties (for materials and products) and a lack of information on stock status that must be clarified in future proposals (Bruckner, 2014). Furthermore, researchers have suggested the improvement of the local management of precious coral fisheries, rather than trade restrictions through the CITES (Tsounis et al., 2013; Bruckner, 2014). The biology and ecology of red corals has been comprehensively studied, although these works have largely centered on Corallium rubrum in the Mediterranean region (Santangelo et al., 2003; Torrents et al., 2005; Tsounis et al., 2006a,b,c; Santangelo et al., 2007; Rossi et al., 2008; Bavestrello et al., 2014; Cattaneo-Vietti et al., 2016; Garrabou et al., 2017; Montero-Serra et al., 2018). Few studies have explored the biology and ecology of red corals in the Northwest Pacific region, where red corals typically dwell in depths of more than 150 m (Iwasaki et al., 2012). Fishery-dependent data may provide population status (or abundance index) information for exploited fish stock, while relevant fishing efforts should be deliberately considered and standardized (Maunder and Punt, 2004).

The harvesting of precious corals in the waters around Taiwan has been documented since the early 1920s, with systematic development of the precious coral fishery initiated by the fisheries authority in the 1960s (Huang and Ou, 2010). Nevertheless, at that time, relevant data and studies on precious coral populations around Taiwan were limited. Amended management regulation for the precious coral fishery, which included actions on input controls, output controls and technical measures, were implemented in January 2009 when associated fisheries data began to be collected (Huang and Ou, 2010). Several studies have examined the development of the fishery, catch composition, management regulations, and taxonomy of precious corals on the basis of collected data (Huang and Ou, 2010; Chen, 2012; Chang et al., 2013; Tu et al., 2015). However, updated information on the catch composition (by category) and abundance status of the precious corals and management practices are necessary to serve as a reference for the future revision of management regulations.

This study examined the composition and abundance of the precious corals [based on abundance indices of catch rate (CR) and occurrence rate (OR) of live colonies] around Taiwan using 10-year (from 2009 to 2018) catch-effort data from the Taiwanese precious coral fishery. Variation in precious coral abundance was analyzed, and challenges for the management practices of the fishery were identified. The results provide fundamental information regarding the stock status of precious corals around Taiwan and have substantial implications for the development of comprehensive conservation and management measures for precious coral fisheries in the Northwest Pacific.



MATERIALS AND METHODS


Fishery Data

Logbook data of the Taiwanese precious coral fishery were analyzed in this study. Logbooks have been a requirement for each fishing vessel involved in the Taiwanese precious coral fishery since January 2009. Within 3 days after landing from every trip, logbooks must be submitted to the local fishers’ association, who then collect and submit them to the Fisheries Agency of Taiwan every month. Recorded items in logbooks include the vessel registered number, operation date, operation location (latitude and longitude), and catch in weight (by commercial category and species). According to the management regulations, fishing vessels of the Taiwanese precious coral fishery must be equipped with a vessel monitoring system and report their locations hourly for the duration of the trip. This fishery’s observer program was implemented in 2009 and records the catches of precious corals as well as relevant by-catches and biological measurements. The observed trips numbered 4 to 50 annually between 2009 and 2018. The logbook data were compared with the observer data from 2012 to 2018. The annual deviation of catch (logbook data minus observer data) was low (between 70 and –299 g), although high variations were noted in some years (Supplementary Figure 1).

Harvested precious corals are classified by the coral colony condition (commercial category) and sold at distinct prices. The categories are as follows: (1) live colony, in which the colony was alive (with polyps) when harvested; (2) dead colony, in which the colony had been dead (fallen) for some time when harvested; and (3) fossilized colony, in which the colony had been dead (fallen) for a long time and contained apparent cavities. The three categories follow the common names used by the fishery and jewelry industries; thus, fossilized colonies do not indicate real fossils in this study. The precious coral species around Taiwan are identified by the coral colony colors and have been assigned common names, sometimes referring to the color in the Japanese language, including Aka coral (deep red coral, Corallium japonicus), Miss coral (angel skin coral, Hemicorallium sulcutum), Momo coral (pink coral, Pleurocorallium. elatius), and Shiro coral (white coral, P. konojoi; Tu et al., 2015).

Similar fishing gear and methods are used for precious coral fisheries in the Northwest Pacific region such as in Japan and Taiwan. The fishing gear, also known as tangle or coral net, comprises a cobblestone for weighing and four to five nets for collecting precious corals by tangling and twisting the colonies. Each vessel is equipped with 6–12 sets of fishing gear, depending on the number of winches (rollers) onboard. In total, 56 vessels were issued licenses in 2009; however, since 2010, the maximum number of allowable vessels (and licenses issued) has been 60.

According to management regulations, the Taiwanese precious coral fishing fleets are restricted to harvesting precious corals in five designated fishing grounds (DFGs; A–E) and to land the catches at one of three designated fishing ports (Nanfangao, Magung and Cijin; Figure 1). The five DFGs have varying ranges (areas) and are characterized by different oceanographic environments. The DFG areas were revised by the Fisheries Agency of Taiwan in 2014 to account for enforcement facilities at sea and seabed topology. The boundaries of the revised DFGs have almost parallel longitudes and latitudes and contours of 200 m in depth. The revised areas were 1.37 times greater than the previous DFG areas. The area effect on precious coral catches following the 2014 revision was temporally neglected in this study; however, a conversion factor of 1.37 for DFG areas was noted.
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FIGURE 1. Map depicting the five designated fishing grounds (DFGs, A–E) around Taiwan of the Taiwanese precious coral fishery [gray lines, delimited in 2009; red lines, revised in 2014; three designated landing ports (black circles) are also indicated].




Data Analysis

The catch rate (CR), representing nominal catch per unit effort (CPUE), of precious corals by total catch and live colony catch served as a relative abundance index for the entire resource of precious corals (included live and dead colonies) and their populations (live colonies), respectively. The CR was calculated as followed,
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where CR is the catch rate of precious corals, i.e., weight of total catch (or live colony catch) of precious corals per vessel per day (kg vessel–1 day–1); Cij is the catch of precious corals for vessel i on day j (kg); and Ei is the fishing effort of vessel I, which was calculated as total fishing days for vessel i (vessel ⋅ day). The total fishing effort was calculated as total fishing days for all vessels. The CR was calculated by year and by region.

The Taiwanese precious coral fishing fleet comprises vessels similar in size (20 to 99.9 GRT), number of fishermen (four to six persons), and amount of fishing gear (6–12 sets). Fishing operations were conducted during daytime hours between 5 a.m. and 9 p.m. The fishing power of the vessels in the fleet was also relatively homogenous. Thus, the CR of live colonies can serve as a reasonable abundance index of precious corals.

Annual total and live colony CRs were standardized using the 10-year average and standard deviation (SD). The standardized values (CRs) were calculated as followed,

[image: image]

where CRs is the standardized value; CRi is the original value; [image: image] and σ are the average and SD of the original value between 2009 and 2018, respectively.

The occurrence rate (OR) of live colonies of precious corals was obtained to reflect the population status of exploited precious corals in this study. To examine the live colony OR around Taiwan, catch data were compiled in a geographic reference format with a unit statistical grid of 0.125° (latitude by longitude). The monthly live colony OR was calculated as followed,
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where ORi is the live colony OR (%) in month i; Ai is the number of grids in which live colonies were harvested in month i; Gi is the number of grids in which the vessels operated in month i.

To examine the effects of DFG modification on the fishery, differences in the total catch, fishing effort and live colony catch between two periods (2009–2013 and 2014–2018) were compared using a nonparametric Mann-Whitney U test. The statistical analyses were performed using R version 4.0.0, and the statistical significance for the tests was at the 5% level.



RESULTS

The annual total catch of the Taiwanese precious coral fishery ranged from 2.6 to 3.6 t, with an average of 3.0 t, between 2009 and 2018 (Figure 2), peaking in 2015 and then decreasing sharply in 2016. The total catch remained at a low level (compared with the long-term average) during the last 3 years of the study period. The annual fishing effort of the fishery ranged from 6664 to 8584 vessel ⋅ days, with an average of 7356 vessel ⋅ days, between 2009 and 2018, peaking in 2015 and, to a slightly lesser degree, in 2014. The fishing effort remained at a medium level (compared with the long-term average) during the last 3 years of the study period.
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FIGURE 2. Annual variation in the total catches and fishing efforts (vessel ⋅ day) of the Taiwanese precious coral fishery between 2009 and 2018.



Composition of Precious Coral Catch

The harvested precious corals were classified into three categories according to their colony condition: namely live, dead, and fossilized colonies. The total catches of the fishery were from predominantly fossilized colonies, with an average of 79.2% (57.0–86.5%), between 2009 and 2018 (Figure 3), whereas live colonies comprised 2.9% (1.8–4.6%) of the catches on average. The proportion of live colonies peaked in 2009 (4.6%), decreased to a low level in 2011 (1.9%), and then peaked again in 2016 (4.1%) before decreasing to a low level in 2018 (1.8%). Few fossilized colonies were recorded in the 2011 total catch (Figure 3), although this may be attributable to a modification in the logbook format in January 2011, when a relatively high proportion of miscellaneous (non-categorized) colonies (28.5%) was noted. A similar situation, with a high proportion of miscellaneous (non-categorized) colonies (8.9%) and low proportion of fossilized colonies (77.9%), was observed in 2018 when a new logbook format was applied in September of that year.
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FIGURE 3. Annual proportion (%) of the total catches categorized by the commercial category (live, dead, fossilized colonies, or miscellaneous) of precious corals of the Taiwanese precious coral fishery between 2009 and 2018.


The Taiwanese precious coral fishery predominantly caught pink coral (Momo), representing an average of 83.2% (63.2–93.9%) of the total catch between 2009 and 2018 (Figure 4A). The proportion of pink coral in the total catch of the fishery was stable during these 10 years, although a low proportion (63.2%) was observed in 2011, which is concurrent with a modification in the logbook and documentation of a high proportion of other corals (unidentified species, 29.3%). The live colony catches of the fishery were predominantly pink coral, with an average of 72.9% (58.2–89.2%), followed by deep red coral (Aka), with an average of 15.1% (3.0–32.6%), between 2009 and 2018 (Figure 4B). The proportion of pink coral in live colony catches was stable over these 10 years, peaking in 2011 and 2014. By contrast, the annual proportion of deep red coral in live colony catches was highly variable, with a marked peak in 2016.
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FIGURE 4. Annual proportion (%) of (A) the total catches and (B) live colony catches categorized by the species composition of precious corals of the Taiwanese precious coral fishery between 2009 and 2018.




Spatial Distribution in Fishing Effort and Catch

The fishing effort (vessel ⋅ day) of the Taiwanese precious coral fishing fleet was highest in DFG-A (56.6% ± 9.5% SD), followed by DFG-B (24.5% ± 7.8% SD) and DFG-E (8.7% ± 6.3% SD; Figure 5A). The fishing effort in these three areas accounted for approximately 90% of the total fishing effort. The total catches of precious corals exhibited a similar spatial distribution pattern to that of the fishing effort, in that they were largely harvested from DFG-A (63.9% ± 7.3% SD), followed by DFG-B (18.4% ± 6.0% SD) and DFG-E (10.2% ± 5.5% SD; Figure 5B). The total catches of precious corals harvested from these three areas accounted for approximately 92% of the total catches. However, the live colony catches exhibited a different spatial pattern and were largely harvested from DFG-E (39.9% ± 15.5% SD) and DFG-A (39.6% ± 9.5% SD; Figure 5C). The highest average proportion of live colony catches was from DFG-E, even though a high variation (±15.5%) was noted.
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FIGURE 5. Average annual proportion (%) of the five DFGs for the (A) fishing efforts, (B) total catches, and (C) live colony catches of the Taiwanese precious coral fishery between 2009 and 2018 (error bar, standard deviation).


DFG areas for the Taiwanese precious coral fishery were revised in January 2014. The spatial distribution patterns of the fishery were compared for the period before (2009–2013) and after (2014–2018) the DFG revision. The fishing effort decreased in DFG-A and DFG-E but increased in DFG-B, DFG-C and DFG-D (Figure 6A). The differences in fishing effort were statistically significant in DFG-B, DFG-C and DFG-E between the two periods (Mann-Whitney test, DFG-A: U = 7, P = 0.7540; DFG-B: U = 0, P = 0.0090; DFG-C: U = 0, P = 0.0090; DFG-D: U = 10, P = 0.6015; DFG-E: U = 0, P = 0.0090). A similar shift was observed in the spatial distribution pattern of precious coral total catches (Figure 6B), with significant differences in total catches observed in DFG-C between the two periods (Mann-Whitney test, DFG-A: U = 7, P = 0.7540; DFG-B: U = 6, P = 0.1745; DFG-C: U = 3, P = 0.0472; DFG-D: U = 5, P = 0.1172; DFG-E: U = 6, P = 0.1745). By contrast, the live colony catches decreased in DFG-E but increased in DFG-A, DFG-B, DFG-C and DFG-D (Figure 6C). The live colony catches in DFG-C and DFG-E differed significantly between the two periods (Mann-Whitney test, DFG-A: U = 11, P = 0.7540; DFG-B: U = 11, P = 0.7540; DFG-C: U = 3, P = 0.0472; DFG-D: U = 7, P = 0.2506; DFG-E: U = 1, P = 0.0163).
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FIGURE 6. Average annual proportion (%) of the DFGs for the (A) fishing efforts, (B) total catches, and (C) live colony catches of the Taiwanese precious coral fishery from 2009 to 2013 and 2014 to 2018 (error bar, standard deviation).




Temporal Variation in Catch Rate

Annual total and live colony CRs were standardized using the 10-year average and SD. The CR trends were similar between DFG-A and DFG-B. However, for DFG-A, the total CR decreased between 2011 and 2018 (Figure 7A). The live colony CR decreased from 2009 to 2013, increased between 2014 and 2016, and then decreased again between 2017 and 2018 (Figure 7A). For DFG-B, the total CR also decreased between 2013 and 2018 (Figure 7B), the live colony CR decreased from 2009 to 2013, increased in 2014, but decreased again after 2014 (Figure 7B).
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FIGURE 7. (A–E) Annual total and live colony catch rates (standardized using the average and standard deviation) in the five DFGs of the Taiwanese precious coral fishery between 2009 and 2018 (dashed lines: ±1 standard deviation).


The CR trends were similar between DFG-C and DFG-D. For DFG-C, the total CR remained below average from 2010 to 2014 but reached the average level from 2015 to 2018 (Figure 7C). The live colony CR fluctuated between 2009 and 2014 but increased between 2015 and 2018 (Figure 7C). For DFG-D, the total CR fluctuated from 2009 to 2013 and then steadily increased from 2014 to 2018 (Figure 7D). The live colony CR increased between 2009 and 2015 and decreased after this period (Figure 7D).

For DFG-E, the total CR fluctuated and then gradually increased from 2010 to 2018 (Figure 7E), whereas the live colony CR increased from 2010 to 2015 and then decreased between 2016 and 2018 (Figure 7E).



Monthly Live Colony Occurrence Rate

The monthly live colony OR was calculated using the proportion of grids (0.125° by latitude and longitude) in which live colonies were harvested to the total grids in which vessels operated. The live colony OR provides an approximately reflection of the population status of exploited precious corals. The average monthly live colony OR between 2009 and 2018 was 26.7% around Taiwan (Figure 8). The monthly live colony OR remained high (25–34%) between 2012 and 2015, but decreased in later years (18–22%; Figure 8).
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FIGURE 8. Annual variation in the monthly live colony occurrence rate of precious corals around Taiwan of the Taiwanese precious coral fishery between 2009 and 2018 (box range, first and third quartiles; band, median; whiskers, 1.5 interquartile; cross, outliers. The 26.7% overall average monthly live colony occurrence rate is indicated, gray line).




DISCUSSION

Taiwanese fishermen have harvested previous corals in the Northwest Pacific for approximately 100 years, and the fishery was previously one of the largest producers of precious corals globally. However, intensive management, regulation enforcement, and scientific studies have been conducted since 2009. The current study examined spatiotemporal variations in the catch composition and abundance of precious corals around Taiwan based on 10-year fishery data. The live colony CR and OR were low in the last 3 years of the study period, which may be a result of the non-selective fishing gear that typically limits the harvesting of precious coral live colonies by chance. However, this may also indicate low levels of stock of precious corals around Taiwan. Management regulations underwent several revisions over the 10-year study period, although effective conservation measures for precious corals were not prioritized. The goals of precious corals and fishery sustainability can only be achieved when more comprehensive measures for precious coral conservation are included in management regulations.


Status of Precious Coral Populations Around Taiwan

The low proportion of live colonies in the total precious coral catches around Taiwan may be a consequence of long-term harvesting in areas with relatively low precious corals population density (Iwasaki et al., 2012; Montero-Serra et al., 2015; Cau et al., 2016) or from the high catch uncertainty inherent in the use of non-selective fishing gear that typically harvests at depths of 200 m (Chen, 2012). Moreover, the harvesting (or collecting) of fossilized colonies, which is similar to a “coal mining” process (Tsounis et al., 2010), may obstruct potential ecosystem functions and affect the benthos; however, fossilized colonies can be sold for higher prices compared with other fishery products around Taiwan (Chang, 2015). Accordingly, relevant management measures regulating the catch of fossilized colonies, such as a catch control or fixed proportion of a colony category, must be implemented. Further studies are necessary to explore the potential causes of precious coral colony death, which leads to the formation of fossilized colonies. The effects of long-term harvesting by fisheries and frequent earthquake events in the Northwest Pacific have also been noted; for example, earthquakes have damaged live colonies of precious corals in Sciacca, Italy, and led to the formation of the sub-fossil red coral in the Sicily Channel (Lodolo et al., 2017; Bavestrello et al., 2021).

In this study, two indices from the fishery-dependent data were calculated to assess the status of precious coral, namely the live colony CR and OR. The results revealed that the live colony CR decreased in DFG-A and DFG-B but remained stable in DFG-C, DFG-D, and DFG-E (Figure 7). A significant increase was observed for the live colony CR in DFG-A and DFG-B in 2014 after a revision of the DFG area in January of that year in which their areal extensions were increased 1.37-fold. The live colony ORs of precious corals were adjusted according to the grid proportions (of 0.125° by latitude and longitude) of live colonies harvested each month. Despite considerable uncertainty regarding the effects of the fishing gear used in fisheries, the live colony OR from the fishery reflected the average density of live colonies in this area to a certain degree. The long-term (2009–2018) average monthly live colony OR was 26.7% around Taiwan (Figure 8), although no baseline information for precious coral populations was available for reference (Garrabou et al., 2017). The highest average live colony OR was 37.5% in 2009 when the management regulations were promulgated, and fishing vessels could only harvest precious corals in five DFGs (Huang and Ou, 2010; Chen, 2012). Nevertheless, the live colony OR of precious corals around Taiwan decreased in later years (Figure 8), indicating a declining trend for precious coral populations around Taiwan. Such a situation is not unexpected for the Taiwanese precious coral fishery, whose fishing vessels have targeted sessile animals and harvested them within the same restricted areas for 10 years. However, additional and more detail fishing effort data such as number of operations per day and operational hours, which could have affected the abundance variations of the precious corals, must be comprehensively examined in future studies.

Although this study lacked biomass estimates for precious coral populations measured with traditional stock assessment models, two abundance indices were calculated and provide useful information on the abundance variations of the precious coral populations in these regions. Nevertheless, a decreasing trend in live colony CRs in DFG-A and DFG-B, and a low level in live colony ORs were noted for the most recent 3 years. These results indicated that an unsustainable condition may occur in the near future if precious corals continue to be harvested at the current scale, particularly in DFG-A and DFG-B. Alternative management measures, such as controlling total allowable effort by region, controlling for size through the use of selective gear [e.g., remotely operated vehicles (ROVs)] or initiating rotational harvesting must be considered in the future revision of regulations (Caddy, 1993; Tsounis et al., 2010).



Management Measures for Precious Coral Fisheries in Taiwan

The management regulations for the Taiwanese precious coral fishery have been amended several times since 2009 and were specifically revised in terms of precious coral and fishery sustainability objectives. However, some additional factors must be addressed to achieve this sustainability.

Conservation and management measures of precious corals must take their population status (abundance and structure) and ecosystem functions (coverage) into account. Similar to measures in the Mediterranean, Taiwanese management measures can apply colony size limitations that restrict the harvesting of colonies that surpass a minimum size, thus maintains the reproductive potential of precious corals (Tsounis et al., 2007). Furthermore, the plenter wood system employed in forestry management to sustain population structures and ecosystem functions was suggested (Tsounis et al., 2010). However, although these management measures are suitable for fisheries that use selective fishing gear, they have rarely been implemented by precious coral fisheries in Northwest Pacific regions, where the habitats of precious corals are typically located at depths exceeding 200 m. Harvesting precious corals through the use of selective fishing gears and ROVs constitutes an adequate approach that would assist the sustainable development of resources and fisheries (Carugati et al., 2020). However, the high cost and technical operation of ROVs (at depths exceeding 200 m) may limit their applicability in the fishery. Moreover, further research examining the potential effects of the used of tangle nets on precious corals, including measurement of live colony mortality and gear efficiency, would provide valuable information for future conservation and management measures.

Alternative measures for the conservation of precious corals, such as rotational harvest schemes, have been proposed in other studies (Caddy, 1993; Tsounis et al., 2010; Iwasaki et al., 2012). The size (scale) of unit areas and rotation cycle schedule are key factors in the development of a rotational harvest scheme (Caddy, 1993). The size determination of unit areas must account for population density, fraction of the population (the exploited populations to the entire population), and recovery period, for which considerable information on population parameters of precious corals, locally and globally, is required (Caddy, 1993). Rotation cycles ranging from 5 to 25 years have been implemented in several countries and regions (Grigg, 1989). However, the optimal rotation cycle schedule for high-value precious coral fisheries must be structured in relation to the biological factors, such as population parameters, and economic factors, such as the value of harvestable colonies and prevention of illegal fishing in restricted areas (Caddy, 1993). Comprehensive research on the spatial distribution and population connectivity of precious corals is essential for robust rotational harvest schemes (Caddy, 1993; Plagányi et al., 2015). Nevertheless, uncertainties in the practice of rotational harvesting and its effects in regards to sustainability remain and must be considered when formulating management regulations.



Perspectives for the Fisheries Management of Precious Corals

Precious corals Corallium, Hemicorallium, and Pleurocorallium spp. in the Northwest Pacific region are distributed along shelf-slope breaks from southern Japan to the northern South China Sea (Nonaka and Muzik, 2009; Iwasaki et al., 2012; Bruckner, 2016). Precious corals, with potential habitats crossing the territorial waters or exclusive economic zones (EEZs) of countries (e.g., Japan and Taiwan), are straddling fish stock. Taiwan has enforced strict management regulations for the precious coral fishery around Taiwan since 2009 (Huang and Ou, 2010). The Fishery Agency of Japan also issued technical advice to the local authorities for the management of precious coral fisheries in 2015 (Cannas et al., 2019). Nevertheless, parts of the rich fishing grounds for precious corals are located in the East China Sea or South China Sea, where fishing is the subject of economic conflict (e.g., marine resources) and political disputes (Schofield and Townsend-Gault, 2011; Lee et al., 2017; Teh et al., 2017; Kao and Pearre, 2018). Precious coral fisheries are strictly prohibited in China, although data regarding the production of precious corals in China were included in FAO Global Production Statistics. In addition, four precious corals produced in China were requested to be listed in the CITES Appendix III, and concerns on taxonomy and species distribution were raised (Cannas et al., 2019). The problems of the precious coral industry in China extends to the product supply chain and potential incentives for illegal, unreported, and unregulated (IUU) fishing activities (Chang, 2015).

The North Pacific Fisheries Commission (NPFC) was established in 2015. Fishing for cold-water corals (e.g., Alcyonacea, Antipatharia, Gorgonacea, Scleractinia), which are indicator species for vulnerable marine ecosystems, is prohibited in the convention area (North Pacific Fisheries Commission, 2018). International cooperation is essential for fisheries comprising international fishing fleets to address resource distribution across the territorial boundaries of various countries (straddling stock). The status and structure of entire populations of exploited resource must be considered, and the potential influences of international fishing fleets evaluated (Tsounis et al., 2010). The management of precious coral fisheries in Northwest Pacific regions is implemented in the territorial waters or EEZ of countries within the region, such as Japan and Taiwan (Huang and Ou, 2010; Cannas et al., 2019). The establishment of a regional fisheries management organization specifically for precious corals or a working group within an existing organization, such as the NPFC, is an appropriate approach to the effective conservation of precious corals and management of fisheries as well as the minimization of IUU fishing activities in the areas beyond national jurisdiction.



CONCLUSION

Although further studies are required for confirmation, precious corals constitute a renewable marine resource with regeneration times that are potentially longer than those of traditional fishery resources. Because of their life-history traits and sessile nature, the exploitation of precious corals can be compared to that of forests, which is managed under robust regulations (harvest plan) with rigorous monitoring and surveillance and based on comprehensive scientific research. The Taiwanese precious coral fishery has operated under strict regulations since 2009, including those on catch control, effort control, and relevant technical measures (e.g., DFGs). The results of this study (catch composition and abundance indices) indicated that unsustainable conditions may occur in the near future if precious corals continue to be harvested at the current scale. After 10-year of harvesting in the DFGs, a revision of the management regulations of the Taiwanese precious coral fishery is warranted and must include appropriate conservation measures, such as selective fishing gears and rotational harvesting. In addition, regional cooperation in fisheries management for precious corals in the Northwest Pacific can be used to effectively implement conservation and management measures in the region. Future studies using fishery-dependent or -independent data could focus on the population ecology (abundance and distribution) and connectivity of precious corals, effects of fisheries on ecosystems, and economic influences of product manufacturing and the jewelry industry.
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