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Environmental DNA (eDNA) methods are increasingly viewed as alternate or complementary approaches to conventional capture-based surveys for marine conservation and fisheries management purposes, especially at large spatial scales in mega-biodiversity regions such as Indonesia. Decapod crustacean distribution and diversity across Indonesia are still poorly known, even for economically important fisheries commodities. This study assessed coral reef associated decapod diversity and distribution by sampling 40 sites in three regions (West, Central, East), representing 17 provinces and 10 Fisheries Management Areas (FMAs) across Indonesia, with a special focus on the blue swimming crab Portunus pelagicus. DNA sequencing (Illumina iSeq100) data were analysed in mBRAVE (Multiplex Barcode Research And Visualization Environment) yielded 406 OTUs belonging to 32 families, with 47 genera and 51 species identified. The number of families identified was highest in the Central region (25), while the most genera (31) and species (36) were identified in the West region. Alpha diversity did not differ significantly between regions or provinces, while Beta diversity differed significantly between provinces but not between regions. Our results also showed 31 species are possibility native based on the distribution meanwhile 12 species do not appear to have been recorded based of SeaLifeBase or WorMS. While providing a reference for further exploration of Indonesian coastal and small island decapod biodiversity, the high proportion of unidentified taxa calls for concerted efforts to develop and maintain reference specimen and sequence repositories and expand species conservation status assessments. The economically important decapod crustaceans identified in this study included three crabs (Charybdis anisodon, Charybdis japonica, Portunus pelagicus), a freshwater prawn (Macrobrachium nipponense), a lobster (Panulirus stimpsoni) and two penaeid shrimps (Mierspenaeopsis hardwickii and Trachysalambria aspera). For most decapod taxa, observed patterns indicate management under existing provincial and/or FMA level management structures is appropriate. Furthermore, the data can inform science-based fisheries management strategies, in particular for P. pelagicus.
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Introduction

Decapod crustaceans are a highly diverse taxonomic group, distinguished from other Crustacea by having ten pairs of legs (Martin & Davis, 2001; Watling & Thiel, 2013; Gökoğlu, 2021). These crustaceans include crabs, shrimps and prawns, lobsters, slipper lobsters and crayfish. Common in freshwater and marine tropical environments, including coral reef ecosystems, decapods play important ecological roles in many benthic communities (Thiel & Watling, 2015; Dev Roy and Nandi, 2017; Wolfe et al., 2019; West et al., 2020). Furthermore many are important as fisheries species for human consumption (Chan, 2010; Bondad-Reantaso et al., 2012; Gökoğlu, 2021) or the growing marine ornamental trade (Calado et al., 2003; Yuliana et al., 2021). In Indonesia, spiny lobsters (Panulirus spp.), mud crabs (Scylla spp.), and blue swimming crabs (Portunus pelagicus) are internationally traded fisheries commodities that contribute to the national economy and foreign exchange balance (Madduppa et al., 2016; Saputra, 2020).

The number of extant taxa in the speciose order Decapoda is unknown; however, in 2009 there were 14,335 accepted extant decapod species worldwide, comprised of two suborders: Dendrobranchiata (540 extant species) and Pleocyemata (13,795 extant species), the latter divided into ten infraorders (De Grave et al., 2009). A decade later, over 15,000 extant decapod species were recognised (Wolfe et al., 2019). The Brachyura, comprising the majority of crab species, are a particularly complex infraorder taxonomically, and are thought to comprise between 6,700 and 10,000 species (De Grave et al., 2009; Chakravarty et al., 2016), with at least 6,793 species reported from marine ecosystems (Ng et al., 2008; Kumaralingam et al., 2013). Indonesian marine decapod crustaceans have been studied at various scales (Moosa, 1980; Moosa & Aswandy, 1994; Aswandy, 2008; Pratiwi, 2010; Pratiwi, 2012; Pratiwi & Astuti, 2012; Pratiwi & Widyastuti, 2013; Pratiwi & Wijaya, 2013; Anggorowati, 2014; Mashar et al., 2014; Mashar et al., 2015; Anggraeni et al., 2015; Ardika et al., 2015). Hutomo & Moosa (2005) listed 1,502 crustaceans reported from Indonesian marine waters but noted that many Indonesian decapod crustaceans are still poorly documented.

Species distributions may depend on the influence of contemporary factors as well as processes at evolutionary timescales and global to micro spatial scales (Wolfe et al., 2019; Lagos et al., 2021). Within a given latitudinal range, local variations in species richness and community composition may depend on past and present seabed composition and topography, food availability, tidal and sea level patterns, prey-predator relationships, interactions among species, reproduction strategies, climatic variations, ontogenetic factors, etc. (Castilho et al., 2007; Lui et al., 2007; Ndoro et al., 2014; Lagos et al., 2021). Temporal and/or spatial variations in inter and intra-species diversity have been reported in taxonomic groups including decapods (Lui et al., 2007; Andrade et al., 2015; Madduppa et al., 2020a; Madduppa et al., 2021b). Biodiversity and distribution studies are increasingly turning to environmental DNA (eDNA) as a complement to traditional taxonomic surveys as an effective and cost-effective means of obtaining baseline biodiversity data and monitoring various taxa, including crustacea (Thomsen & Willerslev, 2015; West et al., 2020; Madduppa et al., 2021b, Gelis et al., 2021; Gilbey et al., 2021)

Arguably, one of the greatest threats facing marine biodiversity is anthropogenic habitat degradation and resultant species extirpation or loss (Jackson, 2008; Pimm et al., 2015). The rising level of global (e.g. climate change) and local (e.g. pollution, coastal development, overfishing) threats (Roberts & Hawkins, 1999; Jackson, 2008; Cheung et al., 2009; Burke et al., 2012; WWF, 2016; Buckley et al., 2019) is mirrored in the increasing number of taxa listed in the at risk categories in the Red List of Threatened Taxa produced by the International Union for Conservation of Nature (IUCN Red List) (IUCN, 2021). The conservation status evaluations based on IUCN Red List criteria (IUCN, 2012; IUCN,2019) are important for policy implementation and decision making at the global, regional, national, and sub-national levels (Hayward, 2011; Campbell, 2012; Bennun et al., 2018; Betts et al., 2020). Red List assessments can lead to the prioritization of species for practical conservation action such as recovery plans for threatened species, which may include fisheries management measures for directly exploited species (Hayward, 2011; Campbell, 2012; Hornborg et al., 2013). Although the majority of global and regional studies on extinction risk have focused on birds, mammals and amphibians, there are a growing number of IUCN Red List assessments for marine and freshwater vertebrates and invertebrates (IUCN, 2021).

The larvae of some commercially valuable fisheries target species and many other decapod taxa play important roles in marine food chains (Bowser et al., 2013; Mablouké et al., 2013; Pombo et al., 2013; Kwak et al., 2015; Park et al., 2020), Decapods therefore contribute to marine biodiversity and support the fisheries sector both directly and indirectly. In addition to evaluating biodiversity, eDNA studies can help detect the presence of decapods that are of conservation concern, such as species included in the IUCN Red List and those protected under national or international legislation, as well as those targeted by large and/or small-scale fisheries, at all stages of their life-cycle. Therefore, the study of decapod eDNA is important for both fisheries and conservation. Despite the recognition of Indonesia as a mega biodiversity country, with rich marine ecosystems including over half of coral reefs in the Coral Triangle global biodiversity hotspot (Hoegh-Guldberg et al., 2009; Barber et al., 2011; Burke et al., 2012), the distribution and diversity of coral reef associated decapod crustaceans are still poorly known. Studies on or including reef associated decapod crustaceans have focused on limited taxa, spatial patterns of abundance at high taxonomic levels or specific sites (e.g. Prabowo et al., 2021; Madduppa et al., 2021a). There are many knowledge gaps, even for taxa such as the blue swimming crab Portunus pelagicus which are economically important and have become prime fisheries commodities. Therefore, the aim of this study was to apply eDNA methods to assess the species diversity and distribution of decapods found in coral reefs across Indonesia, exploring patterns of diversity at various scales and implications for policy and action. In addition, economically important decapod species were assessed by Fisheries Management Area (FMA) with a special focus on the prime fisheries commodity Portunus pelagicus.



Material and methods


eDNA seawater sample collection

The eDNA seawater samples were collected from 40 sampling sites across Indonesia (Figure 1). Seawater samples were collected from the surface at a depth of about 1 meter. A 3L volume of each seawater sample was then filtered through a 0.45 µM Pall Corporation sterilized filter paper using a vacuum pump to draw the water through the filter. After the filtering process was complete, the filter paper was then cut into two halves using sterilised scissors. Each half was placed into a 2 mL cryotube filled with 1 mL DNA shield (ZymoBIOMICS DNA/RNA shield). Contamination was prevented through the strict sterilisation of all the sampling equipment used at each stage of the sampling procedure with a 30% solution of commercial bleach. On each sampling site, a negative control using sterilized ddh2o was used to filtering at the end of sampling section to monitor any contamination according to (West et al., 2020; West et al., 2022).




Figure 1 | eDNA seawater sampling sites in coral reefs across Indonesia by region (West n = 19, Central n = 12 and East n = 9) and fisheries management area (FMA).





eDNA laboratory analysis, library preparation and next generation sequencing

The eDNA retained in the filter papers was extracted using Geneaid gSYNC™ DNA Extraction Kits following the manufacturer’s protocol. The first PCR amplified the target region using 16S rRNA MiDeca Primers (Forward and Reverse) (Komai et al., 2019) with connecting adapters: 5’-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG (forward sequence adapter) and 5’-GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA G (reverse sequence adapter). The primers target a hypervariable region of the 16S rRNA gene (154 – 189 bp) which contains sufficient information to identify Decapods to taxonomic family, genus and species (Komai et al., 2019). To date, primer selection to identify organism based on eDNA metabarcoding by using the hypervariable regions are suitable targets given their sequence variation enables for strong taxonomic resolution in macroeukaryotes (Miya et al., 2015; Berry et al., 2017; Stat et al., 2017; Jeunen et al., 2019). The MiDeca itself is universal primer to amplify from 56 families, 126 genera, and 207 species (Komai et al., 2019). The first PCR reaction volume was 25 μl, consisting of 13 µL KAPA Hifi Hotstart Readymix, 1 µL each of 1 nM primers (Forward and Reverse), 4 µL ddH2O, and 7 µL DNA Template. The DNA amplification PCR profile stages included: (1) pre-denaturation of the template DNA at 95°C for 5 minutes; (2) denaturation of the template DNA at 98°C for 10 seconds; (3) annealing at 60° C for 10 seconds; (4) primary extension at 72°C for 10 seconds and (5) final extension (post extension) at 72°C for 5 minutes with 35 cycles of stages (2)-(4). Two negative controls (i.e. blank template) were used when running the 96 Universal peqStAR PCR machine (Peqlab Ltd, USA) in order to check for contamination. The PCR product quality was visualised through electrophoresis on 2% agarose gel (100 mL 1X TAE buffer and 2 g agarose) run at 100 Volts for 38 minutes. The results were visualized using UV fluorescence via an Alphaimager Mini Gel Documentation System (ProteinSimple Ltd, California, USA)

All PCR products which passed the electrophoresis quality control underwent a second PCR for indexing purposes. The IDT double index and Illumina sequencing adapter for Illumina - Nextera DNA Unique Dual Index, Set A (catalogue number 20027213) (Illumina, San Diego, USA) were added to the target amplicon in the second PCR, using 12.5 μl of Kapa HotStart HiFi 2 × ReadyMix DNA polymerase (Kapa Biosystems Ltd., London, UK) and 2 μl of PCR product. The PCR cycle comprised an initial denaturation at 95°C (3 minutes), then 9 cycles of 95°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and a final extension at 72°C for 5 minutes. The first PCR and second PCR products were purified using AMPure XP beads (Beckman Coulter, Inc) before proceeding to the next step.

DNA sequencing was performed on an Illumina iSeq 100 using the standard reagent kit and cycles following the modified protocol of Illumina MiSeq 16S metagenomic sequencing library protocol. The concentration of each amplicon barcode library was assayed using a Qubit fluorometer and diluted to 10 nM before the libraries were pooled. The pooled library was diluted and denatured according to the Illumina MiSeq library preparation guide. Aliquots of 16 µL of the 40 pM amplicon library and 4 µL of the 60 pM PhiX Illumina version 3 control library were pooled as the final product. The Illumina iSeq v.2 Reagent kit for 2×150 bp PE was used with a run-time of about 18 hours and produced a Fastq file. The specific barcode index of the IDT double index and the Illumina sequencing adapter for Illumina - Nextera DNA Unique Dual Index were excluded during the process.



Bioinformatics and data preparation

All eDNA Fastq files were analysed using mBRAVE (Multiplex Barcode Research And Visualization Environment) (Ratnasingham, 2019). Every parameter described hereafter was retrieved from the mBrave platform and was available to the user (as last accessed in May 2021). For each mBRAVE run, the paired end merging of iSeq reads required a minimum 20bp overlap between the forward and reverse reads, while allowing up to 5 nucleotide substitutions. Primer sequences were removed from those merged reads, 20 bp was trimmed from the front of each read meanwhile 19 bp was trimmed from the end of each read, to ensure only the appropriate length of each sequence (~165 bp). Next, the data were filtered to remove sequences of lower average QV value than 20 and sequences shorter than 100bp. This filtering step allowed for a maximum of 2% nucleotides with >20 QV value and a maximum of 1% nucleotides with >10 QV value (Supplementary Figure 1).

Sequences fulfilling these criteria were dereplicated and clustered as Operational Taxonomic Units (OTUs) using a 2.5% similarity threshold. OTUs were taxonomically assigned using an initial 2% ID distance threshold to reference sequences of customized library databases from BOLD Systems. The publicly available BOLD (Barcode of Life Database) reference libraries for Decapoda, as well as a standard contamination reference database, were compared to all OTUs. The Project Analytical Parameters, as outlined above, are provided in Supplementary Figure 1. After selecting parameter values, mBRAVE automatically applied the same parameters to every run in the dataset. Each run generated a run summary in mBRAVE, which was checked to ensure it aligned with expectations for the dataset. These summaries (TSV file) included sequence length distribution, sequence reads, dereplicated sequences, GC composition distribution, run QV score distribution and BIN count vs. OTU count. All singleton reads were removed prior to analysis. To further assign all decapods in the dataset, we examined OTUs in the NCBI (National Centre for Biotechnology Information) GenBank database with high sequence similarity. For highly conservative taxonomic assignment, all decapod OTUs were identified as follows: similarity ≥80% identified to family; similarity 90≥-97% identified to genus; similarity ≥97% identified to species.



Data analysis

Prior to downstream analysis, the taxonomy and read table file were translated to the TaXonTableTools format using a custom python script (https://github.com/TillMacher/xml2 to TTT) (Macher et al., 2021). Species accumulation curves were used to compare the diversity of community data sets using rarefaction (Supplementary Figure 2). This method estimates the expected species richness (mean and standard deviation) by sampling site. The distribution of the number of reads, OTUs, and OTUs identified at species level by sampling site were visualised using bar charts. Venn diagrams showing the taxonomic overlap between sites across Indonesia were produced using an online program (http://bioinformatics.psb.ugent.be/webtools/venn/).

Boxplot were produced to represent alpha diversity (Shannon-Wiener Diversity Index, calculated manually) based on the number of OTUs identified to species level by region and province. Beta diversity, used to evaluate between site differences in read sequence composition, was visualised as a heatmap based on Jaccard-Distances using TaxonTableTools v1.3.0. Species occurrence across regions and sites was examined using ANOSIM. The distribution and relative abundance of economic species by Fisheries Management Area (FMA) was conducted using the ParCat plot routine. These analyses were conducted using TaxonTableTools (TTT) v1.3.0 through GitHub (https://github.com/TillMacher/TaxonTableTools) and using the Python package index (https://pypi.org/project/taxontabletools/) (Macher et al., 2021).




Results


Species distribution

A total of 3,401,773 paired-end reads were generated from the 16S rRNA amplicons obtained from the 40 samples collected from 40 coral reef sampling sites across Indonesia. The species accumulation curve (SAC) shows a linear increase in species richness between stations (Supplementary Figure 2). mBRAVE analysis yielded 406 OTUs across all sampling locations based on a 3% similarity threshold (Figure 2). Taxonomic assignment identified 51 species belonging to 47 genera and 32 families (Figure 3 and Table 1). Based on region, the highest number of families (25) was identified from the Central Indonesia region, while the highest number of genera (31) and species (36) were identified in the West Indonesian region. The East Indonesia region had the lowest taxonomic richness based on the families, genera, and species identified in this study. Figure 4 shows the decapod community composition by family and genus (based on read abundance) varied between sampling sites (aggregated by province). The Portunidae family contributed the highest percentage of read abundance at all sites, followed by Palaemonidae and the unassigned OTUs. At the genus level, Thalamita, Portunus, and Macrobrachium contributed the highest read abundance percentage, while a large proportion of OTUs were unassigned at the genus level, ranking fourth highest in terms of relative abundance. A comparison between the percentage of assigned and unassigned OTUs for all sampling sites in each province and region is shown in Figure 5. Overall, a high percentage of OTUs was unassigned to species level at all sites. The lowest percentages of unidentified OTUs were from the easternmost and westernmost sites, with very high unassigned OTU percentages at some sites in all three regions. The site with the highest percentage of unassigned OTUs was the Wakatobi, Southeast Sulawesi (Central region), followed by Raja Ampat (East region), and Banten (West region).




Figure 2 | eDNA sequence data obtained by sampling site and region: number of reads (A), number of Operational Taxonomic Units (OTUs) (B), and OTUs identified to species level (C).






Figure 3 | Venn diagram showing the taxonomic overlap of decapods identified from sites in West, Central, and East Indonesian regions at Family, Genus, and Species levels.




Table 1 | Status of decapod crustaceans based on Habitat.






Figure 4 | Relative abundance (based on percentage of reads) of decapod Families and Genera at sites in provinces in West, Central and East Indonesia (legends sorted from highest to lowest read percentage).






Figure 5 | Bar chart showing the percentage of Operational Taxonomic Units (OTUs) assigned and unassigned to species level by province and by region (West, Central, and East Indonesia).





Species diversity

Species richness was used to calculate the alpha diversity of decapods by region and by sites aggregated by province (Figure 6). Species richness was highest in the West region followed by the Central and East regions (Figure 6A). The Shannon-Wiener Diversity index showed similar patterns of species richness (Figure 6B). Alpha diversity did not differ significantly between sites (ANOVA: p = 0.324) or regions (ANOVA: p = 0.406). There was also no significant difference in the Shannon-Wiener diversity index between regions (ANOVA: p = 0.336) or sites (ANOVA: p = 0.624).




Figure 6 | Boxplot representing alpha diversity based on the number of OTUs identified at species level: (A) Species richness, and (B) Shannon-Wiener Index.



Beta diversity was calculated as Jaccard-distances, shown as a heatmap (Figure 7). Jaccard distances close to 1 (yellow) indicate a high dissimilarity between sampling sites. The heatmap is dominated by yellow, with relatively few site pairs having lower dissimilarity (indicated by green and dark blue colours). The ANOSIM analysis found no significant difference in species occurrence between regions (R=0.10524, p = 0.308) but a significant difference between provinces (R=0.00644, p = 0.025).




Figure 7 | Heatmap analysis of beta diversity calculated as Jaccard distances and examined using ANOSIM analysis reported a non-significant difference in species occurrences between regions (R = 0.01115, p = 0.308) but significant between province differences (R = 0.16915, p = 0.025).





Conservation status

The conservation status for each identified species (Table 1) shows that the majority have not yet been evaluated (NE) based on IUCN Red List criteria, including fisheries target species such as Charybdis anisodon, Charybdis japonica, Macrobrachium nipponense, Mierspenaeopsis hardwickii, Panulirus stimpsoni, Portunus pelagicus, and Trachysalambria aspera. Based on the World Register of Marine Species (WoRMS) (Horton et al., 2017) and SeaLifeBase (Palomares & Pauly, 2021), a total of 23 species were categorised as native (NA), with records from Indonesia. A plurality of 31 species in Table 1 are considered as probably native (PN), based on their known distribution, despite the lack of records from Indonesia in SeaLifeBase or WoRMS databases. The remaining 12 species do not appear to have been recorded for Indonesia and, based on their respective recorded distributions, were classified as non-native or alien (AL).



Economically important decapod crustaceans

This study found seven species of economic importance (fisheries target species) among the 51 decapod crustaceans identified. These were: Charybdis anisodon, Charybdis japonica, Macrobrachium nipponense, Mierspenaeopsis hardwickii, Panulirus stimpsoni, Portunus pelagicus, and Trachysalambria aspera. In terms of distribution by FMA (Figure 8A), C. anisodon and C. japonica were found in FMA 712; M. nipponense in seven FMAs (571; 572; 573; 712; 713; 714; 716); M. hardwickii in FMA 711; and P. stimpsoni in four FMAs (572; 573; 713; 718). P. pelagicus was found in eight FMAs (the exceptions being FMA 715 and FMA 573), and T. aspera in FMA 571. The relative abundance of these fisheries target decapod species (Figure 8B) shows that C. anisodon, C. japonica, M. hardwickii, and T. aspera were dominant in the one FMA in which each species occurred; M. nipponense was most prominent in FMA 714 followed by FMA 712; and P. stimpsoni was dominant in FMA 572. Meanwhile, P. pelagicus was most prominent in FMA 714 followed by FMA 718 and FMA 711.




Figure 8 | Parcat graphs showing: (A) the taxonomic distribution by Fisheries Management Area (FMA) of all decapod species identified from eDNA; and (B) the relative abundance (read percentage) by Fisheries Management Area (FMA) of the seven economic (fisheries target) decapod species identified.






Discussion


Species distribution and diversity

The current study has successfully mapped hotspots for Decapod crustaceans across Indonesian coral reefs through eDNA metabarcoding using 16s rRNA gene. The 16s rRNA od MiDeca used as selected primer in this study based on universality to amplify wide taxa of Decapods. This result was certainly obtained using universal primers to amplify Decapods with about 20 bp of conservative region from 154-184 bp of target region from 56 families assigned by MiDeca primers (Komai et al., 2019), quite enough interspecific differences for all targeted taxa. The Xanthidae was a dominant family with a total of 30 species followed by Portunidae with 15 species. A similar dominance of these two families was also found in an eDNA metabarcoding study conducted by West et al. (2020) in the eastern Indian Ocean. The Xanthidae crab family consists of gorilla crabs, mud crabs, pebble crabs, and rubble crabs (Integrated Taxonomic Information System) (www.itis.gov). This finding also is also in line with the results of traditional taxonomic surveys, as the Xanthidae is the family with the most species described to date, comprising at least 572 species in 133 genera split into thirteen subfamilies (De Grave et al., 2009). The 15 families identified in all regions (West, Central, East) represent almost half of all families identified in this study. This relatively uniform distribution of many families raises the possibility that for some genera and species (included non-identified taxa) the distribution may also range across all three regions.

In this study, the eastern Indonesia region had the lowest taxonomic richness based on identified families, genera and species, which is contrary to the general perception that this area has the highest marine biodiversity (McKenna et al., 2002; Mangubhai et al., 2012; Purwanto et al., 2021). There could be several reasons for this unexpected finding. One reason is that there were fewer sites in this region compared to the central and western regions. Another is the high number of Decapod sequences unassigned even at the family and genus levels. In general, identification using a genetic approach such as DNA barcoding relies on the species of interest having been sequenced for the genetic marker used and the sequences deposited in an accessible repository with the correct metadata (Hebert & Gregory, 2005; Hubert et al., 2015). In Indonesia, genetic studies to obtain DNA sequences as a means of detecting species and characterizing species have not yet been conducted very often, especially for Decapod crustaceans. The significant finding of a high percentage of unassigned OTUs of Decapod crustaceans in the Indonesia archipelago reflects the results of studies on other taxa. For example, a high proportion of unidentified taxa are reported from eDNA metabarcoding analysis of Indonesian marine bony fish and elasmobranchs as well as invertebrates, in particular molluscs and echinoderms (Andriyono et al., 2019; Juhel et al., 2020; Madduppa et al., 2021; Moore et al., 2021).

The ability of eDNA metabarcoding has been proven to identify such as wide scale of organisms including introduce marine species (Huhn et al., 2020). Environmental DNA (eDNA) methods in detecting the presence of invasive species are currently gaining interest as a comprehensive approach method in ecological investigations (Cristescu & Hebert, 2018). As shown in this current study, eDNA metabarcoding reveals 51 Decapods species that then classified native (NA), endemic (EN), possibility native (PN), and alien (AL) species. The MiDeca primers used in this study have been proven capable of identifying most decapod groups (Komai et al., 2019), and the high number of unidentified or unassigned taxa means that it is likely that sequences for many of the species uncovered in this study are not yet present in worldwide databases (i.e Genbank NCBI). As an example of the paucity of reference sequences, an examination of the coverage for congeners of two OTUs identified as species which are not native to Indonesia is instructive. Purposive or accidental anthropogenic introductions of alien crustacean species are a growing problem around the world (Galil et al., 2011), and some of the 12 species classified as alien (AL) in Table 1 may indeed represent instances of introduced species. Cases of introduced crustacean species have been reported globally (Bezeng and van der Bank, 2019; Bojko et al., 2020; Box et al., 2020) and within Indonesia (Maulina et al., 2020). However, both of the following examples seem more likely to be cases of mistaken identity due to incomplete sequence databases than records of introduced alien species.

The first example, from the Family Albuneidae, was detected at just one site: Rote Island (NTT 1) in Central Indonesia and FMA 753. According to SeaLifeBase (Palomares & Pauly, 2021), the surf mole crab Albunea gibbesii is native to the Atlantic Ocean. Of seven congeners with a distribution known or likely to include Indonesia (Albunea elioti, A holthuisi, A. lucasia, A. microps, A. speciosa, A. symmista, A. thurstoni), only one (A. symmista) has a 16S reference sequence deposited in the NCBI GenBank database. There are therefore at least six closely related species which can be considered a priori quite likely be misidentified as A. gibbesii.

The second example is the Family Alpheidae, with 21 unique OTUs each identified from just one site. These 21 sites represent 9 provinces and 8 FMAs spread across all three regions. Eight of these 21 OTUs were identified to genus level as Alpheus, from four sites in three provinces (East Java, Gorontalo, and Medan) and three FMAs (572, 712, and 716) in West and Central Indonesia. One of these eight OTUs (from Belawan, site Medan 2 in FMA 572, West Indonesia) was identified to species level as the snapping shrimp Alpheus buckupi, a described shrimp (Almeida et al., 2013) native to the Caribbean. The Alpheidae and the genus Alpheus are the second most speciose shrimp family and genus within the Caridea (De Grave & Fransen, 2011). Out of at least 287 Alpheus species (De Grave and Fransen, 2011; Almeida et al., 2013), 187 are described in SeaLifeBase (Palomares & Pauly, 2021), of which 108 are known or likely to be found in Indonesia. However, just 60 species have 16S accessions in the NCBI GenBank, 39 of which are also in SeaLifeBase. Of these, 16 have known distributions which are likely to include Indonesia. Therefore, there are at least 92 (probably substantially more) closely related species (congeners) likely to be found in Indonesia and could reasonably be misidentified as A. buckupi in the absence of conspecific sequence records.

These examples and similar cases for other higher-level taxa identified in this study highlight the extent or scale of the need for barcoding of Indonesian decapods, just to cover currently recognised species. Furthermore, new species are being described across the Indonesian Archipelago and nearby regions (e.g. Ng & Lukhaup, 2015; Spiridonov, 2017), while species ranges are also updated (e.g. Wahyudin et al., 2016), adding to the list of species records for Indonesia. The alpha and beta biodiversity results should be considered tentative and likely an underestimation of true biodiversity, as a high proportion of decapod OTUs were not identified to species, genus or even family level. However, the low overlap in OTUs revealed in the Venn diagram (Figure 3) indicates that the beta diversity analysis (Figure 7) is a valid reflection of relatively fine scale (site, province) differences in species occurrence and decapod community composition, obscuring or precluding a clear pattern at a higher regional scale (i.e., West, Central, and East Indonesia).

The findings of this study highlight the need for scientists and policy makers to work together to improve the genetic biodiversity database for this region, and develop an integrated biodiversity monitoring system as advocated by Kühl et al. (2020). This requires human resources in traditional taxonomy as well as molecular biology disciplines, while long-term safe repositories at the national (and possibly sub-national) level are needed for reference specimens as well as for sequence data and metadata, alongside increased participation in regional and global initiatives such as the Diversity of the Indo-Pacific Network (DIPnet) and Genomic Observatories Metadatabase (GEOME) (Deck et al., 2017; Riginos et al., 2020). The vital importance of these systems and facilities was pointed out by Hebert and Gregory (2005), and the need for such capacity at national and sub-national level, as well as international/global levels, has been highlighted during the current pandemic-induced era of restricted travel as well as increasing restrictions on the movement of biological material such as specimens and samples. Properly curated, eDNA data such as that produced by this study can have value as a historical record, and enable more in-depth studies as reference sequences for unidentified OTUs become available.



Conservation status and management of decapod crustaceans

The conservation status data in Table 1 show that only one of the decapods identified from sites across Indonesia has been evaluated under the IUCN Red List criteria (IUCN, 2012; IUCN, 2019). The Chinese spiny lobster Panulirus stimpsoni is listed as Data Deficient (DD) (Cockcroft et al., 2011) with a distribution which does not include Indonesia. As the valuable rock lobster genus Panulirus is well represented in the NCBI GenBank, in particular in terms of 16S sequences, this may well be a valid first record for Indonesia, although the possibility of confusion with a congener cannot be discounted. Ardura (2018) compared the availability of all genes in the NCBI GenBank then found that 16S rRNA accessions compromised 10.20% of all gene sequences deposited. Conducting studies using eDNA metabarcoding tools with the 16S rRNA gene could support the development of decapod databases, especially in mega biodiversity regions such as Indonesia. The 16S rRNA gene has been recommended as the molecular marker of choice for Decapod biomonitoring with eDNA metabarcoding (Komai et al., 2019; West et al., 2020). However, with respect to conservation status, a search of the IUCN Red List portal (IUCN, 2021) reveals that only a small percentage of Indonesian decapods have been evaluated to date. Just 13.6% of all crustaceans evaluated are marine, of which at most 33% (135 species, 4.5% overall) might be present in Indonesia, not all of which are decapods.

It is increasingly recognised that biodiversity is essential for sustainable development and human well-being, as illustrated by the attention paid to biodiversity in the context of the Sustainable Development Goals (Diz et al., 2018; Friedman et al., 2018; Recuero Virto, 2018; Rees et al., 2018) and the inclusion of Biodiversity as one of nine planetary boundaries for sustainable development (Rockström et al., 2009; Steffen et al., 2015). In this current study, the alpha and beta diversity calculated are based on known indified taxa in addition to notable record of decapod diversity in several location across Indonesia seas. Alpha diversity and Shannon-Wiener diversity showed no significant difference between provinces and regions. However, the ANOSIM did reveal significant between province differences in beta diversity. This is reflected in Figure 8A, which illustrates the geographical spread at FMA level of each of the species identified. These differences have a clear implication for conservation and biodiversity management as well as fisheries. Under the current regional autonomy paradigm (Act 23/2014), the coastal waters from 0-12NM offshore are predominantly managed by provincial governments, with the exception of some strategic national interests (Ambo-Rappe & Moore, 2019). This includes marine conservation area management as well as many aspects of fisheries and marine resource management more generally. The specificity of crustacean decapod communities indicates that province or site (e.g. MPA) based management can be appropriate for many but not all taxa. Similarly, for some taxa management at the larger FMA spatial level appears appropriate, in particular the blue swimming crab Portunus pelagicus. It should be noted that some provinces divided between several FMAs and all FMAs comprising waters under several provincial as well as national jurisdictions (Figure 1, Table 2). Meanwhile under the Ecosystems Approach to Fisheries Management (EAFM) paradigm adopted by Indonesia, conservation areas are considered important, especially with respect to the ecosystem and habitat domain (Nadiarti et al., 2021). However, both provincial level and FMA level management systems and implementation are mostly in development. Biodiversity data on taxa of economic and/or ecological importance such as decapod crustaceans could and should inform this development. In particular, baseline data can provide a basis for monitoring and evaluation of management success.


Table 2 | Summary of eDNA seawater sampling sites across Indonesia by region.





Economically important decapod crustaceans

eDNA metabarcoding has been utilized as a biomonitoring method to find marine creatures as well as commercially important species. Economic or commercially fish several times unravel in eDNA samples found in marine habitat (Miya et al., 2015; Closek et al., 2019; Madduppa et al., 2021; Gelis et al., 2021). Not only have fish creatures been detected, but other commercial species have also been detected in the marine Decapods group in eDNA samples as shown by West et al. (2020). Meanwhile, this current study was successful in demonstrating the detection of economic species of Decapods in eDNA samples collected. The economically important decapod crustaceans identified in this study included three crabs (Charybdis anisodon, Charybdis japonica, Portunus pelagicus), a freshwater prawn (Macrobrachium nipponense), a lobster (Panulirus stimpsoni) and two penaeid shrimps (Mierspenaeopsis hardwickii and Trachysalambria aspera). The fishing of crabs in Indonesia is mostly carried out by small-scale fishermen using boats less than 10 GT, ranging from small canoes to vessels with inboard engines; in addition, crabs can be retained bycatch in other fisheries (Madduppa et al., 2016). Crabs and other crustacea can also be collected in multi-species gleaning fisheries as well as targeted fisheries (Blankenhorn, 2008). While some blue swimming crabs Portunus pelagicus go directly to small processing plants (Madduppa et al., 2016), many of the crabs caught by small-scale fishermen are landed at sites scattered along the coasts of the Indonesian Archipelago and are generally purchased from the fishermen by small-scale crab or general fisheries produce collectors/traders. Crabs are mostly caught with nets and traps in many areas across Indonesia and various types of trawl gear can pose a threat to non-target crustaceans (including crabs) as well as target stocks (generally shrimp or swimming crabs) and ecosystems (Hamid et al., 2020; Suherman et al., 2020). In most areas of the country trawls are forbidden, but the rules are often controversial, not always enforced, as illustrated by a case study in West Kalimantan (Nadiarti et al., 2021). In East Java, at the time of writing, the ban had been suspended for a type of trawl called cantrang.

Four of these species were identified from just one FMA, indicating that FMA-based management might be appropriate. The crabs Charybdis anisodon and C. japonica were only found in FMA 712, each in one province in West Indonesia, although they co-occurred in this FMA with the widespread blue swimming crab P. pelagicus and the oriental river prawn Macrobrachium nipponense. According to SeaLifeBase (Palomares & Pauly, 2021), these two swimming crabs have wide distributions, with C. anisodon reported from Indonesia and C. japonica reported from several countries in Southeast Asia including Malaysia. This distribution makes it likely that C. japonica is native to the Java Sea, including Probolinggo, the site in East Java where this species was identified. As a commercial fisheries species, C. anisodon is considered of lower economic value than P. pelagicus (Hamid & Wardiatno, 2018) but is frequently caught in fisheries targeting P. pelagicus in areas as far apart as Southeast Sulawesi, Indonesia (Hamid et al., 2020) and Tanzania (Chande & Mgaya, 2003).

Widespread globally and within Indonesia, predominantly freshwater decapods of the genus Macrobrachium include several obligate or landlocked species as well as amphidromous species with a marine larval stage (Wowor et al., 2009) and some fully marine species (Liu et al., 2007). An amphidromous life history can be conducive to dispersal between freshwater catchments and even landmasses (McDowall, 2007), and hence extensive distribution ranges such as that of M. rosenbergii, a valuable fisheries commodity found across the Indo-Pacific (Palomares & Pauly, 2021). The amphidromous life history of many species indicates the possibility of introductions via ship ballast water, where subsequent spread of any introduced populations could occur through amphidromy and/or ballast water. The Sibolga Expedition found or described 30 species of Macrobrachium from Indonesia (Holthuis, 1950) while a recent study on Macrobrachium phylogeny included 55 species (Jose & Harikrishnan, 2019). There are currently 111 Macrobrachium nominal species with 16S sequence accessions in the NCBI GenBank repository (accessed on 4 September 2021). Macrobrachium reported from Indonesia include species considered native and introduced, with 16S sequence accessions for at least 12 species (Wowor et al., 2009; Aprila et al., 2020; Jurniati, 2021; Maulina et al, 2020; Nursyahran et al., 2021). However, the evolutionary history and taxonomy of this genus are complex (Wowor et al., 2009; Siriwut et al., 2021), and here is some evidence for cryptic species and a lack of power in distinguishing taxa at the species level, especially based on single molecular markers (Siriwut et al., 2021).

The oriental river prawn Macrobrachium nipponense is a predominantly amphidromous (Liu et al., 2007; Wowor et al., 2009) Asian prawn (Jose & Harikrishnan, 2019). According to SeaLifeBase (Palomares & Pauly, 2021), M. nipponense has a reported native distribution of Japan and Malaysia, while countries listed as having introduced populations include the Philippines and Singapore. Assuming a correct species level identification, it seems likely this species is native to Indonesia, inter alia due to the widespread occurrence across all three regions, 7 FMAs and 8 provinces. In addition to this one identified species, the vast majority of OTUs assigned to the Family Palaemonidae were also assigned to the genus Macrobrachium with OTUs unassigned at genus but not species level present in all three regions, all 11 FMAs and 14 out of 17 provinces. One species from one other genus was identified (Propontonia pellucida), with OTUs assigned to family level only in all three regions, 9 FMAs and 13 provinces. These results indicate a need for taxonomic research on the Palaemonidae, especially the genus Macrobrachium, in Indonesian waters. In terms of conservation management, the amphidromous lifestyle typical of this genus reinforces the importance of maintaining upstream-downstream connectivity, for example in the context of dams for irrigation, water supplies and electricity generation (Jarvis & Closs, 2019).

Spiny or rock lobsters of the genus Panulirus are valuable fisheries commodities wherever they occur around the world, including Indonesia (Milton et al., 2014; Wahyudin et al., 2016; Teteleptal et al., 2017; Priyambodo et al., 2020). In this study, only one species, the Chinese spiny lobster Panulirus stimpsoni, was identified to species level, with no other OTUs assigned to the Family Palinuridae. It is unclear whether this species is in fact native (indicating an extension to the known range) or introduced. One reason for this doubt is that juvenile Panulirus sp. are (or have been) widely traded for grow-out, often at the puerulus stage (Priyambodo et al., 2020), where species identification may be problematic. Panulirus stimpsoni was identified in West, Central and East Indonesia, from four provinces: Banten, FMA 572; East Java, FMA 573; Central Sulawesi, FMA 713; and the Moluccas, FMA 718. The SeaLifeBase distribution is limited to four countries/territories: China, Hong Kong, Taiwan and Thailand (Palomares & Pauly, 2021). At least eight species are reported from Indonesia: Panulirus homarus, P. ornatus, P. penicillatus, P. longiceps, P. polyphagus, P. versicolor, P. daypus, and P. femoristriga (Wahyudin et al., 2016; Teteleptal et al., 2017; Setyanto et al., 2019). Reports of declining stocks (Teteleptal et al., 2017) indicate a need for sustainable fisheries management of this genus. As pointed out by Setyanto et al. (2019), the first step is to identify the species present and their respective distributions. In this context, this study indicates a ninth spiny lobster species may be widespread across Indonesia.

Two penaeid shrimps species were identified in this study, each from one site/province in West Indonesia: Mierspenaeopsis hardwickii from West Kalimantan, FMS 711 and Trachysalambria aspera from Aceh, FMA 571. Both species have a wide Indo-Pacific distribution including Indonesia, with Mierspenaeopsis hardwickii listed under the superseded synonym of Parapenaeopsis hardwickii in SeaLifeBase (Palomares & Pauly, 2021). In addition, OTUs assigned to the Family Penaeidae, most of which were assigned to the genus Penaeus, were found in all three regions, 10 provinces and 8 FMAs. These data indicate that this shrimp family is commonly found in or associated with coral reef ecosystems across Indonesia. Penaeid shrimps are a major fisheries commodity in Indonesia and heavily fished using legal and illegal gears (Suherman et al., 2020). However, despite their economic and ecological importance, this study reveals a lack of reference sequences as a basis for taxonomic identification based on molecular biology, in particular eDNA methods.



Implications for crustacean fisheries sustainability: Case study on the blue swimming crab Portunus pelagicus

The blue swimming crab (Portunus pelagicus), the most widespread fisheries species identified in this study, is an important Indonesian marine fisheries commodity with great social and economic significance. With an estimated export value of more than 300 Million USD, the majority of crab landings in Indonesia are processed domestically and exported to international markets, with over 80% of the production shipped to the United States (APRI, 2020). The fishery employs around 90-100 thousand fishermen and around 180 thousand workers (mainly women) in processing plants (APRI, 2020, Madduppa et al., 2021a). The third most valuable fishery in Indonesia, blue swimming crab products are exported to countries that demand sustainability, while international consumer demand for seafood products that adhere to the principles of ethical and good fishing practices should also encourage crab conservation. As an example, In the United States of America (USA), the Food Safety Modernization Act of 2011 allows the Food and Drug Administration (FDA) to require a food product traceability system. The increasing demand and high level of exploitation make it vital to manage the blue swimming crab stocks effectively, ethically and sustainably; however signs of overfishing and serial depletion have been reported (Madduppa et al., 2016). Efforts to date include the development of systems and capacity to meet and comply with the sustainability and traceability standards used by the destination countries (Madduppa et al., 2016; APRI, 2020) as well as the delineation and mapping of stocks in six of the eleven Fisheries Management Areas (FMAs) of Indonesia (Madduppa et al., 2021a).

Regulations on allowable catch size and berried females have been issued for several crustacean species, including mudcrabs (genus Scylla), lobsters (Palinuridae) and the blue swimming crab (BSC) Portunus pelagicus (Saputra, 2020). On 19 January 2015, the Ministry of Marine Affairs and Fisheries (MMAF) announced two regulations relevant to BSC fisheries. Ministerial Decree 1/2015 concerning Catching Spiny Lobster (Panulirus spp.), Mud Crab (Scylla spp.), and Blue Swimming Crab (Portunus pelagicus spp.) set a minimum harvest size of 10 cm carapace width for BSC and mandated that egg bearing (berried) female crabs be released and returned alive to the sea. This regulation was replaced by Ministerial Decree 56/2016 on the Prohibition of Taking and/or Exporting Lobsters (Panulirus spp.), Mud crabs (Scylla spp.), and Blue Swimming Crabs (Portunus pelagicus) from Indonesian waters, with similar provisions: crabs may not be retained and/or exported if they are carrying eggs and/or the carapace width is less than 10 cm, and/or or the body weight is less than 60 g. These regulations were revised in 2020 (12/PERMEN-KP/2020) and 2021 (17/PERMEN-KP/2021); however, the rules applying to the BSC remain similar to the previous regulations. Meanwhile, Ministerial Decree 2/KepMen-KP/2015 on the Prohibition of Using Trawls and Seine Nets in Indonesian Fisheries Management Areas affected some fishers but should have reduced by-catch of BSC and related species as well as avoiding habitat damage, and Ministerial Decree 18/KepMen-KP/2021 provides further regulations on the use of fishing gears and fishermen/fishing vessels operating outside their home province or FMA. For blue swimming crab (BSC) fisheries in Indonesia, the Indonesian government established a species-based Fisheries Management Plan (RPP) through Decree of the Minister of Marine Affairs and Fisheries of the Republic of Indonesia Number 70/KepMen-KP/2016 concerning the Management Plan for Crab Fisheries in Indonesian Fisheries Management Areas (MMAF, 2016).

While ministerial regulations are a positive step to support the sustainability of BSC, their impact depends on effective implementation in the field. Despite these advances at the policy level, challenges are still faced in the management of Indonesian blue swimming crab resources at the upstream and downstream levels of the crab industry. Lack of law enforcement for illegal fishing activities, unreliable data on the condition of crab stocks, socio-economic conditions of fishermen which result in low participation in sustainable fisheries practices, and limited attention from the industry to addressing the problems are all issues requiring urgent attention (Saputra, 2020). Furthermore, as in many other developing countries, the challenges also include a lack reliable data, a lack of control over fishery access/community resource management rights, a lack of effective organization of small crab fishermen, a lack of government capacity to support the “social health” of fishing communities, and limited understanding of these issues within the industry and among other key stakeholders. In order to address these issues, the management of Indonesian crab fisheries needs to involve all stakeholders from the central government, provincial governments, fishermen, industry and non-governmental organizations. Based on the Regional Autonomy Act 23/2014, regulation of vessels with a gross tonnage of less than 30 GT is the responsibility of the provincial government. This means that management of the BSC fishery is largely the responsibility of the provincial governments; however, as mandated by the BSC Fisheries Management Plan (FMP), each provincial government needs to develop and implement its own action plan based on and guided by the national plan.

The Indonesian Blue Swimming Crab Management Association (APRI) (www.apri.or.id) initiated a BSC Fisheries Improvement Program (FIP) at a pilot scale in 2007 and began to work at the national scale in 2014. This program has worked to bring together the stakeholders, in particular from the central government, provincial governments, fishermen, industry and non-governmental organizations. As the blue swimming crab fishers and vessels are largely under the aegis of the provincial government, but fisheries management plans operate at the species and/or FMA level (see Figure 1), coordination between levels is essential. In order to comply with Act 23/2014 and the mandates of the BSC FMP, the Indonesian Blue Swimming Crab Management Association (APRI) program is currently working in three provinces (East Java Province, East Java Province, and Southeast Province) to develop and strengthen the BSC Fishery Management Committee. The duties of the Committee are: (1) Identify and inventory the condition of fisheries management problems in the province; (2) Develop and prepare an action plan for the management of small crab fisheries at the provincial level; (3) Facilitate the implementation of the small crab fishery management action plan at the provincial level; (4) Conduct small crab fishery management activities at the provincial level; (5) Report the implementation results to the Governor. Furthermore, since 2018 the APRI has implemented the Control Document Audit System (CDAS) to meet or anticipate national and international regulatory requirements (APRI, 2019). The CDAS is structured to: a. Promote an ethical culture based on professional internal supervision of Indonesian BSC fisheries, including compliance with Ministerial Regulations through a control and traceability system at all stages from suppliers to buyers; (b) Create a trustworthy, objective, and accountable internal auditing supervisory system with integrity, thereby enabling credible audits to be performed. Specific approaches that have been adopted and implemented by the APRI include the baseline assessments and monitoring of the Length Based Spawning Potential Ratio (LBSPR) and Catch Per Unit Effort (CPUE) for BSC fisheries (Ernawati et al., 2017; Prince et al., 2020). LBSPR assessments could be used to adaptively manage size selectivity within the harvest strategy paradigm now being adopted by Indonesia (Hordyk et al., 2015; Prince et al., 2020; Loneragan et al., 2021) while CPUE is still widely accepted as an indirect measure or index of the relative abundance of target stocks in both fisheries and conservation management (Cheung & Sumaila, 2008; Sagarese et al., 2018). The BSC FIP Program also supports the government plan to develop FMA 2014 as a National fish reservoir (Lumbung Ikan Nasional or LIN). Sometimes referred to as the National Fish Barn, the LIN aims to balance fisheries resources and capture in eastern Indonesia (https://kkp.go.id), with Maluku Province as the pilot region. These efforts need to be continued and scaled up across the distribution of P. pelagicus in Indonesia.




Conclusion

This study reveals patterns in decapod community diversity at relatively small scales, such as at the provincial level and Fisheries Management Areas (FMAs). However, some taxa are widespread across several FMAs, and it is necessary to pay attention to decapod conservation and fisheries management at national or multi-FMA levels. One of the most widespread taxa, and the most economically valuable decapod fisheries commodity, the blue swimming crab Portunus pelagicus has several genetically distinct populations, thus requiring stock-based management which can largely be based on existing FMAs.

The high percentage of unidentified taxa in this study reflects the paucity of reference sequence data for Indonesian marine decapods, although coverage appears slightly higher in West Indonesia compared to Central and East Indonesia. This gap in current database coverage highlights the need for policies to support capacity building and long-term maintenance of systems enabling biodiversity exploration and monitoring, including well-curated and sustainably resourced reference specimen and sequence repositories. Furthermore, the low coverage of Indonesian (and indeed wider Indo-Pacific) marine decapods in the IUCN Red List calls for partnerships to remedy this gap, including concerted efforts to improve distribution data.
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True Crab NA
True Crab MA
True Crab MA
Crab MA
Chinese spiny MA
lobster
Hermit Crab MA
Crab MA
Rafting Crab MA
Crab MA
Prawn MA
Surf Mole Crab MA
Snapping MAFW
Shrimp
Reef box Crab MA
Marbled Stone MA
Crab
Hermit Crab MA
Small Shore MA
Crab
Mottled Crab MA
Purple Climber MA
Crab
East Asian River FW; BR

Prawn

Celsius Large- eyed MA
Crab

Crab MA
Spider Crab MA
Gearman MA;
Kakure Shrimp FW; BR
Spear Shrimp MA
Two Swimming MA
crab

Asian Paddle MA
Crab

Blue Swimming MA
Crab

Crab MA
Crab MA
Spiny rocky Crab MA; BR
Crab MA; RA
Crab MA
Caroline MA

Benitsuke Crab

Crab MA
Crab MA
Crab MA
Crab MA
Crab MA
Crab MA
River Swimming MA;BR;
Crab FW
Hairy Tank MA
Crab

Red Egg Crab MA; RA
Tenagao Gigi MA; RA
crab

Rubble Crabs MA
Pebble Crabs MA
Black Crab MA
Stone Crab MA
Crab MA
Crab MA
Crab MA; RA
Smooth MA; RA
Behimeougi

Crab

Crab MA
Crab MA
Crab MA
Crab MA

List

NE

NE

NE
NE

NE

NE
NE
NE

NE
NE
NE

NE

NE
NE

NE

DD

NE

NE

NE

NE

NE

NE
NE

NE
NE

NE

NE

NE

NE

LC

NE

NE

NE
NE

NE

NE

NE

NE

NE
NE

NE
NE

NE

NE

NE
NE
NE

NE

NE
NE
NE

NE

NE

NE

NE

NE

NE
NE
NE
NE
NE
NE

LC

NE

NE

NE

Habitat TUCNRed Origin

PN

NA

AL
PN

PN

PN
PN
PN

PN
PN
NA

NA

NA
PN

AL

PN

AL

PN

PN

PN

NA

AL
AL

NA
NA

AL

NA

NA

PN

PN

PN

PN

NA
AL

NA

NA

PN

NA

NA
PN

NA
NA

PN

AL

AL
PN
AL

AL

NA
AL
NA

NA

NA

PN

PN

PN

PN
PN
PN
PN
NA
NA

NA

PN

PN

PN

Distribution

Indo-Pacific

Indo-Pacific

Indo-Pacific
Indo-Pacific

Indo-Pacific

Indo-Pacific
Indo-Pacific
Indo-West Pacific and Atlantic Ocean

Indo-Pacific
Indo-Pacific

Indo-Pacific: South Africa to Hawaii

Indo-Pacific

Indo-Pacific
Indo-Pacific

East China Sea

Indo-West Pacific

Western Atlantic Ocean

Indo-West Pacific

Indo-Pacific: from East Africa to Pacific Panama

Indo-Pacific

Indo-West Pacific: India to the Philippines

Western Atlantic Ocean

Caribbean Sea

Indo-Pacific
Indo-Pacific

Northwest Pacific Region

Indo-Pacific: from East Africa to the Philippines
and Kermadec

Islands
Indo-West Pacific

Western Central Pacific: Singapore and Malaysia

Southern Asia

Indo-Pacific

Indian Ocean

Indo-Pacific, eastwards to Hawaii

Madagascar

Indo-West Pacific: Pakistan to Japan and Borneo

Indo-West Pacific reaching Hawaii: Red Sea to
New Caledonia,

Japan and Australia, east to Hawaii

Western Pacific: from Japan to Malaysia.
Subtropical and

tropical climates.

Indo-West Pacific

Indo-Pacific: Tropical to subtropical

Indo-Pacific: Tropical to subtropical

Indo-Pacific: Cocos Islands to Hawaii

Indo-Pacific: Mozambique to Mauritius and the
Philippines
Indo-Pacific

Madagascar

Central Pacific: Guam and French Polynesia
Indo-Pacific
Philippines

Indo-Pacific

Indo-Pacific
China Seas
Indo-Pacific

Indo-Pacific: from East Africa to the Philippines

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific
Indo-Pacific
Indo-Pacific
Indo-Pacific
Indo-Pacific: South Africa to Hawaii
Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-Pacific

Indo-West Pacific
Indo-Pacific

Reference

Sealifebase

Sealifebase

Sealifebase
Sealifebase

Sealifebase

Sealifebase
Sealifebase
Sealifebase

Sealifebase
Sealifebase
Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase
‘WoRMS

Sealifebase

Sealifebase

‘WoRMS

Sealifebase

Sealifebase

Sealifebase

(Continued)
Sealifebase

Sealifebase

Sealifebase

Sealifebase
‘WoRMS

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase
Sealifebase

Sealifebase

Sealifebase

Sealifebase

‘WoRMS

Sealifebase
Sealifebase
WoRMS

Sealifebase

Sealifebase
Sealifebase
Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase

Sealifebase
Sealifebase
Sealifebase
Sealifebase
Sealifebase

Sealifebase

(Continued)

Sealifebase

Sealifebase

Sealifebase

Sealifebase

(MA, Marine; BR, Brackish; FW, Freshwater), [UCN Red List category (EN, endangered; VU, vulnerable; NT, near threatened; LC, least concern; DD, data deficient; NE, not evaluated);
Species origin based on SeaLifeBase or World Register of Marine Species (NA, native to Indonesia; EN, endemic; AL, alien species; PN, probably native)





