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Abstract:



While high biodiversity has been widely reported from the tropics, we suggest that in reality there is a considerable underestimate of the total biodiversity. We have concentrated on the tropical regions of Australia and the Coral Triangle. The best known groups are the corals, fish, and commercially important invertebrates. In considering whether this is true, we have concentrated on the diversity of benthic communities and water column communities which are poorly known. Yet at the bottom of the food chain these communities are highly dynamic and susceptible to the anthropogenic changes that are occurring with the rapid development in this highly populated region. Tropical biodiversity is under increasing stress from a synergistic combination of changes in climate, oceanographic regimes, increasing coastal development, overfishing, and poor water quality, resulting in bleaching of corals and loss of habitat and of associated fauna. These changes on reefs have received substantial research attention; in comparison, there is limited data on inter-reefal areas and water column communities and limited understanding of the ecological interconnectivity of all these habitats. While in this region there is growing marine protected area coverage, the major focus is on coral reefs with other habitats based on surrogacy with little if any ground-truthing. Within this region, there is limited capacity or inclination to rectify this lack of knowledge of the structure and ecology of the broader non-commercial benthic and pelagic communities. We suggest this lack of knowledge and limited expertise may be widespread throughout the tropics and compromises our ability to understand and predict the changes that are occurring with increasing anthropogenic impacts on these tropical ecosystems.
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1. Introduction


Tropical marine biodiversity comprises species of warm waters, above an annual minimum of 18 degrees. Temperature profiles indicate that tropical waters typically occur between the surface and a depth of 250 m where, within the euphotic zone, there is consistent day length at the equator and a maximum summer/winter solstice difference of 2 h at the tropics. Subject to the distribution and availability of nutrients from oceanic upwelling or terrestrial runoff, this enables reasonably consistent primary productivity throughout the year. Monsoonal rains driving coastal and island runoff are typically an important driver of productivity of nearshore equatorial and tropical waters. Tropical biodiversity is under increasing stress from a synergistic combination of changes in climate, oceanographic regimes, increasing coastal development, overfishing, and poor water quality [1,2,3], resulting in bleaching of corals and loss of habitat and of associated fauna.



The marine biodiversity of high latitude waters is shaped by a strong annual cycle of spring/summer productivity and abundance, with long day lengths and winter stress of low temperature and low light levels. Stresses that have shaped diversity in tropical waters are less consistent. They are influenced by variations in oceanic circulation such as the El Nino/La Nina Southern Oscillation, the extent and timing of monsoonal rains, and stochastic destructive impacts from severe storms or tsunamis.



In comparing speciation and endemism mechanisms of terrestrial and marine organisms, Dawson and Hamner [4] observed that the high dispersal ability, or water column linkage, of most marine organisms reduces physical limits to gene flow and thus increases the significance of suitable ecological conditions in separated but variably connected locations within a large area. In a substantial review of studies of the origins of abundant tropical marine biodiversity and diversity of patterns of speciation of tropical marine species, Bowen et al. [5] used the term biodiversity feedback to characterize the process whereby occasional variations and reversals of connectivity between hotspots and peripheral ecosystems enable local speciation along ecological boundaries, benefiting both.



Connell [6] and later Reaka-Kudla [7] recognised that coral reefs have levels of complexity similar to tropical rain forests but the extent of knowledge of the biodiversity and ecology of tropical water column and inter-reefal seabed habitats is relatively limited.



1.1. Exceptional High Biodiversity of the Indo-Pacific Region


Roberts et al. [8] analysed the global tropical/subtropical geographic range distributions of species of well documented families of corals, fish, molluscs, and large crustaceans, identifying 18 centres of coral reef associated endemism. The Indo-Pacific represents the single largest tropical biogeographical region both latitudinally and longitudinally [8]. The core global epicentre of marine biodiversity is the Coral Triangle in the Indo-Pacific Archipelago, an area with a human population of more than 120 million and consequent subsistence and commercial fishing activities [9], habitat loss [10], pollution [11], and other impacts from use and growing development of coastal areas [12]. Human communities of tropical islands and coastal areas have generally long depended on coastal biodiversity for local fishing and intertidal gleaning for food and materials and have used local knowledge and management practices to protect their resource areas [13].



Environmental science to inform conservation of the high biodiversity and ecosystem services of tropical marine ecosystems shares with fisheries the “shifting baseline” problem [14] of design and conduct of research and management in the context of historic and changing human activities. The degradation of the charismatic biodiversity of coral reefs summarised by Knowlton and Jackson [15] is widely recognised, but tropical marine biodiversity more generally is also facing unprecedented anthropogenic stress. Recent surveys in the Gulf of Carpentaria have shown large scale dieback of mangroves which coincided with a severe drought and a temporary drop in sea-level, as well as unprecedented high temperature [16]. This coincided with heat stressed coral bleaching on the Great Barrier Reef [17,18], highlighting the complexity of interactions in tropical systems.



Most of the studies of tropical marine biodiversity in the Australasian region address shallow coastal and archipelagic areas [19]. These have provided reasonable coverage of the intertidal and shallow subtidal diversity of coral reef, seagrass, and mangrove habitats and of benthic species of fish, molluscs, crustaceans, and larger echinoderms of current or potential commercial interest. A similar pattern of knowledge is found for other groups with reasonable knowledge of intertidal and shallow biodiversity declining rapidly as one moves offshore [20,21]. We suggest that even in the relatively well-known groups of fish, molluscs, crustaceans, and larger echinoderms, biodiversity has been seriously underestimated and certainly the numbers of undescribed species increases with depth and distance from the coast. Increasingly, studies are being undertaken to document the genetic diversity in these habitats [22,23,24], but we are still a long way from linking this diversity with morphological diversity. Currently, management of tropical habitats is based entirely on morphological entities, although, as molecular studies are undertaken, many species are being shown to represent suites of species (e.g., fish [25] corals [26]).



Mangroves provide extensive nutrient rich structural coastal habitats with sediments and sheltered waters providing ecological niches for complex communities of fish, as the epifaunal and infaunal species with significant degrees of endemism [27]. The structure and exposure of coral reefs provide multiple habitats [28] supporting biodiverse communities with high levels of diversity and life cycle strategies ranging from attached or limited territory species to those with significant duration of larval development and dispersal in the primary productive habitat of the water column.



In contrast, our knowledge of the invertebrate fauna of soft sediment inter-reefal habitats and the water column is poor. The water column communities include both permanent members and temporary ones that are the pelagic larvae of species that, as adults, are infaunal, largely sedentary, or territorial components of the fauna of sedimentary or rocky seabeds, coral reefs, or algal or seagrass beds. We have limited knowledge and lack taxonomic inventories or distribution patterns. Increasingly, we are finding that species have discrete distributions rather than widespread distributions which have often previously been reported [29]. Our taxonomic capacity in much of this region is limited with most residing in the capital cities of southern Australia, with developing countries in the region having other priorities.



This lack of knowledge seriously restricts our ability to predict both the changes which may occur in these communities with increasing anthropogenic impacts and how these may impact on other habitats within the region. Although seagrass beds act as nursery grounds for many species [30]. We have a poor understanding of the linkages between soft bottom and pelagic communities and coral reefs or seagrass beds [31,32,33].



A global review of over 100 marine biodiversity studies found 33,000 species that included an average of 37% (median 31%) undescribed species which were primarily invertebrates from tropical and offshore environments [34] where there is no long tradition of benthic studies. Reefal studies dominated these studies with few inter-reefal habitats sampled.



A survey off the tropical north-west Australian coast which sampled benthic infauna may illustrate the extent of the greater level of undescribed species in tropical environments [13]. At least 805 species of crustaceans (only partially identified) and polychaetes were recorded from the bathyal continental margin. Of the identified crustaceans, 94% were undescribed and 72% of polychaetes were new to the Australian fauna [35]. It will be some time before all these species are formally described.



Even in well studied areas, like the Great Barrier Reef, we lack comprehensive data on those sedimentary seabed epifauna and infauna species which occupy the bottom of the food chain. Studies of inshore waters to the south of the Great Barrier Reef [36,37] observed that infaunal communities are highly dynamic and sampling before and after a major flood demonstrated a complete change of the benthic fauna. Such benthic communities contain highly productive species which typically have short life spans and are most sensitive to changes in the environment. There is some data to indicate that some species are moving south with increasing water temperature (cited below) but, obviously, this depends on suitable substrate being available. The range shifting of tropical herbivores has led to increased grazing pressure, a resultant decline in macroalgal biomass, the prevention of recovery by continuous grazing, and ultimately, phase shifts to alternative ecosystem states [38]. As well as native species moving in response to climate change, there is good data to show that increasing water temperatures facilitate the introduction of non-native warm water species [39]. This is of concern in north-western Australia and along the Great Barrier Reef where increased port development is occurring and with it the increased probability of introductions via ballast water or hull fouling.




1.2. Ecological Studies


Most ecological studies are conducted at accessible sites that were subject to human use and impact before substantial programs of systematic survey and experimental research began around the mid-1960s. The lack of baseline data and the “shifting baseline” problem [15] present challenges for the provision of science to inform conservation of the high biodiversity and ecosystem services of tropical marine ecosystems in the context of changing human activities. Knowlton et al. [16] discuss the effects of local impacts and global change on the charismatic biodiversity of coral communities and the lack of undisturbed baseline reference sites for coral reefs. Coral reefs account for approximately 35,000 km2 or 10% of the area of the Great Barrier Reef Marine Park [40]. Similar comments can be made about the less studied inter-reefal soft sediment habitats, and the 6000 km2 of Halimeda meadows and bioherms that have received very little scientific attention in tropical coastal and shallow shelf waters [41]. While cross shelf transects have been carried out along the Great Barrier Reef, to study the impact of trawling on these inter-reefal habitats infauna was not identified and only gross classifications of epifaunal communities were made [42].





2. The State of Knowledge of Tropical Marine Biodiversity


The biodiversity and ecosystem linkages of water column ecosystems and the infauna and epifauna of tropical sedimentary seabeds are poorly understood. Compared to knowledge of coral reefs we lack a comprehensive database of the dominant benthic communities.



Some species recently described in northern Australia probably occur also beyond these waters in the Coral Triangle, but this still needs to be confirmed. Increasingly, as species are investigated in detail using both morphological and molecular data they are found to represent suites of cryptic species; therefore, some of the Indo-Pacific species need to be revisited and species lists reconciled between regions. Recently, Hutchings et al. [43] reviewed the historical data of the benthic polychaetes from the Kimberleys, NW Australia and suggested that many of the recorded species need to be re-examined and compared to the material recently collected during annual surveys for the past five years co-ordinated by the West Australian Museum. This work is revealing a large number of undescribed species.



Despite the logistical problems of systematic collection, lack of taxonomic capacity has led to large and growing amounts of unsorted material from oceanographic cruises and inshore surveys housed in all Australian natural history museums and laboratories [44,45]. While the capacity for taxonomic identification is limited, the available data on identified material from the Australasian region is far more accessible with museum collection data continually being uploaded to Australian Faunal Directory (AFD) and to the Atlas of Living Australia (ALA). This data is freely available and feeds into WoRMS (World Register of Marine Species). We suggest that basically we do not know if, how, or why these benthic infaunal communities are changing, but we do know that they are highly dynamic and highly sensitive to habitat destruction [36,37,46].



While we have good data on increasing frequency of coral bleaching stress associated with increased water temperatures [47,48], there is little appreciation of the associated fauna of live coral that will become locally extinct when a coral colony dies [49,50,51]. Earlier, Holbrook [52] showed that coral dwelling fishes are very sensitive to loss of live coral and sedimentation and eutrophication arising from coastal development as they typically have small population sizes which makes them extremely vulnerable to extinction from human induced disturbances on reefs. Similar findings were reported by Jones et al. [53].



Also, once coral colonies die they are increasingly susceptible to bioerosion [54] and if coral mortality is high after a bleaching event, increased rates of bioerosion [48] will lead to loss of reefal substrates and impact on any subsequent recruitment by corals.



We also have good regional data on water quality in some parts of the Coral Triangle and how this changes after major monsoonal or cyclonic catchment runoff [55]. The frequency and severity of such events is increasing with climate change.



The majority of the benthic fauna has two distinct life stages, a pelagic larval stage of varying duration and a sedentary benthic adult stage highly dependent on substrate type. The pelagic larval stage is largely passive and dispersed by water currents hopefully to suitable habitats for successful settlement, but high mortality of larvae occurs. These pelagic larvae provide food for a wide range of organisms higher up in the food chain.




3. The Data Challenge for Managing Marine Biodiversity


Management of biodiversity should be an iterative and adaptive process. It typically starts with limited contemporary understanding of biological and socio-political opportunities and constraints and against a background of past impacts. The development of an initial plan typically requires new knowledge in a short time for framing the vision and decision criteria for management, it also requires measurable objectives against which management may be assessed. Implementation requires systematic collection of biological and socio-political data and research to inform reviews of experience and the longer-term outlook for achieving or maintaining the vision and objectives [56].



We know anecdotally that the area to the west of the Swains complex at the southern end of the Great Barrier Reef was ‘cleared’ by Taiwanese pair trawlers with chains in the late 1960s early 70s that brought up the remains of 2 m high Turbinaria vase forming corals which would have been decades if not centuries old. At the time of the initial planning of the Great Barrier Reef Marine Park, there was an established nearshore small vessel trawl fishery for prawns with growing exploratory and production trawling further offshore. Significant trawl fisheries for prawns, Moreton Bay bugs, scallops, and squid are sustained in 5% of the area of the Great Barrier Reef Marine Park.



The lack of data on benthic communities and remote areas was an issue in establishing the Great Barrier Reef Marine Park in the 1970s. Historical biodiversity information, especially in non-reefal areas, reflected a focus on fishery resources [57] and coral reefs [58]. The inter-reefal habitats were largely unsurveyed and undescribed and thus received relatively little attention during the original zoning of the Great Barrier Reef Marine Park between 1979 and 1988.



The Great Barrier Reef (GBR) was accepted for inscription on the World Heritage List in 1982 on the basis of a brief nomination describing the holistic nature of outstanding universal value in a very large interconnected marine ecosystem. At that time the nomination process did not require greater specificity in identification of values but the information requirements for later nominations became more detailed. Consequently, in 1995 the Great Barrier Reef Marine Park Authority commissioned a consultant review of the outstanding universal value of the GBR World Heritage Area, with particular attention to the knowledge and protection of its biodiversity. This review [59] noted the limitations in knowledge of non-reefal biota and recommended revision of management to ensure that representative areas of all habitats were included in no–take protected areas.



These experiences informed an initiative to develop a national regionalisation of marine habitats of Australian coastal and offshore waters. An Interim Marine and Coastal Regionalisation of Australia (IMCRA 3.3), Environment Australia 1998 [60] provided a synthesis of diverse existing data sets that identified 60 meso-scale eco-regions, 8 of which were represented in the Great Barrier Reef region.



The lack of biodiversity data encouraged the use of physical surrogacy with limited ground-truthing of benthic/planktonic data. A decade of geomorphic survey with limited benthic sampling in Australia’s Exclusive Economic Zone provided a framework for surrogacy and extrapolation from available data. This informed the development of an Integrated Marine and Coastal Regionalisation of Australia (IMCRA 4.0), Environment Australia [61] identifying 41 Provincial bioregions, of which 19 were tropical and 3 encompassed the Great Barrier Reef World Heritage Area. For the 2003 rezoning of the Great Barrier Reef Marine Park, more detailed local knowledge of habitats and biodiversity in the Great Barrier Reef bioregions was used to further resolve the 3 provincial bioregions into 30 reef and 40 non-reef planning units, enabling the establishment of a system of no-take areas representative of the biodiversity of the Great Barrier Reef World Heritage Area [62].



The situation is similar for much of the Coral Triangle where very little is known about the benthic invertebrate biodiversity apart from corals. In many sites, such information is not of high national priority for developing countries. While there is a lack of taxonomic expertise in some areas of the Coral Triangle there is substantial material and data collected during numerous benthic surveys in the region. It is critically important that material collected during these surveys is properly documented and lodged in permanent storage facilities for future research. The costs are small in comparison to the cost of the original surveys.



There is currently growing research interest in the impacts on coral reefs and algal assemblages of fishing for top predators and herbivores. Experimental studies have demonstrated that realistic models of sharks and large serranids led to reduced grazing and species richness of herbivorous fishes while smaller serranids reduced herbivore diversity and activity to a lesser extent [63]. The implications for biodiversity of the interactions of predators, herbivores, and human impacts on the distribution of algae and associated biota are not yet well understood and are an important consideration for informing management of marine biodiversity.



The logistic challenges of vessel availability, tidal range, weather, operational safety for small boats, and safe anchorage for mother ships, can present practical constraints and introduce sampling bias by influencing where field research is undertaken. In some tropical areas, such as north-western Australia, sampling design for intertidal and shallow subtidal studies can require consideration of additional local logistical challenges such as 4 m tides and healthy populations of crocodiles.



The data and logistical challenges of scale for understanding the effects of marine biodiversity management measures are illustrated by the study of Carter et al. [64] comparing population structure and egg production per unit area (EPUA) of the fished species Plectropomus leopardus in fished and no take marine reserves (NTMR) in the geographic regions of the GBR from 2004 to 2013. This study found that within a geographic region, NTMR status, fish size and population density all affected EPUA but regional differences were substantial. Comparing NTMR reefs with fished reefs, the EPUA was 21% greater in the southern region; 152% greater in the central region but 56% less in the northern region. EPUA was found to vary at both small and large spatial scales. Despite the southern GBR having two to four times greater densities of than the other regions, the EPUA was at least one order of magnitude lower.




4. Discussion


Our knowledge of benthic epi- and infauna communities is limited, but we know that they are highly dynamic and sensitive to habitat destruction. The shifting baseline for coral reefs [14] must also apply to benthic communities but the implications for biodiversity of the interactions of predators, herbivores, and human impacts on the distribution of algae and associated biota are not yet well understood and should be an important consideration for informing management of marine biodiversity.



Fish populations in areas in north-western Australia, which were extensively trawled, have dramatically changed as the original three-dimensional nature of the substrate—formed by sponges, soft corals, etc.—has been completely removed and replaced with uniform mud [46]. Here and elsewhere where extensive trawling has occurred benthic communities will also have been substantially modified.



Areas that have been subject to production or exploratory trawling may take decades to recover to the extent that slow growing sponges and deep water corals can again modify benthic currents. Such currents are critical for providing the three-dimensional habitat for larval recruitment [32,65] and adult habitat of other organisms to colonise [66].



Widespread coral bleaching events have become predominant impacts on coral reef communities. Recent consecutive events in 2016 and 2017 respectively on the northern and central sections of the Great Barrier Reef [17,18] have caused widespread coral death. Once coral colonies die, they are increasingly susceptible to bioerosion [53]. Increased rates of bioerosion will lead to loss of reefal substrates and impact on any subsequent recruitment of corals. Where there has been some recovery of coral cover after earlier bleaching, the increased frequency of recent events raises concern at the likelihood of substantial changes in coral reef biodiversity and loss of coral reef substrate by increased rates of bioerosion [53]. The same is likely to be the case for benthic–pelagic components of the fauna at the bottom of the food chain which typically have short life spans and are sensitive to changes in the environment [36,37].



Surrogacy, based primarily on seabed geology and fishery related data, has enabled progress in identifying provincial bioregions, but the scale may be too coarse to resolve local biodiversity particularly in nearshore areas. In the case of the rezoning of the Great Barrier Reef, 3 provincial scale bioregions were addressed, with 70 fine bioregional planning units identified with some further research data and a further level of surrogacy based on structurally dominant groups such as sponges, soft corals, seagrass, Halimeda, and algal beds.



Gladstone and Hutchings [66] have tested the validity of using surrogacy on benthic infaunal communities over a three year sampling period, and found inconsistent patterns for a subtropical protected bay, however there is no comparative data for Australian tropical areas.




5. Conclusions


Observations of poleward migration of some species in the context of ocean warming suggest that there are likely to be, in tropical areas, changes in the composition of communities to species that can tolerate or adapt to warmer conditions. The extent to which such changes may affect the ecosystem provisioning services for fisheries, the regulating services of coastal protection or the cultural services and values of tropical marine systems is unclear.



There are major gaps in the broad area knowledge of the tropical marine fauna of Australia as outlined above. This is particularly the case for benthic and pelagic components of the fauna, which are at the bottom of the food chain and typically have short life spans and are likely to be most sensitive to changes in the environment.



We stress that tropical biodiversity is being subjected to major changes through anthropogenic impacts, yet we have little understanding of these changes with regard to the major components of the complex marine food webs and distribution linkages or the implications for human populations which depend on these ecosystems. While an increasing area of global coral reef and associated tropical marine ecosystems is being included in marine protected areas, management agencies generally have inadequate access to resources or expertise, either for managing such areas, or for enabling robust monitoring of the effectiveness of broader management strategies.
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