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Submersibles Greatly Enhance Research on the Diversity of Deep-Reef Fishes in the Greater Caribbean
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Understanding the diversity and ecology of deep-reef fishes is challenging. Due to intensive and widely dispersed sampling, the Greater Caribbean (GC) fauna of species found on shallow reefs is much better characterized than the fauna of deep-reef species restricted to mesophotic (40–130 m) and rariphotic (130–300 m) depths. Our knowledge about deep-reef fishes is based on ship-board sampling and the recent use of rebreather diving, remotely operated vehicles (ROVs), baited remote underwater videos, and crewed submersibles. Submersible research on GC deep-reef fishes began in the 1960s and has flourished over the last decade through research by the Smithsonian Institution’s Deep Reef Observation Project (DROP). Here we quantify the contribution of submersible research, particularly the surge by DROP, to our understanding of the diversity of the deep-reef fish fauna of the GC. We compared shallow- and deep-reef fish faunas of three GC sites subjected to DROP research to faunas of three sites without such research. DROP increased the size of the deep faunas at three islands ∼9-fold, and they have deep-reef faunas ∼2–4 times the size of those of the other three sites. Those deep-reef faunas have high proportions of small cryptobenthic fishes, which also represent a major component of shallow faunas. That research increased the rate of discovery (collection) of new species of deep-reef fishes ∼6-fold and accounts for 31% of the deep-reef species first discovered within the GC. Substantial numbers of new species at each of the three DROP islands were not found at the other two. This indicates that other parts of the GC likely harbor many undetected deep-reef fishes, and that the size of the deep-reef fauna of the GC is significantly underestimated. These results show that small research submersibles are versatile, highly productive tools for deep-reef studies. They allow long-duration dives at any depth, while offering unparalleled views of their surroundings to study the ecology of deep-reef fishes (e.g., DROP’s definition of the rariphotic assemblage from fish depth distributions). Submersibles can efficiently collect reef fishes of a broad range of taxa, ecotypes and sizes, leading to a more comprehensive understanding of the regional GC deep-reef fish fauna.
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INTRODUCTION

Obtaining comprehensive information on the diversity, geographical distributions, and ecology of fishes that live on tropical deep reefs is not an easy task and is one that has barely begun in the great majority of biogeographic regions. While many species of reef fishes commonly encountered on shallow reefs are restricted to those habitats, others commonly extend their depth ranges into or live entirely within habitats far deeper than are readily accessible by divers using open-circuit SCUBA. Further, many species of fishes that belong to families and genera typically found on shallow reefs are restricted to deep reefs, which harbor fish assemblages with different taxonomic and ecological properties to those on shallow reefs (Pyle, 2000; Pinheiro et al., 2016, 2020; Baldwin et al., 2018; Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019). How much undiscovered diversity there is among the faunas of deep-reef fishes in different parts of the tropics is far from clear, although it evidently is substantial (Pyle, 2000; Baker et al., 2016).

Currently, four techniques are widely used throughout the tropics to study deep-reef fishes: crewed submersibles, remotely operated vehicles (ROVs), Closed-Circuit Rebreathers (CCR) used by technical divers and baited remote underwater videos (BRUVs), with submersibles having the longest history of such usage. Those techniques each have advantages and limitations in terms of cost, logistical complexity, mobility, the depths and duration of dives they support, and the types and efficiency of information collection they allow (see section “Discussion”).

The Smithsonian Institution’s (SI) research on deep reefs in the Greater Caribbean using submersibles began with the Deep Diver in the late 1960s. Subsequently, SI owned the Johnson Sealink Submersible JSL-1 between 1971 and 73, until that program was transferred to the Harbor Branch Oceanographic Institute (HBOI). SI research with Deep Diver in the Bahamas included the first collection of type specimens of a new species of deep-reef fish by a submersible anywhere in the world (Gramma linki by Starck and Colin, 1978). SI continued studies of deep-living invertebrates using the JSLs through the late 1980s. After a 40 year hiatus, SI-sponsored research on deep-reef fishes using submersibles was renewed during the 2010s through the DROP (Deep Reef Observation Project) research program. DROP has used the privately owned submersibles Curasub at Curacao, Bonaire, Dominica and Sint Eustatius (Statia), and Idabel at Roatan. Curasub can accommodate a crew of five, including the pilot, with two observers at the front dome. It has an operating depth limit of 310 m, with dives up to 7.7 h duration. Idabel supports a pilot, plus two observers at the front dome. It has an operating depth limit of 915 m and can make dives up to 17 h duration. Both those submersibles were equipped with fish-catching devices that inject anesthetic into the substratum and use a suction tube to deposit them into a chamber on the submersible (see Figure 1), from which they are retrieved at the end of a dive for study by DROP fish biologists.
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FIGURE 1. The two submersibles used by the Deep Reef Observation Project (DROP) to conduct the research and collections described in this paper. (A) Curasub. The S shaped suction tube of that submersibles fish-catching system is visible on the near front side of the vessel, with the slender S shaped tube that delivers anesthetic in the background. Photo: Barry Brown. (B) Idabel. Idabel was temporarily equipped with a fish collection system equivalent to that on Curasub during DROP research. That system is visible as the cluster of white tubing around the front dome and extending forward of the far front side of the submersible, with the owner and pilot Karl Stanley, maneuvering Idabel on the surface. Photo: DR.


In this paper we provide an overview of the contribution of submersible research, particularly that by DROP, to knowledge of the diversity of deep-reef fishes in the GC. Specifically, we (i) compare variation in the taxonomic structure of local shallow and deep faunas at six well-studied sites that vary in levels of submersible research, and (ii) examine the contribution of submersible research to the discovery and description of new species of deep-reef fishes. There has been extensive documentation of the faunas of shallow-water reef fishes at all six sites, and three of those have been subject to DROP submersible research that involved targeted collections of deep-reef fishes to provide information on their identity. That research also involved surveys of depth distributions of members of deep-reef fish assemblages, i.e., variation in abundance of individual species across different strata of their depth ranges. Cryptobenthic reef fishes, particularly small species, represent a major component of both local and regional reef-fish faunas throughout the tropics (Depczynski and Bellwood, 2003; Brandl et al., 2018). Such fishes cannot be thoroughly documented by visual surveys alone due to their cryptic form, often small size, coloration and behavior, and their use of inaccessible microhabitats (Ackerman and Bellwood, 2000; Smith-Vaniz et al., 2006; Alzate et al., 2014). Hence visual surveys by ROVs, BRUVs, submersibles and CCR can be expected to report fewer cryptobenthic species, particularly small species, than do surveys that also involve intensive collecting of such species using ichthyocides or anesthetics to extract them from hiding. Until the present series of DROP studies this difference has not been effectively documented. Collectively these comparisons allow us to assess the contributions of submersible research by DROP and others to understanding of the diversity, ecology and biogeography of deep-reef fishes in the Greater Caribbean (GC).



MATERIALS AND METHODS


Categorizing Deep and Shallow Reef Fishes

In the Greater Caribbean, coral- and rocky reefs down to depths of ∼250–300 m have reef-fish faunas dominated by members of typical shallow-reef families of bony fishes. As it currently stands this fauna includes 992 species belonging to 342 genera in 84 families (Robertson and Tornabene, 2021; Supplementary File 1 and Supplementary Table 1). We divided those species into two groups: shallow-reef and deep-reef forms based on their depth ranges relative to the 40 m line below which deep-reef habitats occur. In this paper we include among the 850 shallow-reef species not only those restricted to depths above 40 m but also others that are r found at depths above and below 40 m, sometimes well below that depth. Another 142 species in those same families we classify as deep-reef fishes because they are restricted entirely or largely to depths below 40 m depth (see Robertson and Tornabene, 2021 for an updated regional inventory used here). These reef-associated fishes include not only benthic and demersal species found on hard reef substrata, but also pelagic fishes and benthic and demersal species that live on soft bottoms within and immediately around the fringes of reefs. Those pelagic fishes facultatively associate with reefs but do not rely on them for shelter as they live in the water column. Benthic species are restricted to using benthic habitats (e.g., flat-fishes, eels, most gobies), while demersal species regularly use the water column as well as the substratum (e.g., snappers, grunts, and wrasses). Two further groups considered here are Cryptobenthic species and Core Cryptobenthic Reef-Fish Families (CCRFs). Cryptobenthic species are visually cryptic and typically small. CCRFs are taxonomic families that contain many small cryptobenthic species. Supplementary File 1 contains a more detailed description of characteristics of that regional fauna as treated here.



Reef-Fish Faunas of the Six Sites and the Greater Caribbean Region

The six sites included in this study are Alligator Reef in the Florida Keys, Bermuda, Curacao, Roatan, Sint Eustatius (Statia), and St. Croix. DROP research was conducted at Curacao, Roatan, and Statia. All six sites have well characterized shallow reef-fish faunas that have been extensively studied using SCUBA investigation. All except Alligator are individual islands scattered between the northern and southern limits of the Greater Caribbean, which extends from North Carolina and Bermuda south through the Gulf of Mexico, the West Indies and Caribbean to ∼Guyana. Supplementary File 2 contains detailed description of the islands, their environments and the research that led to the construction of a checklist of reef-associated fishes at each, including that on deep-reef fishes using submersibles, ROVs, CCRs, and BRUVs. Table 1 contains a summary of such information, as well as a summary of the level of usage of the ichthyocide Rotenone to extract shallow cryptobenthic fishes from their hiding places and elucidate their diversity.


TABLE 1. Characteristics of the six study sites and research activities on deep-reef fishes at each.
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Historical Dynamics of the Collection of New Species

We characterized the history of the contributions of different collecting methods toward the discovery and eventual description of new species of deep-reef fishes. To do this we recorded the year of collection of the oldest specimen in the type series (i.e., the initial discovery) of each species of deep-reef fish. For each species we also noted whether the type series consisted of or included specimens collected by submersibles or was comprised solely of specimens collect by other means (SCUBA, CCR, trawls, dredges, traps, stomach contents etc.). Since, in many cases information on the collection year is lacking for specimens collected during the nineteenth century we used the date of description rather than collection for all species named before 1900. Information on the collection date is also lacking for two species collected during the early twentieth century, and we used the description date for those as well (see Supplementary Table 3). Our tally of those deep-reef fishes includes 18 species collected by DROP that have yet to be described: 10 species of Gobiidae, two of Grammatidae, three of Serranidae, and three of Labridae.




RESULTS


The Size and Structure of the Greater Caribbean Regional Fauna of Reef Fishes

The number of species in the regional reef-fish fauna currently stands at 992, belonging to 342 genera and 84 families (Supplementary Table 1; and see Robertson and Tornabene, 2021). Less than 10% of those are pelagic species, only one of which, Seriola fasciata, we classify as a deep-reef species. Demersal species constitute only about a third of the non-pelagics, and benthic species are by far the largest group, at almost 2/3 of the non-pelagics. The vast majority (almost 99%) of benthic species are cryptobenthic, and a little more than 40% of all non-pelagic species are small cryptobenthics. Almost half the non-pelagic species belong to Core Cryptobenthic Reef Fish (CCRF) families (as defined by Brandl et al., 2018; see Supplementary File 1).

Shallow forms (including pelagics) are represented by 850 species from 301 genera and 82 families. They constitute 85% of the non-pelagic species, and proportions of the different subgroups of such species (demersal, benthic, cryptobenthic, and CCRF) are mirrored in the entire fauna.

Deep non-pelagic forms include 141 species from 67 genera and 26 families and constitute 14.3% of the entire fauna and 15.4% of the non-pelagic sector. Deep species are represented in 20% of the genera and 37% of the families. Among those genera, 39 (11.4%) of the total have no shallow members, 28 (8.2%) have both and the remaining 80.3% have only shallow members. Those 39 exclusively deep-reef genera represent 58% of the genera that have deep species among their members.



Variation in the Relative Diversity of Shallow and Deep Fishes in the Six Site Faunas

Collectively the six sites harbor the vast majority of GC reef fishes, almost 80% of the total and at least 70% of each of the different ecotypic subgroups (Supplementary Table 1). They also hold similarly high percentages of all ecotypes of shallow species, and slightly lower percentages of different ecotypes of deep species. In all three cases (total, shallow and deep faunas) the combined fauna includes a higher percentage of the regional demersal fauna that for equivalent benthic subgroups.

The faunas of the six sites vary 1.5-fold in size and include 35–53% of the entire regional fauna, 47–67% of the regional pelagic species, 51–68% of the regional demersal species, and 23–45% of the regional benthic species (Supplementary Table 1). The smallest fauna is at Statia, the second smallest at Bermuda and the largest at Curacao. The sizes of the entire non-pelagic faunas and of the shallow-reef fish faunas of the four sites other than Bermuda and Statia are within 10% of each other (Figure 2 and Supplementary Table 1).
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FIGURE 2. Abundance of deep and shallow cryptobenthic fishes in the faunas of six sites. (A) Numbers of species of cryptobenthic and other non-pelagic species in the shallow and deep sectors of the faunas. (B) Relative abundance of cryptobenthic vs. other non-pelagic species in the deep faunas of six islands. Data in Supplementary Table 1.


As with the regional fauna most species in each of the six site faunas are shallow forms (Figure 2 and Supplementary Table 1). The sizes of the shallow faunas at two sites lacking DROP research (Alligator and St Croix) were slightly higher than at any site with such research. In contrast, the deep-reef faunas of the three DROP sites were 1.6–4.3 times the absolute size and 2–4 times the relative size of those at the non-DROP sites (Figure 2 and Supplementary Table 1) and included 29–55% of the regional deep-reef fauna. Statia, with the smallest total and shallow faunas, had a deep fauna much larger than that of each of the three sites that lacked DROP research.

The relative proportions of different subgroups of deep species (demersal, benthic, cryptobenthic, CCRF) parallel those among shallow species (Supplementary Table 1). Compared to the regional fauna the faunas of the six sites have marginally higher percentages of pelagic species, and marginally lower percentages of non-pelagics (Supplementary Table 1). Relative to the regional fauna of non-pelagics the six sites have higher percentages of demersal species, and lower percentages of benthic, cryptobenthic, small cryptobenthic, and CCRF species (Supplementary Table 1).

The range of variation in relative abundances of the different ecotypes of species in the entire (shallow + deep) faunas of the DROP sites is similar to that among the non-DROP sites. However, the percentages of demersal species are highest and the percentages of benthic species and of each benthic subgroup are lowest at the two sites with the smallest faunas: Bermuda and Statia (Supplementary Table 1).



Inter-Site Variation in the Deep-Reef Faunas and Levels of Submersible Research

There are marked differences in the deep, non-pelagic faunas of the sites with DROP research vs. those without (Figure 2 and Supplementary Table 1). The percentage of the site-fauna represented by deep fishes is 1.3–3.8 times higher in the three DROP sites than the non-DROP sites. The deep-reef component is smallest at the two non-DROP reefs (Alligator and St. Croix) with the least amounts of submersible research. The three non-DROP sites have distinctly higher proportions of demersal species in their deep faunas than do either the DROP sites or the regional fauna. Further, the deep faunas of the three DROP sites have proportions of benthic, cryptobenthic and CCRF species similar to the regional fauna, proportions substantially higher than at the three non-DROP sites (Supplementary Table 1). Small cryptobenthic and CCRF species make up large proportions of the deep fauna at DROP sites but are almost absent from the non-DROP sites (Supplementary Table 1.) The rankings of the different ecotypic categories of deep non-pelagics are also much more similar to the regional pattern at the DROP sites than at the non-DROP sites (Supplementary Table 1).



Levels of Submersible Research and Variation in Knowledge of the Deep-Reef Fish Faunas of the Six Study Sites


Alligator Reef

There has been no ichthyological research using submersibles, ROVs or CCRs at Alligator Reef. Fifteen (68%) of the 22 deep-reef fishes known at that reef are demersal, with only one small cryptobenthic species.



Bermuda

Submersible research between 1983 and 2016 at Bermuda (Smith-Vaniz et al., 1999; Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019), although not specifically aimed at species discovery, recorded three shallow species on deep reefs and 10 of the 25 known deep-reef species. Nine of the latter were new records, seven found in 1983–1997 and two in 2016. Three CCR studies in the 2010s (Pinheiro et al., 2016; Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019) recorded 50 shallow species below ∼40 m and three deep-reef species, none of them new records. Thus, most information from the CCR studies was on shallow species that ranged into deep-reef waters below 40 m. Due to data-collection aims those CCR records also were heavily skewed toward demersal, readily visible species at all study depths and included very few cryptobenthic and small species. In contrast, benthic species represent almost half the non-pelagic shallow species known from Bermuda.



St. Croix

Two JSL-II submersible dives in 1985 at 30–600 m (Nelson and Appeldoorn, 1985; García-Sais, 2005) produced records of two of 19 known deep species, both of them new records, and 26 shallow species. Thus, most submersible information is related to shallow species that extend their depth ranges down into deep-reef habitats.



Curacao

Pinheiro et al.’s (2016) CCR work, which reached substantially greater depths than at Bermuda (130 m vs. 80 m), recorded 55 shallow species and 10 deep species, 12.8% of the known deep species in the fauna. Those CCR records were heavily skewed toward demersal, readily visible forms of both shallow and deep species, whereas benthic and cryptobenthic species constitute well over half of the known shallow and deep species at that island. Curasub dives at Curacao by DROP produced records (most with specimens or photographs acting as vouchers) of 92.3% of the 78 deep-reef fishes known from Curacao. Curasub records of shallow species on deep reefs were similar in number to the CCR results and also skewed toward demersal species (70%), although not as strongly as in the CCR study (89%).



Roatan and Statia

DROP (Idabel) dives at Roatan produced records of 66 species of shallow fishes and 41 deep species, 17 and 89%, respectively, of species in those groups known from Roatan. At Statia, Curasub activity produced records of 68 shallow species (25% of the that group) and 35 (85%) of the deep-reef species. At both sites, the diversity of shallow species recorded by DROP was skewed toward demersal forms (relative to their diversity in the fauna as a whole) whereas the deep species included similar abundances of demersal and different benthic forms, in proportions reflective of their proportions in the entire site fauna.




Taxonomic Variation Among Deep-Reef Faunas at Three Deep Reef Observation Project Sites

New records of species by DROP represent 85–90% of the known deep-reef fish inventory at each of Curacao, Roatan and Statia, and over 90% of the combined total (Figure 3). New species previously unknown to science that were discovered by DROP at those three islands account for about 40% of the deep-reef species recorded by that research at each island separately and in combination. Further, those three sites each harbor significant numbers of species not known from the other two sites (Figure 3). Those unshared new DROP records represent 19–46% of that group of species at each island. While the large proportion of such species at Curacao, which received the great majority of DROP submersible research, reflects the much larger known deep-reef fauna at that island, the faunas at Roatan and Statia, which are 50–60% of the size of the Curacao fauna, each have significant numbers of unshared species. That pattern also applies to new species collected by DROP that were not previously known to science at each island, as 31–39% of them are unshared. Collectively those 19 unshared “new species” represent 19% of all the deep reef fishes known from the three sites and 21.6% of the new records obtained by DROP.


[image: image]

FIGURE 3. Contribution of DROP submersible research to knowledge of the deep-reef faunas at three sites. (A) Numbers of species recorded by DROP that were not recorded by other research, and the number of those that are new (i.e., previously unknown) species. (B) Percent of new and already named species present at only one of the three islands vs. those at multiple islands.




The Dynamics of Discovery of Deep-Reef Fishes

The 50 year era of submersible research on reef fishes in the Greater Caribbean started in the second half of the 1960s and was preceded by about 15 years when SCUBA came into use for studying reef fishes. In the ∼120 years between the first description of a species that is part of the Greater Caribbean deep-reef fish fauna and the start of the SCUBA era traditional methods of collection (trawls, nets, dredges, grabs, fish floating at the surface, stomach contents of predators, and unknown) led to the description of one third of the deep-reef fishes known from the region that were described based on type specimens collected within that area. Deep SCUBA diving accounted for one third of the new deep-reef species added during the ∼15 year SCUBA era. During the first 45 year of the submersible/CCR era submersible collections produced about one fifth of the new additions and CCR ∼2%. Subsequently, the 9 years of the DROP program produced types of 38.5 new species, 32% of all those ever collected within the region, and almost 90% of those collected anywhere during that period. Overall, submersible discovery accounted for 35.6% of the types of deep-reef species collected in the Greater Caribbean and 60% of all species types collected there during the submersible era.

The rate of accumulation of new-species descriptions of deep-reef fishes based on type specimens collected in the region was relatively low before the advent of SCUBA, i.e., before 1960. It roughly doubled during the SCUBA and JSL periods (1960s–2010), then increased about sixfold due to DROP collections during the last decade (Figure 4).
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FIGURE 4. The historical dynamics of discovery of deep-reef fishes known from the Greater Caribbean. (A) Number of non-pelagic species discovered (i.e., first type specimens collected) per decade. (B) Cumulative discovery of those three classes of deep-reef fishes.




Ecotypes of New Species Discovered by Submersibles Versus Other Methods

Collection of type specimens of deep-reef fishes by non-traditional methods, including SCUBA, CCR and submersible, accounted for 37.6% of all non-pelagic deep-reef fishes known from the Greater Caribbean, with 84% of those by submersibles (Supplementary Table 4). The great majority of type specimens collected by submersibles were small, cryptobenthic species belonging to CCRFs. In contrast, other, traditional methods produced most of the types of demersal species and much lower proportions of CCRF and, particularly, small species. The numbers of species attributable to diver collections (SCUBA and CCR) are small but include similar proportions of ecotypes to those collected by submersibles (Supplementary Table 4). The bias toward small species and CCRF forms was present among type specimens of deep-reef species collected within the Greater Caribbean, but not among those collected outside the region (Table 2), almost all of which were collected by traditional methods. Even though traditional methods produced almost twice as many type specimens as did submersibles, submersibles were overwhelmingly important in producing type specimens of small and CCRF species, accounting for double the proportion of those obtained by traditional methods. That difference was achieved despite the much greater difference in time over which traditional methods have produced types (>190 years) vs. the duration of submersible operations (51 years) (Figure 4).


TABLE 2. Relative abundance of different ecotypes of non-pelagic Greater Caribbean deep-reef fishes collected by different methods in and outside the Greater Caribbean region.
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DISCUSSION


The Size and Composition of Six Local Shallow- and Deep-Reef Fish Faunas

Collectively the reef-fish faunas of the six sites include the great majority (almost 80%) of the regional fauna and only slightly smaller proportions of its different ecotypic faunal components. Thus, they provide a comprehensive overview of the regional GC fauna of reef fishes. Some of the 1.6-fold variation in the size of the known fauna at the six study sites can be attributed to variation in sampling effort. Statia, where there has been no ichthyocide collecting of shallow reef fishes, has a deficit in numbers of small, shallow cryptobenthic species that such collecting produces (Robertson et al., 2020). Because many such species were detected by such sampling on Saba Bank, only 20 km from the Statia shelf (Williams et al., 2010), Statia likely has a larger fauna of small, shallow cryptobenthic species. Bermuda, with a fauna very similar in total size to that of Statia, has a much larger habitat area and greater habitat diversity than Statia. Bermuda also has a much more extensive history of research, much of it involving rotenone sampling, on its marine fishes (Table 1; Smith-Vaniz et al., 1999; Smith-Vaniz and Collette, 2013). The relatively depauperate nature of the Bermuda reef-fish fauna is well known (Smith-Vaniz et al., 1999) and is attributable to a combination of its high-latitude location (it is the world’s most northerly coral reef) producing low-temperature limitation of tropical species, isolation limiting dispersal to the island from the rest of the GC, reduced habitat diversity and extinction of temperature-sensitive species during cold periods of glacial peaks (Smith-Vaniz et al., 1999).

Among the remaining four sites the sizes of the entire and shallow faunas of non-pelagic species are within 10% of each other (Figure 2). All those sites have been extensively sampled for shallow reef fishes, particularly small cryptobenthic forms, and similarities in their diversity and proportional abundances indicate that those sites have been effectively sampled. From this, we expect that any well sampled shallow site in the Greater Caribbean that has high habitat diversity will have a fauna about half the size of the regional fauna, with shallow benthic ecotypes predominating.

In contrast, the deep-reef faunas of the three DROP sites were 1.6–4.3 times the absolute size and 2–4 times the relative size of those at the non-DROP sites (Figure 2). Thus, while the shallow faunas may have been well sampled in all sites except Statia, the absolute and relative sizes of the deep-reef component of the site faunas was only revealed by DROP sampling. The fact that the deep fauna at Curacao is almost twice the size of those currently known from Roatan and Statia can be largely attributed to the level of DROP submersible research at Curacao being 6–10 times greater than at those other two sites. Among the three sites lacking DROP research, Bermuda, despite its relatively small entire and shallow faunas, has the largest deep-reef fauna (Figure 2), likely a reflection of more submersible research there than at either Alligator reef or St. Croix.

The ecotypic composition of the deep faunas at the six sites also reflect levels of submersible activity: the three DROP sites have much higher numbers and proportions of benthic, cryptobenthic, CCRF, and small species than the non-DROP sites, due to a focus of research by DROP on those hard-to-see and hard-to-sample groups that are major contributors to both the diversity and productivity of reef-fish assemblages (Brandl et al., 2018, 2019).



Contributions of Submersible and Closed-Circuit Rebreathers Research to Records of Deep-Reef Fishes

Usage of both submersible and CCR research on deep-reef fishes at two sites allows a rough comparison of their results, the only situation in which it is possible to directly compare research production by those methods in the Greater Caribbean. Submersible research at Bermuda (Smith-Vaniz et al., 1999) produced new records of 31% of the known deep-reef species. CCR studies there that were aimed at establishing the depth-distributions of readily visible (largely demersal) species produced very few deep species of any type and no new records of identifiable named deep-reef species. The CCR studies were limited to a maximum depth of 80–100 m, and thus the vast majority of the species included in those studies were shallow types, and almost all were demersal, readily visible species. However, one CCR study (Goodbody-Gringley et al., 2019) did note the presence of unidentified deep-living gobies and an apogonid, which are cryptobenthic types.

CCR work at Curacao (Pinheiro et al., 2016) reached substantially greater depths than at Bermuda (130 vs. 80 m). It recorded 13.0% of the known deep component. As at Bermuda, that study focused on demersal, readily visible forms, of both shallow and deep faunas. DROP’s Curasub work there recorded > 90% of the deep reef fauna, with 90% of them new records. Submersible records of shallow species on deep reefs at both Bermuda and Curacao were similar to the CCR results and also skewed strongly toward demersal species. DROP submersible dives at Roatan and Statia produced records of 17 and 25% of the shallow species and 89 and 85% of the known deep species, respectively. As at Curacao, the diversity of shallow species recorded by DROP at Statia and Roatan was skewed toward demersal forms (relative to their diversity in the fauna as a whole) whereas the deep species included similar proportional abundances of demersal and benthic forms to those in the entire site faunas.

In general then, shallow species found on deep reefs by both CCR and submersibles were mainly demersal, readily visible forms although proportions of benthic and cryptobenthic were somewhat higher among the submersible records at two of three islands. This likely reflects (i) differences in the amounts of time spent on deep reefs by the studies using time-limited CCR vs. submersibles and (ii) differences in the aims of the studies in which they were used: rapid assessments of change in community composition with depth in the CCR studies, vs. detailed assessment of diversity and ecotypes of fishes across deep reefs as well as observations on depth-distributions in the submersible studies. However, submersibles are at least as effective as CCR diving at revealing the diversity of species and ecotypes among both shallow- and deep-reef fishes and do so too much greater depths than CCR is capable of.



Submersible Collections and the Discovery of Deep-Reef Fishes in the Greater Caribbean

The onset of the submersible era of research on Greater Caribbean deep reefs in the mid-1960s produced large changes in the dynamics of discovery of deep-reef fishes. The 45 year of activity of submersibles prior to the advent of DROP produced about one fifth of the new species discovered in the region during that period (Figure 4). The 9 years of DROP research, which was focused on revealing the diversity of those fishes, resulted in almost 90% of the new species discovered during that period and almost one third of all deep-reef species ever discovered to date within the Greater Caribbean. In contrast to research in the Indo-Pacific (e.g., Pyle, 2000; Pinheiro et al., 2019b; Shepherd et al., 2020; Tea et al., 2020), submersibles have been much more active than CCRs in the process of diversity discovery in the Greater Caribbean. Again, to some extent, this reflects differences in the aims of studies using those two techniques in the GC, although large differences in maximum effective working depths and bottom times of submersibles vs. CCR are also involved.

The rate of discovery of new species of deep-reef fishes within the Greater Caribbean roughly doubled over the historical level following the advent of SCUBA research (Figure 4). While that rate did not increase during the period of JSL activity, there was a huge (∼6 fold) jump in the number of species discovered during the recent, much shorter period of DROP’s submersible research. This provides a very clear demonstration of the lack of information about such fishes before that work began, and the impact on the level of knowledge by submersible collecting aimed at comprehensively documenting the taxonomic and ecotypic diversity of deep-reef fishes.



The Diversity of Ecotypes of “New” Species Discovered by Submersibles in the Greater Caribbean

Information about collection of type specimens by traditional methods (nets, traps, fishing etc.) and submersibles have produced information about the diversity of different ecotypes of deep-reef fishes useful for the assessment of the value and effectiveness of submersible research (Supplementary Table 4). Traditional methods produced most of the types of demersal species, which are more accessible to capture by such methods. In contrast, the great majority of types collected by submersibles have been small, cryptobenthic species, most of which belong to CCRFs. That collecting has clearly demonstrated that assemblages of deep living reef fishes have a similar structure in terms of the relative abundance of different ecotypes of demersal and benthic forms to assemblages of shallow living species. However, while the two assemblages may be derived from the same families, most of the genera of fishes that have deep-reef species also lack shallow-reef species. Thus, the deep-reef fauna has special taxonomic characteristics at both the species- and higher taxonomic levels.



How Big Is the Greater Caribbean Deep-Reef Fish Fauna?

Submersible research by DROP has greatly expanded knowledge of deep-reef fish faunas, not only at Roatan, Statia, and (especially) Curacao, but also in the region as a whole. New records of species by DROP represent ∼90% of the known deep-reef fish inventory at each island (Figure 3). New species that were discovered by that DROP research account for about 40% of the deep-reef species recorded by that research at each island separately and the three islands in combination. Distributing DROP’s research effort between these three widely dispersed Caribbean islands demonstrates that, even though one intensively studied island (Curacao) hosts a substantial percentage of the regional fauna, one island alone cannot provide a clear understanding of the regional diversity of deep-reef fishes.

The intensively sampled Curacao fauna includes large percentages of the major components of the regional fauna: 52% of the non-pelagic shallow-reef fauna and 55% of the deep-reef fauna. At present, the regional fauna of reef fishes is known to include 15.4% deep species. The deep-reef fauna at Curacao represents 16.3% of the entire local fauna, slightly greater than that regional level. There are various reasons to believe that the regional deep-reef fauna is distinctly larger than 15%, the larger relative size of the Curacao deep-reef fauna among them.

First, local assemblages like those at individual islands are unlikely to contain as high a percentage of deep species as the regional fauna because the latter represents an aggregate of many local faunas. Because many species have small geographic ranges, each local fauna will include only a portion of the region’s deep-reef species that have small ranges. Based on the data at hand on geographic distributions, about 1/3 of shallow reef fishes have small ranges, as do a similar proportion of deep-reef species. For CCRFs, which DROP sampling has made increasingly clear represent a major component of the regional deep reef fauna, those rates are 50% or more for both shallow and deep species. Thus, although the geographical extent of sampling for deep-reef species is much less than it is for shallow reef fishes, many deep-reef species may well have small ranges and are not present in many local faunas. Hence, the aggregated proportion of the regional reef-fish fauna represented by deep species should be substantially greater than the Curacao level of 16.3%.

Second, among 25 of the 82 families that have reef-fish representatives there are 122 deep-living species that currently are not known to associate with reefs (see Robertson and Tornabene, 2021). The lack of a reef association in some of those species may well reflect inadequate sampling, due to the difficulty of studying reefs, deep or shallow, by traditional methods such as trawls and dredges. Among those 122 species, ∼40% have small known ranges, reducing the possibility of detection of any reef association without more widespread sampling than currently is the case.

The shallow component of the Greater Caribbean regional reef-fish fauna is much better defined than the deep component. This is attributable to the greater intensity and much wider distribution of sampling for shallow reef fishes in different parts of the region, vs. the geographically much more constrained, and typically much less intensive sampling for deep reef fishes. DROP sampling at Curacao, Roatan and Statia detected significant proportions of new species at each site that are not shared with either of the other two sites. Even Roatan and Statia, which have received much less DROP sampling and have much smaller known deep-reef faunas than Curacao have substantial proportions of new deep species that are not known from the much better sampled Curacao fauna (Figure 3). Moreover, even at heavily sampled Curacao, DROP is still discovering new deep-reef species after more than 100 research dives at that same discovery site (Tornabene et al., 2016a). The numbers of new deep species discovered at those three sites, the extent to which different examples are present at only one of those sites, the proportions of deep-reef species that have small ranges, and the numbers of deep species that currently are not known to associate with reefs but could do so, all collectively point to the deep-reef fish fauna of the Greater Caribbean being considerably larger than its current known size and the proportional representation of the regional deep fauna being distinctly larger than its present 15%.



Specialized Technologies Used to Study Greater Caribbean Deep-Reef Fishes During the Submersible Era

The age of submersible research on deep-reef fishes began with observations in 1965 from the submersible Asherah down to 192 m in Hawaii by Strasburg et al. (1968). Research on deep-reef fishes in the Greater Caribbean (GC) using submersibles started in 1968, with observations of depth ranges and depth distributions similar to those made in the central Pacific (Colin, 1974, 1976; Starck and Colin, 1978). Colin (1974, 1976) also observed but did not collect four “unknown” species, a pomacentrid, two grammatids and a goby. Three of those were subsequently described (Chromis vanbebberae, Gramma linki, and Lipogramma evides), while the goby most likely is Priolepis hipoliti, which is found on both shallow and deep reefs. Early submersible research in the GC included the first collection of type specimens of a new reef fish by lock-out divers supplied with mixed-gas through an umbilicus from a submersible (Cook, 1982), as was done from the Deep Diver by Starck and Colin (1978). In 1982 the two Johnson Sea Link submersibles (JSL-I and JSL-II) were equipped with an effective fish-catching device that combined the ability to inject liquid ichthyocide into reef substrata to flush out specimens with a suction tube that drew the immobilized fish into a container attached to the submersible (Gilmore, 2016).

Research on a broad range of geological and biological phenomena involved many thousands of dives made by the JSLs over three decades at widely scattered sites in the Greater Caribbean, as well as the Galapagos, the Mediterranean and Brazil (HBOI, 2021). The JSL program ended in 2010 when the JSL-II and its support ship were sold (Gaskill, 2011; Reed and Frank, 2011). JSL research on deep-reef organisms, including fishes in some cases, in the GC occurred in the southeastern US (Parker and Ross, 1986; Gilmore and Jones, 1992; Quattrini et al., 2004; Reed et al., 2005a,b; Ross and Quattrini, 2009), the Gulf of Mexico (Shipp et al., 1986; Quattrini et al., 2004; Sulak et al., 2007; Locker et al., 2016), the Bahamas (Gilmore and Jones, 1988), Caribbean Mexico (Tyler et al., 1992), Belize (Gilmore, 1997), Cuba, Jamaica, Puerto Rico, and the US Virgin Islands (García-Sais, 2005), Barbados, Bequia, Mustique, Union Island, St Lucia (Tyler et al., 1992), and Bonaire and Curacao (Reed and Pomponi, 2000).

Observations have also been made on depth distributions of GC deep-reef fishes using various other submersibles as well as the JSLs. This included studies in the Bahamas by the Deep Diver in 1968 (Starck and Colin, 1978) and the Alvin in 1975 (Colin, 1976), by the Nekton Gamma off Jamaica and the Nekton Beta off Belize in 1972 (Colin, 1974), as well as the Nekton Gamma (and JSL-II) off the southeast United States in 1980 (Parker and Ross, 1986) and the PC-8 at Jamaica in 1984 (Itzkowitz et al., 1991). In the early 2000s the submersibles Deepworker 2000 and Deep Rover were used for observational research on deep-reef fishes in the northwest Gulf of Mexico and Dry Tortugas in the southeast of that gulf (Weaver et al., 2006a,b). Submersible research at Bermuda that provided information on occurrences of deep-reef fishes began with that by the Geo in 1983 and the SDL-1 in 1997, with the latter collecting a few fish specimens (Smith-Vaniz et al., 1999). Collection of data by DROP on depth distributions of deep-reef fishes at Curacao led to the definition of the rariphotic zone (130–300 m) below the mesophotic (40–130 m), with both those zones having distinctive faunas (Baldwin et al., 2018). In 2015, the submersibles Nemo and Nomad were used to study depth distributions of members of reef-fish assemblages at depths between 150 and 300 m at Bermuda, which, in conjunction with collection of data in fishes in shallower water by technical divers and BRUVs, confirmed the existence of a rariphotic zone there (Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019).

ROVs feed video images to surface operators through a tether from depths as great as 4,000 m (e.g., Weaver et al., 2002; Quattrini et al., 2017). They have been extensively used for observational studies involving deep-reef fishes in the southeast United States, the Gulf of Mexico, Cuba, the Puerto Rico plateau and St Croix, and Saba Bank, particularly during the late 1990s and 2000s (Weaver et al., 2002; Reed et al., 2005a,b; Quattrini and Ross, 2006, Quattrini et al., 2015, 2017; Toller et al., 2008; Bryan et al., 2013; Reed et al., 2015, 2017, 2018). This technology has also been used to study mesophotic fishes in Brazil (Magalhães et al., 2015). An ROV equipped with a fish-catcher equivalent to that used on the JSL submersibles was used to collect deep-reef fishes in the northern Gulf of Mexico in 1997 (Weaver et al., 2002). However, no further collecting by ROVs occurred until a similarly equipped unit recently captured deep-reef fishes in the western Pacific (Chaloux et al., 2021).


Closed-Circuit Rebreathers

Early discovery of deep-reef fishes in the GC began with deep SCUBA diving (Randall, 1963; Robins and Colin, 1979) but was subsequently replaced with the use of safer CCRs (reviewed by Pyle, 2000). These units allow divers to conduct research down to ∼160–180 m (Coleman et al., 2018), although use in reef-fish studies typically occurs above 130 m. CCR research has been extensively used to define depth distributions of species on Mesophotic Coral Ecosystems (MCEs) and demonstrate the existence of distinct assemblages of fishes concentrated in various mesophotic depth zones down to ∼150 m (Rocha et al., 2018). Research on reef fishes in the Greater Caribbean using CCR began in the late 1960s, with shallow-water studies of reef fishes in the US Virgin Islands (Collette, 1996), followed, in 1968, by the collection of a new reef fish on deep reefs off Mexico (Starck and Colin, 1978). However, there has been much less usage of CCR for research on deep-reef fishes in the GC than in other tropical areas. Only two substantial studies have employed that technique to quantitatively examined the distributions of fishes across much of the depth range commonly associated with MCEs (30–150 m). Those used CCR observations to assess changes in taxonomic and ecological composition in reef-fish assemblages down to 100 m depth at Bermuda (Pinheiro et al., 2016; Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019), and 130 m at Curacao (Pinheiro et al., 2016). CCRs also have been used to characterize changes in species presence, diversity and ecological groupings of shallow and upper-mesophotic reef fishes at Puerto Rico (Bejarano et al., 2010, 2014; Garcia-Sais, 2010) and record depth ranges of fishes down to 130 m in the Bahamas (Pinheiro et al., 2019a) and conduct exploratory work to mid-mesophotic depths at San Andres Island (Chasqui et al., 2020). In the central and western Pacific CCRs are commonly used to record quantitative depth-distribution data throughout most of the mesophotic zone of reefs (e.g., Fukunaga et al., 2017; Coleman et al., 2018; Pinheiro et al., 2019b) and also to collect specimens of new species of deep-reef fishes (e.g., Pyle, 2000; Pinheiro et al., 2019b; Shepherd et al., 2020; Tea et al., 2020). However, there has been little actual collecting of reef fishes using this technique in the Greater Caribbean (Starck and Colin, 1978; Sparks and Gruber, 2012), with somewhat more collecting activity in Brazil (Pimentel et al., 2020).

BRUVs have been used to capture video of both shallow and deep-reef fishes on tropical reefs down to 240 m. BRUV usage, although it has provided data for studies of deep-reef fishes in the Indo-west Pacific (Colton and Swearer, 2010; Sih et al., 2017, 2019; Abesamis et al., 2020; Andradi-Brown et al., 2021; Cure et al., 2021) has occurred at relatively low levels in the Greater Caribbean. Goodbody-Gringley et al. (2019) provided the most comprehensive depth coverage to date by BRUVs at any Greater Caribbean site, while Andradi-Brown et al. (2016) used BRUVs in shallow mesophotic depths. The recent Bermuda research combined submersible surveys in the deeper zones with shallower CCR and BRUV surveys (Goodbody-Gringley et al., 2019; Stefanoudis et al., 2019). Recent research at an oceanic island in Brazil also has involved combined usage of SCUBA, CCR, BRUVs, and submersibles to examine the depth-distributions of reef fishes between 0 and 600 m (Pinheiro et al., 2020).




Utility of Submersibles for Research on Deep-Reef Fishes

Each of the different technologies used in deep-reef fish studies has its advantages and disadvantages. Variation in cost is one major factor. A 7-day research expedition using submersibles like Curasub or Idabel would cost ∼$30,000 for dives immediately adjacent to the submersible’s land base and > $200,000 using the RV Chapman to transport and act as a base for Curasub at distant locations. Newer small research submersibles are available,1 but are expensive to buy and, since they have yet to be used for any major fish-related research program, research costs are unclear. Small recreation-grade ROVs costing < $1,000 are very flexible in where they can operate. However, they require boat support, are limited to shallow mesophotic depths and are sensitive to water currents. A week-long expedition with a small industrial ROV capable of working to 300 m that was operated from a small fishing vessel likely would cost > $40,000. Large industrial ROVs that require research-vessel support have costs higher than those for Idabel and Curasub. CCR, which is limited to mesophotic depths, is arguably the most mobile technology, allowing dives with minimal boat support anywhere suitable gases and support services are available. For CCR, the combination of startup costs of equipment and training, together with upkeep and usage costs are on the order of $1,000/dive/diver for the first 50 dives. BRUVs are the cheapest technology (∼$25,000 for multiple units to run deep-reef surveys) and can be used at sites wherever there is boat support. However, since they rely on baits that differentially tend to attract carnivorous fishes, the data they collect are not directly comparable to data produced by other methods.

Besides the Greater Caribbean the tropical area with most extensive research on deep-reef fishes using submersibles is the Hawaiian Archipelago. The Asherah research in the 1960s considerably expanded the known depth ranges of many shallow-water reef fishes in Hawaii. Extensive submersible research at depths down to 2,000 m in the Hawaiian Archipelago and nearby Johnston Island between 1982 and 1992 eventually provided comprehensive coverage of the taxonomic and biogeographic composition and depth ranges of members of the deep-sea fish fauna (Randall et al., 1985; Chave and Mundy, 1994). During this submersible activity specimens of reef fishes, including species new to science, were obtained using ichthyocide deployed from a submersible and collected using a suction device on the submersible. In addition, a 1982 study by Thresher and Colin (1986) of the depth variation in distributions of reef fishes between 30 and 300 m at Enewetak atoll in the central Pacific recorded substantial increases in the known depth ranges of various shallow reef-fishes, and change-with-depth in the taxonomic- and ecological composition of the reef-fish fauna and in the numerical abundance of individual species and assemblages of species. Those authors also observed a substantial number of unidentifiable deep-reef fishes likely new to science. During the 2000s the submersibles Pisces IV and V were used, in combination with other methods, to collect data on mesophotic fishes in Hawaii that were analyzed to compare the ecological structure of MCE fish assemblages with that of fishes on shallow reefs (Boland et al., 2020). The large amounts of biodiversity information generated about fishes and other deep-reef organisms by submersible research in the Hawaiian Islands, Enewetak and Greater Caribbean amply demonstrate the value of this tool. The Hawaiian submersible research comprises the most comprehensive published assessment anywhere to date of a regional-level tropical fauna of deep-living marine fishes based on submersible research.

Small research submersibles are relatively large, not very agile devices that are expensive to buy, maintain and support from the surface, usually by research vessels. They are at the upper extreme of the range in terms of cost of use by different techniques. However, they offer various advantages for research on and collections of deep-reef fishes. They can operate at greater depths than techniques such as CCR, which, due to human physiological limitations at great depth, and design features of many rebreathers, typically are limited to water shallower than ∼100–150 m. CCR requires extended periods of decompression: six hours for a 10-min dive at 150 m, which would increase for deeper dives and make them impracticable (R. Pyle pers. com. to DRR, July 2021). There are no such decompression down-time requirements with submersibles. Hence, research time per dive is maximized when using a submersible and can occupy many hours at maximum depths occupied by reef-fish assemblages. Although CCR divers can effectively collect specimens in the shallow 1/3–1/2 of the deep-reef depth range, and likely are more effective than submersibles at collecting rapidly moving demersal fishes and at working in structurally complex microhabitats, that capacity has been little used in the Greater Caribbean. Our analysis shows that submersibles can be as effective as CCR for visual sampling of the diversity and depth-distributions of shallow species living on deep reefs. BRUVs, which can provide data on a broad range of ecotypes of fishes (e.g., Cure et al., 2021), have been used in the IWP to generate useful observational data across the entire deep-reef depth range, but not for collecting specimens. ROVs can operate to the same depths as small research submersibles and do so for longer periods. However, they lack the visual capabilities of submersibles that support multiple researchers inside a transparent dome with a panoramic view. While ROVs in a very few instances have been equipped with suction fish-catchers equivalent to those used by submersibles there has been no comparative evaluation of the capabilities and effectiveness of those devices on ROVs vs. submersibles.

There is no apparent lower limit to the size of fishes than can be collected by submersibles. DROP researchers have used two different submersibles to collect adult specimens of numerous new species that are ∼2 cm total length (Baldwin and Robertson, 2013; Baldwin et al., 2016; Tornabene et al., 2016a,b, 2018), which is close to the minimum known size for vertebrates. Submersibles equipped with spears, nets and claws can and do catch large fish, which ROVs are not (yet) capable of doing (see Gilmore, 2016). Thus, the research described here amply demonstrates that small research submersibles are versatile, highly effective visual samplers and collectors of specimens of all types of deep-reef fishes, including speciose, small cryptobenthic forms, across the full depth range of deep reefs. No other technique currently has all of those abilities.
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