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Resource managers in the United States and worldwide are tasked with identifying and mitigating trade-offs between human activities in the deep sea (e.g., fishing, energy development, and mining) and their impacts on habitat-forming invertebrates, including deep-sea corals, and sponges (DSCS). Related management decisions require information about where DSCS occur and in what densities. Species distribution modeling (SDM) provides a cost-effective means of identifying potential DSCS habitat over large areas to inform these management decisions and data collection. Here we describe good practices for DSCS SDM, especially in the context of data collection and management applications. Managers typically need information regarding DSCS encounter probabilities, densities, and sizes, defined at sub-regional to basin-wide scales and validated using subsequent, targeted data collections. To realistically achieve these goals, analysts should integrate available data sources in SDMs including fine-scale visual sampling and broad-scale resource surveys (e.g., fisheries trawl surveys), include environmental predictor variables representing multiple spatial scales, model residual spatial autocorrelation, and quantify prediction uncertainty. When possible, models fitted to presence-absence and density data are preferred over models fitted only to presence data, which are difficult to validate and can confound estimated probability of occurrence or density with sampling effort. Ensembles of models can provide robust predictions, while multi-species models leverage information across taxa, and facilitate community inference. To facilitate the use of models by managers, predictions should be expressed in units that are widely understood and validated at an appropriate spatial scale using a sampling design that provides strong statistical inference. We present three case studies for the Pacific Ocean that illustrate good practices with respect to data collection, modeling, and validation; these case studies demonstrate it is possible to implement our good practices in real-world settings.

Keywords: corals, deep sea, good practices, management, species distribution models, sponges


INTRODUCTION

Deep-sea corals and sponges (DSCS) are among the longest-living sessile marine organisms and are important biogenic components of habitat in many marine ecosystems (Roberts et al., 2009; Buhl-Mortensen et al., 2010; Hogg et al., 2010; Rossi et al., 2017). They are a diverse group of habitat-forming invertebrates spanning two phyla and exhibiting numerous growth habits; some species reaching meters in height and others forming large reefs (Roberts et al., 2009; Maldonado et al., 2017). Like their tropical counterparts, DSCS create hotspots of diversity by providing structure and refuge for many invertebrates and fishes, especially when forming dense aggregations (Stone, 2006, 2014; Buhl-Mortensen et al., 2010; Baillon et al., 2012). DSCS are suspension feeders, making them important contributors to carbon and nutrient cycling in the deep ocean (Cathalot et al., 2015; Maldonado et al., 2017), but are fragile and slow-growing, making them vulnerable to human impacts like fishing, deep-sea mining, offshore oil and gas development, etc.

Due to their vulnerability and the many ecosystem functions they provide, DSCS have received increasing attention from conservationists and resource managers worldwide. Internationally, they have been identified as key indicator taxa for vulnerable marine ecosystems [FAO (Food and Agriculture Organization of the United Nations), 2009] and ecologically or biologically significant marine areas [Convention on Biological Diversity (CBD), 2010]. In the United States (U.S.), several laws provide the authority to regulate offshore activities (e.g., fishing, energy development, and leasing) that might damage environmentally sensitive seafloor habitats. For example, in 1984 the U.S. established the Oculina Banks Habitat Area of Particular Concern off Florida, the first area specifically designed to protect deepwater coral reefs from fishing impacts. Since 2005, deep-sea coral conservation efforts have accelerated across the U.S. Exclusive Economic Zone (EEZ), with a focus on protecting seafloor habitats from impacts of fishing gear (Figure 1; Hourigan et al., 2017). These area-based gear restrictions included large precautionary closures in deep water designed to freeze the footprint of bottom trawling (Figure 1), the type of fishing usually considered the most substantial threat to DSCS (Clark et al., 2016a; Rooper et al., 2017b). This approach has prevented the expansion of the most damaging fishing into deeper waters (Hourigan, 2014), but also means that further conservation gains will require more targeted information and management within the footprint of existing fisheries. The National Oceanic and Atmospheric Administration's (NOAA) Deep Sea Coral Research and Technology Program (DSCRTP; https://deepseacoraldata.noaa.gov/), in partnership with other NOAA offices, federal agencies, and academic and stakeholder groups funds and coordinates research and supports the development of management measures to protect DSCS.


[image: Figure 1]
FIGURE 1. Restrictions on bottom-trawling, usually considered the most substantial threat to deep-sea coral and sponge habitat, in the U.S. exclusive economic zone (EEZ) as of January 2020. Protections are illustrated by year of implementation and grouped as taking effect before 1996 (the year essential fish habitat was introduced; red polygons), or between 1996–2000 (dark blue), 2001–2005 (yellow), 2006–2010 (green), 2011–2015 (light blue), or 2016–2019 (purple). The Pacific Region map legend includes 2020 because the Pacific Fishery Management Council approved trawl restrictions in 2018 that were enacted on 1 January 2020. Note the different geographic scales used for each region. The New England and Gulf of Mexico Fishery Management Councils approved additional protections in 2018 that were yet to be enacted by the time of publication, so are not shown here.


Species distribution modeling (SDM) is a technique for quantifying species-environment relationships and applying those relationships to predict and map the abundance or habitat of species of interest (e.g., Guisan et al., 2017). SDMs use biological and environmental data as input and produce distribution maps at spatial scales relevant to management. The majority of existing DSCS SDMs are “presence-only” models, often applications of maximum entropy (MaxEnt) and ecological niche factor analysis (ENFA) (Figure 2; Vierod et al., 2014; Guinotte et al., 2017). These models make use of the most commonly available type of biological data for DSCS: locations of observed occurrences of individual taxa. The maps produced from presence-only models indicate where suitable habitat is predicted to be more or less likely. These maps have been used to guide targeted field surveys in underexplored areas (Georgian et al., 2014), to inform management decisions made by regional fisheries management organizations (Vierod et al., 2014; Georgian et al., 2019) and U.S. regional fishery management councils (Kinlan et al., 2020), to examine potential environmental covariates of DSCS habitat (Etnoyer et al., 2018), and to provide information to the U.S. Bureau of Ocean Energy Management for its environmental compliance and leasing decisions (Bauer et al., 2016). However, presence-only models have limitations (e.g., lack of data on sampling effort) that reduce their usefulness for effective management of DSCS. Alternative SDM techniques exist that can overcome these limitations and have been applied to DSCS (Figure 2), but these techniques generally require additional types of biological data (e.g., absence or density data).


[image: Figure 2]
FIGURE 2. Types of deep-sea coral and sponge species distribution models in 42 studies (journal articles, government technical reports, and book chapters) published between 2005 and 2019 (Supplementary Material). Common model types were maximum entropy (MaxEnt), generalized additive model (GAM), environmental niche factor analysis (ENFA), boosted regression tree (BRT), random forest (RF), and generalized linear (mixed) model (GL(M)M). Note that some studies employed more than one model type, so the total number of models is greater than the number of studies.


To better manage human activities impacting DSCS, managers and analysts would benefit from an improved understanding of current data limitations, preferred SDM approaches, and future data needs. In this paper, we describe good practices for the data and methods needed to inform SDMs of DSCS distributions for management purposes. We also present three case studies from the Pacific Ocean, including two from U.S. waters, that highlight some of the challenges associated with these data and methods. Our good practices are not meant to be a “one size fits all” solution. Individual scientific and management needs, data availability, intended application, funding availability, and field logistical constraints may require individualized approaches to data collection and modeling. Our interest and objective is to provide “good practices” to help guide data collection and analysis by the DSCS research and management community.



GOOD PRACTICES

Our good practices are first presented for biological and environmental data included in DSCS SDMs followed by analytical methods and then management applications. Case studies that illustrate our good practices (Table 1) are presented in the next section.


Table 1. Key good practices and illustrative case studies.

[image: Table 1]


Data
 
Biological Data

Because the logistical and technical complexities and expense of operating at deep depths are limiting factors for collecting observations of deep-sea biota, DSCS SDMs built at global and regional scales typically include biological data from a range of sources (Vierod et al., 2014; Anderson et al., 2016a; Rooper et al., 2019). Many of the earlier DSCS SDMs relied on presence data compiled from historical records of DSCS observations, including from existing databases, museum collections, and cruise reports (Davies and Guinotte, 2011; Vierod et al., 2014). More modern biological data available to DSCS SDMs have been obtained at finer scales from georeferenced videos or photos collected during seafloor surveys (e.g., manned submersibles, autonomous underwater vehicles, and remotely operated vehicles) or from fisheries trawl surveys (Vierod et al., 2014). Many of these data have been reported only as DSCS presences, sometimes because of concerns over the ability to confirm the complete absence of a species in an observation (Vierod et al., 2014). However, because of the limitations of SDMs built with presence-only data (described in Section Analysis), we recommend that DSCS biological data from fine-scale surveys be recorded to quantify presence-absence, abundance, biomass, or density (abundance or biomass per unit area) (Case Studies 1–3) with a measure of effort for each sampling unit (e.g., area surveyed). From a practical standpoint, resource managers are most interested in identifying areas of potential high density or diversity of vulnerable DSCS rather than simply presence. Both density and size of DSCS are likely ecologically important factors for habitat use by other species (e.g., Case Study 1 and also Du Preez and Tunnicliffe, 2011). When the only data available are presence, analysts should attempt to recover or infer the distribution of sampling effort and the locations of absences if feasible by re-analysis of existing data, recognizing that this will increase the time required for analysis. For example, absence “observations” along a transect can sometimes be recovered from existing data recordings, or can be inferred from locations where other species were recorded as present during the same surveys (e.g., Case Study 3 and also Isaac et al., 2014).

Future sampling programs should record biological data at the highest taxonomic resolution possible. Models developed using data with low taxonomic resolution may mix species with very different life-histories and environmental requirements, resulting in overly broad predicted distributions and potentially increased model uncertainty. Models of functional groups or otherwise reduced taxonomic resolution may be sufficient to address some management applications, but in some cases models may be needed for specific taxa like species of concern (e.g., endangered species). We recognize that the identification of DSCS species, especially from images alone, can be difficult and their taxonomy is an active area of research, so these issues can be challenging to the development of models with high taxonomic resolution.

Most DSCS distribution modeling currently relies on existing data collected for other purposes. Given the increasing use of SDMs for management, future biological data collection should be designed to inform improved models including increased attention to statistically-robust survey design (Williams and Brown, 2019), along with measures of abundance, density, size, and survey effort. A centralized DSCS data repository, akin to the DSCRTP data portal (https://deepseacoraldata.noaa.gov/), hosting DSCS data collected and analyzed with these suggested data standards would facilitate SDMs to inform management.



Environmental Data

We focus on SDMs that integrate DSCS biological data with environmental data as covariates. Informative covariates often include measures of depth, seafloor terrain (e.g., slope, aspect, curvature, bathymetric position, ruggedness), and substrate properties (e.g., sediment composition), usually derived from remotely sensed acoustic bathymetry and backscatter data or geological samples (Wilson et al., 2007; Brown et al., 2011; Vierod et al., 2014; Rooper et al., 2016; Guinotte et al., 2017). Oceanographic properties (e.g., water temperature, chemistry, and current speed and direction) derived from field samples, remotely sensed data, and ocean models can also be informative covariates (Davies and Guinotte, 2011).

It is important to consider whether environmental covariates are available at spatial scales and resolutions that are relevant to management needs and to the ecological patterns and processes of interest (Davies and Guinotte, 2011). Mismatches in spatial scale and resolution between environmental covariates and management needs risk a loss of information necessary for effective management. Mismatches in spatial scale and resolution between environmental covariates and important ecological processes risk the failure to detect important relationships and can compromise the accuracy of predicted species distributions. The relevant ecological spatial scale may vary by DSCS species or functional group, so we suggest analysts consider environmental covariates at multiple spatial scales, but first use a hypothesis-driven approach to decide which scales may be most appropriate to include.

Spatial resolution and accuracy are important considerations in determining which bathymetry data to use in DSCS SDMs. Earlier DSCS SDMs built at global and basin scales typically included depth and seafloor terrain covariates derived from coarse bathymetry data from satellite altimetry or from compilations of hydrographic data. However, at coarse resolution these covariates may not resolve fine-scale seafloor features that provide habitat for DSCS. We suggest that DSCS SDMs include depth and seafloor terrain covariates derived from multibeam acoustic bathymetry data (that are collected at International Hydrographic Organization standards when possible), followed by regional (e.g., Zimmermann et al., 2013) and basin-scale [e.g., GEBCO (General Bathymetric Chart of the Oceans) Compilation Group, 2019] bathymetry compilations with rigorous data assembly methods, followed by bathymetric models and opportunistic measurements (e.g., Olex software1; Jakobsson et al., 2012). We suggest researchers evaluate whether the spatial resolution of the bathymetry data and consequently derived seafloor terrain metrics will capture habitat processes that are ecologically important to DSCS. Certain terrain metrics, such as ruggedness measures, should not be derived from compilations of bathymetry data sets of varied quality and resolution.

High resolution multibeam acoustic seafloor scattering strength (backscatter) can be applied directly as a covariate or to derive measures of angular response, and seafloor properties such as hardness, ruggedness, and substrate composition (e.g., Brown et al., 2011). Backscatter data have been applied to distinguish (Weber et al., 2013) and model (Pirtle et al., 2015) the spatial extent of trawlable and untrawlable seafloor types where DSCS occur and in DSCS SDMs (Dolan et al., 2008; Buhl-Mortensen et al., 2012; Rowden et al., 2017). Backscatter is a relative measure, and compilations of backscatter from multiple surveys should generally only be used in SDMs when the acoustic surveys have collected backscatter using frequencies that do not differ by more than one octave (Hughes Clarke, 2015), and when the surveys have been relatively calibrated across years, platforms, and sensors (Lurton and Lamarche, 2015).

Oceanographic data include biological, chemical, and physical oceanographic properties, such as surface chlorophyll concentration, oxygen and aragonite saturation, temperature, salinity, current speed and direction, and turbidity. Oceanographic data collected during surveys or modeled based on survey data [e.g., Regional Ocean Modeling Systems (ROMS); (Hermann et al., 2016; Fiechter et al., 2018)] are generally of much coarser resolution than seafloor mapping data (km vs. m) and sometimes require interpolation to the spatial extent of management areas (e.g., Brown et al., 2011). These oceanographic covariates have been useful to model and predict DSCS distribution and habitat (Georgian et al., 2014, 2019; Rooper et al., 2014, 2017a; Bargain et al., 2018).

We suggest that analysts fit multiple SDMs with different environmental covariates at multiple scales to identify the best performing model (e.g., Wilson et al., 2007; Pirtle et al., 2019; Weijerman et al., 2019; Dove et al., 2020), and only retain the important environmental covariates at the appropriate scales in SDMs (Case Studies 1-3). From an ecological modeling perspective, it is also prudent to consider only those covariates that have realistic direct or indirect linkages to biological and ecological processes that would be expected to influence DSCS distribution (Case Studies 1-3). It is important that researchers factor in the potentially extensive time required for literature review, synthesis, and expert involvement for covariate development during the planning phase of a modeling project.




Analysis
 
Presence-Only Models

Presence-only models, like MaxEnt and ENFA, have been the most commonly employed SDM techniques for DSCS (Figure 2; Vierod et al., 2014; Guinotte et al., 2017). These methods have proven useful for some applications such as guiding surveys for exploration (Georgian et al., 2014), contributing to the development of conservation areas (Kinlan et al., 2020), and providing a foundation for subsequent higher-resolution modeling with alternative methods (Case Study 3). Indeed, presence-only models are the only option when only presence data are available. However, presence-only models have several disadvantages that are not conducive to effective management of DSCS. The major limitation of presence-only models is that sampling effort and resource density are confounded when the former is not appropriately represented in the model (Peel et al., 2019). Presence-only models can mistakenly identify well-sampled areas with many presence observations as areas with greater densities in contrast with less-sampled areas with fewer presence observations, even if densities are similar between areas (Fithian et al., 2015). That being said, presence-only models can accommodate and correct for independent information about the distribution of sampling effort when it is available (e.g., MaxEnt; Elith et al., 2011), and several approaches have been used to attempt to account for sampling effort when direct information is not available (Merow et al., 2016; El-Gabbas and Dormann, 2018). Another limiting issue with presence-only models is that they do not appropriately account for the effect of sampling effort on estimates of model uncertainty (Renner et al., 2015). Finally, it is not clear how to generalize presence-only models. Predictions from these models are usually in relative terms and the predicted quantities (e.g., relative habitat suitability) can be difficult to interpret and validate. As a result, inference across species and models is challenging, inhibiting the use of presence-only models for understanding community structure and DSCS-fish associations.



Preferred Modeling Frameworks

Given the limitations and challenges associated with presence-only models, we recommend using alternative modeling frameworks when possible (Case Studies 1-3). When data types other than presence are available (e.g., presence-absence, count, biomass), analysts should preferentially employ these data types to develop DSCS SDMs that produce predictions that are straightforward to interpret and validate (e.g., probability of occurrence for presence-absence data). Use of absence, count, or biomass data will naturally account for the distribution of sampling effort in the model, by including data from areas where taxa were detected and where they were not. It is also important to account for the amount of sampling effort (e.g., area viewed, trawl swept area) represented by each data replicate in a model, either by expressing the modeled response data (e.g., biomass) per unit of effort, or, in the case of presence-absence and count models, by including an effort “offset” in the model. Modeling approaches such as generalized linear models (GLMs), generalized additive models (GAMs), boosted regression trees (BRTs), and random forest models (RFs) accommodate these data types and model features.



Integration of Multiple Datasets and Types

In some cases it may be appropriate to combine multiple biological datasets. A common issue with DSCS sampling data is that the spatial footprint of an individual sampling program often does not cover the entire geographic area of interest to management or the geographic range of the species. A solution to this issue is to fit SDMs to data collected by multiple sampling programs (Case Study 1). Differences in detectability among sampling programs can be accounted for through inclusion of a “catchability” covariate in the SDMs (Grüss et al., 2018). If different data types (e.g., presence-absence, count, and biomass) are available, recent developments allow for the implementation of “data-integrated” SDMs (Fletcher et al., 2019; Grüss and Thorson, 2019; Miller et al., 2019). It is also possible to fit data-integrated SDMs to a combination of presence-only data and other types of data. However, in this specific case, the data-integrated SDMs must be expanded to account for sampling intensity and the covariates influencing sampling intensity for the presence-only data (Fithian et al., 2015).



DSCS-Fish Associations

Managers are often interested not only in DSCS spatial distributions, but also in community structure and DSCS-fish associations. A simple way to explore these associations is to examine correlations between DSCS presence, abundance, density, or total cover and fish presence, abundance, or density (Auster, 2005; Malecha et al., 2005; Stone, 2006; Tissot et al., 2006; Kenchington et al., 2013; Conrath et al., 2019). Alternatively, the presence, abundance, or density of fish can be modeled as a function of DSCS-related and abiotic covariates (Laman et al., 2015; Sigler et al., 2015). A more community-oriented approach is to identify distinct habitat clusters through analysis of DSCS sampling data and then ascertain which fish species are associated with the different habitat clusters (Woolley et al., 2013; D'Onghia et al., 2016). Joint SDMs, which consider fish and DSCS species simultaneously and correlations among these species (e.g., Ovaskainen et al., 2017; Thorson and Barnett, 2017), can be employed to reveal community structure and which fish groups associate with which DSCS groups. With any of these approaches, it is important to distinguish the correlations between DSCS and fish per se from any apparent correlations that arise simply because both are correlated with other covariates in similar ways.



Model Ensembles

No SDM is perfect and it is, therefore, good practice for analysts to consider multiple models. Ensemble modeling techniques facilitate the integration of results across multiple models (Case Studies 1 and 3). When working with a model ensemble, it is important to weight the predictions made by the different models of the ensemble using an objective weighting scheme. For example, Rooper et al. (2017a) employed a model ensemble including GLMs, GAMs, BRTs, and RFs to predict the spatial distribution of DSCS in the Gulf of Alaska, and utilized model errors to produce model ensemble predictions. Another example is that of Georgian et al. (2019), who used a model ensemble including MaxEnt models, BRTs and RFs to determine the spatial distribution of vulnerable marine ecosystem indicator taxa in the South Pacific Ocean; the authors constructed a weighted average of the predictions of the different models in the ensemble on the basis of the area under the receiver operating characteristic curve (AUC) and the coefficients of variation of the model predictions. Ensemble models can have better performance and produce less uncertain predictions than individual models (Rooper et al., 2017a; Lo Iacono et al., 2018; Georgian et al., 2019).



Spatial Autocorrelation

An important consideration for any SDM is the assessment of and accounting for spatial autocorrelation in the residual errors (Case Study 3). It is typically the case that the predictor variables included in an SDM only explain some of the spatial variation in a species' distribution. Remaining unexplained variation can lead to spatial autocorrelation in residual errors, which affects statistical inference (Legendre, 1993). There are numerous approaches for addressing spatial autocorrelation in SDMs (Dormann et al., 2007), although DSCS SDMs have rarely employed these techniques (but see Georgian et al., 2019). An SDM approach that has become more common recently is to estimate spatial and spatio-temporal variation in the quantities of interest (e.g., probability of presence) to explicitly account for the component of the species' distribution that is not explained by the predictor variables (e.g., Shelton et al., 2014; Thorson and Barnett, 2017). At a minimum, spatial autocorrelation in the residual errors of any DSCS SDM should be assessed and statistical inferences adjusted accordingly (Grüss et al., 2019).



Uncertainty and Validation

Regardless of the modeling approach taken, predictions from DSCS SDMs should be presented with associated estimates of uncertainty (Case Studies 1 and 3) and be validated (Case Studies 1-3). A common approach to estimating uncertainty in model predictions is non-parametric bootstrapping (Georgian et al., 2019). Bootstrapping provides a set of replicate model predictions from which various statistics can be calculated to characterize their statistical distribution (e.g., mean, standard deviation). The coefficient of variation (CV) can be particularly useful for comparing relative uncertainty in predictions among models (Rooper et al., 2017a; Georgian et al., 2019). Mapping spatial uncertainty is informative for managers, for example uncertainty information can be used to prioritize areas that would benefit most from additional data collection (i.e., areas with high uncertainty). Model predictions should also be validated; ideally, by using new independent data collected in a statistically robust manner for model validation purposes (Williams and Brown, 2019). Simulation can be a useful tool for determining optimal sampling designs (Hirzel and Guisan, 2002). When new surveys are not practical or are cost prohibitive, data subsetting can be used to derive “training” and “test” data, whereby the model is fit to the former and then the fitted model is used to predict the latter allowing an assessment of how well the model performs with respect to “new” data (Rooper et al., 2014, 2017a). Cross-validation is a common form of data subsetting that is often combined with a model selection process to optimize a model's predictive ability (Kuhn and Johnson, 2013). Using spatial units as cross-validation folds can be a useful technique for developing a model that predicts well to new areas (Valavi et al., 2019).



Model Performance

Many metrics exist for assessing model fit and predictive performance, each with strengths and limitations. AUC is commonly employed for presence-only and presence-absence models, although it is important to be aware of limitations with this metric, especially when comparing the performance of models across species with different distributions and abundances (Lobo et al., 2008; Jimenez-Valverde, 2012). A variety of threshold-dependent metrics exist, but the choice of threshold, choice of metric, and species prevalence can affect apparent performance and must be considered carefully (Liu et al., 2005; Allouche et al., 2006). Other metrics appropriate for models fitted to binary data include point biserial correlation between predictions and observations, calibration plots, and adjusted-R2, among others (Rooper et al., 2018; Grüss et al., 2019). In general, assessing the fit of models to binary data is challenging; there are more standard options for assessing fit to count and continuous data such as correlations between predictions and observations, root mean square error, residual deviations, etc. Likelihood-derived measures like percent deviance explained and the Akaike Information Criterion (AIC) can be calculated for likelihood-based models of presence-absence, count, and continuous data. AIC is an example measure that provides an indication of model fit balanced against model complexity thereby potentially better representing a model's predictive ability. In general, performance metrics calculated with respect to training data will indicate how well a model captures variation in existing data while performance metrics calculated with respect to test data will indicate a model's predictive ability (Section Uncertainty and Validation). If one's primary objective is prediction to unsampled areas, performance should be evaluated in terms of test data.




Management

Arguably, the most important element in science designed to support resource management is how the interface between science and management is designed. This interface is best conceived as an iterative process, where managers define goals, scientists provide scientific recommendations, managers refine goals and request more input, scientists validate and extend previous results, and so on (Case Study 1). Integrated ecosystem assessments (sensu Levin et al., 2009) are an example formalization of such an iterative process.

Science that supports management of DSCS poses several unique challenges. In particular, SDMs representing DSCS are usually developed based on opportunistic data at large spatial scales that are not designed specifically to sample DSCS (e.g., Sigler et al., 2015), or alternatively based on data that were designed to sample DSCS but only at small spatial scales. To develop confidence in results among stakeholders and managers, SDMs that integrate these two data types must be carefully validated to (1) determine whether the geographic distribution is accurately represented, and (2) identify critical knowledge gaps regarding habitat. This validation should be conducted across the entire spatial extent being considered using a probabilistic sampling design that provides strong statistical inference and which includes areas with both high and low predicted DSCS density to corroborate inference for both high and low-quality habitats, using sampling techniques such as underwater cameras that can positively confirm the presence or absence and density of DSCS (e.g., Rooper et al., 2016).

To further promote stakeholder and manager understanding, confidence, and usage of DSCS SDMs, we suggest expressing model predictions and their associated uncertainties in units that are easily tested and widely understood (Case Studies 1-3). For example, SDM results should be expressed as encounter probabilities for a given sampling program, expected biomass, size, etc. rather than as “relative habitat suitability” which is typically produced by presence-only models. These ecologically interpretable metrics also lend themselves more easily to thresholding if required for management. These metrics can be computed using models that are simultaneously fitted to different types of data, e.g., biomass, counts, and presence-absence samples (Grüss and Thorson, 2019), although this data-integrated approach has not typically been used when modeling DSCS.

Productive communication between scientists, managers, and stakeholders also is essential for stakeholder and manager understanding of DSCS SDMs. Stakeholders often view protection of DSCS as a zero-sum game in balancing sustainable fishing practices and habitat protection. Non-governmental organizations (NGOs) want more habitat protection while the fishing community is concerned that the protections will go beyond those necessary for sustainable fishing. Some controversy is inevitable when management affects allowed behavior for different stakeholders (MacLean et al., 2017). Early and frequent communication by scientists with NGOs and fishing associations helps everyone understand the SDM progress and results and helps to reduce controversy in the management decision.

Finally, DSCS SDMs can play an important role in choosing among alternative management actions. For example, management strategy evaluation (Bunnefeld et al., 2011) can be conducted to evaluate how different spatial fishery closures are likely to perform in terms of protecting DSCS given the uncertainty associated with existing SDMs.




CASE STUDIES

We now review three case studies that illustrate some of the good practices that we have discussed previously. These case-studies demonstrate that our good practices can be accomplished and inform management objectives despite real-world constraints regarding funding, data availability, and analytical capacities.


Eastern Bering Sea Coral Canyons

The canyons that incise the eastern Bering Sea outer shelf and slope are among the largest in the world. The eastern Bering Sea is also an important source of wild-caught seafood, accounting for about 40% of the volume by weight of U.S. catches. In 2011, a group of NGOs asked the North Pacific Fishery Management Council (NPFMC) to consider protecting some eastern Bering Sea canyon habitat from the effects of fishing. In response in 2012, the NPFMC requested an analysis of existing data on canyon habitat, fish associations, and fishing activity (Figure 3). DSCS presence-absence data collected during region-wide bottom trawl surveys were analyzed using GAMs to estimate probability of presence of DSCS for the eastern Bering Sea outer shelf and slope (Sigler et al., 2015; Figure 3); these results were reported to the NPFMC in 2013. In their discussion, the NPFMC recognized that management measures might be necessary for coral conservation and management and that the distribution modeling had highlighted areas that might be of concern; however, the NPFMC called for a validation study to test model predictions before making a decision.
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FIGURE 3. Case Study 1: Eastern Bering Sea Coral Canyons. Timeline (top): Chronology of North Pacific Fishery Management Council (NPFMC) requests, reports, and decision. Plots of predicted presence of coral (adapted from Sigler et al., 2015, left) and predicted density of coral (adapted from Rooper et al., 2016, right). Predicted presence (left) was reported in June 2013 and was based on presence-absence data collected during ecosystem-scale bottom trawl surveys. Predicted density (right) was reported in October 2015 and was based on density data collected during an ecosystem-scale underwater stereo camera survey (the validation study) that was used to update the predicted presence model. Black areas indicate land, and black lines represent boundaries between inner, middle, and outer shelf and slope areas (Sigler et al., 2015).


A validation study was conducted in 2014 using an underwater stereo camera system (Williams et al., 2010). The stereo camera system is highly desirable for region-wide surveys because it can generate large sample sizes (8–10 deployments per day at depths of up to 800 m are routinely achievable) potentially across a large region, where each deployment can sample ~1,100 m2 during a 15-min transect. A stratified random survey was conducted where nine strata were identified as 5 canyons, inter-canyon areas, and the outer continental shelf. Sample locations (n = 210 stations) were randomly chosen, but weighted by the probability of coral presence from the bottom trawl survey model, so that on average, locations with higher probability of coral presence were more likely to be chosen. In addition, 10 locations per stratum (n = 90 stations total) were randomly assigned to ensure that unlikely coral habitats also were sampled. During the subsequent fieldwork, a total of 250 locations were sampled (sample locations in the two canyons north of Zhemchug Canyon were largely unsampled due to weather and time constraints). The model validation was conducted by comparing the predictions of the bottom trawl survey model with the observations from the field survey. The new stereo-camera presence data were also used to update the model predictions and used to predict the distribution of density and height of corals and sponges from the underwater stereo camera survey (Rooper et al., 2016; Figure 3); these results were reported to the NPFMC in 2015.

The NPFMC decided against closures of the eastern Bering Sea outer shelf and slope. They concluded that the scientific evidence did not suggest a risk to deep-sea corals, citing the low occurrence and density of deep-sea corals (other than pennatulaceans), the lack of hard substrate to support these corals, and their relatively small size, interpreted as indicating lower vulnerability in these areas to fishery impacts (MacLean et al., 2017). Their conclusion was based on the coral density and height models and the stereo camera survey. The key lessons in this case study in terms of coral modeling were: (1) a model was generated using the best available data (presence and absence from the bottom trawl survey); (2) this model was presented to managers and evaluated by scientists; (3) managers requested more information and validation of the model before using it to make decisions that would affect fisheries; (4) additional data on occurrence, density, and height to validate and improve the model were collected with a sample size and robust statistical design that allowed for inference throughout most of the spatial domain of the model; and (5) these new findings were presented to managers for further evaluation. Throughout the process there were multiple points where updates were provided to managers, stakeholders and scientists so there would be no surprises when each report was formally presented to managers and stakeholders. In this case, a key point was that managers waited for completion of a region-wide field validation study before reaching a decision and were able to reach that decision with more confidence that the deep-sea coral model based on trawl survey data was largely correct (predicting the presence or absence of corals in the camera observations correctly in 72% of cases; Rooper et al., 2016).



Southern California Bight

The Southern California Bight (SCB) has a variety of seafloor habitats and oceanographic conditions that promote a rich diversity of demersal organisms, including a wide variety of fishes (Love et al., 2009) and dense stands of vulnerable DSCS (Tissot et al., 2006; Yoklavich et al., 2011). The SCB is also bordered by one of the most populated areas along the Pacific coast of North America, and the waters of the SCB have been intensively fished both commercially and recreationally to depths over 300 m for at least 40 years (Yoklavich et al., 2011; Salgado et al., 2018). Fishes in the SCB are dominated by rockfish (genus Sebastes; Love et al., 2009), and the two overfished species in the SCB are both within this genus: cowcod (S. levis) and yelloweye (S. ruberrimus). Stakeholder input typically includes a tension between competing goals (maintaining fishing and rebuilding overfished species). Since 2002, management agencies (Pacific Fishery Management Council, NOAA Fisheries, Channel Islands National Marine Sanctuary, and the State of California) have worked together to establish a network of marine reserves with multiple aims, including habitat protection. To conserve and manage the habitats these fish rely on, including DSCS, it is critical to develop SDMs that can provide guidance on the best locations for restrictions on human activities.

In support of these goals, researchers at NOAA's Southwest Fisheries Science Center collected a long time-series (2001–2011) of submersible video from which they built a database of spatially explicit fish and DSCS data (Tissot et al., 2006; Love et al., 2009; Yoklavich et al., 2011) that can be used to build SDMs. All video data recorded during these surveys were processed (i.e., no sub-sampling occurred) and geo-referenced. All fish and invertebrate species were identified to the lowest possible taxonomic level and the length and height of invertebrates were measured to the nearest 5 cm using calibrated lasers. Furthermore, the submersible track locations from all survey dives were recorded, providing data on both DSCS presence and absence. These data were used to quantify the area surveyed and, thus, estimate the density of DSCS. Using these data, Huff et al. (2013) built a GAM to estimate the density of the Christmas tree coral (Antipathes dendrochristos) as a function of multiple environmental covariates (depth, slope, profile, surface productivity, and oceanographic conditions near the seafloor). This GAM was then used to develop a SDM for Christmas tree coral in the SCB (Figure 4).
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FIGURE 4. Case Study 2: Southern California Bight. This map depicts coral density (coral colonies per transect group) estimated from a generalized additive model, presence and absence from a calibration dataset and from an independent dataset for Christmas tree corals, along with the boundaries of areas closed to fishing. Mean transect area = 740 m2. Figure reproduced with permission from Huff et al. (2013).


These SDMs are extremely valuable to fisheries managers mandated to conserve and manage marine fisheries and their associated habitats, and recent evidence from the SCB has provided further support that multiple species of DSCS are important habitat for demersal fish. Structure-forming DSCS can play an important role in deep-sea benthic communities (D'Onghia, 2019), providing increased prey density (Quattrini et al., 2012) and nursery habitat (Stone, 2006; Baillon et al., 2012). A recent study (Henderson et al., in revision) in the SCB used various spatially explicit analytical methods to identify 8 DSCS taxa that increased the probability of presence for commercially important Sebastes species (S. rufus and S. paucipinis) as well as young-of-year Sebastes, even after accounting for depth and seafloor relief. These results support the classification of these DSCS as essential fish habitat.

The key lessons from this case study are that: (1) it is important to analyze, and geo-reference, all collected data so researchers are not restricted to using presence-only methods; (2) geo-referencing both the fish and DSCS data can provide sufficient data to investigate whether DSCS taxa serve as essential fish habitat within the survey area; and (3) quantifying the area surveyed allows estimation of the density of any DSCS taxa of interest, which provides more management-relevant information than presence-absence estimates. Based on our good practices, we recommend that researchers implement a field-sampling program to validate results from these DSCS SDMs.



Louisville Seamount Chain

The Louisville Seamount Chain is comprised of over 80 seamounts spanning a distance of more than 4,000 km across the South Pacific Ocean. These seamounts are historical and current targets for commercial bottom-trawling fisheries, dominated by the catch of orange roughy (Hoplostethus atlanticus) by New Zealand and Australian flagged vessels (Clark et al., 2016b). These fisheries pose a considerable threat to Vulnerable Marine Ecosystems (VMEs), ecosystems that are particularly susceptible to anthropogenic disturbance as determined by the fragility, functional significance, rarity, and life history traits of their components (FAO (Food and Agriculture Organization of the United Nations), 2009). The seamount chain lies outside of national jurisdiction, and fisheries management is conducted by the South Pacific Regional Fisheries Management Organization (SPRFMO), an intergovernmental agency mandated by the United Nations to protect VMEs while also ensuring the future of sustainable fisheries [UNGA (United Nations General Assembly), 2006]. SPRFMO has implemented two primary interim measures to protect VMEs. First, a move-on rule that requires vessels to cease fishing within 5 nautical miles of an encountered VME, usually triggered by the bycatch of a VME indicator taxon. Indicator taxa are those that are vulnerable to fishing gear, functionally significant (e.g., habitat creators), rare or endemic, or low productivity species (e.g., slow growth rate, low fecundity) (Parker et al., 2009). Second, SPRFMO enacted a series of large (20 arc-min) closures in areas with a historically low fishing impact. However, the underlying effectiveness and real-world implementation of these interim measures has been questioned (Penney and Guinotte, 2013), and SPRFMO is actively pursuing long-term replacement measures with a focus on more effective spatial closures.

Rowden et al. (2017) used a variety of habitat suitability modeling techniques to map the distribution of VMEs across the Louisville Seamount Chain in order to support the improved spatial management of the region's fisheries (Figure 5). The authors built on a series of broad-scale regional models that generally highlighted the seamount chain as being highly suitable for a variety of VME taxa (Anderson et al., 2016a,b; Georgian et al., 2019). Three VME indicator taxa were modeled at a high spatial resolution (25 m) on seven seamounts: the stony coral Solenosmilia variabilis, sea stars (Brisingida), and crinoids (Crinoidea). Biological data were collected during a cruise designed to ground-truth the regional models using a random-stratified survey. Environmental data (backscatter and a large suite of multi-scale terrain metrics) were derived from high-resolution multibeam surveys conducted during the cruise. Both presence-absence and abundance ensemble models were constructed using the performance-weighted average of BRT, GAM, and RF models. Model performance was assessed using a 70–30 cross-validation approach and by bootstrapping the input presence-absence and abundance data to estimate model uncertainty (CV) (sensu Anderson et al., 2016b). To reduce the effect of spatial autocorrelation on model performance, the residual autocovariate was calculated from the residuals of preliminary models (Crase et al., 2012).
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FIGURE 5. Case Study 3: Louisville Seamount Chain (Rowden et al., 2017). Left: Regional habitat suitability models (1 km, adapted from Georgian et al., 2019) indicated high suitability for the stony coral Solenosmilia variabilis throughout the Louisville Seamount Chain. Right: High resolution models (25 m, adapted from Rowden et al., 2017) were constructed for six individual seamounts (Forde Seamount shown), and Vulnerable Marine Ecosystems (VMEs) were identified based on a threshold applied to S. variabilis abundance models.


Ultimately, Rowden et al. (2017) demonstrated that the modeled seamounts constituted less suitable habitat than previously predicted by broader scale regional models. However, small sections of each seamount (<0.1% of the modeled area) contained highly suitable habitat for one or more VME indicator taxa. These results suggest that an optimal management solution that prioritizes VME protection while simultaneously allowing fishery access to less suitable areas may exist for the Louisville Seamount Chain. The modeling approach used provides several useful lessons for future modeling studies, particularly when resource management is the eventual goal: (1) it is imperative to revise and improve models when new or better data become available; (2) high resolution models continue to be important tools that capture spatial patterns that may differ from broad scale models and have the potential to significantly alter spatial management plans (e.g., Dolan et al., 2008); (3) true presence-absence and abundance models should be used when the data allow, given their generally improved performance and easier ecological interpretation (see Yackulic et al., 2013); (4) sampling bias and spatial autocorrelation, although frequently ignored in modeling studies (see Dormann, 2007), should be accounted for using either statistical approaches (e.g., Georgian et al., 2019) or an appropriate survey structure (e.g., Rowden et al., 2017); (5) ensemble models are powerful tools that avoid overreliance on the underlying structure and assumptions of different modeling techniques (Robert et al., 2016); and (6) calculating a spatial measure of model uncertainty allows decision makers to prioritize management measures based on both the suitability of a given area as well as the confidence of the model at that site (Anderson et al., 2016a,b).




CONCLUSION

The geographic scale of potential human impacts on DSCS combined with the localized nature of available information about the spatial distributions of these species necessitates the use of SDMs by managers looking to assess and mitigate these impacts. Here we have described some good practices for developing such models and making use of them in management decision-making (Table 1). In particular, we recommend that SDMs move beyond presence-only models to include measurements of DSCS presence-absence, abundance, and height; these predictions are easier to validate and/or test in subsequent targeted field-sampling programs and are more easily understood by managers and stakeholders. Model predictions should be presented with associated measures of uncertainty, where this uncertainty is used to weight predictions from different models within an ensemble of SDMs. We strongly encourage consideration of scale in DSCS SDMs used in management decision-making, including spatial (e.g., large marine ecosystem or management region, or more localized marine protected area or ecologically sensitive location) and temporal (e.g., short-term response to specific impacts or long-term) scale (Lecours et al., 2015). We recognize the logistical challenges and expense of collecting data on DSCS and appreciate that it may be impractical to implement all of these good practices in every situation. Indeed, the case studies presented here sometimes required significant financial resources, and they did not necessarily incorporate every one of our good practices. Nevertheless, we hope that these good practices provide useful guidance for future DSCS data collections and SDMs, especially models that will be used to inform management of human activities in the deep sea.
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Environmental conditions of deep-sea corals were monitored with instruments placed in and adjacent to three Hawaiian deep-sea coral patches dominated by gorgonian octocorals and zoanthid gold coral. Temperature, backscatter, and flow differed among and within the patches and highlighted distinctions in distribution of focal taxa (Hemicorallium laauense, Pleurocorallium secundum, Narella spp., Acanella dispar, Kulamanamana haumeaae). Two of the patches (Barbers Pt., Makapu‘u Pt.) had more than double the sustained mean flow of the third patch (Keahole Pt.), where backscatter levels of the passing water mass showed scattering strengths a third higher, suggesting greater food supply in the water at the Keahole Pt. patch. Further, spectral analysis of flow speed and direction suggests that flow at the first two high-flow sites (Barbers Pt., Makapu‘u Pt.) are dominated by semi-diurnal tidal forcing (flow changing 4x daily, direction 2x daily), while Keahole Pt. patch shows a distinct pattern more typical of diurnal forcing. Of the focus taxa, the two coralliids occupied a similar temperature range but differed in dominance between sites along a flow/scatter gradient, with the “red” coral, H. laauense, found at the site with low flow (0.5–4.9 cm/s) and higher scatter (−28 dB) and the “pink” coral, P. secundum, seen at the patch with higher sustained flow (12.6–18.4 cm/s) and lower backscatter (−43 dB). Narella spp. spanned a 10°C temperature range but were found more frequently at sites with the highest mean flow (18.4–21.7 cm/s). The final two corals, the parasitic zoanthid “gold” coral, K. haumeaae, and its most common host, bamboo coral, A. dispar, were found at all three sites over a wide temperature range with flow ranging from 2.8 to 18.9 cm/s. The number of gold colonies was negatively correlated with flow even though that relationship was not apparent for the bamboo coral. These patterns were considered in relation to what is known about the life history of deep-sea corals and how they might influence community settlement, growth, and diversity.

Keywords: flow, backscatter, ocean environment, deep-sea coral habitat, Primnoidae, Coralliidae, Isididae, Zoanthidae


INTRODUCTION

Little is understood about the patchy nature of deep-sea coral communities and the current flow fields upon which they depend. Typically, depth and its correlate temperature are the first variables used to describe the boundaries of a taxon’s potential distribution (Dolan et al., 2008; Parrish et al., 2017). Then to further constrain its range, conspicuous features in the bathymetry (e.g., summits and ridges) are identified that might change flow and provide some premium conditions for settlement and growth (Genin et al., 1986, 1992; Tracey et al., 2011; Tong et al., 2012). This approach has been used with mixed success in Hawai‘i to find locations of commercially sought “precious corals” (Pleurocorallium secundum, Hemicorallium laauense, Acanella dispar, Kulamanamana haumeaae) that were harvested to obtain raw materials for the jewelry trade (Grigg, 1993). Even at sites where precious corals have been surveyed, there have been notable differences in depth ranges between patches of these corals (Parrish, 2007), and the fauna distribution can vary considerably over relatively small spatial scales within the same patch (Long and Baco, 2013). The Hawaiian precious coral fishery is currently dormant, but there is still a need to predict the location of coral ecosystems in order to protect them from impacts of fishing activities (Roberts, 2002; Clark and Koslow, 2007; Clark et al., 2016; Baco et al., 2019) cable laying, alternate energy (Bauer et al., 2016), and deep-sea mining (Hein et al., 2013). The most efficient and promising approaches are modeling efforts that use large-scale data sets of coral presence in fishery bycatch and combine seafloor bathymetry with oceanographic models to project the probability of deep-sea coral occurrence (Bryan and Metaxas, 2007; Dolan et al., 2008; Tracey et al., 2011; Guinotte and Davies, 2014; Anderson et al., 2016a,b; Bauer et al., 2016; Rowden et al., 2017; Rooper et al., 2018; Georgian et al., 2019).

A fundamental challenge to all deep-sea coral community work is determining what defines good habitat for deep-sea corals. For Hawaiian corals, which grow as solitary colonies, good habitat is indicated by their presence in higher densities. Exploration surveys of the deep-sea show corals have a very wide distribution (Bohnenstiehl et al., 2018; Cantwell et al., 2018), and their presence is often identified from encountering a single colony, especially for some species of black corals and gorgonian octocorals. One coral colony does indeed indicate the habitat is minimally suitable for that taxon, but perhaps not ideal for higher density (and greater diversity) communities that we refer to as a coral garden or a patch (Bullimore et al., 2013). Inherently, a patch is a conspicuous change from the background density, and for the main Hawaiian Islands, which are located south of the productive waters of the North Pacific Basin (Polovina et al., 2001), the background is an impoverished condition where the seafloor is often a barren tract with few to no coral colonies. As a frame of reference to describe the typical density of a patch, we can look at the standardized scoring of visual transect data from submersible and remote operated vehicle (ROV) surveys submitted in regional reports to NOAA’s Deep-Sea Coral Research and Technology Program. They define high-density communities “as having at least 3000 combined coral and sponge counts per kilometer” (NOAA National Database for Deep-Sea Corals Sponges, 2019). Given the illuminated view area of the camera on the survey vehicles (extending ∼7 m ahead for an area of ∼50 square meters), this roughly corresponds to a high-density patch averaging more than 21 colonies within the camera’s field of view.

Measuring environmental conditions at patches, especially those dominated by a particular coral taxon, is one strategy to identify good habitat conditions for that taxon. Comparing the conditions across the patch from high to low colony density could show an environmental gradient. Assuming consistent depth and substrate, we would expect the patch to extend to where flow conditions permit growth. At the center of the patch where density is highest and corals thrive, flow should be different than at the edge of the patch where the ability to sustain coral growth seems to end. Conditions at the center of these patches must be stable through time, persisting long enough for the slow-growing deep-sea corals to colonize, grow, and reproduce. Studies of deep-sea corals indicate this process of growth and development can take decades for primnoids and coralliids (Andrews et al., 2002; Roark et al., 2006; Matsumoto, 2007), more than a century for isidids (Roark et al., 2005; Tracey et al., 2007; Andrews et al., 2009; Prouty et al., 2017), and millennia for proteinaceous corals like K. haumeaae (Druffel et al., 1995; Parrish and Roark, 2009; Roark et al., 2009). For this reason, the presence of a dense coral patch is a reliable indicator that the site is a consistently high quality habitat for coral colonization and growth.

There are few opportunities to consider current flow from the perspective of the coral colony. Usually, we use large scale characterizations of regional hydrodynamic models that are sometimes augmented by individual submersible or ROV dive observations (Bohnenstiehl et al., 2018; Cairns, 2018; Cantwell et al., 2018; Auscavitch et al., 2020). Site-specific process studies tend to increase the resolution with more detailed measurements using moorings or landers deployed in the general vicinity of corals (Rogers et al., 2007; De Clippele et al., 2018). In this study, we go a step further and use submersibles to place and recover multiple instruments in and adjacent to known coral patches, composed primarily of primnoids, coralliids, isidids, and zoanthids, for 6 or more months looking for patterns in temperature, flow, tide, and scatter strength of water moving through the coral colonies.



MATERIALS AND METHODS


Coral Patch Study Sites

We looked at three Hawaiian deep-sea coral patches between 300 and 450 m depth, all growing on fossil carbonate substrate. The patches were selected because they were dominated by the primary targets of the precious coral fishery, including the two Coralliidae: “pink” (P. secundum) and “red” coral (H. laauense), the “bamboo” coral (A. dispar), and the “gold” coral (K. haumeaae) formerly referred to as Gerardia sp. (Sinniger et al., 2013). The gold coral is a zoanthid parasite that colonizes other species of deep coral but primarily the A. dispar bamboo colonies (Parrish, 2015). Finally, a primnoid group “Narella spp.” was included to provide a range of “focal” coral taxa known to occur in sufficient numbers to permit multiple independent observations of their immediate environment (Parrish et al., 2017). The locations of the patches’ high density centers (27–56 mean colonies in the vehicle’s field-of-view) and edges without colonies had been identified in prior survey work (Grigg, 1993, 2002; Parrish, 2007; Long and Baco, 2013). The bathymetry differed between the three sites and was expected to be a primary influence on observed flow conditions. The smallest and largest patches were on the southern shelf of the island of O‘ahu and included the Barbers Pt. patch on the summit of a small pinnacle and the Makapu‘u Pt. patch on a large, even tract of hardpan bottom sloped at an eight percent grade. Keahole Pt., the third patch, grew on the western edge of the shelf of the island of Hawai‘i, where the bottom steeply dropped off to deep water (>1000 m) to the south (Figure 1).
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FIGURE 1. Map of the main Hawaiian Islands showing the locations of the three coral patches whose environment was monitored with instruments, two on the south, and south-east platform base of O‘ahu and one on the edge of the west Hawai‘i shelf. Photos indicate the types of instruments used: acoustic current meter (left), flowmeter (center), tiltmeter (right).




Environmental and Coral Colony Observations

Two approaches were used to characterize the environment at each coral patch. First, a single acoustic current meter was used to record and compare a suite of variables at the center of each patch where conditions for deep coral colonization and growth were best, and second, multiple mechanical flowmeters were used to measure the variability in flow intensity and spectra from the center of the patch out to the edge of the patch. The instruments were placed and recovered using the submersibles Pisces V and Pisces IV as well as the ROV Deep Discoverer (D2). All instruments stood 50 cm above the bottom and recorded environmental conditions hourly. The height of the instruments fell within the range in average colony height for the coral types considered; Narella spp. and Coralliidae (∼30 cm), bamboo and gold coral (∼100 cm) (Figure 1 instrument photos). The acoustic current meter at the center of each patch (Aannderaa SEAGUARD RCM) recorded current direction, flow rate, temperature, and backscatter. To look for change in flow intensity and temperature across the coral patch, at least three flowmeters (General Oceanics digital low velocity flow meter 2030R6 fitted with a data logger) were deployed out to the edge of the patch at a consistent depth. The first at the patch center, the second midway to the edge of the patch, and the third at or just beyond the edge of the patch. At Makapu‘u Pt. patch, tiltmeters (Lowell Instruments TCM-3) were added to sample across contours, starting deeper and passing over the contour with the flowmeters. Tiltmeter placement roughly followed the subtle crest in the bottom, extending to the shallow extreme of the patch. Deployment and recovery of instruments was opportunistic, largely dependent on piggybacking sub dives onto a larger research effort being conducted in the region. Particularly for the large Makapu‘u Pt. patch, multiple dives over a number of years were used to deploy and recover the gear. Consequently, the duration of sampling varied with the time the instrument was left in the water and its battery life. The acoustic current meters recorded data between 6 and 7 months for the Barbers Pt. and Makapu‘u Pt. patches. Ship time was unavailable to recover the Keahole Pt. instruments for 5 years, so the instrument recorded for 33 months until it ran out of battery (Table 1). In addition to the focal taxa, all sessile taxa observed within a 5-m radius of each instrument were counted and identified to the lowest level. The size and directional orientation of the colonies were noted for the focal taxa.


TABLE 1. List of instruments types and deployment dates in the three coral patches indicating the area, depth, and the focal corals present.
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Analysis

Plots of the data (current direction, flow intensity, temporal spectra, and backscatter) from the acoustic current meters at the center of the patches were compared. Only instruments that were deployed for more than a year could be evaluated for seasonal effects of primary flow direction and intensity of flow. The 15 mechanical instruments (flow and tiltmeters) measured within-patch variability of mean flow and temporal spectra from center out to the edge of the patch. The range of means for all instruments was plotted and considered in relation to the number of colonies of the focal corals among the patches to look for patterns in temperature and flow. All statistical tests were carried out in IBM SPSS v24. Statistical significance was defined when tests returned an alpha level P < 0.05 (Siegel and Castellan, 1988).



RESULTS


Environment Among the Three Coral Patches

Depth, temperature, and current flow varied among the three deep coral patches. Most similar in temperature were the Makapu‘u Pt. (8.4°C, 0.70 SD at 415 m) and Keahole Pt. patches (8.2°C, 0.40 SD at 385 m) whereas the shallower Barbers Pt. patch was 2° warmer (10.2°C, 1.05 SD at 311 m). The range of flow rates of the three patches grouped differently with Makapu‘u Pt. (13.6 cm/s, 7.8 SD) and Barbers Pt. (12.7, 7.4 SD) exhibiting twice the flow rate observed at the Keahole Pt. patch (4.6 cm/s, 4.0 SD) (Figure 2). The dominant current direction differed among the three patches with the peak flow at Makapu‘u Pt. alternating between north and south, Barbers Pt. alternated south and east-northeast, and the terraced slope at Keahole Pt. was subject to pulses of flow to the north (Figure 3, left column; Figure 4, top row).
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FIGURE 2. Flow characteristics documented by the acoustic current meter at the center of the three patches where coral density was highest. Top two panels show the distribution of flow rates by direction at the two O‘ahu sites having the strongest flow (Barbers Pt. and Makapu‘u Pt.). The bottom panel shows lower flow levels in the Keahole Pt. patch.
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FIGURE 3. Plots of the dominant direction of current flow at the three coral patches. The left column shows the flow rose from the acoustic current meter placed at the center of each patch. The right column has maps of the patch topography with flow roses for all the instruments placed to show the within-patch flow gradient. Red dot is the acoustic current meter, blue dots are tiltmeters, and green dots are flowmeters. As the flowmeters only record flow intensity, a single vector representing mean intensity was set to point north, similar to the instruments that recorded direction. Dash shading on the Makapu‘u Pt. patch map indicates the area of the coralliid deep coral bed of the precious coral fishery.
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FIGURE 4. Representative current flow (top row) and backscatter data (bottom row) for a 10-day period showing the Keahole Pt. patch having a stronger average scattering signal than the other two coral patches. Also evident at Keahole Pt. is a drop in the scattering strength correlated to pulses of northern flow.


Comparison of acoustic backscatter data revealed regional differences in the water mass among the patches. Mean scattering values for the low flow Keahole Pt. patch was a third greater (−28.5 dB), indicating more suspended materials (e.g., zooplankton), than the Barbers Pt. and Makapu‘u Pt. patches (−43.7 to −43.9 dB). Also at Keahole Pt., there was a pronounced pattern of the tidally driven pulses of northerly flow reducing the scatter strength to a level similar to that of Barbers Pt. and Makapu‘u Pt. until the flow pulse abated (Figure 4). During these flow pulses, the temperature dropped suggesting an introduction of cooler water (r = −0.210, p < 0.001).

Similarly, patches at Makapu‘u Pt. and Barbers Pt. shared roughly the same patterns of spectral density in flow speed and direction, with the highest peak occurring in a manner suggestive of semi-diurnal tidal forcing with spring-neap patterning (speed: 4x daily, twice monthly; direction: 2x daily; Figure 5). Spectral patterns at Keahole Pt. again showed different forcing, with peaks in flow speed occurring almost exclusively at twice daily, without a spring-neap peak, and more variability in the peaks present in flow direction (Figure 5).
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FIGURE 5. Left column: Temporal plots of spectral density of flow speed for the three coral patches showing peak changes just under twice daily, consistent with tidal influences. Right column: Tidal spectral effects on current direction for the three patches on a weekly scale.




Within Patch Variability

The data from the array of flow and tiltmeters (n = 15) showed the within-patch flow intensity as a gradient. There was good agreement of the three flowmeters paired with the acoustic current meters (R2 = 0.35–0.63, P < 0.001) and was best at the patch with the lowest flow rate (Keahole Pt.). The means and standard deviations of the flow for the 15 flowmeters and tiltmeters showed the Barbers Pt. patch clustered in the middle between the high flow measurements at the Makapu‘u Pt. patch and the lowest at the Keahole Pt. patch. The lowest flow rates for each patch were recorded by the flowmeters placed at the edge of the patch (Figure 6). The edge site at both Barbers Pt. (Barbers F3 instrument) and Makapu‘u Pt. (Makapu‘u F13B instrument) had flow rates (7.9–8.4 cm/s) well above the highest values seen at any of the Keahole Pt. sites (0.54–4.9 cm/s) where the scattering strength in the passing water masses was strongest. It is not known how the current direction shifts at different points across the patch except for the data from the Makapu‘u Pt. tiltmeters. They showed some change in directional emphasis across the wide area of the patch, but the peak flow events were still largely consistent with the north-south pattern reported by the acoustic current meter at the center of the patch (Figure 3 right column). Pooling the directional data (tiltmeter and acoustic current meter) from all three patches (n = 8 instruments), a partial correlation controlling for instrument indicated variability in current direction was positively correlated with flow rate (r = 0.556, p < 0.001).
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FIGURE 6. The mean and standard deviation of the 15 flow and tiltmeters placed in the three patches with Makapu‘u Pt. values clustered at the top, Barbers Pt. in the middle, and Keahole Pt. at the bottom. The asterisks indicate an instrument at the edge of the coral patch. The darker shaded background represents the greater scatter strength (−24 dB) of the Keahole Pt. water mass over the other sites (−42 dB).


The observed patterns in flow persisted among the instruments at a patch even though the length of their deployments varied (1–14 months). Two of the coral patches (Keahole Pt. and Makapu‘u Pt.) had instruments that monitored direction and flow rate year-round and the variation seen in the monthly means remained proportional to the overall flow rate of the patch. At the low flow site of Keahole Pt., the range of variability was narrow with flow speed changing 1.36 cm/s peaking in the winter months (ANOVA df = 3 F = 52.5 p < 0.001) with no significant change in flow direction (4.9°). The highest flow site, Makapu‘u Pt., had greater range of flow 8.72 cm/s (fall months being the weakest) and a wider span of 20.8° for changing flow direction (in summer) (ANOVA df = 3 F = 20.4 p < 0.001). These changes (likely seasonal) occur at a scale moderate enough that monitoring a site for a single month can still effectively represent the key differences in the site-specific flow intensity and tidal cycle.



Taxon-Specific Observations

A total of 19 sessile taxa were identified near the 15 flow instruments (Table 2) and not surprisingly, the diversity increased with the size of the coral patch. The taxa were mostly gorgonian corals but did include a stony coral (Equchipsammia sp.) and sea pens (Halipteris sp.). Narella spp. were the most abundant of the corals seen near instruments, closely followed by colonies of pink coral, P. secundum. Both corals colonized areas at the high end of the flow spectrum, primarily at Makapu‘u Pt. Bamboo coral (A. dispar) and gold coral (K. haumeaae) were present at all three patches growing in the widest range of flow rates whereas the red coral, H. laauense, was at the low end of the flow range and exclusively observed at Keahole Pt.


TABLE 2. Breakdown of all sessile taxa seen within a 5-m radius of placed instruments including number of instruments, number of colonies, and the range of mean flow measured at each of the three patches with the scattering strength indicated in the column labels.

[image: Table 2]Plotting the mean and standard deviation for both flow and temperature from the individual instruments showed the two coralliids occupied opposite extremes in the range of observed flow with little overlap, even though they showed complete overlap in temperature, occurring along the cooler side of the temperature gradient (Figure 7 top). Colony orientation also differed with all the Makapu‘u Pt. pink coral colonies facing the same direction to exploit the dominant north to south tidal flow while the Keahole Pt. red corals had a more haphazard orientation.
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FIGURE 7. Mean and standard deviation of temperature and flow for the flow and tiltmeter instruments by focal coral taxon. Top row shows red and pink colonies at the same temperature but different flow rates. Middle row shows Narella spp. colonies at all temperatures but clustered at the high extreme of flow. Bottom row shows bamboo colonies at all temperatures and flows and the parasitic gold coral colonizing the bamboo host colonies most at lower flow sites. Photos courtesy of Hawaii Undersea Research Laboratory.


The density of Narella spp. colonies was greatest at the shallowest end of Makapu‘u Pt. patch and thinned as it extended deeper, overlapping with the area of pink coral colonies below 361 m. In this area, the flow was strong (12.6–18.9 cm/s) and continued to increase as depth decreased to a high of 21.7 cm/s at 323 m where Narella gigas and Narella muzikae appeared (Figure 7 middle). Across this depth range, the temperature increased from 8.4 to 10.6°C, and based on one tiltmeter observation, may have been a limiting factor that prevented the edge of pink coral patch from spreading shallower. The instrument placed at 351 m documented higher temperature (9.7°C) and the same mean flow rate (14.9 cm/s) as at the center of the pink coral area (415 m). However, there were no pink coral colonies and the number of Narella spp. colonies were few (n = 3) compared to the adjacent instrument sites with higher flow (12–35 colonies), suggesting that the site at 351 m may have been too warm for pink corals, and the flow rate too slow for Narella spp. patch growth.

Only the bamboo and gold coral colonies were present at all three patches. Gold coral is a parasite that is known worldwide to colonize and subsume isidids, sea fans (Druffel et al., 1995; Roark et al., 2006), and black coral (Pers. Comm. Di Tracey 3/2020). Because in Hawai‘i, the bamboo coral (A. dispar) is a primary host (Parrish, 2015), both gold and bamboo were plotted together in the bottom panel of Figure 7. In the plot, the gold colonies are over printed on the bamboo colonies to represent temperature and flow conditions that were suitable for both the colonization by the bamboo host and the subsequent colonization by the parasitic gold coral. There was a wide spread in both temperature and flow for the bamboo coral host. Gold coral was seen to colonize bamboo coral at all temperatures but primarily at locations with lower flow rates. This observation is supported by the number of gold coral colonies observed in the patches being negatively correlated with flow (r = −0.960, p < 0.005) even though no similar relationship was seen for the bamboo host (r = −0.014, p = 0.488).



DISCUSSION


Regional Effects

Location plays an important role in comparison of flow among the three coral patches. The Makapu‘u Pt. and Barbers Pt. patches are both more exposed to flow moving between and around the islands as the trade winds push the ocean from east to west at this latitude. Makapu‘u Pt., located in the channel between O‘ahu and Moloka‘i, feels the flow moving to the south as it moves around O‘ahu. Barbers Pt. is further in the lee of O‘ahu about equidistant between the Kauai channel and the Moloka‘i channel so may be influenced by multiple flow directions. In contrast, the Keahole Pt. patch is in the protected lee of the 90-mile coastline of Hawai‘i Island and its two 4-km-tall volcanos that create a place of low flow and deep water upwelling (Calil et al., 2008). The bathymetry of each site was seen to shape the flow and the growth of the associated benthic community, as was reported in prior findings (Genin et al., 1986; Etnoyer et al., 2010; Tracey et al., 2011). The uniform hardpan bottom at Makapu‘u Pt. caused the flow to peak at its subtle cross-contour ridge. The flow at Barbers Pt. pinnacle changed depending on the summit’s exposure to the prevailing current, providing sides with high flow supporting corals and sides of low flow without corals. Finally, Keahole Pt. patch was exposed to consistent low flow with periodic pulses of northern flow from the adjacent deep water source to the south.

The temperature data from the present work confirm results from prior temperature monitoring in Hawaiian deep coral patches, suggesting that the environment remains stable through time. Specifically, the data at the Makapu‘u Pt. coral patch were consistent with years of prior monitoring (2001–2008) at the site (Parrish and Roark, 2009). The same monitoring study identified regional differences in other Hawaiian deep-sea coral patches (French Frigate Shoals 352 m: 10.9°C ± 0.66, Cross Seamount 392 m: 8.74°C ± 0.50), but showed the within-site inter-annual patterns (5 or more years) were consistent. In the present study, the longest monitoring was 2.75 years at the Keahole Pt. patch and temporal patterns for both temperature and flow persisted through successive years. For the flow instruments that monitored a complete year, some limited seasonal change was seen but not to a degree that would obscure the signal of the between-patch differences.

Most of the observed temporal change was tidal in nature, with some distinctions between sites in domination of a semi-diurnal vs. diurnal pattern (i.e., Barbers/Makapu‘u Pts. vs. Keahole Pt.). Tide has been reported as the primary driver of enhanced seafloor flow (Matsuyama et al., 1993; Musgrave et al., 2016) with semidiurnal (M2 period) tides documented as the dominant signal across the Hawaiian Ridge (Merrifield et al., 2001; Merrifield and Holloway, 2002; Rudnick et al., 2003). Some variability in the relative extent of tidal influence was apparent among the coral patches (Figure 5).



Patch Formation

This study looks at the environmental conditions for a deep-sea coral patch without information about the role of larval supply and settlement success. The corals’ reproductive life history (e.g., localized recruitment or long planktonic dispersal) and the distance from the source colonies are likely to be important factors in the formation of a coral patch (Richmond, 1988; Mercier and Hamel, 2011). However, given the longevity of deep-sea corals (decades to millennia; Prouty et al., 2017) it seems unlikely there would be premium areas with excellent environmental conditions for deep-seal corals that have yet to be colonized unless the site is out of reach of the drifting planula. The norm is more likely to be an abundance of habitat marginally suitable for colonization by deep-sea coral that is yet undiscovered. We know sites with higher flow tend to host more coral density and diversity, but it is also possible there are sites where flow rates are too high for colonization. In Table 2, we reported flow rates for all taxa encountered, but many (e.g., Lepidisis olapa, plexaurids, Antipatharia) did not occur in numbers sufficient to be considered a patch, even though patches of these corals have been encountered elsewhere by the lead author. Other species were seen as a patch at the Makapu‘u Pt. site (e.g., Acanthogorgia sp., Halipteris sp.), but overlapped with too few instruments to make comparisons. Typically, these other taxa comprise a sparse mixed assemblage dispersed throughout the patches of the focal corals we chose to study. Generally, a patch tends to have a dominant coral species. Surveys of six coral patches throughout the Hawaiian Archipelago found that two were mostly pink coral, three mostly red coral, and one mostly gold coral (Parrish, 2007). Seems likely that when the habitat conditions are ideal for a particular taxon, years of sustained growth spurs successive continued recruitment until the assemblage becomes increasingly monotypic.

At the colony level, if the depth, temperature, and planktonic load of the water are suitable, then any observed differences among sites are likely due to the localized flow dynamics associated with the bottom topography of the area. For deep-sea corals to thrive, the conditions must achieve balance between having flow rates fast enough to deliver suspended food for viable coral growth, yet slow enough so as not to prevent settlement or exert drag that exceeds the strength of the colony’s holdfast. Increased drag on a colony will influence the height to which the colony can grow, reproduce, and form a patch at that site. As we compared the flow around the coral colonies, we also considered how flow and the associated drag matches their skeletal morphology and life history.



Narella spp.

Our observations of high numbers of Narella spp. at Makapu‘u Pt. match findings by Long and Baco (2013) who identified depth-related patterns in the coral assemblage and the dominance of primnoids at the site. The range of observed mean flow for Narella spp. was narrow (12–21.7 cm/s) despite pooling the observations for the two known species, N. gigas and N. muzikae, and the undescribed species. The patches of Narella spp. and the pink coral colonies overlapped like a Venn diagram. As depth increased, flow rates diminished and the number of Narella spp. dropped to sparse levels (2–4 colonies), but colonies did persist down to the center of the deeper pink coral patch. This trend suggests that the presence of Narella spp. is more affected by flow than depth or temperature. Standing roughly 40 cm in height, the morphology of the Narella spp. colonies is either whirl or fan-like in shape with pliable branches of fleshy polyps (Figure 7 photos). This morphology is well suited to bend and accommodate the prevailing north-south alternating flow at Makapu‘u Pt. The Barbers Pt. patch, tiny compared to the Makapu‘u Pt. patch, had sites comparable in depth, temperature, and flow rate, and did have a few Narella spp. colonies, whereas none were seen at the lower flow Keahole Pt. patch. A search of the Hawai‘i Undersea Research Laboratory animal database for Narella spp. identified none documented for the 66 annotated submersible dives at the Keahole Pt. site. There is no age and growth work for Narella spp. in Hawai‘i, but other primnoids in the NE Pacific are reported to live between a hundred and a thousand years and are reliant on surface particulate organic matter (Andrews et al., 2002; Prouty et al., 2017).



Coralliids (Pink and Red Corals)

The patch dominance of the two coralliids, pink at Makapu‘u Pt., and red at Keahole Pt., appear to be related to very different flow preferences even though the colonies are similar in size (Grigg, 1988), have crustose fan morphologies, have similar reproductive strategies (Grigg, 1993; Waller and Baco, 2007), and were observed at the same temperature. Conditions at Makapu‘u Pt. appear to be premium for pink corals with recruitment and mortality in steady state, leaving other areas recruitment limited (Grigg, 1993). The pink colonies have robust stems and thick branches all oriented in the same northern direction, suggesting that at this flow intensity the tidal spectra is important to this taxon. Colonies of pink corals have been identified in small numbers at Keahole Pt., Cross Seamount, and one sizable “refuge” patch between Nihoa and Necker Island in the Northwestern Hawaiian Islands (Grigg, 1993; Parrish, 2007; Parrish and Baco, 2007). Finally, the depth boundary we saw for the shallow edge of the Makapu‘u Pt. pink coral patch confirms findings from earlier survey work by Long and Baco (2013). Neither their survey nor ours encountered red coral colonies at Makapu‘u Pt., but prior sample collection for genetic studies have verified its presence at the site (Baco and Shank, 2005). It is possible our surveys overlooked them or did not extend deep enough to reach the suitable flow range to encounter them.

The low flow rates seen at Keahole Pt. may be the preferred conditions for red coral. Baco and Shank (2005) were able to collect red coral to describe the genetic population structure across six sites in the lower Hawaiian archipelago (including Makapu‘u Pt.), but did not find it at the “refuge” patch where pink coral was the dominant taxon. Red coral skeletal morphology is frail with a thinner base and delicate branches that easily break when handled, so this coral may do poorly in sites of extreme flow where forces of drag would topple the colony before it could attain maturity. It is also possible that slower flow rates are optimal feeding conditions for this coral, as has been shown by feeding experiments on other suspension feeding corals (Purser et al., 2010; Orejas et al., 2016). Unlike the consistent orientation of pink corals at Makapu‘u Pt., the colonies of red coral were observed to grow in a haphazard orientation at multiple sites across the archipelago (Parrish, 2007) suggesting that red coral is suited to exploit low-flow water conditions. The distribution of polyps does differ between the two taxa: red coral polyps are distributed evenly along the branches, whereas pink coral polyps are clustered at the ends of the branch tips (Bayer, 1956).



Bamboo and Gold Corals

Bamboo coral and the parasitic gold coral are the most adaptable of the focal corals in this study. They were present at all three patches and spanned the widest range of temperature, flow, tidal spectra, and water mass productivity. Both corals grow to more than three times the height of the other focus corals, allowing them to exploit more of the passing water mass (Parrish and Baco, 2007), and are reported to rely on surface particulate organic material (Roark et al., 2006; Prouty et al., 2017) which may contribute to their adaptability and slow growth. As such, the intensity and spectra of the flow seem less important to these two corals.

The bamboo host colony, which can take a century to attain its full size (Roark et al., 2005), exhibited no obvious patterns in relation to flow rate or temperature. Its common name refers to its hybrid morphology; a planar frame composed of carbonate segments linked by protein nodes that provides more rigidity so it can extend and exploit suspended materials higher in the water column, but still more flexible, allowing it to bend as needed to accommodate periods of intense flow without breaking.

In contrast, more colonies of gold coral were found growing in lower flow environments. An established bamboo coral colony is the preferred host for gold coral (Parrish, 2015), which means the minimum flow thresholds of bamboo and gold corals are the same. The cluster of gold corals at lower flow speeds is likely an artifact of the zoanthid being a larger fleshy polyp that builds a stiff continuous protein frame (Sinniger et al., 2013) that as it grows needs to withstand the risk of toppling with increasing drag from the current. A gold coral can take millennia to reach full size (Parrish and Roark, 2009; Roark et al., 2009) so, in high flow environments, the coral is likely to topple and wash away early on at a smaller size. At sites with low flow, the gold colony can attain full size (∼2 m) and if it does eventually topple from drag, its large size and weight will anchor it so that it will either adapt and begin to grow upward, perpendicularly from the seafloor, or if its new prone position makes flow inadequate, the skeleton will take hundreds of years to decay away (Parrish, 2015).

This illustrates the important role flow plays in the growth, reproduction, and subsequent recruitment that makes up the community of a coral patch. It could be that high flow environments are a place where the bamboo coral population can grow with some refuge from colonization by the parasitic gold coral, which once settled, subsumes the host rapidly as part of the “midas” phase of its life history (Parrish, 2015). Patches of bamboo colonies, free of gold, have been seen relatively close to sites that are homogeneous patches of gold corals. It is likely that sites dominated by gold coral are the result of lower flow that (1) allows them to persist and grow to full size and (2) retains the planula, enhancing localized recruitment of available host colonies within the patch (Sammarco and Andrews, 1988; Todd, 1998). In a high flow patch, the full-size mature gold colonies are limited by the intense flow rate, and if reproductively viable colonies do grow, the planula are at risk of being blown out of the patch before a suitable settlement site can be found (Kinlan and Gaines, 2003; Hilario et al., 2015).



Flow and Scatter Strength of Water Mass

The organic component suspended in a passing water mass influences the necessary flow rate to sustain suspension feeding corals (Emery, 2001). This is best illustrated by patterns in bamboo and gold corals because they occurred at all three patches but were absent from each patches’ edge site. At the edge sites of Barbers Pt. (Figure 6. instrument F3 = 8.3 cm/s) and Makapu‘u Pt. (instrument F13B = 7.9 cm/s), the flow rates were much higher than all the sites at Keahole Pt. (0.54–4.89 cm/s), including those that had bamboo and gold colonies. However, the 1/3 greater backscatter strength at Keahole Pt. (−29 vs. −42 dB) indicates that more food is carried by passing water and able to sustain coral colonies at a lower delivery rate. If a high scatter strength were present at the edge sites of the Barbers Pt. and Makapu‘u Pt. patches, it would likely make those flow rates viable for coral growth and the edge of the coral patches would still be expanding.

The reason for the higher backscatter at Keahole Pt. is unclear, but it is the only patch with a backscatter pattern that suggests it receives a tidal injection of nutrient rich biogenic water. Similar tidal patterns have been documented in other deep-sea coral studies (Hanz et al., 2019) and would explain the correlation between the tidal pulse of the northern current and the temporary reduction in scatter strength. The nutrient rich water comes from the south, where the water column is more than 1000 m deep and is likely part of the documented cyclonic eddy that pumps upwelling in the lee of Hawai‘i Island (Bienfang and Szyper, 1981; Calil et al., 2008; Jia et al., 2011). Daily monitoring at a depth of 674 m (∼10 km from the Keahole Pt. coral patch) shows dissolved nitrates and phosphates seven to eight times greater than that found in the mixed layer (NELHA National Energy Laboratory Hawaii Authority, 2015). As this water is forced shallower, it enhances the production to the bathypelagic and slope benthic communities (Bidigare et al., 2003). The inter-mixing of the deep chlorophyll maximum with the rising inorganic nutrients creates recurring localized patches of biologically enhanced seascape (Seki et al., 2002). The greater observed backscatter at Keahole Pt. patch indicates more zooplankton (Iida et al., 1996) and thus more food for corals (Orejas et al., 2003; Carlier et al., 2009; Naumann et al., 2011). With this, the corals at the Keahole Pt. patch can thrive at a flow rate that is insufficient for the Makapu‘u Pt. and Barbers Pt. patches.

It is possible that conditions of high productivity water and low flow are ideal to form full patches of red coral. Its delicate skeletal structure seems adapted to a low flow that would require a productive water mass. Recent work surveying the deep-sea coral communities of the west Hawai‘i slope south of the Keahole Pt. patch has identified numerous patches of red coral as an early colonizing taxon with densities varying with the age of the lava flows they colonize (Putts et al., 2019). Red corals are also found on Cross Seamount (∼100 nm) to the east (Grigg, 2002) in the drift path of eddies that form in the island’s lee (Seki et al., 2001; Yoshida et al., 2010). Other red coral patches, some sizable, have been identified in the Northwestern Hawaiian Islands (Grigg, 2002; Parrish, 2007; Waller and Baco, 2007) where ocean productivity increases with latitude. The largest red coral patches have been reported from the archipelago’s northernmost extreme where they were commercially dredged by foreign fishing fleets in the 1970s (Grigg, 1993). Recent work visually surveying the impacted sites after decades of protection has documented some recovery of these coral patches (Baco et al., 2019). More environmental observations are needed from other coral patches to build on the preliminary findings seen in this work.



Coral Community Effects

It is not known to what degree colonization by more and different coral species changes the flow permeability of the patch canopy (Rubol et al., 2018) and influences how the community develops. This friction factor should be especially important for cold-water coral species elsewhere in the world that form intertwined reef frameworks (Davis et al., 2017). For the solitary individual colonies addressed in this study, any drag effects on measured flow are likely secondary to bathymetric influences. However, modifications to the flow field from increasing density and diversity of solitary colonies may contribute to long term changes in the settlement, growth, and succession of the patch. Seben et al. (1997) showed that with greater number and spacing of branches in coral colonies flow is reshaped and changes the success of particle capture. As of yet, the only attempt to look at these types of cumulative effects for corals have been experimental efforts measuring flow change in constructed patches using colony skeletons in laboratory flumes (Mienis et al., 2019).

There are also other influences that might shape the coral community. Field surveys have documented greater biodiversity of fish, crustaceans, and invertebrates in more developed coral communities that provide a greater range of structure (Baco, 2007; Parrish and Baco, 2007; Buhl-Mortensen et al., 2010). Crinoids have been seen covering colonies of pink corals at the Makapu‘u Pt. site (Parrish and Baco, 2007), likely increasing effects of drag on colony growth. Colony damage can also occur from swimming predators that strike the colony while hunting for prey sheltering in the coral branches (Parrish et al., 2002; Putts et al., 2019). In addition, a number of coral associated species are coral predators. For example, cidarid urchins and sea stars graze on the tissue of bamboo coral colonies leaving bare areas of skeleton (Mah et al., 2010). This can be severe, denuding the colony so it is lost, or partial predation that predisposes a coral to being colonized by the parasitic gold coral and introduces a new colony morphology to the spot. Future efforts examining the relationship between flow and deep-sea coral may also want to consider interactions with other species in the community that could influence coral colonization and succession.



Flow vs. Temperature Dependence

While much about the distribution of deep-sea coral remains elusive, here we show that the patterns of both flow speed and food availability meaningfully impact the distribution of the corals we observed. In each coral cluster, we examine (Figure 7)—red vs. pink, bamboo, and gold, and the Narella spp. cluster—depth and temperature apparently play a less significant role in structuring habitat than does flow and food availability. Further study with an increasingly comprehensive set of environmental parameters will build toward a more comprehensive description of suitable habitat, but based on the results presented here, habitat modeling exercises should not ignore the important impacts of flow on the distribution of deep-sea corals.
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BACKGROUND

Octocorals and antipatharians (black corals) are usually among the main biotic groups in tropical rocky reefs. With a high diversity (111 species), abundance, and endemism, octocoral communities are a dominant seascape feature in the rocky reefs of the Eastern Tropical Pacific (ETP), hosting a particular invertebrate fauna and rich fish communities (Cortés et al., 2017; Sánchez, 2017). In the Colombian Pacific, studies of octocorals in rocky substrates are scarce and are restricted to shallow waters (<30 m). Only 14 species have been found so far (Cortés et al., 2017), but there could be more than 22 species according to unpublished reports.

Mesophotic environments are usually defined as those located between 30 and 150 m below the surface and have been considered as ecosystems with diverse biological communities and high levels of endemism (Sinniger et al., 2016). The habitats formed by octocorals are common in mesophotic environments around the globe, however, knowledge about biodiversity and ecology of these communities is nascent. To date, 87 genera of mesophotic octocorals are known globally, of which only eight have been reported for the ETP (Sánchez et al., 2019). The octocoral fauna colonizing mesophotic environments often differs from shallow water octocoral fauna, which seems to be especially true in the ETP. The only published comparison of shallow water (<30 m) and mesophotic (>30 m) octocoral communities in the ETP, has found 17 shallow and 18 mesophotic species in the coast of Oaxaca—Mexico, with just one species present over the entire depth range (0–70 m; Abeytia et al., 2013).

In the ETP region, antipatharians have been reported off the coast of Panama, Mexico, Colombia, and Ecuador, in specific areas and especially in shallow waters (Opresko, 1976; Bo et al., 2011), although in some cases they reach the upper limit of the mesophotic zone (ca. >30 m). Only two black coral species have been reported in this region, Myriopathes panamensis (Verrill, 1869) and Antipathes galapagensis Deichmann, 1941. Myriopathes panamensis, which is the only known black coral species to date from the Colombian Pacific, has been reported up to 50 m deep in Galápagos, although in the continental waters of Ecuador it is more abundant between 15 and 30 m deep (Bo et al., 2011).

There is a need for data on the poorly known communities of mesophotic octocoral and antipatharians in the ETP, especially to the south of this remote biogeographic region (Colombian Pacific). The dataset presented here is the result of the first exploration in the mesophotic environments (30–60 m deep) of the rocky reefs from the Colombian Pacific. The dataset includes taxonomic information for each collected specimen, collection data (site, depth, date), and the collection code.

The aim of this work is to contribute to the knowledge of the octocoral and black coral communities in unexplored environments at a remote region with high endemism, the Eastern Tropical Pacific, reporting relevant biological information such as bathymetric range, geographical distribution, and the morphological variation with taxonomic relevance.



DATA COLLECTION

An underwater exploration of rocky reef sites using SCUBA in the northern Colombian Pacific (Chocó) during September 2018 targeted two small “peaks” arising from around 60 m deep in the seafloor to 10–20 m deep and located about 1 km from the coastline. These sites offer a good chance to study the marine biota in a mesophotic environment. “La Mina” (6°41′11.868″ N, 77°32′57.588″ W) in the north of the Gulf of Cupica, and “Amargal” (5°34′47.352″ N, 77°30′50.76″ W) in Cabo Corrientes (Figure 1), are submerged headlands of basaltic rocks, remnants of the Serranía de Baudó o Baudó mountain range, pero no Cordillera del Baudo, that were covered by sea water since the last ice age, and are 125 km from each other (Posada et al., 2009). Both look structurally similar; they are mainly rocky walls with high slopes between 10 and 50 m deep that begin to decrease around 60 m deep. At the base of each feature there are multiple boulders covered by algae (turf and coralline) and dozens of whitish octocoral colonies are the dominant features of the seascape. Sponges are scarce and limited to encrusting morphotypes when present.


[image: Figure 1]
FIGURE 1. Distribution map of the new octocoral records found in the Colombian Pacific, with species distribution along the ETP. The coordinates for species distribution in other countries were obtained from publications in the references list. Sample sites: ♦ La Mina, ■ Amargal.


To assess the composition of the coral (octocorals and antipatharians) mesophotic community on each site, coral colony counts were made by two researchers in three 10 × 1 m line transects (10 m2) horizontally disposed. A third diver was responsible for digital imagery and coral samples collection. Average density (colonies/m2) of octocorals and antipatharians were calculated for each site and for the entire mesophotic coral community of the northern Chocó.



CORAL IDENTIFICATIONS

Species identification were performed in situ and specimens were collected for later validation. Before collection, photos of each colony were taken with and without scale, then they were deposited in a tagged “Ziploc” bag. The colonies were air dried for preservation and were identified using the morphological characters of the colonies and the characteristics and composition of the sclerites (Bayer, 1961; Breedy and Guzman, 2002). Measurements of the taxonomic characters of the colonies were performed using a Vernier digital caliper. In order to obtain the sclerites, a small bit of tissue was immersed in sodium hypochlorite (household bleach). The sclerites were examined and measured with a microgrid in an optical microscope (Carl Zeiss Primostar). The specimens collected were deposited in the Museo de Historia Natural Marina de Colombia—(MHNMC) of INVEMAR, and the codes are listed in Table 1.


Table 1. Species of mesophotic octocorals and black corals collected in the Chocó, Colombian Pacific.
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DATASET OUTCOMES AND DISCUSSION

In the explored mesophotic community, 14 octocoral species in the Ellisellidae, Gorgoniidae, and Plexauridae families were found. Most of them were a white-colored such as Ellisella limbaughi, Leptogorgia alba, L. cortesi, Pacifigorgia marviva, P. senta, and Muricea subtilis, which were very conspicuous in this mesophotic twilight environment (Figure 2). Among the white corals some less conspicuous, but colorful (e.g. brown, reddish, etc.) coral colonies of the species Pacifigorgia eximia, Muricea plantaginea, M. fruticosa, M. squarrosa, Psammogorgia sp1, Psammogorgia sp2, and Heterogorgia verrucosa were also present. One species of black coral in the Myriopathidae family was also found (Table 1, Figure 2). Of the octocoral species reported here, six are new records for the Colombian Pacific and even for the Panama Bight ecoregion (marked with * in Table 1, Figure 2). The other two species (L. alba and P. eximia) have been reported in shallow waters (<30 m) in Chocó and other locations in the Colombian Pacific (Sánchez et al., 2011, 2014; Lozano-Cortés et al., 2012; Sánchez and Ballesteros, 2014). The Black coral Myriopathes panamensis was collected in Malpelo Island in 2002 according to the Colombian Marine Biodiversity System-SIBM (Instituto de Investigaciones Marinas y Costeras - INVEMAR, 2020).


[image: Figure 2]
FIGURE 2. Mesophotic octocoral and black coral communities in northern Chocó, Colombian Pacific, with photographs in situ (left), dry preserved (center), and sclerites (right). (A) Pacifigorgia senta. (B) Ellisella limbaughi. (C) Muricea plantaginea. (D) Muricea subtilis. (E) Whitish mesophotic octocorals community and one colony of the black coral Myriopathes panamensis (right).


These new records represent extensions in the geographical distribution or bathymetric ranges of several coral species from the ETP (Figure 1). For example, Ellisella limbaughi, that had been registered only in northern ETP in Baja California and Oaxaca, Mexico (Bayer, 1960; Abeytia et al., 2013), is now registered to the north of Panama Bight (Chocó, Colombia) at the southern part of the ETP (Figure 1), with depth ranges similar to those in Mexico (40–90 m) and an abundance that allows us to consider it a common and conspicuous species in the mesophotic zone, with sizes reaching 80 cm high (Figure 2). Leptogorgia cortesi, previously reported only for Golfo Dulce, Costa Rica, between 9 and 30 m deep (Breedy and Guzman, 2012), is registered now for Colombia down to 45 m deep (Figure 1). Pacifigorgia marviva was reported only in Coiba Island, Panama, between 35 and 40 m deep (Guzman and Breedy, 2011), here it is reported for the northern Chocó in Colombia between 40 and 60 m deep, where it is abundant in the mesophotic communities. Pacifigorgia senta are distributed in Baja California (Mexico), Costa Rica, and possibly in the Gulf of Panama (Breedy and Guzman, 2003) between 36 and 40 m, however, in Colombia this species is found between 40 and 60 m deep, and together with Pacifigorgia marviva are the most abundant species in this particular “whitish octocoral community” of the mesophotic zone (Figure 2). Finally, Muricea subtilis, a species recently described for Costa Rica at depths >30 m (Breedy and Guzman, 2016), was found in the sampled locations more than 45 m deep, being more abundant below 50 m deep (Figure 1).

During the species taxonomic identification process, some morphological variations with respect to the species original descriptions were recognized in L. cortesi and P. senta. Considering that high phenotypic variation is typical in octocorals, their taxonomy is problematic (Bayer, 1961; Breedy and Guzman, 2007; Sánchez et al., 2007), therefore it is important to document variations exhibited by octocoral species, to reduce possible misidentifications and the subjectivity in the taxonomy of the group. Leptogorgia cortesi is a species with prominent and tight calyxes (polyp-mounds), which confers it a wavy appearance in the branches edges (Breedy and Guzman, 2012), however, in the specimens collected in Colombia (INV CNI4224 and INV CNI4241) such polyp-mounds were absent, but the type of branching pattern and sclerites were compatible with the L. cortesi description and allowed us to assign it that taxonomic identity. Pacifigorgia senta can have coloration that ranges from light orange to pink and white and show cylindrical thick central veins in its original description (Breedy and Guzman, 2003), but all specimens collected in Colombia were a white color with a central pink area toward the base of the colony, and did not show midribs (Figure 2). It was initially confused with P. marviva, but the sclerites set is typical of P. senta (Breedy O., com. pers).

The coral mesophotic communities discovered in the northern Colombian Pacific harbor big and healthy colonies, that in some cases exceed the maximum colony sizes reported in several species. In the conspicuous octocoral Muricea subtilis, one colony reaching 41 cm height and 30 cm width was collected (INV CNI4304), being almost twice the length reported in the species description (Breedy and Guzman, 2016). Pacifigorgia marviva is considered a small erect fans species (≤13 cm long) in the original description (Guzman and Breedy, 2011), but we found one colony 31 × 30 cm high and wide (INV CNI4263). The bigger P. senta colony collected was 42 cm high and 28 cm wide (INV CNI4265), not bigger than previously reported in Costa Rica (Breedy and Cortés, 2014). In general, the biggest colonies in the coral communities were of the antipatharian Myriopathes panamensis which was around 1 m in length, and the octocoral Ellisella limbaughi, which was 80 cm in length. The rest of the observed species showed to be similar to their original descriptions. Recruits (individuals ≤5 cm) of M. subtilis and P. senta/marviva, as well as small colonies around 7 × 5 cm long, were also found.

The total average density of coral colonies (octocorals and antipatharians) considering both mesophotic communities was 9 ± 1.6 colonies/m2 (average ± SD), with the octocorals Leptogorgia alba (2.63 ± 0.7 colonies/m2) and Muricea subtilis (2.61 ± 1.9 colonies/m2) being the most abundant species. The average coral density in La Mina was 9.9 ± 0.5 colonies/m2, with 10 coral species registered (Table 1), five of which were exclusive for this site (Ellisella limbaughi, Muricea plantaginea, M. subtilis, Psammogorgia sp1, and Psammogorgia sp2). Amargal had an average density of coral colonies of 8.1 ± 3.3 colonies/m2 with only seven coral species (Table 1). Considering the average coral density estimated on both sites, these communities can be considered as a kind of mesophotic coral garden in a similar sense to the “Coral Garden Habitat” that has been defined for deep seas in the OSPAR commission. However, due to its location on the continental platform, they do not fit totally well in that habitat definition (OSPAR Commission, 2010). Although other mesophotic octocoral communities in Mexico harbor about 18 species (Abeytia et al., 2013), this work is just a first glance on the mesophotic coral communities at the Colombian Pacific, where the species richness number and the new records suggest that more sampling effort is needed to quantify the mesophotic diversity of the region.

Finally, our study contributes to the knowledge of the marine diversity in the Colombian Pacific, the Panama Bight, and the Eastern Tropical Pacific in general, and describes two coral gardens composed of a rare whitish community of mesophotic octocorals, unknown until date in Colombia. These coral gardens are unprotected and, in the course of fieldwork, several threats were evident like colony detachment caused by ghost fishing gear.


Reuse Potential

The collected corals are deposited in the cnidarian collection (INV CNI) of the Museo de Historia Natural Marina de Colombia (MHNMC) of INVEMAR, where they are preserved as part of the largest biological collection of marine biodiversity in the country. These specimens constitute a valuable source of information available for future studies on the systematics of the group, a very dynamic issue in this part of the world, where knowledge of octocoral biodiversity is still incomplete, particularly in mesophotic environments. The dataset presented here provide octocoral and black coral species present in the Colombian Pacific, including new records for the country, and provides the catalog numbers of the voucher of each species for any taxonomic revision needed.
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Symbiosis and coloniality are ecologically important traits for corals of the order Scleractinia. Symbiotic (zooxanthellate) species are highly successful in shallow waters of tropical and subtropical seas and most of them are colonial. On the other hand, azooxanthellate species present wide distribution ranges and expand to the deep-sea at more than 6,000 m depth. These are mostly solitary, with only few species colonial that form extensive deep reefs. Each ecologically distinctive group encompasses half of the biodiversity of the order and they are not grouped into differentiated monophyletic clades. Paleontologists and evolutionary biologists have debated for decades whether modern scleractinian corals have evolved from symbiotic or colonial ancestors and how these traits have evolved and being involved in the diversification process in corals. Previous comparative analyses throw evidence in favor of coevolution of these characters and toward repetitive loss of symbiosis and coloniality. Nevertheless, the discovery of the origin of the group deep in the Paleozoic, with a deep divergent clade composed of only azooxanthellate corals has questioned these findings. With this work, we disentangle the patterns in the evolution of symbiosis and coloniality, testing if they are correlated and if they follow a gradual or episodic mode of evolution. To this end, we first produce the most complete time-calibrated phylogenetic tree for the order Scleractinia, including new sequences of never-before sampled species and genera. These novel sequences contribute to alleviate the current molecular under sampling of azooxanthellate species. Incorporating phylogenetic uncertainty, we obtained strong evidence in favor of a correlated and episodic model of evolution. This model led to the inference of an azooxanthellate and solitary most recent ancestor of scleractinians. Transition rates between the four different combinations of the two traits showed that while coloniality is gained and lost multiple times, symbiosis first appears around 282 Ma and is never lost. Also, coloniality seems to have appeared before symbiosis in azooxanthellate lineages. Thus, azooxanthellate corals, and especially colonial lineages, have been acting as a source of biodiversity for shallow zooxanthellate coral communities, highlighting the uniqueness of shallow and deep species and the need to preserve them.
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INTRODUCTION

Reef-building scleractinian corals constitute the foundation for large ecosystems in the tropics, particularly in the Indo-Pacific, the Caribbean Sea and the Indian Ocean (Veron et al., 2015). Other scleractinians live in the dark abyss mainly as individual polyps, sometimes more than 6,000 m below sea level (Romano and Cairns, 2000; Cairns, 2007). Between these two extremes there is enormous diversity, scleractinians display a continuum of morphologies and adaptations to the highly different physical and biological environments. On one hand, shallow water coral species largely depend on the presence of obligate endosymbiotic zooxanthellae in their endodermal tissues (but see also Houlbrèque et al., 2004). Zooxanthellae provide these coral species with 95% of their photosynthates in exchange for inorganic nutrients (Stat et al., 2006). To form such a symbiotic relationship species require sunlight (consequently, clear oligotrophic waters, where they also are not outcompeted by algae or phytoplankton) and a strict range of temperature (Veron, 1995; Baker et al., 2008). Evolutionary success in shallow waters is evident, with ∼800 zooxanthellate and colonial species exploiting all available space and forming complex structures resulting in some of the most diverse ecosystems in the earth (Moberg and Folke, 1999). It has been advocated that coloniality has evolved as a consequence of competition for space (Jackson, 1979; Barbeitos et al., 2010), which is a limiting resource in marine hard substratum environments (Jackson, 1977). Beyond few existing solitary zooxanthellate species, which can also form aggregations, a continuum of growth forms and different levels of colonial integration exist in scleractinian corals. In general, colonial species are composed of morphologically similar polyps, with differentiation in only some species such as acroporids (Soong and Lang, 1992).

On the other hand, deep azooxanthellate species lack endosymbionts, rather they are heterotrophic and feed on a large range of food sources, such as dissolved organic carbon and plankton (Roberts et al., 2006). However, some azooxanthellate species can also be found in shallow waters, and moreover, a small number of species are facultative, meaning they present zooxanthellate and azooxanthellate populations and have the capacity to switch between states (also called aposymbiotic or apozooxanthellate species) (Schuhmacher and Zibrowius, 1985; Drake et al., 2019). Azooxanthellates are dominated by solitary species and only very few have the ability to form colonies - the extensive deep reefs are dominated by single coral species as Desmophyllum pertusum.

Despite this variation, the presence of symbiosis and the capacity to form colonies are the most conspicuous characters in scleractinians. However, it is poorly understood what led to and maintains this diversity of forms. Owing to the fact that these characters play a pivotal role in coral distribution and ecology, understanding their mode of evolution is essential to disentangling the diversification process.

Symbiotic colonial species constitute roughly half of the known biodiversity of the group (about 1,600 species) and form polyphyletic clades within the phylogenetic tree of the order Scleractinia. Molecular information is mainly available for shallow-water zooxanthellates for obvious reasons of sampling accessibility and the high ecological and economic importance of tropical coral reefs (Kitahara et al., 2016). There is a growing appreciation of this potential bias and some recent studies have attempted to address this, but further work is needed. Extensive sampling of the order and the probabilistic inference of phylogenetic trees started only marginally over a decade ago (Fukami et al., 2008). Subsequently work has been extended to increase species sampling, particularly for deep-sea representatives (Kitahara et al., 2010; Stolarski et al., 2011), but also in the search for more informative molecular markers (Arrigoni et al., 2017). Previous inferred phylogenies (e.g. Romano and Palumbi, 1996, 1997; Veron et al., 1996; Romano and Cairns, 2000; Chen et al., 2002; Fukami et al., 2004) routinely report incongruences between traditional taxonomic characters and molecular information, resulting in most recognized families and genera showing polyphyly. Extensive morphological variation together with the lack of homologies in most phenotypic traits makes the understanding of the evolutionary paths even more challenging and intriguing.

Several genetic markers have been the subject of previous gene trees, with mitochondrial and nuclear data sets leading to similar results (Fukami et al., 2008). Also, Stolarski et al. (2011) join these two sources of information, concatenating the mitochondrial 16S and the nuclear 28S. Nevertheless, the taxon sampling in these studies is reduced compared to the recognized biodiversity of the order. For example, Fukami et al. (2008) concatenate two mitochondrial markers for 127 scleractinians, Kitahara et al. (2010) includes only the CO1 for 234 species, Stolarski et al. (2011) concatenate two rDNA markers for 121 species, and Arrigoni et al. (2017) use the 18S for 298 specimens. The only attempt to compile all the existent information, is a maximum likelihood genus-level phylogeny of 576 species (Kitahara et al., 2016), based on 12 DNA markers not time-calibrated.

Barbeitos et al. (2010) questioned coloniality as a derived trait in the history of scleractinians, when they inferred transitions from being solitary to colonial and reversals as equally probable. They report the same result for symbiosis, suggesting that these are very labile characters as easy to acquire as to loss. Their results, although having low support, also suggest that scleractinians evolved from a zooxanthellate and colonial ancestor, which strongly implies that this group diversified from onshore into deeper waters. This evolutionary scenario is reported to be congruent with the fossil record, since representatives of the current scleractinians only date back to the Middle Triassic, and high levels of colonial integration are already recognized then, while symbiosis has been recognized in Upper Triassic corals (Stanley and Swart, 1995). Nevertheless, the high diversity that characterize these early assemblages suggests an “evolutionary history unrecognized or unrecorded in the fossil record” (Stanley, 2003). An important turning point occurred when the origin of Scleractinia was placed more than 400 Mya (Stolarski et al., 2011), and a first divergent clade (called “Basal”) formed by strict solitary and azooxanthellate corals (Kitahara et al., 2010), was described. This led researchers to question previous findings and speculate that both symbiosis and coloniality have evolved multiple times from a solitary azooxanthellate ancestor, as the polyphyly for these characters might indicate.

Here we aim to reevaluate the evolution of the symbiosis and coloniality in scleractinian corals. To achieve this end, we first maximized taxon sampling building the most complete molecular phylogeny for the order, combining all available molecular information for the most common nuclear and mitochondrial DNA regions, with novel sequences for never- before sampled species and genera. Using this phylogeny, which increases taxon sampling from previous studies to 513 species [compared to 80 (Barbeitos et al., 2010)], we will test to what extent symbiosis and coloniality are evolutionarily correlated and the mode of evolution of these traits – gradual vs. episodic. From our analyses we uncover if symbiosis and coloniality have been acquired or lost multiple times through the scleractinian history, and if so when these events occurred. Simultaneously with these analyses, we will show if the ancestor was zooxanthellate and colonial (Barbeitos et al., 2010), azooxanthellate and solitary (Stolarski et al., 2011) or with a different configuration of these characters.



MATERIALS AND METHODS


Sample Collection and Sequencing

Four molecular markers, two nuclear and two mitochondrial, among those commonly used for Scleractinian corals were selected: the mitochondrial cytochrome oxidase c subunit 1 (CO1) and three partial ribosomal genes, the nuclear 28S and 18S, and the mitochondrial 16S. These were chosen because they are among the most used traditionally, accumulating more information to date, but also to have an equilibrium between nuclear and mitochondrial markers. Previously published sequences were retrieved from GenBank, while new sequenced specimens were deposited at the Museo Nacional de Ciencias Naturales (MNCN-CSIC, Madrid). New sequences corresponded to 41 taxa, of which 16 species and 5 genera were sequenced for the first time (Supplementary Material 1).

Small pieces of coral tissue preserved in alcohol were taken from each sample. DNA extraction was performed using the QIAGEN BioSprint 15 DNA Blood Kit (Qiagen Iberia S.L., Madrid) following the manufacturer’s instructions, but with an extended period of proteinase K lysis (overnight incubation at 56°C). The concentration of extracted DNA was measured for each specimen using a Nanodrop 1000 (Thermo Scientific). Each aliquot was then diluted at a concentration of 2 ng/μl in 50 ml of pure water.

Polymerase chain reactions (PCR) were carried out in a total volume of 50 μl, with 1xPCR Buffer (with final concentration of 2 mM MgCl2), 0.2 mM of each dNTP, 0.14 μM of each primer, 1.5 U of Taq polymerase, 4 ng of template DNA and an additional 1 mM of MgCl2 in the case of 28S. We used the following primers and PCR amplification conditions:

(1) CO1 – The primers COIcoralF 5′-GATCATCTTTATAA TTGT-3′ (Addamo et al., 2012) and HCO2198 5′-TAA ACTTCAGGGTGACCAAAAAATCA-3′ (Folmer et al., 1994) were used to obtain a fragment of 538 bp. An initial denaturation step of 4 min at 94°C, followed by 40 cycles of 45 s denaturation at 94°C, 45 s annealing at 45°C and 90 s extension at 72°C, with final 10 min at 72°C.

(2) 16S – The primers LP16SF 5′-TTGACCGGTATGAATG GTGT-3′ and LP16SR 5′-TCCCCAGGGTAACTTTTATC-3′ (Le Goff-Vitry et al., 2004b) were used to amplify a fragment whose size varied between 280 and 423 bp. An initial denaturation step of 4 min at 94°C, followed by 40 cycles of 30 s denaturation at 94°C, 30 s annealing at 56°C and 30 s extension at 72°C, with final 10 min at 72°C.

(3) 28S – The primers C1 5′-ACCCGCTGAATTTAAGCAT-3′ and D2MAD 5′−TCGGATGGACCCATATGA-3′ (Cuif et al., 2003) were used to amplify a fragment whose size varied between 757 and 787 bp. An initial denaturation step of 4 min at 94°C, followed by 40 cycles of 1 min denaturation at 94°C, 1 min annealing at 56°C and 1 min extension at 72°C, with final 10 min at 72°C.

(4) 18S – Two pairs of primers with different PCR conditions were used to amplify two parts of a fragment of 1,707–1,740 bp. First, A (forward1) 5′–AACCTGGTTCATCCTGCCAGT-3′ and B (reverse1) 5′–TGATCCTTCTGCAGGTTCACCTAC–3′ (Berntson et al., 2001). An initial denaturation step of 4 min at 94°C, followed by 35 cycles of 45 s denaturation at 94°C, 1 min annealing at 51°C and 90 s extension at 72°C, with final 5 min at 72°C. This cycle was modified from Berntson et al. (2001). Second, 515F (foward2) 5′–GTGCCAAGCAGCCGCGGTAA–3′ and 1209R (reverse2) 5′–GGGCATCACAGACCTG–3′ (Giovannoni et al., 1988; Reysenbach et al., 1992). An initial denaturation step of 4 min at 94°C, followed by 40 cycles of 1 min denaturation at 94°C, 45 s annealing at 42°C and 1 min extension at 72°C, with final 10 min at 72°C. The PCR thermal profile provided by Arrigoni et al. (2017) did not yield to the amplification of this fragment.

The amplified fragments were purified excising the corresponding bands from 1% agarose gels and filtering them. Sequencing was performed using a BigDye Terminator and an ABI PRISM 3730 DNA Sequencer (Applied Biosystems).



Alignment and Phylogenetic Analyses

A total of 87 new and 951 published sequences (Supplementary Material 1) were aligned separately for each gene using the online version 7 of the multiple sequence alignment algorithm MAFFT (Kuraku et al., 2013; Katoh et al., 2018), with later manual editing. For those species with more than one published sequence of the same gene, we selected the longest. Those sequences highly divergent were assessed using the online BLAST web interface (NCBI) and excluded from the final alignment when they clearly did not belong to scleractinians. Ricordea florida (order Corallimorpharia), a previously used outgroup (e.g., Fukami et al., 2008; Kitahara et al., 2010; Stolarski et al., 2011) with available information for the four markers, was incorporated. In preliminary analyses, we also included Heliopora coerulea (Subclass Octocorallia, order Helioporacea), but it was delated in later analyses to avoid external noise, even though the result did not vary.

Individual genes were tested for substitution saturation (Xia et al., 2003; Xia and Lemey, 2009) using the software DAMBE (Xia and Xie, 2001). 16S showed high levels of substitution saturation, while 28S, CO1 and 18S did not. In line with previous results (Stolarski et al., 2011), the joint alignment with 28S showed good phylogenetic signal. Then, all aligned genes were concatenated in a supermatrix without excluding the fast-evolving regions of 16S. Taxa with less than 10% of information were deleted from the supermatrix. Gene trees were also inferred and species with highly divergent sequences were deleted.

The phylogenetic tree was inferred using Bayesian inference with the software BayesPhylogenies (Pagel and Meade, 2006). This allows to obtain a sample of trees instead of a single tree to integrate over uncertainty in the posterior evolutionary analyses. We used gamma rate-heterogeneity (Yang, 1996) and a phylogenetic mixture model of evolution (Pagel and Meade, 2004), which allow different sites of the alignment evolve in qualitatively distinct ways, but does not require prior knowledge of these patterns or partitioning of the data. This do not only allow to incorporate in the alignment genes with different rates of evolution without the necessity of partitioning the data, but also to detect fragments with different rates within the same gene. The number of patterns of evolution was estimated using Reversible-Jump Markov Chain Monte Carlo (RJ-MCMC) (Green, 1995). We used a Yule tree prior (Yule, 1925) and a relaxed clock of molecular evolution with a lognormal distribution (1,1) to date the phylogeny. The relaxed clock considers that rates differ among lineages assigning different rates to different branches (Yang, 2006). Five previously published calibration points based on the fossil record were used with a uniform prior distribution: genus Caryophyllia (153–167 Ma), family Dendrophylliidae (120–134 Ma), genus Flabellum (70–84.5 Ma) (Stolarski et al., 2011), genus Acropora (55.5–59.5 Ma) (Carbone et al., 1993) and family Acroporidae (98.5–102.5) (Wallace, 2012; Huang et al., 2017). The monophyly of the calibration points was not forced, but as the parameters of the model, these influence the topology.

We ran 10 RJ-MCMC chains of 80 million iterations sampled every 20,000 iterations with a burning of 60 million iterations. We randomly sampled 500 trees from the posterior distribution to account for phylogenetic and temporal uncertainty in our comparative analyses.



Comparative Analyses

All species incorporated in the phylogeny were classified as zooxanthellate, azooxanthellate (also called z-corals and az-corals, respectively; Rosen, 2000), or facultative (apozooxanthellate) species. They were also classified as either solitary, colonial or facultative based on the ability to asexually produce one or more connected calices. This information was mainly retrieved from the Coral Traits Database1 and from Corals of the World2 (Supplementary Material 1).

We used a reversible-jump continuous time Markov model of correlated evolution for discrete traits (Pagel, 1994; Pagel and Meade, 2006) to test if symbiosis and coloniality have coevolved through the history of the order Scleractinia. This model is implemented in BayesTraits (Pagel et al., 2004) as Discrete, and can be run under two models of evolution, Discrete Independent, which assumes that the two traits evolve independently, and Discrete Dependent, which assumes that the traits are correlated and the rate of change in one trait is dependent on the state of the other (Pagel, 1994). While the Independent model has four rate parameters corresponding with the transition rates between the two states of each trait (azooxanthellate ↔ zooxanthellate and solitary ↔ colonial), the Dependent model has eight parameters, as there are four possible combinations of traits (azooxanthellate and solitary, azooxanthellate and colonial, zooxanthellate and solitary, zooxanthellate and colonial) and only the change in one trait is allowed in a single step (Pagel, 1994). Preference for independent or correlated evolution was established computing the log marginal likelihoods of the two models and comparing them using Bayes Factors (BF) as: log BF = 2(log marginal likelihood Dependent model − log marginal likelihood Independent model). Values of log BF above 2 are considered as positive evidence in favor of the complex model (Raftery, 1996), which in this case is the Dependent model.

This approach allowed to incorporate the sample of 500 trees previously obtained (Supplementary Material 2) instead of the a single tree, in order to estimate the posterior probability distributions of the parameters in the model while accounting for phylogenetic uncertainty (Pagel and Meade, 2006). The outgroup was pruned before running the comparative analyses. Facultative species were accounted for by coding both states of the trait in the data matrix. We ran four independent RJ-MCMC chains for 100 million iterations sampling every 1,000 iterations after burning for 100 thousand iterations. We used an exponential (0, 10) hyperprior. Marginal log likelihoods in every run were obtained using stepping stone sampling (Xie et al., 2010) over 1,000 stones at 10,000 iterations per stone. We use the RJ-MCMC procedure as it returns the best-fitting models of trait evolution in higher proportions (Pagel and Meade, 2006) over the different possibilities explored in every sample of the chain.

We also tested if the rate of evolution of symbiosis and coloniality changes through the tree. This was tested using the on/off Covarion model (Tuffley and Steel, 1998) also implemented in BayesTraits (Pagel et al., 2004). This model alternates between times of invariability where the states do not change (turned off) and times where states are “available” to change (turned on). Thus, evolution under this model is episodic, occurring in bursts after a time of stasis. The Covarion model incorporates one additional parameter, the switching rate between the on/off states, but it does not proportionate information about when this event happened. Same priors and settings were used to fit this model, and log BF was used to assess fitting of this model compared to its absence.

Results indicated that only 10–40% of the trees were being sampled. Among these, most of the trees were only sampled once, indicating poor mixing in the chain due to improved likelihood for some trees. Since we were highly interested in incorporating phylogenetic uncertainty given the low posterior probabilities values obtained in many nodes, we ran another set of analyses with the three models in each of the 500 trees in the sample (complete sampling). In this case, we decreased the number of iterations to 1 million to obtain 1,000 samples per tree. Marginal log likelihoods in every run and tree were obtained using stepping stone sampling (Xie et al., 2010) over 100 stones at 10,000 iterations per stone. Results of each tree were combined to obtain the more frequent transition model and the parameter values.

Finally, we reconstructed the ancestral states for each node in the Maximum Clade Credibility (MCC) tree to visualize the results over the branches of the tree. We selected the Covarion model for this aim since it showed significantly better fit in previous runs. Four independent RJ-MCMC chains were run for 10 million iterations sampling every 1,000 iterations after burn-in for 100 thousand iterations. We used an exponential (0, 10) hyperprior. For each node, we obtained the median posterior probability (Pp) of each of the four states (azooxanthellate and solitary, azooxanthellate and colonial, zooxanthellate and solitary, zooxanthellate and colonial). Because uncertainty differed within symbiosis and coloniality in different nodes, the two traits were separated in the results summing the two median values of Pp where each state appears. For example, if Pp (azooxanthellate, solitary) = 0.4 and Pp (azooxanthellate, colonial) = 0.5, then Pp (azooxanthellate) = 0.9. To assign a state to a node, we considered a threshold median Pp of 0.75, which is double the probability that a state can be reconstructed by chance alone (Kubo et al., 2019); or otherwise, double Pp for one state than the other, since as these are median values, they are more representative of the sample of Pp, but do not sum one. By comparing the states of the ancestral and descendant nodes in the MCC tree, we found those branches where the two states were identical, assigning to that branch a specific state and those where there was a transition from one state to another. Branches where the state of one of the nodes (ancestor or descendent) could not be determined because the posterior probability was under the established threshold were classified as uncertain (Kubo et al., 2019). The R package phytools (Revell, 2012) was used during the postprocessing of these results.



RESULTS AND DISCUSSION


Phylogenetic Tree

The final alignment was a supermatrix containing 4,041 sites and 513 scleractinian coral species, which represent ∼32% of the total biodiversity of the order. The taxon occupancy of the supermatrix is of 59.92%. Representatives of 32 of the 33 current recognized families were included. Only representatives of the deep-sea family Schizocyathidae (three monospecific genera) continue to be lacking due to difficulties associated with their small size and location (Kitahara et al., 2010). All novel sequences of 16 species and 5 genera included in the analyses contribute to the undersampled group of az-corals, except for one z-coral. The complete matrix of species and sequences included in the analyses are provided in Supplementary Material 1. Despite the efforts made by this and every previous study, species in the molecular phylogeny of Scleractinia are less than 28% of az-corals and 31% of solitary representatives, representing each of these groups approximately half of the recognized current biodiversity of the order.

For the four gene fragments included, 5 and 6 patterns of evolution were identified by reversible jump (13.89 and 86.11% of the posterior, respectively), which means that the chain converged to these two optimal distributions. This reflects differences in evolutionary rates beyond the distinction between mitochondrial, nuclear or the four individual genetic markers. The global rate of evolution was 5.50e-5 (substitutions/site/unit time). It places the origin of Scleractinia 415.8 ± 15.4 Ma (mean ± SD of the posterior distribution). The Basal clade diverged at 406.6 ± 15.3 while the Complex and Robust clades diverged at 382.4 ± 16.8 Ma. These divergence times are very close to those obtained by Stolarski et al. (2011) and Arrigoni et al. (2017), which were 445/479 (origin), 425/NA (Basal), and 415/418 (Robust/Complex) Ma, respectively. Three recognized major clades, i.e., Complex, Robust, and Basal, were recovered with a posterior probability (Pp) support of 1, with the first divergence of Basal and a clade comprising Robust and Complex (Supplementary Materials 3–5). This divergence pattern was also obtained with the concatenated 16S and 28S (Stolarski et al., 2011) or the recent genus-level phylogeny including 12 DNA markers (Kitahara et al., 2016), while independent analyses with CO1 show the divergence of Robust within Complex (Kitahara et al., 2010; Addamo et al., 2012).

Families Gardineriidae and Micrabaciidae appeared as monophyletic (Pp = 1) and form the Basal clade (Supplementary Material 3) as previously described (Kitahara et al., 2010; Stolarski et al., 2011). The Complex clade was integrated by the monophyletic families Acroporidae, Siderastreidae, Poritidae, and Fungiacyathidae, the non-monophyletic families Agariciidae, Astrocoeniidae, Guyniidae, Dendrophylliidae, Flabellidae, Turbinoliidae, Deltocyathidae, and some members of Caryophylliidae, Astrocoeniidae, Deltocyathidae, Euphylliidae, Pocilloporidae, and Anthemiphylliidae, which appeared divided between this and Robust clades (Supplementary Material 4). Exclusive from the Robust clade appeared the families Stenocyathidae, Oculinidae, Coscinaraeidae, Psammocoridae, Fungiidae, Oulastreidae, Rhizangiidae, Plesiastreidae, Diploastreidae, Montastraeidae, Lobophylliidae, Merulinidae, Faviidae and the only monophyletic Meandrinidae (Supplementary Material 5). Also, eight genera currently classified as incertae sedis appeared one in Complex (Pachyseris) and seven in Robust (Blastomussa, Cladocora, Leptastrea, Nemenzophyllia, Physogyra, Plerogyra, and Solenastrea).

In general, this topology agrees with previous phylogenetic hypotheses recently put together in Kitahara et al. (2016), but some relevant differences emerge. Regarding the monophyly at the family level, Meandrinidae is the only one within Robust, as previously stated (Kitahara et al., 2016) after Fukami et al. (2008) and Kitahara et al. (2010), when the genus Ctenella was moved to Euphylliidae. Within Complex, the monophyly of Acroporidae, Siderastreidae, Poritidae and Fungiacyathidae is maintained (Kitahara et al., 2016) and well supported. Nevertheless, Kitahara et al. (2010) found one species of the genus Alveopora questioning the monophyly of Poritidae. On the other hand, the monophyly of Dendrophylliidae is questioned in our results for the first time with the inclusion in this clade of some species of the genus Madracis (Pocilloporidae), two new sequenced genera (species Polymyces wellsi and Labyrinthocyathus facetus, families Flabellidae and Caryophylliidae, respectively) and one new sequenced species (Javania borealis, Flabellidae), with high support. The genus Madracis has previously belonged to Robust (Kitahara et al., 2016), but only the species Madracis myriaster was included by Stolarski et al. (2011) and Madracis asanoi by Kitahara et al. (2010). These, together with Madracis formosa and Madracis carmabi, were also more related to other Pocilloporidae members within Robust in our tree, while Madracis decactis, Madracis senaria, Madracis Kirbyi, and Madracis pharensis formed a sister clade, with the new sequenced Thecopsammia socialis, to others dendrophyllids. It is important to highlight that this unexpected result was obtained although we used a calibration point for Dendrophylliidae, but unlike Stolarski et al. (2011), we did not force the monophyly of the members of this family. The inclusion of J. borealis and P. wellsi in this clade also questions the monophyly of Flabellidae. Certainly, these results will require more attention in the future. Regarding the lack of monophyly specially among the Robust families, Kitahara et al. (2010) already gave evidence for the necessity of large taxonomical revisions in some of them.

A clade composed by some members of Anthemiphylliidae and Caryophylliidae, including the new sequenced genus Paraconotrochus, appeared diverging in the root of Complex, contrasting with Kitahara et al. (2016), who placed them more related to Robust. Nevertheless, the first diverging clade of Robust in our tree included other Anthemiphylliidae and part of the representatives of Deltocyathidae. Stolarski et al. (2011) also shows this division for the genus Anthemiphyllia between both clades, while the other species appear more related to Robust. The genus Deltocyathus also appears divided between the deeper diverged clades of Robust and Complex here and in Kitahara et al. (2016).

We believe that these results will be very useful in future studies regarding the systematics of Scleractinia, but as this is not the focus of this work, we will not discuss species or genera specific relationships. Overall, the inference of the coral evolutionary history through more than 400 Ma is a challenging task. Most difficulties associated with them are widely known among specialists, including low informative power of commonly used genes. Ribosomal genes are very useful to disentangle deep speciation events, and so deeper clades appear well supported in our results. This is also supported by the addition of CO1, since even though it is preferred for not having indels, producing very clean alignments (Kitahara et al., 2010), scleractinians as other anthozoans show slow evolutionary rates in mitochondrial loci (Kitahara et al., 2016).

The resultant phylogenetic mixture model from our analyses is more complex compared to any other model of sequence evolution previously used in scleractinians. This is expected to result in lower posterior support in some clades; however, it is also more likely to reflect the reality of molecular evolution (Pagel and Meade, 2004). Increased uncertainty in the results can also be related to gaps in the data matrix (Xi et al., 2016). Of the 513 species included, 381 had information for CO1, 182 for 16S, 258 for 28S and only 216 for 18S (Supplementary Material 1). Thus, efforts toward wider sampling on these markers are necessary, while inclusion of other faster evolving markers would provide higher resolution at the specific and generic level. We did not include other genes here because, despite leading to greater species representation or higher resolution, it would create more gaps in the matrix that may affect negatively the topology. Although detailed molecular and taxonomic revisions regarding the species included in our analyses are needed, this is a robust tree that incorporate previous and new molecular information with resolution at the species level. However, comparative questions must be addressed over a sample of trees in order to account for the high existing phylogenetic uncertainty.



Symbiosis and Coloniality Evolution

Symbiosis and coloniality were highly correlated, as shows the higher support of the Discrete Dependent model compared to the Independent model. This result is consistent for the analyses carried out for the sample of trees (where 10–40% of the trees were sampled) and in the joint results for each of the 500 trees in the sample independently (complete sampling). Log Bayes Factors (BF) of 61.79 offer very strong evidence in favor of the Dependent model (Supplementary Material 6), while BF = 52–83 for the complete sampling highly confirm this pattern (Supplementary Materials 7, 8). Barbeitos et al. (2010) also reported correlation between symbiosis and coloniality (BF = 20–30).

We also found strong support for the Covarion model of correlated evolution (BF = 6.22). For the complete sampling, less than 0.6% of the trees did not show a significant result. Evidence in favor of this mode of evolution was obtained with BF = 2–29 (Supplementary Materials 7, 8). This model is evidence of an episodic mode of evolution owing to some functional or structural constraints that prevent some changes to occur (Tuffley and Steel, 1998). Evolutionary constraints in this context where four different combinations of traits are possible (az-coral and solitary, az-coral and colonial, z-coral and solitary, and z-coral and colonial) means that the pool of variable states changes with time (Tuffley and Steel, 1998). Instead, a gradual evolution through the tree entails that all the states are equally likely to be acquired and lost at any given time. This scenario fits the evolution of these traits given the ecological restrictions that z-corals and az-corals face regarding light, turbidity, temperature or depth. For example, a speciation event occurring in the deep-sea cannot give rise to a new symbiotic species because the environmental conditions are not appropriate.

The Covarion model showed strong support for the state of the most recent common ancestor (MRCA) of Scleractinia to be azooxanthellate and solitary (median values: Pas = 0.99, Pac = 0.00, Pzs = 0, and Pzc = 0), as hypothesized by Stolarski et al. (2011) and strongly refuting previous evaluations that led to opposing ideas (Barbeitos et al., 2010). This evolutionary model (Figure 1) shows that probabilities of losing and gaining a trait differ from one another, contrary to the results obtained by Barbeitos et al. (2010) for symbiosis and coloniality separately. The strong support of correlated evolution means these characters can no longer be studied independently – this is demonstrated by the fact that the results from the Dependent model are different in terms of rates, proportional differences in rates and ancestral states compared to the independent models. Beyond the phylogenetic sampling differences (from 80 to 513 species here) or the low representation of azooxanthellate and solitary corals (19 az-corals and 17 solitary of their 80 total), our study shows that the Covarion model is a better fit to the data showing a distinct mode of evolution for symbiosis and coloniality.


[image: image]

FIGURE 1. Reversible-jump continuous time Markov model of correlated evolution for symbiosis and coloniality in scleractinian corals. Results from each tree in a sample of 500 trees with 513 species. The four pictures represent an example of the four states included in the model: az-corals/solitary (“as,” up left – Leptosammia pruvoti), az-corals/colonial (“ac,” up right – Dendrophyllia ramea), z-corals/solitary (“zs,” down left – Balanophyllia europaea) and z-corals/colonial (“zc,” down right – Cladocora caespitosa). Arrows indicate transitions among the four states. Histograms of transition rates across the posterior samples are drawn in a scale 0–10, with arrows pointing toward greater values. Rate values above 10 (0–0.83% of the posterior) were excluded from the histograms to enhance visualization of the results. Pink lines mark median values of transition rates (qas > ac = 4.29, qas > zs = 0.12, qac > as = 4.38, qac > zc = 4.29, qzs > as = 0, qzs > zc = 4.38, qzc > ac = 0, qzc > zs = 0.14). Photographs are courtesy of Luis Sánchez Tocino.


The acquisition of coloniality occurs many times in the history of scleractinians, as reflected in the high transition rates in both az-corals and z-corals (median values: qas > ac = 4.29 and qzs > zc = 4.38). The loss of coloniality is also a frequent step in az-corals (qac > as = 4.38), but not in z-corals (qzc > zs = 0.14). This indicates that this trait is only highly labile in az-corals, as proposed by Barbeitos et al. (2010), but z-corals rarely evolve toward individuality of the polyps. Also, symbiotic species mostly originate as colonial (median values: qac > zc = 4.29, qas > zs = 0.12). Solitary species contribute in a tiny proportion to the high diversity of z-corals, so this strategy does not appear to be advantageous in current shallow tropical and subtropical seas. Solitary z-corals are also not restricted to colder or deeper waters. For example, Balanophyllia europaea is a Mediterranean species, but Cynarina lacrymalis is extended in the Indo-Pacific until the Red Sea2; the former distributed between 0 and 50 m depth (World Register of Marine Species, Hoeksema and Cairns, 2019) and the second1 between 3 and 70 m. There is not evidence that this group could have been better represented in the past.

Transitions rates to non-symbiotic solitary and colonial species are almost non-existent (qzs > as = qzc > ac = 0). This can also be observed in the most frequent transition models in the posterior (Figure 2), which were consistent through the replicate runs. In 27% of the posterior sample, these transition rates (qzs > as = qzc > ac) are zero, in 20% only qzs > as is zero, in 15% only qzc > ac is zero and in 12% all rates are non-zero. These four models represent 73% of the sample, others (more than 400 different models) appear in less than 5%.
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FIGURE 2. Most frequent transition models in the posterior of the Discrete Dependent Covarion model. RJ-MCMC analyses were run over a sample of 500 trees with 1,000 samples per tree. The four states represented in pictures are: azooxanthellate/solitary (“as”), azooxanthellate/colonial (“ac”), zooxanthellate/solitary (“zs”), and azooxanthellate/colonial (“ac”). Arrows represent non-zero transition rates between states. Colors in arrows identify equal rates, with those in gray smaller than those in black. The four models sum 73% of the sample, while other models not represented appear in less than 5% of the sample. Photographs are courtesy of Luis Sánchez Tocino.


Some of the models obtained include the loss of symbiosis, but the transitions are zero in 58 and 51% of the posterior over the first 10 more common models in solitary and colonial species, respectively. Besides, in those models where these rates were different from zero, they always were very low (Figure 1). This shows that once symbiosis is acquired, a reversal is highly improbable if not impossible. Thus, z-coral lineages are constrained to remain in shallow-waters and never diversify into deeper waters, losing this symbiotic association and adapting to an entirely heterotrophic feeding strategy.

The ancestral state reconstruction provides evidence for the timing of the multiple origins of coloniality and symbiosis from the solitary and azooxanthellate ancestor. Beyond the strictly solitary and non-symbiotic members of the Basal clade, the MRCA of the Robust and Complex clades also presented these states (Figure 3). It was not until the end of the Paleozoic that the first z-corals appeared (282.8 ± 16 Ma), around 50 Myr before the older known fossils of scleractinians, which date back to the Triassic period, about 237 Ma (Stanley and Fautin, 2001). The first clearly colonial corals can also be found in these lineages, and another 22 different origins of symbiotic lineages can be recognized along the tree during the Mesozoic and Cenozoic. Rosen (2000) recognized in the fossil record 11 z-like genera survivors of the Cretaceous–Paleogene mass extinction event, while all Triassic taxa are believed to be lost and replaced after the Triassic-Jurassic mass extinction (Stanley, 2003). However, our results point to the survival of two symbiotic and colonial lineages after the Permian mass extinction event, leading to the most highly diversified symbiotic family Acroporiidae and some members of Euphylliidae and Agariciidae. These and other two lineages in the Robust clade also survived the Triassic-Jurassic mass extinction, while the symbiotic lineages survival after the Cretaceous–Paleogene is much higher. Certainly, ecologically relevant morphological features, as porous skeletons quick to regenerate in Cenozoic corals (Stanley, 2003), differentiate the first symbiotic corals from their modern counterparts. Lastly, caution must be taken due to the facts that phylogenetic uncertainty is lacking in the MCC tree and even though most families are represented in our tree, only approximately 1/3 of the recognized biodiversity is present. Also, the oldest calibration point that we could incorporate (genus Caryophyllia, 153–167 Mya) is much younger than the MRCA of scleractinians, which could bias the inferred origin times for the different clades.
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FIGURE 3. Ancestral state reconstruction for symbiosis (left) and coloniality (right) from a Covarion model of correlated evolution. Branches states are represented according to the ancestral and descendent values assigned to the nodes. Nodes states are assigned when median Pp > 0.75 or double for one state than the other. When two nodes defining a branch had the same state, it was assigned to the branch. If the state differed, the branch was classified as transition from the ancestral state to the descendant. If one or the two nodes was uncertain (because it did not meet the criteria), the branch was also considered uncertain. This category can also correspond with a facultative species, in which the two states are present, and the Pp are similar. Time frames correspond to geological periods: Devonian (Dev), Carboniferous (Carb), Permian (Perm), Triassic, Jurassic, Cretaceous, Paleogene (Paleo), Neogene (Ne), and Quaternary (Quat). The three colors represent the Paleozoic, Mesozoic, and Cenozoic geological eras.


The highly diverse shallow coral reefs we see today originated by a two-step process, through the origin of coloniality and the origin of symbiosis from the solitary az-coral ancestor (Figure 1). Recently, Dishon et al. (2020) found that deep-sea (>100 m), non-symbiotic and solitary corals or with small colonies, among other studied traits, are associated with the survival during the Cretaceous–Paleogene mass extinction event and will have more chances of survival in a near-future. On the other hand, every cycle of reef collapse in the past (Stanley, 2003) involved a different degree of loss of symbiotic and colonial forms with posterior recovery and diversification of the survivor lineages, but also with new origins of symbiotic and colonial forms from solitary and az-coral ancestors (Figure 3). This means that in an evolutionary timescale, az-corals, and especially colonial lineages (high qac > zc compared to qas > zs), are acting as a source of biodiversity for shallow ecosystems.

Coloniality was acquired 14 times through the MCC tree, it was lost twice and in almost 10% of the branches it was not possible to differentiate between solitary and colonial lineages. This trait hides a great complexity compared with the presence or absence of zooxanthellae, and it better represents a continuum. In plocoid or phaceloid colonies, a simple level of colonial integration, corallites maintain their own walls, while in high integrated configurations they are almost indistinguishable from one another, as in meandroid (brain corals) or coenosteoid colonies (Veron, 1986; Stanley, 2003). There is also variation among solitary species, for example Desmophyllum dianthus is gregarious and “actively contributes to the accretion of cold-water coral build-ups” (Addamo et al., 2016). Apozooxanthellate species are colonial with a simple integration of corallites (Stanley and Fautin, 2001), but among these species, Heteropsammia cochlea may present multiple corallites in a single calice (Hoeksema and Matthews, 2015). For this reason, it was classified as solitary. Other examples are mushroom corals (family Fungiidae), which present one single corallite, but a single mouth (called “monostomatous” or “monocentric”) or multiple mouths (“polystomatous” or “polycentric”) (Hoeksema, 1989), so they are not proper solitary or colonial species. Nevertheless, we agreed to keep the distinction made in Corals of the World1.

Branches to which we could not assign the presence or absence of symbiosis/coloniality may represent facultative lineages. In the case of symbiosis, they only appear close to terminal branches, suggesting that this combination, even though it could also appear in the past, is not maintained for a long evolutionary time. This is not the case of coloniality, since this trait could have been originated as early as in the Carboniferous (Figure 3) as plocoid or phaceloid colonies. Thus, as also evidenced by transition rates (Figure 1), coloniality could most of the times have been acquired in first place, and then, colonial species develop symbiosis. Coates and Jackson (1987) pointed that symbiosis is strongly correlated with some morphological configurations such as multiserial growth and highly integrated small corallites, suggesting that some changes may have been necessary in older uncertain/facultative lineages (Figure 3) prior to establishing symbiosis. Higher and more complex levels of organization could have been acquired in az-corals through successive steps but with reversals in some cases, as revealed by the high transition rate qac > as. Stolarski et al. (2011) propose that fossils of “scleractiniamorphs” from the Paleozoic could be the oldest scleractinians in the fossil record, which were solitary or phaceloid. These only appear during the Ordovician period, while other scleractinian fossils reappear 245 Ma (Drake et al., 2019). If coloniality effectively evolved first in az-corals, it is not surprising that by the time that symbiosis appears around 283 Ma, colonies already show high levels of complexity as recognized in the fossil record of the mid-Triassic (Stanley, 2003; Drake et al., 2019).

With the MRCA azooxanthellate and solitary, an onshore-offshore diversification trend cannot be assumed in the evolution of scleractinians (Barbeitos et al., 2010), but neither can the opposite, because az-corals span to shallow distributions. On the other hand, it has been suggested that coloniality is adaptive when competition for space is present (Jackson, 1977; Barbeitos et al., 2010) and coloniality seems to have evolved before symbiosis. Then, if competition has a role triggering coloniality, this should happen even before the species are zooxanthellate and able to colonize shallow oligotrophic environments. If shallow waters were colonized from the deep-sea, the stability at bathyal depths has been proposed to promote both competition and predation, generating high diversity (Rex et al., 1993). Deep-water az-coral reefs formed for example by D. pertusum, occur in the upper bathyal zone throughout the world (Rogers, 1999; Le Goff-Vitry et al., 2004a), and is at this depth that az-corals diversity is thought to be higher (Cairns, 2007). A deep-sea origin has been already inferred in other corals, as stylasterid corals (Lindner et al., 2008), and it would also explain the big time-gap in the fossil record from the Paleozoic “scleractiniomorphs” to the mid-Triassic scleractinians (Stolarski et al., 2011; Drake et al., 2019).

Finally, az-corals originated more than 100 Ma before z-corals. Although they had more time to diversify, the current known biodiversity of both groups is similar. This is an indication of subsampling in the deep-sea or differential diversification rates on shallow-waters and the deep-sea, i.e., low speciation rate and/or high extinction rate in az-corals. It has been hypothesized before that accelerated rates of evolution and speciation are proper of areas with high energy (e.g., Rohde, 1992; Mittelbach et al., 2007). In fact, z-corals receive orders of magnitude more energy than az-corals due to the presence of zooxanthellae, reflected in fast metabolism and higher calcification rates (Stanley, 2003; Stanley and van de Schootbrugge, 2009).

Overall, these results reinforce the need for further deep-sea research to both mitigate the undersampling of azooxanthellate and solitary corals and to achieve a proper understanding of the diversification process in scleractinians. The new sequences provided here aim to contribute to the sampling at the molecular level and to progressively palliate the bias toward zooxanthellate species. Nevertheless, evolutionary relationships between species, genera and families certainly require further attention. On the other hand, our results reveal that not only shallow-water scleractinian corals form fragile ecosystems under the current global change scenario, but also that deep-sea corals are very susceptible due to their long history of association with the temporarily stable deep environment. Even though deep-sea lineages have survived major oceanic changes over the Phanerozoic, ocean acidification together with deep-sea human activities as bottom trawling or mining are causing considerable destruction of these communities worldwide (Roberts and Hirshfield, 2004). Thus, the evolutionary relevance that deep coral species have shown highly emphasizes the equally urgent need of protection and management policies as for their shallow-water counterparts.
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Deep-sea corals are a highly diverse group of marine organisms, several of which are characterised by slow growth and extreme longevity up to thousands of years. Due to their fragile forms, skeletal composition, and location, they are vulnerable to various anthropogenic threats, with some groups expected to have little to no ability to recover. Within the New Zealand region an understanding of age and growth parameters and recovery potential for some deep-sea coral fauna is being developed, but a limited understanding remains for some of the key Antipatharian black coral fauna. Ten individual colonies of the black coral species Bathypathes patula were sourced from the National Institute of Water and Atmospheric Research Invertebrate Collection for the purposes of this age estimation study. Corals were selected based on their size, completeness of the colony (whole colony from base to tip), and the regional water mass within which they grew. Coral samples from the Chatham Rise, east of New Zealand, and the Bay of Plenty, north-eastern New Zealand, were selected as the water masses for these two regions are reasonably well understood. Thin section preparations of the main stem of the 10 specimens of B. patula were observed with compound microscopes. Two interpretation protocols were used to describe the zone structures observed, both the coarse wide zones and the thin fine zones, and counts were then made of these structures. Four of the specimens were also sampled for radiocarbon assay. The radiocarbon isotope (14C) age data results were used to independently verify if either of the developed zone counting protocols reflected annual periodicity. Neither method was verified, indicating zone counting protocols could not be used to generate reliable age estimates for B. patula. Twenty radiocarbon assays from four specimens were used to derive the age and growth rate estimates presented here. The radiocarbon results from this work show B. patula to be a long-lived species, attaining ages in excess of 385 years, with linear growth rates of 5.2–9.6 mm/yr, and radial growth rates ranging from 11.1 to 35.7 μm/yr. The delicate nature of these organisms along with their longevity and slow growth rates means a low resilience and low recoverability from anthropogenic activities such as fishing and mining.
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INTRODUCTION

Deep-sea corals are a highly diverse group of marine organisms, and the New Zealand region is a hotspot for deep-sea corals (Sánchez and Rowden, 2006; Cairns et al., 2009). Several studies have investigated the effects of bottom trawling on deep-sea macro-invertebrate assemblages (including coral) in the South Pacific region (Althaus et al., 2009; Clark and Rowden, 2009; Clark et al., 2010, 2019; Williams et al., 2010; Anderson et al., 2014). These have demonstrated appreciable impacts from bottom trawling on slow growing and fragile deep-sea coral colonies and communities with little to no ability to recover. Environmental impacts predicted from climate change, such as ocean warming and ocean acidification, are also expected to threaten the health of deep-sea corals with some habitats becoming too warm for them to thrive in Anthony and Marshall (2009), or reduced in pH and carbonate ions, which will likely impact deep-sea corals with carbonate based skeletons (Gammon et al., 2018). To better inform future risk assessments and marine resource management, an understanding of deep-sea coral age and growth is key to determining coral regeneration times and recoverability following anthropogenic disturbances or other natural damage.

A considerable amount of work has been undertaken in the New Zealand region on the taxonomy of deep-sea corals, and the distribution of different species and their environmental preferences, as well as the importance of the deep-sea coral to the benthic ecosystems. A review of our understanding and knowledge of deep water corals in the New Zealand region has recently been published (Tracey and Hjorvarsdottir, 2019). This review also outlined major gaps in our understanding of deep-sea corals, including limited age and growth data for many genera and species. In this study we assess the age and growth rate of the protected deep-sea black coral Antipatharian Bathypathes patula. The age and growth rate for this coral have not been previously studied in this region. The selection of this species was based on the risk assessment priority list (Clark et al., 2014) and the literature review (Tracey et al., 2018), coupled with availability of samples (location and total numbers), and other complementary black coral research being undertaken in New Zealand (Hitt et al., 2020).

Tracey et al. (2018) outlined the current methods that are being utilised to age deep-sea coral species. The advantages and disadvantages of each method were discussed. The main methods that have been successfully applied to measure age and growth of deep-sea corals are (1) direct observation, such as in situ measurements or in-aquaria experiments of linear growth or surface extensions; polyp addition rate; estimation of calcification rates (e.g., using the buoyant weight technique), (2) enumeration of skeletal growth zones or bands (sclerochronology), and (3) radiometric analyses.

Direct observations and in situ or in-aquaria measurements are very difficult to undertake for deep-sea corals as it is hard to obtain living viable specimens and keep them alive as they take a long time to grow (Gammon et al., 2018; Tracey et al., 2018). Enumeration of growth zones, Sclerochronology, is ideal for deep-sea coral species that have a high contrast between the zone-like growth patterns observed in skeletal cross sections. It is essential, however, that an independent validation method is used to test the chronological validity of counts of observed growth zones (Andrews et al., 2002). The method to obtain visible growth zone counts in the skeletal structure has been successfully applied to determine age and growth rate data of gorgonian octocorals including 400 year old bamboo corals Keratoisis sp., 100 year old seafan Primnoa spp., and 60 year old bamboo coral Lepidisis sp. (Thresher et al., 2004, 2007; Mortensen and Buhl-Mortensen, 2005; Sherwood et al., 2005; Tracey et al., 2007; Sherwood and Edinger, 2009). Black corals have also been successfully aged using growth zone or counts, with ages of 150 years old to 480 years for Antipathes dendrochristos and Leiopathes glaberrima, respectively (Love et al., 2007; Williams et al., 2007). In a study of the black coral Stauropathes arctica, zone counts of 55–58 were obtained (Sherwood and Edinger, 2009), with the authors noting that radiocarbon dating constrained these ages to 55 and 82 years. Growth rates of black corals via growth zone enumeration reveal low radial growth from 8 to 140 μm/yr (Love et al., 2007; Prouty et al., 2011).

There are potential limitations to the enumeration of growth zone method (see summary in Tracey et al., 2018). Many corals do not display clear regular zone structure throughout their skeletons, or the clear zone structure may only be apparent in portions of the skeleton. Even when present the zone structure may be variable or display differing interpretation possibilities. For example, basal and tip counts of bamboo octocoral species Keratoisis sp. and Lepidisis sp. were higher than the ages estimated by lead 210 (210Pb) radiometric method (Tracey et al., 2007). It was hypothesised that zones observed by light microscope have a bi-annual periodicity and that SEM-observed zones at the nodal juncture may represent an environmental event, such as lunar periodicity. Lunar cycles can be associated with strong tidal events, that could enhance food availability to sessile filter feeding organisms resulting in pulses of somatic growth. Gorgonian bubblegum corals (e.g., Paragorgia spp.) and red precious corals (e.g., Corallium sp.) have not been aged successfully using zone counts due to inherently complex or poorly defined banding patterns (Griffin and Druffel, 1989; Andrews et al., 2005).

The most common radiometric method used in deep-sea corals is dating with the radiocarbon (14C) isotope (Druffel et al., 1995; Sherwood et al., 2005; Tracey et al., 2018). This method relies on the fact that a very small amount of natural carbon in the atmosphere is radioactive in the form of 14C and is incorporated into the coral skeleton when it forms its calcium carbonate or protein and chitin (Adkins et al., 2002; Tracey et al., 2003; Consalvey et al., 2006). Because the half-life of radiocarbon is known to be 5,730 years, this method, albeit expensive, can be used to reliably age specimens of less than 50,000 years ago; beyond that, the activity of 14C becomes too low to detect (Coleman, 1991). During the 1950s–60s, there was rapid increase of atmospheric 14C resulting from the testing of nuclear devices; this “bomb carbon” can also be used as a tool to calibrate ages, providing a reference point for more recent samples (Coleman, 1991; Druffel et al., 1995; Tracey et al., 2003; Roark et al., 2009; Sherwood and Edinger, 2009).

Radiocarbon dating has been successfully used on several coral species, including stony corals, black corals and gorgonian octocorals (Druffel et al., 1990; Roark et al., 2006; Carreiro-Silva et al., 2013; Prouty et al., 2016; Hitt et al., 2020). However, there are also limitations with this method. As a result of ocean circulation, the radiocarbon age of the water in the oceans is significantly older than the atmosphere, the so called “marine reservoir age” (Tracey et al., 2003; Consalvey et al., 2006; Roark et al., 2006; Noé et al., 2008). Errors in the reservoir age can have significant effects on coral age estimates. Correcting for reservoir ages requires knowledge of surrounding waters and assumes constant ratios of radiocarbon in the water; however, these levels may be altered by mixing within the ocean, localised upwelling events and productivity blooms, all of which can alter carbon cycle transformations and coral skeletal composition of 14C (Tracey et al., 2018).

Based on the Tracey et al. (2018) review we chose to use two ageing methods for B. patula; counts of skeletal growth bands and the radiometric method of radiocarbon dating (14C). The application of these methods enables comparisons with other previous coral ageing studies both in New Zealand and globally. Sample selection, micro-milling of material and sectioning methods, and the interpretation of the zone counts and radiocarbon dating are presented. Age and growth characteristics of the black coral B. patula and one colony of Bathypathes cf. conferta colony (initially assumed to be B. patula) are provided.



MATERIALS AND METHODS


Sample Selection

The samples used in this study were sourced from preserved specimens lodged in the New Zealand National Institute of Water and Atmospheric Research (NIWA), National Invertebrate Collection (NIC).

Samples were selected from two regions; the Bay of Plenty (north-east of the North Island of New Zealand) and Chatham Rise (east of New Zealand), to compare results and assess variability in growth rates between different areas, and also with other deep-sea black coral genera, specifically Antipathella, Leiopathes, and Antipathes, from the same regions (Hitt et al., 2020).

Oceanographic currents influence deep-sea corals by providing a steady flow of food and dispersal of larvae. Consequently, these currents also influence the availability of prey and distribution of deep-sea corals. While deep-sea corals are most affected by the bottom water currents that flow over them and influence the distribution of sediments, they are also affected by the surface water currents which influence primary productivity and thus the food supply that rains down to the deep-sea coral on the seafloor. The New Zealand landmass sits at the cross-roads between warm, nutrient-poor, subtropical surface waters flowing in from the north, and cool, nutrient-rich, subantarctic surface waters flowing in from the south. The present understanding of the water masses and ocean currents in the region at the surface, thermocline, intermediate waters, and deep waters, was recently reviewed by Chiswell et al. (2015). The oceanographic setting for the corals from this study are as follows.

The Bay of Plenty is bathed by warm, low nutrient, subtropical surface waters that are sourced from the East Australian Current and flow in from the west and form the East Auckland Current. The Chatham Rise is the meeting point of the warm, low nutrient, Subtropical waters (STW) and cool, high nutrient, Subantarctic waters (SAW) sourced from the Southern Ocean is the Subtropical Front (STF). The mixing of STW and SAW water masses at the STF results in the Chatham Rise being a zone of very high primary productivity providing a significant food source and hence carbon supply for these corals, chlorophyll a concentrations range from 0.3 and 0.48 mg/m3 in the Chatham Rise and Bay of Plenty, compared to 0.03–0.3 mg/m3 in the central Pacific (Pinkerton, 2016). At depths of 500–1500 m the cool (3.5–10°C), low salinity (34.4–34.6) and high oxygen (200–250 μmol/kg) and high nutrient (nitrate 15–36 μmol/kg) Antarctic intermediate waters (AAIW) flow into this region from the north and south (Chiswell et al., 2015).

Corals from the Chatham Rise were chosen as there are modern 14C reservoir age data from this area (Sikes et al., 2008). Knowing the local 14C reservoir age enables a more precise radiocarbon age estimate from corals.

The samples were selected from existing specimens collected by Fisheries New Zealand (FNZ), Ministry for Primary Industries (MPI) Observers and NIWA researchers and are held in the (NIC). A plot of the distribution data for B. patula aided the decision on colony site selection and sample numbers (Figure 1). Two specimens from the Bay of Plenty (NIWA24190 and NIWA85940) were selected for radiocarbon dating and thin sections for zone counts. The rest of the specimens were selected from the Chatham Rise.
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FIGURE 1. Locations where Bathypathes patula has been sampled in the New Zealand region. Red dots denote individual coral sample source locations for B. patula specimens held in the National Invertebrate Collection of New Zealand (NIC). Gray lines denote 200 m water depth contour. Black line denotes the extent of the New Zealand Exclusive Economic Zone (EEZ).


In late 2018, a visiting specialist in black coral taxonomy (Jeremy Horowitz, James Cook University) reviewed the identifications of several samples in the NIC. During this process one of the black coral colonies selected for this age estimation research and assumed to be Bathypathes patula, was given a revised identification. Black coral NIWA24190 has now been identified as being Bathypathes cf. conferta. The sample has been referred to as Bathypathes cf. conferta throughout this paper (Figure 2), the most likely correct identification. Further taxonomic review of this specimen is ongoing (Opresko pers comm). The distribution map (Figure 1) may include additional examples of B. cf. conferta.
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FIGURE 2. Bathypathes cf. conferta. NIWA24190. Specimen showing where samples were extracted for analysis. (A) is the growing tip, (B) the basal section. Specimen from Bay of Plenty, New Zealand. Scale bar is a 35 cm ruler.




Preparation of Material

Once suitable samples had been identified, small (less than 10 mm sections) were excised from the growing tips and basal portion of the corals’ main stem. As many of the samples had been broken during the collection process, additional sections were taken along the main stem so that reliable estimates of linear growth rate could be generated (Figures 2–5). The samples from the growing tips were then split into two fragments, one for radiocarbon dating the other for thin section preparation to obtain zone counts.
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FIGURE 3. Bathypathes patula NIWA85940. Specimen showing where samples were extracted for analysis. (A) is the growing tip, (C) the basal section, and (B) is an intermediate sample sites as the specimen was broken on collection and unknown lengths of the main branch stem may be missing above this site. Specimen from Bay of Plenty, New Zealand. Scale bar is a 35 cm ruler.
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FIGURE 4. Bathypathes patula NIWA49468. Specimen showing where samples were extracted for analysis. (A) is the growing tip, (D) the basal section, and (B,C) are intermediate sample sites as the specimen was broken on collection and an unknown length of the main branch stem may be missing from between these two sites. Specimen from Chatham Rise, New Zealand. Scale bar is a 35 cm ruler.
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FIGURE 5. Bathypathes patula NIWA47911. Specimen showing where samples were extracted for analysis. (A) is the growing tip, (F) the basal section and, (B–E) are intermediate sample sites taken to look for the radiocarbon bomb signal. Specimen from Chatham Rise, New Zealand. Scale bar is a 35 cm ruler.




Micro-Milling of Material

From previous work it had been noted that black coral sections are prone to drawing resin up through their porous matrix via capillary action and so the sections in this study could not be bonded with resin to a baseplate for milling. Instead a chuck was manufactured to hold the section during the milling process, thus eliminating the risk of resin contaminating the radiocarbon samples.

Powdered radiocarbon samples were extracted from the edge and core of basal, middle and tip sections using a New WaveTM micromill with a 0.5 mm Brassler H2.11.006 milling burr at NIWA. The edge samples comprised material from the outer 250 microns of the section, the core samples were obtained from material within a 750 micron radius of the primordium. We attempted to extract at least 1.5 mg of material per sample. The samples were then weighed and analysed for radiocarbon at Australian National University (ANU) Radiocarbon Laboratory.



Thin Sectioning Method and Zone Counting Protocols

Coral stem sections were embedded in clear two-part epoxy resin and sectioned with a diamond-wafering saw at NIWA. The sections were polished on one side and mounted polished side down on a glass microscopy slide, then ground and polished until they were an optimum thickness for viewing the growth zone structure using transmitted light. The optimum thickness for sections of this species was about 250–300 μm and follows standard procedure for thin section preparation (Andrews et al., 2002; Mortensen and Buhl-Mortensen, 2005; Tracey et al., 2007). Counting the periodic growth bands or increments, assumed to be formed annually, took place after thin section preparation at NIWA.

To generate zone counts, thin section preparations of the main branch sections were viewed under a compound microscope with transmitted light. As an aid to zone interpretation the sections were also viewed using ultra-violet light following the methodology of Sherwood and Edinger (2009). Here zone counts were made using transmitted bright field lighting and ultra-violet illumination was a useful aid in helping to further define the observed zone structure.



Radiocarbon Dating Method

Prior to analyses, the samples were cleaned (e.g., acid leached) of black crusts and endolithic activity to remove any potential younger contaminant 14C which may alter results (Adkins et al., 2002). Powdered coral samples were treated with <1 ml of 0.1 M HCL. The acid was then pipetted off and samples were then washed three times with milliQ water. The sample was then frozen with dry ice and lyophilised. Approximately 1mg of cleaned coral sample was weighed into a 6 mm OD quartz tube, ∼60 mg CuO and a silver cup was added. The tubes were evacuated to <3e-3 torr (<0.4 Pa) and sealed with a torch. Tubes were then baked at 900°C for 6 h to generate CO2. The resulting CO2 was purified and converted to graphite in the presence of hydrogen with powered Fe as a catalyst. The graphite was then measured on the ANU single stage accelerator mass spectrometer (Fallon et al., 2010). All data were corrected using on-line AMS δ13C, normalised to Oxalic Acid I and background subtracted using 14C free coal treated in the same manner as the coral samples. Data are presented according to the recommendations of Stuiver and Polach (1977).



RESULTS


Thin Sections for Zone Counts

The zone structural patterns observed on the skeletal sections for these species is very complex and can be interpreted in many ways. For the radial growth counts the prepared sections were carefully observed and the axis that best exhibited a clear zone structure from the primordium to the outer edge was then used to obtain zone counts. Radial growth of the branches in B. patula was reasonably regular, there was no marked bias in the zone deposition forming thicker zones on any particular side of the branch, which has previously been observed in other black coral species. The radii used for the growth rate calculations was a mean of the minimum and maximum radii observed in the prepared sections, meaning reported radial growth rates will be a mean radial growth rate for the coral.

On the coral skeleton there is an initial coarse banding pattern largely defined by alternating darker and lighter zones (Figure 6) when observed under lower power (10–20×). On closer examination under higher power (100–200×), there is also a reasonably regular fine scale banding pattern apparent (Figure 7). Here we applied two reading protocols – counting both the coarsely formed wide zones as well as the thin finely formed zones (Table 1). Zone counts presented here were all made by a single reader (Marriott). During the process of developing the zone interpretation protocols, many readings were made applying the various iterations of the protocols being developed. The zone counts from the two protocols presented here were each derived from multiple counts across the section.
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FIGURE 6. Basal section of coral NIWA47911 showing the coarse coloured banding interpretation of the observed zone structure. The specimen shows 54 zones marked with red dots. Inset dashed rectangle shows the central portion of the basal section imaged in Figure 7.
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FIGURE 7. Central portion of the basal section of coral NIWA47911 showing the fine scale interpretation protocol of the observed zone structure. The specimen shows 42 zones marked with black dots across this inner region of the section; the whole section showed 211 zones.



TABLE 1. Zone counts from thin sections.

[image: Table 1]For the youngest part of the study specimens, the tip, or near tip region, counts ranged from 4 to 7 (coarse zone counts) and 10 to 19 (fine zone counts). In the mid-region of the main branch, counts ranged from 55 to 60 (coarse zone counts) and 370 to 374 (fine zone counts). For the colony base region counts ranged from 37 to 193 (coarse zone counts) and from 78 to 481 (fine zone counts). The complexity of the zonation patterns highlighted the need for validation.



Radiocarbon Analysis

The milled samples listed in Table 2 were sent to ANU for radiocarbon dating. The results from the 17 coral samples are shown in the radiocarbon results (Table 3). Three samples (Samples 47911-F2; 24190-B1; 85940-B1) failed in the laboratory, with insufficient material remaining to attempt a duplicate. The radiocarbon results from the remaining corals were calibrated to a calendar age using OxCal4.3 (Bronk Ramsey, 2001), the Marine13 curve and a New Zealand local deltaR (radiocarbon reservoir offset) of −18 ± 36 (Reimer and Reimer, 2001). The age range distributions for pre-bomb coral samples are shown in Table 3. All coral specimens used in this study were live-at-capture, so any age estimates given are the age at capture not the lifespan of the specimen. Projected lifespans for this species will be in excess of the age estimates presented here. Coral 85940 was approximately 380 ± 50 years old, coral 49468 approximately 310 ± 70 years old, and coral 47911 approximately 120 ± 50 years old (Table 3). All of the coral outer edge and tip samples contained radiocarbon values F14C >1 (Table 3), except for 85940-B2 and 85940-C2, which indicates these corals were alive and incorporating surface water carbon at the time of collection. Corals 85940-B2 and 85940-C2 had outer edge radiocarbon values F14C <1 (Table 3) indicating that part of the skeleton was not actively adding material. This has been observed previously where the basal part of the coral colony stops growing, however, the upper section continues to grow (Komugabe-Dixson et al., 2016).


TABLE 2. Samples extracted for radiocarbon dating.
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TABLE 3. Radiocarbon results.
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Growth Rate Estimates

Growth rate estimates were based on the radiocarbon results as zone counts were problematic and proved to be unvalidated so could not be used to generate reliable growth rate estimates (see section “Bathypathes patula Age and Growth Estimates” for a further discussion on zone counting). Growth rates were derived from the physical distances between sampling points and the calibrated radiocarbon ages at the relevant sample site. Due to some samples failing during the radiocarbon analysis, only a limited set of growth rate estimates could be generated. Radial growth rates, the rate at which the colony branch thickens radially over time, were estimated by dividing the calibrated calendar years of growth between the core and the edge of the sample site by the mean radius of the branch segment. Radial growth ranged from 11.1 to 35.7 μm/yr. Linear growth rates, the rate at which the colony branch lengthens longitudinally over time, were estimated by dividing the difference between the calibrated calendar ages of core samples by the linear distance between two sample sites. Two linear growth rates were obtained, 5.2 and 9.6 mm/yr (Table 4).


TABLE 4. Bathypathes patula growth rate estimates.
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DISCUSSION


Bathypathes patula Age and Growth Estimates

The radiocarbon results from this work show B. patula to be a long-lived species, with ages in excess of 385 years. Slow linear (5.2–9.6 mm/yr) and radial (11.1–35.7 μm/yr) growth rates were obtained from the radiocarbon age data.

Neither of the zone count protocols reliably correlated with the independent radiocarbon age estimates. The fine scale zone counting protocol showed the closest correlation with the 14C age data providing some overall support for longevity when comparing the zone counts with 14C dates. Age estimates between the radiocarbon age data and the fine scale zone count data routinely showed a disparity of more than one hundred years in branch sections with calibrated radiocarbon ages of 112–385 years (Tables 1, 3). Differences in estimated ages from comparable samples using the two methods were negative and positive; there was no under- or over-ageing using zone counts by a proportional amount (Table 1). This means the observed zone structure does not display annual, nor any other regular chronological pattern of periodicity, and our zone counting protocols cannot be used to reliably generate age estimates for B. patula.

The edge radiocarbon results from specimen NIWA-85940 suggest that the basal section (C2) of the main stem stopped depositing skeletal material on its outer surface 293 years pre-harvest, and the mid-section (B2) stopped depositing skeletal material 88 years pre-harvest. This is despite the observation that these sections of branch stem were immediately adjacent to lateral pinnules with living polyps. The optical appearance of these sections gave no indication that zone deposition had ceased on their outer margin. The surface of the corals branch still appeared to be relatively pristine, it did not show any evidence of superficial erosion or discolouring, as might be expected in a coral branch that was no longer accreting new skeletal material to its outer surface. This suggests if branch stems can stop accreting skeletal layers, while the branch ends continue to grow, then zone counting method protocols cannot be reliably utilised for the generation of age estimates from basal sections for this species of coral.

In specimen NIWA47911 five samples were extracted from the growing tip of the main axial branch towards the coral base. These samples were spaced 25 mm apart. This was an attempt to locate the appearance of bomb radiocarbon in the corals’ skeleton. This would mean the linear growth rate could be accurately assessed for the more recent growing tips of the colony’s branches. If the rise of bomb radiocarbon could be accurately placed, then it would also give an accurate tie point for setting the 14C correction to apply to the pre-bomb radiocarbon samples for this colony and to other colonies from the same water mass. Unfortunately, all these samples proved to be post-bomb so this process could not be completed. Future sampling further back down this branch stem would be useful to establish this tie point and contemporary linear growth rate. Our work measured overall linear growth rates of 5.2–9.6 mm/yr, assuming the fastest growth rate you would need to sample 700 mm back down the main branch stem from the growing tip to be confident of observing the rise of bomb radiocarbon in the skeleton.

Research by Love et al. (2007) on the black coral species Antipathes dendrochristos also reported two interpretations of the zone structure similar to the coarse and fine protocols described herein. However, these authors found that the coarser coloured banding structure correlated with their radiocarbon and 210Pb results indicating annual banding (Love et al., 2007).

The radiocarbon measurements from the current work exhibited F14C >1 in samples from the growing branch tips and main-branch surface, indicating these samples showed modern post-bomb levels of radiocarbon. The presence of post-bomb carbon below the mixed layer of the ocean, indicates that the B. patula black corals are using recently exported surface water POC. At these depths POC is the only carbon source tagged with bomb 14C. The dissolved inorganic carbon (DIC) of the ambient water that the corals are living in has much lower 14C values (Matsumoto, 2007; Alves et al., 2018). Detecting bomb 14C in corals which grow in waters that have not experienced bomb 14C (i.e., through ocean ventilation) reinforces that black corals derive their carbon from surface derived POC (Roark et al., 2009; Sherwood and Edinger, 2009; Williams and Grottoli, 2010; Prouty et al., 2011). This also means that we do not need to model for a deep-water reservoir effect, as is the case of the stony corals, which derive their skeletal carbon from DIC in the intermediate waters that bathe them.



Comparisons With Recent New Zealand and Global Black Coral Age Data

The radiocarbon derived age estimates and growth rates from this project are similar to the results of a number of other age and growth studies that have recently been undertaken for key deep-sea black corals (Antipatharia) in the New Zealand region (Table 5). These age and growth estimates for B. patula are similar to other coral genera, such as Leiopathes, Antipathes, and Antipathella colonies, which live up to 2600 years and grow on the order of 1–143 μm/yr (Hitt et al., 2020). Our results provide further support that New Zealand black corals are some of the slowest growing marine animals in the region, with some species showing extreme longevity.


TABLE 5. Radiocarbon age estimation studies on New Zealand black corals (Antipatharia).

[image: Table 5]The results from B. patula and other black corals that have been aged in New Zealand do not show clear trends in growth rates or longevity with respect to the water masses and depths that these corals reside. Samples from the Chatham Rise and Bay of Plenty mostly came from reasonably similar water depths, from between 750 and <1269 m. The deeper sourced Chatham Rise B. patula specimen came from somewhere between 1120 and 1269 m (Tables 1, 5). The radial growth rate of our Chatham Rise samples (NIWA-49468 and NIWA47911) at 20–36 μm/yr was higher than the Bay of Plenty specimen (NIWA-85940) at 11 μm/yr. As only three growth rates were successfully obtained for the B. patula samples from these two regions, no assumptions about the regional differences in growth rates can be made. The spectrum of growth rate data for Chatham Rise black corals show an Antipathes sp. sample had the fastest observed growth rate to date, 91–143 μm/yr, as well as one of the slowest, 5–15 μm/yr for a Leiopathes secunda specimen. Bay of Plenty black coral specimens Bathypathes patula, Leiopathes secunda, and Leiopathes sp. exhibit middling to low radial growth rates, 5–40 μm/yr. In contrast, shallow water Fiordland black coral Antipathella fiordensis have a relatively high radial growth rate (50–57 μm/yr), but it is unclear whether this is a function of species or the fiord environmental conditions, or a mixture of both.

This research also agrees with global studies that have shown black corals to be some of the slowest-growing deep-sea corals. Sherwood and Edinger (2009) give age estimates for the black coral Stauropathes arctica up to 82 calendar years. Prouty et al. (2011) used radiocarbon to generate age estimates of live at capture Leiopathes sp. colonies to 2100 years. Carreiro-Silva et al. (2013) aged an Azores colony of Leiopathes sp. at 2320 years old. A specimen of Leiopathes annosahas from Hawaii exhibited the potential to reach a lifespan in excess of 4000 years (Roark et al., 2009).

These new age and growth rates for the delicate deep-sea black coral B. patula highlight that this is a long-lived species, shown in this study to attain ages in excess of 385 years, and exhibits slow linear and radial growth rates. The results indicate a likely low resilience and slow recovery time following disturbance/removal. This research will be used to inform future risk assessments and management strategies in the New Zealand framework for the management of corals (Freeman and Cryer, 2019). The slow growth and extreme longevity further highlights that these corals will be highly vulnerable to submarine disturbances, such as fishing and mining, and may take centuries to recover from anthropogenic impacts (Hitt et al., 2020).



CONCLUSION

The age and growth rate of deep-sea black coral B. patula samples from two regions of New Zealand, Bay of Plenty and Chatham Rise were determined using two different methods; growth ring counting (sclerochronology) and radiocarbon dating. Two different protocols were used to count the growth rings, using dark and light growth layers. These provided varying results, which were also inconsistent with the radiocarbon ages on several of these corals. The radiocarbon ages from B. patula indicate that this coral species lives for a long time, with ages of over 385 years, with slow linear (5.2–9.6 mm/yr) and radial (11.1–35.7 μm/yr) growth rates. These results are comparable with the ages and growth rates of other black coral genera from the same regions of New Zealand and globally. Age and growth rates for deep-sea species are critical to determine the potential risk of these organisms to anthropogenic disturbances. These results will be used to inform future risk assessments and management strategies in the New Zealand framework for the management of corals.
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Black corals (Anthozoa: Antipatharia) are an ecologically and culturally important group of deep-sea cnidarians. However, as the majority of species inhabit depths >50 m, they are relatively understudied. The inaccessibility of well-preserved tissue for species of interest has limited the scope of molecular analysis, and as a result only a small number of antipatharian mitochondrial genomes have been published. Using next generation sequencing, 18 complete and five partial antipatharian mitochondrial genomes were assembled, increasing the number of complete mitochondrial genomes to 22. This includes species from six antipatharian families, four of which were previously unrepresented, enabling the first family-level, full mitochondrial gene analysis over the whole order. The circular mitogenomes ranged in size from 17,681 to 21,669 bp with the large range in size due to the addition of an intron in COX1 in some species and size variation of intergenic regions. All mitogenomes contained the genes standard to all hexacoral mitogenomes (13 protein coding genes, two rRNAs and two tRNAs). The only difference in gene content is the presence of the COX1 intron in five families. The most variable mitochondrial gene is ND4 which may have implications for future barcoding studies. Phylogenetic analysis confirms that Leiopathidae is sister to all other families. Families Antipathidae, Cladopathidae and Schizopathidae are polyphyletic, supporting previous studies that call for a taxonomic revision.

Keywords: cnidaria, gene order, next generation sequencing, NGS, HEG, barcoding, deep-sea, COX1 intron


INTRODUCTION

The order Antipatharia Milne Edwards and Haime, 1857, also known as black or thorny corals, is an ecologically and culturally important group of deep-sea anthozoans in the hexacoral subclass (Cnidaria: Anthozoa: Hexacorallia). The order includes 273 species in 45 genera and seven families (Molodtsova and Opresko, 2020), with many new species expected. Black corals are found in every ocean occupying depths from 2–8,600 m (Wagner et al., 2012), but are primarily concentrated at depths >50 m (Cairns, 2007), with ~50% of known genera inhabiting depths >500 m (Molodtsova and Opresko, 2017). Anipatharians are exclusively colonial and exhibit a diverse range of polyp, skeletal and spine morphologies. They range in height from 5 to 10 cm to >3 m (Wagner et al., 2012). Unlike scleractinian corals, the skeletons of antipatharians are not calcified but are instead rich in protein and chitin [(Bo et al., 2012b); see Ehrlich (2010) for a review] and often appear black when visible. Although not reef forming, antipatharians can play a crucial ecological role in forming coral garden habitats (Bo et al., 2009b) and individuals can support significant epifaunal populations (Love et al., 2007; Roberts et al., 2009). From China to Hawaii, black coral has been utilized in traditional medicine for a wide variety of therapeutic and spiritual uses, while its common use in jewelery has seen commercial harvesting established in the Caribbean, Hawaii and parts of Asia (Wagner et al., 2012). This has resulted in all species of black coral being listed on CITES appendix II. Their use in traditional medicine has led to interest from pharmacologists, with studies showing potential roles in cancer treatments (Qi et al., 2009; Ghandourah and Alorfi, 2019) and the presence of antibacterial properties (Al-Lihaibi et al., 2010).

The use of complete mitochondrial genomes has become an increasingly popular tool for taxonomic and phylogenetic research due to the advances and availability of next generation sequencing technology (Kayal et al., 2013; Crampton-Platt et al., 2016). In addition, metazoan mitogenomes provide a number of genome-level characters that can support phylogenetic hypotheses. These include gene order arrangements, position of introns, insertions and inferred secondary structures of transfer RNAs (tRNA) and ribosomal RNAs (rRNA) (Boore, 2006). In particular, gene order arrangements have proved useful in anthozoan studies by furthering understanding of evolutionary relationships (Brugler and France, 2007; Brockman and McFadden, 2012; Figueroa and Baco, 2014; Hogan et al., 2019) and provided additional resolution when nucleotide and protein sequence phylogenies have proved contradictory (Lin et al., 2014). This is in part due to a number of advantageous features of the mitogenome, including the presence of a near universal homology of mitochondrial genes found across the animal kingdom (Wolstenholme, 1992; Boore and Fuerstenberg, 2008). In addition, the high number of possible gene arrangements suggests that the observed gene order is most likely to be a derived synapomorphy shared among related taxa, rather than the result of a convergent rearrangement (Clayton, 1992; Falkenberg et al., 2007) [however, ancestral state reversions have been observed, see Figueroa and Baco (2014)].

Hexacoral mitogenomes share some unique properties amongst metazoans. Complete mitogenomes have been sequenced for species from each of the five hexacoral orders: Actiniaria (Foox et al., 2015; Zhang et al., 2017), Antipatharia (Brugler and France, 2007; Kayal et al., 2013; Figueroa et al., 2019), Corallimorpharia (Lin et al., 2014), Scleractinia (Medina et al., 2006), and Zoantharia (Sinniger et al., 2007; Chi and Johansen, 2017). Consistent is a reduced set of the 22 tRNAs necessary for mitochondrial translation, with only tRNA−met (Methionine) and tRNA−trp (Tryptophan) being present. In addition, group 1 introns are found within the NADH dehydrogenase subunit 5 gene (ND5) with varying numbers of embedded energy pathway genes specific to each order. A second group 1 intron within the cytochrome c oxidase subunit I gene (COX1), with an embedded homing endonuclease gene (HEG), has also been identified for some species in each of the hexacoral orders (Celis et al., 2017).

The first sequenced antipatharian mitochondrial genome, Chrysopathes formosa was circular and contained 13 energy pathway genes, two ribosomal RNA genes and a reduced number of tRNA genes consistent with all hexacorals (Medina et al., 2006; Brugler and France, 2007; Lin et al., 2014; Foox et al., 2015; Chi and Johansen, 2017). The gene order was described as most similar to the sea anemone Metridium senile, with the exception of a transposition of three continuous genes COX2-ND4-ND6 and lack of a COX1 intron. However, the subsequent fully sequenced antipatharian mitogenomes, Stichopathes luetkeni (Kayal et al., 2013), Myriopathes japonica (GenBank NC_027667.1), Tanacetipathes thamnea (Figueroa et al., 2019) and the partially sequenced Leiopathes glaberrima (Sinniger and Pawloski, 2009) had a COX1 intron containing a HEG gene. With the exception of the COX1 intron, gene content was the same as in C. formosa. The ND5 intron contains two embedded genes; the only copies of ND1 and ND3, as in actiniarians (Foox et al., 2015; Zhang et al., 2017) and zoantharians (Sinniger et al., 2007; Chi and Johansen, 2017).

Molecular approaches to examining phylogenetic relationships within Antipatharia are a relatively recent addition to systematic studies (Lapian et al., 2007; Wagner et al., 2010; Bo et al., 2012a). Nuclear ribosomal genes (rRNA) and their associated internal transcribed spacers (ITS1 and ITS2) have been effective in resolving phylogenetic relationships within Antipatharia (Lapian et al., 2007; Lapian, 2009; Bo et al., 2012a, 2018). Mitochondrial DNA has been used in a number of antipatharian phylogenetic studies in addition to nuclear DNA, focusing on intergenic regions (IGRs) spanning trnW-ND2 and COX3-COX1 (Wagner et al., 2010; Brugler et al., 2013; MacIsaac et al., 2013) and also ND5-ND1 (Brugler et al., 2013; MacIsaac et al., 2013). Most studies have focused on clarifying the relationships within or between the families Antipathidae, Aphanipathidae, and Myriopathidae (Lapian et al., 2007; Bo et al., 2009a, 2012a; Lapian, 2009; Wagner et al., 2010), while MacIsaac et al. (2013) was the first to examine relationships within Schizopathidae. To date, only one molecular study has included species from all seven antipatharian families, providing the first full family phylogeny (Brugler et al., 2013). However, the regions examined in that study were unable to fully resolve the phylogeny, particularly at basal nodes.

This study aims to expand our knowledge of antipatharians through sequencing and examining complete mitochondrial genomes from species representing six families. Previously sequenced antipatharian mitogenomes downloaded from GenBank are re-analyzed alongside those from this study, expanding the analysis to cover all seven families.



MATERIALS AND METHODS


Sampling and DNA Extraction

Antipatharian coral samples were collected from surveys around Whittard Canyon, north of the Porcupine Bank and adjacent to the Belgica Mound Province SAC in the NE Atlantic (Irish Margin) at depths of 669–2,817 m, between 2013 and 2017 using a remotely operated vehicle (ROV) Holland I onboard the R/V Celtic Explorer. Species identifications were made by examining morphological traits based on in situ and ex situ photographs with reference to classic and current taxonomical literature. Whole genomic DNA was extracted from tissue using the NucleoSpinVR™ tissue Kit (Macherey-Nagel, Düren, Germany) following manufacturer's instructions.



Sequencing Preparation

Samples were prepared for sequencing following the TruSeq DNA PCR-Free Library Preparation Kit protocol (Illumina Inc., San Diego, CA), with the exception of Tylopathes n. sp. which was prepared following the QIAseq FX DNA Library protocol (QIAGEN). For the TrueSeq samples DNA was fragmented to a target insert size of 550 bp using a Covaris Focused-ultrasonicator M220™. Twenty-three samples were sequenced on a single run of an Illumina MiSeq (MiSeq Reagent Kit v3 600-cycle).



Clean up and Assembly

Read quality was assessed using FastQC (Andrews, 2010). Illumina TruSeq index adapters were trimmed and low quality reads (Q <28) removed using cutadapt 2.3 (Martin, 2011). Mitogenome assembly was carried out de novo in MITObim 1.9.1 (Hahn et al., 2013) utilizing the COX1 seed sequence from Chrysopathes formosa (GenBank accession number: NC_008411.1). Complete circular read coverage was confirmed by mapping the clean reads onto the assembled circular sequence in Geneious Prime 2019.2.1 (Kearse et al., 2012) (see Supplementary Material for additional detail).



Genome Annotation

Protein coding regions, tRNAs and rRNAs were identified in Geneious using the live annotate function based on three published antipatharian mitogenomes (GenBank accession numbers: Chrysopathes formosa NC_008411.1, Stichopathes luetkeni JX023266.1, Myriopathes japonica NC_027667.1). Additionally, confirmation was sought using the online tool Mitos2 (Bernt et al., 2013) with NCBI RefSeq 81 Metazoa and genetic code 4 (mold, protozoan and coelenterate mitochondrial code). Annotations were manually edited using the widest possible open reading frame for protein coding regions based on genetic code 4 and cnidarian start (ATG) and stop (TAG, TAA) codons. Intron boundaries were confirmed manually using homologous regions in non-intron containing taxa. The position of tRNAs were confirmed using tRNAscan-SE (Lowe and Chan, 2016).



Genome Composition

Nucleotide composition and GC content were calculated in Geneious. Relative GC and AT skew was calculated using the skew formula of Perna and Kocher (1995). Origins of replication were predicted using the DNA walker method (Lobry, 1996) within GraphDNA (Thomas et al., 2007) which assesses for abrupt switches in polarity in the asymmetry of strand specific frequencies of nucleotide composition. All genomes were assessed for tandem repeats using Tandem Repeats Finder (Benson, 1999) and inverted repeats using EMBOSS einverted (Rice et al., 2000).



Nuclear DNA

Nuclear ribosomal DNA spanning the region partial 18S rRNA, ITS1, 5.8S rRNA, ITS2 and partial 28S rRNA were assembled from the cleaned reads using a combination of MITObim (see above) and read mapping onto a reference sequence (Chrysopathes formosa, GenBank accession number MG023168.1).



Alignment for Phylogenetic Analysis

The 13 mitochondrial protein coding genes and five nuclear regions were aligned separately in MAFFT v7.407 (Katoh and Standley, 2013) using the L-INS-i method; maxiterate: 1000, as this showed the highest pairwise identity (PI) and percentage of identical sites (IS). Each alignment was processed through Gblocks 0.91b (Castresana, 2000) which improves alignments for phylogenetic analysis by removing poorly aligned and divergent regions (see Table S1 in Supplementary Material for Gblock parameters). Concatenated sequences were created for (a) the 13 mitochondrial genes; (b) five nuclear regions; and (c) combined mitochondrial and nuclear regions, using a seqCAT.pl (Bininda-Emonds, 2005) script. Published genomes used in this study were re-analyzed alongside the newly sequenced genomes.



Phylogenetic Analysis

Three phylogenies were constructed from the concatenated sequences; (a) the 13 mitochondrial genes (30 taxa; 12,227 characters); (b) five nuclear regions (29 taxa; 10,28 characters); (c) combined mitochondrial and nuclear regions (29 taxa; 13,255 characters), using maximum likelihood (ML) implemented in IQ tree (Nguyen et al., 2014) and Bayesian inference (BI) statistics implemented in MrBayes 3.2.6 (Ronquist et al., 2012). Due to the lack of a suitable nuclear sequence, Stichopathes luetkeni and Tanacetipathes thamnea were left out of the nuclear dataset phylogeny. As nuclear regions for Myriopathes japonica were unavailable, the congeneric Myriopathes myriophylla (GenBank accession number AM404328.1) was used to create a chimeric sequence for Myriopathes in the combined dataset phylogeny, and as the single representative of Myriopathes in the nuclear phylogenies. Edwardsia timida replaced Nematostella sp. within the outgroup of the nuclear phylogeny, as suitable nuclear sequences were unavailable for Nematostella sp. A chimeric sequence consisting of nuclear regions for E. timida and 13 mitochondrial genes of Nematostella sp. represented the family Edwardsiidae as an actiniarian outgroup in the combined phylogeny. Models of sequence evolution were determined for each Gblock-edited region using jModelTest 2.1.10 (Guindon and Gascuel, 2003; Darriba et al., 2012) based on AIC scores, and implemented in Bayesian analysis (see Table S2 for models). Partitions for each region were also input to IQtree which runs an automatic model testing and selection using ModelFinder (Kalyaanamoorthy et al., 2017) (Table S2). Both IQtree and MrBayes analyses were carried out on the CIPRES Science Gateway V. 3.3 (Miller et al., 2010). For ML analysis, 1,000 bootstrap replicates were performed within IQtree using the ultrafast bootstrap (Hoang et al., 2017). Bayesian analysis ran for 10 million generations, sampling every 1000 generations on two separate runs and four chains. All runs were visualized in Tracer v1.7.1 (Rambaut et al., 2018). All runs showed an effective sample size >6,000. A burn-in of 1 million was applied and a single target tree obtained using TreeAnnotator v1.10.4 (Bouckaert et al., 2014). Tests of monophyly were performed by running constrained analyses fixing the monophyly of selected groups and comparing likelihoods with the unconstrained tree using an approximately unbiased (AU) test (Shimodaira, 2002).



Outgroup Selection

We have included a representative from each of the four additional hexacoral orders, including three from Actiniaria as outgroups. Phylogenies are rooted at a midpoint between Antipatharia and the hexacoral outgoups to examine Antipatharia monophyly rather than examine hexacoral relationships. (see Table S3 for GenBank accession numbers). Phylogenies with different outgroup combinations were explored to assess ingroup topology consistency (see Figures S1–S3).




RESULTS


Genome Organisation

Eighteen complete and five partial mitochondrial genomes of 23 deep-sea antipatharian morphospecies from the Northeast Atlantic, were assembled and annotated (Table 1). These represent 14 genera and six families. The 18 complete genomes are circular and range in size from 17,679 (Tylopathes n. sp.) to 21,669 bp (Leiopathes cf. glaberrima) with the size range primarily due to the addition of the COX1 intron and size variation of IGRs. Partial mitogenomes were recovered for five morphospecies. Two of these were almost complete, with Leiopathes montana missing a 156 bp gap (predicted based on genome similarity to L. cf. glaberrima) and Antipathes cf. dichotoma missing a 9 bp gap (predicted based on genome similarities to the three additional Antipathidae samples) and possessing 16 ambiguous sites. Three samples (Chrysopathes cf. micracantha; Cladopathes cf. plumosa; Trissopathes grasshoffi) yielded very limited coverage, resulting in the recovery of 3.2, 48.2, 1.9%, respectively, of a full-size genome (based on the full genome size of Trissopathes cf. tetracrada and Chrysopathes formosa).


Table 1. Antipatharian samples, GenBank accession numbers, collection information and sequencing data used in this study.
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All recovered genomes contain 13 energy pathway genes (COX1-3, ND1-6, ND4L, CYTB, ATP6, and ATP8), two tRNAs (tRNA−met and tRNA−trp) and two subunit rRNAs (12S and 16S) (Table 2). Genomes from eight samples are interrupted by a group 1 intron in COX1 at the same insertion site, the ‘3 end of position 884 [see Emblem et al. (2011) for intron nomenclature]. Additionally, all taxa with COX1 introns contain a HEG gene which varies in length from 657 (Myriopathes japonica, Tanacetipathes thamnea and Tylopathes n. sp.) to 1,062 bp (Stichopathes luetkeni). All genomes contain a group 1 intron in ND5 with the same insertion site at the ‘3 end of position 717, containing the only genome-wide copies of ND1 and ND3. All genes are separated by IGRs which show large size variation (Table 2; see Table S4 for full species table).


Table 2. Antipatharian family gene lengths (bp), intergenic regions (italicized) (bp), intron regions (bold) (bp) and gene variation from Gblock alignments (percentage identical sites and percentage pairwise identity).
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Across all samples the largest IGR is found between ND4 and ND6 in Phanopathes sp. and extends for 597 bp. However, the range for this region between samples is 531 bp, extending for only 66 bp in C. formosa. The smallest IGR is found between ND6 and ATP8 in M. japonica, T. thamnea and Tylopathes n. sp. and extends for 4 bp. The genomes with the largest total intergenic space are L. cf. glaberrima and L. montana both with a length of 2912 bp, while M. japonica has the smallest at 716 bp.

A number of novel ORFs were identified within the IGRs (see Table S5) The largest ORF is found exclusively in Phanopathes sp. in the IGR ND4-ND6 spanning 477 bp. No single ORF was found consistently across all samples, however within families there are conserved ORFs of the same length and at the same location.

Gene content within the sample genomes shows two variations (Figure 1), with the only variation due to the absence of the HEG gene in the families Schizopathidae and Cladopathidae. All genes are transcribed in the same direction and on the same strand.
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FIGURE 1. Antipatharian mitogenome graphical map showing gene blocks and gene orders. tRNAs are displayed according to their one letter code. (A) Representative of families Antipathidae, Aphanipathidae, Leiopathidae, Myriopathidae and Stylopathidae with the COX1 intron (relative size based on Stichopathes abyssicola). (B) Representative of families Cladopathidae and Schizopathidae with the absence of the COX1 intron (relative size based on Stauropathes cf. punctata). Arrow indicates direction of transcription. Gene map created using OGDraw (Greiner et al., 2019).




Analysis of Base Composition

Whole genome base composition is A+T rich ranging from 64.8 (Stichopathes luetkeni) to 58.3% (Antipathes cf. dichotoma and Stichopathes abyssicola) (Table 3). GC skew was positive ranging from 0.084 (Tylopathes n. sp.) to 0.129 (Stichopathes luetkeni), while AT skew was negative ranging from −0.116 (Myriopathes japonica) to −0.097 (Leiopathes montana).


Table 3. Antipatharian mitochondrial genome nucleotide compositions (from this study and GenBank species).
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The DNA walk method found four abrupt changes in base composition across all genomes (Figure 2). These are found in the intergenic regions ND2-12S, 12S-CYTB, trnM-16S and 16S-COX3. An additional reversal in polarity is present only in samples with the COX1 intron, marking the boundaries of the intron. These junctions suggest the genome is split into four blocks (Figure 1); block 1: COX3-ND2, block 2: 12S, block 3: CYTB-trnM, block 4: 16S, and an additional block for samples with the COX1 intron; block 5: COX1 intron. Three of the IGR which show abrupt changes in polarity are rich in A+T content across all genomes; ND2-12S A+T range of 60.5 to 70.5%, trnM-16S A+T range of 58.4 to 71.4% and 16S-COX3 A+T range of 56.4 to 69.4% (data not shown). The only tandem repeats (>15 bp) were a 37 bp sequence found in the IGR COX2-ND4 in two samples S. abyssicola and A. cf. dichotoma, and a 22 bp repeat found in M. japonica within the COX1 intron. Inverted repeats (>15 bp) were found in six samples (Table S6), with the only consistent repeats being found in the three Leiopathes samples.
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FIGURE 2. DNA Walk [GraphDNA (Thomas et al., 2007)] results from vectorial representation of a linearized genome beginning at COX1 (circular symbol) and ending at IGR COX3-COX1 (star symbol). Each of the four nucleotides in the genome sequence is designated a direction as displayed on the compass. Units on axis are cumulative skew measured as number of nucleotides X 103 (Window size is displayed at 400 for ease of viewing). (A) Genomes with the COX1 intron. (B) Genomes with the COX1 intron absent. The dotted line represents the general shape of the walk. Abrupt changes in direction are characteristic of a separate evolutionary origin for that particular region.




Protein Coding Genes and rRNAs

Protein coding gene length was similar across all genomes (Table 2), with ND5 varying most in length, while the lengths of COX2 and ND4L were conserved across all antipatharians. The ND4L gene varied least (93.9% PI; 76.7% IS) while ND2 varied most with 91.4% PI and 70% IS, however the variation is due to multiple indels. The most variable gene free of indels was ND4 (91.6% PI; 70.4% IS). The large ribosomal subunit 16S varied widely in length across species and was the largest assigned region of the genome.



Phylogenies

Phylogenetic analyses (mitochondrial, nuclear and combined) produced largely congruent trees (Figure 3; see Figures S4–S7 for nuclear regions and combined trees). Various combinations of hexacoral outgroups (see Figures S1–S3) confirm the monophyly of Antipatharia and maintain the same ingroup topology. The family Leiopathidae formed a monophyletic group sister to all other antipatharians. The families Antipathidae (in the mitochondrial and combined phylogenies only), Cladopathidae and Schizopathidae (due to the placement of Sibopathes cf. macrospina nesting within a clade containing three Parantipathes spp) did not form monophyletic groups. The genera Bathypathes, Parantipathes, Stauropathes, Stichopathes and Trissopathes did not form monophyletic groups. Constraining the monophyly of each polyphyletic group produced a significantly worse likelihood value tree compared to the unconstrained tree (P < 0.005; see Figure S8).


[image: Figure 3]
FIGURE 3. Phylogenetic tree reconstruction based on all available (newly sequenced from this study and GenBank samples) antipatharian mitochondrial genomes using the 13 energy pathway genes based on a Bayesian inference (BI) and maximum likelihood (ML) analysis. The trees are rooted at a midpoint between Antipatharia and the hexacoral outgroups (See Figure S1 for outgroup relationships). BI posterior probabilities and ML bootstrap values shown at nodes (BI/ML). The arrow indicates the apparent loss of the COX1 intron at an internal node.





DISCUSSION

This study increases the total number of complete antipatharian mitochondrial genomes represented in the literature from four to 22, with five additional partial sequences. This includes species from four families previously unrepresented, enabling for the first time, a family-level full mitochondrial gene analysis over the whole order.


Genome Organization, Gene Order, and Variable Regions

Based on our analysis, antipatharian mitogenomes have the same features typical of all published hexacoral order mitogenomes (Lin et al., 2014; Chi and Johansen, 2017; Zhang et al., 2017). Gene order and content are highly conserved across the antipatharian order, consistent with previous findings (Brugler and France, 2007; Kayal et al., 2013) with the absence of the COX1 intron as the main notable variation. Internal gene rearrangements have been reported within all hexacoral orders (Emblem et al., 2011; Lin et al., 2014; Foox et al., 2015), but it appears that antipatharians are an exception, along with zoantharians (Poliseno et al., 2020). The stable structural arrangement in these two orders may be linked to the slow rate of nucleotide substitution in anthozoans (Hellberg, 2006).

Metazoan mitochondrial DNA, and specifically COX1, was originally viewed as an attractive target for barcoding as it was thought to be almost entirely free of introns and showed a greater range of diversity than other mitochondrial genes (Hebert et al., 2003). In the present analysis, COX1 has more identical sites and a higher PI (92.8% PI; 75.6% IS), than seven other mitochondrial genes (see Table 2). ND2 varies most (91.4% PI; 70% IS), however, the presence of indels, ranging from 6 to 20 bp at multiple locations, drives this variability. The highest variability seen in an indel-free alignment is ND4 spanning 1476 conserved bp (91.9% PI; 70.5% IS). Additional ML phylogenetic analysis of the ND4 Gblock alignment recovered a tree with identical topology to the full mitochondrial tree, with high bootstrap nodal support for all major clades (>82% BS). A comparative COX1 tree revealed weaker BS support values for all major clades (>57% BS). While COX1 continues to be an effective marker for barcoding studies in Antipatharia (Brugler et al., 2013), future researchers may wish to consider the addition of ND4 to further increase the resolving power of taxonomic identification.



Origins of Replication and Intergenic Regions

The origins of replication in mitogenomes are often associated with large intergenic spaces, inverted repeats, A+T rich regions and at the junction of conserved gene blocks (Pearson et al., 1996; Brugler and France, 2008; Hogan et al., 2019). Additionally, mitogenomes have two separate origins of replication (Clayton, 1992), one found on each strand; OriH found on the heavy strand and OriL found on the light strand. Brugler and France (2007) investigated the ND2-12S IGR as a possible location of OriH due to its large size. With only one complete antipatharian genome for their analysis, comparisons were made with other hexacoral species, and they ultimately rejected this location as the OriH. However, with the larger data set provided by the current study, we note abrupt compositional changes around this region, the presence of inverted repeats and relatively high conservation (aligning all ND2-12S IGRs produces a 278 bp region with 67.3% PI), all of which suggest the IGR ND2-12S is the most likely candidate for the OriH in Antipatharia.

Defining the exact location of OriL has proved difficult in invertebrates (Wolstenholme, 1992). Brugler and France (2008) proposed candidate regions between 12S-CYTB and trnM-16S for Chrysopathes formosa based on the abrupt changes in base composition at these locations. In the present study 12S-CYTB has a relatively balanced A+T/G+C base content (average 48.6% A+T) and a relatively small IGR (mean 86 bp). In contrast the IGRs trnM-16S and 16S-COX3 both show an abrupt change in base composition and have a high A+T content (mean 65.4 and 64.5%, respectively), while IGR 16S-COX3 has a relatively large IGR (mean 136 bp), making it the preferred candidate for OriL. Further investigation into the secondary structures of the IGRs, including presence of A+T stable stem loops, would be necessary to provide additional evidence for the location of OriH and OriL.

Open read frames of unknown function have not previously been reported for antipatharian mitogenomes. However, they are common in other hexacoral orders (Flot and Tillier, 2007; Emblem et al., 2014; Foox et al., 2015; Chi and Johansen, 2017). Their functionality in actinarians has been speculated to be that of transposon-like elements capable of influencing nearby genes, as possible enhancers or promotors (Zhang et al., 2017). Emblem et al. (2014) demonstrated that ORFs within actinarian mitogenomes are likely functional units. The lack of conserved ORFs across antipatharians suggests that many are likely to be small pseudogenes. However, small proteins, often defined as <100 amino acid residues (Su et al., 2013), have been shown to be responsible for important biological processes in other metazoans (Galindo et al., 2007). The largest ORF found in this study, 477 bp in Phanopathes sp. is the most likely candidate for a functional protein due to its size. Transposon-like elements have been demonstrated to play important roles in adaptation to environmental stress (Casacuberta and González, 2013). Considering the environmental extremes of antipatharian deep-sea habitats, the function of these ORFs may well be similar to transposon-like elements offering beneficial metabolic adaptations to the deep-sea.

The potential for non-homologous cross mapping of nuclear DNA of mitochondrial origin (nuMT) to mitochondrial DNA (mtDNA) assemblies [see Maude et al. (2019) for a discussion] was considered in light of the large number of varied ORFs found throughout the mitogenomes. BLAST analysis of the larger ORF (>70 bp) revealed no matches to hexacoral nuclear regions. Read coverage for ORF loci was consistent with coverage for the overall mitogenome (i.e., if similar copies were present in the nuclear genome, we might expect higher coverage). Additionally, we might expect higher sequence variability in these ORFs compared with other coding regions (e.g., greater disagreement of mapped reads in these ORFs), however this was not the case.



Introns

A cyclic evolutionary model of intron gain and loss has previously been proposed for the presence of the COX1 intron in cnidarians (Goddard et al., 2006). Celis et al. (2017) suggest the COX1 intron was inserted early in cnidarian history and rapidly invaded intron-less alleles via horizontal transfer due to the HEG gene. After becoming fixed in the population, it was subject to mutational degradation, losing HEG functionality, but continued to be inherited vertically as a HEG remnant. The effects of purifying selection resulted in the complete deletion of the intron and HEG from COX1. Support for this hypothesis in Antipatharia is evident in the variation of HEG sizes observed across families, with the presence of shorter HEG genes in Myriopathidae and Stylopathidae (657 bp) indicating they are in a later stage of the degradation period as compared to Antipathidae (1,062 bp), Aphanipathidae (981 bp) and Leiopathidae (996 bp). The absence of the COX1 intron within the Cladopathidae and Schizopathidae suggest a complete evolutionary cyclic history of intron invasion, degradation and deletion has occurred within antipatharians, as has previously been shown in Actinaria (Emblem et al., 2014), and in Scleractinia and Corallimorpharia (Celis et al., 2017). This is further implied by the phylogenetic analysis which suggests the COX1 intron was present in the ancestral state due to its presence in Leiopathidae, which is sister to all other antipatharian families. It was then subject to a single loss in the branch leading to the Cladopathidae + Schizopathidae clade (see Figure 3), suggesting a close evolutionary relationship between these two families as shown by Brugler et al. (2013). Interestingly, species of Cladopathidae and Schizopathidae are the only antipatharians found in the abyssal zone >3,000 m (Molodtsova and Opresko, 2017). Whether the loss of the COX1 intron is an adaptation to the deep-sea environment warrants further investigation.

In contrast to the COX1 intron, the ND5 intron is present within all sequenced genomes. The insertion position is at the same location as found in all hexacoral orders (Chi and Johansen, 2017), referred to as position 717 (Emblem et al., 2011). Emblem et al. (2011) propose that the ND5 intron originally contained a HEG gene and was subject to horizonal transfer and a similar cyclic scenario as the COX1 intron. However, at one stage, the insertion of ND1 and ND3 resulted in the intron becoming a compulsory element, resulting in a vertical pattern of inheritance, supported by the conserved intron position. In contrast, three insertion sites have been identified for the COX1 intron across the hexacorals (Celis et al., 2017), suggesting a lack of positive selection.



Phylogenies and Interfamilial Relationships

Previous molecular studies show consistent congruent sister groupings between the following sets of antipatharian families: Cladopathidae + Schizopathidae (Brugler et al., 2013; Bo et al., 2018), Myriopathidae + Stylopathidae (Brugler et al., 2013), Antipathidae + Aphanipathidae (Lapian et al., 2007; Bo et al., 2009a, 2018; Lapian, 2009; Wagner et al., 2010; Brugler et al., 2013). The phylogenies presented in this study are in agreement with these family groupings. Based on morphology, Opresko (1998) considered Leiopathidae to be a distinctive family and suggested it may warrant a higher level classification, while Brugler et al. (2013) suggested it may be the most primitive family. However, molecular studies have shown conflicting results with both Antipathidae and Leiopathidae being recovered as sister to the remaining antipatharian families (Brugler et al., 2013; Bo et al., 2018). As the ingroup topology is sensitive to the choice of outgroup and number of outgroup samples (Smith, 1994), we have chosen to include three samples from a close sister order, Actiniaria, and a single representative from each of the three remaining hexacoral orders, Corallimorpharia, Scleractinia and Zoantharia. This study presents the largest molecular character set to date (13,255 characters) and supports Leiopathidae as sister to all other families, reconciling the morphological/molecular positions. This study should be considered a preliminary assessment of the interfamilial relationships within Antipatharia until broader geographic and taxonomic representation can be achieved using full mitogenomes.

The species reported here as Sibopathes cf. macrospina (family Cladopathidae) clustered within a clade with three Parantipathes species (family Schizopathidae) with marginal genetic differences. Similar results were reported by Brugler et al. (2013) for material from the Gulf of Mexico and Western Atlantic. This suggests S. cf. macrospina may indeed belong to the genus Parantipathes. There are a number of morphological differences reported between S. cf. macrospina and the type species of the genus Sibopathes [S. gephura van Pesch, 1914], that include pinnulation pattern, form of spines and morphology of polyps (van Pesch, 1914; Opresko, 1993; unpubl. observations T.M.). Molecular studies including S. gephura are necessary to validate the phylogenetic position of the genus Sibopathes and resolve the apparent polyphyly in Cladopathidae and Schizopathidae. In addition, species in the genera Trissopathes and Cladopathes formed a well-supported clade with C. cf. plumosa and T. cf. tetracrada in particular showing almost no evolutionary distance between them in the nuclear phylogenies (Figures S4, S5). Further studies may conclude that they represent the same genus, however it is significant to note that the mitogenomes of C. cf. plumosa and T. grasshoffi are currently incomplete.

Polyphyly in Antipathidae has been noted in previous studies (Brugler et al., 2013; Bo et al., 2018) with the suggestion that a taxonomic revision is necessary. In particular the genera Antipathes and Stichopathes have been posited for revision and splitting (Bo et al., 2012a, 2018). The present study found the single Antipathes sample A. cf. dichotoma, formed a 100% BS (BPP=1) supported clade with S. abyssicola, with little evolutionary distance between them. A similar lack of phylogenetic signal between the genera Antipathes and Stichopathes has been reported by previous studies (Bo et al., 2012a, 2018; Brugler et al., 2013). Bo et al. (2012a) highlights that the single-stem morphology (attributed to Stichopathes-like specimens), is an unreliable characteristic as it may have evolved independently in different taxa. This would account for the lack of grouping between the three Stichopathes species in this study.

With the current study, only one sample is representative of Aphanipathidae, Phanopathes sp., which forms a well-supported clade with the antipathid, Stichopathes n. sp. This is consistent with the findings of previous studies (Brugler et al., 2013; Bo et al., 2018), which have found Phanopathes species clustering with A. dichotoma and various Stichopathes species. With only one full genome representing Aphanipathidae, the current analysis is limited in scope, however the high support values for the Phanopathes sp. + Stichopathes n. sp. clade is noteworthy, although the large branch lengths indicate high genetic differentiation between these species. Bo et al. (2018) suggests that the name bearing type for the genus Antipathes and ultimately the family Antipathidae, A. dichotoma Pallas, 1766, is likely to be unrepresentative of the genus and therefore the family. Our study supports the need for taxonomic revision within Antipathidae and Aphanipathidae (Brugler et al., 2013; Bo et al., 2018), which would benefit from further sequencing of full mitogenomes representative of a greater range of diversity within these families.

The polyphyly and particularly short genetic distances found within two genera of the Schizopathidae samples; Bathypathes and Stauropathes, support the morphological similarities observed between Telopathes, Stauropathes and Bathypathes (MacIsaac et al., 2013). They form a tight clade in the current and previous studies (MacIsaac et al., 2013; Bo et al., 2018), warranting further morphological analysis to validate these genera.



Conclusions and Future Investigations

Antipatharia appears to have a stable gene order and content, with the exception of the absence of the COX1 intron in two families. The most variable gene region is found to be ND4, in contrast to the commonly recommended COX1 ‘barcode of life'. The variability in size range of IGRs, presence of multiple ORFs and HEG gene length variations across families, offer an avenue for future studies to investigate additional evolutionary scenarios and possible adaptations to metabolic functions. Phylogenetically we find that Leiopathidae is sister to all other antipatharian families. Families Antipathidae, Cladopathidae and Schizopathidae are polyphyletic, and several genera may be in need of taxonomic revision.
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Over 25 mounds have been identified in the Corsica Channel (Mediterranean Sea) through multibeam bathymetric mapping at depth of 400–430 m, with dimensions ranging from 70 to 330 m, achieving maximum heights of 25 m. Two mounds have been explored in detail using a remotely operated vehicle, revealing thick coral growth with a predominance of the branching scleractinian Madrepora oculata as main frame builder and subordinate Desmophyllum pertusum. The solitary scleractinians Desmophyllum dianthus and Javania cailleti add to the biodiversity here, which accounts for at least 50 macro- and megabenthic species. In consideration of the remarkable surface (ca. 5.3 km2) covered by living corals, their density and healthy appearance, and discontinuity with other major cold-water coral (CWC) occurrences in the Mediterranean Sea, we propose that this area represents a distinct CWC province in a sector already known for the presence of pre-modern CWC mounds. Noticeably, well-developed contourite drift systems occur in the Corsica Channel, lending support to their strict spatial link with coral establishment at depth. The ecosystemic value of the new CWC province calls for proper conservation measures to ensure their present Good Environmental Status.
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INTRODUCTION

The concept of “Cold-Water Coral Province” is not rigorously codified in literature thus far, vaguely referring by convention to geographically discrete areas with important deep-sea scleractinian presence (e.g., Taviani et al., 2011; Hebbeln et al., 2014; Mohn et al., 2014; Wienberg et al., 2018). It is anyhow of practical use because (i) it identifies those situations where the area covered by cold (or deep)-water corals (CWCs) is often many tens square kilometers, far exceeding occasional to sparse CWC occurrences; and (ii) it helps to narrow the areal of seabed meritorious of special attention for management and protection purposes. To date, seven CWC provinces, structured by the colonial scleractinians Madrepora oculata and, subordinately, Desmophyllum pertusum (Lophelia pertusa; Addamo et al., 2016), have been identified in the Mediterranean Sea (Taviani et al., 2017, 2019; Chimienti et al., 2019). From east to west, the CWC provinces are Bari Canyon (e.g., Freiwald et al., 2009; Angeletti et al., 2014, 2020) and Santa Maria di Leuca (Taviani et al., 2005; Vertino et al., 2010) in the Adriatic and Ionian seas, South Malta (Schembri et al., 2007; Freiwald et al., 2009; Knittewis et al., 2019), South Sardinia Nora Canyon (Taviani et al., 2017) in the Tyrrhenian Sea, Cassidaigne (Fabri et al., 2014, 2019) and Cap de Creus canyons (Orejas et al., 2009) in the Gulf of Lion, and Alboran Sea (Lo Iacono et al., 2019, with references therein).

There is a consolidated consensus that CWCs establish under a bottom current regime of high intensity, with the Levantine Intermediate Water (LIW) mass as the main driver controlling their distribution in the Mediterranean Basin (Freiwald et al., 2009; Taviani et al., 2016, 2017; Orejas and Jiménez, 2019). Along the LIW path, the recent visual surveys have, indeed, led to the discovery of healthy CWC grounds in the Nora and Dorhn canyons in the Tyrrhenian Sea (Taviani et al., 2017, 2019).

Bathing the Tyrrhenian Italian margin, the LIW reaches the Ligurian Sea by flowing through the Corsica Channel. Besides some anecdotal evidence reporting live Madrepora oculata in this region (F. Serena, M. Borghi, M. Vacchi, personal communication), to date, the presence of CWCs in the Corsica Channel concerns Late Pleistocene buried coral mounds (Remia and Taviani, 2005; McCulloch et al., 2010). Substantial evidence of live CWC populations between Tyrrhenian and Ligurian sites (Tunesi et al., 2001; Fanelli et al., 2017) is, however, still missing.

Exploration of the southern Ligurian and northern Tyrrhenian seas in the frame of the Italian Marine Strategy Framework Directive in 2016 and 2017 documented in the present study proves prolonged CWC regional presence, although not necessarily continuous.

Areal extent and CWC density and richness warrant the identification of the new “Corsica Channel Cold-Water Coral Province” as described below.

The discovery of these healthy and lush coral mounds site bears to the distribution, organization, and connectivity of the Mediterranean CWC communities.



SETTING

The area is located in the Corsica Channel between the Corsica Island to the west and the Tuscan Archipelago to the east. The Corsica Channel or (Trough) is a narrow (10–35 km wide), shallow (maximum depth of ca. 900 m in the south), and north-south oriented feature, separating the Corsica from the Tuscan shelves, and connecting the Tyrrhenian and Ligurian basins in the Western Mediterranean Sea (Figure 1). The narrowest and shallowest zone is off Capraia Island, where the Tuscan and Corsica shelves (at 200 m) are separated by the Corsica Sill that is 9.5 km wide. Modified Atlantic Water [(MAW) from 0 to 200 m], northward flowing, is the main water mass circulating in the shallow (i.e., shelf) Corsica Channel (e.g., Astraldi and Gasparini, 1992; Millot, 1999; Millot and Taupier-Letage, 2005). Secluded in the eastern side, the LIW flows northward at depths between ∼250 and 600–700 m (e.g., Artale and Gasparini, 1990; Vetrano et al., 2010; Toucanne et al., 2012). Alongslope water mass movements are responsible for long-lasting well-developed contourite drifts from the south (off Montecristo Island) to the north near the Gorgona Island, which extend almost continuously for more than 100 km (e.g., Cattaneo et al., 2017; Rebesco and Taviani, 2019, with references therein). These contourite depositional processes started in the middle Pliocene under the anticlockwise influence of the Coriolis force and as a response to the topographic setting (Stanley et al., 1980; Marani et al., 1993; Roveri, 2002). Morphology and size (maximum width of 10 km: Miramontes et al., 2016) of the contourite drifts change remarkably due to the differences in the basin morphology and depth (Roveri et al., 2002; Miramontes et al., 2016). Turbiditic systems characterize, on the contrary, the western side of the Corsica Trough (Bellaiche et al., 1994; Gervais et al., 2004; Calvès et al., 2013), among which the Golo Turbidite System is active at least since the Late Pleistocene (e.g., Deptuck et al., 2008; Sømme et al., 2011). Finally, the strong hydrodynamics marking this area is also responsible for sediment starvation and hardground formation along the slope (Remia et al., 2004).
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FIGURE 1. Location map of the Corsica Channel (red star in the inset Basemap data: ESRI ArcGIS) showing the narrowest area of the channel between Corsica Island and the Tuscan Archipelago. Bathymetry from http://www.emodnet-bathymetry.eu/. Dashed line indicates the main contouritic deposits (modified from Miramontes et al., 2016), and red arrows show the main path of the Levantine Intermediate Water. Yellow circles indicate the two explored sites.




MATERIALS AND METHODS

The study area has been surveyed in the last 20 years by different technologies during cruises LM99 (December 1999–January 2000) and CORTI (December 2003–January 2004) onboard R/V Urania and during cruises Strategia Marina-Ligure/Tirreno (July–August 2016) and MSFD-IT-1-2017 (July 2017) onboard R/V Minerva Uno.

Swath bathymetry and backscatter data considered in this study have been acquired using a hull-mounted Reson Seabat 7160 Multibeam Echosounder with a nominal frequency of 44 kHz, swath coverage of ca. 4 × greater than water depth and 512 beams per second acquired with Reson PDS2000 software. All data were plotted in the Transverse Mercator–UTM 33N-WGS84 Coordinate System. Morphobathymetric map, with a cell size of 5 × 5 m2, was obtained using CARIS SIS and HIPS software (Figure 2). Seabottom sampling was performed with a large volume (60 l) modified Van Veen grab, epibenthic and heavy-chained dredges. Samples were stored at the ISMAR-CNR Repository in Bologna.
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FIGURE 2. Site A (A–D) and Site B (E–H) morphobathymetrical and backscatter data. Panels (A,E) represent the morphobathymetric map of the two coral mound areas; (B,F) slope map of the study areas, calculated from the digital terrain model (DTM), clearly showing the difference between the side slope of the coral mounds reaching a maximum value of 39° and the regional surrounding slope about 1°–8°; (C,G) backscatter photomosaic of the surveyed area and (D,H) automatic selection of all features with backscatter intensity >15 dB. (I,J) Habitat mapping performed on Site A remotely operated vehicle (ROV) survey and Site B, respectively; blue dots represent muddy sediments, red dots show living Madrepora oculata, yellow dots indicate the presence of coral rubble, and pink dots refer to cold-water coral (CWC) occurrences (e.g., living M. oculata and Desmophyllum pertusum).


Seawater physical attributes of the studied area were obtained from 20 depth profiles (Figure 3) sourced from the World Ocean Atlas 2018 (WOA2018) database and were visualized using Ocean Data View software, version 5.3.0 (Schlitzer, 2020). Metadata on bottom sampling and oceanographic data are reported in Table 1.
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FIGURE 3. T-S plot obtained from 20 depth profiles sourced from the World Ocean Atlas 2018 (WOA18) database in the area of the Corsica Channel (red square: 43.375°N-9.125°E; 43.375°N-10.625°E; 42.625°N-9.125°E; 42.625°N-10.625°E). Isopycnals are calculated with the reference pressure at 0 m (σ0). MAW, Modified Atlantic Water; LIW, Levantine Intermediate Water; TDW, Tyrrhenian Deep Water; WMDW, Western Mediterranean Deep Water. The plot was created using Ocean Data View (Schlitzer, R., Ocean Data View, http://odw.awi.de, 2020).



TABLE 1. Remotely operated vehicle (ROV) metadata.

[image: Table 1]
Two remotely operated vehicle (ROV) dives (Stations MS17-I-54 and MS17-I-135) were conducted using a Pollux III (Global Electric Italiana) equipped with a low-resolution CCD video camera for navigation and a high-resolution (2,304 × 1,296 pixels) video camera in order to visually groundtruth the mounds identified by swath bathymetry. Three laser beams at 20 cm of each other provided the scale bar on the videos. The ROV was equipped with an underwater acoustic tracking system that gives position and depth every 1 s. Still-photo footage, one frame every 10 s, was georeferenced using Adelie, and ESRI ArcGIS software, provided taxonomic information. Macro- (>2 cm) and mega-benthic organisms were identified to the lowest possible taxonomic rank. Taxa unidentifiable at the species level from images alone (e.g., most sponges) were categorized only as morpho-species or morphological categories (e.g., Bell and Barnes, 2001; Bo et al., 2012; Cau et al., 2017; Foglini et al., 2019). Taxonomic identifications follow the World Register of Marine Species database (WoRMS Editorial Board, 20201).



RESULTS


Hydrography

The local intermediate water mass close to the CWC occurrences in the Corsica Channel has a mean potential temperature of 13.4°C, salinity of 38.56 psu, and potential density of 29.07 kg/m3 (Figure 3), which are typical values of the LIW in this area of the Mediterranean Sea (Vetrano et al., 2010). The LIW flows through the Mediterranean Sea westward, entering the Tyrrhenian Sea from the Strait of Sicily and separates in two branches: one crossing northward the Corsica Channel and one flowing toward the eastern Sardinia (Millot and Taupier-Letage, 2005; Vetrano et al., 2010; Ozer et al., 2017).



Seafloor Bathymetry

Morphobathymetry and backscatter data have been combined with high-resolution Chirp profiles to reconstruct the origin of the elevated and elongated seafloor features observed. We identified 28 mounded features in a 5.3-km2 area at a depth of 400–430 m, ranging in length from 70 to 330 m and up to 25 m high. All these structures are north-south oriented, suggesting a preferential growth strongly influenced by currents. Two main patches of mounded features occur (Figures 2A,E), one ca. 20 km south of Gorgona including eight mounds (Site A) and another ca. 12 km east of Capraia clustering 20 mounds (Site B). Slope map, calculated from the digital terrain model (DTM), clearly shows the difference between the side slope of the mounds and the slope of the surrounding region (Figures 2B,F). In fact, the first ranges from 12° to 35° reaching a maximum of 39°, while the latter is ca. 1°–8°.

Backscatter analysis reveals that two different intensity classes characterize the mounds (Figures 2C,G). High intensity (>15 dB) typifies the major mounds, characterized by hard and firm substrates, while low intensity (<15 dB) characterizes the surrounding areas dominated by mobile sediments (i.e., muds). To better identify the mounds, we applied a selection algorithm, developed in ArcGIS 10.5, integrating features elevation, represented by the Bathymetric Position Index (BPI), with the seabed reflectivity value. The BPI was computed from the high-resolution bathymetry using the Benthic Terrain Modeler tool (BTM, V. 3.0) in the ArcGIS software, selecting an inner radius of 5 pixels and an outer of 20 pixels, corresponding to 25 and 100 m, respectively. The algorithm considers and selects all positive BPI as potential mounds (features elevating from the seafloor). This selection was then filtered by extracting a reflectivity intensity value in correspondence of georeferenced living coral occurrences, obtaining a 15-dB value as a threshold for cnidarian-dominated mounds (Figures 2D,H); Focal Statistic tool of ArcGIS (radius of 5 pixels) was used to exclude false positive.

Additionally, smooth rounded features, ranging from 30 to 250 m in length and from 20 to 80 m in width and achieving a maximum height of ca. 5 m covering an area of 1.94 km2, could represent buried mounds.



Biological and Habitat Characteristics Based Upon Video Surveys

The ROV dive MS17-I-54 explored Site A whereas ROV MS17-I-135 surveyed Site B between 430–415 m and 450–425 m water depths, respectively, for a total coverage of 978 m (Figures 2I,J and Table 1). ROV surveys revealed the existence of lush and healthy coral mounds dominated by the colonial scleractinian Madrepora oculata (Figure 4–7).
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FIGURE 4. Corsica Channel coral mounds: (A) spatially closed live Madrepora oculata bushes on mound crest (Site A), bar = 20 cm; (B) cnidarian aggregation at mound crest (Site B) showing preferred growth orientation, bar = 10 cm; (C) dense M. oculata growth on dead coral frames at the mound flank, white arrows indicate specimens of Munida tenuimana sheltering on frames, bar = 10 cm; (D) cnidarian aggregation characterized by M. oculata (Mo), Desmophyllum pertusum (Dp), cluster of Desmophyllum dianthus (Dd), Swiftia dubia (Sd), Acanthogorgia hirsuta (Ah), Muriceides lepida (MI) and Epizoanthus sp. (Ep), bar = 20 cm; (E) bush-like M. oculata and D. pertusum colonies growing on dead coral frames, bar = 20 cm; (F) M. oculata and D. pertusum colonies on dead frames, white arrow indicate the decapod Anamathia rissoana, bar = 10 cm. Panels (C to F) are all from Site B.
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FIGURE 5. Muddy bottoms (A) characterized by dense occurrence of the macroforaminifer Pelosina sp. at Site A, bar = 2 cm, while dense bioturbation (B) prevents colonization at site B, bar = 20 cm; (C) isolated Madrepora oculata bush on a dead coral frame (Site A), bar = 20 cm; (D) hardground substrate characterizes flanks of coral mound at Site B, note the presence of the vagrant echinoderm Cidaris cidaris, bar = 20 cm; (E) muddy coral rubble dominates mounds’ flanks at Site A, bar = 20 cm; (F) dead Dendrophyllia cornigera frame (Site A) sparse on muddy sediment, bar = 20 cm.
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FIGURE 6. Associated biodiversity (A) dense solitary coral growth Desmophyllum dianthus and Javania cailleti on dead coral frames at Site A, arrow pointed at cf. Pachycerianthus, bar = 20 cm; (B) isolated large Madrepora oculata colony with juvenile Desmophyllym pertusum (right side) colony (Site B), bar = 20 cm; (C) close-up on M. oculata frame (Site A), white arrow indicates the polychaete Eunice norvegica, an undetermined nudibranch is pointed at by a yellow arrow, bar = 5 cm; (D) close-up on a dead coral frame (Site B), white arrow indicates a grazing undetermined nudibranch, bar = 5 cm.
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FIGURE 7. The vagrant Octopus salutii on muddy coral rubble at Site B (A), bar = 10 cm; (B) detail of Stylocheiron sp. on Parantipathes larix (Site A), bar = 3 cm; (C) arrow indicates the carnivorous coralliophilinid Hirtomurex squamosus feeding on a dead coral frame, bar = 5 cm; (D) isolated Madrepora oculata bushes on dead frames, arrow pointed at Echinus cf. melo grazing on M. oculata, bar = 20 cm; (E) the rare lollipop sponge Sympagella delauzei (arrow) associated with Desmophyllum dianthus and Acanthogorgia hirsuta, bar = 20 cm; (F) close-up on cnidarian assemblage with juvenile D. dianthus (Dd) and A. hirsuta with grazing undetermined nudibranch (arrow), bar = 5 cm; (G) dead coral frames colonized by the large fan-shaped sponge Pachastrella monilifera (Pm), juvenile Desmophyllum pertusum (Dp, on the left) and a cluster of the solitary Desmophyllum dianthus (arrow), the echinoderm Cidaris cidaris (Cc) grazing on a coral frame, bar = 10 cm. Panels (C–G) all from Site B.



(1) ROV MS17-I-54. The ROV landed at −450 m on the muddy bottom (Figure 5A) in the western side of a north-south-oriented mound, whose crest topped at −420 m. Along the entire transect, the biodiversity is relatively high, counting more than 20 megabenthic taxa (Table 2). At 435 m, the substrate changes, and black-coated Madrepora oculata rubble (Figures 5C,E) emerges providing suitable substrate for caryophylliid and antipatharians such as Parantipathes larix (Figure 7B). Abundant live M. oculata colonies (>50 cm) characterize the mound crest at 425 m (Figure 4A), together with common solitary scleractinians Desmophyllum dianthus (up to 29 ind m–2) and Javania cailleti (Figure 6A). M. oculata colonies host the polychaetes Eunice norvegica (Figure 6C), whose encalcification contributes to strengthening coral frames and Serpula vermicularis (e.g., Mueller et al., 2013; Sanfilippo et al., 2013; Taviani et al., 2017). The actinian Amphianthus dohrnii settles on living M. oculata, while the sea-pen Kophobelemnon stelliferum and the alcyonacea Acanthogorgia hirsuta colonize muddy bottoms and coral rubble, respectively. Dead Dendrophyllia cornigera frames have been rarely ascertained on coral rubble (Figure 5F). Surprisingly, no living colonies of this noticeable scleractinian (Castellan et al., 2019) have yet been detected in this area. A specimen of an undetermined nudibranch was observed grazing on living M. oculata (Figure 6C). The brachiopods Gryphus vitreus and Terebratulina retusa were recognized on coral rubble while Munida cf. tenuimana and Anamathia rissoana represent the commonest crustaceans on coral colonies. No echinoderms have been identified along this transect. Finally, the tiny species Gadiculus argenteus and the scorpaenid Helicolenus dactylopterus characterize the demersal fish fauna.




TABLE 2. List of macroorganisms observed in the new “Corsica Channel CWC Province.” L, living observed organisms; D, dead only; L/D, specimens observed both living and dead.

[image: Table 2]

(2) ROV MS17-I-135. The substrate typology rapidly evolves from the muddy bottom at the mound toe (430 m) to a loosely packed coral and coral rubble at its crest (412 m), which is exploited by live coral growth (Figures 4B,D–F). Living colonies of M. oculata (>50 cm in size) dominate the steep mound’s flank up to the crest at 412 m (104 colonies in 128 m of linear exploration) (Figure 4C). Subordinately, tiny colonies of Desmophyllum pertusum (nine colonies in 128 m of linear exploration) and specimens of D. dianthus (>19 ind m–2) and J. cailleti contribute to the coral biodiversity in this area (Figure 6B). Antipatharians (Antipathes dichotoma) and alcyonaceans (Acanthogorgia hirsuta, Villogorgia bebrycoides, and Swiftia dubia) are quite common (Figures 4D,E, 7F). Dead coral frameworks offer substrate for antipatharians such as P. larix and other solitary scleractinians (e.g., caryophylliids). They also provide habitat for many other taxa such as Epizoanthus sp. and the sponges Phakellia sp., Pachastrella monilifera (Figure 7G), Stelletta sp., Hamacantha cf. falcula, and the recently described Sympagella delauzei (Boury-Esnault et al., 2015; Figure 7E). The carnivorous coralliophilinid gastropod Hirtomurex squamosus, often associated with CWC (Taviani and Colantoni, 1979; Taviani et al., 2009; Angeletti and Taviani, 2011), at least three undetermined nudibranchs and the rare cephalopod Octopus salutii (Figure 7A) inhabit coral frames (Figures 6D, 7C,E,F). Serpula vermicularis is the most abundant polychaete on hard substrates (cf. Sanfilippo et al., 2013), while Bonellia viridis is relatively common on muddy bottoms. The crustaceans Munida tenuimana and Anamathia rissoana and the echinoderms Cidaris cidaris (Figure 5D) and Echinus melo (Figure 7D) represent the principal vagrant benthic component, as often may find associated with Mediterranean CWC (Rueda et al., 2019).



A sparse benthic fauna inhabits muddy sediments, including single occurrences of the cnidarian Kophobelemnon stelliferum and of the rare pennatulacea Protoptilum carpenteri (e.g., Prampolini et al., 2020). The macro foraminifera Pelosina sp. is abundant (up to 25 ind. 0.3 m–2) at Site A (Figure 5A), while it occurs rarely on the highly bioturbated muddy bottoms of Site B (Figure 5B). Ceriantids (cf. Pachycerianthus and Arachnanthus oligopodus) and sparse presence of Bonellia viridis characterize the sessile fauna inhabiting muddy sediments on both sites. Rare decapods (Plesionika martia) and the demersal fish Lepidorhombus boscii represent vagrant fauna. The echinoid Spatangus purpureus represents the commonest vagile organism at Site B, further testified by the abundance of its skeletal remains; pagurids and other crustaceans are also common presences.

The Corsica Channel hosts at least 20 cnidarian species (Table 2), all known from the Mediterranean Basin (e.g., Chimienti et al., 2019; Rueda et al., 2019, with references therein) including the scleractinians M. oculata, D. pertusum, D. dianthus, and J. cailleti; alcyonarians A. hirsuta, V. bebrycoides, M. lepida, and S. dubia; antipatharians P. larix and A. dichotoma; and pennatulaceans K. stelliferum and P. carpenteri.



DISCUSSION


Mound Morphology and Genesis

Coral mounds of the Corsica Channel are roughly parallel to each other, displaying oval to elongated shapes, mean length of ca. 200 m, width of 110 m, heights of up to 25 m, and very steep flanks up to 35°. Mounds develop at present, adjacent spatially to contouritic deposits, similar to other Mediterranean localities (e.g., off Pantelleria: Martorelli et al., 2011; east and west Melilla: Corbera et al., 2019; Hebbeln et al., 2019; Rebesco and Taviani, 2019, with references therein). Active mounds of the sites A and B seem to develop where the bottom currents decelerate but are still sufficiently intense to sustain coral growth, provide nutrients, and prevent excess silting. Between sites A and B, seismic and bathymetric records show the occurrence of north-south-aligned morphological features with elongated shapes and dimensions comparable to the active mounds under scrutiny. These structures cover an area of ca. 2 km2 and might represent buried CWC mounds. This is also consistent with the documented existence of Madrepora-dominated buried mounds previously described in this region (Remia and Taviani, 2005). In response to climatic changes, the past regime might have been somehow different in direction and strength from today, as for turbidity and nutrient supply. This might account for the demise of such Pleistocene CWC mounds in the study area as recorded by U/Th dated coral mounds (McCulloch et al., 2010), and the newly observed buried features here discussed.

Anyhow, morphological similarities and comparable alignments of active (modern) and buried (past) mounds in the Corsica Channel suggest a similar environmental control on coral mound development, at least since the latest Pleistocene, with the LIW acting as the main driver.



Cnidarian Assemblage and Associate Fauna

The new “Corsica Channel CWC Province” presents biological characteristics similar to Atlantic and Mediterranean counterparts. Differently from their Atlantic equivalent, where the main frame builder is Desmophyllum pertusum, here, Madrepora oculata shows the highest abundance, contributing primarily to form CWC mounds (e.g., Buhl-Mortensen et al., 2017; Corbera et al., 2019). In terms of biodiversity richness, faunal data compare well with other sites in the Tyrrhenian Sea such as the Nora Canyon (78 species, see Taviani et al., 2017), northeastern Sardinian margin (58 species, see Moccia et al., 2019), and the Dohrn Canyon (64 species, see Taviani et al., 2019). Overall, more than 50 mega- and macro-benthic taxa have been identified by the ROV surveys plus four different demersal species (Table 2). Sessile megafauna observed in the explored mounds shows a preferential spatial distribution, appearing more dense at the crest of the mounds, in particular M. oculata and the alcyonarians A. hirsuta, V. bebrycoides, M. lepida, and S. dubia. However, when dense aggregations of M. oculata cover the crest of the mounds, the associated species occur in areas with more exposed dead framework. Moreover, increasing of cnidarian density and colonies’ size have been observed on mound crests. Similar situations have been reported in other Mediterranean sites (Orejas and Jiménez, 2019, and references therein) where the presence of healthy and lush CWC is linked to the flowing of the LIW.

The new “Corsica Channel CWC Province” fits in the path of the LIW, confirming this water mass as the main controlling factor of the distribution of CWC provinces in the Mediterranean Sea (e.g., Taviani et al., 2017, 2019). Our findings are biogeographically relevant also in terms of connectivity and connectance with other coral sites and provinces in the Mediterranean Basin (Figure 8).


[image: image]

FIGURE 8. Map of the Mediterranean Sea showing the eight coral provinces (numbered orange dots) and main coral occurrences (red dots) with respect to the main path of the Levantine Intermediate Water (LIW). Yellow dots indicate coral occurrence on anthropic structures (e.g., shipwreck), while green dots on derelict fishing gears. CWC, cold-water coral.




Anthropic Impact

Insubstantial or null anthropic impact on the CWC grounds in the Corsica Channel was evidenced by ROV images. Differently from other Mediterranean CWC sites (e.g., D’Onghia et al., 2017; Taviani et al., 2017, 2019; Giusti et al., 2019; Enrichetti et al., 2020, with references therein), the limited visual information available shows that the coral grounds here seem less impacted by anthropic activities in terms of macrolitter and derelict fishing gears. The paucity of obvious anthropic macroimpact could imply a rather pristine status of the CWC habitat there. We cannot exclude, however, the occurrence of other forms of direct and indirect impact, including the pervasive microplastics (e.g., Danovaro et al., 2020).



Governance and Protection

International organizations have been taking several actions and recommendations to preserve CWC ecosystems. However, the application and eventual implementation of such conservation measures and policies in the Mediterranean Sea still remain limited (see Rees et al., 2018; Otero and Marin, 2019, with references therein).

Due to its ecosystemic importance in the Mediterranean panorama, pristine condition, presence of several threatened and target species of Vulnerable Marine Ecosystem (VME), and the potential exposure to anthropic impact, the “Corsica Channel CWC Province” surely deserves earning proper governance and protection, in line with current views (e.g., Armstrong et al., 2009, 2014; Fabri et al., 2014; Taviani et al., 2017, 2019; Danovaro et al., 2020). Although fisheries do not seem to represent a threat to date, and littering appears scant here as documented by video images, a principle of caution should be enforced in the future for ensuring the Good Environmental Status for the area. In fact, the “Corsica Channel CWC Province” hosts a number of species listed in protection protocols, such as RAC/SPA/BD, IUCN Red List of Threatened Species and EU-Habitats Directive. The designation of such a new CWC province in a protection program is highly desirable, also in light of its role within the Mediterranean CWC province network. As a first propositive step, we suggest two suitable areas to be considered for new transnational high-seas marine protected areas, with an extension of 1.47 km2 and 3.86 km2 for sites A and B, respectively, and including most of the best CWC “reefs” identified thus far (Figure 9 and Table 3).
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FIGURE 9. Map showing the areas proposed for protection of cold-water coral (CWC) mounds. Protection area for Site A (left) has an extension of 1.47 km2, while Site B area (right) extends for 3.86 km2.



TABLE 3. Vertex coordinates of the proposed protected polygons for sites A and B.
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CONCLUSION


(1) In consideration of the remarkable surface covered by living corals (ca. 5.3 km2), their density, healthy appearance, and discontinuity with other major CWC occurrences in the Mediterranean Sea, this area in the Corsica Channel is erected as a distinct and new CWC province for this basin. The high levels of biodiversity documented advise for the consideration of proper management and protection of these CWC grounds.

(2) This new “Corsica Channel Cold-Water Coral Province” is located off the Tuscan Archipelago in the Corsica Channel, in a sector previously known for the presence of pre-modern CWC mounds and presence of well-developed contourite drift systems.

(3) In line with the main Mediterranean CWC sites, the new province is aligned along the main path of the LIW and represents a potential connection with other coral sites and provinces throughout the Mediterranean Basin.
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Coral reefs are widely regarded as one of the top science and conservation priorities globally, as previous research has demonstrated that these ecosystems harbor an extraordinary biodiversity, myriad ecosystem services, and are highly vulnerable to human stressors. However, most of this knowledge is derived from studies on nearshore and shallow-water reefs, with coral reef ecosystems remaining virtually unstudied in marine areas beyond national jurisdiction (ABNJ), commonly known as the high seas. We reviewed information on the spatial distribution of reef-building corals throughout their depth range, and compiled a total of 537,782 records, including 116 unique records from ABNJ at depths between 218–5,647 m. The majority of reef-building coral records in ABNJ were in association with geomorphological features that have steep topographies. These habitats, which include escarpments, seamounts, and submarine ridges accounted for >74% of the records in international waters. Such geomorphological features, particularly those that occur within close proximity to the sea surface, should be prioritized for future scientific exploration. The majority of the reef-building coral records in ABNJ (>77%) were recorded in unprotected waters, and this study discusses the challenges and opportunities for protecting marine biodiversity in ABNJ. Finally, this study offers a definition of high seas coral reefs, and provides a framework to better understand and conserve these fragile ecosystems.

Keywords: areas beyond national jurisdiction, area-based management tools, coral reef, marine protected area, seamount, reef-building, Scleractinia, vulnerable marine ecosystems


INTRODUCTION

Coral reefs are widely regarded as some of the most biodiverse and productive ecosystems on Earth (Reaka-Kudla, 1997; Small et al., 1998; Knowlton and Jackson, 2001). Often referred to as the rainforests of the sea, coral reef ecosystems account for nearly one quarter of the total marine biodiversity, despite only covering 0.2% of the total seafloor by area (Reaka-Kudla, 1997; Knowlton et al., 2010). In addition to their remarkable biodiversity, coral reefs also provide many other ecosystem services and human benefits, including fisheries, coastal protection, tourism, recreation, and medicines (Costanza et al., 1997; Moberg and Folke, 1999; Adey, 2001; Bruckner, 2002; Cesar et al., 2003; Teh et al., 2013). Coral reef ecosystems are subject to many of the same anthropogenic impacts that affect other marine ecosystems; however, they are considered particularly susceptible to changes in environmental conditions (Knowlton, 2001; Hoegh-Guldberg, 2005; Hoegh-Guldberg et al., 2007; Hughes et al., 2017a,b). Almost 30% of corals have disappeared since the early 1980s (Hoegh-Guldberg, 2005), and up to 90% of coral reefs may be gone in the next few decades in the absence of swift conservation action (Hoegh-Guldberg et al., 2018a,b; Hughes et al., 2018).

As a result of their extraordinary biodiversity, myriad ecosystem services, and global anthropogenic stressors, coral reefs are widely regarded as one of the top conservation and science priorities globally (Dight and Scherl, 1997; Crosby et al., 2002; Klein et al., 2010; Hourigan, 2014). Although most of our current understanding of coral reefs is derived from studies in nearshore and coastal areas, coral reefs are also found in many locations far removed from human population centers. This includes coral reef habitats around remote and uninhabited islands (D’agata et al., 2016; Jones et al., 2018), as well as on seamounts and submarine ridges (Rogers, 1999; Mortensen et al., 2007; Rogers et al., 2007). While these remote coral reefs do not provide some of the ecosystem services of their nearshore counterparts (e.g., subsistence fishing, tourism, recreation, and shoreline protection), they are still considered important biodiversity hotspots (Rogers, 1999; Gove et al., 2016). For instance, coral reefs located near remote islands have been shown to be hotspots of productivity and biodiversity in otherwise barren ocean basins (Gove et al., 2016). Similarly, seamounts and submarine ridges, which can often harbor mesophotic coral ecosystems (MCEs) and deep-water coral reefs (Freiwald et al., 2004; Mortensen et al., 2007; Rogers et al., 2007; Pereira-Filho et al., 2012), are well known for their high food availability and remarkable diversity of invertebrates, fishes, and other open-ocean animals (Genin et al., 1986; Wilson and Kaufmann, 1987; Rogers, 1994, 1999, 2018; Worm et al., 2003; Pitcher et al., 2007; Clark et al., 2010; Morato et al., 2010). Additionally, these unique features facilitate the dispersion of organisms between distant geographic areas by serving as navigational marks and stepping stones for the movement of organisms (Wilson and Kaufmann, 1987; Rogers, 1994; Garrigue et al., 2015; Rogers, 2018). Furthermore, isolated islands and seamounts provide important feeding, resting, and spawning grounds for numerous benthic and pelagic species (Wilson and Kaufmann, 1987; Rogers, 1994, 2018; Pitcher et al., 2007; Clark et al., 2010), and coral reefs in these locations often host a high proportion of endemic species (Kane et al., 2014; Friedlander et al., 2016; Rogers, 2018).

In the simplest sense, coral reefs are massive aggregations of limestone and calcareous sediments that are built by a thin veneer of living organisms (Hubbard, 1997). At least 845 species of corals are known to build reef frameworks in the photic zone (Carpenter et al., 2008), although a wide diversity of coralline algae and invertebrates also contribute to building reef mass, including dead organisms of these taxa (Knowlton and Jackson, 2001). In deeper waters below the photic zone, there are at least six coral species that are known to build massive reef structures to depths exceeding 2,000 m, namely Enallopsammia rostrata, Goniocorella dumosa, Lophelia pertusa, Madrepora oculata, Oculina varicosa, and Solenosmilia variabilis (Rogers, 1999; Freiwald et al., 2004; Davies and Guinotte, 2011). While the diversity of these deep-water, reef-building corals is markedly lower than their shallow-water counterparts, they non-etheless act as ecosystem engineers that create habitat for a multitude of associated species. For instance, Lophelia pertusa reefs in the North East Atlantic are home to nearly 900 species (Rogers, 1999).

For the purposes of this paper, we use the term coral reef to refer to limestone structures that are built by reef-building corals throughout ocean depths, including in shallow water (<40 m), at mesophotic depths (∼40–200 m), and in the deep sea (>200 m). While this definition is somewhat broader than many interpretations of this term, it acknowledges several shared characteristics of coral reefs throughout their depth range, namely the presence of reef-building corals that form the basis of the physical reef structure, which are inhabited by a multitude of associated organisms (e.g., Hubbard, 1997; Rogers, 1999; Knowlton and Jackson, 2001; Reed, 2002). Although dominated by different reef-building corals at different depths, ecosystems throughout these locations share many key characteristics (e.g., high structural complexity, vulnerability and diversity of associated organisms) that unite them in ways that suggest shared strategies for management and conservation.

Coral reefs have been the dedicated focus of science and conservation efforts for decades (Dight and Scherl, 1997; Crosby et al., 2002; Klein et al., 2010; Hourigan, 2014). However, like many other marine ecosystems (Ortuño Crespo et al., 2019), they remain largely unexplored in marine areas beyond national jurisdiction (ABNJ), where the water column is commonly known as the high seas, and the international seabed as the “Area” (Molenaar and Elferink, 2009; Gjerde et al., 2016). ABNJ are ocean areas where no one nation has sole management responsibility and hence international cooperation is essential. The high seas generally begin at the 200-nautical mile exclusive economic zone (EEZ) of countries, whereas the international seabed begins at the outer edge of the extended continental shelf, or the EEZ, whichever is greater (Figure 1). Despite covering nearly two thirds of the ocean and almost half the surface of our planet, only 1.2% of the high seas currently lie within marine protected areas (MPAs), with another 0.61% being closed to bottom-fishing, and 0.41% closed to deep-sea mining activities (Figure 1; see materials and methods section for details). This uneven distribution of ocean protection is in large part due to the patchwork legal framework that is in place for managing ABNJ, as well as the lack of broader awareness that important and fragile ecosystems exist within these remote ocean areas (Molenaar and Elferink, 2009; Gjerde et al., 2016; Durussel et al., 2017).
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FIGURE 1. Spatial distribution of the reef-building coral records in marine areas beyond national jurisdiction (ABNJ) examined as part of this study, along with areas where human activities are regulated on the high seas, including marine protected areas (MPAs), areas closed to bottom fishing, and areas closed to deep-sea mining activities. Of the 116 reef-building coral records in ABNJ, none were located in MPAs, with another 25 in bottom-fishing closed areas, and one in areas that are closed to mining activities.


The high seas and international seabed have recently gained increased attention globally, since the United Nations General Assembly committed to developing an international legally binding instrument to protect, conserve, and sustainably use biological diversity in ABNJ (UNGA, 2015). This development illustrates the increased need to identify priority areas to conserve within international waters, and a potential pathway to protect them in the near future. Several studies have recently been conducted to identify priority conservation areas in ABNJ (Harris and Whiteway, 2009; Selig et al., 2014; Visalli et al., 2020; Sala et al., in review). These studies used a combination of various global datasets to identify large ocean areas that should be prioritized for future conservation. Here we provide an alternate approach, which seeks to examine the spatial distribution of one of the most diverse and fragile marine ecosystems (coral reefs) to drive science and conservation efforts on the high seas. Specifically, this study reviews available data sources on the spatial distribution of reef-building corals in ABNJ, and discusses the challenges and opportunities for protecting these unique systems. Finally, this study provides a framework to better understand and conserve these fragile ecosystems.



MATERIALS AND METHODS

Records of coral species that are known to build reefs were retrieved from various sources. This includes 845 reef-building species that inhabit the photic zone, primarily scleractinians, but also a few calcified hydrozoans and octocorals (Carpenter et al., 2008), and six scleractinian species that are known to build massive reef structures in the deep sea (see above; Rogers, 1999; Freiwald et al., 2004). Only georeferenced records of reef-building corals were retrieved from publicly available sources, including (1) the Ocean Biogeographic Information System1, (2) the United Nations Environment Programme World Conservation Monitoring Centre2 for shallow-water corals, and3, (3) the United States National Museum of Natural History Museum, Smithsonian Institution4 and (4) the NOAA National Database of Deep-Sea Corals and Sponges5. Retrieved records were entered in a ArcGIS geodatabase and plotted against maritime boundaries of country jurisdictions, which were obtained by combining polygons of each country’s exclusive economic zone (World EEZ v116) and extended continental shelf areas7. The 200 nautical mile limit around Antarctica, as well as any associated extended continental shelf claims, were removed from ABNJ given the unique multi-national jurisdiction of the Convention on the Conservation of Antarctic Marine Living Resources (CCAMLR) in these waters (Brooks, 2013). Duplicate records were removed from the data, as were other ABNJ records with obvious errors in the spatial data (e.g., description of the locality did not match the reported latitude and longitude; reported depths > 1,000 m off of the predicted depth at the reported position as determined by bathymetry data8; specimens retrieved from gut content of highly mobile fishes). The remaining ABNJ records were compared against the global distribution of seafloor geomorphology (Harris et al., 2014) to determine the broad geophysical feature with which corals were associated. Additionally, high seas coral records were compared against the location of MPAs9, as well as other areas where human activities are regulated in ABNJ, including areas that are closed to bottom-fishing10, exploration areas for deep-sea minerals, and areas of particular environmental interest (APEI) that are closed to deep-sea mining activities11. To examine patterns in the depth distribution of coral records, frequency distributions were plotted and manually binned by looking for breaks in the distribution. For coral records that only had a reported depth range (i.e., no exact depth), the average between minimum and maximum depth was used. Finally, a taxonomic analysis of ABNJ coral records was conducted following taxonomic groupings from the World Register of Marine Species12.



RESULTS

A total of 537,782 geo-referenced records of reef-building corals were available from various publicly available repositories (Table 1). The Ocean Biogeographic Information System provided the largest proportion of coral records used in this study (N = 496,708), followed by the United Nations Environment Programme World Conservation Monitoring Centre (N = 19,860), the NOAA National Database of Deep-Sea Coral and Sponges (N = 16,762), and the United States National Museum of Natural History Museum, Smithsonian Institution (N = 4,456). Of these, 537,666 records (99.98%) were within the jurisdictional boundaries of countries, whereas 116 (0.02%) fell within ABNJ (Table 1; Figure 1). Amongst high seas coral records, 79 (68.10%) were recorded on escarpments, 63 (54.31%) on ridges, 43 (37.07%) on seamounts, 25 (21.55%) on basins, and five (4.31%) on plateaus. The majority of ABNJ coral records were recorded in unprotected waters (77.59%), as none were located in MPAs, 25 (21.51%) in bottom-fishing closed areas, and one (0.86%) in areas closed to mining activities (Figure 1).


TABLE 1. Number of unique coral records examined as part of this study by jurisdiction and dataset (ABNJ = areas beyond national jurisdiction).

[image: Table 1]Depth information was available for 77 of the ABNJ coral records, with an average of 1,058 m, and range of 218–5,567 m (Figure 2). The majority of these records were from depths shallower than 1,200 m (N = 48, 62.34%), with multiple frequency distribution peaks at depths of 301–600 m and 901–1,200 m, respectively (Figure 2). Depths between 1,201–1,800 m represented 31.12% of the ABNJ coral records, which decreased in frequency with increasing depth (Figure 2). Depths below 1,800 m accounted for 6.49% of the ABNJ coral records, and decreased in frequency with increasing depth (Figure 2).
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FIGURE 2. Frequency distribution by depth for the 77 reef-building coral records in marine areas beyond national jurisdiction (ABNJ) for which depth information was available.


All of the 116 high seas records were scleractinian corals, primarily in the families Caryophillidae (N = 68), Oculinidae (N = 31), and Dendrophylliidae (N = 15; Table 2). The most commonly observed ABNJ records were all deep-water, reef-building species (Table 2), and included Solenosmilia variabilis, Madrepora oculata, Lophelia pertusa, and Enallopsammia rostrata in decreasing order of occurrence, respectively (Table 2). Reef-building coral species that are typically known from the photic zone only accounted for two high seas coral records (1.72%), and included a single record of each Agaricia sp. (N = 1) and Acropora humilis (N = 1). Noteworthy, the latter reef-building corals were recorded at depths of 1,800 and 5,647 m respectively, much deeper than where they typically occur.


TABLE 2. Counts by taxonomic groups for the reef-building coral records in marine areas beyond national jurisdiction examined as part of this study.
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DISCUSSION

The high seas are crucial for sustaining life on Earth, as they contain nearly 90% of the total ocean biomass, produce nearly half of the oxygen we breathe, and capture over 1.5 billion tons of carbon dioxide each year (UNEP, 2007; Global Ocean Commission, 2014; Laffoley et al., 2014; Matz-Lück and Fuchs, 2014). These remote ocean areas have played a pivotal role in many seafaring cultures, who for millennia have used them to sustain themselves physically and spiritually (Anderson, 2008). They are also under threat from numerous human impacts, including overfishing, habitat disruption, climate change, ocean acidification, deoxygenation, as well as chemical, noise, and plastic pollution (Halpern et al., 2015). However, despite their enormous size, importance, and vulnerability, the high seas remain largely unstudied and unprotected.

While the terms “coral reef” and “high seas” are rarely combined in the same sentence, our analysis shows that reef-building corals are found within ABNJ (Figure 1). Using publically available data archives, we compiled 116 unique records that fall outside the jurisdiction of countries. While high seas records only comprised an extremely small proportion (0.02%) of all records in this study, this is likely due to the large disparities in sampling effort between ABNJ and national waters, as governments tend to exclusively focus research within their own EEZ. ABNJ account for nearly two thirds of the ocean and ∼70% of the space that is inhabitable to life on Earth (UNEP, 2007; Global Ocean Commission, 2014; Laffoley et al., 2014), and hence these remote areas likely also provide habitat for coral reefs and the myriad species that are associated with them. To date, there have been no dedicated studies on reef-building corals in ABNJ, and this represents an enormous opportunity for future scientific exploration and research.

While this study was only able to confirm an extremely limited number of reef-building coral records (N = 116; 0.02%) when compared to the vast size of ABNJ (Figure 1), it nevertheless provides evidence that reef-building corals, the building blocks for coral reefs, exist in ABNJ. In cases with limited data, habitat suitability models are often used to infer locations where species might be found, and such approaches have been used to predict suitable habitat for various reef-building corals (e.g., Davies and Guinotte, 2011; Rowden et al., 2017; Cryer et al., 2018). Developing such habitat suitability models would be a logical next step for the results of this study; however, in order for these models to be useful, they will require high-quality datasets with good spatial coverage globally, particularly on the high seas. With the exception of data that can be obtained via satellites, data coverage on the high seas is still extremely poor (Fujioka and Halpin, 2014; Ortuño Crespo et al., 2019; Visalli et al., 2020). The Ocean Biogeographic Information System, which is the most comprehensive spatially explicit repository for biodiversity information globally, has disproportionately low data coverage in ABNJ. For instance, almost one third of all species recorded in ABNJ in this repository are represented by a single record (Ortuño Crespo et al., 2019). Therefore, future scientific explorations should not only target ecologically important areas like coral reefs, but also seek to fill in the enormous data gaps that exist across various taxa and disciplines in these remote ocean areas.

The majority of reef-building coral records in ABNJ were in association with geomorphological features that have steep topographies. Escarpments, seamounts and submarine ridges accounted for > 73% of all coral records in ABNJ, despite these features only covering a relatively small portion of the global seafloor. Specifically, escarpments only cover 5.84% of the global seafloor, seamounts 2.17%, and submarine ridges 2.70% (Harris et al., 2014). Such steep geomorphological features are known to accelerate currents around them, as well as generate increased nutrient fluxes (Genin et al., 1986; Lueck and Mudge, 1997; Mortensen et al., 2007; Lavelle and Mohn, 2010). These conditions provide highly suitable habitat for suspension feeders like corals (Genin et al., 1986; Mortensen et al., 2007; Rogers et al., 2007), as well as aggregate biomass at higher trophic levels (Wilson and Kaufmann, 1987; Worm et al., 2003; Morato et al., 2010). A similar pattern has been described for coral reefs on remote ocean islands, where enhanced phytoplankton biomass proximate to island-reef ecosystems can influence food-web dynamics and elicit increases in biomass at higher trophic levels (Gove et al., 2016). By definition ABNJ may not contain emergent land features; however, high seas coral reefs may function in similar ways to reef ecosystems on remote islands (Figure 3). If this is true, then coral aggregations on steep geomorphological features of the high seas likely also represent hotspots of productivity and biodiversity for other taxa (Figure 3).
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FIGURE 3. Diagram showing the functional importance of high seas coral reefs, which are associated with seamounts and other steep topographical features in marine areas beyond national jurisdiction. These features create favorable conditions for suspension feeders like corals, and also attract a wide diversity of other organisms.


While the basic structure and function of high seas coral reefs may be similar to those of reef ecosystems on remote islands, they may also represent highly unique ecosystems harboring species and ecological processes that exist nowhere else on Earth. Benthic habitat that is isolated from emergent land may yield a suite of unique environmental conditions. For example, a region of the tropical Pacific Ocean west of Chuuk between about 6.25° N and 9.25° N latitude and 146.5° E and 150.5° E longitude, contains nearly 9,000 km2 of shallow (<100 m) limestone habitat, within which only about 12.25 km2 of emergent land exists. The largest single feature in this region is Gray Feather Bank (sometimes spelled “Grey Feather Bank”), a sunken atoll encompassing approximately 2.700 km2 that summits at a depth of approximately 20–25 m. The nearest emergent land (Poluwat) consists of a small cluster of islets with a combined total area of 3.3 km2, which is located 50 km away and separated by deep ocean. Observations on this remote oceanic seamount by a team of divers in 2007 revealed a habitat that shared some characteristics of shallow reef habitat, but also differed in several fundamental ways (e.g., the composition and depth range of species, and the qualitative nature of the habitat and associated coral cover; see Figure 4) (R. Pyle, unpublished data). Although located within the EEZ of the Federated States of Micronesia, similar coral reefs very likely exist on the summits of seamounts in ABNJ, such as the region north and east of the Marshall Islands (Figure 5).
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FIGURE 4. Diver captures video of coral reef habitat on the summit of Gray Feather Bank at a depth of 25 m. While located within the EEZ of the Federated States of Micronesia, this sunken atoll demonstrates the potential for ABNJ coral reef ecosystems to exist in nearby open-ocean environments where benthic habitat at suitable depths exists (Photo courtesy of B. Cranston).
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FIGURE 5. Spatial distribution of seamounts that are predicted to have summits shallower than 250 m in depth based on modeled data in Yesson et al. (2011). These seamounts are likely to host high seas coral reefs and should be prioritized for future scientific explorations and conservation. However, many of these seamounts have not yet been mapped with modern echosounders, and therefore will need to be mapped in detail first in order to ground truth seamount depth data. Publicly available multibeam data from NOAA’s National Centers of Environmental Information.


Beyond these observations, the characteristics and dynamics of open-ocean coral reefs remain almost completely unknown to science due to a historical lack of scientific exploration. However, their existence likely is known to the fishing industry. For example, during the aforementioned exploration of Gray Feather Bank, divers unexpectedly noted the complete absence of sharks, as well as the presence of long-line fishing gear entangled on the reef. Exploration of seamounts and other steep underwater features in ABNJ should be undertaken to examine the similarities between such open-ocean reef ecosystems and their counterparts near emergent land, as well as to understand how these remote habitats are being impacted by human activities.

Future explorations in ABNJ should focus on exploring steep geomorphological features that come within close proximity to the sea surface. Amongst reef-building coral records in ABNJ for which depth information was available (N = 77), this study revealed four records (5.19%) at depths shallower than 250 m (Figure 2). Most of these were found in association with seamounts and ridges. Global seamount inventories (Kim and Wessel, 2011; Yesson et al., 2011; Harris et al., 2014) indicate that ABNJ host several aggregations of seamounts that summit within close proximity of the sea surface in each ocean basin (Figure 5); however, many of these have not yet been explored or even mapped in detail. Because these shallow seamounts could potentially host both shallow-water and cold-water coral assemblages (Figure 3), they should be prioritized for future exploration. Areas that that are particularly promising for such explorations due to their dense aggregations of seamounts are on the Salas y Gómez and Nazca Ridges in the South Pacific, between Hawaii and Guam in Central Pacific, south of the Crozet Islands in the Indian Ocean, off the West Coast of Africa, east of Tristan da Cunha in the South Atlantic, and off the Antarctic Peninsula and Thurston Island in the Southern Ocean (Figure 5). Importantly, many of the locations have not yet been mapped with modern echosounders (Figure 5). Therefore, these locations will need to be mapped in detail first in order to ground truth seamount depth data derived from models (Kim and Wessel, 2011; Yesson et al., 2011).

In addition to providing guidance on future ABNJ that should be prioritized for future scientific explorations, the results of this study have important implications for prioritizing high seas areas for conservation. Due to the remarkable biodiversity and myriad ecosystem services, coral reefs have a long history of protection in many countries. However, they have not had a similar fate in ABNJ, in large part due to the lack of awareness that coral reefs may exist there, as well as the patchwork of a legal framework that is currently in place to protect the high seas (Molenaar and Elferink, 2009; Gjerde et al., 2016; Boteler et al., 2019).

The United Nations Convention on the Law of the Sea (UNCLOS) sets the basic framework for regulating human resource uses throughout the ocean, as well as a specific obligation to protect rare and fragile ecosystems (UNCLOS Article 192 and 194.5). However, it does not specify how States should do so in ABNJ. As a result, a host of regional and global agreements covering different sectors, including fishing, shipping, and mining, were developed both before and after UNCLOS came into effect in 1994 (Molenaar and Elferink, 2009; Gjerde et al., 2016; Durussel et al., 2017; Boteler et al., 2019). For instance, fishing activities on the high seas are regulated by numerous regional fishery management organizations, each one of which is dedicated to managing fisheries in a particular high seas region, or managing fisheries that target highly migratory fish stocks or straddling fish stocks in broader regions that include both national waters and the high seas (Kaitala and Munroe, 1993; Cullis-Suzuki and Pauly, 2010; Auster et al., 2011).

The impacts of bottom-fishing, particularly on seamounts and deep-water coral reefs, are well documented in the literature (e.g., Clark and Koslow, 2007; Clark, 2009; Pitcher et al., 2010). For high seas fisheries that target species associated with the seafloor, the protection of vulnerable marine ecosystems (VME) is an important component of its management framework (Parker et al., 2009; Penney et al., 2009; Auster et al., 2011; Ardron et al., 2014; Rowden et al., 2017). Specifically, requirements of the 2006 United Nations General Assembly Sustainable Fisheries Resolution (61/105) aim to ensure that destructive bottom-fishing activities do not proceed unless measures have been established to prevent significant adverse impacts. While VMEs are embedded in the management regimes of high seas fisheries, there are difficulties of designating these bottom-fisheries protected areas, particularly in poorly explored areas (Auster et al., 2011). VMEs are often found by fishing vessels that accidentally catch corals and other non-target species, and thus these areas often get protected after destruction has already occurred (Auster et al., 2011; Ardron et al., 2014). This is also apparent in our dataset, where many ABNJ coral records were derived from fisheries data (Table 2). Interestingly, 21.51% of all reef-building coral records in ABNJ fell within bottom-fished closed areas, despite the fact that these fishery closures only account for 0.61% of the seafloor area globally.

To address these issues, several regional fishery management organizations have implemented move-on rules, which require fishing vessels to move a minimum distance when a particular catch level of a VME indicator species is encountered (Parker et al., 2009; Penney et al., 2009; Auster et al., 2011; Geange et al., 2020). While the FAO Guidelines call for prior assessment of areas likely to contain VMEs, there are no common approaches for defining threshold metrics for what constitutes evidence for encountering a VME (Auster et al., 2011). As a result, VMEs are not consistently identified in different regions. Only 21.55% of the high seas coral records identified in this study were located inside areas closed to bottom-fishing, and the data of coral reefs outside current closures could provide important guidance on identifying additional areas that should be closed to bottom-fishing in the future. Similar approaches that rely on coral spatial distribution data have already been used to provide practical guidance on the management of bottom fisheries in the South Pacific (Penney et al., 2008; Rowden et al., 2017, 2019; Cryer et al., 2018; Government of New Zealand, 2019).

The International Seabed Authority (ISA) regulates mineral-related activities in the international seabed beyond the limits of national jurisdiction. It does so by setting forth the regulations, standards and procedures for securing exploration and (in the future) exploitation contracts for seabed minerals, as well as for developing the measures to protect the marine environment from the harmful effects of mining (UNCLOS Article 145). Environmental standards are currently under development at the ISA as part of the mining regulations, and to date have included the designation of a network of provisional no-mining areas of particular environmental interest (APEI) as part of a wider regional environmental management plan (Lodge et al., 2014; Wedding et al., 2015). One record in this study was located in an APEI and therefore currently protected from mining activities, whereas two records were found within proximity of areas where there are active exploration contracts for deep-sea minerals. Specifically, reef-building corals were recorded within 56 km of active exploration contracts for cobalt-rich crusts in the South Atlantic, and within 160 km of active exploration contracts for polymetallic sulfides on the Mid-Atlantic Ridge (Figure 1). While the footprint of impacts generated by potential mining activities are still poorly understood (Miller et al., 2018), the results of this study have important implications for the mining regulations that are currently being developed at the ISA, as these should protect sensitive marine organisms from harmful mining effects (UNCLOS Article 145). A precautionary approach to ensuring effective protection means that mining activities should not be allowed to proceed if it cannot be demonstrated that these sensitive ecosystems will not be subjected to lasting harm.

The International Maritime Organization (IMO) regulates international shipping activities across national jurisdictions and on the high seas. IMO manages shipping activities through various measures, including routing, reporting, and discharge requirements. The IMO can also designate particular sensitive sea areas (PSSAs), which may include environmental protection measures, including areas to be avoided by all ships, or by certain classes of ships (Molenaar and Elferink, 2009; Prior et al., 2010; Boteler et al., 2019). While there are currently 17 PSSAs globally, none of these are located in ABNJ, and compared to national waters, relatively few shipping route limitations exist on the high seas (Prior et al., 2010). With over 90% of the world trade now being carried out through international shipping on the high seas (Kaluza et al., 2010), the shipping industry has wide-ranging potential impacts on ABNJ. Protection of marine ecosystems through the designation of PSSAs has already been successfully achieved in the national waters of several countries, and a similar approach could be implemented on the high seas (Prior et al., 2010). Specifically, PSSAs should be established in high seas areas where the risks for potential impacts (e.g., noise, chemical and sewage pollution, invasive species from ballast water or biofouling, ship strike with whales and other marine megafauna) are greatest, such as in places where there may be extensive shallow-water environments and abundant sea life (Figure 5). While some shipping-related threats like noise pollution and ship strikes may be less a concern for reef-building corals, they are still important considerations for many reef-associated organisms.

In addition to intergovernmental bodies that regulate high seas fishing, shipping and mining, there are several international conventions that regulate specific human activities across international borders, including those of the high seas (Ardron and Warner, 2005). Among others these include the International Convention for the Regulation of Whaling, which regulates whaling, the London Convention, which regulates the dumping of wastes in the ocean, the Convention on International Trade in Endangered Species (CITES), which regulates the international trade of endangered species, and the Convention on Migratory Species, which seeks to conserve migratory species, their habitats and migratory routes (Ardron and Warner, 2005). To date, there has been a lack of coordination and cooperation between all of these international bodies. To overcome these challenges, in 2015 the United Nations General Assembly (UNGA) agreed to develop an international legally binding instrument under UNCLOS on the conservation and sustainable use of marine biological diversity in ABNJ (UNGA, 2015). Specifically, this agreement seeks to create new international procedures for: (1) area-based management tools (including MPAs), (2) environmental impact assessments, (3) marine genetic resources, including benefit sharing, and (4) capacity-building and transfer of marine technology. The negotiations for the treaty are still ongoing, with the fourth and final scheduled session being postponed as a result of the international coronavirus crisis.

Until a legally binding instrument under UNCLOS is created, there is currently no comprehensive legal framework for the establishment of MPAs in ABNJ. Rather, initiatives to protect critical habitats on the high seas remain scattered throughout the legal mandates of organizations with different management purposes, such as PSSAs under the IMO, APEIs under the ISA, and temporal or spatial fishing closures by regional fishery management organizations (Ardron and Warner, 2005). Yet, high seas MPAs are possible outside the framework of a legally binding instrument under UNCLOS. For example, the member countries of the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR) and the Convention on the Conservation of Antarctic Marine Life (CCAMLR) have established MPAs in ABNJ of the North Atlantic and Southern Ocean, respectively (Durussel et al., 2017; Smith and Jabour, 2018). While these MPAs provide important advances in protecting biodiversity on the high seas, they still only cover a very small portion of the international ocean and apply only to the States involved, thereby providing little hope to safeguard important ecological processes throughout the ocean. Although most coral reefs occur within national jurisdictions, this study provides evidence that coral reef habitat also exists in ABNJ (Figure 1). Moreover, high seas coral reefs are likely also important for connectivity across large geographic distances.

Existing mechanisms for protecting habitats in ABNJ are scattered and poorly structured, and currently do little to protect particularly important ecosystems such as high seas coral reefs. All of the high seas coral reefs identified through this study fell outside existing MPAs, and are therefore vulnerable to overexploitation in the near future, in addition to impending climate change impacts (Halpern et al., 2015). We urge States and their representatives to take these important ecosystems into consideration when crafting the next round of international mechanisms for protecting marine biodiversity in ABNJ. Specifically, we need explicit mechanisms for the rapid identification and conservation of those ecosystems that are the most important contributors to marine biodiversity globally.

Outside of reducing greenhouse gas emissions, protected areas offer reef-building corals the best chance of thriving in the future. By reducing human stressors and prioritizing conservation, MPAs lead to increases in biomass while safeguarding biodiversity and enhancing global resilience to environmental change (Lester et al., 2009; Barnett and Baskett, 2015; Lubchenco and Grorud-Colvert, 2015; Hopkins et al., 2016; Roberts et al., 2017). At the same time, we need clear messages to sectoral organizations that activities that degrade high seas coral reefs, as has already been agreed for with respect to vulnerable marine ecosystems and bottom fishing, should be managed to avoid harm. While the dearth of available information on the location and assemblages of high seas coral reefs makes conservation planning difficult, the precautionary approach should impel action. High seas coral reefs likely comprise fragile habitats that may not cover large areas, but that are key to global biodiversity and thus warrant protection. Since high seas coral reefs are virtually unexplored, these areas represent enormous opportunities for future scientific discoveries and conservation.
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Members of Scleraxonia Studer, 1887 are one of the most dominant megafaunal taxa on seamounts, but their diversity and spatial distribution are poorly known in the tropical Western Pacific. Among this group, the family Victorgorgiidae Moore et al., 2017 is typically characterized by josephinae clubs in their polyp tentacles and a remarkable purple color but remains one of the most poorly known scleraxonian taxa currently. Victorgorgiidae contains only the genus Victorgorgia López-González and Briand, 2002 and six species. Here we describe three new species of Victorgorgia, V. fasciculata sp. nov., V. iocasica sp. nov., V. flabellata sp. nov., and re-describe V. eminens Moore et al., 2017, based on samples collected from four seamounts in the tropical Western Pacific, and evaluate their phylogenetic position using sequence data of mtMutS and COI genes. These new species are distinguished from each other and congeners by the sclerite forms and sizes, colony characters and polyp arrangement, and particularly the sclerites in the polyps and medulla are found to be most informative. Phylogenetic analyses indicate that V. flabellata sp. nov. is the sister group of V. iocasica sp. nov., and V. eminens Moore et al., 2017 showed a close relationship with Victorgorgia sp. GU563313. However, genetic divergence at the species level was found to be inadequate for differentiation of some close species. Each of the four species was found only from a single seamount, suggesting limited biological connectivity among the four seamount gorgoniians. Our study increases our understanding of the species diversity of Victorgorgiidae, and highlights the need for further research on the diversity and zoogeography of the deep-sea gorgonians.

V. fasciculata sp. nov. urn:lsid:zoobank.org:act: 6CDEECC5-B96D-4DDF-95D2-32BEC3DBC938.

V. iocasica sp. nov. urn:lsid:zoobank.org:act: BB11D217-C298-401F-8E13-849C33B03905.

V. flabellata sp. nov. urn:lsid:zoobank.org:act: 2C0FCCF2-33B1-4C2D-AC8E-6737079422F4.

urn:lsid:zoobank.org:pub: 39AF43F8-C0C2-4670-BBA0-DC1A7F1FA01B.

Keywords: Victorgorgia, gorgonians, Scleraxonia, Alcyonacea, cnidaria, new species, biodiversity, seamount


INTRODUCTION

The suborder Scleraxonia Studer, 1887 is a group of octocorals with an axis composed of fused or unfused sclerites (Bayer, 1981; Fabricius and Alderslade, 2001; Daly et al., 2007; Devictor and Morton, 2010). They are among the dominant megafaunal taxa in the hard-bottom environments from shallow water to the deep sea, particularly abundant and diverse on seamounts (e.g., Genin et al., 1986; Stocks, 2004). Scleraxonians can exhibit amazing planar structures or three-dimensional “trees,” function as framework builders, and provide habitats for a variety of invertebrates and fishes (e.g., Koslow et al., 2001; Heifetz, 2002; Buhl-Mortensen and Mortensen, 2005). However, the deficiency of taxonomic studies impedes the understanding of their diversity, phylogeny, zoogeography, as well as ecology (e.g., McFadden et al., 2006; Morgan et al., 2006; Parrish and Baco, 2007; Rogers et al., 2007).

To date, nine families (containing 31 genera and approximately 262 species) have been recognized within Scleraxonia Studer, 1887. Among these, six families possess unconsolidated axes (Anthothelidae Broch, 1916; Briareidae Gray, 1859; Moore et al., 2017; Spongiodermidae Wright and Studer, 1889; Subergorgiidae Gray, 1859; Paragorgiidae Kükenthal, 1916), and three have consolidated axes (Coralliidae Lamouroux, 1812; Melithaeidae Gray, 1870; Parisididae Aurivillius, 1931) (Aurivillius, 1931; López-González and Gili, 2001; Crowther, 2011; Cairns and Wirshing, 2015; Figueroa and Baco, 2015; Moore et al., 2017).

Members of Victorgorgiidae Moore et al., 2017 are restrictedly distributed in deep waters (López-González and Briand, 2002; Moore et al., 2017). Victorgorgia López-González and Briand, 2002, currently the only genus of Victorgorgiidae, is characterized by monomorphic polyps, an extensive boundary space between medulla and cortex, large coelenteric canals in the central medulla, and typical josephinae clubs in tentacles (López-González and Briand, 2002; Moore et al., 2017). The genus Victorgorgia now contains six species: V. josephinae López-González and Briand, 2002 from NE Atlantic at water depth 1,500 m; V. alba (Nutting, 1908) from Hawaii at depths 1,394–1,829 m; V. argentea (Studer, 1894) from the eastern Pacific (off the coast of Mexico) and Hawaii at depths 1,200–1,559 m; V. macrocalyx (Nutting, 1911) from Indonesia at depths 1,165–1,264 m; V. eminens Moore et al., 2017 and V. nyahae Moore et al., 2017 from Southern Australia at depths 899–1,854 m and 590–660 m, respectively (López-González and Briand, 2002; Moore et al., 2017). Among these, only V. josephinae López-González and Briand, 2002, V. eminens Moore et al., 2017 and V. nyahae Moore et al., 2017 were recorded in vivo and all possessed a striking purple color or a variation of purple (López-González and Briand, 2002; Moore et al., 2017).

During the survey on the benthos in the tropical Western Pacific in 2016 and 2019, we collected six remarkable purple gorgonian specimens of Victorgorgia from four seamounts. Based on morphological and molecular phylogenetic analyses, these specimens are described and illustrated as three new and one previously known species. It is worthy of note that each of the species was collected from a single seamount. Their genetic distances and phylogenetic relationships within Victorgorgia were analyzed and discussed. Furthermore, the diagnostic characteristics of Victorgorgia species are summarized.



MATERIALS AND METHODS


Specimen Collection

Specimens were collected by the Remotely Operated Vehicle submersible (ROV) FaXian (Discovery) from four seamounts in the tropical Western Pacific during the cruises of the R/V KEXUE (Science) in 2016 and 2019. The four seamounts are located on the Caroline Ridge (named unofficially as “M5,” “M6,” and “M8”) and near the Mariana Trench (named unofficially as “M2”) (Figure 1). The specimens were photographed in situ before being sampled by the ROV. Post collection, the specimens were immediately photographed and then fixed in 70% ethanol for morphological studies. Small branches were stored at −80°C for DNA Extraction. All examined specimens are deposited in the Marine Biological Museum of Chinese Academy of Sciences (MBMCAS) at Qingdao, China.
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FIGURE 1. Sampling sites of the studied Victorgorgia spp. from seamounts in the tropical Western Pacific.




Morphological Examination

General morphology and anatomy were studied by means of a stereo dissecting microscope (Zeiss SteREO Discovery. V12). Sclerites were isolated respectively from the polyp tentacles, point and collaret, calyces, cortex and medulla by digestion of the tissues in sodium hypochlorite, and then were washed with distilled water and 70% ethanol. To investigate the ultrastructure of sclerites, sclerites were air-dried, mounted on carbon double adhesive tape, and coated for the Scanning Electron Microscope (SEM). SEM scans were obtained using Hitachi TM3030Plus SEM at 15 kV and the optimum magnification for each kind of sclerites. For each sample, about 40 sclerites were photographed and measured to cover as many shape types, ornament variations and size range as possible. Typical sclerites are illustrated in Figure 2.
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FIGURE 2. Common sclerites found in Victorgorgia López-González and Briand, 2002. (A,B) Josephinae clubs from the tentacle rachis. (C) Club from the tentacle rachis. (D,E) Squat tuberculate rods from the tentacle rachis. (F) Thorn club from the tentacle rachis. (G) Tuberculate stick from the pinnules. (H,I) Flat jagged rods from the pinnules. (J) Cross from the pinnules. (K–R) Smooth to heavily tuberculated spindles and sticks from the points, collarets, calyces, cortex and medulla. Scale bar = 100 μm.




DNA Extraction and Sequencing

Total genomic DNA was extracted from the polyps of each specimen using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. PCR amplifications for the mitochondrial genomic regions 5′-end of the DNA mismatch repair protein − mutS − homolog (mtMutS) was conducted using primers AnthoCorMSH (5′-AGGAGAATTATTCTAAGTATGG-3′; Herrera et al., 2010) and Mut-3458R (5′-TSGAGCAAAAGCCACTCC-3′; Sánchez et al., 2003) as follows: denaturation at 98°C for 2 min, followed by 32 cycles of denaturation at 98°C for 20 s, annealing at 50°C for 20 s, extension at 72°C for 15 s, and a final extension step at 72°C for 2 min. PCR amplification for the 5′-end of the cytochrome coxidase subunit I (COI) were conducted using primers COI8414-F (5′-CCAGGTAGTATGTTAGGRGA-3′; McFadden unpubl.) and HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′; Folmer et al., 1994) as follows: denaturation at 98°C for 2 min, followed by 32 cycles of denaturation at 98°C for 20 s, annealing at 60°C for 20 s, extension at 72°C for 15 s, and a final extension step at 72°C for 2 min. PCR reactions were performed using I-5TM 2 × High-Fidelity Master Mix DNA polymerase (TsingKe Biotech, Beijing, China), and sequencing were performed by TsingKe Biological Technology (TsingKe Biotech, Beijing, China).



Genetic Distance and Phylogenetic Analyses

The mtMutS and COI may be the most variable mitochondrial genes in octocorals (Herrera et al., 2010; McFadden et al., 2010; Li et al., 2017), and we selected these markers for molecular identification and phylogenetic analyses. All the available mtMutS and COI sequences of Victorgorgia spp. and the out-group species from Anthothela-like genera were downloaded from GenBank. The sequences containing sequencing errors or ambiguous positions (normally marked with “n” or “y” in the original sequences) were omitted from the molecular analyses. To correct possible mistakes, all the selected sequences were visually inspected, and translated to amino acids (AA) to insure all the AA sequences not including stop codons and suspicious substitutions. The nucleotide and AA sequences were aligned using MAFFT v.7 (Katoh and Standley, 2013) with the G-INS-i algorithm. With the guidance of the AA alignment, the nucleotide alignment was refined and trimmed to equal length using BioEdit v7.0.5 (Hall, 1999), and only the nucleotide alignment was used in the subsequent analyses. Genetic distances, calculated as uncorrected “p” distances within each species and among species, were estimated using MEGA 6.0 (Tamura et al., 2013).

For the phylogenetic investigation, the alignment datasets of the mtMutS and the concatenated regions of mtMutS and COI (MutS-COI) were created. The evolutionary model HKY85 + G was the best-fitted model for the both alignments, selected by AIC as implemented in jModeltest2 (Darriba et al., 2012). Maximum likelihood (ML) analysis was carried out using PhyML-3.1 (Guindon et al., 2010). For the ML bootstraps, we consider values <70% as low, 70–94% as moderate and ≥95% as high following Hillis and Bull (1993). Node support came from a majority-rule consensus tree of 1,000 bootstrap replicates. Bayesian inference (BI) analysis was carried out using MrBayes v3.2.3 (Ronquist and Huelsenbeck, 2003) on CIPRES Science Gateway. Posterior probability was estimated using four chains running 10,000,000 generations sampling every 1,000 generations. The first 25% of sampled trees were considered burn-in trees. Convergence was assessed by checking the standard deviation of partition frequencies (<0.01), the potential scale reduction factor (ca. 1.00), and the plots of log likelihood values (no obvious trend was observed over time). For the Bayesian posterior probabilities, we consider values <0.95 as low and ≥0.95 as high following Alfaro et al. (2003). The GenBank accession numbers of the mtMutS and COI sequences were listed next to the species names in Table 1.


TABLE 1. Interspecific and intraspecific uncorrected pairwise distances at mtMutS (lower left) and COI (upper right) of Victorgorgia species.
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Nomenclatural Acts

The new names established in the manuscript conform to the International Code of Zoological Nomenclature (ICZN). This article and the nomenclatural acts have been registered in ZooBank, the online registration system for the ICZN. The ZooBank LSIDs (Life Science Identifiers) can be resolved and the associated information can be viewed through any standard web browser by appending the LSID to the prefix http://zoobank.org/. The LSID for this publication is: urn:lsid:zoobank.org:pub: 39AF43F8-C0C2-4670-BBA0-DC1A7F1FA01B. The electronic edition of this article was published in a journal with an ISSN, has been archived, and is available from the digital repository PubMed Central. Terminology of the genus Victorgorgia López-González and Briand, 2002 follows Moore et al. (2017).




RESULTS


Systematics

Phylum Cnidaria Hatschek, 1888

Class Anthozoa Ehrenberg, 1834

Subclass Octocorallia Haeckel, 1866

Order Alcyonacea Lamouroux, 1812

Suborder Scleraxonia Studer, 1887

Family Victorgorgiidae Moore et al., 2017



Genus Victorgorgia López-González and Briand, 2002

Victorgorgia López-González and Briand, 2002: 98; Moore et al., 2017: 130.


Diagnosis (Modified from Moore et al., 2017, italics indicate modifications)

Monomorphic scleraxonians with arborescent colonies which can be uniplanar or multiplanar; anastomoses absent or rare. Medulla extensively penetrated by large, well-defined coelenteric canals, and separated from a thin cortex by a boundary space formed by anastomosing boundary canals. Calyces always clumped at the branch tips and sometimes also clumped along the branches; usually arranged all over branches in multiplanar colonies, with tendency to be biserially arranged or toward one side of the branches in uniplanar colonies. Josephinae clubs typically present in tentacle rachis and pinnules, but squat rods may also occur. Sclerites from points, calyces, cortex and medulla mainly tuberculate sticks and spindles. Sclerites absent from pharynx.



Type Species

Victorgorgia josephinae López-González and Briand, 2002, by monotypy.



Remarks

The generic diagnosis mainly follows Moore et al. (2017), but some characters are redefined (in italics). For example, the colony of the genus is either uniplanar or multiplanar (Table 2). The calyces are always clumped at the branch tips, and also clumped at points along the branches in six of the ten species; the calyces of multiplanar colonies are usually scattered around branches, and those of uniplanar colonies distributed on the three sides of the branches (Table 2). Josephinae clubs are typically present in tentacle rachis and pinnules of some species, but squat rods may be the dominant tentacle sclerites in other species [e.g., V. iocasica sp. nov., V. flabellata sp. nov., V. alba (Nutting, 1908) and V. macrocalyx (Nutting, 1911)].


TABLE 2. Comparison of species of Victorgorgia López-González and Briand, 2002.

[image: Table 2]



Victorgorgia fasciculata sp. nov.

Figures 3, 4 and Supplementary Figures S1–S4.
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FIGURE 3. Morphology of Victorgorgia fasciculata sp. nov. (A) In situ. (B) The specimens when collected, showing contracted polyps in situ. (C) The newly collected holotype, photographed by Xuwen Wu. (D) The holotype in preservation. (E) An enlarged branch of the holotype. (F) The paratype. (G) Cross-section of terminal medulla. (H) Lateral view of polyp head of the holotype. (I) SEM of polyp head of the holotype. Laser dots spaced at 33 cm used for measuring dimensions (A,B). Scale bars = 5 cm (D,F), 1 cm (E), 1 mm (G), 0.5 mm (H), and 0.2 mm (I).
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FIGURE 4. SEM of tentacle and sclerites of Victorgorgia fasciculata sp. nov. (A) Part of tentacle, showing arrangement of sclerites. (B) Sclerites from tentacles of the holotype. (C) Sclerites from point and collaret. (D) Sclerites from calyces of the holotype. (E) Sclerites from cortex of the holotype. (F) Sclerites from medulla of the holotype. (G) Sclerites from tentacles of the paratype. Scale bars = 100 μm.




Material Examined


Holotype

MBM286395, collected on 26 March 2016 from the station FX-Dive 69 (11°17.23′N, 139°24.16′E) on a seamount (M2) near the Mariana Trench at the water depth of 475 m (temperature 7.24°C; salinity 36.5), rocky bottom.



Paratype

MBM286409, one specimen, collection data same as the holotype.




Description of the Holotype


Colony Form and Size

Arborescent colony, dichotomous, approximately 260 mm long and 175 mm wide in preservation (Figures 3A–D). Holdfast uncollected. Main stem nearly circular, diameter 18.8–20.5 mm, approximate 36 mm long before two large side branches arise. The large side branches are laterally compressed, the larger one 15.1 mm wide and 18.2 mm deep, the smaller one about 13.1 mm wide and 17.0 mm deep. Terminal branches 15–45 mm in length, 3.0–6.0 mm in diameter exclusive of polyp clumps. Polyp clumps usually contain 10–20 polyps and the clumps 10–15 mm in width. Anastomoses absent. Medulla composed of tightly packed sclerites, separated from cortex by boundary space that consists of anastomoses of boundary canals (Figure 3G). Medulla in terminal branches usually perforated by 1–4 main canals (about 0.2–0.7 mm in diameter), around which sometimes occurred a few smaller, indistinct canals (Figure 3G). Cortex thin, usually 60–200 μm thick.



Polyps

Polyps scattered around branches and at right angles. Calyces distinct, usually clumped both at branch tips and along branches, resulting in their uneven distribution with notable polyp-free regions (Figures 3D,E). Polyps contracted, and most fully retracted into calyces in preservation, resulting in rounded polyp heads with tentacles folded over the mouths (Figures 3A–E,H,I). In preservation, polyp heads approximately 2.5–4.3 mm wide, and up to 4.5 mm long in partly expanded ones; calyces approximately 3.0–5.0 mm wide and 1.5–3.2 mm long. Each side of tentacles with a row of about 7–9 pinnules, with the middle pinnules the largest.



Sclerites

Tentacles mainly armed with josephinae clubs that have simple tubercles and particularly narrow, mostly smooth handles, ranging 188–419 μm in length. These sclerites densely arranged on the aboral side of the tentacles with the clubbed ends orientated toward tentacle tips; some straight clubs projecting longitudinally into pinnules, small flat rods and lightly tuberculate sticks also common in the pinnules (Figures 4A,B and Supplementary Figure S1). At base of polyp head, some sclerites transversely arranged to form collaret (Figure 3H). The sclerites then grading en chevron up into the points that continue longitudinally along the aboral side of the tentacles (Figures 3H,I). The point and collaret sclerites generally straight to curved tuberculate spindles and sticks ranging 579–771 μm long (Figure 4C and Supplementary Figure S2A). Calyces crowded with tuberculate spindles and sticks, usually 375–788 μm long; most of them straight to slightly curved, and equipped with sparse tubercles (Figure 4D and Supplementary Figure S2B). Cortex with straight to slightly curved tuberculate sticks and spindles, usually 357–800 μm long (Figure 4E and Supplementary Figure S3A). Medulla composed mostly of straight to slightly curved tuberculate sticks and spindles, along with some smooth spindles, occasionally warty forms and fused spindles; sizes ranging 320–960 μm long (Figure 4F and Supplementary Figure S3B).



Color

Polyps and coenenchyme deep purple in vivo and in freshly collected specimen of the holotype, polyps taupe and coenenchyme beige in ethanol preservation (Figure 3). All sclerites transparent and colorless under transmitted light.



Variations

The paratype measures 255 mm long and 155 mm wide, shows almost the same characteristics as the holotype in both colony form and sclerites (Figures 3A,B,F, 4G and Supplementary Figure S4).



Etymology

The Latin adjective fasciculata (fasciculate) refers to the distinct autozooid clumps of the species.



Distribution and Habitat

Found only on a seamount (M2) near the Mariana Trench in the tropical Western Pacific (Figure 1), where the water depth was about 475 m, temperature about 7.2°C, and salinity was 36.5 psu. In situ, the specimens attached on a rocky bottom, and each was inhabited by an individual of the ophiuroid order Euryalida.




Remarks

Among the known species of Victorgorgia López-González and Briand, 2002, V. fasciculata sp. nov. mostly resembles V. eminens Moore et al., 2017 from a morphological point of view. In both species, tentacle sclerites are mainly josephinae clubs, small flat rods, straight clubs, tuberculate sticks; the point and collaret sclerites are tuberculate spindles and sticks of similar sizes; medulla sclerites are mainly tuberculate sticks and spindles (Table 2). V. fasciculata sp. nov. differs from V. eminens Moore et al., 2017 by having somewhat larger tuberculate spindles and sticks in cortex (357–800 μm vs. 350–500 μm long) and slightly larger sclerites in calyces (375–788 μm vs. 220–670 μm long) (Figure 4). In fact, the morphological differences between the two species are very slight, and are probably insufficient to distinguish them. However, the mtMutS genetic distances between V. fasciculata sp. nov. and V. eminens are relatively high (1.39–1.54%, corresponding to 10–11 nucleotide differences), supporting their separation and the establishment of the new species (see the following section “Genetic Distance and Phylogenetic Analysis” for details).

The tentacles of V. alba (Nutting, 1908) and V. macrocalyx (Nutting, 1911) typically possess tuberculate rods, and those of V. argentea (Studer, 1894) and V. nyahae Moore et al., 2017 typically possess thorny clubs, which differ from the josephinae clubs in tentacles of V. fasciculata sp. nov. (Table 2 and Figure 4; Moore et al., 2017). The new species is differentiated from V. josephinae López-González and Briand, 2002 mainly by the polyp arrangement on the branches (clumped around branches vs. mainly isolated with tendency toward bisierial), and conenenchyme color (deep purple vs. yellowish) (Table 2; López-González and Briand, 2002).



Victorgorgia iocasica sp. nov.

Figures 5, 6 and Supplementary Figures S5, S6.
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FIGURE 5. Morphology of Victorgorgia iocasica sp. nov. (A) In situ. Laser dots spaced at 33 cm used for measuring dimensions. (B) Close view in situ, showing expanded polyps. (C) The side with more autozooids of freshly collected specimen, photographed by Shaoqing Wang. (D) The side with fewer autozooids in preservation. (E) Branch tip with clumped autozooids. (F) Polyp in lateral view. (G) Cross-section of terminal medulla. Scale bars = 50 mm (C,D), 2 mm (E), and 1 mm (F,G).
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FIGURE 6. Polyp, tentacle and sclerites of Victorgorgia iocasica sp. nov. (A) SEM of lateral view of polyp head. (B) Tentacle in digestion, showing the location and arrangement of sclerites in rachis and pinnules. (C) Sclerites from tentacles. (D) Sclerites from points and collarets. (E) Sclerites from calyces. (F) Sclerites from cortex. (G) Sclerites from medulla of the branch tip. (H) Sclerites from medulla of the branch close to main stem. Scale bars = 0.5 mm (A), and 100 μm (C–H).




Material Examined


Holotype

MBM286391, collected on 13 June 2019 from the station FX-Dive 225 (10°36.73′N, 140°3.87′E) on M8 seamount at the water depth of 1,549 m, rocky bottom.




Description


Colony Form and Size

Uniplanar colony, dichotomous, approximately 329 mm long and 340 mm wide in preservation, broken into two pieces from base when collected (Figures 5A,C,D). Holdfast nearly circular, 53–72 mm in diameter, from which two main stems arising. The main stems somewhat compressed, the larger one 12 mm wide and 16 mm deep, the smaller one about 11 mm wide and 12 mm deep. Terminal branches 9–134 mm in length, 2–5 mm in diameter exclusive of polyp clumps. Polyp clumps usually contain 5–11 polyps and the clumps 9–14 mm in width. Anastomoses absent. The colony covered with a thin cuticle. Medulla separated from cortex by boundary space that consists of anastomoses of boundary canals, around which sometimes occurred a few smaller, indistinct canals (Figure 5G). Medulla in the terminal branches usually perforated by 3–6 main canals (0.2–0.5 mm in diameter) (Figure 5G). Cortex thin, usually 150–400 μm thick.



Polyps

Polyps scattered around branches and at right angles, but one side almost devoid of them. Calyces distinct, mainly isolated, however, clumped and forming clavate clumps mainly at branch tips and rarely along branches (Figures 5C–E). Polyps expanded in live state (Figures 5A,B), contractile, but are not fully retracted into calyces when disturbed or in preservation, resulting in cylindrical polyp heads with tentacles folded over the mouths and bases sited on lips of calyces (Figures 5E,F). Polyp heads 2.0–3.0 mm wide and 1.5–4.2 mm long in preservation; calyces 2.0–4.5 mm wide and 1.0–3.8 mm long in preservation. Each side of tentacles with a row of 7–10 pinnules, with the middle ones largest.



Sclerites

Tentacles armed with mainly tuberculate rods and clubs ranging 267–565 μm in length (Figures 6A–C and Supplementary Figure S5A). Sclerites transversely arranged to form collaret at base of polyp head, and then grading en chevron up into the points that continue longitudinally along the aboral side of the tentacles (Figure 6A). The point and collaret sclerites generally straight to slightly curved sticks and spindles that are sparsely tuberculate, and mostly 306–544 μm long (Figure 6D and Supplementary Figure S5B). Calyces densely arranged with straight to somewhat curved tuberculate sticks, ranging 252–559 μm in length (Figure 6E and Supplementary Figure S5C). Cortex with straight to somewhat curved sticks, rods and spindles, the sclerites moderately tuberculate to almost smooth, and mostly ranging 324–559 μm in length (Figure 6F and Supplementary Figure S6A). Medulla of both the main stem and branch tips composed of spindles and sticks, spindles somewhat curved and almost smooth, sticks nearly straight and sparsely tuberculate, ranging 346–934 μm in length (Figures 6G,H and Supplementary Figures S6B,C).



Color

Polyps and coenenchyme bright purple in vivo and in freshly collected specimen, and taupe in ethanol preservation (Figures 5A–D). All sclerites transparent and colorless under transmitted light.



Etymology

Composite of IOCAS (the abbreviation of Institute of Oceanology, Chinese Academy of Sciences, Qingdao, China) and the Latin suffix icus (belonging to), in celebration of the 70th anniversary of the founding of the IOCAS.



Distribution and Habitat

Found only on a seamount (M8) located on the Caroline Ridge in the tropical Western Pacific, with the water depth about 1,549 m. In situ, the specimen attached on rocky bottoms, and was inhabited by individuals of the ophiuroid order Euryalida.




Remarks

Victorgorgia iocasica sp. nov. is characterized by the mainly tuberculate rods instead of josephinae clubs in the tentacles, making it most resemble V. alba (Nutting, 1908) and V. macrocalyx (Nutting, 1911; Table 2). The new species is differentiated from V. alba (Nutting, 1908) by the absence of the large and bulky clubs in the points and collarets which are present in V. alba, and the calyx arrangement on branches (mainly isolated on three sides of branches in V. iocasica, while clumped around branches in V. alba); from V. macrocalyx (Nutting, 1911) by the quite tuberculate rods and clubs in the tentacle rachis in V. iocasica while V. macrocalyx has mostly short, flat rods with few, low tubercles, the more smooth and slender spindles and sticks in the medulla in V. iocasica, and the calyx arrangement on branches (on three sides of branches in V. iocasica instead of all around the branches as in V. macrocalyx (Figures 6G,H; Moore et al., 2017).



Victorgorgia flabellata sp. nov.

Figures 7, 8 and Supplementary Figures S7–S9.
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FIGURE 7. Morphology of Victorgorgia flabellata sp. nov. (A) In situ. Laser dots spaced at 33 cm used for measuring dimensions. (B) Close view in situ, showing expanded polyps. (C) The side of the freshly collected holotype with fewer autozooids, photographed by Shaoqing Wang. (D) The side with more autozooids in preservation. (E) A retracted autozooid. (F,G) Lateral view of polyp head. (H) Cross-section of terminal medulla through a polyp. Scale bars = 5 cm (C,D), and 0.5 mm (E–H).
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FIGURE 8. SEM of tentacle and sclerites of Victorgorgia flabellata sp. nov. (A) A tentacle, showing arrangement of sclerites. (B) Sclerites from tentacles. (C) Sclerites from points and collarets. (D) Sclerites from calyces. (E) Sclerites from cortex. (F) Sclerites from medulla. Scale bars = 0.2 mm (A), and 100 μm (B–F).




Material Examined


Holotype

MBM286393, collected on 29 May 2019 from the station FX-Dive 211 (10°3.15′N, 140°10.57′E) on M5 seamount at the water depth of 1,408 m (temperature 3.3°C; salinity 36.5), rocky bottom.




Description


Colony Form and Size

Uniplanar colony, dichotomous, approximately 313 mm long and 342 mm wide in preservation (Figures 7A,C,D). Holdfast nearly rectangular, side length 24–39 mm. The main stem compressed, approximately 34 mm long, 22.5 mm wide, and 20.2 mm deep. Three large stems arising from the main stem. Terminal branches 10–120 mm in length, 1.9–4.1 mm in diameter exclusive of polyp clumps. Polyp clumps usually contain 3–10 polyps and the clumps 6–9 mm in width. Anastomoses absent. The colony covered with a thin cuticle. Medulla separated from cortex by boundary space that consists of anastomoses of boundary canals, around which sometimes occurred a few smaller, indistinct canals (Figure 7H). Medulla in the terminal branches usually perforated by 1–3 main canals (about 0.2–0.4 mm in diameter) (Figure 7H). Cortex thin, usually 50–200 μm thick.



Polyps

Polyps distributed mainly on three sides of branches, with one side of colony almost devoid of them. Polyps on the lateral sides of the branches are more prominent than those placed on the face of the branches. Calyces distinct, usually clumped at branch tips, and sometimes along branches (Figures 7B–D). Polyps contractile, most partly to fully retractile into calyces, with a few expanded in preservation (Figures 7E–G). Polyp heads approximately 2.0–4.0 mm wide, and up to 3.5 mm long; calyces 3.0–5.0 mm wide and 2.0–3.5 mm long. Each side of tentacles with a row of 9–14 pinnules, with the middle ones the largest.



Sclerites

Sclerites transversely arranged to form collaret at base of polyp head, and then grading en chevron up into the points that continue longitudinally along the aboral side of the tentacles (Figures 7F,G, 8A and Supplementary Figure S7A). Tentacles armed with squat tuberculate rods, robust, thorn clubs, tuberculate clubs, small tuberculate rods and occasionally tuberculate crosses; sclerites ranging 182–792 μm in length (Figure 8B and Supplementary Figure S7B). The point and collaret sclerites generally straight to slightly curved tuberculate spindles and occasional warty sticks, ranging 550–908 μm long (Figure 8C and Supplementary Figure S8A). Calyces crowded with straight to slightly curved spindles and rods, and occasionally crosses, the sclerites moderately tuberculate to almost smooth with their tubercles rounded to conical, and mostly ranging 289–542 μm in length (Figure 8D and Supplementary Figure S8B). Cortex with slightly curved and almost smooth spindles, nearly straight and moderately tuberculate sticks, and shorter and warty rods; they mostly ranging 292–485 μm in length (Figure 8E and Supplementary Figure S9A). Medulla composed of straight to slightly curved tuberculate spindles and sticks, some furcated on the ends, and mostly ranging 323–915 μm in length (Figure 8F and Supplementary Figure S9B).



Color

Polyps and coenenchyme deep purple in vivo and in freshly collected specimen, and taupe in ethanol preservation (Figures 7A–D). All sclerites transparent and colorless under transmitted light.



Etymology

The Latin adjective flabellata (flabellate) refers to the planar shape of the colony.



Distribution and Habitat

Found on a seamount (M5) located on the Caroline Ridge in the tropical Western Pacific, with water depth of 1,408 m, water temperature about 3.3°C, and salinity at 36.5 psu. In situ, the specimen attached on rocky bottoms. The species was inhabited by individuals of the ophiuroid order Euryalida and the cnidarian order Actiniaria.




Remarks

The tentacle sclerites of V. flabellata sp. nov. are typically squat tuberculate rods and thorn clubs, making it most similar to V. nyahae Moore et al., 2017. However, the new species differs from V. nyahae by the absence of the large thorn clubs in the points that V. nyahae has, and the fewer large thorn clubs in the tentacle rachis compared with the short thorn clubs in those of V. nyahae. Meanwhile, the top of polyp heads of V. nyahae are much spikier than those of V. flabellata sp. nov. due to the presence of the thorn clubs in the points. Moreover, V. flabellata sp. nov. differs from V. nyahae by the larger calyces width (3.0–5.0 mm vs. 1.4–2.6 mm), the calyx arrangement on branches (mainly isolated on three sides of branches vs. clumped around branches), the shorter calyx sclerites (maximum length 542 μm vs. 880 μm) and cortex sclerites (maximum length 485 μm vs. 710 μm), and the longer medulla sclerites (323–915 μm vs. 120–760 μm) (Table 2; Moore et al., 2017).

V. flabellata sp. nov. differs from V. alba (Nutting, 1908) by the absence of the long clubs with extended tips in the point (vs. presence), the much more diverse and larger sclerites in the tentacles (length 182–792 μm vs. 90–440 μm), the calyx arrangement on branches (mainly isolated on three sides of branches vs. clumped around branches), and the shorter sclerites in the calyces, cortex and medulla (Table 2; Moore et al., 2017).

V. flabellata sp. nov. differs from V. argentea (Studer, 1894) by the presence of thorn clubs in the tentacles (vs. absence), the much more tuberculate spindles and sticks (vs. sparsely tuberculated) and absence of bulky clubs (vs. presence) in the point, the calyx arrangement on branches (mainly isolated on three sides of branches vs. clumped around branches), and the shorter sclerites in the calyces, cortex and medulla (Table 2; Moore et al., 2017).

Both V. flabellata sp. nov. and V. iocasica sp. nov. are characterized by having a uniplanar colonies and squat tuberculate rods in the tentacles, but the former species possesses also robust josephinae clubs, thorn clubs, tuberculate clubs, small tuberculate rods and tuberculate crosses while the latter possesses mainly squat tuberculate rods in the tentacles (Figures 6C, 8B and Supplementary Figures S5A, S7B). Additionally, the medulla sclerites of V. flabellata are more tuberculate than those of V. iocasica (Figures 6G,H, 8F and Supplementary Figures S6B,C).



Victorgorgia eminens Moore, Alderslade and Miller, 2017

Figures 9–12 and Supplementary Figures S10–S14.
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FIGURE 9. The specimen MBM286394 of Victorgorgia eminens Moore et al., 2017. (A) In situ. Laser dots spaced at 33 cm used for measuring dimensions. (B) Close view in situ, showing expanded polyps. (C) The freshly collected specimen, photographed by Shaoqing Wang. (D) The preserved specimen. (E) Retracted autozooids. (F) Cross-section of terminal medulla. Scale bars = 5 cm (C,D), 2 mm (E), and 0.5 mm (F).
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FIGURE 10. SEM of polyps, tentacle and sclerites from the specimen MBM286394 of Victorgorgia eminens Moore et al., 2017. (A) Upper view of a polyp head. (B) Lateral view of a polyp head. (C) Part of tentacle, showing arrangement of sclerites. (D) Sclerites from tentacles. (E) Sclerites from point and collaret. (F) Sclerites from calyces. (G) Sclerites from cortex. (H) Sclerites from medulla. Scale bars = 0.5 mm (A,B), 0.2 mm (C), and 100 μm (D–H).
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FIGURE 11. The specimen MBM286392 of Victorgorgia eminens Moore et al., 2017. (A) In situ. Laser dots spaced at 33 cm used for measuring dimensions. (B) Close view in situ, showing expanded polyps. (C) The freshly collected specimen, photographed by Shaoqing Wang. (D) The preserved specimen. (E) Polyp head in lateral view. (F) Cross-section of terminal medulla. Scale bars = 5 cm (C,D), and 1 mm (E,F).
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FIGURE 12. SEM of polyps and sclerites from the specimen MBM286392 of Victorgorgia eminens Moore et al., 2017. (A) Upper view of a polyp head. (B) Lateral view of a polyp head. (C) Tentacular sclerites in situ. (D) Sclerites from tentacles. (E) Sclerites from point and collaret. (F) Sclerites from calyces. (G) Sclerites from cortex. (H) Sclerites from medulla. Scale bars = 0.5 mm (A,B), and 100 μm (C–H).


Victorgorgia eminens Moore et al., 2017: 164–178, figures 172–138.



Material Examined

MBM286394, collected on 7 June 2019 from the station FX-Dive 219 (10°6.68′N, 140°14.53′E) on M6 seamount at the water depth of 890 m (temperature 5.04°C; salinity 36.7), rocky bottom. MBM286392, collected on 6 June 2019 from the station FX-Dive 218 (10°7.23′N, 140°14.42′E) on M6 seamount at the water depth of 813 m (temperature 4.81°C; salinity 36.7), rocky bottom.



Description


Colony Form and Size

Colonies multiplanar, dichotomous, specimen MBM286394 measuring 420 mm long and 265 mm wide, and specimen MBM286392 approximately 395 mm long and 236 mm wide in preservation (Figures 9A–D). Holdfast appears nearly circular in the in situ image, but it was not collected with the colony. Main stem compressed, cross-section nearly rectangular, measuring 14 mm wide, 23 mm deep, and approximately 100 mm before the first branch arises. Terminal branches 15–150 mm in length, 2.2–3.5 mm in diameter exclusive of polyp clumps. Polyp clumps usually contain 6–12 polyps and the clumps 6–10 mm in width. Five anastomoses present among the colony branches of specimen MBM286394, and absent from specimen MBM286392. The colony covered with a thin cuticle. Medulla separated from cortex by boundary space that is composed of anastomoses of boundary canals, around which sometimes occurred a few smaller, indistinct canals (Figure 9F). Medulla in the terminal branches usually perforated by 1–3 main canals (0.3–0.5 mm in diameter) (Figure 9F). Cortex thin, usually 100–300 μm thick.



Polyps

Polyps scattered around branches and at right angles. Calyces distinct, usually clumped around branches of specimen MBM286392, and commonly isolated around branches of MBM286394 (Figures 9B–E, 11B–E). In preservation, polyps contractile, and most fully retractile into calyces in specimen MBM286394, and almost fully exsert in specimen MBM286392 (Figures 9E, 11E). Polyp heads usually 2.0–4.0 mm wide, and up to 7.0 mm long in expanded ones; calyces usually 3.0–5.0 mm wide and 2.0–3.5 mm long. Each side of tentacles with a row of about 7–10 pinnules, with the middle ones largest.



Sclerites

Tentacle rachis mainly armed with tuberculate josephinae clubs ranging 158–529 μm in length, the tubercles at the heads of josephinae clubs conical and those at the handles rounded; these sclerites densely arranged on the aboral side of the tentacles with the clubbed ends orientated toward tentacle tips. Straight clubs, tuberculate sticks and flat jagged rods commonly present in pinnules, and flat tuberculate crosses rarely detected (Figures 10A–D, 12A–D and Supplementary Figures S10, S13A). At base of polyp head, some sclerites transversely arranged to form collaret. The sclerites then grading en chevron up into the points that continue longitudinally along the aboral side of the tentacles (Figures 10B, 12B). The point and collaret sclerites generally straight to slightly curved tuberculate spindles ranging 282–659 μm long (Figures 10E, 12E and Supplementary Figures S11A, S13B). Calyces crowded with straight to slightly curved spindles, most of them provided with rounded to elliptical tubercles, and ranging 292–670 μm long (Figures 10F, 12F and Supplementary Figures S11B, S14A). Cortex with straight to slightly curved tuberculate to warty spindles and sticks, covered with simple to complex tubercles, and usually 314–520 μm long; the sclerites with simple tubercles are similar to those from calyces (Figures 10G, 12G and Supplementary Figures S12A, S14B). Medulla composed of straight to slightly curved tuberculate spindles and sticks, similar to those from cortex, and mostly ranging 300–794 μm in length (Figures 10H, 12H and Supplementary Figures S12B, S14C).



Color

Polyps and coenenchyme purple in vivo, freshly collected specimens close to pink in specimen MBM286394 and red purple in specimen MBM286392, polyps became taupe and coenenchyme beige in ethanol preservation (Figures 9A–D, 11A–D). All sclerites transparent and colorless under transmitted light.



Distribution and Habitat

Our specimens were found on a seamount (M6) located on the Caroline Ridge in the tropical Western Pacific, where the water depths were 813–890 m, water temperature 4.8–5.0°C, and salinity about 36.7 psu. In situ, all specimens attached on rocky bottoms, and the species was always inhabited by individual(s) of the echinoderm order Euryalida. The species is widely distribted from the Southwestern Pacific to the tropical Northwestern Pacific.




Remarks

Our specimens of Victorgorgia eminens Moore et al., 2017 show differences in anastomoses, polyp retraction and cortex sclerites (some spindles of the specimen MBM286394 are more tuberculate than those from the specimen MBM286392). The variations are considered as intraspecific. Our specimens are recognized as V. eminens, known from the southeastern Australia, due to similarities in colony shape, sclerite forms and sizes of all the parts to that of the holotype of V. eminens (Figures 9–12 and Supplementary Figures S10–S14; Moore et al., 2017). Furthermore, the genetic distances among the V. eminens specimens are also very low (0–0.15%), mirroring the high morphological similarity.

V. eminens typically possesses the josephinae clubs in the tentacles, making it distinguishable from V. alba (Nutting, 1908) and V. macrocalyx (Nutting, 1911) that typically possess tuberculate rods, from V. josephinae López-González and Briand, 2002 that has large josephinae clubs, and from V. nyahae Moore et al., 2017 that typically possess thorny clubs in the tentacles. It differs from V. argentea (Studer, 1894) by the absence of bulky clubs in the points and collarets. Additionally, V. eminens differs from V. josephinae López-González and Briand, 2002 by the thicker and less tuberculate sclerites in the medulla, the smaller sclerites in all examined parts, and the conenenchyme color (deep purple vs. yellowish) (Table 2; López-González and Briand, 2002). V. fasciculata sp. nov. differs morphologically little from V. eminens, but they are separated from each other by molecular sequences (see remarks of V. fasciculata sp. nov.).



Genetic Distance and Phylogenetic Analysis

A total of 12 sequences from the four species were deposited in GenBank and their accession numbers are provided in Table 1. The alignments of mtMutS, COI and the concatenated mtMutS-COI had lengths of 661, 526, and 1,187 bp, respectively. The inter- and intra-specific genetic divergences of mtMutS and COI were calculated to investigate the genetic distances in Victorgorgia. For the mtMutS alignment, the interspecific distances range from zero to 4.31%, the intraspecific distances are in range of 0–0.15% (Table 1). The genetic distance between V. iocasica sp. nov. and V. flabellata sp. nov is zero. For the COI alignment, the interspecific distances range from zero to 0.95%, the intraspecific distances are in range of 0–0.38% (Table 1). Except for V. eminens MT269897 and V. nyahae, the genetic distances among the other Victorgorgia specimens are zero.

The phylogenetic reconstructions of concatenated mtMutS-COI loci showed quite similar topologies compared to the mtMutS trees and provided higher resolution (Figure 13 and Supplementary Figure S15). Hence, only the topologies of the concatenated sequences are provided here for checking the intrageneric relationships of Victorgorgia. The Victorgorgia species formed a monophyletic clade in both ML and BI trees with low support (ML 62%, BI 0.84). In the ML tree, all the Victorgorgia species were separated into three subclades: (1) Victorgorgia flabellata sp. nov. clustered with V. iocasica sp. nov., followed by V. nyahae Moore et al., 2017 with low support (ML 38%); (2) V. fasciculata sp. nov. independently formed another subclade; (3) V. eminens Moore et al., 2017 and Victorgorgia sp. GU563313 formed a sister subclade with full node support. The BI tree was highly similar to the ML one except for that V. nyahae Moore et al., 2017 formed an independent subclade within Victorgorgia.
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FIGURE 13. Maximum likelihood (ML) and Bayesian inference (BI) trees based on concatenated sequences mtMutS-COI showing phylogenetic relationships among the available Victorgorgia species. Newly sequenced species are in bold.





DISCUSSION


Species Delineation and Taxonomic Characters

Both the morphology and molecular phylogenetic analyses support the assignment of the four species to the genus Victorgorgia. The genetic distance analysis of mtMutS and COI is considered as one of the first steps in an integrative identification of octocorals (McFadden et al., 2011). In the present study, nucleotide variation showed that the gene region COI was more conserved than mtMutS for Victorgorgia species (Table 1). Except for V. eminens Moore et al., 2017 MT269897 and V. nyahae KT366865, there is no variation for the rest of COI sequences, indicating its relative usefulness for species delimitation of Victorgorgia species.

Maximum intraspecific distances of mtMutS and minimum interspecific ones have been used to separate Octocorallia species, with the distances greater than 1% confidently used to indicate cryptic species (McFadden et al., 2010; Herrera et al., 2012; Li et al., 2017). Based on this threshold, the establishment of V. fasciculata sp. nov. is supported on basis of the relatively high genetic distances (1.08%). Although there are no distinct morphological differences between the two specimens of V. nyahae described by Moore et al. (2017), they have 24 nucleotide differences (genetic p distance >2%) in mtMutS, indicating that there may be a cryptic species similar to V. nyahae. However, there is no genetic variation between V. iocasica sp. nov. and V. flabellata sp. nov., which are differentiated by the types of tentacle sclerites and the ornamentations of medulla sclerites (Figures 5–8 and Supplementary Figures S5A, S6B,C, S7B, S9B). For those close species without genetic variation, here we summarize the taxonomic characters, such as the colony form, polyp arrangement, and sclerite forms and sizes for the species discrimination.

The vivid purple color is the most striking and recognizable characteristic of Victorgorgia. As all the three known species whose live color were recorded were entirely or partially purple-colored, and the three new species are entirely purple-colored, this character can be used in situ for preliminary identification, and probably a stable taxonomic character of the genus.

Consistent with Moore et al. (2017), the sclerites in the polyps are found to be most diverse and informative, and therefore contribute most to species delineation. In contrast, sclerites from calyx, cortex and medulla are relatively uniform with just ornamental and dimensional variations, but are also useful for species differentiation.

Anastomoses are present in one of the two specimens of V. eminens Moore et al., 2017 known from the tropical Western Pacific, and are more common in the specimens from southeastern Australia, but are absent from all other species of the genus according to the information that we currently have. Therefore, it cannot be taken as a stable character to define species.

Polyp arrangement on branches varies from scattered around branches, distributed on three sides of branches, to almost biserially arranged. According to our observation, all the three species (V. iocasica sp. nov., V. flabellata sp. nov., and V. josephinae) with uniplanar colonies possess polyps distributed on three sides, with one side is almost devoid of polyps and the polyps occurring along the sides of the branches are prominent, while all the other species with multiplanar colonies possess polyps scattered around branches (Table 2). The calyces clumped at the branch tips in all the species of the genus, and usually clumped along the branches in multiplanar colonies.

The ability of a polyp to retract into a calyx is judged by its condition in preservation. The polyps can be retracted or exsert even in the same colony, let alone their variation in different colonies of a species. So it is evidently not a useful diagnostic character at species level.

Medullary canals and boundary space are generic traits used to separate Victorgorgia from the related genera, such as Anthothela Verrill, 1879, Lateothela Moore et al., 2017 and Williamsium Moore et al., 2017. These two characters vary little among Victorgorgia species, so they cannot be utilized to differentiate species.



Geographic Distribution and Ecology

Among the nine currently known species of Victorgorgia, V. josephinae López-González and Briand, 2002 is the only species recorded from the Atlantic Ocean (López-González and Briand, 2002). All the other species were from the Pacific Ocean: V. macrocalyx (Nutting, 1911) and the three new species from the central Western Pacific; V. alba (Nutting, 1908) from the middle Pacific (Hawaii); V. nyahae Moore et al., 2017 from the Southwestern Pacific (Tasman Sea); V. eminens Moore et al., 2017 from the Southwestern Pacific (Tasman Sea) and the tropical Northwestern Pacific; and V. argentea (Studer, 1894) is the only species distributed in both the Eastern and middle Pacific (Moore et al., 2017; Table 1). In addition, Victorgorgia fasciculata sp. nov. is the shallowest record of the genus (475 m depth), V. eminens Moore et al., 2017 being the deepest record (1,854 m depth).

According to the distribution, it seems that Victorgorgia is widely but sparsely distributed in the deep-sea hard bottom environments. It is noteworthy that the four species were each obtained from a single seamount without overlap, which may indicate a poor biological connectivity among these adjacent seamounts. But the samples are too few to elucidate the hypothesis. More research is needed to evaluate the species diversity and geographic distribution of these deep-sea gorgonians.

In the present study, all the specimens of Victorgorgia were inhabited by individual(s) of the echinoderm order Euryalida (Ophiouridea), and occasionally inhabited by individuals of the cnidarian order Actiniaria. The symbiotic association between Victorgorgia species and euryalids and actiniarians is considered as epibiosis that is defined as “a spatial association between a substrate organism (basibiont) and a sessile organism (epibiont) attached to the basibiont’s outer surface without trophically depending on it” (Wahl, 2009). According to studies on related taxa (e.g., Mosher and Watling, 2009), it is probably a mutually beneficial relationship between the basibionts (Victorgorgia species) and the epibionts (euryalids and actiniarians). The euryalids and actiniarians use gorgonians as a perch for suspension feeding, and probably defend gorgonians from predators and other possible symbionts. The gorgonians seem not to be harmed by the epibionts, and no gorgonian tissues or sclerites were found from the stomach contents of euryalids. The advantages and disadvantages for both Victorgorgia species and their epibionts need to be studied in detail.




CONCLUSION

We describe three new and one known species, V. fasciculata sp. nov., V. iocasica sp. nov., V. flabellata sp. nov., and V. eminens Moore et al., 2017, from seamounts in the tropical Western Pacific. Based on descriptions of the fully developed and integrally collected specimens, the taxonomic significance of the main characters of Victorgorgia are discussed, with the sclerites in the polyps are reconfirmed to be the most informative characteristic for species delineation. It is found that the level of genetic variation in mtMutS and COI is too low to distinguish close species of Victorgorgia, so more effective markers are necessary for further phylogenetic analysis. The Pacific has the highest species diversity and nine of the ten known Victorgorgia species are distributed here. The results suggest limited biological connectivity among seamount gorgonians and calls for the need of more research on the diversity and distribution of these animals.
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FIGURE S1 | SEM of tentacle and tentacle sclerites from the holotype of Victorgorgia fasciculata sp. nov. (A) Part of tentacle, showing arrangement of sclerites. (B) Sclerites from tentacles. Scale bars = 100 μm.

FIGURE S2 | Sclerites from the holotype of Victorgorgia fasciculata sp. nov. (A) Sclerites from points and collarets. (B) Sclerites from calyces of the holotype. Scale bars = 100 μm.

FIGURE S3 | Sclerites from the holotype of Victorgorgia fasciculata sp. nov. (A) Sclerites from cortex of the holotype. (B) Sclerites from medulla of the holotype. Scale bars = 100 μm.

FIGURE S4 | Sclerites from tentacles of the paratype of Victorgorgia fasciculata sp. nov. Scale bar = 100 μm.

FIGURE S5 | Sclerites of Victorgorgia iocasica sp. nov. (A) Sclerites from tentacles. (B) Sclerites from points and collarets. (C) Sclerites from calyces. Scale bars = 100 μm.

FIGURE S6 | Sclerites of Victorgorgia iocasica sp. nov. (A) Sclerites from cortex. (B) Sclerites from medulla of the branch tip. (C) Sclerites from medulla of the branch close to main stem. Scale bars = 100 μm.

FIGURE S7 | SEM of tentacle and tentacle sclerites from Victorgorgia flabellata sp. nov. (A) A tentacle, showing arrangement of sclerites. (B) Sclerites from tentacles. Scale bars = 0.2 mm (A), and 100 μm (B).

FIGURE S8 | Sclerites of Victorgorgia flabellata sp. nov. (A) Sclerites from points and collarets. (B) Sclerites from calyces. Scale bars = 100 μm.

FIGURE S9 | Sclerites of Victorgorgia flabellata sp. nov. (A) Sclerites from cortex. (B) Sclerites from medulla. Scale bars = 100 μm.

FIGURE S10 | SEM of tentacle and tentacle sclerites from the specimen MBM286394 of Victorgorgia eminens Moore et al., 2017. (A) Part of tentacle, showing arrangement of sclerites. (B) Sclerites from tentacles. Scale bars = 0.2 mm (A), and 100 μm (B).

FIGURE S11 | Sclerites from the specimen MBM286394 of Victorgorgia eminens Moore et al., 2017. (A) Sclerites from points and collarets. (B) Sclerites from calyces. Scale bars = 100 μm.

FIGURE S12 | Sclerites from the specimen MBM286394 of Victorgorgia eminens Moore et al., 2017. (A) Sclerites from cortex. (B) Sclerites from medulla. Scale bars = 100 μm.

FIGURE S13 | Sclerites from the specimen MBM286392 of Victorgorgia eminens Moore et al., 2017. (A) Sclerites from tentacles. (B) Sclerites from points and collarets. Scale bars = 100 μm.

FIGURE S14 | Sclerites from the specimen MBM286392 of Victorgorgia eminens Moore et al., 2017. (A) Sclerites from calyces. (B) Sclerites from cortex. (C) Sclerites from medulla. Scale bars = 100 μm.

FIGURE S15 | Maximum likelihood (ML) and Bayesian inference (BI) trees based on mtMutS showing phylogenetic relationships among the available Victorgorgia species. Newly sequenced species are in bold.
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Environmental harm to deep-sea coral reefs on seamounts is widely attributed to bottom trawl fishing. Yet, accurate diagnoses of impacts truly caused by trawling are surprisingly rare. Similarly, comprehensive regional assessments of fishing damage rarely exist, impeding evaluations of, and improvements to, conservation measures. Here we report on trawling impacts to deep-sea scleractinian coral reefs in a regional (10–100s of km) fishery seascape off Tasmania (Australia). Our study was based on 148 km of towed camera transects (95 transects on 51 different seamounts with 284,660 separate video annotations and 4,674 “on-seamount” images analysed), and commercial trawling logbook data indexing fishing effort on and around seamounts. We detect trawling damage on 88% (45 of 51) of seamounts. Conversely, intact deep-sea coral reefs persist in refuge areas on about 39% (20 of 51) of the seamounts, and extend onto rocky seabed adjacent to seamounts. Depth significantly shapes the severity of trawl damage. The most profound impacts are evident on shallow seamounts (those peaking in < 950 m depths) where recent and repeated trawling reduced reefs built by scleractinian corals to rubble, forming extensive accumulations around seamount peaks and flanks. At intermediate depths (∼950–1,500 m), trawling damage is highly variable on individual seamounts, ranging from substantial impacts to no detection of coral loss. Deep seamounts (summit depth > 1,500 m) are beyond the typical operating depth of the trawl fishery and exceed the depth range of living deep-sea coral reefs in the region. Accurately diagnosing the nature and extent of direct trawling impacts on seamount scleractinian coral reefs must use stringent criteria to guard against false positive identifications of trawl impact stemming from either (1) misidentifying areas that naturally lacked deep-sea coral reef as areas where coral had been removed, or (2) attributing trawling as the cause of natural processes of reef degradation. The existence of sizeable deep-sea coral reef refuges in a complex mosaic of spatially variable fishing effort suggests that more nuanced approaches to conservation may be warranted than simply protecting untrawled areas, especially when the biological resources with conservation value are rare in a broader seascape context.
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INTRODUCTION

Undersea mountains, or seamounts (including knolls and hills after Pitcher et al., 2007), create spectacularly rugged underwater landscapes throughout the world’s oceans (Clark et al., 2010b; Schlacher et al., 2010). These deep mountains also form unique habitats for a rich biodiversity of deep-sea fauna (Rowden et al., 2010b, a; Schlacher et al., 2014). This biodiversity is, however, frequently under threat from human activities, particularly from deep-water fishing using trawls operated on the seafloor (Clark et al., 2016a).

Seamounts off Tasmania, Australia, provide a model habitat system to examine environmental harm to iconic ecosystems in the deep ocean. Seamounts in the area support a diverse fauna (Koslow et al., 2001) associated with deep-sea reefs formed by the scleractinian coral Solemosmilia variabilis Ducan, 1873. These deep-sea coral reef communities are vulnerable to physical harm from bottom-contact trawling (Althaus et al., 2009; Clark and Rowden, 2009) and constitute vulnerable marine ecosystems (VME) (FAO, 2009) where extensive areas of live corals are present (Williams et al., 2020). The seamount fauna in this region has a documented history of impact from a deep-sea bottom trawl fishery (Koslow et al., 2001; Althaus et al., 2009). The fishery operating on and near the region’s seamounts primarily targets orange roughy (Hoplostethus atlanticus Collette, 1889), a widespread species at mid-continental slope depths that is commonly the target of deep-sea fisheries (Clark et al., 2010a). The broad-scale intensity and distribution of trawling effort can be gauged from logbooks (i.e., commercial fishers must record the location and depth of every trawling operation).

The vulnerability of this seamount fauna to the impacts of trawling was recognised a decade or so after the fishery commenced, and an interim protected area containing several of the deeper seamounts was established, with support from the fishing industry, in 1995. A scientific survey in 1997 (Koslow et al., 2001) found that benthic biodiversity was rich and novel, and that trawling had dramatically reduced both species richness and biomass on many shallower seamounts. Further, it has been widely cited that the trawl operations removed the living and dead reef aggregate of the “framework-building” scleractinian coral, Solenosmilia variabilis, from the shallow and most heavily fished seamounts. A better understanding of the seamount biodiversity values, and increased concern about the scale of impact upon them, resulted in many seamounts off southern Tasmania being incorporated into marine parks in 2007 (Director of National Parks, 2013). A survey of the area a decade later, using better image-based sampling tools and improved geolocation of images (Althaus et al., 2009; Williams et al., 2010), showed ecological changes on heavily-trawled seamounts in the form of substantial reductions in coral cover and significantly lower species of benthic taxa. On seamounts in marine parks where trawling had ceased, there was no clear signal of deep-sea coral reef recovery after 5–10 years (Althaus et al., 2009; Williams et al., 2010). Despite these efforts, and the significant conservation measures put in place, large areas of the continental slope and many seamount features in the region remained unsampled; this severely limited our ability to evaluate trawling impacts at a regional scale.

The large area and wide depth range used by the regional fishery was mismatched by a small and scattered body of data on biological resources potentially vulnerable to trawling. In addition, we lacked a robust framework to accurately diagnose changes to corals caused by trawling and distinguish these from natural processes affecting coral reefs in the deep sea. Consequently, our main objectives are threefold: (1) document the diversity of impact types on deep-sea reefs composed of scleractinian corals; (2) develop and test a suite of diagnostic indicators to reliably detect and attribute changes to reefs caused by trawling; and (3) map impacts of trawling in a regional fishery seascape that is highly heterogeneous both in terms of seafloor features and the spatial footprint of trawling intensity. We examine new data on the distribution and condition of deep-sea coral reefs, collected over a significantly greater area at much denser coverage, using data from 95 towed-camera transects on 51 different seamounts. We use this extensive empirical field information on observed impacts to develop a set of indicators to diagnose the type and level of coral damage attributable to trawling. Finally, compound measures of impact are aggregated for individual seamounts, and, when combined with mapped trawling effort data from commercial trawling logbooks, provide a regional picture of the condition of deep-sea coral reefs. These are critical components of understanding the impact of bottom trawling on benthic communities and hence to inform robust fisheries management and environmental conservation.



MATERIALS AND METHODS


Study Area

The study area lies off the east and south coasts of Tasmania, Australia. Here, 191 geomorphologically distinct volcanic seamounts on the continental slope peak in approximately 570 to 2,400 m depths (Figure 1). The seamount features range in size from ∼20 to <0.2 km2 base area, but are mostly small: 133 (70%) are <2 km2; those studied by us for this paper peak between 575 and 1,500 m depths and have elevations to 550 m.
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FIGURE 1. Map of study area off eastern and southern Tasmania, Australia, showing locations and names of study sites, camera transects (pink lines), eight Focal areas with relatively higher sampling intensity (orange boxes), and the Australian Marine Park (AMP) boundaries (light blue): (a) overview map showing the relative locations of the three study areas and a 0–500 m depths mask (grey), with inset showing sites at the St Helens Seamount and one adjacent seamount; (b) sites in and adjacent to the Tasman Fracture AMP; (c) sites in and adjacent to the Huon AMP. Depth contours are 50 m intervals with 650, 950, 1,350, and 1,500 m contour lines highlighted as light to dark green; the seamounts are outlined by their base boundaries (cyan).


Most data used in this analysis come from a voyage in late 2018 (CSIRO MNF RV Investigator voyage 2018_V06), supplemented with data from additional seamounts in the same area collected in 2006/07 (CSIRO FRV Southern Surveyor voyages SS200611 and SS200702) (see Althaus et al., 2009). All surveys used a towed camera to take video and paired still images along transects that were typically 2 km in length. We attempted to sample a broad range of seamount attributes in terms of depth, size, and degree of exposure to bottom trawl fishing. The 2018 transects were located using a flexible spatially-balanced design (Foster et al., 2019) and were of two types: (1) randomised radial transects on eight “Focal” seamounts (St Helens, Main Matt, Pedra, Sisters, the Corvina Group, Z16, Hill U and Hill K1) that represented a contrast of historical trawling exposure (57 transects); and (2) randomised “baseline” transects that crossed slope and seamount habitats (33 transects). We also opportunistically sampled 25 “ad hoc” transects that were completed during vessel transits among stations sampled under criteria one and two. The present analysis includes focal, baseline and ad hoc transects, but includes only transects that intersect seamount features (total 95 transects–57, 17 and 21, respectively). Three sites and one Focal area (St Helens) are located on the Tasmanian east coast (Figure 1a); the majority of sites, and the other seven Focal areas (Main Matt, Pedra, Z16, Corvina Group, Hill U, Sisters, and Hill K1), are within the “Tasmanian Seamounts” area that lies within and between the Huon and Tasman Fracture Australian Marine Parks (AMP) on the south coast (Figures 1b,c). Six of these seven Focal areas contain individual seamounts, although Pedra has a parasitic cone (Mongrel) and Main Matt has a second peak (NW Matt); the Corvina Group has six inter-connected seamounts, three of which were sampled (Figure 1c).



Data Collection

The towed camera system used in 2018 was similar to that used in 2006/07 (detailed in Althaus et al., 2009). It incorporated a Canon EOS-1DX video camera that provided continuous HD video imagery and a calibrated pair of Canon EOS-1DX Mark II still cameras that provided image pairs at 5 s intervals (Marouchos et al., 2017). The system was towed at a speed of 1 knot (0.5 ms–1) and maintained at a height of 2 m (±1.5 m) above the seafloor by a remote pilot guided by camera vision and sensor data transmitted back to the vessel in real-time. An Ultra Short Baseline (USBL) beacon recorded the location of the camera system. All pairs of still images were individually aligned with the video, and all imagery (∼200 km of linear video track and 49,035 high resolution still image pairs), and post-processed data from the USBL beacon and other camera sensors, were was registered into the Video Annotation and Reference System (VARS) developed by the Monterey Bay Aquarium Research Institute (Schlining and Jacobsen Stout, 2006). The VARS platform enabled annotation and georeferencing of imagery to approximately + 5 m using post-processed data from the USBL beacon.

A mix of data from video and still images were systematically scored in the laboratory to characterise seamount substrata, coral distributions and to identify impacts (see below). We scored all video footage covering full transects (total length 148 km) at 1 s intervals, yielding 284,660 separate annotations. A spatially-balanced random selection process (Robertson et al., 2013) was used to subsample ∼10% of the stills from each transect for annotation. Transects were then clipped to the base of each seamount to retain only the “on-seamount” images for analysis; the base of each seamount was defined using a rate of change of slope contour (where slope changed from <1 to >1 degree). The final data set analysed represented 93 transects on 51 different seamounts (40 surveyed in 2018 and 11 in 2006/07) and comprised 4,674 images (Table 1).


TABLE 1. The seamounts sampled using a towed camera system showing details of the seamount, the number of camera transects taken and the number of still images analysed.
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The Tasmanian Orange Roughy Fishery

The primary target of the trawl fishery on seamounts is orange roughy, a species found over a wide depth range, but off Tasmania occurring typically at depths of 700–1,200 m (Koslow et al., 1997). Commercial trawling logbooks indicate approximately 46,497 trawling operations were done in the study area between 1979 and 2017, and a total of 198,000 metric tonnes of orange roughy were caught during the main phase of the fishery between 1985 and 2006 (Upston et al., 2014). Some effort was also targetted at “oreo dories” that made minor contributions to the catch particularly in the developmental phase of the fishery (the 1980s) when their economic potential was being assessed, and because it was difficult to differentiate them from orange roughy with the hull-mounted echosounders used by commercial trawlers at that time: the spiky oreo (Neocyttus rhomboidalis, Gilchrist, 1906), warty oreo (Allocyttus verrucosus, Gilchrist, 1906) and smooth oreo (Pseudocyttus maculatus Gilchrist, 1906). The overall depth range of trawling was expected to be in ∼600 to 1,500 m depths, reflecting that oreo species occur slightly shallower (to 650 m) and deeper (to 1,300 m) than orange roughy, and because bottom trawl fishing typically involves landing the gear near the seamount summit (Clark and O’Driscoll, 2003) to stabilise it before towing downslope to herd fish into the net before winching the gear off the seabed on the deep flanks of seamounts.



Geographic Distribution of Commercial Trawling Effort

We evaluated the utility of commercial trawling logbook data compiled by the Australian Fisheries Management Authority (AFMA) to identify the depths and spatial distribution of bottom trawling impacts in the study area. Individual trawl operations were extracted from the AFMA database for the duration of the deep-sea fishery in this area: from its commencement (1979) to the most recently available annual data compilation prior to our survey (2017).

The average of the depth reported at the start and end of operations provided an estimate of the depth of each trawl. To map trawl effort we processed individual trawl tows as straight lines between trawl start and end locations and overlaid them on a 1 km grid. We cleaned the data by removing trawls with reported mean depth <500 m (outside the depth range of the fishery) and removed end position where trawl lines were longer than 7 km (a natural cut-off based on a frequency histogram of seamount trawl tow lengths). Straight-line interpolation of the tow lines appropriately represented trawling practise. We then calculated an index of trawl effort that combined two metrics: (i) where start and end positions were recorded, the number of trawls lines that intersected a cell, plus (ii) where only the start position was recorded, the number of trawl start positions per cell.

Our initial evaluation concluded that commercial trawling logbook data was not suitable to accurately quantify the level of fishing intensity at a spatial resolution that matches the size of most seamount features for several reasons: (a) the AFMA data generally have a low spatial resolution (1 min or ∼1.85 km at best), and this is variable over time; (b) the start and end positions recorded at sea are for the vessel and do not account for any offset of the trawl gear, making it uncertain where any bottom contact was made; (c) a large number of tows only recorded the start position. For these reasons, trawl effort was summarised into “effort blocks” to visualise geographic variation in trawling: effort was categorised in five ordinal classes as “very high” (>1,000 trawl records), “high” (250–1,000), “medium” (50–250), “low” (10–50), and “very low” (5–10), and blocks were defined by aggregating all contiguous cells with >50 trawl tows. Tallies of trawl tows were made for individual blocks based on counting each trawl tow only once. We did not map tows for cells with fewer than five records because these cells were scattered and mostly associated with very long trawls.

We used maps of effort blocks to identify where trawling effort was concentrated and where it was absent; trawl tallies within blocks provide a quantum of total trawl effort that can be compared among blocks. Further, the spatial proximity of effort blocks with the larger individual seamounts reliably identifies the primary fishing targets; overlap of blocks with smaller adjacent seamounts – particularly those named by the fishing industry – identifies them as likely to have been exposed to some level of trawling.



Scleractinian Coral Reefs and Indicators for Identifying Trawling Impacts

Deep-sea reefs built by scleractinian corals on seamounts have high ecological value because they enhance structural complexity and support elevated diversity and biomass compared to surrounding seafloor habitats (Althaus et al., 2009; Rowden et al., 2010a). Reefs in the study area are composed of the accumulating skeletal matrix of five scleractinian coral species (Figure 2): Solenosmilia variabilis Ducan, 1873, was typically the most abundant; this semi-cosmopolitan species is a widely distributed framework-building coral on seamounts in the South Pacific Ocean (Tracey et al., 2011); four other taxa were much less abundant and scattered – Dendrophyllia spp. (possibly two species, Marcelo Kitahara pers. comm.), Madrepora oculata Linnaeus, 1758, and Enallopsamia rostrata (Pourtalès, 1878). Although the shape, size, structural complexity, and architecture of the skeletal matrix differs among species, the common trait is that coral frameworks are elevated above the seafloor. This accumulated framework forms “reefs” that can exceed 1 km2 in extent in the study area (Williams et al., 2020).
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FIGURE 2. Images of scleractinian corals in the study area illustrating the terms used to define indicators of impact; insets show the structure of the coral skeleton “matrix” and branching pattern: (a) Solenosmilia variabilis – “reef” formed of extensive matrix made sturdy and resilient by extensive branch anastomosis; upper inset shows large, intact and bushy branch, and lower inset a detached “clump” of anastomosed branches (seamount Z4, 977 m); (b) Dendrophyllia spp. (probably two species) – “reef” formed by extensive matrix of low, sparsely-branched colonies; inset shows “fragments” of coral branches (Sisters, 879 m); (c) Madrepora oculata – “patches” of matrix formed by dense, delicate, multiplanar bushes; inset shows large and small “fragments” with distinctive zig-zag branching (St Helens east, 1,179 m); (d) Enallopsammia rostrata – small “patches” of matrix formed by individual colonies; inset shows, uniplanar with corallites on one-side (Main Matt, 1,017 m).


We expected to see three primary types of impact stemming from interactions between trawl gear and deep-sea coral reefs. First, we identify “blunt” impacts, caused by the motion of the ground-gear, trawl doors, and trawl net (sometimes with the cod-end containing a catch of fish and benthic by-catch), and line-shear impacts caused by the motion of the trawl sweeps and lower bridles (Ewing and Kilpatrick, 2014). Second, we observe accumulations of rubble and fragments from repeated disturbance of biogenic material by various parts of the trawling gear, but not removed in the net, and scattered coral in clumps or pieces resulting from discarding the by-catch at sea (Hall-Spencer et al., 2002; Gage et al., 2005; Althaus et al., 2009). Third, we observe lost fishing gear and gear marks on the seabed. We expected impacts would vary in severity and spatial extent due to factors such as frequency of trawling and the area and structure of the deep-sea coral reef. Based on these expectations, and observations in other studies (Koslow et al., 2001; Thresher et al., 2009; Clark et al., 2010b), we developed a set of indicators to identify impacts on deep-sea coral reefs that we could confidently attribute to trawling (Table 2 and Figure 3).


TABLE 2. Indicators used to assess the level of trawl impact and lack of impact on scleractinian deep-sea coral reef, showing their description and interpretation, and the type of data derived from either video (presence only) or still imagery (counts).
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FIGURE 3. Examples of impact indictors: (a) “dense rubble” with “gear mark” – St Helens (685 m); (b) “fragments” – Main Matt (1,003 m); (c) “sheared” – Atoll (1,072 m); (d) “clumps” – Pedra (1,079 m); (e) “trawl scar” – Hill U (1,172 m); (f) “undetermined” – Z5 (1,347 m).


To provide a consistent interpretation of the indicators, we used the following four terms to describe the structural coral matrix formed by live or dead coral skeleton (and see Figure 2): (1) “fragment” to describe detached branches of dead matrix, typically ∼ <10 cm in size; (2) “clump” for detached pieces of anastomosed matrix (dead or alive) typically ∼5–30 cm in size; (3) “patch” for small areas of matrix that are isolated and not contiguous, typically representing a single colony or few colonies; and (4), “reef” to describe large areas of contiguous coral matrix, ranging in size from several metres to >1 km2 (e.g. Mortensen et al., 2001). We also attempted to determine which coral species made up coral rubble. In many instances, where rubble was uncompacted and contained large fragments, we could identify its species composition. Conversely, where rubble was worn, it was difficult because eroded corallites and small fragment size mask the distinctive morphology of coral species.

The suite of impact indicators reflects seven signs of visible trawling damage to corals: (1) “coral rubble” (number), (2) “coral fragments” (number), (3) “sheared coral” (number), (4) “coral clumps” (number); we scored these four numerical indicators using still images. The set also included three presence/absence indicators: (5) “trawl scar” (±), (6) “lost gear” (±), and (7) “gear marks” (±). We scored the presence/absence indicators using the video. We also included the numerical indicator – (8) “undetermined,” to capture seabed areas composed of bare rock, clear sediment, or sparse and patchy reef matrix (sometimes with rubble or fragments) that lacked unequivocal evidence of trawling. It was also used for the often-extensive areas of dead, eroding, and sediment-clogged matrix present on the deep flanks and bases of seamounts where the presence or type of impacts were difficult to recognise with confidence. This indicator was not used in the analysis because by doing so we would have risked introducing both false positive and false negative observations, thereby biasing the assessment of fishing impacts in an unknowable direction. Indicator (9) “no impact” (number) was the presence of an intact high-relief coral matrix (live and dead) without any apparent signs of degradation or damage.

The still images were best suited to score the numerical indicators (1–4, 8, 9), because of their higher resolution compared with video. We scored only the dominant indicator (most obvious or covering the largest area) in each still image. Detailed examination of stills also allowed us to identify coral fragments to species level. The videos were best suited to score the presence-only indicators (5–7). Thus, the context provided by moving imagery enabled detection of “trawl scars” which were typically narrow and present in only one or two consecutive still images and it avoided double-counting of “lost gear” and “gear marks” which often spanned many successive still images along a transect. We also used the video to identify the dominant substratum type, including deep-sea coral reef and biogenic rubble, using the CATAMI classification (Althaus et al., 2015). We could distinguish “live” reef from “dead” in videos by recording the number of coral heads with living polyps (distinctly orange in colour) in slow-speed replays. A cross-check was made between selected images from both video and stills to check the consistency of the indicator assignment and scoring. The scores assigned to individual still images were summarised as count (frequency) data and presented as a proportion of the number of images analysed per seamount. The analysis used only data from “on-seamount,” i.e., transects were clipped at seamount bases as described above. Georeferenced annotations were visualised in maps of seamounts using QGIS (QGIS, 2018).




RESULTS


Depth Distributions of Scleractinian Corals

The main framework-building coral species, Solenosmilia variabilis, can occasionally be present as isolated patches but typically forms extensive and continuous reefs in the study region. Its core depth range (reef with live corals), based on analysing 106 transects on 51 seamounts, and with reference to the depth range of contiguous patches (deep-sea coral reef vulnerable marine ecosystems sensu Williams et al., 2020), is ∼950–1,350 m (Figure 4). We did observe rare, scattered, and isolated small patches of live S. variabilis reef slightly shallower (to 817 m depth) and slightly deeper (to 1,485 m depth). Areas of “dead reef” (intact matrix without living coral polyps) occurred from 775 to 1,647 m depths, with extensive areas of dead reef occurring deeper than ∼1,250 m (Figure 4). Large reef areas of the minor species were not observed. Matrix of the less abundant framework-building corals extended into shallower depths and had narrower depth ranges (Dendrophyllia spp. and Enallopsammia: 606–1,287 m depths; Madrepora occulata: 1,006–1,286 m depths (Figure 4). In the minor species, the depth range of living coral encompassed the depth range of dead intact matrix, but rubble was observed in shallower depths: Enallopsammia to 597 m and Madrepora to 663 m.
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FIGURE 4. Depth ranges of parameters relevant to understanding trawling impacts: (A) frequency of the average depth of trawl operations reported in commercial logbooks; (B) frequency of combined observations from video imagery to show the depth range sampled; (C) depth ranges of dead and live matrix, and rubble, for all framework-building scleractinian corals combined based on frequency of observations in video imagery (D) depth ranges of dead and live matrix of Solenosmila variabilis, Dendrophyllia/Enallopsammia spp. and Madrepora oculata based on frequency of observations in still images. Vertical lines mark the core distribution of live coral reef formed by S. variabilis (approximating 95% records, and as mapped in Williams et al., 2020).




Distribution of Trawling Effort

Based on commercial trawling logbook data, the average depth of most bottom trawling deployments was between 700 and 1,100 m depths (Figure 4). A shoreward distribution of effort to ∼500 m (the shallow depth limit of our analysis) primarily reflects that some trawling is “off-seamount” on the continental slope. The deep end of the trawling range reflects trawls being winched up in deeper water after herding fish down the flanks of seamounts. These ranges are consistent with the collective depth ranges of the target species and trawling practise on these seamounts.

The geographic distribution of trawl effort as defined by “blocks” (aggregations of contiguous 1 km2 grid cells with >50 trawl tows) showed 19 blocks of concentrated trawling; these varied greatly with respect to size, the number of tows, and the concentration of tows within a block (Figure 5). Commercial trawling logbook data also identified areas of relatively low effort and where there was no effort, in waters deeper than about 1,500 m and on seamounts with peaks deeper than about 1,200 m (Figure 5). Three blocks accounted for >8,000 tows each, being associated with the three largest individual seamounts (St Helens, Main Matt – including NW Matt, and Pedra) in our survey area. Relatively high effort (1,164–3,273 tows) occurred in five blocks also associated with distinct seamounts (Sisters, St Patricks Head, Sharks Tooth, Andys – Mackas, and the Corvina Group (comprised of Punchs Hill, Coral Hill, The Thumb, The Ridge and Andres). Collectively, these eight areas were the primary deep-sea fishing grounds and represent the major spatial concentrations of bottom trawling at this depth in the region (Figure 5). The 11 other blocks were small, and intensity was less (a range of 114–623 tows per block).
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FIGURE 5. Map of region showing the number of trawl operations and categories of effort. Trawl data mapped into 1 km cells with concentrations of effort shown as bounded “trawl blocks” (total number of operations tallied in parentheses): 1 – Sharks Tooth; 2 – no ID; 3 – Main Matt – including NW Matt; 4 – no ID; 5 – Z99; 6 – Noddys Knob; 7 –Growler; 8 – Andys – Mackas; 9 – Lorna – Belinda; 10 – Z61; 11 – Pedra; 12 – Corvina Group; 13 – Conger; 14 – Sisters Seamount; 15– Brians; 16 – Patience; 17 – Atoll Group; 18 – St Patricks Head; 19 – St Helens. Video transects are shown as black lines and observations of lost gear, gear marks and trawl scars (purple circles) are highlighted. Contours are 50 m intervals with 650, 950, 1,350, and 1,500 m highlighted as light to dark green; the seamounts are outlined (cyan). (a) Overview map showing the 500 m depth mask and the relative locations of the three maps, the inset of (a) effort map of the seamounts off St Helens; (b) eastern deep edge of the Tasman Fracture AMP; (c) western edge of the Huon AMP.




Trawling Impacts on Deep-Sea Coral Reefs


Patterns of Damage in the Eight Focal Areas

The trawling impact indicators were first examined on seamounts in the eight Focal areas where intensive sampling (multiple transects per seamount) enabled us to identify patterns of coral damage and compare these to the ranges of recorded trawling effort. The comparisons were possible due to the contrast in trawling history across the eight Focal areas: three overlapped trawl effort blocks with high trawling concentrations (St Helens, Main Matt, Pedra), and two overlapped medium trawling blocks (Sisters and Corvina Group) (Figure 5). Of the other three, Seamount Z16 was within the Pedra block, but was previously believed to be untrawled (Althaus et al., 2009), while the two deeper seamounts, Hill U and Hill K1, had no trawl effort recorded in logbooks (Figure 5c).

The two shallowest seamounts (St Helens and Main Matt, summits at 575 and 610 m depth, respectively, Figures 6a,b), both exposed to high trawling effort, were characterised by an absence of unimpacted matrix or reef, but extensive accumulations of coral rubble around their peaks. This rubble was highly fragmented, mostly light in colour, and composed predominantly of the shallow species: Dendrophyllia spp., Enallopsamia rostrata with some Madrepora oculata. There were also extensive areas of bare rock on their flanks. Observations of fragmented, sheared and detached clumps of coral were relatively infrequent and restricted to the lower flanks, base and off-seamount areas. There were numerous observations of lost trawl gear and gear marks on and around both seamounts (Figure 5). Collectively, these patterns suggest that coral reefs had initially formed on the upper parts of these seamounts and that trawling had reduced them to rubble, much of which was not removed. There was minor evidence of Solenosmilia variabilis rubble (on the extensive areas of bare rock).
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FIGURE 6. The eight Focal areas sampled with multiple transects showing detailed mapping of impact indicators, substratum types and distribution of live coral matrix. Their locations are shown in Figure 1. Supplementary Figure 1 shows example detail of the four annotation types for Hill U and expanded images to show detail for all Focal areas are shown in Supplementary Figure 2. Most focal areas contain individual seamounts, although Pedra has a parasitic cone (Mongrel) and Main Matt has a second peak (NW Matt); the Corvina Group has six inter-connected seamounts: (a) St Helens, (b) Main Matt, (c) Pedra, (d) Z16, (e) Corvina Group, (f) Hill U, (g) Sisters, and (h) Hill K1.


In contrast to St Helens and Main Matt, the two other large, relatively shallow and heavily trawled seamounts (Pedra and Sisters; summits at 700 and 805 m depth, Figures 6c,d) lacked large accumulations of coral rubble around their peaks. These seamounts were instead characterised by relatively abundant detached clumps and infrequent areas of sheared S. variabilis. There were extensive areas of bare rock on the flanks of both Pedra and Sisters, where coral rubble and fragments were widespread. The rubble contained some Dendrophyllia and E. rostrata but S. variabilis was dominant. Extensive, intact areas of S. variabilis were observed only in localised areas in depths >1,000 m; this too showed evidence of shearing in places. Scattered and small areas of live E. rostrata and small isolated clumps of live S. variabilis, and fragments of both species, were observed around the peaks on Sisters on rugged bottom that would be difficult to access with bottom trawls. There were numerous observations of lost trawl gear and gear marks on and around both seamounts (Figure 5). These observations collectively indicated that shallow scleractinian coral reefs were not as extensive on the upper parts of Pedra and Sisters as on St Helens and Main Matt. The deeper living S. variabilis was the dominant species on both seamounts, but extensive coral reefs were restricted mainly to depths >1,000 m. It is possible that this species may have been more abundant at shallower depths before trawling – especially on Pedra where there are extensive areas of trawlable bottom; there was, however, no extensive rubble as was observed on the shallowest seamounts.

Three deeper seamounts [Z16 (982 m), Hill U (1,065 m) and Hill K1 (1,214 m)], Figures 6e–g, respectively) were each characterised by extensive areas of deep-sea coral reef formed by S. variabilis, and showed some evidence of trawling impact. This was most apparent on Seamount Z16 that is immediately adjacent to Pedra Seamount and within its block of very high trawling effort (block 7). Seamount Z16 had a near-contiguous cover of S. variabilis that was mostly unimpacted; there was, however, occasional coral shearing observed on all camera transects, a concentration of shearing and detached coral clumps on the southwest flank, and trawl scars near the peak. Numerous coral clumps were observed around the base of the seamount on all transects; these were interpreted as a mix of natural reef erosion (as this comprised mostly dead matrix), possible translocation of coral by-catch from Pedra seamount, but also local disturbance. The slightly deeper Seamount Hill U also had extensive areas of S. variabilis but a higher degree of impact (Figure 6f). Deep-sea coral reef was mostly unimpacted on the northern and southern transects, but there were large areas of sheared coral with coral clumps, particularly on the western flank. As for Z16, areas of dead coral clumps at the base of the seamount were interpreted partly as natural reef erosion at and beyond the present-day deep limit of live S. variabilis reef and partly local disturbance. The third seamount, Hill K1 (Figure 6g) was relatively deep. Dense S. variabilis was restricted to the peak with most unimpacted although shearing and coral clumps were observed in the southwestern sector. On the flanks, all of which were below the depth of live S. variabilis, there were extensive areas of unimpacted dead coral reef and bare rocky areas (Figure 6g). There was lost gear and gear marks on Seamounts Z16 and Hill U.

The three small seamounts in the eighth Focal area – the Corvina Group (Figure 6h) – reinforce the depth-related patterns observed in greater detail in the seven other Focal areas. The shallowest (Punchs Hill, summit at 740 m depth) had large rubble accumulations (predominantly Dendrophyllia) around its peak, sheared coral matrix and mixed-species rubble on its flanks, and accumulations of S. variabilis coral clumps at its base. Isolated small areas of Dendrophyllia and live S. variabilis clumps were observed on rugged bottom, but the proportion of unimpacted seabed was very small (Figure 6h). The Coral Hill seamount (summit at 745 m depth) was sampled with only a single transect. Still, it had a similar pattern to Punchs Hill, with rubble accumulation below the peak, sheared S. variabilis coral matrix on the flank, and accumulations of S. variabilis coral clumps at the base (Figure 6h). Seamount Z4 was the deepest (summits at 945 m depth) in this Focal area and, similarly to other seamounts at this depth, characterised by a high cover of S. variabilis reef. Z4 was unimpacted in places, particularly on rugged and steep slopes, but there were many observations of sheared matrix and accumulations of clumps (Figure 6h), and trawl scars below the peak. Lost gear (Punchs Hill) and gear marks (Z4) (Figure 5) corroborate the trawling activity there and the high level of trawling effort tallied for the block containing the Corvina Group of seamounts.

Collectively, these observations highlight the difference in the species-mix of dominant framework-building scleractinian coral species between deep and shallow (∼ ≪cps:it > 950 < /cps:it≫ m) seamounts. We demonstrate unequivocally that there has been some trawling on all these seamounts, notwithstanding earlier assumptions that some (Z16, Hill U and Hill K1) were classified as being “untrawled” (Althaus et al., 2009). We find that fishery-independent data demonstrate that commercial trawling logbook data may not be reliable to accurately interpret trawling effort and infer impact at the scale of small or closely adjacent individual seamounts.



Patterns on Other Individual Seamounts

The analysis of trawling impact was then extended to the seamounts surveyed outside the eight Focal areas – a combined total of 51 seamounts. Nearly all surveyed seamounts (45 of 51, or 88%) showed some sign of damage attributable to bottom trawling (Figures 7, 8). There was, however, also a sizeable proportion (>25%) of unimpacted deep-sea coral reef on many seamounts (20 of 51, or 39%).
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FIGURE 7. Proportions of impact indicators (Table 2) used to classify the “level of impact” on individual seamounts. Histogram shows proportions of numeric indicators sorted by combined proportion of impact indicators for shallow and intermediate depth seamounts separately; shallow and intermediate depth seamounts distinguished by the core depth range (950–1,350 m) of the dominant scleractinian coral (Solenosmilia variabilis); an asterix identifies deep seamounts >1,350 m. Side bar shows the presence-only indicators – including seamount membership of blocks of high trawl effort and those named by the fishing industry).
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FIGURE 8. The spatial distribution of the numeric impact indicators (Figure 7) on individual seamounts. Contours are 50 m intervals with 650, 950, 1,350, and 1,500 m highlighted as light to dark green; the seamounts are outlined (cyan). (a) Overview map showing the 500 m depth mask and the relative locations of the three maps with inset of (a) the seamounts off St Helens; (b) sites in and adjacent to the Tasman Fracture AMP; (c) sites in and adjacent to the Huon AMP.


The depth-related patterns of impacts seen in the Focal areas were also seen across the study area. Thus, the 16 shallowest seamounts (<950 m) were characterised by accumulations of rubble, often with high proportions of coral fragments and/or coral clumps, and scarcity or absence of unimpacted reef areas (Figure 7). Extensive areas of bare rock overlain with scattered coral rubble on Andys and Monitor were scored as “undetermined” but, given that they were primary targets in high trawl effort blocks, it is likely their deep-sea coral reefs were removed from the areas surveyed. The relatively large group of 31 seamounts peaking at intermediate depths (∼950 and 1,350 m) varied greatly in both the proportions of the impacts seen and the cover of unimpacted coral matrix. Three seamounts (Belindas Dory Hill, Z99 and Atoll) had very high (>75%) combined proportions of rubble accumulation, fragments, shearing and clumps; another nine had a moderately high percentage (>25%), the remaining 15 were lower with three having no coral-related impact observed (Figures 7, 8). The deepest seamounts (peaks > 1,350 m) tended to have high proportions of undetermined impact, consistent with a high abundance of naturally eroded and sediment-clogged S. variabilis reef, and small proportions of an intact matrix which was primarily dead S. variabilis (Figure 7).



Extrapolating Observed Trawling Impacts to all Seamounts

Based on our observations of trawling impact, we developed a simple step-wise hierarchical classification process to define five relative “levels of impact” for individual seamounts (Figure 9). The classification included the 51 surveyed seamounts and the 140 unsurveyed seamounts, and used criteria based on quartiles of observed impact and no impact (surveyed seamounts only); presence in a trawling effort block; being within the fishery depth range (<1,500 m); and fishing history (whether the seamount was named by the fishing industry or direct evidence of fishing activity). The scheme used quartiles as thresholds for the image-derived proportional impacts data because they are free of underlying assumptions or biases, and because exploratory multivariate analysis failed to provide a robust alternative. The proportional indicators were summed because their relative severity could not be objectively distinguished; similarly, the presence-absence indicators were treated equally because there was no objective way to assess their relative importance.
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FIGURE 9. A step-wise hierarchical classification process to classify relative levels of impact on individual seamounts. The steps use a seamount’s membership of blocks with high trawl effort, arbitrary thresholds of 25 and 50% to split the proportional indicators of “impact” and then indicator of “no impact,” and presence of lost gear/gear marks/trawl scars and/or industry-named seamounts. Impact on unsurveyed seamounts inferred from their membership of trawl effort blocks and whether or not they peak inside the operating depth of the fishery.


Applying this method to the 51 surveyed seamounts, we classified 18 as heavily impacted, 13 moderately impacted, 14 lightly impacted and six without signs of impact. Extrapolating the same approach to the 140 unsurveyed seamounts in the study area, we classified 13 as heavily impacted (based on fishing history), one lightly impacted (a named seamount), 56 unimpacted (all from >1,500 m depths beyond the operating range of the fishery), and 70 that were not able to be assessed (within fishery depth range but no fishing history or observation). The classification is mapped in Figure 10.
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FIGURE 10. Map of region showing the relative level of impact for surveyed seamounts (circles) and unsurveyed seamounts (diamonds), and areas of live deep-sea coral reef formed by Solenosmilia variabilis. Background shading shows primary depth ranges relevant to scleractinian coral reefs and trawling effort: pale orange – inshore of seamount fishery (500–650 m); brown – shallow (650–950 m) range of coral reef and blocks of concentrated trawling effort; orange – intermediate (950–1,500 m) depth range of scleractinian coral reef and some trawling effort; and grey – deep (>1,500 m) range beyond the depths of living scleractinian coral reef and operational depth of trawl fishery. Australian Marine Park (AMP) boundaries in light blue: (a) overview map showing the relative locations of the three study areas, with inset showing sites at the St Helens Seamount and one adjacent seamount; (b) sites in and adjacent to the Tasman Fracture AMP; (c) sites in and adjacent to the Huon AMP.


Because the depth distribution of trawl fishing is driven primarily by target species with a substantial overlap in depth range (∼650–1,300 m) as living scleractinian corals in this area (Figure 4), and frequently concentrate around the same topographic features, there is a strong overlap of heavy to moderate levels of trawling impacts with areas that are likely to support, or have supported, deep-sea coral reefs. This is most evident in the shallowest range of this study area (∼650–950 m depths), but variable in intermediate depths (950–1,500 m) where seamounts are characterised by a mix of impacts ranging from heavy to no impact.

An a posteriori check of the “expert” classification against a statistical multivariate classification (see Supplementary Material) indicated no inconsistencies or anomalies. The between-classification differences for a few individual seamounts were explainable, while general patterns were consistent and intuitive: shallow seamounts in areas where trawling was concentrated and which were named by the fishing industry were those classified as heavily impacted; very deep seamounts outside the range of target species and trawl exposure were classified as unimpacted; and seamounts at intermediate depth (where image data shows high between-seamount variability in level of impact) were variously classified, with unsurveyed seamounts treated cautiously and were mostly “not assessed.”





DISCUSSION


Attributing Signs of Change to Trawling

Estimating the nature and extent of direct trawling impacts on seamount scleractinian coral reefs in images was surprisingly taxing. The main challenges were to avoid false-positive identification of trawl impact stemming from either (1) misidentifying areas that naturally lacked coral reef as areas where coral had been removed, or (2) attributing trawling as the cause of natural processes of reef degradation.

Bioerosion, dissolution and natural breakage gradually degrade the structural integrity of coral matrix in the deep sea (Roberts et al., 2006). These processes can lead both to the appearance of shear (white tips at the ends of multiple coral branches) and to accumulations of debris in the form of clumps and rubble. Debris may form distinct zones of “rubble apron” habitat around the bases of carbonate mounds composed of the scleractinian coral Desmophyllum pertusum (Linnaeus, 1758) (Howell et al., 2010) with debris becoming more scattered and composed of smaller fragments as the distance from mounds increases (Wienberg et al., 2008). As well, if reefs are not exposed to a sufficiently high hydrodynamic regime they can be buried by mobile sediment as it is baffled and trapped in the reef matrix (White et al., 2005; Roberts et al., 2006). This process may occur over large spatial and temporal time scales: in the North Atlantic growth of carbonate mounds formed by D. pertusum is cyclic with phases of reef development during inter-glacial periods and burial during glaciation (Roberts et al., 2006), and fully buried mounds have been observed (Colman et al., 2005). Given the potential for these signals of natural processes to also be observed in our study area it was particularly important to recognise and distinguish between natural and trawl-induced causes of (1) rubble accumulation, and (2) partially buried reef with shear and/or patchy and scattered distributions.

We adopted a conservative approach to the interpretation of the indicators to minimise the risk of false-positive identifications of trawl impact. First, we scored only “on-seamount” imagery, thereby excluding seamount bases (∼15% of total data) where natural accumulations of rubble were more likely, where naturally degraded reef was more abundant, and where areas of muddy and sandy sediments and bare rock were prevalent (Figure 6). Secondly, we classified all observations that either lacked evidence of impact or were uncertain in terms of whether an impact was being observed, as “undetermined.” This category was relevant both to account for “on-seamount” areas of featureless rock or sediment substrate where there was neither evidence nor lack of evidence of impact, and to eliminate the risk of misidentifications of impacts, particularly on deep seamount flanks below the depth of living coral reef (∼1,350 m) where there are extensive areas of dead S. variabilis (Thresher et al., 2014), and where naturally degrading, sediment-clogged and partially buried reef areas were more abundant. We acknowledge that by including the category “undetermined,” we may have underestimated some trawl-impacts. In that sense, ours are minimum estimates of impact. It would, however, be invalid to do the opposite. Inferring (wrongly) that an effect is caused by trawling when no unequivocal evidence exists creates a false-positive and becomes speculative. Thirdly, we checked for consistency in our classifications by cross-referencing still images and video observations – maximising the strength of each format. For example, the higher resolution of stills was important to confirm the detachment of clumps, while the moving perspective of video was essential to detect narrow trawl scars through intact coral matrix. Fourthly, our observations of lost trawling gear, gear marks and trawl scars were treated as presence-only data to avoid double-counting. Finally, we “reality checked” our interpretation of much of the imagery against the distribution of trawling logbook data, albeit at a relatively coarse spatial scale (Figure 5).

Accumulations of coral rubble in the vicinity of deep-sea coral reefs are commonly attributed to trawling. While this is not always substantiated, attribution in many cases is based on compelling images of lost gear or gear marks amongst scleractinian rubble (Fosså et al., 2002; Hall-Spencer et al., 2002; Clark and Dunn, 2012; Baco et al., 2020; Du Preez et al., 2020). In our data, extensive accumulations of coral rubble on shallow seamounts (those peaking in <950 m depths) were interpreted as fragmentation of reef matrix due to recent and repeated trawling. This attribution was consistent with patterns of trawl effort distribution, and also consistent with a marked contrast with rubble from two other areas that appeared to have accumulated naturally. Thus, small areas of rubble at the base of the adjacent steep continental slope and on Fang Seamount were characterised by a mix of scleractinian coral with other material (variously, pebble-gravel sized clasts, barnacle plates, mollusc shells, echinoderm tests, octocoral fragments and hydrocoral skeletons); fragments were of mixed size but were mainly relatively large, and uncompacted with many interstitial spaces; and the rubble was heterogeneous in structure and colour, but mostly darker (coated with ferromanganese oxide) (Supplementary Figure 3). In contrast, rubble on the shallow seamounts formed extensive patches, was predominantly composed of coral, it was fragmented into relatively small pieces, more uniform and worn in appearance and often compacted, and mostly white in colour (Supplementary Figure 3).

Where rubble accumulations were low or absent on shallow seamounts in our study area (Andys, Monitor, Pedra and Sisters), there were extensive areas of bare rock either overlain with scattered coral rubble (Andys and Monitor) or with substantial scattered fragments and clumps (Pedra and Sisters). Attributing these signs to trawling impact is consistent with the observation of occasional small patches of live reef and dead reef base around the more rugged peaks of some shallow seamounts and corroborated by the location of all shallow seamounts in trawl blocks of very high to high effort (Figure 5). Our observations of trawling impact are also consistent with observations off New Zealand on similarly small seamounts exposed to similarly heavy/very heavy levels of trawl intensity (100–1,000s of individual tows). Thus, extensive damage to coral habitats can be caused by a small number of tows (O’Driscoll and Clark, 2005; Clark et al., 2019), while repeated trawling on the summit areas may remove almost all the coral (Clark and Tittensor, 2010).

Our strategy to classify relative “levels of impact” on individual seamounts was based on using commercial trawling logbook and image data together in a hierarchical and conservative manner. We were not able to rely solely on quantifying the number and directions of trawl tows overlapping or in close proximity to individual seamounts of varying size (O’Driscoll and Clark, 2005; Clark and Tittensor, 2010) because our initial evaluation showed that cumulative spatial uncertainties in logbook data stemming from variable and low resolution of spatial reporting (+1.85 km for both start and end position plus unknown vessel to trawl gear offsets), were greater than the footprint of the small seamounts and/or the separation between them. Although very detailed examination of data and subjective manual assignment can reduce some of these limitations (e.g. Clark et al., 2016b), in general they preclude using logbook data to estimate effort per seamount. This study shows that two previous “logbook-only” classifications of some Tasmanian Seamounts as very heavily fished to very lightly fished (Koslow et al., 2001; Clark et al., 2019) or fished vs. never fished (Althaus et al., 2009; Williams et al., 2010) include some misinterpretations, especially for “never fished” Seamounts Z16 and Hill U. Our reanalysis provides evidence of lost trawl gear on Hill U where no trawling effort was mapped and therefore an underestimate of the spatial extent of trawl effort distribution. In contrast, Seamount Z16 is overlain by grid cells of high effort and it is part of the Pedra effort block with very high effort, whilst imagery shows it has extensive cover of coral reef (Figure 6e) and the largest total reef area observed in the study area (Williams et al., 2020).



Impact at the Seascape Scale

On the Tasmanian continental slope, as has been observed elsewhere in the deep sea (Clark et al., 2016b; Du Preez et al., 2020), the depth distribution of historical bottom trawling strongly overlaps the depth ranges of scleractinian coral reef (Figures 4, 10). At the regional scale, some 300 nm from Sharks tooth to St Helens, our data and extrapolation indicate there is a range of strongly depth-related impacts on individual seamounts: heavy (31 seamounts), moderate (10), light (18) with no impact observed on 62 (mostly inferred on seamounts peaking at >1,500 m), and 70 not assessed.

In the shallowest fishery range (∼650–950 m depths) off Tasmania, our data indicate there has been substantial and widespread removal of scleractinian coral reef. Based on more limited data, Koslow et al. (2001) postulated that virtually all coral aggregate, living or dead, had been removed from shallow seamounts by the fishery, however, they assumed all the deep-sea coral reef was formed by S. variabilis. Although we were not able to consistently or quantitatively assess the composition of impacted rubble, our observations show that in ∼600–900 m depths, the bulk was made up by different species: Dendrophyllia spp. and some Enallopsammia. Shallow accumulations also contained Madrepora in bands or patches from ∼660 to 1,050 m depths but rarely Solenosmilia which was more typically present in rubble as dislodged or scattered matrix and fragments from ∼800 to 1,200 m depths.

Determining the significance of an impact on vulnerable marine ecosystems (VME) requires knowledge of their status before impacts occur (Baco et al., 2020). Baseline data are, however, very rarely available (Schlacher et al., 2014) including off Tasmania. Whilst we do not know the species composition and cover of deep-water reefs before the fishery commenced, our data presented here constitute a body of evidence that points toward widespread removal of Dendrophyllia and Enallopsammia, and to a lesser extent, Madrepora; this leaves very little scleractinian coral reef at depths <950 m (Figure 10).

We also do not have quantitative data about the amount of coral removed as by-catch. Anecdotal evidence by fishers suggests that “catches” of coral were “substantial” in the early stages of the Tasmanian fishery (Koslow et al., 2001), including some stupendously large individual catches (>10 metric tonnes) (AW, unpublished data). Anderson and Clark (2003) reported a very high by-catch of the coral Solenosmilia variabilis in the first year of a new orange roughy fishery on the South Tasman Rise (just over 200 nm south of Tasmania), with an estimated 1,700 metric tonnes of coral by-catch in trawling operations that took 4,000 metric tonnes of orange roughy.

At intermediate depths (∼950–1,500 m) off Tasmania, where extensive scleractinian coral reefs are formed predominantly by Solenosmilia, the level of trawling impact on individual seamounts appears to be highly variable, ranging from no damage to severe harm to deep-sea coral reefs. Heavily impacted seamounts, those that are either primary fishing targets within areas of highly concentrated trawling (blocks of 100 to 1,000s of trawl tows) and/or where image-derived indicators of impact sum to >50%, may represent a significant and long-term loss of species richness and habitat at the seamount scale. Importantly, however, many areas of intact Solenosmilia coral reef VME remain across the region (Figure 10) (and see Williams et al., 2020). These include many seamounts (20 of 51) where high relief and undamaged coral reef (scored in images as “no impact”) made up sizeable proportions of (>25%) of observations – including on some seamounts (e.g., Z8 and Little Mongrel) where moderate impacts were also observed (indicators of impact >25% images). Surprisingly, there were also patches of unimpacted matrix remaining on some of the most heavily impacted seamounts (e.g., Pedra and Sisters, Figures 6, 10). Importantly, intact deep-sea coral reef extended on to rocky seabed areas adjacent to some seamounts, particularly where seamounts were in close proximity, e.g. Little Sister (Figure 10). The existence of unimpacted coral reef areas in the study area is attributable to complex seabed topography where trawling cannot occur, and to the existence of small features that may not have supported concentration of target species or were too logistically difficult to target with trawling gear. In our data, rugged areas were typically locations where lost gear was observed and this is why “lost gear” was used here only to indicate the presence of trawl impact. We observed sheer cliff-like topography (to 40 m height) and rugged sectors on individual seamounts that are either inaccessible or represent high risks to gear. This parallels observations from New Zealand where Clark and Tittensor (2010) reported isolated patches of coral and an extensive coral area along a lava flow on the flanks of two small but heavily trawled seamounts.

There is unlikely to have been trawling impact beyond 1,500 m depth because this is below the depth limit of concentrations of target species and the depths to which trawls are taken to herd fish into the net. Living framework-building scleractinian coral reef is also absent below 1,500 m (Thresher et al., 2014). The extensive areas of Solenosmilia reef that extend to ∼1,650 m (Figure 4) are made up entirely by dead matrix; die-off may be attributable to a change in historical oceanographic conditions – possibly shallowing of the aragonite saturation horizon – which may set the depth limits for scleractinian corals (Tittensor et al., 2009; Davies and Guinotte, 2011). However, depths >1,500 m are not irrelevant to conservation: other VME indicator taxa, particularly octocorals, are diverse and some abundant (Alderslade et al., 2014; Thresher et al., 2014; Althaus et al., 2017), and extraordinarily high biomass of hormathiid anemones and deep-sea barnacles (Tetrachaelasma tasmanicum Buckeridge, 1999) was observed at ∼2,500 m (Thresher et al., 2011).



Management at the Seascape Scale

The high vulnerability of deep-sea fauna to trawling impacts makes spatial management an important priority, but biodiversity conservation should be balanced with options for open areas that support sustainable fisheries (Clark et al., 2016a). Our findings highlight the benefit that can stem from early management intervention to balance exploitation and conservation, namely that some seamounts representing a range of depths are protected before fishing occurs (Clark and Dunn, 2012). The approach of the Australian Government was to capture many seamounts in marine parks in 2007, but drawing park boundaries in ways that left some seamounts, including the two most productive for orange roughy trawling (St Helens and Pedra), open to fishing. Although the conservation performance of the marine park designs could not be assessed at the time (because the continental slope was incompletely mapped and few seamounts had been sampled), more recent ecological data (Althaus et al., 2009; Williams et al., 2010; Thresher et al., 2014) showed that a large number of individual seamounts and large areas of intact Solenosmilia deep-sea coral reef VME were protected within marine parks. Our study shows the “Tasman Fracture” and “Huon” Australian Marine Parks (AMP) enclose many seamounts assessed to be lightly impacted or to have no measurable signs of fishing impacts. This indicates the dominant framework-building scleractinian coral, S. variabilis, has been protected, although it remains unclear whether similar protection has been afforded to the shallower coral species. In addition, it is likely there are many, as yet unidentified, areas of unimpacted S. variabilis coral reef on the small, closely adjacent and unsurveyed seamounts in the Huon AMP as small areas of the scleractinian coral S. variabilis also persist on previously trawled seamounts and extend onto rocky areas adjacent to seamounts. Adding a criterion of “naturalness” in spatial conservation planning that assumes fished areas contain only damaged and degraded habitat may create a model bias against fished areas. Yet, here we show that detailed empirical field data can reveal deep-sea coral reefs may persist in refuge areas after years of fishing. The existence of sizeable deep-sea coral reef refuges in a complex mosaic of spatially variable fishing effort, suggests that more nuanced approaches to conservation may be warranted than simply closing untrawled areas and ignoring trawled areas. This type of “freeze the footprint” measure also ignores the potential of impacted areas to recover (Baco et al., 2020). A greater flexibility of approach may achieve more effective conservation with fewer areas ineffectively closed to fishing, especially when the biological resources with conservation value are rare in a broader seascape context.
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Nephtheidae soft corals are a common component of benthic ecosystems in the Northwest (NW) Atlantic and in the Arctic, but little is known about their functional roles. Here we investigated their role as habitat for basket stars (Ophiuroidea). By examining over 4500 soft coral colonies of Drifa glomerata, Duva florida, Gersemia spp., and Pseudodrifa racemosa collected during trawl surveys in the regions of Newfoundland, Labrador and West Baffin Bay, we show that Nephtheidae soft corals are habitat for juvenile Gorgonocephalus sp. basket stars. Juvenile Gorgonocephalus sp. were found on all soft corals species, but Drifa glomerata was the soft coral species with the highest occurrence of associated juvenile basket stars (32%), with a maximum of 111 basket stars found on a single 4.8 cm tall (contracted state) colony. Individual basket star disc diameter did not change with colony height, but it varied with season for individuals found on D. glomerata. On the other hand, colony height was positively related with maximum disc diameter (D. glomerata), and presence and number of basket stars on a colony (D. glomerata and D. florida). One very young ophiuroid was found within one polyp of a D. florida colony collected in July. We also examined bottom trawl survey data from 2011 to 2017 from Newfoundland to Baffin Bay, and other locations in the Eastern Canadian Arctic and found that for our largest database, 45% of trawl sets that contained basket stars also contained corals, of which 67% were Nephtheidae soft corals. In this study we show that all four Nephtheidae soft coral taxa studied act as habitat for juvenile basket stars, which are conspicuous components of benthic communities in cold-water environments. Soft corals are commonly exposed and vulnerable to bottom fishing gear in the North Atlantic. We urge future studies evaluating the nature of this relationship, the potential role of soft corals as nurseries, and the potential degree of dependency/preference between basket stars and soft corals in relation to other organisms.

Keywords: cold-water corals, Nephtheidae, functional role, habitat, basket stars, Gorgonocephalus, juveniles


INTRODUCTION

The functional role of an organism can be defined as the functions provided to the ecosystem (Vaughn and Hakenkamp, 2008), such as ecosystem functions related to impacts on substrate, bentho-pelagic coupling, and associations with other organisms (e.g., provision of microhabitat) (Bell, 2008). The function of habitat provision might also be accompanied by other functions, such as protection against predation, substrate for settlement, and camouflage (Bell, 2008). Cold-water corals are well known for their habitat-provision potential, as they are often reported in association with other organisms. Gorgonians and black corals have drawn particular attention, as they can grow to large sizes and host a variety of organisms in symbiotic, parasitic, or simply epibiotic relationships (Wahl, 1999; Krieger and Wing, 2002; Buhl-Mortensen and Mortensen, 2004a,b, 2005; Mosher and Watling, 2009; Clippele et al., 2015; Girard et al., 2016). With the advent of imagery technologies, in situ evidence of conspicuous associations with cold-water corals have become more common. This is especially true for taxa that can attain large sizes like gorgonians, which are more noticeable from imagery than small taxa like Nephtheidae soft corals, which are relatively small (often < 15 cm tall), with flexible, soft bodies. In contrast to other octocorals, soft corals have even been considered unsuitable to host attached species (Buhl-Mortensen et al., 2010), and believed to not host symbionts, in comparison to their warm-water nephtheid counterparts (Watling et al., 2011).

Ophiuroids in the genus Gorgonocephalus are a good example of conspicuous organisms commonly reported in association with cold-water corals (Table 1), including the scleractinians Desmophyllum pertusum (published as Lophelia pertusa) (Jensen and Frederiksen, 1992; Rosenberg et al., 2005; Wheeler et al., 2005) and Madrepora oculata (Buhl-Mortensen et al., 2010), the stylasterid Errina antarctica (Försterra et al., 2017), the gorgonians Paragorgia arborea (Buhl-Mortensen and Mortensen, 2005; Metaxas and Davis, 2005; Buhl-Mortensen et al., 2010; Clippele et al., 2015), Paramuricea placomus (Rosenberg et al., 2005; Clippele et al., 2015), Primnoa spp. (Jensen and Frederiksen, 1992; Krieger and Wing, 2002; Wild et al., 2008; Clippele et al., 2015), and also sponges (Klitgaard, 1995). Adult Gorgonocephalus spp. can have disc diameters of 7–10 cm, and they can also be found as free-living organisms (Mortensen, 1927; Patent, 1970a). Juveniles, on the other hand, have been suggested to be strongly linked to cold-water Nephtheidae soft corals (hereinafter referred to as soft corals), as this association has been reported at several instances (e.g., Fedotov, 1924; Mortensen, 1927; Patent, 1970a; Haedrich and Maunder, 1984; Buhl-Mortensen and Mortensen, 2005; Buhl-Mortensen et al., 2017).


TABLE 1. Reported associations between Gorgonocephalidae basket stars and cold-water corals.

[image: Table 1]Fedotov (1924) and Patent (1970a) revealed that the relationship between juvenile basket stars and soft corals begins very early in the basket stars’ ontogeny. Fedotov (1924) observed juvenile Gorgonocephalus sp. (<0.5 mm disc diameter) protruding from polyps of live Drifa glomerata colonies from Kola Fjord (Barents Sea, published as Gersemia glomerata). Decades later, Patent (1970a) reported the presence of juvenile Gorgonocephalus eucnemis inside polyps of live Gersemia sp. colonies from Washington State (West coast of North America), in both August and September 1965. Patent (1970a) suggested that basket star embryos are passively ingested by the soft corals between spawning and 8–9 days of age, and develop within the polyps. Since Patent’s work, studies have focused on reporting the association: Haedrich and Maunder (1984) found Gorgonocephalus lamarckii individuals entangled with colonies of a Nephtheidae coral in Newfoundland, and young individuals of Gorgonocephalus sp. have been reported on D. florida (Buhl-Mortensen and Mortensen, 2005) and D. glomerata (Buhl-Mortensen et al., 2017). Young basket stars have also been observed in situ on colonies of Gersemia sp. from coastal areas in Labrador (∼50–60 m, personal communication B. M. Neves and R. Rangeley, Oceana Canada).

Both soft corals and basket stars are common in the Northwest (NW) Atlantic and the Eastern Canadian Arctic, being found at wide latitudinal ranges and depths of <10–1287 m (Wareham and Edinger, 2007; this study) and 40–1324 m (Neves and Wareham Hayes, 2019; this study), respectively. Soft coral colonies can be found in high densities, being often the most frequent coral taxa in bottom trawl bycatch samples in this region (Wareham and Edinger, 2007; Wareham, 2009; Murillo et al., 2011). Similarly, basket stars can be found in high densities at some locations (e.g., Neves and Wareham Hayes, 2019).

Despite commonly reported in the literature, the basket star-soft coral association has never been quantified. Considering the potential importance of soft corals in the early stages of basket star development, the objectives of this study are: (1) to describe the relationship between the two taxa in terms of epibiont basket star size ranges, occurrence and position on a colony, and (2) to investigate the potential influence of colony height and environmental variables on epibiont basket star occurrence and abundance by soft coral taxa. We examined over 4500 physical colonies from four soft coral taxa (Drifa glomerata, Duva florida, Gersemia spp., and Pseudodrifa racemosa) from the regions of Newfoundland, Labrador, and W Baffin Bay (NW Atlantic). Using 7 years of bottom trawl bycatch data we also investigated the co-occurrence of soft corals and basket stars in the region.



MATERIALS AND METHODS


Sampling

Most soft coral samples were collected during multispecies trawl surveys conducted by the Department of Fisheries and Oceans Canada (DFO) between the years 2003–2015 in the NW Atlantic and Eastern Canadian Arctic (Table 2 and Figure 1A). These surveys are conducted by DFO’s Newfoundland and Labrador (NL) and Ontario and Prairie (OP, previously Central and Arctic) Regions. Surveys have a stratified random design, with tow speeds of 3 knots and duration of 15 minutes, although OP tows can range between 15 and 30 min.


TABLE 2. Gear (mostly trawls), mean tow duration, number of sets/stations, regions surveyed, years, months, and number of colonies per survey (Ncol) for physical samples and trawl databases.
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FIGURE 1. Distribution of (A) Nephtheidae soft coral colonies inspected for the presence of clinging basket stars (2003–2015), and (B) trawl databases examined for the presence of basket stars and Nephtheidae soft corals, where dots represent DFO trawl surveys (2011–2017) and stars represent Agassiz trawl surveys (2007–2018).


The NL Region conducts annual Multispecies Stock Assessment Surveys twice a year, between April-May and October-December. But in some cases, surveys took place during months outside of this range. In this region, surveys use a Campelen 1800 shrimp trawl equipped with rockhopper footgear, with tight rubber disks and spacers mounted along the footrope. The spring survey covers areas within NAFO Divisions 3PL, to a maximum depth of 750 m, while the fall survey covers deep and more northern areas (NAFO Divisions 2HJ, 3KLMNOP) to a maximum depth of 1500 m.

The OP Region conducts annual Groundfish Stock Assessment Surveys twice a year, in August and September, targeting Greenland halibut (Reinhardtius hippoglossoides) and shrimp (Pandalus spp.). These surveys use different trawl types depending on the area being surveyed. Cosmos and Alfredo trawls are used from Hatton Basin to Baffin Bay (NAFO Div. 0AB), to maximum depths of 1500 m. A Campelen trawl is used to survey SE Baffin Shelf - Hatton Basin area (NAFO Div. 0B).

Samples collected during Northern Shrimp Research Foundation (NSRF)/DFO Stock Assessment Surveys were also analyzed. These surveys are conducted from July to September (2006-present), and target Pandalus spp. in Hudson Strait and Ungava Bay, and Eastern Arctic Regions (NAFO Divisions 2G, 0B). This survey uses a modified Campelen 1800 shrimp trawl, sampling at depths < 750 m. A small number of samples from the Baffin Bay region were obtained from miscellaneous surveys, which include the Fisheries Observer Program (FOP), other fisheries surveys (e.g., GEAC), academic research surveys, and experimental fisheries (Table 2).

Over the years, coral samples collected during these surveys have been kept frozen at −20°C at the Northwest Atlantic Fisheries Center (St. John’s, Canada). For this study, soft coral samples were randomly selected from a number of bags containing a miscellaneous of specimens from different trips. Not all specimens from a trip were available, as not all samples caught are kept during the surveys. A total of 4527 soft coral colonies were examined for the presence of clinging epibiont ophiuroids. Samples include colonies of Duva florida (N = 1192), Drifa glomerata (N = 959), Gersemia spp. (N = 2154), and Pseudodrifa racemosa (N = 222) from Newfoundland, Labrador, and Baffin Bay (Figure 1A), from depths ranging between 41 and 1452 m, sampled between January and December. Only whole colonies were considered in this study. Due to challenges in the current taxonomy of Nephtheidae soft corals, we opted for pooling colonies of Gersemia, although we believe to have at least two taxa in this group (Gersemia rubiformis and Gersemia fruticosa), as per current classification (Utinomi, 1961).

Height was measured for each soft coral colony. Ophiuroid positions on the colony, their mass, and disc diameter were also determined. Ophiuroid position was standardized in relation to colony height due to variation in colony sizes. Position was measured as the distance from the center of the basket star’s disc to the colony distal extremity, with relative values of 100% representing individuals found at the very tip of the colony. Position of ophiuroid on a colony was not annotated for 11% of the specimens. This was merely circumstantial, as position was not a variable of interest in the early days of the project. Basket stars were photographed under a stereomicroscope and disc diameters were measured using the image analysis software Image-Pro Plus 7.0. Disc diameters were measured from the distal edge of the radial shields to the edge of the opposite interradial, following Stöhr et al. (2012). A total of 28 ophiuroids (1.4% of measured specimens) could not be measured, as they were deemed too damaged. These individuals were still counted. We provide the final N used in all analyses.

To investigate the presence of embryo or juvenile ophiuroids inside the corals, a subset of the studied colonies of D. glomerata (N = 178) and D. florida (N = 145) collected between April and December was also dissected and examined internally. A total of 10 polyps from three regions in each colony (i.e., top, middle, and base) were dissected and examined under a stereomicroscope (total 30 polyps per colony). Polyps of only a few Gersemia spp. (N = 13) and P. racemosa (N = 11) colonies were examined, as they were often retracted or in a poor physical condition due to their preservation method (i.e., freezing).

Due to the very small size of most ophiuroids, 19 randomly chosen specimens were submitted to the Natural Resources DNA Profiling and Forensic Centre (NRDPFC, Trent University, Canada) for DNA barcoding species identification. COI was the targeted gene, following Layton et al. (2016). Not all samples were amplified using Layton et al.’s primers, so additional primers produced by the NRDPFC (not published) and Kim and Shin (2015) were used.

To gain further insights into the relationship between soft coral and basket stars, we also performed δ13C and δ15N stable isotopes analyses and elemental C and N (%) on seven basket stars (disc diameters between 1.3 and 15 mm) and their soft coral hosts (D. florida and one P. racemosa). Sample preparation followed Sherwood et al. (2008) for both soft corals and basket stars. Briefly, randomly chosen individual soft coral polyps were removed to make a composite sample, while whole basket stars were processed due to their small size (one specimen had an arm sampled). Both dried and crushed basket stars and soft corals were acidified with 5% HCl prior to δ13C analyses to remove carbonates. Analysis of C/N ratios indicated that samples might not have been completely decalcified; therefore only results of the δ15N analyses are presented. Samples were analyzed at the Stable Isotopes Laboratory at Memorial University (St. John’s, Canada) and results are given in ‰.

Although the inspection of colonies for clinging basket stars was done carefully and diligently, we acknowledge that extremely small basket stars could have been missed during inspection, which could have led to false absences. Similarly, the loss of clinging juvenile basket stars during sampling (i.e., trawling) cannot be excluded. However, basket stars were found strongly intermingled with the corals, such that in some cases it was hard to remove them without breaking their arms. Ultimately, we believe that these potential false absences were not common and should not have largely influenced our analyses. In spite of that, we call for caution on the interpretation of absences.



Trawl Database

We have also examined DFO’s multispecies trawl survey and Agassiz trawl Arctic survey databases (Figure 1B) to investigate relationships between soft coral and basket star occurrence in trawl sets (Table 2). A total of 10595 trawl sets were analyzed for coral and basket star presence/absence using the DFO database (NL and OP), from mean depths ranging between 36 and 1492 m, between 2011 and 2017. For the Agassiz trawl Arctic database, data from 88 stations were analyzed, most of which have been resampled through the years during the months of June to October (2007–2018, with exception of 2012). Mean depth for these surveys ranged between 35 and 1453 m. For the trawl datasets we treated soft corals at the family level (i.e., Nephtheidae) due to difficulties with species identification at lower taxonomic levels in the field. Basket stars are not routinely measured in the field, so information on their ontogeny was not available for this study. Generally, the presence of juvenile basket stars on corals is also not accounted for as basket star presence in a trawl set, as soft corals are not inspected at sea.

Five different bottom trawls were used in the surveys included in the trawl database portion of this study: Alfredo, Campelen standard, Campelen modified, Cosmos, and Agassiz (Table 2). These trawls are routinely deployed in different regions, have different dimensions, and can be deployed for different periods of time. For instance, Campelen standard trawls are normally deployed for 15 min during DFO multispecies surveys in the Newfoundland Region, while the much smaller Agassiz trawls are usually deployed for less than 5 min in the Eastern Canadian Arctic as part of academic research surveys. However, our objective was to investigate the presence of soft corals and basket stars in a same set. In this sense, we refrained our analyses to descriptive statistics and considered that any emerging patterns should be relatively consistent across these trawls. Due to a more substantial difference in the gear dimensions, we present the data from the DFO trawls separately from the Agassiz trawl surveys.



Data Analysis

Data analyses were performed using RStudio 1.1.383 (RStudio Team, 2016). Pseudodrifa racemosa and Gersemia spp. were not included in the statistical analyses because of the small number of basket stars associated with them and/or very unbalanced number of observations per season (in some cases not enough to include co-variables). However, the raw data for these taxa is described and graphically presented. Analyses were performed separately for D. glomerata and D. florida, as descriptive statistics revealed that basket star occurrence rates between the two taxa were quite distinct.

Our main explanatory variables of interest were colony height and season. However, in the initial models we also included depth, latitude, year, and interactions (height:depth, height:latitude, season:latitude). We ran different models that included all or some of these variables, and performed model selection by comparing Akaike Information Criteria (AIC) values. Models with the lowest AIC values were selected, except for model 2b shown below, for which the diagnostic plots looked slightly improved than those for the model with the lowest AIC.

The relationship between individual basket star disc diameter (log-transformed) and colony height and season was investigated through Linear Mixed Effects Models (R package nlme, lme function in R, Pinheiro et al., 2020), with colony height and season as fixed effects, and colony id nested in trawl set (station) as random effects (Model 1). Basket star disc diameter was log-transformed to reduce its left-skewed impact on the analyses. We also examined the influence of colony height and season on basket star maximum disc diameter per colony. For D. glomerata the selected model also included depth and latitude (Model 2a), while for D. florida the simplest model (height and season) was selected (Model 2b). For this analysis, only trawl set was included as a random effect, as in this case there was only one disc diameter measurement per colony.

Basket star presence-absence (PA) on a colony was investigated through binomial Generalized Additive Mixed Models (GAMMs) with a clog-log link, with colony height and season as fixed effects, and trawl set (station) as a random effect (Model 3). The clog-log link function was chosen because there were considerably more zeros than ones (Zuur et al., 2009). We also used GAMMs with a Poisson family to investigate the relationship between number of basket stars per colony (in colonies with basket stars) and colony height and season as fixed effects, and trawl set (station) as a random effect (Model 4a). For D. glomerata the selected model also included depth and latitude (Model 4b). We did not include year or interactions in the initial GAMMs, as including these terms generated model convergence errors, likely due to the high complexity of the models for the available data. We used restricted maximum likelihood (REML) as the estimator for the mixed linear models (Zuur et al., 2009). The final models were:

Model 1: lme (logdiscdiam∼height + season, random = ∼1| station/colony, method = “REML”).

Model 2a (D. florida): lme (logmaxdd ∼ height + season, random = ∼1| station, method = “REML”).

Model 2b (D. glomerata): lme (logmaxdd ∼ height∗depth+latitude∗season+year, random = ∼1| station, method = “REML”).

Model 3: gamm(PA∼s(height)+season, random = list(station = ∼1), family = binomial (cloglog)).

Model 4a (D. florida): gamm(abundance∼s(height)+season, random = list (station = ∼1), family = poisson).

Model 4b (D. glomerata): gamm(abundance∼s(height)+season +depth+s(latitude), random = list (station = ∼1), family = poisson).

GAMMs were applied using the gamm function of the R package mgcv (Wood, 2011). When season was identified as a significant source of variation, we used the R function summary to obtain pair-wise comparisons (e.g., between seasons), with the function relevel used to change the order of the baseline, accordingly.

We tested for the presence of outliers and influential observations using Cook’s distance for linear mixed models (CookD function in predictmeans R package). Influential observations were removed as they can have too much influence in the models. For instance, for D. glomerata, analysis on the number of basket stars per colony excluded entries with > 100 basket stars (N = 2), and only considered basket stars < 15 mm in disc diameter (where disc diameter was included, both species). Assumptions of normality, independence, and homogeneity of residuals were assessed through the visualization of diagnostic plots for the linear mixed models (Kabacoff, 2015). For the GAMMs, validation tools include the examination of normalized residuals versus fitted values and explanatory variables (Zuur et al., 2009). The presence of spatial correlation was assessed by adding a spatial correlation structure to the models, and comparing these to those without a correlation structure using AIC values (Zuur et al., 2009). Significance level for all analyses was set at α < 0.05. We included season, depth, and latitude in two selected D. glomerata models (Models 2b and 4b); however since DFO trawl surveys per region depend on time of the year, effects of these variables might be confounded.

In terms of the trawl databases, in order to account for the unbalanced number of trawl sets per region and season, data on soft coral and basket star presence per trawl set is presented as relative proportions. For the Newfoundland and Labrador regions, the data is presented by Ecosystem Production Units (EPUs) (Pepin et al., 2014), and by general region where there is no defined EPU (e.g., Davis Strait, Ungava Bay, West of Hudson Bay, and Baffin Bay, Figure 1B). For the Agassiz trawl Arctic database, data was grouped in 18 main regions (Figure 1B).



RESULTS


Ophiuroid DNA Barcoding

The molecular analysis of 19 basket star specimens yielded 99–100% GenBank matches to Gorgonocephalus arcticus. Two brittle stars were also identified: Ophiopholis aculeata and Ophiocten gracilis (99% matches). Since most specimens were not submitted for molecular analysis (N = 2003 specimens in total), we opted for treating the specimens in this study as Gorgonocephalus sp., but knowing that all specimens included in the molecular analysis yielded very close matches to G. arcticus. GenBank accession numbers for COI sequences of the analyzed specimens can be found in Supplementary Table S1.



General Description

A total of 2003 ophiuroids were found on 543 colonies (12% of all examined colonies), although of these only seven were brittle stars, which were found on only five colonies (in some cases both taxa on a same colony). For this reason, we focus the remaining of the study on basket stars only (N = 1996).

Basket stars were found clinging on colonies of all four studied soft coral taxa (e.g., Figure 2), collected from all studied regions (although limited in Baffin Bay), from depths ranging between 53 and 1317 m (Figure 3). Basket stars were present on colonies collected at every month of the year, except for February when 18 sets were deployed between 2005 and 2006 (one D. glomerata, 24 D. florida, and two Gersemia sp. colonies). No basket stars < 1 mm in disc diameter were found on colonies collected in February, March, or April. Basket stars were mainly found between the 2nd and 3rd quartile of colony height (upper half) in all four soft coral taxa (51–75%, Figure 4A).
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FIGURE 2. Cold-water Nephtheidae soft corals as hosts for juvenile basket stars (Gorgonocephalus sp.). (A) Duva florida, (B,C) Drifa glomerata, (D,E) Gersemia rubiformis, (F) Pseudodrifa racemosa. Arrows in (B) point to some of the individuals found on this colony, which contained 15 juvenile basket stars. (E) Shows the colony and basket star seen in (D) after being separated. Scale bars = 1 cm.
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FIGURE 3. Distribution of examined soft coral samples per taxa, and overall presence-absence of juvenile basket stars on examined soft coral colonies (right panel). Dots on panels per taxa only indicate soft coral presence, not associated basket stars.
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FIGURE 4. Proportion of soft coral colonies by taxa in relation to: (A) basket star position on colony by quartiles of colony height (0 closest to base, and 100 closest to distal extremity of colony), (B) basket star disc diameter class, (C) maximum number of basket star size classes found on a single colony, (D) number of basket stars per colony. Number of specimens is shown on top of bars.




Basket Star Disc Diameter

Disc diameters ranged between 0.42 and 19 mm, however, two basket stars 22.2 and 23.6 mm in disc diameter were found on broken D. florida and D. glomerata colonies, respectively, which were not included in the analyses. Disc diameters were classified and displayed in five size classes: ≤ 1, > 1–5, > 5–10, > 10–15, > 15 mm (Figure 4B). In most cases, disc diameters ranged between 1 and 5 mm for basket stars found on all soft coral species (Figure 4B), and for most colonies basket stars belonged to a single size class, although in D. florida and D. glomerata basket stars from up to three size classes on a same colony were identified (Figure 4C).

Individual basket star disc diameter did not significantly vary with colony height for both D. florida and D. glomerata, but it did for season in D. glomerata (Table 3). For this species, individual basket star disc diameters were significantly larger in the Spring than in the Summer and Fall (Figure 5A and Supplementary Table S2).


TABLE 3. ANOVA of fixed effects for linear mixed models estimating colony height and season effects on juveniles basket star disc diameter associated with the Nephtheidae soft corals Drifa glomerata and Duva florida in the Northwest Atlantic.
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FIGURE 5. (A) Basket star disc diameter by taxa (shown as genus) per season. (B) Relative proportion of colonies with basket stars per season and host species (number of colonies with basket stars relative to total number of colonies available per season). Pseudodrifa racemosa winter is represented by one colony.


On the other hand, maximum disc diameter per colony was significantly related to colony height, and latitude in D. glomerata (Table 3). For D. florida, maximum disc diameter was not significantly related to colony height or season (Table 3).



Basket Star Presence-Absence on Colonies

Basket stars were present on colonies ranging between 10.5 and 147 mm in height (Figure 7). They were more frequent in larger colonies for both D. glomerata, D. florida, and Gersemia spp. (Table 4 and Figure 7). The binomial GAMM indicated that for D. glomerata and D. florida the probability of having associated basket stars increases with colony height up to ∼70 mm for both taxa, when it starts to level off for the former and to slightly decrease for the latter (Figures 6A,B). Descriptive statistics corroborate these observations, as the inter-quartile range of colony height – for colonies where basket stars were present – was 38.8–65.6 mm for D. glomerata and 44.3–69.9 mm for D. florida.


TABLE 4. Statistical outputs of GAMM models on the effects of soft coral colony height (smoother) and season on juvenile basket star abundance and presence-absence on Nephtheidae soft corals in the Northwest Atlantic.
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FIGURE 6. Estimated smoothing curves for colony height obtained by the GAMMs on basket star presence-absence for Drifa glomerata (A) and Duva florida (B), latitude (C) and colony height on abundance for Drifa glomerata (D) and colony height on abundance for Duva florida (E). Solid lines and gray bars represent the smoothers and 95% confidence bands, respectively. Scale for the x-axis looks slightly different for presence-absence versus abundance because the number of samples available for these analyses was not the same.
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FIGURE 7. Basket star presence-absence in relation to colony height by soft coral taxa.


Colonies with basket stars were more frequent during the Spring for D. glomerata and D. florida, and during the Winter for Gersemia spp. and P. racemosa (Figure 5B). Basket star presence-absence on D. glomerata colonies significantly changed across seasons (Table 4), except for the Summer-Fall pair (Supplementary Table S3 and Figure 5B). For D. florida, basket star presence-absence on a colony was also significantly different across seasons (Table 4), except for the pairs Fall-Winter and Spring-Summer (Supplementary Table S3 and Figure 5B).

Examination of at least 10410 dissected polyps from 347 colonies yielded the presence of one juvenile ophiuroid (0.34 mm disc diameter) within a D. florida polyp (Figure 8), whose colony was collected in July in the Newfoundland Shelf region, at 306 m. This colony had no epibiont basket stars, and there was no record of a basket star collected in that trawl set. The closest set with a basket star reported was at ∼34 km from this site.
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FIGURE 8. (A) Piece of branch of Duva florida colony showing three large polyps and juvenile ophiuroid found within one of the polyps, (B) Scanning Electronic Microscopy (SEM) of the ophiuroid specimen seen in (A), (C) reproduction of Fedotov (1924)’s sketch of a juvenile basket star leaving the polyp of a live Drifa glomerata (published as G. glomerata) colony in Russia.




Basket Star Abundance

Most colonies had between 1 and 5 clinging basket stars, and only D. glomerata and D. florida had > 20 individuals on a single colony (Figure 4D). Drifa glomerata had both the highest ophiuroid occurrence (31.5%) and maximum number of ophiuroids per colony (N = 111), followed by D. florida and P. racemosa (11 and 10.5%, N = 28 and 6, respectively), and Gersemia spp. (3.9%, N = 8).

Number of basket stars per colony (in colonies with basket stars) significantly varied with colony height, but not with season for both D. glomerata and D. florida (Table 4). There was also an effect of latitude for basket star abundance on D. glomerata (Figure 6C), but not of depth (variables not tested for D. florida). The GAMM for both species indicated that, similarly, to the observed for presence-absence, the number of basket stars per colony increases with colony height up to ∼70 mm, when it levels off (Figures 6D,E).



Trawl Data

When examining the DFO-RV database pooled (2011–2017, Figure 9), 45% of trawl sets containing basket stars (N = 2624) also had corals (N = 1186), of which 67% were Nephtheidae soft corals only (N = 796), followed by a mix of coral taxa that could also include soft corals (16%). The total percentage of trawl sets with basket stars that contained soft corals was 35%. Overall, Labrador shelf was the region with the highest co-occurrence of basket stars and soft corals per trawl set (54% of sets, N = 166), followed by Newfoundland Shelf (48%, N = 206), Grand Banks (36%, N = 275), and southern Newfoundland (31%, N = 120, Figure 10A). Ungava Bay, Davis Strait, and W Baffin Bay had the lowest overall co-occurrence of basket stars and soft corals (18, 19, and 28%, respectively, Figure 10A). Maximum co-occurrence across years took place in the Labrador Shelf region in 2012 (84%, N = 50), and the lowest co-occurrence was identified in Baffin Bay, Davis Strait, and Ungava Bay, where in some years no soft corals were reported in sets with basket stars.
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FIGURE 9. Trawl data on presence of basket stars, Nephtheidae soft corals, and both per trawl set (2011–2017). Dots represent DFO RV trawl surveys, while stars represent Agassiz trawl surveys. The maps were cropped to limit the view to the distribution of samples.
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FIGURE 10. Relative proportion of coral presence-absence in DFO RV trawl sets containing basket stars by region (number of trawl sets with/without corals relative to total number of sets per region – including basket star absences). Number of sets per region is shown.


Since DFO trawl surveys in the different regions are directed by time of the year (e.g., Southern Newfoundland only during Spring), we could not assess the influence of season on basket star-soft coral co-occurrence per region. But in the Grand Banks region, for which there were sets deployed in every season, basket star presence at depths > 100 m was more frequent in the Summer, followed by Winter, Fall, and Spring (Figure 11). However, basket star-soft coral co-occurrence was more frequent in the Fall, followed by Winter, Summer, and Spring (Figure 11).
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FIGURE 11. Relative proportion of DFO trawl sets with basket stars and Nephtheidae soft corals, and sets with basket stars per season in the Grand Banks region (pooled 2011–2017). Total number of sets with basket star and coral co-occurrence is shown on bottom of bars, and number of sets with basket stars is shown on top of bars.


Of the 88 stations sampled with the Agassiz trawl in the Eastern Canadian Arctic, 33% contained both basket stars and soft corals, which all together is comparable to the proportions found in Baffin Bay (28%) based on the larger trawls (see Figure 10). When examining this database by specific regions in the Arctic, stations (sometimes more than one set) with both basket stars and soft corals were identified in the Beaufort Sea (32%, N = 25), Amundsen Gulf (18%, N = 11), Peel Sound (N = 1), Queen Maud Gulf (37.5%, N = 8), Barrow Strait (100%, N = 3), Lancaster Sound (33%, N = 3), North Water Polynya (55.6%, N = 9), and Scott Inlet (50%, N = 2). Unfortunately, physical samples of soft coral colonies from these regions were not inspected for this study and could not be included in our analyzes. However, three physical samples from Hudson Bay/Strait area (not included in trawl database), where there was no co-occurrence between the two taxa based on the trawl database had juvenile basket stars associated to them.



Stable Isotope Analyses

Results of the stable isotope analysis indicate that absolute differences in δ15N content between basket star and soft coral host (i.e., D. florida and one P. racemosa) ranged between 0.28 and 1.1‰ (Supplementary Table S4). δ15N data show both cases of basket stars with higher and lower δ15N than the soft coral hosts (Supplementary Table S4).



DISCUSSION


Basket Star and Soft Coral Co-occurrence

In this study we found juvenile basket stars associated with colonies of all four studied soft coral taxa, from Newfoundland to northern Baffin Bay, at occurrence rates ranging between 4 and 32%, depending on the host taxon. The presence of juvenile basket stars on soft corals is already evidence that the two taxa somehow spatially co-occur. Furthermore, examination of the pooled DFO-RV database showed that 45% of sets with basket stars also had corals, of which 67% were represented by soft corals only. In fact, 35% of the sets with basket stars contained soft corals, which is comparable to the highest proportion of basket star occurrence on physical samples (i.e., 32% in D. glomerata). Examination by region showed the highest relative co-occurrence in the Labrador Shelf Region, at 54%. Although this does not necessarily imply that basket star distribution depends on soft coral presence, our data does show a high degree of co-occurrence between the two taxa.

The northern regions (Ungava Bay, Davis Strait, Baffin Bay) had the lowest co-occurrence of soft coral and basket star in a trawl set (DFO trawls). Although we do not show distribution data by genus for the trawl datasets, examination of soft coral genera distribution based on the examined physical samples indicates that the taxa with the highest basket star occurrence on a colony (i.e., D. glomerata and D. florida) might have their distributions more limited in northern waters. The observation that basket star presence on a colony was limited in Baffin Bay (restricted to latitudes south of 68°N) might be related to the fact that most colonies available/examined from this region were Gersemia spp., which had the lowest basket star occurrence rate (i.e., 4%). In addition, for this taxon colonies with basket stars in the southern sites were more frequent during the Winter, when this region is rarely sampled. On the other hand, trawl sets with both basket stars and nephtheid soft corals were identified in Baffin Bay and elsewhere in the Eastern Canadian Arctic (although at lower rates), indicating that the two taxa do co-occur in this region (even northern of 68°N). The Agassiz trawl data pooled for all sampled Arctic stations indicate a comparable proportion of co-occurrence of the two taxa, in relation to the Baffin Bay data from the larger trawls.

Juvenile basket star occurrence rates on physical colonies were comparable to those found in a study that examined Gorgonocephalus spp. in situ occurrence (i.e., video data) with gorgonian corals in northern Norway (Clippele et al., 2015). In that study, Gorgonocephalus spp. occurrence rates on colonies of Paragorgia, Paramuricea, and Primnoa spp. were 18, 17, and 3%, respectively. These results are somehow comparable to our findings in terms of occurrence proportion for colonies of D. florida (11%), but colonies of D. glomerata held a much higher occurrence rate of juvenile basket stars than all three gorgonian species depicted by Clippele et al. (2015), and all other soft coral species included in the present study (i.e., 32%). Although there is no mention of basket star size in the study by Clippele et al. (2015), the authors have limited their analysis to megafauna > 1 cm; furthermore, two photographs indicate that those basket stars were considerably larger than the specimens described in the present study. Therefore, life stages of basket stars associated to soft corals versus other octocorals are likely different.

The preference of juvenile basket stars for colonies of D. glomerata might be associated with different factors. First, our trawl database indicates that basket stars are mainly found along the continental shelf. Unpublished information on soft coral distribution (at the species level) in the region indicates that D. glomerata seems to follow a more similar distribution to that of basket stars, while D. florida is mainly found along the slope break (in preparation, V. Wareham Hayes, personal communication). Therefore, the higher occurrence of basket stars associated with D. glomerata could be related to a higher co-occurrence in the distribution of these two taxa.

Colonies of D. glomerata have the tissue heavily covered with club-shaped spinous CaCO3 sclerites (Utinomi, 1961), whose roughness might increase attachment capacity (Dodou et al., 2011), which could be an advantage to juvenile ophiuroids with very short arms. Conversely, the scarce number of basket stars found on colonies of the other soft coral species (especially Gersemia spp.) could be related to the production of secondary metabolites by these soft corals, which might function as anti-fouling compounds (Williams et al., 1987; Slattery et al., 1995). To our knowledge, there are no published studies on secondary metabolites produced by D. glomerata, D. florida, or P. racemosa. It should be noted that any potential deterrence produced by these soft corals is obviously not enough to completely repel basket stars, as they were indeed found on all four soft coral taxa.

Basket stars were noticeably blended in color with colonies of D. glomerata. The similarity in color between host and basket star could be an advantage for the latter (e.g., camouflage against predators), and protective coloration was also suggested by Patent (1970a). However, colonies of Gersemia spp. and Primnoa resedaeformis gorgonians are also orange in tone, and had the lowest occurrence rate of Gorgonocephalus spp. among the studied colonies in this study and in the study by Clippele et al. (2015). Therefore, protective coloration alone does not seem to be the reason for Gorgonocephalus sp. to choose D. glomerata more frequently, although it might be an advantage.

Interestingly, young basket stars were commonly observed in situ on live colonies of Gersemia sp. from coastal areas in Labrador, where other soft coral species were not observed (∼50–60 m, personal communication B. M. Neves, and R. Rangeley – Oceana Canada). However, these colonies were observed in situ. It is possible that the difference between alive and dead in the case of this taxon is a factor influencing occurrence rates, since colonies of Gersemia spp. can contract considerably more than the other taxa. This might also corroborate our trawl data observations that co-occurrence rates vary regionally.

We found that most colonies had between 1 and 5 clinging basket stars per colony. Patent (1970a) found a maximum of five basket stars per colony on Gersemia sp., which is comparable to our numbers for this taxon (N = 8). On the other hand, we found a maximum of 111 juvenile basket stars on a single D. glomerata colony. Buhl-Mortensen and Mortensen (2005) found 15 G. lamarckii individuals on a single large P. arborea colony, and up to > 20 individuals per colony have been counted on P. arborea colonies collected as trawl bycatch in the Newfoundland region (Wareham-Hayes, unpublished). Clippele et al. (2015) reported a maximum of three basket stars on P. arborea and P. resedaeformis, and four on P. placomus, noting that on colonies of P. arborea, single basket stars were more common.



Soft Corals as a Platform for Recruitment and Nature of the Relationship

In this study we showed that most Gorgonocephalus sp. specimens found associated with soft corals had disc diameters < 5 mm (86%), characterizing them as juveniles. Our largest specimen was 23.6 mm in disc diameter, but these large individuals were not common, and likely still constitute juvenile basket stars, as Patent (1970a) indicated that most adults are usually between 700 and 850 mm in disc diameter. Our observations indicate that soft corals represent an important host for basket stars in the early stages of their lives.

The observation that for most colonies basket stars were in the same size class indicates that these individuals came from recruitment events that occurred close in time. For instance, in the D. glomerata colonies with 111 and 104 individuals, 84 and 76% of them, respectively, had disc diameters between 1 and 5 mm. Fedotov (1924) and Patent (1970a) suggested that basket star embryos are passively ingested by soft corals and develop within polyps, since these authors found very young individuals within live soft coral polyps. In this study we only found one juvenile ophiuroid (0.34 mm dd) within a D. florida polyp from a colony collected in July, from ∼300 m. Although we could not confirm the taxonomic identity of this individual, the mesh-like structure of its plates is consistent with that of a very young ophiuroid, although it cannot be determined whether it is an euryalid (Stöhrn, personal communication). Noticeably, this colony had no basket stars on it, and there was no record of a basket star present in the trawl set associated with that coral colony.

Our data show that basket stars find their coral hosts at a very young age, and we believe that soft coral passive ingestion and basket star development within polyps, as suggested in those early studies, is still a plausible hypothesis. It is possible that the fact that our samples were not alive when examined had an influence on our lack of success finding additional individuals within polyps. In fact, the trawl vibration, speed and overall stress could have had an influence on basket star expulsion/evacuation. Furthermore, very few colonies of Gersemia spp. or P. racemosa were inspected for endobiont basket stars. Gersemia sp. was the species studied by Patent (1970a). Soft corals are very small for adult Gorgonocephalus spp. to climb on, and it is hard to conceive that individuals as small as 0.4 mm in disc diameter with undeveloped arms would be able to actively swim or crawl from the seafloor to climb on soft corals. The embryology of Gorgonocephalus spp. is still not well understood, but Patent (1969) suggested that euryalids might not develop pelagic larvae.

Fedotov (1924) proposed that the stage on D. glomerata colonies was a necessary part of the life cycle of Gorgonocephalus. Patent (1970b) suggested that embryos of G. eucnemis kept in aquarium died < 10 days after spawning because soft corals were absent. If this is the case, it is possible that this relationship has an obligate aspect, as the basket star might depend on the soft coral. Whether the coral also benefits from the presence of juvenile basket stars is still unclear. Mutual benefits of faunal associations are not always evident. The brittle star Ophiocreas oedipus lives in a obligate, solitary relationship with the octocoral Metallogorgia melanotrichos. Despite this relationship being obligate for the brittle star, no benefits to the coral have been identified (Mosher and Watling, 2009). But in some cases, the meaning of these relationships might come to light under stress. For instance, the euryalid brittle star Asteroschema clavigerum appeared to limit impact of the Deepwater Horizon oil spill to colonies of the octocoral Paramuricea biscaya, and to have facilitated their recovery after impact (Girard et al., 2016).

Although Fedotov (1924) considered the nature of the juvenile basket star-soft coral relationship to be parasitic, Patent (1970a) noted that the fact that polyps looked healthy is an indication that the basket stars do not harm the coral, although she suggested that basket stars might feed on coral eggs. The case of the G. rubiformis colony depicted in Figure 2 shows a certain degree of “strangling” by the basket star, but we do not know whether/how that might impact the colony. Colonies of G. rubiformis have a significant power of contraction, and the “strangling” might therefore seem worse on dead individuals than what it was in fact when the colony was alive. Although the nature of the relationship is still uncertain, the consistent presence of juvenile basket stars on soft corals suggest that they are not ephemeral visitors. We believe that further studies including the monitoring of live organism in situ or in laboratory settings are necessary to investigate hypotheses regarding how basket stars reach their soft coral hosts, and the nature of the relationship.



Basket Star Size, Abundance, and Position

Colony height had an effect on maximum disc diameter (D. glomerata) and number of basket stars per colony (both species). Although coral size was found not to be a limiting factor in the size of individual juvenile basket stars that it can host, our data indicate that there is a maximum basket star size usually supported by a colony. As mentioned before, larger specimens were found at low frequencies, and our largest specimen was ∼24 mm in dd. According to Fedotov (1924), basket stars ∼5 mm in dd can leave the soft coral colonies and move to discs of adult Gorgonocephalus sp. Our observation that most individuals were between 1 and 5 mm dd seems to agree with this author in terms of timing (i.e., in ontogeny) when most juveniles leave the colony. The largest juvenile specimen per soft coral colony examined by Patent (1970a) was 3 mm dd, and one free-living individual with a 25 mm dd was also reported by this author. Buhl-Mortensen and Mortensen (2005) reported individuals of G. lamarckii ≥ 15 mm in dd on the gorgonian P. arborea. These reports show that young basket stars can be found on other habitats. However, it is unknown whether other corals or habitats also host basket stars in their very early stages, like soft corals do. Larvae of the brittle star Ophiothrix fragilis settle on the surface of sponges, with recruits doubling their sizes in 3 months (June–September), and leaving for an independent life on other surfaces when they are > 1 mm in disc diameter (Turon et al., 2000). In other cases, adult ophiuroids can host juvenile ophiuroids of different species. Juveniles have been reported to leave the adults at 4.5 mm (Hendler et al., 1999) and 6 mm dd (Fourgon et al., 2007).

Maximum disc diameter also significantly decreased with latitude. Despite the potential for confounding effects between latitude and season, in this case the effect of latitude on maximum disc diameter seems dissociated from season, since there was no significant interaction between latitude and season. Since we do not know whether our Gorgonocephalus spp. represent more than one species, we cannot infer on whether changes in disc diameter with latitude might be related to species-specific differences or to other variables.

Number of basket stars per colony was not influenced by seasonality, but rather by colony height (both species) and latitude (D. glomerata only). For both taxa, number of basket stars and the probability of basket star presence on a colony increased with colony height up to heights of ∼70 mm. Maximum D. glomerata height among the studied colonies was 147 mm, and the two colonies hosting > 100 basket stars were approximately 100 and 120 mm in height. These colonies were not included in the statistical analyses, as they were rare and had too much influence on the data. The GAMM plot indicated that number of basket stars per colony in D. glomerata reaches the lowest point at a latitude of ∼55°N (Labrador, Makkovik area). However, in this analysis, season was weakly not significant (p = 0.09). Considering that borderline p-values should be taken with extra caution in these types of models (Zuur et al., 2009), it is possible that the effect detected for latitude in this case could be associated to season, because of the survey design previously mentioned (location depends on time of the year).

The presence of more basket stars on larger colonies might be a response to space availability, but also increased distance from the seafloor, as most basket stars were found on the upper half of the colonies (as discussed below), indicating a preference for taller surfaces. However, colonies > 70 mm might not necessarily host more basket stars. Furthermore, no data is available on colony height variation between expanded and contracted states (studied species). A better understanding of these variations, which can be significant in soft corals (e.g., Hellström and Benzie, 2011), might enlighten our interpretation on the role played by colony height on basket star abundance.

Individuals of Gorgonocephalus sp. were also found more at the top on the gorgonians P. placomus and P. reseadaeformis, although nearer the base on P. arborea (Clippele et al., 2015). The presence of ophiuroids clinging on corals or other tall structures has been associated with the advantage of being higher in the water column, therefore hiding from predators, and of increasing access to food by benefiting from stronger currents (Buhl-Mortensen and Mortensen, 2005; Clippele et al., 2015; Buhl-Mortensen et al., 2017). The arms of Gorgonocephalus spp. individuals start to branch when they are larger than 1 mm in dd (Fedotov, 1924), and individuals > 20 mm in dd are already capable of capturing plankton (Patent, 1970a). Individuals < 20 mm in dd might feed on smaller particles and still benefit from being higher on the water column. Protection against predation is also a plausible hypothesis on their preference for relatively taller portions of the soft coral.

Patent (1970a) suggested that basket stars might be feeding on detritus or food from the polyps, as well as on coral eggs, as Gislén (1924, apud Patent, 1970a) found remnants of soft corals in stomach contents of G. caputmedusae. Although limited, our nitrogen stable isotope data indicate that maximum difference in δ15N between basket star and host was 1.1‰, indicating that the two organisms share the same trophic level. Average fractionation per trophic level is 3.4‰ for δ15N (Vander Zanden and Rasmussen, 2001). A relationship with trophic benefits for the associates has been suggested for other organisms. For instance, juveniles of the brittle star Ophiothrix fragilis are believed to take advantage of the currents produced by their sponge hosts (Turon et al., 2000).

Our stable isotopes data showed no indication that increasing size in juvenile basket stars leads to an increase in trophic level. However, this might be the result of our limited sample size, and it might also just indicate that juvenile basket stars of different sizes feed on similar sources. Other studies have yielded enriched δ15N values for individuals of Gorgonocephalus spp. in Arctic waters, in comparison to our results (Hobson et al., 2002; Iken et al., 2010; Feder et al., 2011). However, it is quite possible that this reflects larger differences in ontogeny, as juveniles and adults live in different habitats. Despite Gorgonocephalus spp. usually being considered suspension feeders (Hobson et al., 2002; Iken et al., 2010; Feder et al., 2011), G. arcticus has been considered a predatory suspension feeder (Emson et al., 1991), and G. chilensis a predator (Mauna et al., 2011), because they extend their arms in a typical suspension feeder position, but trap prey by looping their arms.



Effects of Seasonality

When evaluating the potential effects of seasonality here, it is important to consider that the location of DFO trawl surveys is dependent on time of the year. For instance, Spring surveys take place in southern Newfoundland, while Fall surveys take place in Labrador. Therefore, we cannot exclude that variables affected by season might also be affected by latitude-related dynamics. However, phytoplankton and zooplankton data clearly show the importance of seasonality in this region (Afanasyev et al., 2001; Pepin et al., 2011). Furthermore, considering that seasonality is expected to play a role on reproductive aspects of many organisms (Gili and Petraitis, 2009), the patterns identified here are discussed in light of this variable, rather than latitude.

Seasonality – with the constraint highlighted above – seems to play a role on the disc diameter of basket stars found on D. glomerata, as specimens were significantly larger in the Spring than in the Summer and Fall, but no difference was identified between Spring and Winter. Similarly, the relative number of D. glomerata colonies with basket stars peaked during the Spring, with the lowest number of occurrences during Winter. Since we have no information on early growth rates in these ophiuroids, we cannot infer on the timing when most basket stars (embryo/larvae) arrived to the colonies.

In the Grand Banks region, Fall was the season with the highest co-occurrence of basket stars-Nephtheidae soft corals in the trawl sets, followed by Winter, Summer, and Spring. Because soft corals are not mobile organisms, this variation on co-occurrence rates ought to be driven by the basket stars. Seasonality might have an influence on the distribution of adult basket stars, who might migrate seasonally, as do other echinoderms (e.g., Freeman et al., 2001).

In the NE Pacific, G. eucnemis (published as G. caryi) has a spawning season of 6 months, from June to November (Patent, 1969), but to our knowledge there is currently no published information on reproduction of Gorgonocephalus spp. in the NW Atlantic. Our observations that juvenile basket stars (<5 mm in dd) were found on coral colonies collected at every month of the year indicate that the spawning season for Gorgonocephalus in this region might be longer than in the Pacific. On the other hand, no basket stars < 1 mm dd were collected in February, March, or April. Reproduction of Gorgonocephalus spp. was not in the scope of this study, and therefore more dedicated studies are needed to shade light on the subject.

The lack of a statistically significant influence of seasonality on basket star metrics for D. florida (i.e., abundance, disc diameter) could be related to their lower basket star occurrence in comparison to D. glomerata. However, despite non-significance, the number of D. florida colonies with basket stars followed the same trend as observed for D. glomerata, with a peak during the Spring and a low in the Winter time. For Gersemia spp., the peak was during Winter time, with the other seasons showing similar trends to one another.

The divergence in co-occurrence per season between physical samples and the trawl sets might be related to the different ontogenetic stages of the basket stars. While physical coral samples contained only juveniles, individuals accounted for in trawl sets are usually large enough to be picked up by hand (Wareham Hayes, personal communication), with sizes not comparable to those found on soft corals. On the other hand, trawl data was considered at the family level, and specific differences by genus (e.g., season of highest frequency of co-occurrence) were not accounted for.



Conservation

Gorgonocephalus arcticus has been found in stomach contents of Greenland sharks (Somniosus microcephalus) from Cumberland Sound, Nunavut (McMeans et al., 2012), and Svalbard, Norway (Leclerc et al., 2012), as well as in stomachs of Northern Wolfish Anarhichas denticulatus (Albikovskaya, 1983; Simpson et al., 2013), which is a species protected under the Canadian Species at Risk Act (SARA). Although this does not necessarily mean that basket stars are a common prey item for these fish, stomach content data for these species is limited and additional studies are needed to fully describe their diet. In the Barents Sea, G. arcticus, G. eucnemis, and G. lamarckii are considered “high-risk” species to bottom trawling (Jørgensen et al., 2015). Both soft corals and Gorgonocephalus spp. have been considered potential indicators of Vulnerable Marine Ecosystems (VMEs) in that region (e.g., Nadtochy et al., 2017), and are listed as indicators in the South Atlantic (as basket stars) by the South East Atlantic Fisheries Organisation – SEAFO CM 30/15 (Food and Agriculture Organization of the United Nations [FAO], 2020). Currently, Nephtheidae soft corals are considered VME indicators in the Northeast Atlantic (i.e., Cauliflower coral fields), South Pacific, and Southern Ocean, but not in the Northwest Atlantic (Food and Agriculture Organization of the United Nations [FAO], 2020). However, recently Long et al. (2020) suggested the inclusion of soft coral gardens from West Greenland as a VME candidate, as they met several of the Food and Agriculture Organization (FAO) VME indicator criteria, such as the structural complexity of the habitat they form.

Basket stars might be relatively long-lived, as some ophiuroids can live for decades (Gage, 1990). Therefore, evidence of the potential impact of the removal of soft corals and their associated juvenile basket stars through fishing on adult basket star populations might be delayed; i.e., the potential impact of high soft coral biomass removal on local adult basket star populations might only be detected several years after the fact. In this sense, our trawl data provided information on distributional patterns between the two taxa. However, temporal synchronicity of catch biomass for basket stars and soft corals cannot be investigated without considering the temporal lag highlighted above.

In this study we showed that in the Northwest Atlantic and Eastern Canadian Arctic juvenile basket stars are consistently found on soft corals, and we believe that further studies are necessary to investigate this association; in particular the potential degree of dependency of basket stars in relation to soft corals and the potential role of the latter as nurseries. This information is paramount to assess the potential impacts that soft coral damage and/or removal (e.g., via bottom-contact fishing) might have on juvenile basket stars, their development, and the success of adult Gorgonocephalus populations. Cold-water Nephtheidae soft corals appear to play an essential role as habitat for juvenile basket stars.
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BACKGROUND

Mesophotic Coral Ecosystems (MCE) are usually defined as those located between 30 and 150 m deep, where diverse biological communities with high levels of endemism are being found globally (Sinniger et al., 2016). Those environments have been considered as a kind of lifeboat for shallow coral reefs because its harbor populations of fish, corals and other invertebrates which are uncommon today in shallow waters due to overexploitation and climatic change stressors (Bongaerts et al., 2010).

More than half a thousand studies globally in MCE over the last three decades have yielded an important crop of new species (e.g., Appeldoorn et al., 2016; Pyle et al., 2016; but see Pyle and Copus, 2019), and greatly expanded scientific knowledge about coral reef biota in several aspects, since species richness and distribution in general (e.g., Laverick et al., 2018) until very specific issues such as the genetic diversity of coral holobionts (e.g., Gonzalez-Zapata et al., 2018a). However, such research efforts suffer strong geographic biases, being mostly concentrated in four regions: The Tropical Western Atlantic-TWA, the Hawaiian Archipelago, the Mediterranean Sea and the Northern Red Sea. Most of the MCE research at the TWA has been done in the Caribbean, yielding important information on species richness and abundance, and vertical distribution patterns, mainly on corals and fishes (Pyle and Copus, 2019). However, even in the Caribbean most MCE are unexplored as research has focused on specific locations (i.e., Bahamas, Cayman, Mesoamerican Reef, Jamaica, Puerto Rico, US Virgin Islands, Curacao, and Bonaire; Loya et al., 2019), such that geographic biases remain at the regional scale. For example, only four publications exist on Colombian MCE (Gonzalez-Zapata et al., 2018a,b; Chasqui and González, 2019; Sánchez et al., 2019a), one of such offer data on corals diversity in the fore-reef slope of the eastern side (windward) of San Andrés Island (SAI), which account for 33 species (Sánchez et al., 2019a).

Considering that no previously published works exist related to the ecology of seascape on MCE in Colombia, this work seeks to ignite the topic and contribute with the knowledge on MCE biodiversity of SAI, in the Southwestern Caribbean at the species and habitats level, a relevant information input for the management of the SeaFlower Biosphere Reserve (SFBR) which include SAI. The dataset contains the results of the exploration with Closed-Circuit Rebreather (CCR) technical diving in the upper mesophotic zone (30–70 m deep) at the western side (Leeward) of the Island, where the ecological units Octocorals-Sponges-Mixed corals and Agaricia spp.-Mixed corals have been proposed, and includes taxonomic information for 160 species recorded (algae, invertebrates and fishes), collection codes for several collected specimens (corals), and relative abundances for the observed fish species.



METHODS


Study Site and Data Collection

The marine exploration was performed at the western side (leeward) of SAI, in the upper mesophotic zone of a diving spot known as “Nirvana” (12°30′8″ N, 81°44′2″ W, Figures 1A,B). The depth profile of the western side offers a soft slope from coastline until around 20 m depth, then, around 300 m from the coast the bottom suddenly deepens until 50 m depth, giving start to which can be considered the deep fore-reef terrace (Figures 1C–E), then around 50 m depth a structurally complex wall begins (reef slope), which falls until more than 300 m depth. Ledges, undercuts, ridges, and small caves are common characteristics along the slope, which confers structural complexity to the wall and are possibly increasing microhabitats' offer (Figures 1F,G).


[image: Figure 1]
FIGURE 1. Localization of San Andrés Island in the Caribbean Sea (A), the Nirvana dive spot (B) and the sampling sites between 30 and 70 m deep in a 3D seabed model of the SAI leeward side (C). Ecological units found along the depth gradient: (D,E) Octocorals-Sponges-Mixed corals on the fore reef terrace between 30 and 50 m deep. (F,G) Agaricia spp.-Mixed corals on the upper reef slope between 50 and 70 m deep.


Six dives lasting around 28 min between 30 and 70 m depth with O2ptima CCR and trimix were carried out in three spots at Nirvana (1: 12°30′9″ N, 81°44′2″ W; 2: 12°30′4″ N, 81°44′7″ W; 3: 12°30′15″ N, 81°44′1″ W) between March-April 2018, accounting for a total exploration time of 172 min, during which an area of 2.7 ha (approx.) was covered. The exploration allowed the recognition of the most common and conspicuous biota in the deep fore-reef terrace (30–50 m depth) and the upper reef slope (50–70 m depth) of Nirvana. The sampling involves digital imagery (Panasonic™ DMC-LX10, Nikon™ D7000), collection of typical sessile biota and visual census of fishes using roving diver technique (Schmitt and Sullivan, 1996).



Biota Identification

Sessile biota identification was based on the imagery library and the specimens collected. Each specimen was photographed with and without scale before collection, then was deposited in a tagged “Ziploc” bag for later identification. Fish species were identified in situ.

The octocoral and black coral colonies were air-dried for preservation and identified according to morphological characters of the colonies and characteristics of the sclerites in octocorals and spines in black corals (Bayer, 1961; Opresko and Sánchez, 2005; Sánchez and Wirshing, 2005). Sclerites and spines were recovered from a small bit of tissue dissolved in sodium hypochlorite, then were examined and measured with a microgrid in an optical microscope (Carl Zeiss Primostar). The hard coral colonies were preserved in 70% alcohol and identified according to morphological characters (Veron, 2000; Reyes et al., 2010; Veron et al., 2016). All the specimens collected were deposited in the cnidarian collection (INV CNI) of the Museo de Historia Natural Marina de Colombia (MHNMC) of INVEMAR, the codes are listed in Table 1.


Table 1. Species of sessile benthic biota and fishes recorded in the mesophotic coral ecosystem MCE (30–70 m depth) on the western side (leeward) of San Andrés Island, Colombian Caribbean.
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Data Analysis

To assign ecological units to the seascape observed in the sampling site, the guidelines of the book Áreas coralinas de Colombia (Díaz et al., 2000), in which the main aspects are the geoform and the dominant biota, were followed. In Nirvana, two different zones were visually apparent, one between 30 and 50 m depth, and the other one between 50 and 70 m depth. To determine the dominant biota, several video clips made over dives were used. Eight clips lasting 364 s and 5 clips lasting 385 s, for the 30–50 m and 50–70 m depth intervals, respectively, were analyzed. For each interval 17 photo frames from the video clips were obtained using a fixed time interval to avoid possible observer bias. Afterward, data on the conspicuous taxa (octocoral, black coral, sponges, scleractinian at the genus level when possible, algae) and abiotic components of the sea bottom were taken by overlapping an 8 x 8 grid on the frame and choosing 6 quadrants (off 64) with random numbers. To each quadrant only one category was assigned considering the most conspicuous category (frequently just one were seen). A total of 102 quadrants were reviewed for each depth interval, then 2 quadrants randomly chosen were deleted. Finally, with the number of quadrants percentages for each different taxa or abiotic feature (sand, coral rock, gap, undetermined) for each depth interval were obtained.




DATASET OUTCOMES AND DISCUSSION

This first exploration in the upper zone of the MCE in SAI leeward side allowed the recognition of two coral reef ecological units. The analysis of the quadrants show that in the deep fore-reef terrace (30–50 m depth) the octocorals (27%), sponges (13%), several hard coral species (10%), and black corals (9%) were dominant seascape features; the substrate correspond mainly with limestone matrix although some sand patches were also evident, the relief is flat in there, and wavy where corals and sponges are present (Figures 1D,E). The upper reef-slope (50–70 m depth) is a complex wall where the dominant taxa in terms of “conspicuousness” were Agaricia (21%, mainly plate-shaped colonies), sponges (12%, mainly tubular and branching, some barrels), and black corals (7%, mainly sea whips) are the main biotic components (Figures 1F,G).

Supported in this straightforward data analysis the units Octocorals-Sponges-Mixed corals for the 30–50 m range, and Agaricia spp.-Mixed corals (see Díaz et al., 2000) to 50–70 m range were assigned.

In terms of biota, 160 species included in 3 kingdoms (Chromista, Plantae, and Animalia), 7 phyla, 11 classes, 29 orders, 66 families and 103 genera between algae (14 spp.), sponges (34), cnidarians (36), crustaceans (1), ascidians (1), and fishes (74), were recognized (Table 1). The dataset provides information on sample collection for 30 specimens of 15 species, as well as sighting data recorded in situ for the remaining 145 species. Additionally, fish species abundance is presented by categories. In the Figures 2A–M some of the common species recorded in the study are showed.
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FIGURE 2. Common biota in the Ecological Units Octocorals-Sponges-Mixed corals and Agaricia spp.-Mixed corals of the mesophotic coral ecosystem (MCE) (30–70 m depth) in the western side (leeward) of San Andrés Island, Colombian Caribbean. (A) Ellisella schmitti; (B) Halimeda copiosa; (C) Tanacetipathes hirta; (D) Caranx lugubris; (E) Agelas sceptrum; (F) Pterois volitans and Xestospongia muta; (G) Plumapathes pennacea; (H) Aplysina archeri; (I) Mycetophyllia reesi; (J) Nicella sp.; (K) Ellisella elongata; (L) Agaricia sp. and Callyspongia sp. (white arrow); (M) Bleaching in Agaricia sp. at 70 m depth.


Until date, 311 species of macroalgae have been reported in the SFBR, including species in the four phyla (Cyanophyta, Rhodophyta, Chlorophyta, and Ochrophyta), but mostly from shallow waters between 0 and 31 m depth (Rincón-Díaz and Ramos-Gallego, 2016; Rincón-Díaz et al., 2018). Here we report the presence of 14 algae species in the mesophotic zone (30 and 70 m depth), most of them already listed for the SFBR except for the genus Rhodymenia (Rhodophyta), which has not been previously reported in the archipelago (nor in the north of Southwestern Caribbean Ecoregion), but recorded on the Colombian mainland coast (Diaz-Pulido and Díaz-Ruíz, 2003), thus expanding the presence of the genus to the north of the ecoregion.

Fifteen species of scleractinian were recorded, five of them were only seen in the deep fore-reef terrace (30–50 m depth: Colpophyllia natans, Mycetophyllia lamarckana, Eusmilia fastigiata, Orbicella franksi, and Porites astreoides), five more were seen exclusively in the reef slope (50–70 m depth: Agaricia grahamae, A. undata, Mycetophyllia reesi, Madracis pharensis, Porites sp.), and five were recorded in both deep strata (Agaricia lamarcki, Scolymia cubensis, Meandrina meandrites, Montastraea cavernosa, and Siderastrea siderea; Table 1). Among these hard coral species, the most conspicuous were those in the genera Agaricia, being frequent to observe big plate-like colonies hanging from the ledges of the wall, some of them showing severe bleaching (Figure 2M). Bleaching in several species of scleractinian corals in MCE (including Agaricia spp.) has been reported in different locations of the Western Atlantic (i.e., Puerto Rico, Bahamas, Cayman Islands, Gulf of Mexico), with the deepest coral bleaching report in the Bahamas at 91 m depth (Weil, 2019). Another striking feature of several Agaricia spp. colonies observed on the leeward reef slope in SAI was the obvious presence of big dark blotches (Figure 2L), which seems very like the Ostreobium endolithic algal association reported by Gonzalez-Zapata et al. (2018b) in colonies of A. undata on MCE at windward reefs in SAI, and other coral areas from the Colombian Caribbean.

The octocoral communities observed between 30 and 50 m depth were similar to those found on shallower zones with a dominance of species like Antillogorgia spp. and Eunicea spp., some of them previously recorded at similar depths in the windward reefs of the island (Sánchez et al., 2019a). The colonization of shallow-water coral species into deeper zones in SAI can be explained by a high light penetration that reaches deep areas in this insular region, which could be promoting an ecological divergence in some species according to Sánchez et al. (2019b). Several octocorals and black coral species which are usually common in Caribbean MCE like Ellisella schmitti, E. elongata (including the synonymous E. barbadensis), Nicella goreaui, Nicella sp., and the unbranched black corals Stichopathes luetkeni and S. occidentalis, were also common below 50 m depth in Nirvana, where shallow-water coral species (e.g., Antillogorgia spp.) begin to be rare. On the reef slope (50–70 m depth) at Nirvana, two new records of corals for the SFBR were found, Iciligorgia schrammi registered by photographs and Muriceopsis petila that was even collected. The black coral Tanacetipathes hirta, a species recently reported in the windward MCE of San Andrés Island by Sánchez et al. (2019a), were also seen in the leeward MCE between 50 and 70 m depth (Figure 2C).

The 34 sponge's species listed in the dataset were recorded mainly by photographs. Ten species were only seen in the shallower zone (30–50 m depth) and 16 were exclusively found on 50–70 m depth; the other eight species were present through the entire depth range (Table 1). The sponge community in the MCE of the leeward face at SAI was very similar to those reported for other Caribbean locations (Pomponi et al., 2019), commonly dominated by tubular and vase sponges like Agelas tubulata, A. sceptrum, Aplysina archeri, and Xestospongia muta (Figures 2F,H). However, in this work just the most conspicuous sponges were recorded—mainly massive ones—, so that sponge richness is probably underestimated, which can be assumed by the unregistered amount of different colored sponges encrusting the hard bottom. This exploration of MCE yielded five new records of sponges for the SFBR (Auletta sp., Dysidea lehnerti, Niphates arenata, Oceanapia peltata, and Xestospongia arenosa), which increase the species richness of the group for this Marine Protected Area, previously estimated in 164 species accounted only for shallow waters (until 30 m depth; Díaz-Sánchez and Zea, 2016).

The fish community observed in the MCE of the leeward side at SAI is very typical of the known ictiofauna in the SFBR (around 653 species; Bolaños-Cubillos et al., 2015) regarding composition, except for the species Carcharhinus longimanus and Decapterus macarellus, which are new records for the island. Conversely, some difference in species abundance between MCE fish community and fish community in shallow waters at Nirvana seems evident (Table 1). For example, several herbivorous fishes that are very common in the Caribbean shallow reefs such as the parrotfishes Scarus iseri, Sparisoma viride, and S. aurofrenatum, became difficult to observe as depth increases. Also, species like the blackcap basslet Gramma melacara which can hardly be observed shallower than 20 m depth, were very common in the fore-reef slope (50–70 m depth). G. melacara is a common species in the deep fore-reef at different sites along the Caribbean, being considered as the most abundant mesophotic reef fish of the Western/Central Caribbean (Dustan and Lang, 2019). Similarly, the longsnout butterflyfish Prognathodes aculeatus, an observed but uncommon fish species in shallow waters of the Caribbean reefs, was one of the common fish species in San Andrés MCE. This species is also one of the common species in the mesophotic fish communities along the Tropical Western Caribbean (Loya et al., 2019), being one of the five species that best characterized the fish assemblage at 70 m depth in Puerto Rico (Appeldoorn et al., 2019).

The lionfish Pterois volitans, maybe the most famous and infamous marine alien invasive species in the Western Atlantic were also seen frequently in this study, to a maximum depth of 70 m. The invader has also been recorded in other localities and ecosystems in the Colombian Caribbean, practically from the surface until 140 m depth (Chasqui et al., 2020; Polanco, unpublished data). In Colombian MCE, there are sightings of lionfish in the National Natural Park Corales de Profundidad (Chasqui and González, 2019), in San Andrés Island (this study, Figure 2I) and the continental platform near Santa Marta city (González, unpublished data). The non-native lionfish have invaded MCE across the Western Atlantic, and several studies in the upper MCE suggest that the species cause negative impacts on native fish communities (Andradi-Brown, 2019), making clear the urgent need to extend lionfish control measures (manual hunting, trapping, etc.) toward mesophotic coral ecosystems.


Reuse Potential

This dataset provides an update of marine organisms recorded in SFBR and specifically SAI with a focus on the mesophotic coral ecosystem, poorly known for the Island. The dataset includes the catalog numbers of the collected biota that was deposited in the Museo de Historia Natural Marina de Colombia—(MHNMC), for any taxonomic verification needed. Additionally, the categories of fish abundance are provided in the dataset for future comparisons. These species records are a valuable source of biodiversity information on MEC in the Southwestern Caribbean, available for future studies and reviews on the topic, a very nascent field of research in this part of the world, particularly in Colombia.
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The octocoral genus Chrysogorgia (Duchassaing and Michelotti, 1864) contains 81 nominal species that are ecologically important components of benthic communities. Taxonomic examination of a large set of samples revealed many provisional new species, exhibiting a wide range of morphological variation. We established nine, distinct morphological groups of Chrysogorgia s.l. that were hypothesized to represent distinct genera. Here, we applied a recently developed universal target enrichment bait method for octocoral exons and ultraconserved elements (UCEs) on 96 specimens varying in morphology, collection ages and DNA quality and quantity to determine whether there was genetic support for these morphologically defined groups. Following Illumina sequencing and SPAdes assembly we recovered 1,682 of 1,700 targeted exon loci and 1,333 of 1,340 targeted UCE loci. Locus recovery per sample was highly variable and significantly correlated with time since specimen collection (2–60 years) and DNA quantity and quality. Phylogenetically informative sites in UCE and exon loci were ∼35% for 50% and 75% taxon-occupancy matrices. Maximum likelihood analyses recovered highly resolved trees with topologies supporting the recognition of 11 candidate genera, corresponding with morphological groups assigned a priori, nine of which are novel. Our results also demonstrate that this target-enrichment approach can be successfully applied to degraded museum specimens of up to 60 years old. This study shows that an integrative approach consisting of molecular and morphological methods will be essential to a proper revision of Chrysogorgia taxonomy and to understand regional diversity of these ecologically important corals.
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INTRODUCTION

Octocorals, referred to colloquially as “soft corals” or “sea fans,” are non-reef forming, sessile invertebrates that are typically long-lived and slow growing (Roberts et al., 2009; Watling et al., 2011). These invertebrates are conspicuous components of benthic communities where they are ecologically important, providing habitat and refugia for other marine fauna (Mosher and Watling, 2009; Watling et al., 2011; De Clippele et al., 2019). Octocorals are also classified as “vulnerable marine fauna” and are protected from the destructive effects of bottom fishing in the high seas (FAO, 2009; Auster et al., 2011; Watling and Auster, 2017). The effective management and regulation of deep-sea marine environments necessitates knowledge about the biodiversity, distribution and abundance of octocorals (Ramirez-Llodra et al., 2010; Watling and Auster, 2017). However, historical difficulties with octocoral taxonomy hamper our ability to reliably identify species in this group during monitoring surveys, and consequently, define effective strategies for their conservation.

The genus Chrysogorgia (Duchassaing and Michelotti, 1864) (Family: Chrysogorgiidae Verrill, 1883), commonly known as “gold coral,” is one of the most abundant and diverse octocoral groups (Cairns, 2001), with 81 nominal species. They are distributed worldwide, occurring on hard and soft substrates, at depths of 31–4,327 m based on published records (Cairns, 2001, 2018; Pante et al., 2012) and our own assessment of museum specimens. The biogeography of Chrysogorgia has been investigated in both the south-western Pacific and north-western Atlantic oceans (Thoma et al., 2009; Pante et al., 2012, 2015). Several Chrysogorgia mitochondrial haplotypes, used as proxies for species, are found in both the Atlantic and Pacific oceans, suggesting either a high dispersal ability of these octocorals or ancient connections between ocean basins (Thoma et al., 2009; Pante et al., 2012, 2015). Ecologically, chrysogorgiids are host to a variety of associated invertebrates, including brittle stars (Mosher and Watling, 2009) and squat lobsters (Schnabel, 2020; Wicksten, 2020). Surveys in Tasmania, Australia, have found that fields of chrysogorgiids are common on historically fished seamounts, suggesting these corals maybe used as indicators of deep-sea community recovery or resilience (Althaus et al., 2009).

The taxonomy of Chrysogorgia has gained interest since the 2000s, partly due to an increase in deep-sea exploration (Pante and Watling, 2012). As such, several new species have been recently described (e.g., Pante and Watling, 2012; Cordeiro et al., 2015; Cairns, 2018; Xu et al., 2020) but a comprehensive taxonomic revision of the genus and a critical examination of morphological characters in nominal species of Chrysogorgia has not been conducted since Versluys (1902). Taxonomists have recognized the range of morphological variation in this genus and sought to categorize Chrysogorgia species into groups based on the nature of the sclerites found in the polyp body and tentacles (Wright and Studer, 1889; Versluys, 1902). Presently, three groups are recognized: Group A, the “Spiculosae,” consists of species that have rod/spindle shaped sclerites in the polyp body wall and tentacles, while Group C (“Squamosae”) species have scales in these regions. An intermediate, Group B (“Squamosae aberrantes”) have scales in the body wall and rods/spindles in the tentacles (Wright and Studer, 1889; Versluys, 1902; Cairns, 2001; Pante and Watling, 2012; Xu et al., 2020). Species within these constituent groups are then separated and defined based on additional morphological features including branching sequence, the angle between the main stem and branches and several other colony and polyp morphometrics as well as fine-scale sclerite features (e.g., Bayer and Stefani, 1988; Cairns, 2001, 2018; Pante and Watling, 2012).

An integrative approach, assessing both morphology and molecular variation, is needed to resolve the taxonomy of Chrysogorgia. Morphological characters are still required for formal taxonomic revision. However, species identification of octocorals relies on expert examination of fine-scale, microscopic features which are not easily interpreted or useable by non-experts. In addition, homoplasious morphological characters, subtle variation in morphology, and environmental plasticity can obscure species boundaries in octocorals (Ament-Velásquez et al., 2016; McFadden et al., 2017; Quattrini et al., 2019). While molecular methods have become a valuable tool in taxonomy, they can still exhibit deficiencies. For instance, studies of mitochondrial mtMutS divergence revealed conflict among variation within and between species of Chrysogorgia (Pante and Watling, 2012; Pante et al., 2015). Studies employing multiple molecular markers (e.g., mtMutS, mt-cox1, igr1, ND2 and nuclear 28s rDNA) are also not always effective at distinguishing octocoral species (McFadden et al., 2010, 2014a,b; Baco and Cairns, 2012; Quattrini et al., 2019). While molecular analyses of Chrysogorgiidae using mtMutS, 18S and mt-cox1 markers showed that Chrysogorgia appears monophyletic (Pante et al., 2012), and genetic variation in mtMutS is congruent with discrete morphologies that correspond to species boundaries in four Atlantic species (Pante and Watling, 2012), in each case only a small number of taxa (< 50) were surveyed and the need for more comprehensive DNA sequencing was identified (Pante and Watling, 2012; Pante et al., 2012). A much larger number of loci have been surveyed for Chrysogorgia using Restriction-site Associated DNA sequencing (RAD-seq) (Pante et al., 2015), however the phylogenetic resolution of RAD loci can drop severely with phylogenetic depth, a phenomenon known as locus dropout (e.g., Collins and Hrbek, 2018), the number of shared loci declining with phylogenetic divergence among taxa (Eaton et al., 2017). Also, this technique requires high quantity and quality DNA, which can generally only be extracted from relatively recently collected material (Faircloth et al., 2015; Leaché et al., 2015; Pante et al., 2015; Harvey et al., 2016). This inherently limits the use of old type and other museum material that may be fragmentary, fluid-preserved and/or dried and generally provide low quantity and quality DNA (McCormack et al., 2016).

Target-capture enrichment of ultra-conserved elements (UCEs) and exons has proven useful in capturing 100’s of loci from both dry and fluid-preserved museum material (McCormack et al., 2016; Ruane and Austin, 2017; Wood et al., 2018; Derkarabetian et al., 2019; Tsai et al., 2019). This technique offers advantages over traditional Sanger sequencing and other next-generation sequencing methods like RAD-seq because both UCE and exon loci distributed throughout the genome are captured and enriched by hybridizing short (∼120 bp) RNA sequences (i.e., probes) to sheared genomic DNA of each sample (Faircloth et al., 2012). Therefore, high molecular weight DNA from specimens is not essential (McCormack et al., 2016; Ruane and Austin, 2017; Wood et al., 2018; Derkarabetian et al., 2019; Tsai et al., 2019). Furthermore, UCEs have been used to study evolutionary relationships at various taxonomic levels (Faircloth, 2013; McCormack et al., 2016; Ruane and Austin, 2017; Wood et al., 2018), and thus can resolve phylogenies across deep to shallow timescales (Faircloth et al., 2013; Smith et al., 2014).

Target-capture enrichment of UCEs and exons was recently pioneered for anthozoans, resulting in the first comprehensive time-calibrated phylogeny with high support for subclass and ordinal-level relationships (Quattrini et al., 2018, 2020). This technique has subsequently been refined and used to investigate populations and species-level relationships in the diverse octocoral genera Alcyonium Linnaeus, 1775 and Sinularia May, 1898 (Erickson et al., 2020). These studies have shown that this technique has greater utility for resolving phylogenetic relationships and species boundaries in octocorals than existing single and multi-locus markers. However, this target enrichment approach has not been used on specimens collected more than 30 years ago and preserved in <95% EtOH for extended periods. Here, we test the utility of target-capture enrichment of UCEs and exons for analysis of museum specimens of Chrysogorgiidae. We then use these data to test congruence between assigned morphological groups and clades obtained in the phylogeny and also investigate biogeographic patterns across depth and ocean basin.



MATERIALS AND METHODS


Taxon Sampling and Morphological Examination

Samples for DNA analysis were obtained from collections worldwide and comprised 88 specimens assigned to Chrysogorgia s.l., including six type specimens and 15 specimens assigned to known species. We also sampled eight outgroup specimens from other genera within Chrysogorgiidae. The sample set covered a range of geographic locations (Atlantic and Indo-Pacific oceans, between 50°S and 50°N; Figure 1), depths (62–3957 m), collection dates (1959–2018), collection methods and morphologies (Figure 1 and Supplementary Table 1). Taxonomic examination was conducted on a larger set of specimens (>600) and examination of 50 of the 81 valid Chrysogorgia type species. Thorough examination of morphological variation was conducted and included examination of established macroscopic characters such as colony form, branching sequence, orthostiche interval (defined as the distance between two reference branches in the branching sequence), branch lengths, polyp size and sclerite form and arrangement together with assignment to Versluys’ sclerite group (A, B, C) Versluys, 1902; Bayer and Stefani, 1988; Cairns, 2001; Pante and Watling, 2012). Microscopic examination of sclerite features were performed on several polyps within a colony, where material was available, by dissolving the tissue in 10% sodium hypochlorite and using light microscopy (Alderslade, 1998).
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FIGURE 1. Collection location and morphological group assignment of samples. Locations of insets are southern Tasmania and northern New Zealand indicated by the pink boxes.




Molecular Procedures


DNA Extraction

Polyps were removed from the skeletal axis with a sterile scalpel and weighed after blotting excess ethanol, and then DNA extraction was conducted following a CTAB organic extraction (France et al., 1996). Polyps were macerated in 300 μL 2x CTAB buffer with a plastic pestle before adding 200 μg of Proteinase K and 200 μL of CTAB buffer. Samples were incubated at 65°C overnight, with an 200 μg of Proteinase K added after one hour. DNA was purified using three 500 μL organic extractions: first chloroform-isoamyl alcohol (24:1), second with phenol/chloroform-isoamyl alcohol (25:24:1),and finishing with chloroform-isoamyl alcohol (24:1). DNA was precipitated in 750 μL of cold isopropanol prior to centrifugation at 4°C, followed by rinsing the pellet with 400 μL of 70% ethanol to remove excess salt. DNA pellets were dried under vacuum and resuspended in 25 μL AE buffer. DNA quantity and quality were assessed with a Fragment Analyzer (Agilent 5200 Fragment Analyzer System). Before shipping to Arbor BioSciences, Ann Arbor, MI, United States, DNA extractions were stabilized by adding 6.25 μL of Biomatrica DNAstable® Plus.



Bait Set Design

An octocoral-specific bait set targeting exons and UCEs was used in the target enrichment, as described in Erickson et al. (2020). The bait set included 29,363 baits (120 bp) targeting 3,040 octocoral loci (1,340 UCE and 1,700 exon loci), with 3–18 baits targeting each locus. From this bait set, a subset (18,791 baits) designed only against species in the Calcaxonia-Pennatulacea clade (McFadden et al., 2006), to which Chrysogorgiidae belongs, were synthesized (Arbor BioSciences myBaits ®).



DNA Target Enrichment and Sequencing

Sample preparation, target enrichment and sequencing were performed through Arbor Biosciences as part of their myReads ®Targeted NGS services. DNA samples were sheared using a Qsonica Q800R sonicator and then size-selected to 500 bp with SPRI beads. Illumina Truseq-style, dual 8nt indexed libraries were constructed using either six or 10 cycles of indexing amplification following end repair and adapter ligation. A total of 22–167 ng of DNA was used per library (specimen), with six libraries pooled per enrichment reaction (16 enrichments), using the myBaits® kit and following the myBaits ® manual version 4.1, but substituting reagent Block A with IDT’s xGen universal blocking oligos, volume-for-volume. The myBaits ® were diluted to 1/2 (250 ng) of the standard reaction. Hybridizations were performed at 62°C for 23 h, with washes also performed at 62°C. Half of each captured product was re-amplified in 10 cycles using universal primers, quantified with library quantitative PCR, and then pooled in an equimolar concentration prior to sequencing. This pool was sequenced across 400M PE150 read-pairs on a NovaSeq S4 flowcell.



Postsequencing Analyses

Postsequencing analyses followed protocols in Quattrini et al. (2018) and PHYLUCE, following the workflow in the online tutorial I1, with a few modifications to the pipeline (Faircloth, 2016; Quattrini et al., 2018). Summary data and statistics were computed on all samples sequenced. Raw, untrimmed fastq read data were cleaned in order to remove adapter contamination and low quality bases using ILLUMIPROCESSOR with default values (Faircloth et al., 2013; Bolger et al., 2014), followed by contig assembly using SPAdes v. 3.10 (Bankevich et al., 2012). UCE and exon probes were separately matched to contigs (70% identity, 70% coverage) using phyluce_assembly_match_contigs_to_probes to find targeted loci. Both UCE and exon locus sets were extracted using phyluce_assembly_get_match_counts and relevant FASTA data were extracted using phyluce_assembly_get_fastas_from_match_counts. Files were aligned using phyluce_align_seqcap_align, which uses default settings in PHYLUCE. Data matrices of locus alignments were generated for each bait set using phyluce_align_get_only_loci_with_min_taxa where each locus had either 50% or 75% species occupancy. Concatenated locus alignments consisted of UCE, exon, or all loci. The number of parsimony informative sites was calculated for each 50% and 75% concatenated alignment matrix on unphased data using phyluce_align_get_informative_sites. The total number of variable sites, total number of parsimony informative sites and number of parsimony informative sites per locus were calculated using PHYLUCE (Faircloth, 2016).

Four samples (N025, N038, S080, and T060) had low locus recovery (< 120) for one or both probe sets and were removed from subsequent analysis (Supplementary Table 4). Two samples (C034, C040) were not included in the phylogeny as they were from multiple collections of the same colony as REM001D, and clustered with it in preliminary analyses. Existing fasta data for a specimen of Chrysogorgia tricaulis (ANT23) and an additional outgroup specimen, Radicipes (ANT176), from Quattrini et al. (2018), were added to make a final data set of 92 samples. Maximum Likelihood inference using RAxML v.8 (Stamatakis, 2014) was then conducted on 50% and 75% concatenated matrices for all loci combined. This analysis was carried out using rapid bootstrapping, which allows for a complete analysis (20 ML searches and 200 bootstrap replicates) in one step. Rooting was to outgroup genera: Metallogorgia (Versluys, 1902), Pseudochrysogorgia (Pante and France, 2010), Radicipes (Stearns, 1883), Rhodaniridogorgia (Watling, 2007) and Iridogorgia (Verrill, 1883). Biogeographic data were mapped onto the phylogeny in order to determine if there were patterns with depth and ocean basin. Depth distributions were expressed as ranges and classified into one of six categories according to collection event information: <500 m; 500–1000 m; 1000–1500 m; 1500–2000 m, 2000–3000 m, and >3000 m.



Recovery of mtMutS and 28S rDNA

Although not included in the bait set, we investigated the recovery of mtMutS and 28S rDNA sequences from our data. Assembled contigs were blasted against all available Chrysogorgia sequences from the NCBI database using ncbi blastn (e-value 0.01). Whole to partial mitochondrial genomes (including mtMutS) were uploaded to Mitos2 (Bernt et al., 2013) for annotation.



RESULTS


Morphological Examination

Following a detailed taxonomic investigation, 11 of the 15 specimens previously assigned to known species of Chrysogorgia were re-classified (Supplementary Table 2). An additional 16 specimens could be confidently assigned to known species, while 61 specimens were assigned to 53 putative new species. One of the outgroup specimens (OG09) was originally assigned to the genus Pseudochrysogorgia but re-assigned to Chrysogorgia following morphological identification (Supplementary Table 2). Given the wide range of morphological variation exhibited by specimens currently assigned to Chrysogorgia, we established nine, broad morphological groups and assigned specimens to them prior to our phylogenetic analysis (Table 1 and Supplementary Table 2). These morphological groups were based on an assessment of the following character set: colony form, branching sequence, polyp size, sclerite complement (expressed as Versluys’ group A, B, C), and presence of diagnostic features such as a bare, sclerite-free area at the base of the tentacles or specialized pinnule sclerites (Table 1).


TABLE 1. Morphological characters used to assign samples to groups prior to molecular analysis.

[image: Table 1]Specimens assigned to Group 1 represent a large assemblage of species, which can adopt a variety of colony forms including bottlebrush-shaped as well as bi- and multi-flabellate forms. Branching sequence in the bottlebrush forms is variable and no branching sequence can be determined from bi- or multi-flabellate colonies, unless a significant portion of the single, main stem is present (Supplementary Table 2). Polyps of these specimens are very large in size (5–25 mm). Sclerites of the polyp body are always scales, which can be robust and take on a variety of shapes, sizes and arrangements. Sclerites in the basal part of the tentacle are either rods, often robust and warty or smooth, long, robust scales. This places species of this group into Versluys’ group B (“Squamosae abberantes”) or C (“Squamosae”). Differentiation from other groups is based on the presence of a bare, sclerite free area at the base of the tentacle, a character which is not present in any other group. Separation between species in this group is based on the shape and arrangement of sclerites directly underneath the bare area, which can be the same as those in the rest of the polyp body (designated as sub-group 1.0) or, more often, modified and arranged to form points (sub-group 1.1) or cups (sub-group 1.2) (Table 1 and Supplementary Table 2). Described species of Chrysogorgia s. l. in this group include C. octagonus (Versluys, 1902), C. calypso (Bayer and Stefani, 1988), C. bracteata (Bayer and Stefani, 1988), C. chryseis (Bayer and Stefani, 1988), C. stellata (Bayer and Stefani, 1988), C. versluysi (Kinoshita, 1913), C. electra (Bayer and Stefani, 1988), C. squamata (Verrill, 1883) and C. antarctica (Cairns, 2002) (Supplementary Table 3).

Group 2 represents specimens with a bottlebrush colony form having a 1/4L branching sequence, in most cases. Polyps in this group are very small (<1 mm), with sclerites often sparsely distributed in the polyp body wall of most polyps. Rods are also present in the tentacle backs and pinnule sclerites, when present, are not numerous. Species in this group therefore fall into the Spiculosae (Versluys’ group A), having a sclerite complement of rods only; these always have rounded ends and are small and uniformly sized throughout the colony (Table 1 and Supplementary Table 2). This group includes several Pacific and Indian Ocean species: C. papillosa (Kinoshita, 1913), C. rotunda (Kinoshita, 1913), C. dichotoma (Thomson and Henderson, 1906), and C. flexilis var. africana (Kükenthal, 1909) (Supplementary Table 3).

The morphological characters used to assign specimens to Group 3 were based on the taxonomic characters of some nominal species, specifically C. elegans (Verrill, 1883) and C. spiculosa (Verrill, 1883) (Supplementary Table 3). This group is characterized by a bottlebrush colony form with a regularly 2/5R branching sequence. Polyps are medium in size (3–8 mm) and sclerites in the polyp body are rods and/or spindles and occasionally also scales. The basal part of the tentacle has only rods and/or spindles. Sclerites are always densely packed and arranged obliquely longitudinally in the polyp body, modified in shape and size within a region in some species. This complement of sclerites places species assigned to this group in either Versluys’ group A or B (Table 1 and Supplementary Table 2).

Assignment of Group 4 was based on the taxonomic examination of the holotype of Chrysogorgia laevorsa (Cairns, 2018). The colony form is a small bottlebrush with variable branching sequence. The polyps are long (up to 20 mm) and slender, resembling those of Group 5, but with a sclerite complement of rods and spindles, as opposed to narrower, needle-shaped forms. Other species falling in this group are C. upsilonia (Cordeiro et al., 2015), C. tuberculata (Cordeiro et al., 2015), C. midas (Cairns, 2018) and C. debilis (Kükenthal, 1909). While this sclerite complement places these species in Versluys’ group A, many forms in either the polyp or tentacle region of some species can be markedly flattened and are thus considered as scales, which places them in Versluys’ sclerite group B.

Specimens were assigned to Group 5 based on the unusual form of their colonies and polyps with respect to others in Chrysogorgia s.l. The colony form in this group is generally planar with a pinnate branching pattern, and in specimens with a branched colony the main axis is more or less straight (Table 1). Polyps are large, narrow and elongate (up to 20 mm), with long tentacles that are always extended and never folded in toward the mouth. Polyp body sclerites can be scales, or more often, long, slender, needle-like forms; there are no rods. This group therefore falls in two Versluys sclerite groups A and B. Morphological Group 6 includes the nominal species C. abludo (Pante and Watling, 2012), C. dendritica (Xu et al., 2020) and C. pinnata (Cairns, 2001) (Supplementary Table 3).

Group 6 was assigned to specimens with a bottlebrush colony form and a sclerite complement of only scales in the polyp body and scales and sometimes small rods in the tentacle region (Table 1 and Supplementary Table 2). Polyp body scales tend to be figure-8-shaped and there is generally a median constriction regardless of shape. Scales in the tentacle rachis are always transversely arranged in a single series and are often butterfly or bone shaped. In some species, there are pairs of small rods, at the base of the tentacle, arranged either side of the scale. Having scales and occasionally rods places species assigned to Group 6 in Versluys’ sclerite group B or C. This morphological group includes the nominal species C. rigida (Versluys, 1902), C. artospira (Pante and Watling, 2012), C. campanula (Madsen, 1944) and C. tricaulis (Pante and Watling, 2012) (Supplementary Table 3).

Assignment of Group 7 was based on the taxonomic examination of C. cavea (Kinoshita, 1913) and C. geniculata (Wright and Studer, 1889). Specimens assigned to Group 7 all had a bottlebrush colony form with a regular 1/3L branching sequence. The diagnostic character for this group is the presence of extremely long pinnule sclerites, that are toothed on the ventral margin. Pinnule sclerites in Chrysogorgia s.l. are usually small scales, occurring singly or in bundles which are embedded within the tissue of the pinnules. However, the characteristic pinnule sclerites of Group 7 are so long that the tentacles are always extended as opposed to being folded in toward the mouth, allowing these sclerites to be easily seen under a stereo-microscope. Polyp body and tentacle sclerites are scales only, and rods and/or spindles are never present, corresponding with Versluys’ sclerite group C (Table 1).

The Chrysogorgia s.s. clade was designated based on the examination of the type species C. desbonni (Duchassaing and Michelotti, 1864). Morphologically, this clade is characterized by variable colony shape, including bi-flabellate forms. The sclerite complement is rods and/or spindles only, placing this group in Versluys’ sclerite group A. Sclerites in the polyp body are transversely arranged and long, curved to conform to the shape of the polyp body, while tentacle sclerites are shorter and longitudinally arranged. This is the only group in which polyp body sclerites are distinctly transversely arranged. The coenenchyme sclerites in this group are also diagnostic, resembling jigsaw pieces, which vary in length, robustness and warty ornamentation on the surface, both within and between species (Table 1 and Supplementary Table 2). Other nominal species in this group include C. thyrsiformis (Deichmann, 1936), C. fewkesii (Verrill, 1883) and C. multiflora (Deichmann, 1936) (Supplementary Table 3).

Specimens were assigned to Dasygorgia s.s. based on the taxonomic priority and characteristics of the type species D. agassizii (Verrill, 1883). This morphological group is characterized by bottlebrush colonies with variable branching sequence. Polyp body sclerites are scales and rods and/or spindles in the basal part of the tentacles, corresponding with the Versluys’ sclerite group B. Other Chrysogorgia s.l. species that fall into this group include C. comans (Kinoshita, 1913) and C. orientalis (Versluys, 1902).



Molecular Results


Read and Assembly Statistics

The total number of raw reads ranged from 632,849 to 13,296,848 per sample (mean: 5,554,471 ± 2,538,201 SD) (Supplementary Table 4). Removing adapter contamination and low-quality bases using Illumiprocessor reduced the number of reads per sample by 3.33–23.28%, resulting in a mean of 5,273,837 ± 2,431,309 SD trimmed reads per sample. Trimmed reads were assembled into 6,026 to 129,463 contigs per sample (mean: 45,076.81 ± 21,731.42 SD) with a mean length of 416.93 ± 119.6 bp (range: 159.20–685.20) using SPAdes (Supplementary Table 4). Contig coverage ranged from 0.2–48.2% per sample. The highest percentage of bases removed from Illumiprocessor (23.28%) and lowest contig coverage after SPAdes assembly (0.2%), were obtained for the same sample, N038, collected 20 years ago and with low quantity (5.43 ng/μL) and quality (330 bp mean fragment length) DNA at extraction. The oldest sample, S080, collected in 1959 had 12.75% of bases removed and low coverage (1.9%) following SPAdes assembly (Supplementary Table 4).



Locus Recovery

A total of 1,333 UCE loci (1,340 targeted) and 1,682 exon loci (1,700 targeted) were recovered from assembled contigs. Mean length of UCE and exon contigs were 1,063 ± 438 bp (range: 280–1,854 bp) and 1,041 ± 431 bp (range: 289–1,800 bp), respectively. There was a significant difference (Wilcoxon signed rank test: W = 5899, p < 0.001) between the proportion of targeted UCE and exon loci recovered from samples (Supplementary Figure 1). A significantly higher proportion (Wilcoxon signed rank test with constraints: V = 4647, p < 0.001) of UCE loci was recovered per sample but locus recovery was variable with mean values of 766 ± 236 UCEs (range: 41–1,026 loci) and 892 ± 279 exons (range: 40–1,208 loci). UCE and exon locus recovery was significantly positively correlated with DNA extraction concentration (p < 0.001, df = 94) and quality (p < 0.01, df = 94), expressed as mean fragment length (bp) (Figure 2). Locus recovery was also significantly negatively correlated (p < 0.05, df = 94) with time since sample collection (Figure 2). We recovered the lowest numbers of UCE and exon loci from samples 50 and 60 years old, despite relatively good quality and concentration of extracted DNA for the latter sample (S080: 192 bp, 32.15 ng/μL). The 50-year-old sample (N025) had very low quality and concentration (<100 bp, 0.08 ng/μL) DNA at extraction. 72 of the samples (75%) in our set were degraded, with an average fragment length of <300 bp, despite some having high DNA concentrations (165–719 ng/μL) at extraction. Of these 72, 27 samples (28%) were collected within the last 10 years. For the 24 samples (25%) which had high quality (330–17,312 bp) and concentration (mean: 196 ng/μL) DNA at extraction, 11 samples (46%) were collected within the last 5 years. The highest number of loci were recovered from a sample (S139) collected 14 years ago with high quality and concentration of DNA at extraction (3,440 bp, 94.26 ng/μL) (Figure 2 and Supplementary Tables 1, 4).
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FIGURE 2. Spearman’s rank correlation between the proportion of loci recovered (A–C: UCE; D–F: Exon) and DNA extraction quantity (ng/μL) and quality (mean base pairs) and time since sample collection (years) (A,D: p < 0.001; B,C,E,F: p < 0.05).


Coverage averaged 0.4 to 278.4x, and 0.4 to 236.3x per sample for the UCE and exon loci set, respectively. There was no significant difference between the median coverage of UCE (94.81x ± 66.07 SD) and exon (83.07x ± 58.24 SD) loci recovered from samples (Wilcoxon signed rank test: W = 4983.5, p = 0.2145). Four samples had loci coverage of <2x for both probe sets. Three of these samples (N025, N038, and S080) also had the lowest recovery (<120) of loci. N025 and N038 were characterized by very low quantity (<5.5 ng/μL), fragmented (<330 bp) DNA, while S80 was collected 60 years ago.



Alignment Statistics

We generated alignment matrices consisting of UCE and exon loci at 50% and 75% occupancy as well as concatenated matrices at each of these occupancies. The alignment matrix generated at 50% with UCE loci had a total of 1,000 loci with a trimmed mean locus length of 686 bp and a total alignment length of 686,391 bp. The alignment matrix generated with the exon loci at 50% occupancy included 1,117 loci, with a trimmed mean locus length of 704 bp and a total length of 786,239 bp. The alignment matrix generated at 75% with UCE loci had a total of 389 loci with a trimmed mean locus length of 731 bp and a total alignment length of 284,292 bp. The alignment matrix generated with the exon loci at 75% occupancy included 336 loci, with a trimmed mean locus length of 733 bp and a total length of 246,168 bp. The concatenated alignment matrix with both loci at 50% occupancy had 2,117 loci with a mean locus length of 695 bp and a total length of 1,470,231 bp. The concatenated alignment matrix with both loci at 75% occupancy had 725 loci with a trimmed mean locus length of 732 bp and a total alignment length of 530,460 bp. The average percentage of parsimony informative sites across all alignments was 35.43%.



Phylogenetic Analysis

Maximum Likelihood topologies produced using the 50 and 75% occupancy datasets were congruent overall (Figure 3). Bootstrap support values were higher overall in the 50% ML tree but in both topologies bootstrap values were 100% for the majority of nodes (Figure 3). Analyses recovered 11 well-supported clades of Chrysogorgia s.l., most of which were congruent with the morphological groups assigned herein. Group 5 was the exception, with samples being divided among three different clades. The clade representing morphological Group 1 was sister to all other morphological groups, which together formed a second well-supported clade. Within the latter clade, Chrysogorgia s.s. and Group 3 are sisters to one another and diverge earliest from a third well-supported clade. A group of specimens assigned to Group 5 are the earliest divergence in this clade and sister to a fourth well-supported clade. Within this clade, a group of specimens assigned to morphological Group 5 diverges first and is sister to a fifth well supported clade. Group 7 is sister to Group 2 and Dasygorgia s.s and diverged before Group 4 and Group 5 and 6, which together represent the most recent lineage.
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FIGURE 3. Maximum-likelihood phylogeny constructed with a concatenated UCE and exon loci dataset for 92 taxa at 50% taxon occupancy and rooted to outgroup genera. Branch scale represents expected substitutions per site. Bootstrap support values are <100% for nodes indicated with a * (gray symbol indicates BS < 100% for both 50% and 75%, while black symbol indicates BS < 100% for 75% only). Branches are color coded by morphological group. For Group 1 and Group 5 specimens sub-group assignment is indicated by numbers in brackets. Tip labels are color coded to ocean basin and the depth distribution of each sample is indicated: <500 m; 500–1000 m; 1000–1500 m; 1500–2000 m; 2000–3000 m, and >3000 m.


While specimens were initially assigned to morphological Group 5 based on a broad set of characters, subsequent, detailed morphological examination showed that there are morphological differences which could account for the observed phylogenetic patterns (Table 1 and Figure 3). Clade 5.1 contains a group of specimens, collected from the Pacific, characterized by a pinnate, planar colony form. Polyp body sclerites in this group of specimens are always small, figure 8-shaped scales, while the tentacles can have both rods and scales. The closely related Clade 5.2 contains a type specimen of C. abludo, a species known to have variable colony form. Clade 5.2 also contains a specimen of C. dendritica, with an arborescent colony having a nearly straight main axis and specimen S151 is a planar, pinnate colony. Polyp body sclerites differ from those in Clade 5.1 specimens, in that the polyp body scales are of a highly irregular, ameboid shape and tentacle sclerites are only needle-shaped spindles. Clade 5.3 contains type material of the deep-water species C. pinnata, a planar, pinnate colony, and two other pinnate specimens, that have only rods/spindle-shaped sclerites in the polyp body wall and tentacles (Figure 3 and Supplementary Table 2).



Biogeographic Patterns

Representatives of Group 1 and Group 3 were collected from the Atlantic, Pacific and Indian Oceans. Group 7, Group 2, and two (5.1, 5.3) of the three clades of Group 5 were sampled exclusively from the Pacific, while Chrysogorgia s.s. is an exclusively Atlantic genus (Figure 3). All samples in these clades, were assigned to the same Versluys sclerite group and the sclerite complement was either rods and/or spindles only (A: “Spiculosae”) or scales only (C: “Squamosae”). Diagnostic features related to the colony form and sclerites were also established for these groups. In contrast, groups with representatives from more than one ocean basin tended to have variable colony form, branching sequence and a mix of sclerite types (B: Squamosae abberantes”). Samples from most groups were collected from a wide depth range (500–2000 m). Chrysogorgia s.s., Dasygorgia s.s. and Group 3 were the only groups containing samples collected from depths shallower than 500 m. Only Group 5 (5.2, 5.3) and Group 6 specimens were collected from depths exceeding 2000 m (Figure 3).



Recovery of mtMutS and 28S rDNA

We recovered mtMutS sequences, ranging from partial sequences as short as 87 bp to the entire gene region (2,961 bp), from 50 individuals. We also recovered 96 rDNA sequences ranging from partial 28S sequences as short as 141 bp to sequences as long as 2,890 bp that include not only 28S, but also portions of 18S and/or 5.8S. From the SPAdes assemblies, we also recovered whole mitochondrial genomes for nine specimens and long regions (>8k bp) for five others.



DISCUSSION

We have demonstrated that UCE and exon loci successfully delimit a priori assigned morphological groups within Chrysogorgia s.l., in most cases, and that some of these groups are also well differentiated by depth and ocean basin. We have also demonstrated that targeted enrichment of UCE and exon loci can be successfully applied to older, museum and fluid-preserved specimens of octocorals, although locus recovery is highly variable and significantly related to specimen age, DNA concentration and average fragment length of the extracted DNA fragments.


Implications for Chrysogorgia Taxonomy

Specimens of Chrysogorgia s.l. were assigned to morphological groups prior to sequencing based on characters, purported to be taxonomically important and others which were identified through extensive examination of specimens assigned to species in the genus, including type material. The characters presented here are intentionally broad and do not detail the entirety of fine-scale taxonomic detail used for species designation. Fine-scale taxonomic characters used in the identification of Chrysogorgia s.l. are complex and require expertise and technical jargon to understand. A complete and thorough taxonomic revision is needed to clearly define and document the full complement and range of characters which delineate each group and importantly, Chrysogorgia s.s.

In most instances, there was concordance between assigned morphological groups and highly supported clades recovered from the UCE + exon phylogeny. The exception was specimens from Group 5, initially assigned to one group based on their unusual features compared with all other Chrysogorgia s.l., but which actually fall into three monophyletic clades in our phylogeny. Taxonomic examination of Group 5 specimens a posteriori clearly identified morphological features in colony shape and sclerite complement of polyps and tentacles that define each of these three clades. This highlights the value of an integrated approach using phylogenetic analysis to guide morphological taxonomy and reveal the homoplasious nature of some characters. Similarly, a thorough taxonomic investigation resulted in amended identifications of several samples, some of which have been published under their previous species identifications. DNA barcoding makes use of genetic variation in short, standardized gene regions to aid species identification (Hebert et al., 2003). Many of these studies make use of sequences deposited to online repositories (e.g., BOLD, GenBank) which are linked to vouchered specimens assigned a taxonomic identification. If the morphological identification is incorrect or out of date, the error is propagated, as it is associated with a barcode that is then used to identify additional specimens (Hubert and Hanner, 2015).

Overall, we recognize 11 molecular clades that are also defined by specimen morphology; two of these clades have precedents as Chrysogorgia s.s. and Dasygorgia s.s. The most complete taxonomic treatment of Chrysogorgia s.l. is the monograph published by Versluys (1902), in which he defines branching sequence and suggests, based on the assertions of Wright and Studer (1889), that Chrysogorgia s.l. could be split into three groups on the basis of sclerite types in the polyps and tentacles. He defines three groups: the “Spiculosae” (also called group A), a grouping of species having rods or spindle shaped sclerites, while the “Squamosae” (group C) have scale sclerites in these regions. An intermediate group, the “Squamosae abberantes” (group B) are defined by having scale sclerites in the polyp body but rods in the tentacles. A fourth group, D, was established for two species, C. upsilonia and C. tuberculata, which also have a mix of sclerite types, as in group B, but have rods in the polyp body and scales in the tentacles (Cordeiro et al., 2015). This group has not been formally defined and is considered herein as being part of Versluys’ group B, due to the mix of sclerite types. Branching sequence and sclerite group (A, B, C) are considered useful for distinguishing groups and species in Chrysogorgia s.l., however, analyses reveal that they do not reflect phylogenetic relationships. We found that branching sequence, as defined by Versluys (1902), can be variable within a single colony and often cannot be determined for planar or flabellate colonies, or for fragments of whole bottlebrush colonies, resulting in this character having limited taxonomic utility in Chrysogorgia s.l. Six clades included specimens belonging to more than one Versluys’ sclerite group, while for Group 2, Group 4, Group 7, Chrysogorgia s.s. and Dasygorgia s.s. the same Versluys’ sclerite group could be assigned to all specimens. There were also a few discrepancies in the taxonomic literature with regards to sclerite groups assigned to nominal species and in several cases, we found that our assessment of sclerite groups differed from that assigned previously. For example, C. dendritica is reported as belonging to Versluys’ group A, but the polyp body contains scales, placing this species in sclerite group B (Xu et al., 2020). Examination of type specimens of C. spiculosa revealed the presence of scales in the polyp body, classifying this species in group B, while in the literature it has only been reported as a group A species (Versluys, 1902; Cairns, 2001). For clades where Versluys’ sclerite group was consistent among all specimens, there were important additional sclerite characters diagnostic for the clade. In both Chrysogorgia s.s. and Group 2, sclerites are Versluys’ group A (“Spiculosae”), being rods and/or spindles only. In Chrysogorgia s.s. sclerites can be both rods with rounded ends, and spindles, with acute ends, and in the polyp body sclerites are long and curved, sometimes robust and bearing lateral protuberances. In Group 2, sclerites are always small rods of a standard size and shape, often sparsely distributed in the polyp body. There is scope and need to revise these sclerite groups and update their definitions to include these nuanced characteristics for incorporation into the taxonomic classification of new genera.

Our recognition of 11 morphologically defined groups corresponding with clades recovered in the UCE + exon phylogeny, considered to be putative genera, and 53 forms which could not be matched to existing species, clearly demonstrates the diversity within Chrysogorgia s.l. and highlights the need to consider several complex character states in the revision of this genus. It is clear that, not only the sclerite complement, but also their arrangement, shape and distribution in the polyp body wall, tentacle and pinnules are important characters distinguishing lineages. Morphological characters defining groups are complex, should be considered in combination, and some characters are variable within groups as well as being shared between groups (i.e., colony form and branching sequence). Different families and genera of closely related octocorals are known to share characters such as sclerite form and colony morphology indicating that these characters can be homoplasious and are not necessarily taxonomically important (Figueroa and Baco, 2014; Vargas et al., 2014). This further highlights the inherent difficulty in the taxonomy of octocorals and the need to develop integrated morphological and molecular approaches in revisions and species designations.

There are several instances where specimens assigned to the same nominal or putatively new species do not cluster together, for example specimens C030, C062 and C028 in Group 1 identified as C. antarctica. From a molecular perspective this could be due to introgressive hybridization or incomplete lineage sorting (Quattrini et al., 2019). It is also possible that the current morphological characters used are not diagnostic enough to tease apart cryptic species. In other cases where several morphologically identified species group together (i.e., C. rotunda, C. papillosa, Chrysogorgia sp. 43), it is possible that the morphological characters used are ‘over-splitting’ taxa, or perhaps these characters are phenotypically plastic. A follow-up study using species delimitation methods and quantitative methods for defining morphological differences is necessary to address these outstanding issues.

In a family level investigation, Pante et al. (2012) included 14 specimens of Chrysogorgia s.l. and found this group to be monophyletic based on a concatenated mtMutS, cox1 and 18S region. Our sample set included five (C. chryseis, C. abludo, C. pinnata, C. artospira and C. tricaulis) of the 14 Chrysogorgia analyzed in the mtMutS, cox1 and 18S region phylogenetic study of Pante et al. (2012), three of which were the same specimen. While both studies recovered Chrysogorgia s.l. as monophyletic, our a priori assigned morphological groups, recovered as clades in our UCE + exon phylogeny were individually monophyletic, in most cases. The most comprehensive phylogeny for Chrysogorgia prior to our work is based on RAD-seq data from 82 samples (Pante et al., 2015), assigned to one of 12 mitochondrial haplotypes corresponding with discrete morphologies. However it is difficult to compare their tree against ours because theirs lacks species names or descriptions of morphology (Pante et al., 2015). While mtMutS and 28S regions were not explicitly targeted in our study, we did recover some sequence data for most of our specimens. The ability to coincidentally extract more commonly sequenced regions during target enrichment of UCEs and exons has the added advantage of enabling greater integration between studies using Next Generation and Sanger sequencing.



Biogeography

We identified three groups that corresponded to single ocean distributions. Chrysogorgia s.s. is an exclusively Atlantic genus while Group 2, Group 5.1, 5.3 and Group 7 are exclusively Pacific clades. Representatives of all other Groups were found in both the Atlantic and Pacific Oceans, while only Group 1 and 3 contained Indian Ocean samples as well. A connection between Atlantic and Pacific Ocean Chrysogorgia s.l. based on the direction of branching, Versluys’ sclerite group and mtMutS haplotypes has been reported and hypothesized to have been sustained for much of the evolution of Chrysogorgia s.l., based on species with all major morphological characters being found in both oceans (Pante and Watling, 2012). Region-specific lineages have been found in other octocoral groups. Ellisellid and Melithaeid clades were found to correspond more to geographic distribution than to colony morphology (Bilewitch et al., 2014; Reijnen et al., 2014). Most groups in the present study were collected from a wide depth range (500–2000 m), indicating that they have also successfully diversified across a broad bathymetric gradient. There were, however, a few groups that displayed differentiation in depth range. Chrysogorgia s.s., Dasygorgia s.s. and Group 3 were the only groups which had specimens collected from shallower than 500 m and only Group 5 and Group 6 specimens were collected from depths exceeding 2000 m. We acknowledge that these observations are based on relatively few samples, which could bias results. Further exploration and sampling will more clearly elucidate patterns with depth and geography. Nevertheless, depth and the environmental factors that co-vary with depth have a significant influence on the evolution and ecology of octocorals (e.g., Pante and Watling, 2012; Quattrini et al., 2013; Pante et al., 2015). Pante and Watling (2012) investigated Chrysogorgia s.l. species from the Atlantic and contended that the depth distribution of NW Atlantic species is influenced by the nature of the substrate (hard vs. soft) which can be inferred from the shape of the holdfast. Following formal definition and description of the 11 candidate genera established herein, future work should investigate the evolution and potential habitat association of their morphology.



Utility of This Methodology

We successfully sequenced a high number (99%) of targeted UCE and exon loci overall using an octocoral specific probe set (Erickson et al., 2020). This is the first time that target enrichment of UCE and exon loci has been applied to older (collected > 30 years ago), fluid-preserved museum specimens of octocorals. Here we extracted usable data from specimens that were collected up to 45 years ago and even samples with comparatively poor locus recovery still yielded a large amount of data (e.g., N025: 50 years since collection; 41 and 40 loci for UCE and exons, respectively). Target enrichment of UCE and exon loci has been used in various other invertebrate and vertebrate taxa held in museum collections, for a variety of specimen ages, and histories of preservation and collection (McCormack et al., 2016; Ruane and Austin, 2017; Wood et al., 2018; Tsai et al., 2019). A major advantage of this method is that it can accommodate short, fragmented DNA, inherent in museum samples, that is otherwise a significant impediment for successful Sanger sequencing (Derkarabetian et al., 2019; Tsai et al., 2019). Our findings are significant for phylogenetic studies within the Octocorallia, because the ability to sequence older, low quality type and museum material, particularly for octocorals which have little tissue, means that specimens previously unsuitable for genetic studies in this group can now be examined. The difficulty of sampling fresh octocoral specimens also necessitates reliance on existing collections. Obtaining genetic information from specimens in natural history collections and on which species descriptions have been based is fundamental to documenting and understanding biodiversity and evolutionary processes (Yeates et al., 2016).

While our approach was highly successful, locus recovery was still significantly negatively correlated with time since collection of the specimen, DNA concentration and fragment length. Declines in the quality and quantity of DNA over time are mediated by enzymatic and biochemical processes (Derkarabetian et al., 2019). Notwithstanding our statistical results we found locus recovery to be highly variable. For example, we recovered the lowest numbers of UCE and exon loci from a sample collected 50 years ago and having a very low quality and quantity of DNA at extraction, yet a sample collected 10 years later (i.e., 60 years ago) had over double the number of loci recovered and the concentration of DNA at extraction was 30x higher than the 50 year old sample and more than several other samples collected as recently as 7 years ago. Other factors such as collection practices, preservation history and storage must play a part in the variability of these trends (McCormack et al., 2016). In the past, collection and preservation protocols for octocorals have sometimes employed an initial fixation step using formalin, after which samples are transferred to ethanol for long-term storage (Alderslade and Fabricius, 2001; Etnoyer et al., 2006; Williams and Van Syoc, 2007). Fixation with formalin is well documented to negatively affect both the quality and quantity of DNA which can be obtained from biological specimens (Sarot et al., 2017). Factors such as the duration of exposure to the fixative and environmental conditions such as temperature as well as the duration of the sampling event and time spent on deck will contribute to the degradation of samples and the challenges around extracting PCR-amplifiable DNA from octocorals. All the samples used in this study had been stored in ethanol, but the fixation history and other collection and curation idiosyncrasies are unknown and generally not documented in museum data, which inhibits our ability to understand their effects on DNA analysis.



CONCLUSION

Our phylogenetic results form the basis to propose that 11 candidate genera, with specific morphologies, should be recognized. The multi-locus approach used in this study has significantly improved our understanding of diversity and will guide the revision of this morphologically complex group. Fully resolving the taxonomy of the Chrysogorgiidae will require a comprehensive assessment of nominal species and candidate genera. Because this study sequenced just a fraction of the species of Chrysogorgiidae, more individuals and more putative species will help elucidate species-level diversity within this family. To help delimit species, combining coalescent-based and allele frequency methods with SNP calling from the UCE and exon loci will be considered for future work. Target locus enrichment for octocorals will revolutionize systematics studies in this group and facilitate resolution of deep phylogenetic relationships which is not possible using mitochondrial regions and Sanger sequencing. We also demonstrated that targeted bait enrichment of UCEs and exons is suitable for obtaining sequence data from older, museum and fluid preserved specimens.
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On January 1, 2020, the United States (U.S.) government implemented new regulations increasing total closed areas to bottom trawl fishing by 363,513 km2, including a net increase of 44,498 km2 in essential fish habitat conservation areas at fishable depths (<1,280 m) along the West Coast continental shelf and upper slope. At the same time, the government reopened certain bottom trawl fishing grounds originally established to rebuild overfished groundfish. In combination with previously existing conservation areas, the result of these regulations is that bottom trawl fishing is now prohibited in 90% (739,491 km2) of ocean waters in the United States West Coast Exclusive Economic Zone, including 32.6% of shelf (<200 m) depth zones and 56.0% of upper slope depth zones (200-1,280 m), with a disproportionate focus on priority habitat features that are proxies for fish habitat, sensitivity to bottom trawling, and biodiversity. The final spatial management measures include 53 new or modified habitat conservation areas closed to bottom trawling in fishable depths (<1,280 m) and a precautionary prohibition on all bottom contact fishing gears at depths greater than 3,500 m. Together the final set of habitat conservation area closures and openings result in an overall increase in coastwide protections for hard, mixed, and soft substrates; seamounts; submarine canyons; and known and predicted coral, sponge, and pennatulid locations. Finer scale analyses indicate net increases or no change in coral and sponge observations inside protected areas across all regions and depth zones, despite some reductions in total area and hard substrate protected in certain regions. Based on historic bottom trawl effort data, we estimate that the opening of previously closed areas restores 24.6% of fishing effort that was displaced by bottom trawl closures implemented prior to 2020. Here we describe the involvement and approach of the conservation organization, Oceana, to protect seafloor habitats off the United States West Coast, which included a coastwide proposal to modify conservation areas, geospatial analyses, grassroots organizing, media stories, and scientific expeditions using remotely operated vehicles. Our comparison of the new versus previous assemblage of habitat conservation areas demonstrates increased overall habitat protection and fishing opportunities throughout depths and bioregions off the United States West Coast.
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INTRODUCTION

Protecting ocean habitats is an integral part of responsible fishery management for ensuring long-term sustainable and productive fisheries, vibrant coastal communities and healthy marine ecosystems (Pikitch et al., 2004). Deep-sea coral and sponge ecosystems are important to the biodiversity of the oceans and create complex structures on the seafloor that are used as habitat for recreationally and commercially important groundfish species (Husebo et al., 2002; Heifetz, 2002; Krieger and Wing, 2002). Groundfish are targeted with a variety of fixed (e.g., trap, bottom longline, trammel nets, gill nets) and mobile (e.g., trawl) fishing gear types. The adverse impacts of bottom trawling on seafloor habitats are well documented including reductions in habitat complexity, productivity, diversity and alteration of seafloor community structure (National Research Council (NRC), 2002). Deep-sea corals can be extremely slow-growing and include the oldest known animals identified to date on Earth (i.e., Roark et al., 2009 aged Leiopathes sp. deep-sea corals at 4,265 years old). Adverse impacts to these habitats may last for decades, rendering such impacts irreversible on time scales relevant to management (Girard et al., 2018; Clark et al., 2019). Deep-sea ecosystems are exceptionally vulnerable to long-term fisheries impacts due to species at these depths exhibiting slow growth, low fecundity, and longevity (Koslow et al., 2000; Williams et al., 2010). Due to the lag time in detecting impacts to fish populations from habitat loss, scientific experts have called for a precautionary approach to manage the impacts of bottom trawling particularly for deep-sea corals and sponges because of their long recovery times (Drinkwater, 2004; Althaus et al., 2009; Hourigan, 2009).

In the Pacific Ocean United States West Coast region off California, Oregon and Washington, groundfish fisheries are managed by the Pacific Fishery Management Council (council) and National Marine Fisheries Service (NMFS). The Magnuson-Stevens Fishery Conservation and Management Act (MSA)1 requires NMFS and regional fishery management councils (councils) to “describe and identify essential fish habitat” (EFH) and “minimize to the extent practicable adverse effects on such habitat caused by fishing,” while also identifying “other actions to encourage the conservation and enhancement of such habitat2.” EFH is defined as “those waters and substrate necessary to fish for spawning, breeding, feeding or growth to maturity3.” To protect EFH, councils are required to “prevent, mitigate, or minimize any adverse effects from fishing, to the extent practicable, if there is evidence that a fishing activity adversely affects EFH in a manner that is more than minimal and not temporary in nature4.” Beyond EFH requirements, councils have clear and varied authority under the MSA to incorporate habitat protections into fishery management plans (FMP). Notably, the “conservation and management” called for in the MSA is defined broadly to include measures to “rebuild, restore, or maintain any fishery resource and the marine environment5,” and intended to “assure that irreversible or long-term adverse effects on fishery resources and the marine environment are avoided6.” Furthermore, the fishery resources referred to in the definition of conservation and management are also defined in the MSA to include “any species of fish, and any habitat of fish7.”

The first protections for EFH from fishing off the United States West Coast were indirectly initiated in 2000, when NMFS determined that nine groundfish species were overfished, and subsequently implemented rebuilding plans that included decreased catch limits, closed areas, and other measures (Pacific Fishery Management Council (PFMC), 2019). As part of the rebuilding plans, in 2002 NMFS implemented year-round rockfish conservation areas (RCAs) closed to bottom trawl fishing at depth ranges where overfished rockfish species (Sebastes spp.) were most abundant spanning the entire United States West Coast region. Even though trawl RCAs were not intended to protect seafloor habitats, a core section of the coastwide trawl RCA (11,457 km2), largely closed since 2004, served to protect both overfished rockfish and the underlying habitat. The trawl RCAs were intended to be in place until the overfished populations were successfully rebuilt (NMFS, 2014).

In 2006, after an extensive scientific and stakeholder process and based on a unanimous recommendation by the Pacific Fishery Management Council, NMFS implemented Amendment 19 to its Pacific Coast Groundfish Fishery Management Plan to minimize adverse impacts to EFH. This action partially froze the footprint of bottom trawling by closing all areas deeper than 1,280 m (700 fathoms) and up to 3,500 m, and protected a vast network of 51 areas within the footprint of bottom trawling based on known priority habitats, together totaling 353,500 km2 (Shester and Warrenchuk, 2007). NMFS did not approve the part of Amendment 19 that would have prohibited bottom trawling in waters deeper than 3,500 m, claiming that it did not have authority to close areas that were not EFH for managed species (Lohn, 2006).

Freezing the footprint means closing areas not currently fished. While it can be implemented in different ways, the general approach to freezing the footprint is to identify the existing spatial extent of fishing effort and close all areas outside this extent to prevent fishing effort expansion into new areas. Here the seaward depth limit of 1,280 m was set based on the depth below which most United States West Coast bottom trawl effort took place prior to 2006. This depth limit was considered a compromise, however, as the industry identified previous trawl tows and a desire to fish to depths up to 1,829 m (1,000 fathoms). While such an approach protects areas not currently impacted by bottom trawling, freezing the footprint of bottom trawling sets a precautionary policy that new areas should not be trawled until research is conducted and vulnerable habitats identified and protected. It prevents expansion of trawling in the future when technology or market changes could make fishing in such areas economically viable. While freezing the footprint may not reduce current impacts, it is a critical policy tool to reverse the burden of proof in fishery management and prevent future impacts to otherwise pristine areas that have not yet been fished. Freezing the footprint is recognized among the best practices for managing the impacts of bottom trawling (McConnaughey et al., 2020).

After NMFS finalized Amendment 19, the United States Congress in 2007 reinforced long-standing conservation and management authorities under the MSA by adding provisions that further detailed the broad discretion of regional fishery management councils to protect ocean ecosystems from fishing impacts8. These discretionary provisions describe councils’ authority to “designate zones where fishing shall be limited, or shall not be permitted9,” to “designate such zones to protect deep sea corals from physical damage from fishing gear10,” and to “include management measures … to conserve target and non-target species and habitats, considering the variety of ecological factors affecting fishery populations11.”

Based on these clarifying statutory provisions and scientific advancements in understanding the distribution and ecological roles of deep-sea coral ecosystems, the conservation non-governmental organization (NGO) Oceana sought policy improvements upon the original set of closed areas implemented under Amendment 19. The objective was to redesign the configuration of protected areas of the United States West Coast region to further protect EFH within the bottom trawl footprint as well as close all waters deeper than 3,500 m to bottom trawling to close remaining areas not currently fished, hence more effectively freezing the bottom trawl footprint.

Conservation approaches to protect seafloor habitats from bottom trawling bring together the science of the effects of bottom trawling (Watling and Norse, 1998; National Research Council (NRC), 2002) with ecosystem-based approaches to marine spatial planning (Foley et al., 2010). Successful place-based approaches include consideration of physical and biological conditions and features with socio-economic impacts (Crowder and Norse, 2008). Given the uncertainties of the location and extent of important and vulnerable ocean habitat features, marine conservation planning should follow the precautionary principle and seek to reverse the burden of proof (Dayton, 1998).

Several geospatial tools have been used to inform decisions on marine protected areas. Sharp and Watters (2011) conducted GIS analysis of alternative marine protected area scenarios presented by governments for the Ross Sea region of Antarctica that was used as the basis for management measures. Geange et al. (2017) developed conservation planning software as a decision-support tool to generate scenarios that maximize the representation of different habitat types, while minimizing costs to affected user groups. Spatially explicit annealing tools such as MARXAN (Ball and Possingham, 2000) have widely been used to generate optimized scenarios for terrestrial and marine protected areas to optimize habitat representation within cost constraints. MarineMAP was used as a decision-support tool during the California state waters marine protected areas process, enabling stakeholders to conduct their own geospatial analysis of alternative protected area designs and submit proposals to decision-makers (Merrifield et al., 2013). Leathwick et al. (2008) used statistical learning and conservation prioritization to analyze a range of marine protected area scenarios, identifying cost-effective scenarios with greater conservation benefits and less costs to fishers than scenarios proposed by fishers. Several studies use sophisticated geospatial tools to demonstrate potential win-win scenarios; however, these were not integrated into a participatory planning process and were not implemented in regulation (Leathwick et al., 2008; Geange et al., 2017). Gleason et al. (2010) described a successful stakeholder process using science guidelines and geospatial planning tools to establish marine protected areas in California state waters.

The term “win-win” is frequently used in ecosystem service and international development literature to refer to actions that deliver better outcomes for people and the environment, or for biodiversity and ecosystem services (McShane et al., 2011). Howe et al. (2018) concluded from a meta-analysis that trade-offs are more common than synergies, that there is no generalized context for win-wins and urged against attempting to achieve win-wins. Xiao et al. (2018) found that the potential for win-wins for biodiversity and ecosystem services is dependent on ecological factors, specifically the trophic levels of the species providing the ecosystem services. Here we define a win-win as policy changes that result in increased habitat conservation and increased fishing opportunities relative to the status quo, assessed at both coastwide (overall) and bioregional (depth and latitude) scales. We attempt to demonstrate that a win-win for deep-sea ocean habitats and fisheries was achieved off the United States West Coast. This win-win was made possible by building upon the fishery council’s precautionary freeze the footprint approach to seafloor habitat protection, legal changes clarifying its authority to protect deep-sea coral ecosystems, improvements in the scientific understanding of the location and extent of seafloor habitat features, a successful adaptive management approach, and an open public process.



MATERIALS AND METHODS


Stakeholder Process


Essential Fish Habitat Five Year Review

Under United States law, NMFS and fishery management councils are required to review their EFH regulations at least every five years to ensure they are meeting management goals and are based on the best scientific information available12. In September 2010, the Pacific Fishery Management Council initiated its first groundfish EFH five-year review. The review took place in three phases: (1) data collection, (2) data synthesis and a public request for proposals to modify EFH designation or conservation, and, if warranted, (3) a groundfish fishery management plan amendment process based on the phase 1 data and phase 2 proposals. The council first established an ad hoc EFH review committee including scientists, fishing representatives and the conservation NGOs Oceana and EcoTrust. The committee reviewed and compiled existing data into a publicly available EFH data catalog, issued requests for new relevant data, and drafted a request for proposed changes to EFH designations, conservation and management. Upon completion of the first two phases, including receipt of six proposals from the public and two proposals from National Marine Sanctuaries, and based on recommendations from its review committee, the council determined it would proceed with phase 3 and consider changes to its Pacific Coast Groundfish Fishery Management Plan.



The Oceana Proposal

In response to the council’s EFH review and call for proposals, Oceana, Ocean Conservancy, and Natural Resources Defense Council submitted a coastwide comprehensive conservation proposal to amend EFH designations, conservation measures and enforcement (Oceana et al., 2013). Beginning in 2011, Oceana met with tribes, fishers, fishing representatives and other stakeholders coastwide, as well as members of the council and its advisory committees, NMFS managers and scientists, West Coast National Marine Sanctuary managers, and state fish and wildlife agencies to inform the conservation proposal. This outreach continued during the development of the proposal and after it was submitted. The overall goal of the proposal was to protect vulnerable and sensitive seafloor habitats from the primary threat of bottom trawl fishing gear while supporting and maintaining fishing opportunities. We designed and advocated for a comprehensive coastwide approach to prohibit the geographic expansion of bottom trawling, protect areas with sensitive and diverse seafloor habitats, and minimize fishing effort displacement.

We used publicly available spatial data compiled for the fishery council’s EFH review to identify areas that warrant protection from bottom trawling (NOAA and Oregon State University (OSU), 2012). Our approach differed from other approaches by prioritizing a unique set of habitat features and indicators of vulnerability to fishing with the primary constraint being displaced trawl effort. Other approaches such as spatial annealing algorithms attempt to secure a minimum target percentage of various habitat types constrained by total area. With Geographic Information System (GIS) data and analysis, we identified areas known to contain priority habitat features sensitive to bottom trawl impacts, including hard substrate, biogenic habitats, submarine canyons, ridges, banks and escarpments. Priority habitat features were defined in the fishery council process to be synonymous with “complex sensitive habitats” including physical features like rocky reefs and living habitat features like deep-sea corals (Class Anthozoa), sponges (Phylum Porifera), and sea pens (Order Pennatulacea) (NMFS, 2019a).

We identified areas with high regional coral and/or sponge bycatch, known priority habitat features, and areas currently subject to very low or no trawl effort (Figure 1). We also prioritized known habitat features within the boundaries of National Marine Sanctuaries and included areas proposed by Greater Farallones National Marine Sanctuary and Monterey Bay National Marine Sanctuary. We analyzed bottom trawl fishing effort data to avoid areas of high importance to the fishery and to assess potential economic costs in terms of potential fishing effort displacement. Unlike approaches that identify areas based on computer algorithms, we drew boundaries that would include the priority habitat features, while attempting to simplify proposed conservation area boundaries to aid in enforcement. By hand drawing boundaries in GIS, we were able to explain the specific rationale for each new or modified conservation area boundary. We mapped and analyzed our proposal at coastwide (e.g., all ocean waters off the states of California, Oregon, and Washington from the shoreline to 370 km offshore) and nine biogeographic and depth-based scales as defined in NMFS (2013): 0-200 m, 200-1,280 m, and >1,280 m depth zones, each divided into southern (Mexico/United States border to Point Conception), central (Cape Mendocino to Point Conception), and northern (Canada/United States border to Cape Mendocino). We analyzed and compared our proposal to alternative proposals under consideration and presented our comparative analyses to the council to inform their final decision.
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FIGURE 1. Visual schematic of the overlay of geospatial data layers used to identify proposed conservation areas.


Our Oceana et al. (2013) conservation proposal included 65 new or modified EFH conservation areas in depths shallower than 1,280 m to be closed to bottom trawling off the outer coast of Washington, Oregon, and California. The largest proposed conservation area was for the Southern California Bight, encompassing 42,581 km2 of the region’s offshore banks, reefs and numerous deep-sea corals and sponges that stretch from Point Conception to the United States-Mexico border (Salgado et al., 2018). Our proposal included nine partial re-openings of existing EFH conservation areas off central and northern California, most of which we agreed to as part of the Monterey Bay National Marine Sanctuary collaborative proposal process, described below.

In addition, we proposed protecting the deep-sea ecosystem off California (>3,500 m) from future potential bottom fishing. While bottom fishing is not currently conducted at these depths and does not appear economically viable in the foreseeable future, we proposed this potentially pristine area be protected consistent with the precautionary freeze the footprint approach and to set a precedent for other potential threats such as deep-sea mining. In 2006, NMFS disapproved a previous fishery council recommendation to protect this area because it was not first designated as groundfish EFH based on the lack of fishery resources at these depths. We therefore articulated in our proposal the agency’s legal foundation for protecting this area using either its MSA authorities to protect EFH or discretionary MSA authorities that allow fishery councils and the agency to designate closed areas, protect deep-sea corals, and conserve target and non-target fish species and habitats. While there have been very few biological surveys at these depths, the proposal referenced 195 distinct coral observations from within the proposed area deeper than 3,500 m, including the black coral Bathypathes alternata, the stony coral Fungiacyathus marenzelleri, the gorgonian coral Chrysogorgia sp., the mushroom soft coral Anthomastus robustus and the bamboo corals Keratoisis sp. and Lepidisis sp. (Oceana et al., 2013). Finally, our proposal included improvements to the enforcement of conservation areas, principally changing vessel monitoring system transmission rates from one to four times per hour to more precisely indicate fishing vessel locations in relation to closed areas and enable more fine-scale enforcement.



Monterey Bay National Marine Sanctuary Collaborative Proposal

In late 2012, the Monterey Bay National Marine Sanctuary convened local stakeholders from the bottom trawl fleet and the conservation community to discuss potential changes to EFH closed areas within the central portion of the Sanctuary’s boundaries. The premise was to attempt to rearrange EFH conservation area boundaries on a relatively local scale so that all stakeholders would see a net benefit. The stakeholders involved in this process defined a win-win outcome as a new set of regulatory boundaries that the fishing community would consider an improvement in their portfolio of fishing opportunities and conservation groups would consider an overall improvement to habitat protections. Stakeholders used available physical and biogenic habitat spatial data as well as other information such as fishing records and logbooks to develop proposal concepts. Stakeholders also considered opening portions of existing bottom trawl closures. As a general principle, areas containing known sensitive habitat types (e.g., hard substrate, coral, and sponge records) were not considered for reopening, and areas of high current bottom trawl fishing effort were not considered for closure. The Sanctuary conducted a quantitative GIS analysis to show how the coverage of different habitat types would change under various proposal concepts. Relying on this analysis, the group was ultimately able to submit to the Pacific Fishery Management Council a consensus proposal that achieved the group’s desired win-win outcome (de Beukelaer et al., 2016). We incorporated this proposal for the subset of the coast within the central Monterey Bay National Marine Sanctuary into the Oceana et al. (2013) coastwide proposal.



Collaborative Proposal and the Trawl Rockfish Conservation Area

After all proposals were submitted, a group of stakeholders including members of the fishing industry and the conservation NGOs Natural Resources Defense Council and Environmental Defense Fund requested that the council pause its EFH amendment process while they attempted to develop a joint coastwide proposal. In Atkinson et al. (2016), the group ultimately submitted what was termed the “collaborative” proposal to both modify and designate new EFH conservation areas and remove the coastwide trawl RCA. This collaborative proposal did not include recommendations for the Southern California Bight, central Oregon, or the deep sea (>3,500 m depth).

The council later decided to modify the scope of its action to also consider the removal of the core trawl RCAs closed year-round to bottom trawling. In response to the successful recovery of several overfished rockfish populations, the council recommended in 2013 that the year-round trawl RCA off Northern California and Oregon be removed. After receiving public comments, including from Oceana, NMFS determined that there was an insufficient basis to remove this trawl RCA prior to the conclusion of the council’s groundfish EFH fishery management plan amendment. Before removing the trawl RCA, the council needed to first consider whether the underlying habitat features should remain protected from bottom trawling.

The council then structured the groundfish fishery management plan process – Amendment 28 to the Pacific Coast Groundfish Fishery Management Plan – to address three primary issues. First, the council adopted a range of alternatives to designate new or modified EFH conservation areas closed to bottom trawling. The council included both the Oceana and collaborative group proposals as distinct alternatives in its range of possible EFH actions, but it removed from consideration any proposed changes within Tribal Usual and Accustomed fishing areas off the outer Washington coast. All concepts from the Monterey Bay National Marine Sanctuary and Greater Farallones National Marine Sanctuary proposals were included in the Oceana and/or collaborative group proposals, so were not included as distinct alternatives. The council also removed from consideration any changes inside state Territorial Sea boundaries (shore to three nautical miles). Second, the council considered alternatives to remove the trawl RCA. Third, based on Oceana’s proposal, the council considered alternatives to protect the deep-sea ecosystem off California (>3,500 m) from all commercial fishing gears that contact the seafloor (including bottom trawl, bottom longline, or trap fishing gear), using its discretionary MSA authorities. The Council and NMFS authored an environmental impact statement as required under the United States National Environmental Policy Act that analyzed the environmental impacts of each of these alternatives individually and cumulatively (NMFS, 2019a).



Conservation Approaches and Public Engagement


Scientific Synthesis and Geospatial Analysis

Fundamentally, the use of a common data set endorsed by the government, scientists and stakeholders provided common ground, and helped prevent the process from becoming solely a political negotiation. Oceana conducted and submitted geospatial analyses comparing the regulatory protections in place at the time with the new proposals and alternatives. Our analyses identified gaps in current protections based on new data that had become available since the 2006 EFH measures were put in place. For each proposal, we assessed net changes in coverage for each habitat type and feature associated. The combined analyses of cumulative trawl RCA changes and EFH conservation area changes provided novel information for decision-makers that would have been obscured by EFH and RCA changes viewed in isolation. It also enabled NMFS to conduct a thorough analysis of the effects of reopening the trawl RCA and simultaneously designate additional EFH conservation areas within and outside the trawl RCA to avoid adverse impacts to EFH. NMFS adopted this objective analytical framework for examining cumulative impacts of combined EFH and RCA changes in their environmental impact statement used for decision-making (NMFS, 2019a). At fishery council meetings and in comments to NMFS, we aimed to ensure that any re-openings of existing conservation areas were accompanied by new or expanded EFH conservation areas such that there would be a cumulative increase in total area and priority habitat features protected on both regional and coastwide scales.



At-Sea Expeditions

We collected new data on the location of priority habitat features, groundfish distributions and associations in support of our proposal. We conducted four at-sea expeditions off Oregon and California in 2010, 2011, 2013, and 2016 where we surveyed areas along the shelf or the edges of deep banks a depths from 126 to 379 m within our proposed EFH conservation areas and collected seafloor habitat data using remotely operated vehicles (Supplementary Figure 1). We submitted scientific reports with our findings to the council and NMFS, documenting new locations of corals and sponges and their co-occurrence with council-managed groundfish (Enticknap et al., 2013; Shester et al., 2017). With high definition video and still images we documented clear associations between managed species and ecologically important and sensitive habitats (Supplementary Figure 2).

The NOAA Deep Sea Coral and Research Technology Program added these coral and sponge observations to the national deep-sea coral database (NOAA National Database for Deep-Sea Corals and Sponges, 2017). The results of our Southern California Bight expedition added an additional 3,289 records of corals, sponges and pennatulids to the database. These records represented a 39% increase in the combined number of habitat-forming invertebrate records in the national database within our proposed Southern California Bight EFH conservation area.



Generating Support via Media, Grassroots, and Communications

An important pillar to securing ocean habitat protections is public engagement. Through traditional and social media, Oceana and partners reached people from coast to coast and shared with them how deep-sea coral gardens, sponge beds and rocky reefs support a healthy ocean ecosystem. We collected and submitted more than 60,000 on-line signatures by individuals from the United States in support of Oceana’s conservation proposal. Oceana developed an online interactive story map using the Story Map Journal application in ArcGIS Online, providing information about deep-sea corals and the specifics of the Oceana proposal13. At key milestones such as council decisions and during expeditions, we utilized media stories, opinion editorials and social media platforms to reach a broad audience outside the scope of fishery management.

In addition to public comments from individuals, state and federal elected representatives, scientists, explorers and businesses engaged in the fishery management process. State legislators and Congressional representatives submitted letters urging the fishery council and NMFS to advance seafloor habitat protections. Businesses operating in Southern California joined a letter of support asking fishery managers to adopt Oceana’s proposed Southern California Bight EFH conservation area.



Datasets Analyzed

We compared the final set of habitat protection regulations to year-round bottom trawl closures in place prior to this action using available datasets that would be most relevant to the policy objectives of habitat conservation and fishing opportunity.


Seafloor Substrate Type


Surficial Geologic Habitat Induration, Version 4.0

This dataset describes geologic seafloor substrate off the coasts of Washington, Oregon, and California within the United States territorial sea and EEZ (shore to 370-km) categorized into three main types: hard, mixed and soft. The most recent version includes local-scale data from multiple sites and sources off California, Oregon, and Washington (Oregon State University, Active Tectonic and Seafloor Mapping Lab (OSU), 2018). Hard and mixed (hard and soft) substrates are some of the least abundant benthic habitat types, yet they are among the most important habitats for fishes (NMFS, 2005). Hard substrates are also the seafloor substrate most sensitive to bottom trawling (National Research Council (NRC), 2002; NMFS, 2005). Areas with hard substrates, particularly those with high topographical relief, are a preferred habitat of large gorgonian corals such as Primnoa sp. and Paragorgia sp. (Watanabe et al., 2009; Tong et al., 2012). Based on observations and known affinity for structure, over 50 species of groundfish use hard bottom substrates at one or more life stages. This dataset currently compiles the best available indicators of hard and mixed substrate types at the finest scale available. While data for deeper areas is less certain, this compilation improved upon previous hard substrate data layers by incorporating new geological surveys at higher resolution.



West Coast Canyons

This dataset depicts submarine canyons and gullies which were delineated as part of the geologic mapping for the Groundfish EFH review process in 2005 and updated by Oregon State University for areas of northern California, Oregon, and Washington. Boundaries for submarine canyon walls, canyon floors, and gullies were extracted from seafloor habitat data (Oregon State University, Active Tectonic and Seafloor Mapping Lab (OSU), 2004).



Biogenic Habitat


NOAA Deep-Sea Coral and Sponge Database

This dataset contains records of known coral, sponge, and pennatulid observations. For this analysis, we selected only those records within the United States territorial sea and EEZ (shore to 370 km) off the coast of Washington, Oregon and California (NOAA National Database for Deep-Sea Corals and Sponges, 2017). We used the number of coral and sponge records inside and outside of conservation areas as a proxy for known deep-sea coral and sponge habitats and associated diversity. The taxonomic resolution of each record varies by survey method, but this dataset represents the most comprehensive compilation of deep-sea corals and sponge records. It also enables identification of certain types of corals that are known to be exceptionally long-lived, such as Antipatharians (black corals).



Coral, Sponge, and Pennatulid Presence

These data layers summarize presence of deep-sea corals (Class Anthozoa), sponges (Phylum Porifera), and sea pens and sea whips (Order Pennatulacea) off the United States Pacific coast. Presence data were aggregated within contiguous 1 × 1 km cells from a database of point records of coral, sponge, and pennatulid occurrence compiled by NOAA’s Deep-Sea Coral Research and Technology Program (NOAA Map Service, 2018). These data complement the point data on coral and sponge occurrence by equally weighting each 1 × 1 km cell regardless of the number of occurrences within each cell. This presence/absence dataset provides a different proxy for coral and sponge habitat that offsets the effects of unequal sampling effort.



Predicted Deep-Sea Coral Habitat Suitability for the United States West Coast

This dataset depicts regional-scale habitat suitability based on predictive models of deep-sea corals for the United States West Coast off Washington, Oregon and California. Deep-sea coral habitat suitability was modeled at a 500 × 500 m spatial resolution and is based on factors known to influence deep-sea coral distribution such as substrate, slope, temperature, salinity and others. Summed data were ranked from 0 to 4, with 4 being the highest predicted coral habitat suitability. For our analysis, we used only areas categorized at level 4 (Guinotte and Davies, 2014). While observational data is generally preferred in surveyed areas, this dataset helps augment the overall understanding of coral and sponge habitat in unsurveyed areas. We report the analysis as a Supplementary Dataset to the observational data to address the uncertainty in true coral and sponge distribution due to the lack of comprehensive surveys.



Bottom Trawl Fishing Effort

As a proxy for the fishing opportunity represented by the availability of areas open to bottom trawling, we examined the distribution of bottom trawl fishing effort in the five years prior to the original EFH conservation areas implemented under Amendment 19 to the Pacific Coast Groundfish FMP. In the 2006 Amendment 19 final decision, NMFS adopted a metric of displaced fishing effort — the amount of fishing effort that took place in new closures — and determined that Amendment 19 was practicable based on a relatively low amount of displaced effort. This data layer depicts the relative intensity of commercial bottom trawling off the United States West Coast from January 1, 2002 through June 11, 2006 (NOAA, 2015). This dataset includes records from the Pacific Fisheries Information Network (PacFIN) database for all bottom trawl gear types excluding state-managed trawl fisheries. Data for the state-managed California halibut fishery is the one exception because data from that fishery is submitted to PacFIN and is therefore included in this dataset. The cell values in the raster dataset are in km/km2 where each cell represents the total length of all towlines intersecting a standard area. These values are based on a line density algorithm where the value for each raster cell is the quotient of total towline segments intersecting a 3-km radius circular search area centered on a 500 × 500 m grid cell (NOAA, 2015). We compared the displaced 2002-2006 fishing effort between the baseline closures and the final action to estimate the previously displaced fishing opportunities to the United States West Coast bottom trawl fishing fleet that were restored with implementation of Amendment 28. We used the 2002-2006 time span to represent fishing effort prior to the initial baseline set of regulations to determine the effort displaced by the baseline set of closures and assess changes in access to the displaced trawl effort resulting from the conservation area changes.



Yelloweye rockfish occurrence

This dataset depicts the probability of occurrence of yelloweye rockfish (Sebastes rubberimus) off the coast of Washington, Oregon, and California out to the 1,600-meter isobath. The probability is the result of a model output which provides the predicted probability of observing at least one yelloweye rockfish at the center of a 2 × 2 km grid cell. The probability at each point is the average probability of occurrence across all years from 2003 to 2011. The model is based on relationships between habitat characteristics such as depth, bottom temperature, sediment grain size, distance to rocky substrate and the actual observed occurrence of species in the West Coast Trawl Survey (Northwest Fisheries Science Center (NWFSC), 2011). This data provides a proxy for the known habitat preferences of a sensitive groundfish species that is rebuilding from overfishing.



Spatial Analysis Methods

We analyzed each of the above datasets at multiple spatial scales to compare the status quo regulations (year-round bottom trawl closures in place from June 11, 2006 to December 31, 2019) to the new regulations that took effect January 1, 2020. To create the “baseline” shapefile for analysis, we merged together the existing year-round conservation areas closed to bottom trawling, including all existing EFH bottom trawl closures seaward of the 700 fathom (1,280 m) depth contour, EFH conservation areas, state water closures (e.g., state marine protected areas closed to bottom trawling), the Western Cowcod Conservation Area, the Cordell Bank Groundfish Conservation Area, and the year-round, coastwide trawl RCA. The shapefile for “final action” analysis was created starting with the baseline shapefile (all existing closures mentioned above) and using the erase tool in ArcMap to subtract all sections of the trawl RCA being reopened off California and Oregon, then again erasing all final action EFH conservation areas being reopened, and finally using the merge tool to add in all final action EFH conservation area closures including the deep-water conservation area.

Analysis was completed in the projected coordinate system WGS 1984 UTM Zone 10N. We used this coordinate system because data were originally provided by NMFS in the EFH catalog14 in this coordinate system. Because area calculations can differ, sometimes greatly, when calculating areas between coordinate systems, all analyses within the United States West Coast EEZ were conducted using WGS 1984 UTM Zone 10N to ensure consistency and comparability between analyses. All analysis was completed using Environmental System Research Institute’s (ESRI) ArcGIS Desktop, ArcMap, version 10.6.1.


Geographic area analysis

Using shapefiles with the baseline closures and final action closures, each dataset was analyzed within each of 11 geographic areas to quantify the amount of each dataset (area or number of features) inside and outside of closures. These geographic areas included three large bioregions (Northern, Central, Southern), each divided into two depth zones: (a) continental shelf (coastline to continental shelf break), approximately 200 m depth; and (b) upper slope, the shelf break to 1,280 m (NMFS, 2013). We also analyzed the baseline and final action changes within four National Marine Sanctuaries off California (Greater Farallones National Marine Sanctuary, Cordell Bank National Marine Sanctuary, Monterey Bay National Marine Sanctuary and Channel Islands National Marine Sanctuary) and within the United States West Coast territorial sea and EEZ (shore to 370 km). We did not analyze the Olympic Coast National Marine Sanctuary as a distinct geographic area because no changes were considered in that Sanctuary. Within those 11 geographic areas, we analyzed each dataset both inside and outside of existing EFH closures under the baseline and final action closures. Vector datasets (all except for bottom trawl effort) were analyzed using the Tabulate Intersection tool in ArcGIS. Raster datasets (bottom trawl effort) were analyzed using the Zonal Statistics as Table tool in the Spatial Analyst toolbar in ArcGIS.



Rockfish conservation area analysis

We analyzed the year-round trawl RCA as a distinct geographic feature to fully understand the changes to the RCA as a result of the final Amendment 28 action. Two analyses were completed for the RCA: one analysis of all datasets within the year-round coastwide trawl RCA as of 2019, and one analysis of all datasets within the area opened under the final action as of January 1, 2020 (the trawl RCA off Oregon and California excluding new and existing EFH conservation areas and areas within California’s state marine waters that will remain closed to bottom trawling under state law). Similar to the biogeographic regions analysis, we analyzed vector datasets (all except for bottom trawl effort) using the Tabulate Intersection tool. We analyzed raster datasets (bottom trawl effort) using the Zonal Statistics as Table tool in the Spatial Analyst toolbar.



Individual habitat conservation area analysis

We analyzed each of 72 distinct habitat conservation area changes made under the Amendment 28 final action including 53 new or modified EFH conservation areas, one EFH conservation area correction (to shift the Potato Bank EFH conservation area to its correct location off Southern California), 17 areas that were re-opened to trawling, and the Deep-sea Ecosystem Conservation Area closed to all commercial bottom contact fishing gears. Each change is categorized as either an additional closed area (“close”) or a portion of a previous EFH conservation area that was removed (“reopen”). As outlined in both the biogeographic regions and RCA GIS analyses, vector datasets (all except for bottom trawl effort) were analyzed using the Tabulate Intersection tool. Raster datasets (bottom trawl effort) were analyzed using the Zonal Statistics as Table tool in the Spatial Analyst toolbar.



Continental scale analysis of bottom trawl closures

To view the new suite of conservation areas in the context of the broader trend of bottom trawl closures off the West Coast of North America, we calculated the total area of year-round bottom trawl closures within the EEZs of the United States off Alaska and the Canadian EEZ off British Columbia using the projected NAD 1983 Alaska Albers coordinate system and the United States West Coast region using the projected coordinate system WGS 1984 UTM Zone 10N, including each nation’s territorial sea. In addition to the United States West Coast bottom trawl closures analyzed in the final action shapefile, the analysis of closed areas to bottom trawling includes the 1998 closure of the Eastern Gulf of Alaska off Southeast Alaska, the 2006 closure of the Aleutian Islands off Alaska, the 2006 and 2008 actions in the Bering Sea, the 2009 closure of the United States Arctic to commercial fishing, and the 2012 bottom trawl footprint closure off British Columbia, Canada (North Pacific Fishery Management Council (NPFMC), 2009, 2018, 2019; Wallace et al., 2015; Department of Fisheries and Oceans Canada (DFO), 2019). Due to lack of consistent habitat feature datasets across these regions, this component of the analysis only examined total area closed to bottom trawling.



RESULTS


Coastwide Analysis of Final Action and Regulations

In April 2018, following an extensive public process and environmental review, the Pacific Fishery Management Council took final action on its range of alternatives to modify EFH conservation areas, the trawl RCA, and the protection of the deep-sea ecosystem off the United States West Coast. In a unanimous decision, the council recommended a suite of changes to regulatory bottom trawl closed areas with a net increase of 363,513 km2 of federal ocean waters off the United States West Coast (5-370 km) (Figure 2 and Supplementary Figure 3). First, the fishery council’s final set of actions included recommendations for 53 new and modified EFH conservation areas closed to bottom trawling while opening 16 distinct areas within existing EFH conservation areas and opening one area within the bottom trawl footprint closure off Northern California. Second, the council voted to remove the trawl RCA off Oregon and California, while keeping the RCA closed off Washington. However, off Oregon and California, sections of the area formerly within the trawl RCA remained closed to bottom trawling due to overlap with new and existing EFH conservation areas or state-waters closed to trawling. Third, the council voted to protect the deep-sea ecosystem off California (>3,500 m) from all bottom contact fishing gears. Changes to conservation area enforcement capabilities by increasing required vessel monitoring system ping rates from one to four pings per hour, consistent with the Oceana et al. (2013) proposal were implemented in separate regulations that took effect July 13, 2020 (NMFS, 2020).
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FIGURE 2. (A) Map of United States West Coast EEZ showing changes to bottom contact fishing regulations resulting from Amendment 28 final action. (B) (Upper Inset) Grays Canyon region. (C) (Center Inset) Farallon Islands/Cordell Bank Region (D) (Lower Inset) Southern California Bight.


The council’s recommendations were then transmitted to NMFS and the United States Secretary of Commerce who oversees NMFS for review and rulemaking. This regulatory process included finalizing an environmental impact statement, approving the proposed fishery management plan amendment text, and submitting proposed amendments and regulations for public review. NMFS approved the fishery management plan amendment in September 2019 and on November 19, 2019, issued final regulations implementing the new and modified EFH conservation areas, the opening of the trawl RCA off Oregon and California, and the protection of the deep-sea ecosystem off California (NMFS, 2019b; Figure 2). The final rule closely reflected the recommendations of the fishery council, including an expanded conservation area for a glass sponge reef north of Grays Canyon off the outer Washington coast. This change made at the time of the final rule was done to better align Oceana’s original proposed conservation area for this reef with the 2018 adjudicated seaward boundary of the Quinault Indian Nation’s Usual and Accustomed fishing area, consistent with the intent of the fishery council’s recommendation. The new habitat conservation areas and modifications took effect on January 1, 2020.

The Amendment 28 Pacific Coast Groundfish Fishery Management Plan final action and rulemaking:

1. Designated 53 new and modified EFH conservation areas closed to bottom trawling within currently fishable depths, adding 45,136 km2 and removing 638 km2 of currently designated conservation areas with a net increase of 44,498 km2;

2. Removed 7,086 km2 of the year-round trawl RCA off Oregon and California, while keeping 4,371 km2 of the year-round trawl RCA closed in the area off Washington and in certain places off Oregon and California where the RCA overlaps with new and existing EFH conservation areas or state-waters closed to trawling;

3. Established a Deep-Sea Ecosystem Conservation Area off California prohibiting all bottom contact fishing gears in waters deeper than 3,500 m in an area totaling 319,015 km2. Bottom contact fishing gears include but are not limited to bottom trawl, dredge, and fixed gears like bottom longline, trap or pot, set net, and stationary hook-and-line gears.

Overall, the final action results in a net increase of 363,513 km2 of total habitat conservation areas closed to bottom trawling (Table 1). While the total area includes much deep-sea area beyond currently trawlable depths, it includes substantial increases in total area and priority habitat features protected at fishable depths (<1,280 m). In addition, the final action significantly increased the proportion of all priority habitats protected from bottom trawling throughout United States West Coast ocean waters, including all physical features and substrate types and all biogenic features (Figures 2, 3). Accounting for these new conservation area closures and openings, plus all existing conservation areas closed year-round to bottom trawling, 739,491 km2 of ocean waters off the United States West Coast (shore to 370 km) are now protected from bottom trawling. This amounts to 90% of all state and federal ocean waters in this region.


TABLE 1. Summary of changes to habitat conservation areas in the United States West Coast region resulting from implementation of Amendment 28 to the Pacific Coast Groundfish Fishery Management Plan.
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FIGURE 3. Cumulative bottom trawl protections in the United States West Coast EEZ and Territorial Sea. Proportion of (A) total area, substrate and submarine canyon features, (B) biogenic habitat features (# of coral and sponge observations, presence and predicted coral habitat), and (C) area, number of coral and sponge observations, and hard substrate by depth zone off the United States West Coast (shore to the 370 km EEZ boundary) protected from bottom trawling under the baseline (2006-2019) and with the Amendment 28 final action implemented by NMFS. Numbers in parenthesis represent the total amount of each feature represented in the study area.




Regional Analysis of Final Action and Regulations

While the additional area of new EFH conservation areas is far greater than the EFH conservation areas reopened to bottom trawling (Table 1), the removal of the trawl rockfish conservation area resulted in a net loss of total area protected in the shelf and upper slope depth ranges of the Northern and Central Bioregions (Table 2). There were substantial increases in upper slope protections in the Southern bioregion. However, since most reopened areas were exclusively soft sediment habitats and new EFH areas focused on priority habitats, there was still a net increase in most priority habitat types (e.g., corals and sponges, hard substrate) in the upper slope and shelf (Figure 3C and Table 2). In the northern upper slope (∼200-1,280 m depth) off Northern California, Oregon, and Washington, the final action resulted in a net loss in the protection of area and a net loss in protection for some priority habitat features like rocky reef, but an increase in the protection of observed corals and sponges (Figure 4A). This outcome resulted from opening the trawl RCA off Oregon and California while adding new protections in several areas with high coral and sponge presence. The final action resulted in significant gains in the upper slope of the southern biogeographic region with the adoption of the Southern California Bight EFH conservation area (41,915 km2) (Figure 4B). The final action increased the number of coral and sponge occurrence locations inside bottom trawl closed areas in five of the six shelf and slope bioregions and no change in the Southern shelf bioregion (Figure 5A). In addition, the regulations increased the number of known coral and sponge occurrences within closed areas to bottom trawling in all four California National Marine Sanctuaries, with the greatest gains in the Greater Farallones National Marine Sanctuary (Figure 5B). Notably, despite the removal of the trawl RCA, 99.8% of the Channel Islands National Marine Sanctuary is now within EFH conservation areas and state marine protected areas, providing durable protection from bottom trawling within this Sanctuary.


TABLE 2. Geographic area analysis with results from full United States West Coast EEZ (shoreline to 370 km offshore); all six combinations of Northern, Central and Southern bioregions with shelf (0 to 200 m) and upper slope (200 to 1,280 m) depth zones; and the four National Marine Sanctuaries off California.
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FIGURE 4. Examples of bioregional analyses of changes in habitat protection coverage. Proportion of total area, hard and mixed substrate and number of coral and sponge observations protected in panels (A) the upper slope of the northern bioregion (Cape Mendocino, CA to the United States/Canada border, ∼200 to 1,280 m depth) and (B) the upper slope of the southern bioregion (∼200 to 1,280 m depth south of Point Conception, California to the United States/Mexico border) under the baseline (2006-2019), compared with the Amendment 28 final action implemented by NMFS. Numbers in parenthesis represent the total amount of each feature represented within the geographic area analyzed.
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FIGURE 5. Proportion of summed coral and sponge observations inside bottom trawl closures under the baseline (2006-2019) and Amendment 28 final action implemented by NMFS within (A) each of the six bioregions and depth ranges and (B) California National Marine Sanctuaries. Numbers in parenthesis represent the total number of coral and sponge observations in each area.


Along with the overall increase in protections for biogenic habitat features and rocky reefs, the final action resulted in a net increase in bottom trawl fishing opportunities as measured by the change in 2002-2006 bottom trawl effort displaced by closed areas. By reopening the trawl RCA and certain portions of EFH conservation areas where bottom trawling historically occurred, less historic bottom trawling is displaced by the final action set of closures. Considering the proportion of total bottom trawl effort that occurred in the five years prior to the implementation of Amendment 19, and taking into account both the new openings and closures, we estimate that coastwide, the combined set of actions restored 24.6% of the historic fishing effort that was previously displaced (Figure 6 and Table 3). There is also a net increase in fishing opportunities in each bioregion and within each of the three Central Coast National Marine Sanctuaries, with the greatest gains in the Northern and Central Upper Slope (Table 3). Most of these gains in fishing opportunity resulted from reopening the trawl RCA. These quantitative results are consistent with public statements by fishing industry representatives, Pacific Fishery Management Council members, other stakeholders, and independent experts15.
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FIGURE 6. Proportion of 2002-2006 bottom trawl fishing effort displaced under the baseline set of closed areas (2006-2019) and under the Amendment 28 final action regulatory closures. Restored fishing effort is the difference in displaced effort between the baseline and final action.



TABLE 3. Bottom trawl effort.

[image: Table 3]Our analysis specific to the trawl RCA indicates that Amendment 28 maintained 37.2% of the total area of the trawl RCA that was closed prior to the action within closed areas, representing the sum of the trawl RCA that remains in place off Washington state, areas of the former trawl RCA off California and Oregon that are within new and previously implemented EFH conservation areas, and areas where the trawl RCA overlapped California state waters closed to bottom trawling. Coastwide, 62.8% of the total RCA area was reopened, containing 67.5% of the historic fishing effort that occurred prior to the RCA being closed to bottom trawling (Tables 3, 4). Resulting from the concerted effort to establish new EFH conservation areas in locations within the trawl RCA containing priority habitats, an even greater percentage of hard substrate (51%), corals (77%), and sponges (67%) in the trawl RCA remained protected despite the RCA reopening (Table 4). However, the reopening of the RCA did result in a loss of total area protected in the shelf and upper slope regions (Table 2).


TABLE 4. Total area, area of hard substrate and number of coral and sponge observations within baseline trawl RCA, and within the portions of the trawl RCA that was reopened and the portions that remained closed under the Amendment 28 final action.

[image: Table 4]From a fish habitat perspective, the final action largely maintained and increased the overall amount of key habitat used by species of interest. For example, we examined habitat models for yelloweye rockfish (Sebastes ruberrimus), which is the last remaining overfished rockfish species off the United States West Coast still under a rebuilding plan at the time of this publication. The proportion of yelloweye rockfish habitat (80% of the maximum probability of occurrence) inside areas closed year-round to bottom trawl gear increased from 37% under the baseline (2006-2019 regulations) to 39% with the Amendment 28 final action (Supplementary Data Table). Even with removal of the trawl RCA off Oregon and California, which was largely designed to close overfished rockfish habitat, the final set of actions resulted in slightly more yelloweye rockfish habitat protected overall. The net increase in yelloweye rockfish habitat protection is explained by the increase in hard substrate protected outside the RCA and the fact that much of the hard substrate within the RCA remained closed as new EFH conservation areas.

Our analysis of individual changes to EFH conservation areas indicates that new individual closed areas ranged from 1.32 km2 (Shale Pile E.) to 41,914.8 km2 (Southern California Bight). The Southern California Bight EFH conservation area is more than two orders of magnitude larger than the next largest new EFH conservation area (Farallon Escarpment, 327.2 km2). Re-openings of EFH conservation areas ranged from 2.43 km2 (South of Mars Cable) to 192.41 km2 (Point Arena S.1) (Supplementary Data Table). The conservation areas with the greatest number of coral occurrences were the Brush Patch (7,822), Samoa Deepwater (2,069), and Southern California Bight (7,915) (Supplementary Data Table). Areas with the highest number of sponge occurrences included Grays Canyon North (4,369), Southern California Bight (12,764), Point Sur Platform (1,388), the Brush Patch (1,471), and outer Soquel Canyon (1,316). While the Farallon Escarpment has relatively few coral and sponge records due to the lack of exploration in the area, it contains a high relative area of predicted coral habitat (297 km2 out of 327 km2). Areas of greatest increases in hard substrate included the Southern California Bight (2,211 km2), Heceta Bank North (120 km2), and Big Sur Coast (73 km2). Our full results examining all datasets assessed in each geographic area and within each new or modified individual EFH conservation area can be found in the Supplementary Data Table.



EFH Conservation Area Highlights

Our results indicated net increases in biogenic habitat features including sensitive areas that are important to commercial and recreational fish. While some of the bioregional analyses indicated net losses in total area protected due to the removal of the rockfish conservation area, the 53 additional conservation areas along the shelf and upper slope represent major advances in habitat and biodiversity conservation based on newly available science (see Supplementary Data Table – Final Area Analysis).


Southern California Bight

The Southern California Bight encompasses the large region of upper slope and shelf habitat from Point Conception to the Mexico Border, including eight offshore islands and dozens of offshore banks, ridges, and seamounts. Historically and today, the Southern California Bight is an important region for hook and line-based commercial and recreational groundfish fishing. While certain areas within the Bight (Catalina Island, Potato Bank, Cherry Bank) were protected as EFH conservation areas in 2006, only 36.1% of the Southern California upper slope depth range (200-1280 m) was previously protected. This left several important habitat areas such as Cortez and Tanner Banks unprotected from bottom trawling. The Southern California EFH Conservation Area increased protections of the upper slope to 98.7%, which included an additional 20,679 records of corals and sponges and 2,211 km2 of hard substrate (Supplementary Data Table). Using a remotely operated vehicle, Oceana surveyed areas off Santa Rosa Island, Santa Barbara Island, and Butterfly Bank and documented new coral and sponge records in areas that had remained open to bottom trawling (Shester et al., 2017). The conservation area protects highly ranked areas for species richness and abundance by Salgado et al. (2018) including West Catalina Island, San Clemente Island, 9-Mile Bank, and Santa Rosa Flats. Deep-water azooxanthellate corals documented in the Southern California Bight include the colorful hydrocoral Stylaster californicus, the reef-building scleractinian coral Lophelia pertusa, and the Christmas tree black coral Antipathes dendrochristos. While there are records of bottom trawling in several areas of the Southern California Bight, recent bottom trawl effort in federal waters occurred close to the mainland. The new conservation area fully subsumes the nearly 11,000 km2 Western Cowcod Conservation Area, which was established to rebuild the overfished cowcod rockfish (Sebastes levis), thus ensuring trawling remains prohibited when catch restrictions in this area are lifted in the future (Figure 2D).



Central and Northern California

While much soft sediment shelf and upper slope habitat was reopened with the lifting of the trawl rockfish conservation area in this region, the new EFH conservation areas ensure new and continued protections for the known hard substrate and biogenic habitat features that are generally rare and dispersed in this bioregion. The final action established several new EFH conservation areas where newly identified priority habitat features are located. The Russian River EFH conservation area (also known as “The Football”) in the Greater Farallones National Marine Sanctuary protected areas surveyed in September 2014 by the NOAA Deep Sea Coral program in which a remotely operated vehicle documented nursery habitats for skates, sharks and rockfish along with Staurocalyptus sp. barrel sponges and a new species of coral Swiftia farallonesica. The Farallon Escarpment EFH conservation area protects a large 327 km2 swath of a unique geological area along the continental slope, where initial surveys confirmed predictions of highly suitable coral habitat (Figure 2C). The new Samoa Reef conservation area is 49 km2 and protects a deepwater (500-1,100 m depth) rocky reef containing over 2,000 coral observations by the Monterey Bay Aquarium Research Institute. Gobblers Knob EFH conservation area protects a newly identified area of mixed substrate near Cordell Bank, and otherwise would have reopened along with the lifting of the RCA. Rittenberg Bank and Cochrane Bank EFH conservation areas proposed by the Greater Farallones National Marine Sanctuary protect newly discovered “Christmas tree” black corals (Antipathes dendrochristos) not previously known to have occurred in the region and extensive high density sponge gardens at rocky reefs in the Gulf of the Farallones. Changes to the Cordell Bank EFH conservation area included reopening of soft sediment habitats and expansions of protections around the rocky bank feature, creating a larger buffer around this exceptional habitat feature, plus protections at a variety of depths. The Point Reyes Reef EFH conservation area included the component of a large nearshore rocky reef feature that was previously unprotected in federal waters, ensuring continuous protections from the shoreline and state waters components to the deeper section of the outer reef (Figure 2C and Supplementary Figure 3D).



Arago Reef

The Arago Reef, located southwest of Cape Arago, Oregon is a large rocky reef complex that stretches across the continental shelf from shore to over 20 km off the coast, spanning both state and federally managed ocean waters (Supplementary Figure 3B). Here a 173.6 km2 area of the reef located in federal ocean waters is now designated as an EFH conservation area, closed to bottom trawling, spanning a depth range from 40 to 130 m. Using a remotely operated vehicle, Oceana surveyed the area in 2011 and we documented a diverse rocky reef system including 10 different Pacific rockfish species, lingcod (Ophiodon elongatus), and rex sole (Glyptocephalus zachirus), plus corals belonging to orders Gorgonacea (sea fans), Scleractinia (cup corals), and Stylasterina (branching hydrocorals), sponges and other benthic invertebrates (Enticknap et al., 2013). Our ROV surveys brought attention to this unique and little studied nearshore reef system, which became an important part of our conservation proposal in the Northern biogeographic region. While federal fishery managers did not protect the entirety of the reef as we originally proposed, the majority was protected and there is continued interest in extending the conservation area to shore under state jurisdiction.



Grays Canyon Conservation Area Expansion

On the north side of Grays Canyon, 57 km offshore of Grays Harbor, Washington on the continental shelf break is a large rocky reef feature including thousands of glass sponges. Glass sponges are known to form complex habitats that influence the structure of the marine biological community and are highly sensitive to bottom trawl impacts (Austin et al., 2007). The immediately adjacent Grays Canyon was designated an EFH conservation area in 2006 and closed to bottom trawling but federal fishery managers declined to adopt two Oceana proposals to protect the reef habitat to the north of the canyon in 2005 and again in 2009. Subsequent field studies confirmed the presence of hard and mixed physical substrates, methane seeps, swarms of krill, as well as large aggregations of sponges, rockfishes and spot prawns (Pandalus platyceros) (Johnson, 2008; Powell et al., 2018). The glass sponge feature was only previously known to be there because of trawl bycatch records recorded by federal fishery observers. The modified Grays Canyon EFH conservation area now protects the dense glass sponge habitat to the north of the canyon. The new area is based on Oceana’s third EFH proposal to protect this diverse reef complex, excluding part of the proposal area overlapping the Quinault Indian Nation’s Usual and Accustomed fishing area. Our analysis of the expanded EFH conservation area shows it is 66.3 km2 in total area and includes 4,369 sponge observations and 26.68 km2 of rocky reef features. The expansion also includes a 32.63 km2 area that adjoins the Grays Canyon EFH conservation area to the south of the canyon (Figure 2B).



Progress Toward Freezing the Footprint From California to the Arctic

The increased protections off the United States West Coast contribute to a continental scale implementation of a freeze the footprint approach to bottom trawling across the Western Coast of North America. The existing closures combined with the 2020 United States West Coast action results in 71% of the total combined EEZ area off Alaska, the United States West Coast, and British Columbia being closed to bottom trawling — totaling 3.6 million km2 (Figure 7 and Table 5). While much of this area has not been trawled to date, these protections include substantial protections at fishable depths (e.g., less than 1,280 m) and prevent future expansion of bottom trawling into deeper areas. For example, the bottom trawl closures shown off the Aleutian Islands, Alaska include 39.4% of habitats shallower than 200 m and 61.6% of habitats between 200 and 500 m (Shester and Warrenchuk, 2007). Therefore, these protections are not simply closing areas outside fishable depths. Unlike policy approaches seeking to protect a minimum amount of area with the assumption that the remaining areas are open, the inclusion of vast areas of deepwater is indicative of a freeze the footprint policy approach that closes all areas outside the current bottom trawl footprint. This indicates a growing implementation of the freeze the footprint approach across fishery management jurisdictions in the North Pacific Ocean.
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FIGURE 7. Year-round closures to bottom trawl fishing gear along the western coast of North America from California to the United States Arctic as of January 1, 2020. In total, bottom trawl closures now cover 71% of the Exclusive Economic Zones off United States Alaska, British Columbia, Canada and the United States West Coast. Hawaii and Exclusive Economic Zones off Mexico, Russia, and Canadian Arctic are not shown.



TABLE 5. Amount and proportion of total Exclusive Economic Zone area off the United States North Pacific (Alaska) Region, Canada Pacific (British Columbia) Region, and United States West Coast Region (Washington, Oregon, CA, United States) closed to bottom trawl fishing as of January 1, 2020.
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DISCUSSION

The culmination of nearly a decade of stakeholder meetings, scientific research, analysis and advocacy resulted in 44,498 km2 of new conservation areas at currently trawlable depths shallower than 1,280 m. These areas, containing diverse and fragile seafloor habitats, are now protected from the destructive impacts of bottom trawl fishing gear. Along with precautionary protections for the deep-sea, Amendment 28 designated 363,513 km2 of new habitat conservation areas, which when combined with previous existing protections results in 90% of the United States EEZ closed to bottom trawling, including 32.6% of shelf depth zones and 56.0% of upper slope depth zones. Protected areas within trawlable fishing depths disproportionately focus on priority habitat features that are proxies for fish habitat, sensitivity to bottom trawling, and biodiversity. These actions advance the dual objectives of freezing the bottom trawl footprint and closing sensitive habitat areas within the footprint based on available data.

The newly established Deep-sea Ecosystem Conservation Area off California (>3,500 m) prohibits all commercial bottom contact fishing gears on a precautionary basis consistent with the freeze the footprint approach. Following discussions regarding the need for deep-sea protections from fishing, fishery managers ultimately moved forward with this precautionary measure referencing the ecological role of the deep sea in trapping greenhouse gases, slowing the rate of climate change, and providing nutrients that fuel fisheries. They also acknowledged that while no fishing currently occurs at these depths, prospective or exploratory bottom contact fishing activities that would otherwise be allowed could damage the deep ocean floor and sensitive deep-sea coral habitats16. Bottom contact fishing gear is not currently used at these depths due to limits in current technologies and the absence of economically viable fishery resources. Had a precautionary freeze the footprint approach been implemented prior to the expansion of bottom trawling, countless irreversible impacts to seafloor habitats could have been avoided. This precautionary measure is intended to be both symbolic and proactive in recognition of potential future technological advances and prospective bottom fishing. It illustrates a precautionary precedent for regulations that prohibit other activities that may harm the deep seafloor such as seabed mining or oil and gas exploration, in which potentially sensitive unexplored areas are off limits by default. However, it is critical to avoid disingenuous outcomes that only close areas too deep for fishing and claim credit for conservation wins. That is not the precedent being set here, as the deep-sea protections are part of a comprehensive policy approach that integrates the dual objectives of preventing expansion to new areas while establishing durable protections for sensitive habitats at fishable depths.

In addition to the 53 new and expanded EFH conservation areas designated off California, Oregon and Washington, portions of some existing EFH conservation areas totaling 638 km2 were opened to bottom trawling where there did not exist evidence of priority habitat features. In addition, 7,086 km2 of the trawl RCA was reopened to reflect the rebuilding of previously overfished species and the implementation of individual catch limits to control mortality more directly. Had the RCA reopening occurred independently from decisions regarding EFH conservation areas, there would have been an even greater loss of total area protected and a net loss of priority habitat features protected from bottom trawling. Offsetting potential losses in habitat protection from reopening the RCA provided additional impetus to include new and expanded EFH conservation areas. Together with the new conservation areas closed to bottom trawling, the reopening of the RCA off Oregon and California and partial reopening of some existing EFH conservation areas resulted in a new configuration of open and closed areas to trawling that restores 25% of fishing effort that was displaced by bottom trawl closures implemented prior to 2020. This overall outcome meets the criteria for a “win-win” for ocean habitat conservation and the bottom trawl fishery, however, there were some minor exceptions in certain regions and depth zones that had a net loss of area or loss of priority habitat features protected (e.g., northern upper slope). This conclusion is based on available data that indicates a net increase in bottom trawl fishing opportunities in fishing grounds off Oregon and California, while simultaneously increasing the amount of known coral and sponge habitats throughout all depth zones and bioregions, as well as coastwide throughout West Coast ocean waters. Areas of the seafloor known to have the most diverse and fragile habitats will be protected for future generations, while the fishing community can continue to access and provide an important supply of domestic and exported seafood.

This case study highlights several ways NGO participation can influence the fishery management process. Through the collection of high-definition video and still images, science expeditions provided data on the locations, species and densities of deep-sea habitat including corals and sponges, as well as groundfish species densities and interactions with seafloor habitat features. Some dives conducted with remotely operated vehicles were accomplished in places that had never been explored, informing not only the EFH conservation process but also contributing to the National Deep-Sea Corals and Sponges Database. The involvement of NGOs also ensured broad public attention and public engagement.

The environmental impact statement process under the National Environmental Policy Act provided data-driven, transparent decision-making processes for development and consideration of alternatives and stakeholder input. Oceana provided detailed GIS mapping and an analysis framework to evaluate the cumulative effects of EFH and RCA changes that was used in the stakeholder and decision-making process. GIS tools allowed for fine tune scaling and real-time adjustments following meetings with fishermen, National Marine Sanctuaries, tribes, fishery managers and other stakeholders. It also provided for detailed analysis comparing multiple proposals both on coast-wide and regional scales. In contrast to the use of computer generated protected area designs such as MARXAN (Ball and Possingham, 2000), we found that an iterative process to develop proposal boundaries informed by high resolution geographic data on substrate, priority habitat features, and fishing patterns could be more readily explained and discussed with other stakeholders.

Several studies have recommended target percentages for marine protected area coverage (e.g., Sala et al., 2002). While global targets are useful in promoting policy action, we explicitly avoided setting numeric targets for percentage of total area or conservation feature protected and tailored the proposed protections to the context and the opportunities for a win-win outcome. Furthermore, such conservation targets typically leave open all areas outside marine protected areas, whereas the freeze the footprint approach inherently contains the premise that areas are closed unless explicitly open.

By focusing on the best available proxy data sets for the specific habitat features generally known to be more vulnerable, more diverse, more important to groundfish with an affinity for structure, and slower to recover from damage, our approach secured greater levels of overall protection than would have been possible if the objective had been to include a certain percentage of each representative habitat type. Data important for conservation design and implementation include recent bottom trawl fishing effort locations and priority seafloor habitat features, particularly the presence of deep-sea corals and sponges and hard substrates. This work represents an active implementation of adaptive management, which is a deliberate cycle of evaluation of existing regulations, planning, and implementation, and has been identified as a successful component of marine protected areas (Bennett and Dearden, 2014).

The approach in Amendment 28 further implements the “freeze the footprint” approach described in Shester and Warrenchuk (2007). Amendment 19 in 2006 closed waters deeper than 1,280 m but did not close areas deeper than 3,500 m or the vast area of the Southern California Bight shallower than 1,280 m. Amendment 28 further implemented the freeze the footprint policy by closing all areas deeper than 3,500 m and much of the Southern California Bight, in addition to many untrawled areas shallower than 1,280 m. Since these are precautionary closures, certain areas could be reopened in the future if new research and data can demonstrate such action would not damage priority habitats.

The Amendment 28 regulations further shift the burden of proof on fishers to first demonstrate they will not damage priority habitat features before being permitted into a conservation area (Dayton, 1998). Prior to these closures, fishing activity could have expanded into deep, unfished waters or other new areas as the technological ability to access these areas advanced or as market conditions changed. Now, expansion into new areas may only occur if there is new scientific evidence that it will minimize harm to ecosystems. Because deep-sea environments are largely unexplored and impacts to marine habitats could be severe, global adoption of the precautionary approach by prohibiting new industrial activities in the deep-sea, as was done with implementation of the Deep-Sea Ecosystem Conservation Area off California, is essential.

Freezing the footprint of bottom trawling and protecting known sensitive habitats is a policy approach that could be readily applied to ocean areas throughout the world. In 2012, the North Pacific Fisheries Commission adopted a similar freeze the footprint approach closing more than 90% of international waters in the area under its authority to bottom trawling and other bottom contact fishing gears as an interim measure to protect vulnerable marine ecosystems17. In 2016, the European Union prohibited deep-sea bottom trawling in the North-East Atlantic below a depth of 800 m18. The precautionary precedent set in Amendment 28 that prohibits deep-sea bottom contact fishing could be applied to current international policy approaches to deep-sea mining, which poses an imminent threat to seafloor ecosystems which are still relatively unknown and unexplored compared to shallow-water or terrestrial ecosystems (Wedding et al., 2015).

While win-wins in marine conservation are rare, the approach outlined here for informing the management of bottom trawling and other bottom contact fishing gears demonstrates that a precautionary approach coupled with an iterative science-driven stakeholder process using geospatial analysis can provide the necessary information to achieve a win-win outcome. While there were notable exceptions for certain habitat features in certain depth zones, overall our results demonstrate the net outcome of the new regulations represents a substantial win for the conservation of deep-sea corals and sponges and other sensitive habitats across depths and bioregions off the United States West Coast (Table 2). Similarly, our results demonstrate a win for fishing opportunities coastwide and in all depths and bioregions analyzed (Table 3). The quantitative results of this analysis at multiple biogeographic and depth scales - independently validated in public statements by fishing industry representatives, Council members, and other stakeholders - demonstrate that such win-wins are achievable under the right circumstances. The conservation benefit to such win-win outcomes is that protections are more likely to be implemented, and increases the effectiveness of marine ecosystem conservation because fishers are more likely to comply with regulations that they helped to support (Viteri and Chavez, 2007; Arias et al., 2015). We conclude that the new regulations are likely to represent an enduring and positive outcome for deep-sea coral and sponge ecosystems and long-term sustainable fisheries for future generations.
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12 50 C.F.R. §§600.815(a)(1)(ii)(B), 600.815(a)(10) and 600.815(b)

13 www.oceana.org/PacificSeafloorTour

14 https://www.webapps.nwfsc.noaa.gov/data/efh-catalog/

15 See, for example: https://sustainablefisheries-uw.org/new-california-protected-areas-are-excellent-displays-of-fishery-management/; https://www.seattletimes.com/seattle-news/conservationists-west-coast-bottom-fishermen-embrace-grand-bargain/;  https://www.santacruzsentinel.com/2019/07/02/oceana-looks- for-public-support-to-protect-ocean-floor-life-in-monterey-bay/; https://www.sfchronicle.com/environment/article/Bottom-trawling-fishing-severely-restricted-off-14844917.php

16 https://www.federalregister.gov/documents/2019/08/15/2019-16493/magnuson-stevens-act-provisions-fisheries-off-west-coast-states-pacific-coast-groundfish-fishery

17 https://www.un.org/depts/los/reference_files/Presentations/PPT/Segment4/DYM.pdf

18 https://www.europarl.europa.eu/news/en/press-room/20161208IPR55152/meps-ban-deep-sea-fishing-below-800-meters-in-the-north-east-atlantic
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Benthic fauna form spatial patterns which are the result of both biotic and abiotic processes, which can be quantified with a range of landscape ecology descriptors. Fine- to medium-scale spatial patterns (<1–10 m) have seldom been quantified in deep-sea habitats, but can provide fundamental ecological insights into species’ niches and interactions. Cold-water coral reefs formed by Desmophyllum pertusum (syn. Lophelia pertusa) and Madrepora oculata are traditionally mapped and surveyed with multibeam echosounders and video transects, which limit the ability to achieve the resolution and/or coverage to undertake fine-scale, centimetric quantification of spatial patterns. However, photomosaics constructed from imagery collected with remotely operated vehicles (ROVs) are becoming a prevalent research tool and can reveal novel information at the scale of individual coral colonies. A survey using a downward facing camera mounted on a ROV traversed the Piddington Mound (Belgica Mound Province, NE Atlantic) in a lawnmower pattern in order to create 3D reconstructions of the reef with Structure-from-Motion techniques. Three high resolution orthorectified photomosaics and digital elevation models (DEM) >200 m2 were created and all organisms were geotagged in order to illustrate their point pattern. The pair correlation function was used to establish whether organisms demonstrated a clustered pattern (CP) at various scales. We further applied a point pattern modelling approach to identify four potential point patterns: complete spatial randomness (CSR), an inhomogeneous pattern influenced by environmental drivers, random clustered point pattern indicating biologically driven clustering and an inhomogeneous clustered point pattern driven by a combination of environmental drivers and biological effects. Reef framework presence and structural complexity determined inhabitant distribution with most organisms showing a departure from CSR. These CPs are likely caused by an affinity to local environmental drivers, growth patterns and restricted dispersion reproductive strategies within the habitat across a range of fine to medium scales. These data provide novel and detailed insights into fine-scale habitat heterogeneity, showing that non-random distributions are apparent and detectable at these fine scales in deep-sea habitats.

Keywords: cold-water coral, point pattern analysis, structure from motion, spatial patterns, photomosaic, landscape ecology, NE Atlantic


INTRODUCTION

Aggregations of animals and single celled organisms have been recognised and studied for some time (Allee, 1927), in both mobile (e.g., Parrish and Edelstein-Keshet, 1999) and sessile species (e.g., Condit et al., 2000). Aggregations may be driven by environmental heterogeneity (geological, physical, and chemical) and biological factors (behaviour, dispersion method, and reproduction), with different drivers affecting spatial patterns at different temporal and spatial scales (Levin, 1992). Through careful observation and quantification of faunal spatial patterns, insights can be obtained into the underlying ecological processes that influence the fine-scale dispersion of species. A range of first and second order statistical tests have been developed to assess spatial patterns as being clustered, randomly or over-dispersed distributions (Baddeley et al., 2015). These types of analyses using discrete point data have typically been applied to terrestrial systems, for example, to understand tree distributions in forests (Condit et al., 2000; Woodall and Graham, 2004; Law et al., 2009), plant distribution in deserts (Eccles et al., 1999), deer distribution (Plante et al., 2004), and bird nest distributions (Melles et al., 2009; McDowall and Lynch, 2017). However, in the marine environment, quantifying spatial faunal patterns remains more challenging due to the technical difficulties of collecting precise positional data of biological observations.

Recently, point pattern analyses (PPAs) have gained traction in the study of intertidal and subtidal marine habitats, in tandem with advancing technologies and survey capabilities. For example, the use of image mosaicing and 3D photogrammetry [Structure from Motion (SfM)] in subtidal and intertidal waters has become more widespread, based on a range of camera platforms deployed by SCUBA diving (Burns et al., 2015), snorkelling (Leon et al., 2015; Pizarro et al., 2017), remotely operated vehicles (ROVs) (Robert et al., 2017; Price et al., 2019; Lim et al., 2020), autonomous underwater vehicles (AUVs) (Friedman et al., 2012; Ling et al., 2016), unmanned aerial vehicles (UAVs) (Casella et al., 2017; Murfitt et al., 2017), and unmanned surface vehicles (USVs) (Raber and Schill, 2019). The use of image mosaicing and SfM has improved our ability to accurately register each organism’s relative position. Using these imaging techniques, we can assess the habitat distribution with full coverage and carry out a census of all organisms present, which is required to undertake PPA. PPA, for example, has been used to quantify and characterise species-host relationships and clustering of host sponges and associated Goby species in shallow-water coral reefs (Lesneski et al., 2019). On an even finer scale, single images were used to identify clustering patterns of the acorn barnacle, Semibalanus balanoides, which was driven by life history and competition (Hooper and Eichhorn, 2016). Edwards et al. (2017) used image mosaics to identify various spatial patterns of scleractinian coral on a shallow-water coral reef, citing inter-specific reproduction methods that contributed to the observed clustered patterns (CPs). In deep-sea environments, whilst aggregations of mobile benthic organisms (e.g., Morgan and Baco, 2019), and sessile organisms (e.g., Xavier et al., 2015) have been observed, quantified fine-scale knowledge derived from PPA is lacking, owing to the challenge and expense of collecting image mosaic datasets of high enough quality and resolution. However, more recent research projects using AUVs and ROVs have applied image mosaicing techniques to assess species spatial patterns over hectares of hydrothermal vent, sponge reef and polymetallic nodule field habitats (Thornton et al., 2016; Meyer et al., 2019; Simon-Lledo et al., 2019). Each of those studies revealed species density changes and broad aggregation within the study sites which were attributed to local environmental factors such as mechanical disturbances, physical gradients, and geological processes. Recently, the application of SfM has enabled the quantification of spatial patterns in deep-sea sponges, ophiuroids, and gorgonians, utilising PPA (Prado et al., 2019, 2020; Mitchell and Harris, 2020).

Comparable studies of cold-water coral reef habitats focusing on aggregations and fine-scale spatial patterns are so far rare (e.g., Conti et al., 2019). Cold-water corals are ecosystem engineers and can form ecologically important biogenic reefs influencing local biodiversity (Jensen and Frederiksen, 1992; Mortensen et al., 1995; Costello et al., 2005; Purser et al., 2013; Henry and Roberts, 2017) by providing hard substrate and 3D structural complexity (Buhl-Mortensen et al., 2010; Price et al., 2019). Understanding ecological processes of cold-water coral reef habitats is important as they are classified as “vulnerable marine ecosystems (VME)” (United Nations General Assembly Resolution 61/105; FAO, 2009), and are sensitive to anthropogenic impacts such as fishing (Wheeler et al., 2005a; Davies et al., 2007; Jackson et al., 2014; Huvenne et al., 2016) and ocean acidification (Turley et al., 2007; Hennige et al., 2015). Whilst broad-scale spatial ecological niche analyses have been used in species distribution modelling to interpolate and extrapolate observations over scales of metres to 100 of kilometres (Davies et al., 2008; Dolan et al., 2008; Davies and Guinotte, 2011; Ross and Howell, 2013; De Clippele et al., 2017; Bargain et al., 2018; Lo Iacono et al., 2018; Barbosa et al., 2019; Pearman et al., 2020) linking the coral presence to their environment, finer scale full-coverage studies have seldom been undertaken on cold-water coral reef habitats. The scarcity of such fine-scale data is partly due to the high flow velocities, turbidity and complex terrain associated with cold-water coral reefs, which make it difficult for survey platforms such as ROVs and AUVs to navigate and collect suitable full-coverage imagery.

Nevertheless, photomosaics and 3D reconstructions have been used to visualise and characterise scleractinian cold-water coral habitats (Wheeler et al., 2005b,c; Lessard-Pilon et al., 2010; Vertino et al., 2010), derive their geomorphic properties (Robert et al., 2017, 2019; Price et al., 2019), detect colony size (Fabri et al., 2019) and create substrate/coral cover maps (Lim et al., 2017, 2020; Conti et al., 2019). However, so far these datasets have not been analysed with PPA, and thus relatively little is known about fine scale spatial organisation of reef building coral and reef inhabitants. PPA and 1-D second order clustering statistics of azooxanthelate corals have been undertaken, detecting CPs of soft corals and the scleractinian reef builder Madrepora oculata (Orejas et al., 2009; Gori et al., 2011; Prado et al., 2019) over of tens of metres. However, these studies lacked quantitative sub-metric information of their local spatial environment and thus the reasons for the observed clustering, such as substrate availability, hydrodynamics and food availability could only be inferred. Furthermore, it is unknown how the two main cold-water coral reef building species [Desmophyllum pertusum, synonym: Lophelia pertusa (Addamo et al., 2016) and M. oculata] in the NE Atlantic are organised on a fine scale. Whilst their broad scale distributions differ slightly, their ecological niches overlap in the NE Atlantic region and they are often found developing reefs together and occasionally demonstrating the ability to form “false chimaeras” and “twin colonies” (Arnaud-Haond et al., 2017; Corbera et al., 2019). However, it is unknown how the two species are distributed within a reef biogenic structure. Overall, little is known about how and if organisms found in association with reefs cluster within, toward or away from reef structures.

We addressed these knowledge gaps by applying SfM methods to create high-resolution 3D reconstructions and orthomosaics of a cold-water coral reef, in order to apply landscape ecological descriptors and statistics, based on PPA. We aimed to identify whether organisms within cold-water coral framework habitat demonstrate a random distribution, or if local scale habitat variation and biological clustering drives aggregation patterns. The Piddington Mound (NE Atlantic) was chosen for this study and the mound is dynamic having shown signs of change in terms of coral cover over 4 years (Lim et al., 2018a; Boolukos et al., 2019). This reinforces the urgency to fully understand these habitats so that we can better discern and quantify human-related degradation, due to the habitats’ vulnerability to anthropogenic impacts, distinctly from natural variation. We tested four complementary hypotheses (1) higher densities of associated species are found within the reef substrate area compared to the surrounding habitat; (2) D. pertusum and M. oculata occupy different parts of the reef; (3) organisms biologically cluster within habitats, in addition to environmentally driven clustering; (4) organisms occupying the coral framework specifically cluster in the more structurally complex areas of the reef.



MATERIALS AND METHODS


Location

The Piddington Mound is a small cold-water coral mound (60 × 40 m laterally, 12 m in height) found in the Belgica Mound Province (BMP) in the Porcupine Seabight, NE Atlantic (Figure 1). The region contains many mound structures and reefs formed by D. pertusum and M. oculata (De Mol et al., 2002; Wheeler et al., 2007), including numerous mini-mounds, known as the Moira Mounds (Wheeler et al., 2005b; Foubert et al., 2011; Wheeler et al., 2011). The mini-mounds range in height from 3 to 15 m and local currents are estimated to reach between 34 and 40 cm s–1 (Dorschel et al., 2007; Lim et al., 2018b), with a south to north prevailing current. The Piddington Mound was chosen for this study as it (and the local area) has been extensively studied, mapped and monitored at scales from metres to centimetres (Lim et al., 2017, 2018a,b; Conti et al., 2019). This work was undertaken as part of the VENTuRE survey in Wheeler and Shipboard Party (2011), and the mound was photomosaiced using a scale invariant feature transformation algorithm (SIFT), to create a high-resolution habitat map classified into the categories “hemipelagic sediment”, “hemipelagic sediment with dropstones”, “live coral framework”, “dead coral framework” and “coral rubble” (Lim et al., 2017).


[image: image]

FIGURE 1. Location map: (A) Bathymetry (contour interval 1 m) of Moira Mound region showing Piddington Mound (within black square). Black square represents panel (C,D); (B) Regional map. Red star indicates the Location of Moira Mound region. (C) Substrate map, contour interval: 1 m (data from Conti et al., 2019); (D) Photomosaic of Piddington Mound (data from Lim et al., 2017), with Site A, B, and C showing the areas of interests for the current study.




Video Survey

The data were acquired during the QuERCi cruise (Wheeler and Shipboard Party, 2015), undertaken in 2015 on RV Celtic Explorer with the Holland 1 ROV. A 36-h ROV dive was undertaken in order to collect HD video over the same area presented in Lim et al. (2017) in a lawn-mower pattern. The ROV was equipped with a vertical-downward facing HD camera (Kongsberg Maritime OE14-502a HDTV inspection camera recording at 1080 p) mounted to the front of the ROV frame. The ROV was also fitted with 8× variable intensity 250 watt halogens, 2 × 400 watt DSPL CARC2 HMI and 2 × 25,000 Lumen APHOS LED lights (Cathx Ocean) to illuminate the seafloor and 2 red lasers spaced 10 cm apart to provide scale marks in the imagery. The ROV was manoeuvred at a low altitude using a Tritech altimeter to maintain the ROV approximately 2 m above the seafloor and ensure organisms were observed from a constant distance to make sure that species observed were of a consistent minimum resolvable size throughout the survey. The survey lines were oriented north to south where the ROV camera position would be spaced ~40 cm apart to collect >60% image overlap required for SfM processing. Currents and turbidity reduced our ability to image the entire mound and instead three areas were mapped. Site A was located on the NE part of the mound and spanned coral reef and sandy habitats (Figure 1D). Site B was located on the north of the mound and spanned the flank from the base to the top (Figure 1D). Site C was SE of the mound and consisted predominantly of sand with some coral rubble found at the base of the mound (Figure 1D).



Structure From Motion

One image per second was extracted from the video using the 3D computer graphics software Blender (V2.78) to create a ∼2 megapixel image sequence. Images were enhanced in Photoshop CS6, by de-interlacing and raising the shadow values to increase exposure in the shaded areas on the periphery of the lighting and camera field of view, improving the 2D mosaic visuals. Agisoft Metashape (version 1.5.2; previously known as Photoscan) was chosen to create 3D models of the reef as it has been used in several marine habitat studies (Burns et al., 2015; Leon et al., 2015; Bennecke et al., 2016; Robert et al., 2017; Young et al., 2017; Bayley et al., 2019; Price et al., 2019; Lim et al., 2020), proving to be reliable and accurate software (Burns and Delparte, 2017). High image alignment accuracy was chosen to utilise the full resolution image. Where alignment produced artefacts between the different survey lines, alignment was reset and added sequentially, i.e., line by line. Once aligned, dense point clouds were created, using low quality settings, as well as digital elevation models (DEM) and orthomosaics. The low quality setting was deemed sufficient as a DEM of 6–7 mm per pixel was produced. A minimum of 25 scaling points were distributed across each of the models based upon the laser scales (10 cm). Additionally, several georeferencing points were added by feature matching with the mosaic created by Lim et al. (2017) and a high resolution multibeam echosounder dataset (Lim et al., 2018b). This method was chosen as the navigation for this dive proved unreliable and accumulation of positioning errors tended to occur along each line as observed by Price et al. (2019). The models were then optimised, and the dense clouds recreated. Finally, the orthomosaics and DEMs were exported as geotiffs (Table 1). An outer boundary was used to create a window for each site within which all further analysis would be undertaken by excluding dark edges of the mosaics and areas where transect lines did not link well enough. The DEMs and orthomosaics were generated at the highest resolution (pixel size: 6–9 mm; Table 1).


TABLE 1. Meta-data of the 3D reconstructions.
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Substrate Map

The orthomosaics and DEMs were projected to UTM 29N, Datum WGS84, and derived terrain variables [vector ruggedness measure (VRM), slope and aspect] were generated in ArcMap 10.4.1. Using the estimation scale parameter (ESP) tool in the eCognition software (Dragut et al., 2010), a scale parameter of 300 was identified as the optimum scale value for segmentation. The data were segmented using a multi-resolution segmentation algorithm which merges pixels into “objects.” These objects are created through merging of neighbouring pixels with similar spectral properties in each of the input data layers until a homogeneity threshold, or the value of the scale parameter, is reached.

To classify the objects within the segmented map, two classifiers were chosen: reef (substantial skeleton cover) and non-reef, rather than the detailed facies classified by Lim et al. (2017) and Conti et al. (2019). The reef class was not split into further classes such as reef rubble and 3D framework (as per Lim et al., 2017) due to the subjectivity of this classification. Instead these gradations were later visualised by the continuous rugosity measure of the VRM with a neighbourhood of ~10 cm, of the coral framework. Also, no differentiation between live or dead coral was made for the classification as live coral was manually delineated for subsequent PPA. The segmentation layer was inspected and 150 training samples, visually identified, were chosen for each class in each site, spread equally across the segmented area, similar to Conti et al. (2019). Shape (border index, area, and roundness) and pixel (mean, maximum difference, and standard deviation of pixel values within the objects) values for each of the layers (Red, Green, Blue, DEM, VRM, slope, and aspect) within individual objects were calculated. The eCognition Nearest Neighbour classification tool was applied, which classified all objects based on their closeness to the training samples from the values defined in the Nearest Neighbour feature space. The classified objects were exported as a single substrate shapefile. Using the outputs from the substrate map in polygon format, reef and non-reef areas were isolated and frequency histograms were generated to demonstrate the different rugosity values in the form of VRM.



Annotation

Organisms (Table 2) were geotagged in Agisoft Metashape using the orthomosaic unless obscured (stitch distortion, blur or high ROV altitude), in which case the original images were used to identify the specific location of the organism. The selection of organisms analysed in this study were chosen based on their abundance to ensure a statistical robustness and on the annotators’ capability to consistently identify them (Table 2). Some species were either too small and/or featureless (Hexadella sp.), too mobile (fishes) or rare to consider for spatial pattern analysis (e.g., Porania cf. pulvillus, Ceramaster sp., and Phelliactis sp.). The minimum resolvable organism size was 20 mm. The point of substrate attachment was chosen to geotag elongate organisms such as Stichopathes sp., Callogorgia sp., Alcyonacea spp., and Aphrocallistes sp. with an elongate morphology. Live D. pertusum and M. oculata were identified by observing extruded polyps or if the tissue was orange or white; a polygon was drawn around the colony and the centre of the colony tagged to utilise as point data (Edwards et al., 2017). Creating a point pattern from these polygons was valid as all living coral patches were small and collectively cover less than 5% of Piddington Mound (Boolukos et al., 2019; Conti et al., 2019). Finally, Acanthogorgia sp. and Plexauridae sp. were concatenated to Alcyonacea spp., as the image quality and angle was not conducive to a consistent identification between the two species.


TABLE 2. Organism densities from Site A, B, and C.
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Statistics

Three methods were used to describe and quantify the spatial point patterns of each species, using the spatstat package (Baddeley et al., 2015) in R-3.3.2. First, we created density plots of the organisms using a fixed-bandwidth kernel estimate of the intensity function. A sigma value of 1 m was used to create the kernel density plots. The density plots were visually assessed for affinity to regions with plentiful coral cover. Secondly, an inhomogeneous pair correlation function (PCF) (Illian et al., 2008; Law et al., 2009) was utilised as a multiscale descriptor of the point pattern. The PCF (g(r)) is from the first derivative of Ripley’s K function (Ripley, 1977), a descriptor used to quantify the number of points expected within distance r divided by intensity λ (Eq. 1). PCF (g(r)) reduces cumulative effects of an expanding radius, by utilising a 2-D torus shape to define a point registration field. This analysis describes the density of the species at increasing distance (r) from a representative focal point, thus providing visualisation of any clustering of the animals.
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where K(r) describes the point pattern characteristics across the scales. λ is “intensity” (number of events per unit area). E is the number of individuals within the distance r, of a randomly chosen event. g(r) is calculated using Eq. 2.

[image: image]

where K′(r) is the derivative of k(r) in relation to r. The PCFs were compared to null models representing inhomogeneous point processes. An inhomogeneous PCF approach was undertaken as Pearson’s X2 goodness-of-fit and visualisation of the intensity revealed broad-scale gradients of organism distribution, likely derived from the heterogeneity of a cold-water coral reef habitat. An inhomogeneous PCF utilises the kernel bandwidth intensity to offset organism clusters that may be influenced by broader environmental drivers. A sigma value of 1 was used which was assessed visually as we have no prior knowledge of suitable values; subsequent analyses confirmed that this scale was sufficient for capturing pattern features. The point patterns were compared with 999 Monte Carlo simulations of an inhomogeneous pattern (IP), with envelopes constructed to illustrated the 25th largest and smallest rank, thereby encompassing 95% of null model simulations (α = 0.05). Any deviations above the envelopes would demonstrate clustering/aggregation of the species. Deviations below the critical band would infer that the species are over-dispersed, indicating their distribution is more dispersed than expected. As the point pattern process is generated within a defined region of interest, an edge correction is required to avoid biases in the PCF outputs. The command “best” implemented by spatstat was used to test each method (such as Ripley’s isotropic edge correction and translation) to identify the most statistically robust correction (Baddeley et al., 2015). The PCF was undertaken for species of which more than 70 individuals were counted within a study site.

Point pattern modelling (PPM), was deployed to quantify clustering derived from underlying environmental parameters and biological mechanisms, following the outline provided by Edwards et al. (2017). We compared four species distribution patterns: (1) complete spatial randomness (CSR), (2) organism distribution and clustering driven by habitat availability and suitability creating an IP, (3) biologically driven clustering influenced by biotic processes that limit or steer dispersion, e.g., fragmentation, leading to a homogeneous CP, and (4) a combination of clustering driven by biological and environmental factors leading to an inhomogeneous clustered pattern (ICP). The four species patterns considered (CSR, IP, CP, and ICP) directly test our hypotheses 3 and 4 by associating species point pattern with biotic and abiotic distribution drivers. PPMs are analogous to generalised linear models (GLM), and input variables (environmental drivers and clustering) can be used to improve the model where suitable. Environmental drivers were derived from the entire DEM and classification outputs. VRM, a known influencer of cold-water coral reef communities (Price et al., 2019), was calculated at two scales (1) 7 mm pixel with a 15 pixel neighbourhood size and (2) 50 cm pixel with a 3 pixel neighbourhood size, in order to account for any differences related to the scale of rugosity (Richardson et al., 2017). Substrate classification was used as another layer to identify if organisms clustered toward reef substrate. Depth was used to identify if the vertical position on the mound had an influence on point patterns. Northness and eastness was calculated at 50 cm pixel as a measure of aspect because exposure to a particular current direction can influence organism distribution, especially for groups such as suspension feeders that may rely on currents to provide food and refresh intermediate water layers. The variables used depended on the number of organisms available to model. When less than 50 individuals were available, a simpler PPM including VRM (7 mm and 50 cm), depth and substrate was used to avoid inundating the model with too many variables. When more than 50 individuals were counted for a specific species at a specific study site, all variables were utilised in the model. For D. pertusum and M. oculata point patterns, the VRM at 7 mm pixel with 15 pixel neighbourhood which was used to represent fine-scale rugosity, was not considered, as the rugosity was formed by the living coral themselves. The VRM calculated at 50 cm pixel was retained to account for the possibility that wider-scale underlying rugosity is likely to influence habitat suitability for live patches of reef-building coral, by baffling current velocity (Mienis et al., 2019), a known influencer of feeding efficiency and polyp behaviour (Orejas et al., 2016). The model input variables considered are summarised in Table 3. The models were then treated with a stepwise, drop one procedure to identify the model with the lowest Akaike information criterion (AIC) value, which was used to represent an IP driven by environmental variables.


TABLE 3. The variables considered in the PPM procedures.
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Finally, the best of the four models (CSR, IP, CP, and ICP) determined by AIC value, was endorsed by a likelihood ratio test for the null hypothesis (CSR) against the chosen model, unless the CSR model was considered the best. The outputs provide evidence for if organism distribution is influenced by the presence of reef substrate (Hypothesis 1), if variation within the reef habitat drives some clustering and whether there is evidence of biological clustering (Hypothesises 3 and 4).

To further inspect how variation in the structural complexity of the reef influenced organismal distribution within this coral substrate, a non-parametric curve was fitted (“rhohat”). The non-parametric estimator computes a non-parametric smoother estimate of function (ρ) which identifies how the intensity of points depends on a covariate (Eq. 3).
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Where λ(u) is the intensity at location u and Z(u) the spatial covariate at location u. Aphrocallistes sp. was chosen as a model species due to its frequent occurrence on framework and its association with variation in structural complexity was tested at a VRM scale across 10.5 cm (7 mm pixel with 15 pixel neighbourhood; similar to Price et al., 2019). The dependence of ρ on VRM was statistically tested using the Berman’s Z1 test.



RESULTS

The reconstructions of the seafloor were made and exported at their finest resolution (Table 1). Site A contained >60% coral reef substrate cover (Figures 2A,B) with non-reef substrate (sand and occasional dropstones) covering the eastern-most part of the mosaic. Coral reef cover was extensive toward the shallower part of the mound with patches more isolated at the outer boundary of the mound (Figure 2C). At Site B, coral reef covered more than 65% of the mapped area, mostly toward the top of the mound at the south with some non-reef sandy patches toward the north (Figure 3). Site C was located on the south-eastern flank of the mound and had only 14% coral reef cover with the rest consisting of non-reef substrate made up of sand and dropstones (Figure 4). Most VRM values of coral reef substrate typically spanned from 0 to 0.6 at Sites A and B, 0–0.4 at Site C. Overall, coral reef substrate had a greater mean VRM value at Site A and B compared to site C (Figure 5). The highest observed VRM values were 0.8, 0.87, and 0.76 for A, B, and C, respectively, for the coral reef substrate. Non-reef substrate VRM represented over 80%, over 70%, and over 80% of the pixels with VRM values between 0 and 0.05 VRM, the lowest bin, at sites A, B, and C, respectively (Figure 5). The majority of VRM values for non-reef substrate were below 0.1.
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FIGURE 2. Mosaics of Site A. (A) Orthorectified photomosaic; (B) Classified substrate map; (C) Digital elevation model.
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FIGURE 3. Mosaics of Site B. (A) Orthorectified photomoscaic; (B) Classified substrate map; (C) Digital elevation model.
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FIGURE 4. Mosaics of Site C. (A) Orthorectified photomosaic; (B) Classified substrate map; (C) Digital elevation model.
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FIGURE 5. Histogram of all Vector Ruggedness Measure (VRM) values of all pixels in the non-reef class (grey) and coral reef class (clear) at sites A (A), B (B), and C (C). Vertical lines indicate mean VRM values for non-reef (solid) and reef substrate (dashed).


A total of 4,546 individuals from 13 taxa were counted and geotagged over the three mosaiced sites (Table 2 and Figure 6). Different densities of organisms were observed between the mosaics (Table 2). Site C typically contained the lowest density of species, except for Psolus sp. Site B contained nearly twice the density of M. oculata, and 9.7 times the density of Stichopathes sp. compared to Site A (Table 2).
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FIGURE 6. Close up of the photomosaic at Site B. Environmental drivers derived from the Digital Elevation Model of the same area: (B) depth, (C) northness, and (D) Vector Ruggedness Measure (VRM) at 7 mm pixel with 15 pixel neighbourhood. Corresponding point patterns of species generated by geotagging each relevant individual is depicted in panels (E–G) with their respective inset marked in red in panel (A).


A visual inspection of the density plots indicated that most organisms showed an affinity towards the reef part of the mosaiced areas, except for Psolus sp., which were generally low in density at site A and B (see Supplementary Material). The highest densities of living patches of D. pertusum and M. oculata were located on toward the west side of the reef substrate at Site A, toward the summit of the mound. Aphrocallistes sp. and Alcyonacea spp. at Site A were higher in areas of coral cover toward the west side of the site where coral reef substrate was observed (Figure 7). Notably, typical reef associated species such as Aphrocallistes sp. were indeed more common at the centre of the reef, which was where the more structurally complex reef substrate (indicated by high VRM) was located. The south part of the reef which had low VRM, indicative of coral rubble due to the lack of structural complexity, harboured a low density of most species (Figure 7). M. oculata and D. pertusum appeared to have a slightly different distribution to each other with live M. oculata more densely aggregated toward the outskirts of the reef showing only minor overlap with D. pertusum (Figures 7B,C). Hotspots of Alcyonacea spp. and Stichopathes sp. were evident at Site B (Figures 8E,F). Aphrocallistes sp. appear more spread out at site B, though a distinct dense patch is evident at the south part of the site (Figure 8). Like Site A, M. oculata and D. pertusum density hotspots were generally located in different places. It appears that D. pertusum tends to cluster toward the top of the mound whereas M. oculata clusters toward the base. Psolus sp. and Aphrocallistes sp. showed distinct density hotspots at Site C with Aphrocallistes sp. showing an affinity for coral covered areas toward the base of the mound (Figure 9).
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FIGURE 7. (A) Vector Ruggedness Measure values for reef facies at Site A. Kernel estimate of intensity plots (number of individuals per m2 and sigma = 1) (B) Desmophyllum pertusum, (C) Madrepora oculata, (D) Aphrocallistes sp., (E) Alcyonacea spp., and (F) Anthomastus sp. for Site A. Note varying colour scale between the different plots.
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FIGURE 8. (A) Vector Ruggedness Measure values for reef facies. Kernel estimate of intensity plots (number of individuals per m2 and sigma = 1) (B) Desmophyllum pertusum, (C) Madrepora oculata, (D) Aphrocallistes sp., (E) Alcyonacea spp., and (F) Stichopathes sp. for Site B. The non-reef substrate is in grey. Note varying colour scale between the different plots.
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FIGURE 9. (A) Vector Ruggedness Measure values for reef facies. Kernel estimate of intensity plots (number of individuals per m2 and sigma = 1) (B) Aphrocallistes sp., (C) Psolus sp. for Site C. Note varying colour scale between the different plots.


The inhomogeneous PCF plots revealed D. pertusum clustered between 0.1 and 0.6 m at both sites A and B (Figures 10A,B). M. oculata displayed clustered patterns up to ∼0.5 and 0.6 m at Sites A and B, respectively (Figures 10C,D), Aphrocallistes sp. consistently clustered at sites A and B up to approximately 0.7 m whilst clustering was restrained to approximately 0.4 m at Site C (Figures 10E–G). There was evidence that Stichopathes sp. clustered at site B at 0.1 to 0.4 m (Figure 10H) where it had a greater density compared to site A (9.7 times, Table 2). Psolus sp. strongly clustered up to ∼0.25 m with a second clustering r of 0.4–0.7 m at site C (Figure 10I) where it was the most abundant (Table 2).
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FIGURE 10. Pair Correlation Function results for specific species at specific study sites. Grey area represents the simulation envelope and the dashed red line indicates the mean of the inhomogeneous null model. (A) Desmophyllum pertusum at Site A. (B) D. pertusum at Site B. (C) Madrepora oculata at Site A. (D) M. oculata at Site B. (E) Aphrocallistes sp. at Site A. (F) Aphrocallistes sp. at Site B. (G) Aphrocallistes sp. at Site C. (H) Stichopathes sp. at Site B. (I) Psolus sp. at Site C.


Minor reconstruction errors on the Z axis observed at Site C (Figure 4) where images did not stitch correctly, were amplified when calculating environmental drivers from the DEM. Thus for site C, only substrate and VRM at 7 mm pixel were considered. VRM was included as the vertical errors remained very localised and had little effect on the outputs. A total of 94 PPMs were created to represent the distribution patterns (CSR, IP, CP, and ICP) of each species when possible (for <50 individuals, only CSR and ICP were considered; Table 3), with the lowest AIC scoring model displayed in Figure 11. An example of a single theoretical simulation of Aphrocallistes sp. point pattern is depicted in Figure 11. Generally, most species distributions were driven by environmental factors independently (IP) with indication of additional biological clustering for some organisms (ICP) (Figure 11). Anthomastus sp. was the only organism to consistently show a CSR distribution with no models indicating an influence of environmental factors driving their distribution. No groups showed any evidence of only biological clustering (CP) influencing the organism’s distribution and aggregation patterns (Figure 11). Substrate (reef or non-reef) was consistently included as a variable in the most parsimonious environmental models (Figure 11), providing statistical support for the visual observations from the density plots that many species were attracted to reef substrate. Secondly, VRM was considered a significant predictor variable in the most parsimonious distribution models for most organisms. The other environmental factors depth, northness, and eastness were also considered significant predictors, however their influence was inconsistent. The inclusion of Geyer’s interactions supported the influence of biological clustering in the ICP models for M. oculata, D. pertusum, Aphrocallistes sp., Alcyonacea spp., Stichopathes sp., Zoanthidae sp., Galatheoidea sp., and Cidaris cidaris. Geyer’s interaction parameters specified by the maximum pseudolikelihood indicated most clustering observed was within 1 m. The strongest clustering was observed in Aphrocallistes sp., whereby the saturation of clustering was specified at 7 and 6 for sites A and B. Further clustering parameters utilised in the Geyers cluster process are outlined in Figure 11.
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FIGURE 11. Single theoretical simulation of Aphrocallistes sp. distribution from Site A assuming Complete spatial randomness (CSR), Inhomogeneous point pattern (IP), Clustering point pattern (CP), and Inhomogeneous clustering point pattern (ICP). Kernel density is plotted in the background. The models chosen for the 13 species based on the lowest AIC score are listed in the accompanying table with environmental and Geyer’s point interaction (r = distance (m), sat = saturation threshold) parameters specified where relevant.


The coral reef substrate with low VRM values appeared unsuitable for Aphrocallistes sp., a species frequently found within the coral reef substrate. Aphrocallistes sp. was positively influenced by VRM, peaking at 0.3 and beyond, which is in the upper regions of VRM values for coral substrate (Figure 12), which was statistically supported by a Berman’s Z1 test (Z1 = 10.3; p-value < 0.001). At site B, a similar pattern was observed with the highest density of Aphrocallistes sp. occurring between approximately 0.2 and 0.4 VRM which is near the upper end of reef substrate complexity (Figure 12; Bermans Z1 test; Z1 = 6.5, p-value < 0.001).
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FIGURE 12. Estimated function ρ(VRM) giving the estimated Aphrocallistes sp. intensity as a function of Vector Ruggedness Measure at Site A (A) and B (B). Grey represents 95% confidence bands. Bars refers to frequency as a percentage of coral substrate VRM.




DISCUSSION

The majority of benthic organisms are aggregated on reef structures with further clustering at scales below 1 m. Clustering was partly influenced by the local features such as coral skeleton presence, reef rugosity at multiple scales and other geomorphic variables, and for some taxa partly by biological processes. This study demonstrates a novel use of PPA in deep-sea ecology through the utilisation of high resolution photomosaics and DEMs created from ROV video, to map and analyse reef heterogeneity and the spatial organisation of reef-building coral and associated taxa. The statistics used have so far been typically applied to terrestrial and shallow-water habitats and while applied here in a cold-water coral environment, it is clear that a similar approach can also be applied across a range of marine environments.

The benefit of undertaking PPA is the ability to identify how organisms are responding to variability in their habitats. The terrain metrics derived from SfM allowed quantification of coral framework rugosity, provided mainly by framework-building corals D. pertusum and M. oculata. These metrics showed a wide variety of VRM values that captured the structural complexity of the seafloor, including from the coral rubble to the 3D framework. Whilst the rugosity value at which coral is considered rubble or framework remains ambiguous, the variety of VRM values showed that coral-related geomorphic metrics span a wide range of values. This habitat heterogeneity was first reported by Lim et al. (2017), who observed heterogeneity of substrate facies across the entire mound, a variable known to drive organism distribution (Corbera et al., 2019). Here, variability in organism distribution was determined in the form of general density trends and clustering, that may have been driven by both environmental and biological processes. Furthermore, the lack of consistency between the sites in terms of live M. oculata and Stichopathes sp. densities (Table 2), also infers different conditions between the northern side of the mound and the north-eastern flank of the mound, despite being located metres away from each other, showcasing the heterogeneity of mound habitats.

Most organisms showed an affinity for the reef substrate, supporting our prediction (Hypothesis 1) that a higher density of certain species are found within the reef substrate compared to the surrounding non-reef substrate. The density plots reveal an abrupt decrease in some species densities between these coral- and sand-dominated habitats. The abrupt change is in contrast to mounds the northern Ionian Sea where the changes between macrohabitats were described as gradual (Vertino et al., 2010), showing the natural variability of habitat provision by biogenic reefs between regions and areas. The association with coral was particularly evident for sessile organisms, with the exception of Psolus sp. which was typically found on dropstones at Site C and of Anthomastus sp. which displayed an apparently random distribution. The association of species and reef substrate is unsurprising considering many sessile organisms use the dead coral skeleton framework as the point of attachment for stability (Henry and Roberts, 2017). These organisms may also benefit from the localised alteration of hydrodynamics influenced by cold-water coral reef framework (Buhl-Mortensen et al., 2010; Mienis et al., 2019). Mobile species such as C. cidaris and Gracilechinus spp. (see Supplementary Material) however displayed a slightly more cosmopolitan distribution within the mosaics, with less robust evidence of clustering, though were still associated with reef substrate and some environmental variables. This less defined clustering pattern seen in the density plots could indicate that they may move from the coral structure. However, the three urchin (C. cidaris, Gracilechinus sp. “pink,” Gracilechinus sp. “green”) species showed associations with rugged parts of the reef substrate at some sites (Figure 11), possibly utilising the 3D structure (Stevenson et al., 2015).

Further clustering was evident for the reef-building corals, supporting our predictions that D. pertusum and M. oculata would occupy different parts of the reef (Hypothesis 2), and that organisms biologically cluster within habitats, specifically cold-water coral reef framework, in addition to the terrain variable driven distribution (Hypothesis 3). Live M. oculata and D. pertusum clusters were formed distinctly from each other (Figures 7, 8), rather than being evenly or randomly distributed amongst each other. This pattern is likely caused by a combination of environmental drivers, initial settling position, growth patterns and restrictive reproductive dispersal such as fragmentation. Similar PPM fitting methods revealed clustering patterns indicating spatially constrained dispersal or fragmentation of coral in shallow-water scleractinians (Edwards et al., 2017). However, it is also known that localised abiotic drivers may influence shallow-water and cold-water scleractinian distribution (Dana, 1976; Orejas et al., 2009), as also shown by our study (e.g., currents; as indicated by the importance of aspect variables in the PPM models). The facilitative mechanisms behind the clustered patterns observed in this study are ambiguous, owing to a lack of knowledge on the dominant reproductive strategy of deep-sea coral in situ at Piddington Mound. The growth patterns of dendritic scleractinians such as D. pertusum and M. oculata is conducive to senescence through abandonment of the old skeleton which can lead to separate genetically identical colonies partitioned by dead skeleton. This process can result in so-called Wilson rings (Wilson, 1979), and is likely a prominent driver of the patterns in the distribution of the framework-building corals observed in our study, as both species tended to form clusters at distances less than approximately 0.6 m. This growth pattern could be considered a biologically driven pattern, but sustaining living parts of the colony ultimately relies on underlying suitable conditions not measured in this study, such as oxygen supply, water movement, sedimentation and food supply on a sub-metric scale. Although D. pertusum and M. oculata are successful broadcast spawners, spatially restrictive asexual reproductive strategies in cold-water coral have been identified, such as cloning and fragmentation (Rogers, 1999). Dahl et al. (2012) and Le Goff-Vitry et al. (2004) demonstrated that the predominant reproductive strategy can vary from reef to reef and can result in a relatively high proportion of clones within the reef. Further, it could be argued that the low coverage of live scleractinian coral on the Piddington Mound (<5% for the entire mound; Boolukos et al., 2019; Conti et al., 2019) is indicative of a lack of larval supply, suitable settling sites or survival conditions. Similar patterns of clustering were observed in the other cold-water corals, Alyconacea spp. (“gorgonian” octocorals) and Stichopathes sp. (antipatharian coral), at our study site, with evidence for biological clustering at site A and B, respectively. Comparable patterns have been noted in shallow water gorgonians, attributed to localised environmental factors (Yoshioka and Yoshioka, 1989). However, it is well established that asexual reproduction is one form of reproduction (Wagner et al., 2011) that is likely to lead to clustering, as well as philopatric larval dispersion that has been noted in antipatharians and gorgonians (Miller, 1998; Gori et al., 2011). Whilst localised, favourable abiotic conditions are a prerequisite for colony longevity and influencing fine-scale cold-water coral distribution, it is likely growth patterns and reproductive methods are also an underlying driver contributing to the clustering patterns of all cold-water coral observed.

The clustering of Aphrocallistes sp., consistently observed at all three sites, reflects previously quantified sponge hotspots on the north, west and the peak of Piddington Mound (Conti et al., 2019), as well as revealing finer-scale, centimetric clustering. Similar, albeit unquantified clustering reported in previous studies of Aphrocallistes sp. has been attributed to both asexual reproduction and environmental drivers. Chu and Leys (2010) suggested that asexual budding of glass sponges and local larvae retention may contribute to the patchy structure of sponge reefs, although Brown et al. (2017) observed distinct, non-related sponge colonies clustering, citing local environmental conditions such as flow velocity and substrate availability as the drivers of clustering, rather than cloning. We observe evidence for both strategies whereby Aphrocallistes sp. aggregated in the more rugged part of the coral substrate (supporting Hypothesis 4), taking advantage of the structurally complex substrate, but the modelling approach provided strong evidence for biologically driven clustering as well. Several mechanisms such as enhanced larval entrainment and settling cues in the rugged part of the reef as well as cloning reproductive strategies may contribute to the highly clustered patterns we observed. Aphrocallistes sp. and colonies of scleractinians appeared to coincide with the more structurally complex portion of the reef substrate which may suggest a positive feedback mechanism for reef growth, as it is likely large Aphrocallistes sp. colonies contribute to the reef structure. Aphrocallistes sp. were found at higher densities when the VRM was above 0.1, indicating a preference against reef substrate with low VRM values, that likely represented reef rubble and low-profile coral framework with minimal structural complexity. Large colonies of Aphrocallistes sp. likely contribute to the rugosity values observed which could not be accounted for in the analysis, though we observed that the majority of individuals were small in size or were not detectable in the DEM, and likely had a limited influence. To support this observation, we analysed lower resolution data (which smoothed the presence of larger Aphrocallistes sp. individuals) in the same way which yielded a similar pattern (see Supplementary Material).


Future Research

The combination of unmanned robotics and application of terrestrial ecological analysis approaches in deep-sea environments is progressing our understanding of fine-scale deep-sea organism distribution. However, it must be noted that, whilst great care was taken to avoid annotator bias, processing of images from unmanned vehicles tends to underestimate megafauna due to low image resolution and high camera altitude, undermining and compromising the quality of deep-sea datasets (Meyer et al., 2019). Further, it must be considered that the mobile species may move between survey lines and may have been double counted or not at all depending on the organisms’ movement direction and speed. In fact, the ROV light may also disperse some species and attract others directly or indirectly to feed on light attracted prey. Future studies should focus on collecting data for the wider area which can be achieved by using autonomous vehicles in order to liberate the research vessel for other valuable operations (Wynn et al., 2014), whilst collecting hectares of photomosaics (Meyer et al., 2019; Simon-Lledo et al., 2019) or achieving greater replication. Such large datasets however, present challenges for the annotation of such vast quantities of data. It is expected that machine learning may improve our ability to rapidly generate datasets through the annotation of images (e.g., Piechaud et al., 2019) and the automated classification of benthic habitat, which is becoming a more common mapping technique (Lim et al., 2021). In addition, the mosaics presented provide an opportune dataset for temporal studies which can inform on the natural temporal variability of mound surface composition and coral growth patterns. Time-scale studies are lacking in cold-water coral habitats on a scale of years, but recent studies have shown a decline of live coral at the Piddington Mound (Boolukos et al., 2019) and lack of recovery following disturbance at the Darwin Mounds (Huvenne et al., 2016).
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Supplementary Figure 1 | Images of all species. (A) Aphrocallistes sp., (B) Desmophyllum pertusum, (C) Madrepora oculata, (D) Stichopathes sp., (E) Psolus sp., (F) Galatheoidea sp., (G) Gracilechinus sp. “green”, (H) Anthomastus sp., (I) Callogorgia sp., (J) Gracilechinus sp. “pink”, (K) Alcyonacea spp., (L) Cidariscidaris, (M) Zonathidae sp.

Supplementary Figure 2 | Kernel density plots for all species at Site A.

Supplementary Figure 3 | Kernel density plots for all species at Site B.

Supplementary Figure 4 | Kernel density plots for all species at Site C.

Supplementary Figure 5 | Pair correlation function of Aphrocallistes sp. at Site A compared to the models representing CSR, IP (Northness, Vector Ruggedness Measure, depth and substrate), CP (Geyer’s point interaction) and ICP (Northness, Vector Ruggedness Measure, Substrate and Geyer’s point interaction).

Supplementary Figure 6 | Pair correlation function of Desmophyllum pertusum at Site A compared to the null models representing CSR, IP, CP, and ICP.

Supplementary Figure 7 | Estimated function ρ(VRM) giving the estimated Aphrocallistes sp. density intensity as a function of Vector Ruggedness Measure (VRM) at Site A. VRM was calculated at multiple resolutions and neighbourhood scales (indicated in brackets following pixel size). Vertical solid line represents the mean VRM value of the reef substrate.

Supplementary Table 1 | Results from chi squared goodness of fit test.



REFERENCES

Addamo, A. M., Vertino, A., Stolarski, J., García-Jiménez, R., Taviani, M., and Machordom, A. (2016). Merging scleractinian genera: the overwhelming genetic similarity between solitary Desmophyllum and colonial Lophelia. BMC Evol. Biol. 16:108. doi: 10.1186/s12862-016-0654-8

Allee, W. C. (1927). Animal aggregations. Q. Rev. Biol. 2, 367–398.

Arnaud-Haond, S., van den Beld, I. M. J., Becheler, R., Orejas, C., Menot, L., Frank, N., et al. (2017). Two “pillars” of cold-water coral reefs along Atlantic European margins: prevalent association of Madrepora oculata with Lophelia pertusa, from reef to colony scale. Deep Sea Res. II Top. Stud. Oceanogr. 145, 110–119. doi: 10.1016/j.dsr2.2015.07.013

Baddeley, A., Rubak, E., and Turner, R. (2015). Spatial Point Patterns: Methodology and Applications with R. Boca Raton, FL: CRC press.

Barbosa, R., Davies, A., and Sumida, P. (2019). Habitat suitability and environmental niche comparison of cold-water coral species along the Brazilian continental margin. Deep Sea Res. I Oceanogr. Res. Pap. 155:103147.

Bargain, A., Foglini, F., Pairaud, I., Bonaldo, D., Carniel, S., Angeletti, L., et al. (2018). Predictive habitat modeling in two Mediterranean canyons including hydrodynamic variables. Prog. Oceanogr. 169, 151–168. doi: 10.1016/j.pocean.2018.02.015

Bayley, D. T. I., Mogg, A. O. M., Koldewey, H., and Purvis, A. (2019). Capturing complexity: field-testing the use of ‘structure from motion’ derived virtual models to replicate standard measures of reef physical structure. Peerj 7:e6540. doi: 10.7717/peerj.6540

Bennecke, S., Kwasnitschka, T., Metaxas, A., and Dullo, W. C. (2016). In situ growth rates of deep-water octocorals determined from 3D photogrammetric reconstructions. Coral Reefs 35, 1227–1239. doi: 10.1007/s00338-016-1471-7

Boolukos, C. M., Lim, A., O’Riordan, R. M., and Wheeler, A. J. (2019). Cold-water corals in decline – a temporal (4 year) species abundance and biodiversity appraisal of complete photomosaiced cold-water coral reef on the Irish Margin. Deep Sea Res. I Oceanogr. Res. Pap. 146, 44–54. doi: 10.1016/j.dsr.2019.03.004

Brown, R. R., Davis, C. S., and Leys, S. P. (2017). Clones or clans: the genetic structure of a deep-sea sponge, Aphrocallistes vastus, in unique sponge reefs of British Columbia, Canada. Mol. Ecol. 26, 1045–1059. doi: 10.1111/mec.13982

Buhl-Mortensen, L., Vanreusel, A., Gooday, A. J., Levin, L. A., Priede, I. G., Buhl-Mortensen, P., et al. (2010). Biological structures as a source of habitat heterogeneity and biodiversity on the deep ocean margins. Mar. Ecol. 31, 21–50. doi: 10.1111/j.1439-0485.2010.00359.x

Burns, J. H. R., and Delparte, D. (2017). Comparison of commercial structure-from-motion photogrammety software used for underwater three-dimensional modeling of coral reef environments. Int. Arch. Photogram. Rem. Sens. Spat. Inform. Sci. 42:127. doi: 10.5194/isprs-archives-XLII-2-W3-127-2017

Burns, J. H. R., Delparte, D., Gates, R. D., and Takabayashi, M. (2015). Integrating structure-from-motion photogrammetry with geospatial software as a novel technique for quantifying 3D ecological characteristics of coral reefs. PeerJ 3:e1077. doi: 10.7717/peerj.1077

Casella, E., Collin, A., Harris, D., Ferse, S., Bejarano, S., Parravicini, V., et al. (2017). Mapping coral reefs using consumer-grade drones and structure from motion photogrammetry techniques. Coral Reefs 36, 269–275. doi: 10.1007/s00338-016-1522-0

Chu, J. W., and Leys, S. P. (2010). High resolution mapping of community structure in three glass sponge reefs (Porifera, Hexactinellida). Mar. Ecol. Prog. Ser. 417, 97–113.

Condit, R., Ashton, P. S., Baker, P., Bunyavejchewin, S., Gunatilleke, S., Gunatilleke, N., et al. (2000). Spatial patterns in the distribution of tropical tree species. Science 288, 1414–1418. doi: 10.1126/science.288.5470.1414

Conti, L. A., Lim, A., and Wheeler, A. J. (2019). High resolution mapping of a cold water coral mound. Sci. Rep. 9:1016. doi: 10.1038/s41598-018-37725-x

Corbera, G., Lo Iacono, C., Gracia, E., Grinyo, J., Pierdomenico, M., Huvenne, V. A. I., et al. (2019). Ecological characterisation of a Mediterranean cold-water coral reef: cabliers Coral Mound Province (Alboran Sea, western Mediterranean). Prog. Oceanogr. 175, 245–262. doi: 10.1016/j.pocean.2019.04.010

Costello, M. J., McCrea, M., Freiwald, A., Lundalv, T., Jonsson, L., Bett, B. J., et al. (2005). “Role of cold-water Lophelia pertusa coral reefs as fish habitat in the NE Atlantic,” in Cold-Water Corals and Ecosystems, eds A. Freiwald and J. M. Roberts (Berlin: Springer), 771–805. doi: 10.1007/3-540-27673-4_41

Dahl, M. P., Pereyra, R. T., Lundalv, T., and Andre, C. (2012). Fine-scale spatial genetic structure and clonal distribution of the cold-water coral Lophelia pertusa. Coral Reefs 31, 1135–1148. doi: 10.1007/s00338-012-0937-5

Dana, T. F. (1976). Reef-coral dispersion patterns and environmental variables on a caribbean coral-reef. Bull. Mar. Sci. 26, 1–13.

Davies, A. J., and Guinotte, J. M. (2011). Global habitat suitability for framework-forming cold-water corals. PLoS One 6:e18483. doi: 10.1371/journal.pone.0018483

Davies, A. J., Roberts, J. M., and Hall-Spencer, J. (2007). Preserving deep-sea natural heritage: Emerging issues in offshore conservation and management. Biol. Conserv. 138, 299–312. doi: 10.1016/j.biocon.2007.05.011

Davies, A. J., Wisshak, M., Orr, J. C., and Roberts, J. M. (2008). Predicting suitable habitat for the cold-water coral Lophelia pertusa (Scleractinia). Deep Sea Res. I Oceanogr. Res. Pap. 55, 1048–1062. doi: 10.1016/j.dsr.2008.04.010

De Clippele, L. H., Gafeira, J., Robert, K., Hennige, S., Lavaleye, M. S., Duineveld, G. C. A., et al. (2017). Using novel acoustic and visual mapping tools to predict the small-scale spatial distribution of live biogenic reef framework in cold-water coral habitats. Coral Reefs 36, 255–268. doi: 10.1007/s00338-016-1519-8

De Mol, B., Van Rensbergen, P., Pillen, S., Van Herreweghe, K., Van Rooij, D., McDonnell, A., et al. (2002). Large deep-water coral banks in the Porcupine Basin, southwest of Ireland. Mar. Geol. 188, 193–231.

Dolan, M. F. J., Grehan, A. J., Guinan, J. C., and Brown, C. (2008). Modelling the local distribution of cold-water corals in relation to bathymetric variables: adding spatial context to deep-sea video data. Deep Sea Res. I Oceanogr. Res. Pap. 55, 1564–1579. doi: 10.1016/j.dsr.2008.06.010

Dorschel, B., Hebbeln, D., Foubert, A., White, M., and Wheeler, A. J. (2007). Hydrodynamics and cold-water coral facies distribution related to recent sedimentary processes at Galway Mound west of Ireland. Mar. Geol. 244, 184–195. doi: 10.1016/j.margeo.2007.06.010

Dragut, L., Tiede, D., and Levick, S. R. (2010). ESP: a tool to estimate scale parameter for multiresolution image segmentation of remotely sensed data. Int. J. Geogr. Inform. Sci. 24, 859–871. doi: 10.1080/13658810903174803

Eccles, N. S., Esler, K. J., and Cowling, R. M. (1999). Spatial pattern analysis in Namaqualand desert plant communities: evidence for general positive interactions. Plant Ecol. 142, 71–85. doi: 10.1023/A:1009857824912

Edwards, C. B., Eynaud, Y., Williams, G. J., Pedersen, N. E., Zgliczynski, B. J., and Gleason, A. C. R. (2017). Large-area imaging reveals biologically driven non-random spatial patterns of corals at a remote reef. Coral Reefs 36, 1291–1305. doi: 10.1007/s00338-017-1624-3

Fabri, M. C., Vinha, B., Allais, A. G., Bouhier, M. E., Dugornay, O., Gaillot, A., et al. (2019). Evaluating the ecological status of cold-water coral habitats using non-invasive methods: an example from Cassidaigne canyon, northwestern Mediterranean Sea. Prog. Oceanogr. 178:102172. doi: 10.1016/j.pocean.2019.102172

FAO (2009). International Guidelines for the Management of Deep-Sea Fisheries in the High Seas. Report of the Technical Consultation on International Guidelines for the Management of Deep-sea Fisheries in the High Seas. Rome: FAO Fisheries and Aquaculture Report.

Foubert, A., Huvenne, V. A. I., Wheeler, A., Kozachenko, M., Opderbecke, J., and Henriet, J. P. (2011). The Moira Mounds, small cold-water coral mounds in the Porcupine Seabight, NE Atlantic: Part B evaluating the impact of sediment dynamics through high-resolution ROV-borne bathymetric mapping. Mar. Geol. 282, 65–78. doi: 10.1016/j.margeo.2011.02.008

Friedman, A., Pizarro, O., Williams, S. B., and Johnson-Roberson, M. (2012). Multi-scale measures of rugosity, slope and aspect from benthic stereo image reconstructions. PLoS One 7:e50440. doi: 10.1371/journal.pone.0050440

Geyer, C. J. (1999). “Likelihood inference for spatial point processes,” in Stochastic Geometry: Likelihood and Computation, eds O. E. Barndorff-Nielsen, W. S. Kendall, and M. N. M. Van Lieshout (London: Chapman and Hall), 79–140.

Gori, A., Rossi, S., Linares, C., Berganzo, E., Orejas, C., Dale, M. R., et al. (2011). Size and spatial structure in deep versus shallow populations of the Mediterranean gorgonian Eunicella singularis (Cap de Creus, northwestern Mediterranean Sea). Mar. Biol. 158, 1721–1732. doi: 10.1007/s00227-011-1686-7

Hennige, S., Wicks, L., Kamenos, N., Perna, G., Findlay, H., and Roberts, J. (2015). Hidden impacts of ocean acidification to live and dead coral framework. Proc. R. Soc. B 282:20150990.

Henry, L. A., and Roberts, J. M. (2017). “Global biodiversity in cold-water coral reef ecosystems,” in Marine Animal Forests, eds S. Rossi, L. Bramanti, A. Gori, and C. Orejas (Cham: Springer). doi: 10.1007/978-3-319-21012-4_6

Hooper, R. C., and Eichhorn, M. P. (2016). Too close for comfort: spatial patterns in acorn barnacle populations. Popul. Ecol. 58, 231–239. doi: 10.1007/s10144-016-0542-5

Huvenne, V. A. I., Bett, B. J., Masson, D. G., Le Bas, T. P., and Wheeler, A. J. (2016). Effectiveness of a deep-sea cold-water coral Marine Protected Area, following eight years of fisheries closure. Biol. Conserv. 200, 60–69. doi: 10.1016/j.biocon.2016.05.030

Illian, J., Penttinen, A., Stoyan, H., and Stoyan, D. (2008). Statistical Analysis and Modelling of Spatial Point Patterns. Hoboken, NJ: Wiley, doi: 10.1002/9780470725160

Jackson, E. L., Davies, A. J., Howell, K. L., Kershaw, P. J., and Hall-Spencer, J. M. (2014). Future-proofing marine protected area networks for cold water coral reefs. ICES J. Mar. Sci. 71, 2621–2629. doi: 10.1093/icesjms/fsu099

Jensen, A., and Frederiksen, R. (1992). The fauna associated with the bank-forming deep-water coral Lophelia-pertusa (Scleractinaria) on the Faroe Shelf. Sarsia 77, 53–69. doi: 10.1080/00364827.1992.10413492

Law, R., Illian, J., Burslem, D. F. R. P., Gratzer, G., Gunatilleke, C. V. S., and Gunatilleke, I. A. U. N. (2009). Ecological information from spatial patterns of plants: insights from point process theory. J. Ecol. 97, 616–628. doi: 10.1111/j.1365-2745.2009.01510.x

Le Goff-Vitry, M. C., Pybus, O. G., and Rogers, A. D. (2004). Genetic structure of the deep-sea coral Lophelia pertusa in the northeast Atlantic revealed by microsatellites and internal transcribed spacer sequences. Mol. Ecol. 13, 537–549. doi: 10.1046/j.1365-294X.2004.2079.x

Leon, J. X., Roelfsema, C. M., Saunders, M. I., and Phinn, S. R. (2015). Measuring coral reef terrain roughness using ‘Structure-from-Motion’ close-range photogrammetry. Geomorphology 242, 21–28. doi: 10.1016/j.geomorph.2015.01.030

Lesneski, K. C., D’Aloia, C. C., Fortin, M. J., and Buston, P. M. (2019). Disentangling the spatial distributions of a sponge-dwelling fish and its host sponge. Mar. Biol. 166:66. doi: 10.1007/s00227-019-3517-1

Lessard-Pilon, S. A., Podowski, E. L., Cordes, E. E., and Fisher, C. R. (2010). Megafauna community composition associated with Lophelia pertusa colonies in the Gulf of Mexico. Deep Sea Res. II Top. Stud. Oceanogr. 57, 1882–1890. doi: 10.1016/j.dsr2.2010.05.013

Levin, S. A. (1992). The problem of pattern and scale in ecology. Ecology 73, 1943–1967. doi: 10.2307/1941447

Lim, A., Huvenne, V. A. I., Vertino, A., Spezzaferri, S., and Wheeler, A. J. (2018b). New insights on coral mound development from groundtruthed high-resolution ROV-mounted multibeam imaging. Mar. Geol. 403, 225–237. doi: 10.1016/j.margeo.2018.06.006

Lim, A., Kane, A., Arnaubec, A., and Wheeler, A. J. (2018a). Seabed image acquisition and survey design for cold water coral mound characterisation. Mar. Geol. 395, 22–32. doi: 10.1016/j.margeo.2017.09.008

Lim, A., Wheeler, A. J., and Arnaubec, A. (2017). High-resolution facies zonation within a cold-water coral mound: the case of the Piddington Mound, Porcupine Seabight, NE Atlantic. Mar. Geol. 390, 120–130. doi: 10.1016/j.margeo.2017.06.009

Lim, A., Wheeler, A. J., and Conti, L. (2021). Cold-water coral habitat mapping: trends and developments in acquisition and processing methods. Geosciences 11:9. doi: 10.3390/geosciences11010009

Lim, A., Wheeler, A. J., Price, D. M., O’Reilly, L., Harris, K., and Conti, L. (2020). Influence of benthic currents on cold-water coral habitats: a combined benthic monitoring and 3D photogrammetric investigation. Sci. Rep. 10, 1–15. doi: 10.1038/s41598-020-76446-y

Ling, S. D., Mahon, I., Marzloff, M. P., Pizarro, O., Johnson, C. R., and Williams, S. B. (2016). Stereo-imaging AUV detects trends in sea urchin abundance on deep overgrazed reefs. Limnol. Oceanogr. Methods 14, 293–304. doi: 10.1002/lom3.10089

Lo Iacono, C., Robert, K., Gonzalez-Villanueva, R., Gori, A., Gili, J. M., and Orejas, C. (2018). Predicting cold-water coral distribution in the Cap de Creus Canyon (NW Mediterranean): implications for marine conservation planning. Prog. Oceanogr. 169, 169–180. doi: 10.1016/j.pocean.2018.02.012

McDowall, P., and Lynch, H. J. (2017). Ultra-fine scale spatially-integrated mapping of habitat and occupancy using structure-from-motion. PLoS One 12:e166773. doi: 10.1371/journal.pone.0166773

Melles, S. J., Badzinski, D., Fortin, M. J., Csillag, F., and Lindsay, K. (2009). Disentangling habitat and social drivers of nesting patterns in songbirds. Landsc. Ecol. 24, 519–531. doi: 10.1007/s10980-009-9329-9

Meyer, H. K., Roberts, E. M., Rapp, H. T., and Davies, A. J. (2019). Spatial patterns of arctic sponge ground fauna and demersal fish are detectable in autonomous underwater vehicle (AUV) imagery. Deep Sea Res. I Oceanogr. Res. Pap. 153, 103137. doi: 10.1016/j.dsr.2019.103137

Mienis, F., Bouma, T. J., Witbaard, R., van Oevelen, D., and Duineveld, G. C. A. (2019). Experimental assessment of the effects of cold-water coral patches on water flow. Mar. Ecol. Prog. Ser. 609, 101–117. doi: 10.3354/meps12815

Miller, K. J. (1998). Short-distance dispersal of black coral larvae: inference from spatial analysis of colony genotypes. Mar. Ecol. Prog. Ser. 163, 225–233. doi: 10.3354/meps163225

Mitchell, E. G., and Harris, S. (2020). Mortality, population and community dynamics of the glass sponge dominated community “The Forest of the Weird” from the ridge seamount, Johnston Atoll, Pacific Ocean. Front. Mar. Sci. 7:872. doi: 10.3389/fmars.2020.565171

Morgan, N. B., and Baco, A. R. (2019). Observation of a high abundance aggregation of the deep-sea urchin Chaetodiadema pallidum A. Agassiz and HL Clark, 1907 on the Northwestern Hawaiian Island Mokumanamana. Deep Sea Res. I Oceanogr. Res. Pap. 150:103067. doi: 10.1016/j.dsr.2019.06.013

Mortensen, P. B., Hovland, M., Brattegard, T., and Farestveit, R. (1995). Deep water bioherms of the scleractinian coral Lophelia pertusa (L.) at 64 N on the Norwegian shelf: structure and associated megafauna. Sarsia 80, 145–158.

Murfitt, S. L., Allan, B. M., Bellgrove, A., Rattray, A., Young, M. A., and Ierodiaconou, D. (2017). Applications of unmanned aerial vehicles in intertidal reef monitoring. Sci. Rep. 7:10259. doi: 10.1038/s41598-017-10818-9

Orejas, C., Gori, A., Lo Iacono, C., Puig, P., Gili, J. M., and Dale, M. R. T. (2009). Cold-water corals in the Cap de Creus canyon, northwestern Mediterranean: spatial distribution, density and anthropogenic impact. Mar. Ecol. Prog. Ser. 397, 37–51. doi: 10.3354/mep08314

Orejas, C., Gori, A., Rad-Menendez, C., Last, K. S., Davies, A. J., Beveridge, C. M., et al. (2016). The effect of flow speed and food size on the capture efficiency and feeding behaviour of the cold-water coral Lophelia pertusa. J. Exp. Mar. Biol. Ecol. 481, 34–40. doi: 10.1016/j.jembe.2016.04.002

Parrish, J. K., and Edelstein-Keshet, L. (1999). Complexity, pattern, and evolutionary trade-offs in animal aggregation. Science 284, 99–101. doi: 10.1126/science.284.5411.99

Pearman, T. R. R., Robert, K., Callaway, A., Hall, R., Lo Iacono, C., and Huvenne, V. A. I. (2020). Improving the predictive capability of benthic species distribution models by incorporating oceanographic data – towards holistic ecological modelling of a submarine canyon. Prog. Oceanogr. 184:102338. doi: 10.1016/j.pocean.2020.102338

Piechaud, N., Hunt, C., Culverhouse, P. F., Foster, N. L., and Howell, K. L. (2019). Automated identification of benthic epifauna with computer vision. Mar. Ecol. Prog. Ser. 615, 15–30. doi: 10.3354/meps12925

Pizarro, O., Friedman, A., Bryson, M., Williams, S. B., and Madin, J. (2017). A simple, fast, and repeatable survey method for underwater visual 3D benthic mapping and monitoring. Ecol. Evol. 7, 1770–1782. doi: 10.1002/ece3.2701

Plante, M., Lowell, K., Potvin, F., Boots, B., and Fortin, M. J. (2004). Studying deer habitat on Anticosti Island, Quebec: relating animal occurrences and forest map information. Ecol. Model. 174, 387–399. doi: 10.1016/j.ecolmodel.2003.09.035

Prado, E., Rodríguez-Basalo, A., Cobo, A., Ríos, P., and Sánchez, F. (2020). 3D fine-scale terrain variables from underwater photogrammetry: a new approach to benthic microhabitat modeling in a Circalittoral Rocky Shelf. Rem. Sens. 12:2466. doi: 10.3390/rs1215246624

Prado, E., Sánchez, F., Rodríguez-Basalo, A., Altuna, Á, and Cobo, A. (2019). Analysis of the population structure of a gorgonian forest (Placogorgia sp.) using a photogrammetric 3D modeling approach at Le Danois Bank, Cantabrian Sea. Deep Sea Res. I Oceanogr. Res. Pap. 153:1031.

Price, D. M., Robert, K., Callaway, A., Lo Iacono, C., Hall, R. A., and Huvenne, V. A. (2019). Using 3D photogrammetry from ROV video to quantify cold-water coral reef structural complexity and investigate its influence on biodiversity and community assemblage. Coral Reefs 38, 1007–1021. doi: 10.1007/s00338-019-01827-3

Purser, A., Orejas, C., Gori, A., Tong, R. J., Unnithan, V., and Thomsen, L. (2013). Local variation in the distribution of benthic megafauna species associated with cold-water coral reefs on the Norwegian margin. Continent. Shelf Res. 54, 37–51. doi: 10.1016/j.csr.2012.12.013

Raber, G. T., and Schill, S. R. (2019). Reef Rover: a low-cost small autonomous unmanned surface vehicle (USV) for mapping and monitoring coral reefs. Drones 3:38. doi: 10.3390/drones3020038

Richardson, L. E., Graham, N. A., and Hoey, A. S. (2017). Cross-scale habitat structure driven by coral species composition on tropical reefs. Sci. Rep. 7, 1–11. doi: 10.1038/s41598-017-08109-4

Ripley, B. D. (1977). Modelling spatial patterns. J. R. Stat. Soc. Ser. B 39, 172–192.

Robert, K., Huvenne, V. A. I., Georgiopoulou, A., Jones, D. O. B., Marsh, L., Carter, G. D. O., et al. (2017). New approaches to high-resolution mapping of marine vertical structures. Sci. Rep. 7:9005. doi: 10.1038/s41598-017-09382-z

Robert, K., Jones, D. O., Georgiopoulou, A., and Huvenne, V. A. I. (2019). Cold-water coral assemblages on vertical walls from the Northeast Atlantic. Divers. Distrib. 26, 284–298. doi: 10.1111/ddi.13011

Rogers, A. D. (1999). The biology of Lophelia pertusa (LINNAEUS 1758) and other deep-water reef-forming corals and impacts from human activities. Int. Rev. Hydrobiol. 84, 315–406.

Ross, R. E., and Howell, K. L. (2013). Use of predictive habitat modelling to assess the distribution and extent of the current protection of ‘listed’ deep-sea habitats. Diver. Distribut. 19, 433–445. doi: 10.1111/ddi.12010

Simon-Lledo, E., Bett, B. J., Huvenne, V. A. I., Koser, K., Schoening, T., Greinert, J., et al. (2019). Biological effects 26 years after simulated deep-sea mining. Sci. Rep. 9:8040. doi: 10.1038/s41598-019-44492-w

Stevenson, A., Mitchell, F. J. G., and Davies, J. S. (2015). Predation has no competition: factors influencing space and resource use by echinoids in deep-sea coral habitats, as evidenced by continuous video transects. Mar. Ecol. Evol. Perspect. 36, 1454–1467. doi: 10.1111/maec.12245

Thornton, B., Bodenmann, A., Pizarro, O., Williams, S. B., Friedman, A., Nakajima, R., et al. (2016). Biometric assessment of deep-sea vent megabenthic communities using multi-resolution 3D image reconstructions. Deep Sea Res. I Oceanogr. Res. Pap. 116, 200–219. doi: 10.1016/j.dsr.2016.08.009

Turley, C. M., Roberts, J. M., and Guinotte, J. M. (2007). Corals in deep-water: will the unseen hand of ocean acidification destroy cold-water ecosystems? Coral Reefs 26, 445–448. doi: 10.1007/s00338-007-0247-5

Vertino, A., Savini, A., Rosso, A., Di Geronimo, I., Mastrototaro, F., Sanfilippo, R., et al. (2010). Benthic habitat characterization and distribution from two representative sites of the deep-water SML Coral Province (Mediterranean). Deep Sea Res. II Top. Stud. Oceanogr. 57, 380–396. doi: 10.1016/j.dsr2.2009.08.023

Wagner, D., Waller, R. G., and Toonen, R. J. (2011). Sexual reproduction of Hawaiian black corals, with a review of the reproduction of antipatharians (Cnidaria: Anthozoa: Hexacorallia). Invertebr. Biol. 130, 211–225. doi: 10.1111/j.1744-7410.2011.00233.x

Wheeler, A. J., Beck, T., Thiede, J., Klages, M., Grehan, A., Monteys, F. X., et al. (2005c). “Deep-water coral mounds on the Porcupine Bank, Irish Margin: preliminary results from the Polarstern ARK-XIX/3a ROV cruise,” in Cold-Water Corals and Ecosystems, eds A. Freiwald and J. M. Roberts (Berlin: Springer), 393–402. doi: 10.1007/3-540-27673-4_19

Wheeler, A. J., Bett, B. J., Billett, D. S. M., Masson, D. G., and Mayor, D. (2005a). “’The impact of demersal trawling on NE Atlantic deep-water coral habitats: the case of the Darwin Mounds, UK,” in Benthic Habitats and the Effects of Fishing, eds J. Thomas and P. Barnes (Bethesda, MD: American Fisheries Society), 807–818.

Wheeler, A. J., Beyer, A., Freiwald, A., de Haas, H., Huvenne, V. A. I., Kozachenko, M., et al. (2007). Morphology and environment of cold-water coral carbonate mounds on the NW European margin. Int. J. Earth Sci. 96, 37–56. doi: 10.1007/s00531-006-0130-6

Wheeler, A. J., Kozachenko, M., Beyer, A., Foubert, A., Huvenne, V. A. I., Klages, M., et al. (2005b). “Sedimentary processes and carbonate mounds in the Belgica Mound province, Porcupine Seabight, NE Atlantic,” in Cold-Water Corals and Ecosystems, eds A. Freiwald and J. M. Roberts (Berlin: Springer), 571–603. doi: 10.1007/3-540-27673-4_28

Wheeler, A. J., Kozachenko, M., Henry, L. A., Foubert, A., de Haas, H., Huvenne, V. A. I., et al. (2011). The Moira Mounds, small cold-water coral banks in the Porcupine Seabight, NE Atlantic: Part A an early stage growth phase for future coral carbonate mounds? Mar. Geol. 282, 53–64. doi: 10.1016/j.margeo.2010.08.006

Wheeler, A. J., and Shipboard Party (2011). Vents & Reefs Deep-Sea Ecosystem Study of the 45° North MAR Hydrothermal Vent Field and The Cold-Water Coral Moira Mounds, Porcupine Seabight. In: Cruise Report 160. Cork: University College Cork.

Wheeler, A. J., and Shipboard Party (2015). Quantifying Environmental Controls on Cold-Water Coral Reef Growth. In: Cruise Report 160. Cork: University College Cork.

Wilson, J. B. (1979). The distribution of the coral Lophelia pertusa (L.)[L. prolifera (Pallas)] in the north-east Atlantic. J. Mar. Biol. Assoc. UK 59, 149–164. doi: 10.1017/S0025315400046245

Woodall, C. W., and Graham, J. M. (2004). A technique for conducting point pattern analysis of cluster plot stem-maps. Forest Ecol. Manag. 198, 31–37. doi: 10.1016/j.foreco.2004.03.037

Wynn, R. B., Huvenne, V. A. I., Le Bas, T. P., Murton, B. J., Connelly, D. P., Bett, B. J., et al. (2014). Autonomous Underwater Vehicles (AUVs): their past, present and future contributions to the advancement of marine geoscience. Mar. Geol. 352, 451–468. doi: 10.1016/j.margeo.2014.03.012

Xavier, J. R., Tojeira, I., and Van Soest, R. W. M. (2015). On a hexactinellid sponge aggregation at the Great Meteor seamount (North-east Atlantic). J. Mar. Biol. Assoc. UK 95, 1389–1394. doi: 10.1017/S0025315415000685

Yoshioka, P. M., and Yoshioka, B. B. (1989). A multispecies, multiscale analysis of spatial pattern and its application to a shallow-water gorgonian community. Mar. Ecol. Prog. Ser. 54, 257–264. doi: 10.3354/meps054257

Young, G. C., Dey, S., Rogers, A. D., and Exton, D. (2017). Cost and time-effective method for multiscale measures of rugosity, fractal dimension, and vector dispersion from coral reef 3D models. PLoS One 12:e0175341. doi: 10.1371/journal.pone.0175341


Conflict of Interest: AL is employed by Green Rebel Marine Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Price, Lim, Callaway, Eichhorn, Wheeler, Lo Iacono and Huvenne. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 08 April 2021
doi: 10.3389/fmars.2021.649909





[image: image]

Transcriptomic Responses of Deep-Sea Corals Experimentally Exposed to Crude Oil and Dispersant

Danielle M. DeLeo1,2*, Amanda Glazier2, Santiago Herrera3, Alexandria Barkman2 and Erik E. Cordes2

1Department of Invertebrate Zoology, National Museum of Natural History, Smithsonian Institution, Washington, DC, United States

2Department of Biology, Temple University, Philadelphia, PA, United States

3Department of Biological Sciences, Lehigh University, Bethlehem, PA, United States

Edited by:
Chiara Romano, Center for Advanced Studies of Blanes (CSIC), Spain

Reviewed by:
Rachel Michelle Wright, Harvard Medical School, United States
Michael S. Studivan, University of Miami, United States

*Correspondence: Danielle M. DeLeo, dmdeleo14@gmail.com

Specialty section: This article was submitted to Deep-Sea Environments and Ecology, a section of the journal Frontiers in Marine Science

Received: 05 January 2021
Accepted: 09 March 2021
Published: 08 April 2021

Citation: DeLeo DM, Glazier A, Herrera S, Barkman A and Cordes EE (2021) Transcriptomic Responses of Deep-Sea Corals Experimentally Exposed to Crude Oil and Dispersant. Front. Mar. Sci. 8:649909. doi: 10.3389/fmars.2021.649909

Resource extraction from the ocean comes with ecosystem-wide risks, including threats to its biota such as the habitat forming corals that support elevated biomass and biodiversity. Despite catastrophic incidents like the Deepwater Horizon oil spill (DWHOS) disaster that occurred in 2010, offshore oil and gas drilling continues to occur around the world. Previous work investigating the toxicity of oil and the chemical dispersant used in an attempt to mitigate the effects of the DWHOS revealed that the dispersant elicits a stronger, negative physiological response than oil alone. However, little is known regarding the specific ways in which these anthropogenic pollutants impact organisms at the cellular level. To investigate the impacts of each pollutant and their synergistic effects on corals, we analyzed the transcriptional responses of the deep-sea octocorals Callogorgia delta and Paramuricea type B3 following 12 h of exposure to oil, dispersant, and mixtures of oil and dispersant. Analyses revealed that the highest levels of significant differential gene expression were found among the treatments containing dispersant, which corresponds to the significant effects observed in physiological experiments. Functional analyses of annotated transcripts further suggest both species- and colony-specific responses to the exposures, likely due to underlying cellular and physiological differences. However, some commonalities were observed among the responses to chemical stress across treatments and species, including immune and cellular stress responses, altered energy metabolism, and oxidative stress, elucidating how corals respond to chemical pollutants. As resource extraction is an ongoing threat, this study demonstrates the importance of considering the varied and diverse responses of biota to anthropogenic disturbances and the implications of introducing chemicals into vulnerable ecosystems like those associated with deep-sea corals.
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INTRODUCTION

Marine ecosystems are increasingly threatened by resource extraction as oil and gas exploration expands offshore. Despite catastrophic incidents like the Deepwater Horizon oil spill (DWHOS) disaster which occurred in the Gulf of Mexico (GoM) in 2010, drilling continues in deep waters [>200 meters (m)] worldwide, with active ultra-deep (>1000 m) drilling advancing in the GoM (Fisher et al., 2014b; Cordes et al., 2016) and beyond. Drilling activities can be detrimental to deep-sea communities in various ways including physical disturbances by mooring anchors and pipelines (Ulfsnes et al., 2013), exposure to toxic drill cuttings, muds, and fluids (Gray et al., 1990; Larsson et al., 2013), and accidental oil spills. In the United States alone there was an oil spill over 160,000 L on average every 1.75 years between 1971 and 2010 (Anderson et al., 2012). Oil and gas extraction in deeper waters also increases the likelihood of accidental spills (Muehlenbachs et al., 2013) like the DWHOS blowout of the Macondo well that occurred at approximately 1500 m depth. This was one of the worst environmental disasters in U.S. history, and the largest accidental oil spill world-wide, releasing approximately 5 million barrels of crude oil into the deep waters of the GoM (McNutt et al., 2012). During active well discharge, approximately 7 million liters of chemical dispersants (Corexit 9500A and 9527; Barron, 2012) were also applied in an attempt to mitigate the impacts of the oil release, both at the sea surface and at depth, without a comprehensive understanding of how these chemicals would affect deep-sea fauna.

Spill impacted deep-sea coral communities were initially found at a depth of 1370 m, approximately 11 km from the Macondo well at a site in the Mississippi Canyon (MC) 294 lease block (White et al., 2012). When first discovered, coral colonies were covered in a brown flocculent material (floc) containing Macondo well oil as well as dispersant constituents (White et al., 2014). Impacted coral species at this site, primarily the deep-sea octocoral Paramuricea biscaya, exhibited various phenotypic indicators of impact including abnormal skeletal (sclerite) development, excess mucous production, and tissue death (necrosis), as well as complete colony mortality (White et al., 2012). Corals showing signs of sublethal impacts exhibited subsequent declines in health (i.e., tissue and branch loss) and limited recovery potential (Hsing et al., 2013; Girard and Fisher, 2018). Additional impacted deep-sea coral communities were later identified based on their similarity in appearance to the impacted communities at the original site (Fisher et al., 2014a, b).

A recent study investigating the in situ transcriptional response of P. biscaya colonies collected in December 2010 at MC294, revealed further impacts at the gene expression level (DeLeo et al., 2018). These included elevated expression of genes associated with oxidative, immune, and metabolic stress responses, as well as wound repair mechanisms (i.e., hyper-melanization). Contrastingly, expression of the polycyclic aromatic hydrocarbon biomarker gene, cytochrome P450 (CYP) was depressed, which may indicate an inhibition of the corals’ ability to process xenobiotics at the time of sampling. Further, the study revealed variability among the global expression patterns of the individual spill-impacted colonies (DeLeo et al., 2018).

Because P. biscaya occurs in the GoM between 1200 and 2600 m and rarely survives the trip to the surface, it is not amenable to controlled laboratory experiments aimed at testing the toxicity of crude oil and dispersants. A close relative of P. biscaya, Paramuricea type B3 (Doughty et al., 2014), is also found in the GoM at shallower depths between 800 and 1100 m. This species can survive careful collection and thus serves as the best available model to understand toxicity effects underlying the impacts observed in P. biscaya.

Laboratory toxicity tests with P. type B3, and with the more distantly related octocoral Callogorgia delta, revealed that exposure to dispersant or dispersant/crude oil mixtures is more toxic to these corals than is exposure to crude oil alone (DeLeo et al., 2016). This was particularly evident following exposure to the dissolved, water-accommodated fractions (WAFs) of the dispersants. Phenotypic responses observed in P. type B3 were similar to those observed in P. biscaya at MC294, including excess mucous release, tissue damage, necrosis and morality (DeLeo et al., 2016). The octocoral C. delta however exhibited less severe health declines than P. type B3, suggestive of taxon-specific responses.

The objective of this study was to investigate the transcriptional responses of the corals subjected to the laboratory toxicity tests performed by DeLeo et al. (2016) and compare them to the in situ transcriptional responses of P. biscaya (DeLeo et al., 2018). It is important to investigate the early transcriptional responses to oil, dispersant, and oil/dispersant mixtures in these corals, prior to the onset of visible damage and mortality in order to understand how deep-sea corals respond to, and potentially endure, acute pollution events from marine oil spills. The gene expression patterns of P. type B3 and C. delta were examined after 12 h of exposure to (1) bulk oil and dispersant treatments (heterogeneous solutions, with dissolved and undissolved chemical components), and (2) treatments solely containing the dissolved, or WAF of oil and dispersant. As higher mortality was observed in the WAF exposures during the 96 h toxicity tests, we anticipated a greater degree of differential gene expression in response to the short-term WAF exposures, corresponding to more severely impacted biological processes. Expression profiles were analyzed to investigate the effect of treatment type – oil-only, dispersant-only, and oil/dispersant mixtures – on both coral species. We hypothesized that the corals would have a more pronounced genome-wide response following exposure to dispersant, relative to the crude oil, given the strong physiological response observed in the toxicity tests and the natural occurrence of crude oil in their habitat (Quattrini et al., 2013). Gene expression data were further explored to identify early onset genome-wide impacts underlying the health declines and mortality observed during the full 96 h toxicological assays described by DeLeo et al. (2016). These findings improve our understanding of how resource extraction impacts deep-sea biota, and will aid in the development of diagnostic biomarkers for future spill monitoring efforts.



MATERIALS AND METHODS


Sample Collection and Acclimation

All samples were collected from two sites in the GoM. P. type B3 colonies were collected from a large population of corals at approximately 1050 m depth at Atwater Valley (AT) 357 (27°58.6′N, 89°70.4′W; Doughty et al., 2014). C. delta was collected from the Viosca Knoll (VK) 826 site at a depth of approximately 500 m (29°09.5′N, 88°01.0′W; Cordes et al., 2008; Davies et al., 2010). At each site, corals were haphazardly collected with the remotely operated vehicles (ROV) Global Explorer MK3 or Hercules for experimentation. For each species, five coral colonies were collected alive for the experimental exposures described in DeLeo et al. (2016). Three of the largest colonies were fragmented for use in this study. Samples were collected several meters apart from conspecific colonies to reduce the likelihood of sampling genetic clones. Corals were visually identified using live video from cameras attached to each ROV, before being collected with a manipulator arm and secured in an insulated biobox and/or sealable collection quivers. When possible, branches of large colonies were sampled to avoid whole-colony mortality. Collection of individual branches from large coral colonies produces little or no phenotypic response from the coral colony (EEC unpublished data). Additional coral specimens from the same sites, previously preserved in situ on the seafloor using collection quivers filled with RNALater, were used for RNA sequencing. This included fragments from two P. type B3 (2011, ROV Schilling UHD) and four C. delta colonies (2010, ROV Jason II).

At the surface, live corals were immediately transferred to containers with filtered seawater of the species-appropriate temperature and salinity (35 psu). P. type B3 was maintained at approximately 5°C and C. delta at 8°C (the average in situ temperatures at depth) for the duration of the experiment. Temperature in the holding vessels was continuously monitored using temperature probes (Hobo® Data Loggers). Corals were allowed to acclimate for approximately 12 h prior to experimentation.



Sublethal Oil and Dispersant Exposures

Partial coral colonies (n = 3 genets per species, per exposure series; six genets total) were fragmented into nubbins and exposed to oil and dispersant solutions (Figure 1) prepared according to the protocols described in DeLeo et al. (2016). In brief, corals were exposed to treatments made using either (1) heterogenous bulk oil, dispersant and oil-dispersant mixtures containing both dissolved and undissolved chemical components, hereafter referred to as the Bulk-exposure series, or (2) using only the dissolved or water-accommodated oil (and dispersant) fractions (WAF), referred to as the WAF-exposure series. In each set of exposures, fragments were placed in the following treatments: artificial seawater (ASW; control), oil-only, dispersant-only or an oil/dispersant mixture (to represent dispersed oil). ASW was chosen as the control for comparison to the oil and dispersant treatments as all mixtures (Bulk and WAF) were made using sterile ASW (made using Instant OceanTM at the in situ salinity of 35 psu). Coral nubbins were exposed to sublethal concentrations of oil and dispersant for a duration of 12 h and preserved prior to the onset of visible tissue damage. For the Bulk-exposure series this corresponds to the “High” concentration of oil and dispersant (∼25 ppm) described by DeLeo et al. (2016), and for the WAF-exposure series this corresponds to the “Low” concentration of oil (∼50 μM) and dispersant (∼35.3 mg/L). Nubbins in these concentrations were chosen for sequencing for several reasons: (1) there were clear phenotypic differences observed across treatments during the full 96 h exposures implying the mixtures elicited a physiological response, (2) the concentrations were deemed sublethal as severe stress responses and mortality were not induced across all treatment-types within those 96 h, and (3) to minimize the differences between the target concentrations of the Bulk and WAF exposure series to facilitate comparisons. After the 12 h exposures, fragments were fixed in RNAlater to preserve changes in gene expression. Samples were then frozen and returned to the lab at Temple University for further processing.
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FIGURE 1. Experimental setup for the deep-sea octocorals Paramuricea type B3 (PB3) and Callogorgia delta (CD) (n = 6 genets total per species, 3 genets per exposure series). Corals were exposed to both Bulk (heterogenous) and Water-Accommodated Fractions (WAF) of oil and/or dispersant (center). Coral fragments were maintained at sub-lethal concentrations for 12 h, as determined in DeLeo et al. (2016) (right). For the Bulk exposure series, oil and dispersant concentrations each correspond to ∼25 ppm. For the WAF exposure series, oil concentrations correspond to ∼50 μM and dispersant ∼35.3 mg/L. Control coral fragments were also incubated in the artificial seawater used to make the aforementioned treatments of each exposure series. Fragments were preserved (RNAlater) after 12 h incubations in the treatments, for total RNA extraction and sequencing (1 × 100 bp). Created with BioRender.com.




Sample Sequencing and Processing

Total RNA was isolated using a Qiagen RNeasy Kit or a modified Trizol/Qiagen RNeasy protocol (described in Polato et al., 2010; Burge et al., 2013), from both the in situ preserved samples and the experimental nubbins sampled after 12 h of exposure. RNA concentrations were determined using a NanoDrop® ND-1000 and RNA integrity was evaluated with gel electrophoresis and an Agilent Bioanalyzer. Library preparations, including a poly-A selection step to target primarily eukaryotic (coral host) RNAs, were performed by the sequencing facilities on high quality (RIN values > 7) RNA samples (Illumina Truseq RNA library kit). In situ preserved specimens were sequenced on an Illumina HiSeq2000 at the University of Wisconsin-Madison Biotechnology Center (UWBC, Madison WI, United States) to acquire 150 base-pair (bp) paired-end reads for use in assembling de novo reference transcriptomes for downstream analyses. The experimental samples were further multiplexed and sequenced across Illumina HiSeq2500 rapid flow cells at the Fox Chase Cancer Center (FCCC, Philadelphia, PA, United States) sequencing facility to acquire 100 bp single-end reads for use in gene expression analyses, at approximately 20–30 million reads per sample.

Raw reads were quality checked using FastQC v0.11.5 (Andrews, 2010). This output was further used to find overrepresented sequences, which were queried against GenBank using Blastx (e-value: e–15) to determine whether they represented bacterial contamination. Trimmomatic v0.36 (Bolger et al., 2014) was then used to filter for quality, with a Phred score threshold of 30, leading and trailing bases dropped if the score was below 3 (LEADING: 3 TRAILING: 3), and excluding reads shorter than 50 bp (MINLEN:50). Cutadapt v1.15 (Martin, 2011) was used to trim adaptors and cut overrepresented sequences that appeared to be bacterial contamination with an overlap of 10 and a minimum-length of 60.



Transcriptome Assemblies

The filtered and cut paired-end sequences were further processed with Rcorrector (Song and Florea, 2015) using the k-mer counter Jellyfish v2.2.6 (Marcais and Kingsford, 2012), to remove erroneous k-mers. Read pairs deemed unfixable were discarded. Microbial contaminants were further identified and removed using the standard database in Kraken v1.0 (Wood and Salzberg, 2014). Sequences not classified as bacterial, microbial, archaeal, or viral in Kraken were used to generate de novo reference assemblies with Trinity v2.4.0 (Grabherr et al., 2011). Transcriptome quality was assessed with Transrate v1.0.3 (Smith-Unna et al., 2016) and the Benchmarking Universal Single-Copy Orthologs (BUSCO v3.0.2) program (Simão et al., 2015; Zdobnov et al., 2017) using the metazoa dataset (n = 978 orthologs). Assemblies were further annotated via dammit v1.01 using the corresponding P-FamA, RFam, OrthoDB, BUSCO, and Uniref90 databases (Scott, 2016). Gene ontology (GO) annotations were also generated using standard parameters (seed ortholog e-value: 0.01; seed ortholog score: 60; min% of query cov.: 20; min% of subject cov.: 0) in eggNOG (Huerta-Cepas et al., 2016) using Github support scripts2.



Gene Expression Analyses

Processed reads from P. type B3 and C. delta experimental samples were mapped to their respective reference transcriptomes using Salmon (Patro et al., 2017). The resulting count files were used as input for DESeq2 (Love et al., 2014), using R v3.6.2, to analyze the gene expression patterns of the corals in each exposure series (Bulk or WAF) and treatment. Expression was compared to the corresponding ASW control (of each species) using the tximport package (Soneson et al., 2015), which obtains gene-level expression by summing all transcript-level count estimates corresponding to a given gene. Transcripts were collapsed into genes for analysis at the gene level with a DESeq dataset design of colony + treatment, which was applied discretely to each exposure series. Transcripts were considered over-expressed if they had an adjusted p-value < 0.05 and a log-2 fold change (lfc) > 1, and under-expressed if they had an adjusted p-value of <0.05 and a lfc < –1. An adonis (permutational multivariate analysis of variance using distance matrices) test, implemented using the Vegan package in R, was used to analyze the influence of each factor (colony, treatment, and the interaction of colony and treatment) on the variation in gene expression (Oksanen et al., 2013). A Principal Coordinate Analysis (PCoA) was also carried out to visualize how the samples grouped in multivariate space, and whether treatment-type and/or colony genet could explain their distribution.



KEGG Functional Analyses

In order to further understand the influence of each treatment on higher-level functions and biological processes, differentially expressed genes from each treatment were assessed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Mapper v3.1 tool (Kanehisa et al., 2016). This was done to decipher the molecular interaction networks associated with the genes (KEGG pathway mapping; reconstruct), based on all available KEGG Orthology (KO) assignments designated by eggNOG (Huerta-Cepas et al., 2016). These data were compared to investigate cellular processes and pathways that were impacted in both species in the Bulk and WAF exposures and to elucidate species-specific differences in the early (12 h) responses to pollutant introduction.

In order to compare the initial responses of the experimentally exposed corals to corals impacted by the DWHOS in situ, direct comparisons were made between the closely related octocorals P. type B3 and P. biscaya. This was done by comparing the KEGG pathway annotations for the genes differentially expressed in this study to the KO assignments for genes differentially expressed among P. biscaya exposed to DWHOS oil and dispersant laden floc in situ (DeLeo et al., 2018) via KEGG mapper reconstruct. While KEGG pathways are comprised of various components, each with unique KO identifiers, only the overlapping KO identifiers were reported as shared impacts observed for Paramuricea spp.



Gene Ontology Analysis

To examine significantly enriched GO categories among the over- and under-expressed genes that correspond to either the biological process, molecular function, or cellular component sub-ontologies, a rank-based gene ontology (GO) analysis with adaptive clustering was performed using the Gene Ontology Mann–Whitney U (GO_MWU) program (Wright et al., 2015). This program utilizes Mann–Whitney U (MWU) tests and a global-ranked list of genes and their associated GO terms to identify enriched GO categories using a continuous measure of significance, –log(p-value), calculated with DESeq2. Hierarchical clustering of GO categories was based on the number of shared genes (clusterCutHeight = 0.25). Discrete species-specific tests were carried out for the Bulk and WAF exposure series to analyze expression patterns related to all treatments (the factor “treatment” in the DESeq design matrix) as well as each treatment individually. GO terms significantly enriched among the over- (p.adj < 0.05, delta rank > 0) or under-expressed (p.adj < 0.05, delta rank < 0) transcripts were reported.



RESULTS


De novo Transcriptome Assemblies

The final de novo transcriptome assembly for C. delta contained 39,475 transcripts with a contig N50 of 1,467 bases (Table 1). Of the assembled contigs, 94.9% of metazoan orthologs (BUSCOs) were present, indicating a relatively complete reference assembly. The final reference transcriptome for P. type B3 contained 60,989 transcripts with a N50 of 1,451 bases (Table 1). Among these contigs, 94.5% of metazoan BUSCOs were present. The TransRate scores were comparable to the optimal assembly scores, which considers only the “good” transcripts based on a learned cutoff value.


TABLE 1. Summary statistics for the de novo transcriptome assemblies of Callogorgia delta and Paramuricea type B3.
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Gene Expression Analyses

The adonis analysis, conducted to investigate the influence of each factor – colony (or genet), treatment, and colony + treatment – on the variation in gene expression, was not significant. However, in both exposure series, “colony” explained the largest proportion of the variation in global gene expression patterns. Further, when analyzing global expression patterns using the PCoA, the samples grouped largely by colony (Figure 2).
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FIGURE 2. Principal coordinate analysis estimated from genome-wide transcript expression patterns (DESeq2) from C. delta in (A) bulk oil treatments and (B) WAF treatments, and P. type B3 in (C) bulk oil treatments and (D) WAF treatments. Colors represent treatment and shape represent colony/genet.



Bulk Exposure Series

After 12 h in the Bulk exposure series, the greatest number of significant differentially expressed genes (adj. p-value < 0.05, absolute lfc > 1) was observed among P. type B3, with a total of 140 genes differentially expressed relative to the 66 genes differentially expressed in C. delta (Table 2 and Supplementary Table 1). For both species, the highest differential expression response was observed in the Bulk dispersant-only treatment. P. type B3 had 2.9–34 times as many differentially expressed transcripts in the dispersant-only treatment, relative to the oil/dispersant mixture and oil-only treatments, respectively; C. delta had 4.8–6.0 times as many differentially expressed transcripts in the respective treatments. See Supplemental Information for more detailed results on gene expression and functional analyses.


TABLE 2. Summary of the differentially expressed genes in C. delta and P. type B3 by treatment – oil, dispersant, and oil and dispersant mixtures- relative to control expression (seawater) in both the WAF (dissolved) and Bulk (heterogenous dissolved/undissolved) exposure series.

[image: Table 2]Among the differentially expressed genes in both octocorals, 2 putative genes (annotated as cartilage matrix protein-like and uncharacterized protein) were shared between C. delta and P. type B3 exposed to the Bulk-dispersant treatment (Supplementary Table 1). No putative genes with annotations were shared among the two species in the Bulk-oil or oil/dispersant mixture treatments.



WAF Exposure Series

After 12 h in the WAF exposure series, the greatest number of significant differentially expressed genes (adj. p-value < 0.05, absolute lfc > 1) was observed among C. delta with a total of 1,681 genes differentially expressed relative to the 133 genes differentially expressed in P. type B3 (Table 2 and Supplementary Table 2). For C. delta, the highest differential expression response was observed in the dispersant-only treatment, though this number was comparable across treatments with at most 1.1 times as many differentially expressed transcripts relative to the oil/dispersant mixture and oil-only treatments. For P. type B3, the highest differential expression response was observed in the WAF oil/dispersant mixture treatment, with 1.2–36 times as many differentially expressed transcripts relative to the dispersant-only and oil-only treatments.

Among the differentially expressed genes, one putative gene (annotated as lactoperoxidase-like), was shared between C. delta and P. type B3 exposed to the WAF-oil treatment, with an additional 14 putative genes shared among the two species in the WAF oil/dispersant mixture treatment, including but not limited to: a Slit homolog 1 protein involved in negative chemotaxis, a metalloendopeptidase involved in wound repair pathways, the growth factor bone morphogenetic protein 6 (BMP6) involved in skeletogenesis and oogenesis, the interferon-induced protein (IFI35) involved in innate immune responses, and the tumor suppressor RNA-binding protein (RBM47) that responds to DNA damage (Supplementary Table 2). No putative genes were shared among the WAF dispersant-only treatment after 12 h of exposure.



KEGG and GO Functional Analyses


Bulk Exposure Series

KEGG pathway maps revealed that the genes differentially expressed among both coral species in the Bulk dispersant-only treatment were associated with: the immune (complement and coagulation cascades) and digestive (protein digestion and absorption) systems, environmental information processing (intracellular signaling and ECM-receptor interactions), and cellular processes (focal adhesion) (Table 3 and Supplementary Table 3). A response was also elicited in these pathways among P. type B3 fragments in the bulk oil/dispersant treatment, in addition to several metabolic pathways (e.g., xenobiotic biodegradation and metabolism). There were no KEGG assignments associated with the genes differentially expressed in the Bulk oil-only treatment or for C. delta exposed to oil/dispersant.


TABLE 3. Summary of the KEGG pathway analyses for Paramuricea type B3 (PB) and Callogorgia delta (Cd) in the Bulk oil and dispersant exposure series.

[image: Table 3]There were 104 enriched GO terms shared among both octocorals exposed to the Bulk dispersant treatment (Figure 3 and Supplementary Table 4). Among the shared GO terms were “innate immune responses,” “response to tumor necrosis factor (TNF),” and “regulation of immune effector process,” further revealing elevated immune responses among C. delta and P. type B3 fragments exposed to dispersant. C. delta exposed to the oil and oil/dispersant treatments had additional enrichment of unique immunity-related GO terms including “positive regulation of immune system process” and “negative regulation of wound healing” (Supplementary Table 4). Shared GO enrichment analyses revealed additional impacts to cellular processes including, but not limited to, elevated “response to oxidative stress” and “regulation of apoptotic signaling pathway” and diminished “DNA repair.” There were no GO terms shared among C. delta and P. type B3 in the Bulk oil-only and oil/dispersant treatments. See Supplementary Table 4 for additional details on GO enrichment and for details on the differences between species.
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FIGURE 3. Gene Ontology (GO) terms significantly enriched for over- (orange) or under- (blue) expressed transcripts from C. delta and P. type B3 experimentally exposed to bulk oil and dispersant. Highlighted GO terms represent a snapshot summary of some of the impacted processes/functions either unique to (A,C,D) or shared (B) among species in relation to the dispersant (A,B), oil and dispersant mixture (C) or oil-only (D) treatments. The Venn diagrams represent the total number of shared and unique GO terms for each treatment, with representative GO terms of interest, unique to each species, highlighted in the boxes underneath. (B) The heatmap of the shared GO terms from the dispersant exposure illustrates the corresponding level of expression for each term (row) and compares expression between each coral species (column). Processes (orange/blue) are summarized to highlight impacted biological pathways. More details on GO enrichment can be found in Supplementary Table 4, including row-specific heatmap terms (B).




WAF Exposure Series

KEGG pathway maps indicated that the gene differentially expressed among both coral species in the WAF oil-only exposures was associated with metabolism (peroxidase) (Table 4 and Supplementary Table 5). Common impacts were also observed in the WAF oil/dispersant treatment, which were further associated with genetic information processing (ribosome), environmental information processing (signal transduction), cellular processes (cell growth and death), and organismal systems (development and regeneration).


TABLE 4. Snapshot summary of the KEGG pathway analyses for Paramuricea type B3 (PB) and Callogorgia delta (Cd) in the WAF oil and dispersant exposure series.
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Among C. delta nubbins in the WAF exposure series, several KEGG pathways were similarly impacted by all three treatments, potentially indicative of a generalized, early (∼12 h) response to anthropogenic pollutants. These pathways fell into four main categories: metabolism (carbohydrate metabolism), environmental information processing (signal transduction), cellular processes (cell growth/death and focal adhesion), and organismal systems (including the immune, endocrine and nervous systems, and environmental adaptation) (Table 4 and Supplementary Table 5). KEGG analyses further revealed common impacts to crucial cellular stress response pathways (e.g., NF-kappa B, TNF, and chemokine signaling pathways) among the octocorals exposed to oil (alone or dispersed). Additional sub-lethal impacts were observed among corals exposed to chemical dispersant components (alone or with oil) including elevated calcium signaling and apoptotic processes. See Supplementary Table 3 for full details on the KEGG analyses and Supplementary Information for detailed comparisons between treatments.

There were 10 GO terms shared among C. delta and P. type B3 in the WAF oil treatment, 64 terms shared in the dispersant-only treatment and 435 terms shared among the oil/dispersant mixtures (Figure 4). GO terms shared among the corals in treatments containing dispersant (alone or with oil) include “pigment cell differentiation,” “regulation of cytokine production,” “mucosal immune response,” and “regulation of inflammatory response,” which further revealed impairments to immune responses after the 12 h exposures. GO enrichment analyses uncovered additional impacts to cellular processes following dispersant exposure including, but not limited to, elevated “ribosomal biogenesis” and “DNA repair/modifications” (Figure 4 and Supplementary Table 4).
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FIGURE 4. Gene Ontology (GO) terms significantly enriched for over- (orange) or under- (blue) expressed transcripts from C. delta and P. type B3 experimentally exposed to WAF oil and dispersant. Highlighted GO terms represent a snapshot of some of the impacted processes/functions either unique to (A) or shared (B) among species in relation to the dispersant (top), oil and dispersant mixture (middle), or oil-only (bottom) treatments. The Venn diagrams (A) represent the total number of shared and unique GO terms for each species in the different treatments, with representative GO terms of interest, unique to each species, highlighted in the boxes underneath. (B) The heatmaps of the shared GO terms from each treatment illustrates the corresponding level of expression for each term (rows) and compares expression between each coral species (column). Processes (orange/blue) are summarized to highlight various impacted biological pathways. More details on GO enrichment can be found in Supplementary Table 4.




Shared Impacts: DWHOS and Experimental

KEGG pathway analyses revealed that both in situ impacted P. biscaya and P. type B3, exposed to the Bulk treatments containing dispersant (alone or dispersed), exhibited similar impacts to environmental information processing pathways, specifically genes associated with signal transduction (i.e., Hippo and PI3K signaling pathways) and ECM-receptor interactions. Common impacts were also observed among pathways involved in cellular processes including focal adhesion and protein digestion and absorption.

Similar impacts were likewise observed among DWHOS impacted P. biscaya and P. type B3 experimentally exposed to WAFs containing dispersants. This includes impacts to metabolism, translation, protein folding and degradation, environmental information processing pathways (i.e., ABC membrane transporters) and various signal transduction pathways. Common impacts were also observed among pathways involved in crucial cellular processes including endocytosis and actin cytoskeleton regulation, as well as the digestive system (digestive secretions). See Supplementary Table 6 for more detailed information.



DISCUSSION

This study provides novel transcriptomic data for two species of deep-sea octocorals, including a close relative of P. biscaya – the most severely impacted deep-sea species in the aftermath of the DWHOS (Deepwater Horizon Natural Resource Damage Assessment, 2016). Similar to in situ impacted P. biscaya (DeLeo et al., 2018), these results highlight the variability among coral responses to anthropogenic pollutant exposure, both inter- and intra-specific, and the utility of expression-level investigations of deep-sea fauna to elucidate sub-lethal impacts. These data add to the sparse amount of high-throughput sequencing data available for octocorals and deep-sea species, and provide added resources for studying and monitoring coral and deep-sea ecosystems in the face of future anthropogenic impacts and global ocean change.

Past transcriptomic investigations of P. biscaya revealed genome-wide impacts following in situ exposure to oil and dispersant laden floc (DeLeo et al., 2018). However, the full extent and duration of the exposure to oil and dispersant during the spill is unknown. There were multiple conceivable routes of exposure as oil and chemical dispersants were released at depth (∼1500 m; Hazen et al., 2010) and ultimately persisted as a deep-water oil plume around ∼1,100 m (Camilli et al., 2010). These alternative exposure routes may have elicited early onset stress responses following initial pollutant contact, which may not have been detectable among floc-exposed P. biscaya at the time of sampling. The transcriptional investigations of spill-impacted P. biscaya colonies by DeLeo et al. (2018) were also limited in terms of biological replication and temporal sampling due to restrictions on site access and sampling in the aftermath of the DWHOS. The experimental transcriptomic profiles presented here elucidate these early onset responses of deep-sea octocorals to oil and dispersants with increased replication, biological controls (genets), and interspecific comparisons. However, the authors note that limitations in obtaining and maintaining live deep-sea corals for laboratory experimentation at the time of sampling, as well as the partial colony sampling done to prevent adverse impacts in situ following the DWHOS, also limited the sample size, technical replication, and statistical robustness of this study. Regardless, these data show that the experimental oil and dispersant treatments that ultimately elicited mortality in these coral species during the full 96 h of exposure (DeLeo et al., 2016), particularly in the WAF treatments, also elicited large genome-wide expression changes of crucial stress response genes after just 12 h. The largest number of differentially expressed genes and the highest magnitude of gene expression change was found in treatments containing dispersants, relative to the treatments only containing naturally occurring crude oil. This study improves our understanding of how different species of corals respond to, and cope with, environmental contaminant exposure in the short-term, as well as the variability in these responses.


Common Responses to Pollutants

While gene expression profiles revealed the unique influences of different chemical fractions (Bulk/heterogenous vs. WAF/dissolved) and treatments (oil-only, dispersant-only, and oil/dispersant mixtures) on the corals, they also revealed mutual responses elicited across various treatments in each exposure series.


Bulk Exposure Series

A common response observed among the bulk treatments, which contain both dissolved and undissolved oil and dispersant chemical constituents, involved altered energy metabolism and oxidative stress responses, both of which were observed among DWHOS impacted P. biscaya (DeLeo et al., 2018). Cytochrome c oxidase (CCO) activity, a key enzyme involved in aerobic metabolism (Simon and Robin., 1971) was diminished (lfc -1.6, adj. p-value 0.02) in C. delta exposed to treatments containing dispersant, alone or mixed with (dispersed) oil. As CCO catalyzes the terminal step in aerobic oxidative metabolism, CCO inhibition is suggestive of a hypoxic response among C. delta exposed to bulk dispersants. Likewise, CCO is a crucial enzyme regulating cellular energy production (Poyton et al., 1988), further suggesting impacts to tissue energy metabolism and cytotoxicity (Khan et al., 1990) following just 12 hrs of exposure. Conversely, CCO activity was significantly elevated among floc exposed P. biscaya (lfc 1.9, adj. p-value 0.005; DeLeo et al., 2018), and among the liver/gills of fish following longer exposures (24 and 96 h) to WAF-oil, alone or dispersed (Cohen et al., 2001; Mattos et al., 2010). Elevated CCO activity among these animals may be associated with ongoing oxidative stress responses during short-term exposures to oil WAFs, that could ultimately lead to the hypoxic signature observed in our study. It is possible that exposure to bulk oil and dispersant contaminants may cause a relatively rapid hypoxic response in C. delta as compared to exposure to dissolved WAF contaminants. Likewise, succinate-cytochrome c oxidoreductase activity (part of the succinate-oxidase complex of the respiratory chain system (Khan et al., 1990), was significantly elevated (lfc 1.1, adj. p-value 0.02) in P. type B3, in addition to genes associated with oxidative stress responses (GO terms). This suggests that the bulk dispersant exposures also induced oxidative stress among P. type B3 after only 12 h, though to a different degree and possibly in a species-dependent manner.



WAF Exposure Series

The strongest genome-wide response was observed among both species exposed to WAFs, particularly WAF treatments containing dispersants. This suggests the coral species tested here are particularly sensitive to the WAFs of anthropogenic pollutants. The magnitude and severity of this response to WAF treatments containing dispersants was mirrored by the higher rates of health decline observed during the full 96 h exposure series (see DeLeo et al., 2016 for more details). These results support the growing body of evidence that chemical dispersants elicit strong, negative responses from marine invertebrates and can be more harmful than oil alone, as dispersants increase the surface area of oil-water interactions- potentially increasing toxicological impacts and bioavailability (e.g., Chandrasekar et al., 2006; Goodbody-Gringley et al., 2013; DeLeo et al., 2016). However, within the scope of this study, it is also probable that this response was inflated by concentration differences between Bulk and WAF solutions.

Dispersants are also known to impair cell membrane function (Abel, 1974; National Research Council, 1989). Therefore, strong early onset responses to dispersants at the genomic-level were not surprising, as exposure was shown to result in the increased permeability of biological membranes and loss of total membrane function and/or osmoregulating abilities (Benoit et al., 1987; Partearroyo et al., 1990). As genes associated with DNA repair, protein modification and apoptosis (programmed cell death) (Kultz, 2003; Kültz, 2005), were significantly elevated in WAF treatments containing dispersants, this further suggests that even short-term exposures can impact cellular integrity, leading to lasting impacts.

Common genome-wide responses were also observed among WAF treatments containing oil (alone or dispersed). These included an elevated expression of ribosomal proteins which was likewise observed among in situ impacted P. biscaya (DeLeo et al., 2018), and among shallow-water octocorals following periods of short-term pathogen stress (Burge et al., 2013). It has been suggested that the elevated expression of ribosomal gene products is a generalized response to environmental stressors (e.g., Burge et al., 2013; DeLeo et al., 2018) and that ribosomal proteins play an important role in regulating metabolism in invertebrates during periods of stress (Travers et al., 2010). It is possible that the elevated expression of these genes following the sub-lethal exposures to oil and dispersant was an attempt to regain cellular homeostasis following stress induced DNA and/or protein damage (Kultz, 2003).

Various structural molecules and ECM components were also inhibited among the corals experimentally exposed to WAF oil treatments. These include fibrillins that confer structural integrity to tissues (Piha-Gossack et al., 2012) and are thought to play a role in stress tolerance, albeit in plants (Singh and McNellis, 2011). Therefore, it is possible that the dissolved, water-accommodated oil and dispersant constituents may both compromise coral tissue integrity to a certain degree.

Additional putative genes involved in wound repair and inflammatory responses (i.e., metallopeptidases and peroxidasin; Massova et al., 1998), were inhibited among WAF treatments containing oil (alone or dispersed oil) as well, further suggestive of acute cytotoxicity and cellular damage (i.e., Sterchi et al., 2008). This may be linked to the tissue degradation and health decline observed during the 96 h experimental exposures (DeLeo et al., 2016). Conversely, genes coding for structural/ECM proteins and inflammatory/wound repair pathways (i.e., peroxidasin) were significantly elevated in P. biscaya exposed to DWHOS floc in situ (DeLeo et al., 2018). It is probable that natural hydrodynamic flow in situ alters and dampens exposure impacts and enables sessile invertebrates, like corals, to withstand longer exposures and/or combat these stressors at the cellular level. It is also possible that the expression signatures observed in this study reflect the prioritization (elevated expression) of other homeostatic processes as an initial defense response against chemical stressors, which in turn reduced the energetic resources allocated to maintain processes such as tissue integrity and wound-repair in the short-term. The latter scenario is likely the case, as some of the genes under-expressed here (e.g., fibrillins and peroxidasin) were over-expressed in the black coral Leiopathes glaberrima exposed to identical experimental treatments for 24 h (Ruiz-Ramos et al., 2017). While the functional role of peroxidasin is not fully understood among invertebrates, it is believed to contribute to innate immune defenses (Gotenstein et al., 2010), responses to oxidative stress, and programmed cell death (Horikoshi et al., 1999). Based on our results, it is possible that some, if not all, of these processes are initially suppressed during early responses to anthropogenic pollutants to allocate resources to other homeostatic processes.

Many GO terms related to cellular adhesion were under-expressed in all treatments (i.e., cell-cell, cell-matrix, and cell-substrate adhesion). Cell adhesion molecules are functionally diverse and are integral in a wide array of cellular processes, such as cell–cell signaling, multicellular tissue development (Gumbiner, 1996), and immune responses (Johansson, 1999; Harjunpää et al., 2019). Reduced expression of cellular adhesion molecules could therefore have wide-reaching implications, and possible associations with impairments to immunity and delayed wound healing (Harjunpää et al., 2019), though more rigorous investigation is needed to confidently draw these conclusions. Differential expression of genes associated with cellular adhesion were likewise detected among corals following temperature stress (Gates et al., 1992; Traylor-Knowles, 2019) and disease (Daniels et al., 2015; Young et al., 2020). Therefore, cellular adhesion processes appear to be commonly impacted by environmental stressors and could be used in future assessments to gain a snapshot of overall coral health/condition.



Species-Specific Differences

Our data suggest that the octocorals had distinct responses to the Bulk and WAF oil exposures after 12 h, as there was no major overlap among the differentially expressed genes that were annotated- though this may be linked to the limitations of our experimental design. It is possible that there was a delayed or altered reaction to the pollutants in one of the species. From a physiological standpoint, both C. delta and P. type B3 did surprisingly well in both oil-only treatments during the full 96 h exposure series as compared to the treatments containing dispersants (DeLeo et al., 2016). Metabolic depression was primarily observed among the corals exposed to oil in this present study, including genes associated with xenobiotic biodegradation and metabolic pathways (i.e., ABC transporters and GST). Therefore it seems unlikely that these corals were metabolizing oil in the short term as was suggested for L. glaberrima (Ruiz-Ramos et al., 2017).

Cytochrome p450 (CYP), which functions in the biotransformation and detoxification of most xenobiotics (Goldstone et al., 2006), was also not significantly differentially expressed among the corals after 12 h. CYPs are required for the efficient elimination of foreign chemicals from the body (Goldstone et al., 2006) and have become a widely used biomarker for pollutant (Devaux et al., 1998; Porte et al., 2001) and oil exposure (Garcia et al., 2012; Zhang et al., 2012; Han et al., 2014). CYPs were significantly elevated in L. glaberrima experimentally exposed to oil for 24 h (Ruiz-Ramos et al., 2017) but CYPs, along with ABC transporters and GST, were depressed among P. biscaya exposed to oil and dispersant in situ (DeLeo et al., 2018), albeit for an unknown duration. Although CYPs were not significantly expressed here, components of this same functional pathway – xenobiotic metabolism by cytochrome P450 – were significantly suppressed in C. delta exposed to WAF oil and elevated in C. delta exposed to WAF dispersant. This suggests that this pathway is impacted after just 12 h of pollutant contact, but that these impacts are dynamic and may differ depending on the species and/or the duration of exposure.

C. delta and P. type B3 experimentally exposed to WAF treatments, particularly those containing dispersants, each had a distinct overlap in gene expression with in situ impacted P. biscaya. Interestingly, this overlap appears to correlate with the treatments that elicited the strongest phenotypic response in the 96 h exposure series (see DeLeo et al., 2016). This is particularly apparent for C. delta, which had somewhat less severe rates of health decline in response to longer exposures to these treatments (DeLeo et al., 2016) and the strongest genome-wide response to the WAFs (after 12 h). It is possible that this is linked to “frontloading” or constitutive expression of genes that respond to oil exposure and/or their increased capacity for gene expression plasticity of environmental stress response (ESR) genes. For shallow-water corals, it has been hypothesized that one or both approaches may impart a certain degree of resilience to environmental stressors (i.e., Barshis et al., 2013; Kenkel and Matz, 2016). As C. delta preferentially occupies habitats near natural hydrocarbon seeps (Quattrini et al., 2013), they have likely adapted to low levels of hydrocarbon exposure potentially by employing one of these approaches.

In the case of C. delta, plastic expression may be linked to “chemical defensome” genes, evolutionarily conserved genes and proteins that are involved in numerous processes including the metabolism and biotransformation of xenobiotic toxins [i.e., polycyclic aromatic hydrocarbons (PAHs), components of oil], antioxidant systems that respond to oxidative stress, as well as protein homeostasis (Reitzel et al., 2008; Lushchak, 2011; Tarrant et al., 2014). Many of the GO terms that were unique to C. delta compared to P. type B3 exposed to oil were associated with cellular stress responses, including the regulation of stress-activated MAPK and protein kinase signaling cascades, and multicellular organismal response to stress, potentially signifying an increased capacity to respond to the stresses of oil exposure. As C. delta exhibited somewhat less severe rates of health decline in response to longer exposures to oil (DeLeo et al., 2016), it is possible this species is more resilient to short-term pollutant exposure.

The heightened cellular level response observed for C. delta, in terms of the number of genes that were differentially expressed, suggests that short-term dispersant exposure can induce cell damage in as little as 12 h. Expression differences were observed for genes involved in necroptosis (i.e., toll-like receptors), a form of necrosis or inflammatory cell death (reviewed in Dhuriya and Sharma, 2018), and C-type lectin signaling cascades that induce the production of inflammatory cytokines and chemokines (reviewed in Tang et al., 2018). Tumor necrosis factor receptor-associated factors (TRAFs), immune system receptors that elicit immune and inflammatory (e.g., necrosis) responses (Palmer and Traylor-Knowles, 2012), were also significantly differentially expressed. TRAFs were over-expressed in the WAF dispersant-only treatment after 12 h but under-expressed among C. delta in the WAF oil/dispersant mixtures, as well as P. type B3 in WAF-oil. TRAFs were similarly over-expressed in P. biscaya exposed to oil and dispersant laden floc (DeLeo et al., 2018), indicating that over-expression may be linked to the dispersant constituents. These results suggest that even short periods of dispersant exposure may influence coral immune pathways and that immune/inflammatory pathway components make good candidates for future spill monitoring efforts.

Unlike C. delta, which exhibited a greater number of differentially expressed genes (and a larger average magnitude of gene expression change) when exposed to WAF treatments relative to Bulk treatments, P. type B3 had a comparable number of differentially expressed genes, albeit a higher magnitude of expression change in the WAF exposures. It is possible that this is linked to a reduced capacity for gene expression plasticity of important ESR genes among P. type B3 relative to C. delta. Studies of shallow-water corals exposed to thermal stress revealed a higher degree of thermal tolerance and reduced bleaching impacts among populations of corals that exhibited a greater capacity for gene expression plasticity related to changes in environment/condition (Kenkel and Matz, 2016). It is possible that similar interspecific differences in plasticity also exist among deep-sea octocoral species. This would suggest that C. delta may be better able to mitigate intracellular damage resulting from anthropogenic stressors, and that P. type B3 is equally vulnerable to both undissolved (Bulk) and water-accommodated (WAF) components of oil and dispersant, though further investigation is needed to elucidate these differences.

Functional enrichment analyses for P. type B3 exposed to WAFs revealed that GO terms associated with Wnt signaling were significantly enriched among the under-expressed transcripts. Wnt signaling pathways are integral cascades associated with a myriad of cellular functions including development and cell-cell interactions. Down-regulation of Wnt pathways has also been detected in shallow-water corals in response to high temperature (Polato et al., 2013; Maor-Landaw et al., 2014) and low pH/high temperature conditions (Kaniewska et al., 2015). These signaling pathways could therefore be highly susceptible to environmental stress in corals and warrant further investigation.



CONCLUSION

As offshore drilling continues to increase worldwide, the need to understand species and ecosystem-level impacts has become paramount. Prior to the DWHOS there was no research into how chemical dispersants would react at depth and how prolonged exposure would impact deep-sea biota. As corals are important ecosystem engineers, creating complex structures that provide habitat to diverse suites of organisms, impacts to these species will have significant consequences. This and other studies provide evidence to suggest prolonged dispersant exposure is more harmful than oil exposure alone. Our findings indicate coral fauna have variable responses to anthropogenic environmental stressors, and some species and/or genotypes may be more resilient to environmental stress. These results further highlight the possible impacts of both dissolved and undissolved anthropogenic contaminants to corals, including metabolic and hypoxic consequences and impacts to immune and wound healing processes. Exposure to bulk/heterogenous contaminants appears to cause heightened oxidative stress and metabolic responses, while exposures to dissolved/WAF contaminants appears to elicit stronger impacts to tissue/skeletal development, immune responses and cellular damage/DNA repair. Similar processes were impacted among corals damaged in situ by the DWHOS following prolonged floc exposure among other probable routes of contaminant exposure (i.e., deep-water oil plume), highlighting both the early probable inception of this damage and the complex responses of corals to oil and dispersant constituents. This improved understanding of the ways in which oil and dispersant exposure affects corals is integral to improving our ability to properly manage these ecosystems and respond to future exposure from standard operations and accidental releases.
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Deep-water environments make up 64% of the world’s oceans (nearly 202 million km2). In the past, the belief that this environment represented one of the most stable and unproductive ecosystems on the planet has been refuted by scientific research and the interest of potential productive sectors evaluating seabed resources. Human activities that threaten the health of deep-sea threats are uncontrolled and unregulated fishing, deep-sea mining, oil spills, marine litter, and climate change. With recent advances in technology, the study of deep-sea coral communities is a growing subject. The deep-sea corals are long-lived, slow-growing, and fragile systems, making them especially vulnerable to physical damage. In the last 40 years, Colombia has discovered these communities’ existence scarcely distributed in its territorial waters. A representative and irreplaceable sample of deep-sea coral formations triggered in 2013 the establishment of the Corales de Profundidad National Natural Park, a Marine Protected Area (MPA), which holds 40% of the marine biodiversity known in the Colombian Caribbean continental shelf-slope break. The MPA’s essential ecological value is the Madracis myriaster species’ presence as a primary habitat-forming organism, a unique habitat for the Caribbean and the world. Here we describe the MPA creation process in three phases. Firstly, in the provisioning phase, three main threats from human activities are identified. Secondly, in the preparation phase, the area’s conservation objectives and management category are defined, and the negotiation process with the fishing, communications, and oil and gas economic sectors is described. Lastly, in the designation phase, three MPA scenario proposals were evaluated, assessing the minimum distance, the possible effects of activities in the area as the main criteria for the buffer zone and the management of possible future impacts. As a result, the most extended boundary was adopted, guaranteeing these communities’ conservation despite the limited information to carry out a complete planning process. The MPA designation is considered the first experience of deep communities in the Southern Caribbean and an example that it is possible to have effective conservation agreements with economic sectors.

Keywords: deep-sea corals, Madracis myriaster, marine protected area, Caribbean, Colombia, marine conservation


INTRODUCTION

Deep-sea corals have been known and commercially exploited (e.g., jewellery making) since the 18th century. For decades, technological advances in the exploration of deep-sea environments have made it possible to locate them and understand their distribution on a global scale (Freiwald et al., 2004). Today, we know that deep-sea coral communities distribute throughout the ocean, forming genuine biodiversity hot-spots (Roberts and Hirshfield, 2004; Roberts et al., 2006).

There is a hypothesis establishing greater species diversity in deep-sea coral communities than in tropical shallow reef communities (Roberts et al., 2009). Despite this, most of these communities have not yet adequately been mapped or studied. Deep-sea benthic communities are underrepresented in most countries marine protected systems (Lourie and Vincent, 2004), becoming one of the most significant challenges worldwide, as deep-sea ecosystems have large gaps in conservation (Fischer et al., 2019; Gownaris et al., 2019; Stratoudakis et al., 2019).

Deep habitat exploration began in the 1970s along the Colombian Caribbean, with two expeditions carried out by the Rosenstiel School of Marine and Atmospheric Science aboard R.V. Oregon and RV Pillsbury. They continued in 1995 with a joint expedition between the Marine and Coastal Research Institute (INVEMAR), National Navy Oceanographic and Hydrographic Research Center and the Smithsonian Institution aboard the R.V. Ancon (Figure 1). INVEMARs research reached continental biodiversity margin was up to 900 m in 1998. Among the most remarkable results of the last expedition (2000) was the discovery of three deep-sea azooxanthellate coral formations (DSCF) (Figure 2). The first one, dominated by Cladocora debilis species, is located at La Guajira’s peninsula at 70 m deep. The second is positioned north off-coast the city of Santa Marta at 200 m depth, accounting for 12 species of scleractinian corals, associated mainly with Madracis myriaster. In front of the San Bernardo Archipelago at 150 m depth, the third area is M. myriaster dominant, accompanied by 19 scleractinian coral species (Reyes et al., 2005).
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FIGURE 1. Timeline for the designation process of the Corales de profundidad National Natural Park in Colombia.
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FIGURE 2. Map of the Colombian Caribbean with the three main sectors of Deep-sea coral formations (Guajira, Tayrona, and San Bernardo).


Deep-sea azooxanthellate coral formations (DSCF) have long life cycles and are adapted to more stable conditions than shallow environments, making them very vulnerable to physical damage and environmental disturbance considered fragile environments (Roberts and Hirshfield, 2004; Ramirez-Llodra et al., 2011). Among the anthropogenic factors that threaten these formations are demersal fisheries’ bottom trawling (Pusceddu et al., 2014; Huvenne et al., 2016), submarine cables dredging installation, deep-sea mining, and offshore oil and gas exploration (Freiwald et al., 2004). After uncontrolled and unregulated fishing, offshore hydrocarbon exploration is considered the second most crucial threat worldwide to the conservation of deep-sea coral communities (Roberts et al., 2006; Davies et al., 2007). Offshore oil and gas activities can have detrimental direct and indirect environmental effects during the main phases of exploration, production, and decommissioning phases (Cordes et al., 2016).

Colombia’s commitments to the United Nations Convention on Biological Diversity (United Nations CBD) and contributing to the Aichi Target 11 comply with conserving at least 10% of marine environments worldwide by 2020 (CBD, 2010). Between 2010 and 2015, accessed financial resources from the Global Environmental Facility-GEF through the United Nations Development Program for the identification, preparation, and implementation of the project “Design and implementation of the Subsystem of Marine Protected Areas (SMPA) as part of the National System of Protected Areas in Colombia (SINAP, from its Spanish acronym) (Figure 1). Within the framework of the project, the designation of new MPA’s was pursued. This paper describes the new MPA’s provisioning, preparation, and designations phases for the inclusion of DSCFs as a new conservation target, improving SMPA representativeness, and describing the negotiation process with the main economic sectors involved in the conservation strategy.



MATERIALS AND METHODS


Study Area

One of the discovered deep-sea azooxanthellate coral formations sits in southeastern Colombian Caribbean’s, between the continental platform’s shelf edge and slope, facing the Gulf of Morrosquillo and the San Bernardo Archipelago (Figure 2). The DSCF is outlined at 32 km from the nearest continental point and 12 km from the Corales del Rosario y San Bernardo National Natural Park. The area is made up of the shallow coral formations of the greatest geomorphological and structural development in the Colombian continental Caribbean (Díaz et al., 2000). It is a dynamic interaction area between three tectonic plates, Nazca, South American, and the Caribbean, whose displacements generate compression and shearing phenomena rising the San Jacinto and Sinú belts. Mud diapirism is a predominant geomorphology factor, allowing the establishment of shallow coral communities (Vernette, 1985; Vernette et al., 1992) and deep-sea coral formations (Santodomingo et al., 2007).

The DSCF shows a clear association with some geo forms. On soft sandy-muddy bottoms, branched corals like Madracis spp. communities are dominant. On hard bottoms, communities contain octocorals (soft corals), black corals (antipathia), anthozoans, and corals of the genus Madrepora. Sponge communities grow on dead fragments of the Halimeda limestone algae (Santodomingo et al., 2007). Madracis myriaster is the dominant structuring species, found at depths of between 150 and 160 m (Reyes et al., 2005), although recent studies have extended its distribution to 202 m depth (Cedeño-Posso et al., 2017).



MPA Designation Process

The MPA design followed three phases under the technical guide for the declaration of new areas and extensions in the National Protected Areas System in Colombia (SINAP) (Pérez and Zambrano, 2009): provision, preparation, and declaration (Figure 1). Two governmental authorities led the entire process, the National Natural Parks System of Colombia (PNNC, from its Spanish acronym) and the Ministry of Environment and Sustainable Development (MADS). INVEMAR provided technical and scientific support to the entire process.


Provision Phase

In the beginning, a broad review of various information sources and fieldwork data was intended to support the MPA’s designation and to justify its contribution to the SINAP’s conservation objectives.

Priority conservation site portfolios were the basis for conducting a representativeness gap analysis within the SINAP. The verification of DSCF communities as part of ecoregional planning exercises within the country and abroad was established. Also, identifying potential threats to the main economic activities in the area could be detrimental to the future viability of the MPA. For this site, industrial and artisanal fishing, telecommunications for installing submarine cables, and the exploration and exploitation of oil and gas in the area were previously identified. Possible threats from ocean acidification due to climate change were also considered.

We used cartographic information provided by the Marine Environmental Information System of Colombia1, the National Land Map (exploration blocks) of the National Hydrocarbons Agency (ANH)2, and the HMN Technologies map for submarine cables3. Furthermore, information was supplied by the General Maritime Directorate and the National Environmental Licensing Authority. All the spatial information was analyzed with ArcGIS 9.3.1 software.



Preparation Phase

In this phase, the biophysical and socio-economic information was consolidated. Information was requested from sectoral Government entities on oil and gas exploration and exploitation projects, development of communications infrastructure (submarine cables), and the identification of industrial and artisanal fishing zones. We identify and describe the main ecological criteria supporting the importance of the area. The ecological criteria were (1) richness and uniqueness, (2) representativeness, (3) ecosystem services, (4) ecological connectivity, (5) research and, (6) vulnerable habitats and human threats. Identifying conservation objectives and goals (natural values of the area) determined the site’s delimitation factors. Goals, criteria, guidelines, and procedures regulate the System’s different categories according to the conservation objectives of the protected areas of SINAP (Decree 2372,2010). One of the main results of this phase is the design limits of the MPA. Three scenario proposals for negotiation within buffer zones reduced telecommunications’ economic activities, the fishing, and oil and gas industry effects.



Designation Phase

As a resulting product phase, a summary document containing all the information collected and analyzed during the previous stages set out priority strategic actions that must be taken in the MPA’s future. The Colombian Academy of Exact Physical and Natural Sciences required a favorable prior concept for designing a protected area within the national management scope of the PNNC. Once this was done, MADS published the country’s official administrative act through a designation Resolution.



RESULTS


Provision Phase


Deep-Sea Coral Formations as a Conservation Priority

The inclusion of DSCF in SINAP was supported by the results of a representativeness gap analysis in the National Natural Parks System of Colombia (Segura-Quintero et al., 2012), wherein no MPA included these communities. Despite three distinct zones (Guajira, Tayrona, and San Bernardo) had already been described (Reyes et al., 2005; Figure 2) and selected as a priority site for the conservation of coastal and marine biodiversity (Alonso et al., 2007) and significant biodiversity area of the continental margin (Alonso et al., 2010), the San Bernardo Archipelago DSCF was selected to advance the MPA designation process, given the rare presence of the species Madracis myriaster as the primary habitat-forming organism (Santodomingo et al., 2007), becoming a global research reference (CBD, 2012; Secretariat of the Convention on Biological Diversity, 2014).



Main Threats

Threats from major economic activities and ocean acidification due to the climate change process were identified in the area. Origins, causes, and possible effects documented in scientific literature within these communities in other regions of the world (Table 1) before the designation of MPAs describe the context of threats results according to the area’s review of information.


TABLE 1. Main threats from economic sectors on deep-sea coral formations.

[image: Table 1]

Commercial bottom trawling and other bottom fishing

Within the Colombian Caribbean, industrial trawling is prohibited, and artisanal exclusive areas for fishing are regulated. The areas currently used as the leading industrial shrimp trawl fishing grounds (∼70 m) do not overlap with the DSCF (Figure 3A). However, due to the overexploitation and depletion of the shallow-water shrimp stock, the National Fisheries Authority of Colombia has carried out in alliance with the national research group’s bioprospection to determine the potential of the fishery resources of deeper-water. The results show that between 100–600 m, there is a high abundance of three shrimp species (giant red, pink and royal red) and a deep-sea lobster, especially in the northern Caribbean, where a seasonal up-welling occurs (Paramo and Saint-Paul, 2012b; Paramo et al., 2012). Also, the presence of artisanal and industrial deep-sea fishing longlines or hooks located near the DSCF can cause mechanical damage to coral colonies and affect fish populations associated with these formations (Figure 3B; Roberts and Hirshfield, 2004).
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FIGURE 3. Main economic activities developed in the sectors with the presence of Deep-sea corals formations in the Colombian Caribbean. (A,B) commercial bottom trawling and other bottom fishing, (C) presence of submarine cables for telecommunications, (D) oil and gas exploration blocks.




Installation and presence of submarine cables for telecommunications

According to the geospatial information analysis, the DSCF overlaps the southwest end with the underwater fiber optic cable4 (Figure 3C), which runs 826 km from the municipality of Tolú to the island of San Andrés. This cable was installed between 2009 and 2010 and is now managed by the Ministry of Information Technology and Telecommunications. In the process of placing a submarine cable, it buries in shallow areas. Maintenance or repair activities can generate mechanical damage to benthic marine organisms, resulting in the loss of habitat and mortality of specific populations (Austin et al., 2004). However, this impact is localized in time and space because the cable’s diameter varies between 2 and 5 cm; the affected area is a strip of a maximum of 8 m wide. Once the line lais on the bottom, maintenance approved every 10 or 15 years, and repairs become less common thanks to advances in fiber optic technology (Carter, 2009).



Oil and gas exploration activities

In the last decade, Colombia has been undertaking one of the most ambitious bets exploring offshore oil and gas, mainly focusing on the Caribbean basin. The Government’s decision and companies in the sector bet on offshore projects opened a new demand for marine environmental studies (DNP, 2011). By crossing cartographic information, it was possible to observe that the location of the DSCF overlapped with exploration areas called Fuerte Norte and Fuerte Sur. These areas are reserved and assigned since 2006 for hydrocarbon exploration by the company ECOPETROL S.A. through the National Hydrocarbon Agency (Figure 3D). Therefore, it was necessary to carry out a negotiation process and agreement under MADS coordination, which will be discussed later.



Ocean acidification due to climate change

Among the ocean environment’s alterations associated with climate change, deep-sea coral reefs could be affected primarily by ocean acidification (Table 1). Rising atmospheric carbon dioxide levels may alter the global ocean’s chemical balance by reducing pH (Davies et al., 2007). The distribution of deep-sea scleractinian corals could be limited, partially by the depth of the aragonite saturation horizon (ASH) in the world’s oceans (Guinotte et al., 2006). Reduced growth rates have been observed in deep-sea coral Lophelia pertusa (Maier et al., 2009), supporting the findings that aragonite regulates their distribution. For calcification rates, the synergistic effect of acidification, heating of water, and dissolved oxygen (hypoxia) produce systemic stress in organisms. Therefore, metabolism (acid-base balance, respiration, and photosynthesis) and growth and reproductive processes are affected (Hofmann et al., 2010; Barry et al., 2011). Since the stress caused by climate change and acidification has global sources and causes, the MPA’s designation in itself will not solve the issue. Still, it can help provide adaptation and resilience for the habitats involved by controlling other local stress sources.



Preparation Phase


Ecological Importance of the Area


Richness and uniqueness

Today the most remarkable diversity of species is recognized in the deep-sea coral communities compared to tropical shallow scleractinian coral communities (Roberts et al., 2006). Nineteen species of scleractinian corals have been reported in the DSCF across San Bernardo Archipelago. It is estimated that they include approximately 40% of the Colombian Caribbean biodiversity of the continental shelf (Reyes et al., 2005), with nearly 142 invertebrate and fish species with high levels of diversity, richness, and uniformity compared to other neighboring areas (Urriago et al., 2011). The species Madracis myriaster is the primary azooxanthellate coral in the Colombian Caribbean deep-sea communities. This species has not been reported previously in the Caribbean region nor other places in the world as the primary-habitat forming organism of deep-sea corals waters (Lutz and Ginsburg, 2007). This characteristic makes it a unique habitat not only in the Caribbean region but also in the world.



Representativeness

Protected areas’ ecological representativeness is an adequate sample of biodiversity at different biological organization levels (genes, species, communities, and ecosystems), guaranteeing ecological processes and their long-term viability (Stevens, 2002; Dudley and Parish, 2006; Barr et al., 2011). If a particular kind of habitat has not yet been protected, it should have a high rating (Salm et al., 2000; Stevens, 2002). San Bernardo Archipelago holds 64% of the total DSCF coverage known in the Colombian Caribbean. The inclusion of these communities in an MPA would make it possible to fill the identified conservation gap (Segura-Quintero et al., 2012) and advance in fulfilling commitments to the United Nations Convention on Biological Diversity (CBD).



Ecosystem services

Deep-sea coral communities have been identified as the habitat for certain commercially important fish and crustacean species (Freiwald et al., 2004). In Florida, a close relationship has been found between the abundance of species of fishery importance (grouper, snapper, and mackerel) and the conservation status of deep coral colonies of the genus Oculina (Koenig et al., 2005; Reed et al., 2007). In the northern Colombian Caribbean, fishing exploitation statistics suggest a correlation between sites identified as fishing grounds with high volumes of commercially important fish catch (snapper and horse mackerel) and areas with deep-sea corals (Majarres, 2004). Additionally, the high biodiversity associated with DSCF in the Colombian Caribbean offers a refuge for many deep-sea species (Reyes et al., 2005). This diversity has an intrinsic value, with a significant potential for bioprospecting in the production of secondary metabolites. It has been studied in scleractinian coral species as Lophelia pertusa and Madrepora oculata (Mancini et al., 1999; Skropeta, 2008).



Ecological connectivity

Connectivity is an essential criterion for MPA and network MPA design (Roberts et al.,2003a,b). It is described as the linkage of spatially distinct populations, communities, ecosystems, or habitats to exchanging genes, organisms, nutrients, and energy (Almany et al., 2009; Botsford et al., 2009). In this way, the community’s composition regulates, and the ecosystem’s capacity to recover from a disturbance increases (Gaines et al., 2007). Although connectivity processes in this DSCF have not been evaluated, five common fish species associated with shallow coral reefs from the Corales del Rosario and San Bernardo National Natural Park (Reyes et al., 2005) suggest a possible ecological relationship with these reefs. Thus, it is possible to hypothesize about the possible use of DSCF as stepping-stones sites in the population dispersing processes considered exclusive to shallow environments. Understanding the links between shallow and deep coral fish communities will depend on future studies that obtain spatial and temporal coverage of these habitats’ use and the specific mechanisms that mediate their distribution and abundance (Auster, 2007).



Importance for knowledge and research

There are considerable knowledge gaps about DSCF to be addressed through multidisciplinary research. These include distribution models, geology, biology, ecology, and human impact assessment (Freiwald et al., 2004). The main characteristic of this area is the presence of Madracis myriaster as a structuring coral, where it has been evidenced that they could be relatively new communities (on a wide time scale) given the absence of lithification processes (Lutz and Ginsburg, 2007) conditioned to diapirism and gas emission events, and subduction from tectonic activity (Duque-Caro, 1984; Vernette, 1985). The main research fields arising from this DSCF would be studying reproductive biology and larval dispersal considered molecular genetics. These communities’ longevity and slow growth allow for a very high-resolution record to generate historical reconstructions of climatic and oceanographic conditions. Their global distribution also allows comparisons on long time and space scales (Roberts et al., 2006). These qualities make them highly valuable for climate research and modeling.



Vulnerable habitats and human threats

Intact habitats that can easily be damaged or changed by human activities increase MPA’s priority (Roberts et al., 2003b). Due to their biological characteristics and oceanographic environment, DSCF are particularly vulnerable to physical damage. Vast areas of these communities have disappeared in a short time due to fishing activities in different parts of the world (Davies et al., 2007; Ramirez-Llodra et al., 2011). The information collected on current and potential uses show a high risk of threat to the conservation of the San Bernardo DSCF due to the growth of the oil and gas industry (DNP, 2011), the increasing technology of fishing gear to access ever deeper fishing grounds (Paramo and Saint-Paul, 2012a) and the increase in the installation of submarine cables. Additionally, of the nine species included in the “Identification Manual of marine invertebrates of Colombia” for the Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) (Reyes and Santodomingo, 2002), seven are present in the Colombian Caribbean DSCF. There are reports from Colombia as an exporting country before CITES for their value in elaborating jewels (Lutz and Ginsburg, 2007), although the sites and depths of exploitation of this resource are unknown.



Conservation Goals of the MPA

The conservation objectives of a protected area are the starting and ending point toward planning actions guiding the definition of management priorities (Salm et al., 2000). Based on the ecological criteria described above and the selection of the DSCF as the principal conservation target of the site, two conservation objectives were defined for the MPA: (1) to preserve the DSCF located at the shelf-edge and the upper slope, as an expression of ecosystem representativeness and uniqueness and essential habitat for marine diversity, and (2) to contribute to the supply of ecosystemic goods and services provided by the DSCF, especially considering their potential connectivity with other marine ecosystems and their role in the dispersion of diverse species of benthic habitats.



Choosing the Management Category

Considering the current management categories of SINAP (Decree 622,1977; Decree 2372,2010), the category that best fits the conservation objectives proposed for the DSCF area is the Natural National Park (NNP). The NNP is equivalent to Category II- IUCN National Park (Dudley, 2008). For a definition of NNP, see Decree 622 (1977).

The activities allowed in NNP are preservation, restoration, recreation, research, education, and culture. In the case of the San Bernardo Archipelago, all these activities are viable. However, recreational and cultural activities are limited because it is a remote deep water area. Still, the option of underwater tourism could be explored in the future.



Scenarios for the Delimitation of MPA

The NNP design began with the integration of technical information and national consensus. It was oriented to incorporate the conservation targets (Deep-sea coral formations) with local planning perspectives by the different institutional actors and productive sectors. Three scenarios with varying boundaries of NNP were proposed and discussed with stakeholders (Figure 4). These conditional factors were taken into account to define the limit: (1) include a 100% coverage of the DSCF; (2) establish the minimum distance where the possible effects of activities in the area (i.e., bottom fishing, oil, and gas) did not threaten the viability of conservation objectives, and (3) the limits facilitate monitoring and control by the environmental authority.
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FIGURE 4. Delimitation of the polygons for the possible scenarios of the designation of the marine protected area. Distances of deep-sea coral formations edges (km) in each design (A) staircase, (B) rectangular, and (C) rhomboid.


For scenario A, a staircase polygon was proposed with 12 georeferenced vertex points covering an area of 87,338 ha (Figure 4A). Scenario B proposed a square polygon with an area of 142,192 ha (Figure 4B). For scenario C, a rhomboid was proposed with an area of 93,137 ha (Figure 4C). Of the three scenarios, scenario B has the largest area, both on the continental shelf (50,771 ha) and the continental slope (70,986 ha), and reaching the highest depth (1,234 m) (Table 2).


TABLE 2. Area coverage and depths of the three scenarios proposed for the delimitation of the Marine Protected Area.

[image: Table 2]All three scenarios meet the first conditional factor. For future monitoring, control, and surveillance activities of NNP, scenarios B and C best fit this requirement as they cover only four vertices. However, only scenario B was adjusted to parallel and meridians (i.e., latitude and longitude), assuming that, at sea, these actions with updated GPS equipment and nautical charts can be more easily performed with this System of geographical coordinates and exercise better management of the area.

On the other hand, to evaluate the second condition, there is scientific evidence on the direct physical and chemical impacts that the oil and gas sector generates (e.g., anchor chains, drill cuttings, and drilling fluids) on benthic communities in the various steps of the exploration and production process (Olsgard and Gray, 1995; Sammarco et al., 2004; Gass and Roberts, 2006; Netto et al., 2009; Larsson and Purser, 2011; Jones et al., 2012; Purser and Thomsen, 2012; White et al., 2012). Due to the drilling of multiple wells in the exploration phase, the predominant discharges during drilling would be the cuttings. The deposition of the cuttings on the seabed depends mainly on local oceanographic conditions and the depth they are discharged (Breuer et al., 2004). Physical burial of natural seabeds shows detrimental effects at distances between 100 and 500 m from the well (Santos et al., 2009; Jones et al., 2012), where recovery is likely to be slow. Lesser biological effects are detected in community parameters at distances of 1,000 m or in areas with stronger currents and at depths of 2,000 m from the drilling platform and where elevated hydrocarbon levels can extend up to approximately 4–5 km in the direction of the direct current (Olsgard and Gray, 1995; Lincoln, 2002). Based on the above, the three scenarios were designed with minimum distances to the DSCF of between 3 and 5 km, with scenario B having the longest (∼ 18 km) and shortest distances (∼ 3 km) (Figure 4B).



The Negotiation Process With the Economic Sectors

Scenarios proposal for the new NNP were discussed with each of the economic sectors in separate meetings to avoid alienating these interest groups with marginal adverse effects (Armstrong and van den Hove, 2008).


Fishing sector

With the fishing sector meetings through the National Fisheries Authority, the restrictions on carrying out activities in an NNP were exposed. Scenarios A and C were compared, and unlike scenario B, they did not guarantee a sufficiently large and safe buffer area for positioning and operation of fishing gear (e.g., bottom and longline fishing) invading the NNP boundaries. This argument was supported by experiences such as that of Gully MPA in Canada and MPA Darwin Mounds in the United Kingdom, both with the presence of the deep-sea coral of Lophelia pertusa (Linnaeus, 1758) and where fishing activities were prohibited in 2002 and 2003, respectively, due to the damage caused to these communities (Breeze and Fenton, 2007; De Santo and Jones, 2007).

According to fishing statistics in the Colombian Caribbean, a sharp decrease in fish catches began in 2007, with 47% only in the 2009–2010 period (Rueda et al., 2013). Furthermore, the catch sizes of the leading commercially important fish species in the Caribbean (i.e., grouper, snapper, and mackerel) were below the average size at sexual maturity (MADR–CCI, 2010). For the fishing sector, it was essential to describe the existing scientific evidence in more than 100 areas of the world on the direct and indirect benefits of the designation of marine reserves (MPA where fishing is restricted) (PISCO, 2008). These studies demonstrate the increase in the abundance, diversity, and size of the marine species that live within the MPA and the biomass they export, maximizing fish spill-over (Babcock et al., 2010; Murillo et al., 2011). Based on the above, the fisheries sector welcomed the establishment of this new NNP with the limits of scenario B as a complementary strategy to recover and preserve commercial fisheries since DSCF are strategic sites in their life cycles.



Telecommunication sector

Telecommunications is an exponentially growing industry worldwide, facing the need to connect continents and islands through fiber optic cables across the ocean becoming increasingly common due to new technology (Carter, 2009). In the first meetings to approach the sector about the future declaration of the NNP, the lack of coordination between the environmental sector and the communications sector was indisputable. Despite the evidence from the DSCF, since 2005 in the area where the submarine cable was laid, there was no mapping of these communities’ spatial distribution when the project was presented to the environmental authority in 2010. Therefore the project was made viable in the Environmental Impact Assessment. Therefore, the proposal for scenario B for the PNN was accepted, given the importance of this area in planning the country’s conservation priorities and the consolidation of SINAP (DNP, 2010).

Furthermore, in areas where there are submarine cables in Colombian jurisdictional waters (EEZ), the anchoring of any boat and trawling is prohibited, and any maritime activity that maintains complete or partial contact with the sea bottom. In those cases, parallel safety zones of 1/4 nautical mile (500 m) are established on each side of the cable, duly marked on the nautical charts (Resolution 204,2012). This Colombian regulation strengthens the management measures within the new NNP.



Oil and gas sector

Due to the exponential increase in demand and the depletion of hydrocarbon reserves in more accessible locations, deep-waters oil and gas exploitation is a growing industry worldwide (Freiwald et al., 2004). During the Design and designation of this NNP, the mining and energy sector (e.g., offshore gas and oil) constituted one of the five main economic development strategies in the National Development Plan (NDP) 2010–2014 (DNP, 2011). Thus, seismic exploration activity in Colombian territory and mainly in Caribbean waters between 2009–2011, was the highest in the last three decades, concentrating on offshore areas and licensing exploration blocks at an unprecedented rate (ANH, 2011), which would continue increasing as proposed, for oil and gas supply and demand scenarios in Colombia in 2030 (UPME, 2012).

The negotiation on the selection of the best scenario of the NNP limit to the industry required a much broader negotiation time, given the presence of the DSCF within two hydrocarbon exploration blocks reserved and assigned by the ANH to the ECOPETROL S.A. (Fuerte Norte Block and Fuerte Sur Block; Figure 3D).

The areas had two exploration and production contract actives since 2006 with BHP Billiton Petroleum5. The industry started from the premise of subtracting a minimum area from the blocks that would allow the conservation of these communities and the continuity of oil and gas exploration operations. The above was encouraged by the NDP 2010–2014, which for the first time in Colombia, prohibited the development of mining activities, exploration, exploitation of hydrocarbons, aquaculture, industrial trawling, as well as the extraction of coral components for the elaboration of handicrafts in coral reefs (Law 1450 of 2011: article 207, paragraph 1). Furthermore, within the two oil and gas exploration contracts, there was the possibility of making “reductions in assigned areas” if the competent Environmental Authority adopts the extension of reserved, excluded, protected, or restricted areas after the contract is signed. Likewise, suppose new such areas are established, the extension of which corresponds partially to an assigned exploitation area. In that case, the contractor irrevocably undertakes to fully respect the conditions and regulations to which the area is subject and to comply with the obligations and requirements.

Therefore, the sector was more inclined to select scenarios A or C since they specifically met a buffer area of at least 5 km and areas of smaller polygons (Figure 3), which generated a balanced proposal for both parties. The strategy of minimizing the alignment of proposals with the three sectors in a discussion meeting, having achieved a prior consensus of scenario B with the two previous sectors, allowed the first significant advance in negotiations with the oil and gas sector. As part of the technical support, the recently published results on the impacts of the Deepwater Horizon oil spill in the Gulf of Mexico in April 2010 were evaluated. These effects impacted the deep-sea coral, reaching a depth of 1,370 m and a distance of 11 km to the Macondo well (White et al., 2012). This threat in marine areas could translate into severe impacts on these communities characterized by low metabolism, growth, and reproduction rates (Freiwald et al., 2004; Ramirez-Llodra et al., 2011).

For this reason, a polygon with a larger area was designed with the precautionary principle strengthened, in the face of a possible future accident, as the NNP is adjacent to the two exploration blocks. A study on the individual size, frequency, and total amount of oil spilled in the United States MPAs showed that although fewer spills within the MPAs, there are no significant differences in the effects within and outside (Dalton and Jin, 2010). Therefore, having a much larger buffer area, such as scenario B, will allow clear rules and policies to be developed within the NNP management plan that reduces vulnerability to potential oil spills.

Furthermore, the area where the DSCF was identified in 2012 as part of an ecologically or biologically significant marine area (EBSA), during the Wider Caribbean and Midwest Atlantic regional workshop to facilitate the description of EBSA, in Recife, Brazil (CBD, 2012; Secretariat of the Convention on Biological Diversity, 2014). This recognition generated international anticipation to protect these communities with a characteristic of singularity or rarity and strengthen the national position to preserve this area’s ecological integrity.

There is a knowledge gap of the physical (i.e., deep currents) and biological processes that control these communities. Presence, distribution, and connectivity processes are not well understood within and outside of NNP. The sector accepted scenario B’s proposal as the best option based on the precautionary principle.



Designation Phase

Once the negotiation process was over, in 2012, the NNP proposal was presented to the Colombian Academy of Exact Physical and Natural Sciences under “Corales de Profundidad National Natural Park.” The designation of the NNP was carried out in 2013 through an administrative act signed by the MADS (Resolution 339,2013). This MPA became the first Colombian underwater marine national park to conserve the DSCF found on the edge of the continental shelf and the upper slope as an expression of ecosystem representativeness, uniqueness, and essential habitat for a great diversity of marine species. It was also the first MPA in the Latin American and Caribbean region to conserve these DSCF. This new area became the 14th MPA of the System of National Natural Parks as part of SINAP with an area of 142,192.15 ha (Figure 4B), contributing to Colombia’s international commitments to the 11th Aichi Target for Biological Diversity of the CBD.



DISCUSSION

Including the DSCF as a conservation target in the designation of a new MPA for Colombia was a process that took 40 years to build, if we take into account the first scientific evidence found of these communities in Colombian waters and the subsequent expeditions between 1995 and 2005 (Reyes et al., 2005; Santodomingo et al., 2007, 2013; Alonso et al., 2015).

The secondary information reviewed in the provisioning phase allowed justifying the urgency of establishing an in situ conservation strategy, since these communities are a conservation priority in the country (DNP, 2010), following other countries in the region such as Brazil, Chile, and Venezuela (Chatwin, 2007), and other Marine Ecoregions of the World (Álvarez-Romero et al., 2018). The designation of the NNP allowed conserving 64.7% of the currently estimated area covered of these communities in the Colombian Caribbean and improving the representativeness of the System of National Natural Parks (Alonso and Corredor-Rubiano, 2020), contributing to the conservation of these communities in recent decades by including them in countries such as France (Fabri et al., 2014), Spain (Serrano et al., 2017), United States (Auster et al., 2020) and future designations for discoveries such as in the northern Red Sea waters of Saudi Arabia (Qurban et al., 2020).

The uniqueness criterion conferred by the Madracis myriaster species as the primary-habitat forming organism supports this NNP designation’s ecological importance in the Caribbean and worldwide. However, although the lack of scientific information for designation, recent research within the NNP has expanded and confirmed the ecological importance of recording mesophotic coral communities (Sánchez and Andrade, 2014; Sánchez et al., 2016). The presence of 80 fish species as large snapper and groupers (Chasqui-Velasco and González-Corredor, 2019) highlights the black grouper’s presence Hyporthodus nigritus, captured at a depth of 200 m (Bustos-Montes et al., 2013). Recent campaigns have advanced in the knowledge of the geomorphology of the marine bottom of the NNP (Morales-Giraldo et al., 2017) and expanded the distribution of the DSCF (Cedeño-Posso et al., 2017).

Although the designation of the NNP was based on the potential ecosystem services provided by the area, a recent study made the first approach to capture the economic value of the ecosystem services provided by this DSCF, concluding that the NNP has an essential value associated with its existence (non-uses values), where people are willing to pay a high value that would be equivalent to around the United States $ 95 million annually (Maldonado and Cuervo, 2016).

The National Natural Park category limits the three economic activities identified as significant threats to the area. The exclusion of future industrial fishing activities, especially bottom trawling, should avoid physical damage to these deep-sea communities, which continue to report losses and damages worldwide (Pusceddu et al., 2014; Clark et al., 2015). On the other hand, given the industry’s growth offshore oil and gas in Colombia (DNP, 2019), it is crucial to consider the potential threat that would have lead to a potential oil spill in the adjacent exploration areas.

During the last decade, after the Deepwater Horizon oil spill accident in the Gulf of Mexico (Fisher et al., 2014), the need to fill information gaps regarding the response of deep-water corals to oil and chemical dispersant exposure (DeLeo et al., 2016), growth rates and ages of deep-sea corals impacted (Prouty et al., 2016), and the importance of studying the physical oceanography of the area to predict the movement of water and the hydrocarbons they carry in future scenarios blowout (Joye et al., 2016). These research questions unresolved in the NNP should be strengthened with the industry of oil and gas to obtain baseline information required for a solid understanding of these systems’ ecology and interpretation of the results of monitoring, both local and regional scale (Cordes et al., 2016).

In general, fishing and oil and gas activities outside the NNP will continue, so the area management plan must be integrated into a broader marine management strategy such as integrated coastal zone management (MMA, 2000). Likewise, to marine spatial planning schemes that are being advanced in the area (Afanador-Franco et al., 2019), where the articulation of these planning tools is recommended to obtain the success in the effectiveness of the MPA (IOC-UNESCO, 2017). This harmonization of planning instruments is a challenge ensuring that the governance of the NNP is based on shared visions and goals.

To design limits of the NNP was the most critical step in the designation process. One of the most significant weaknesses was the limited information of the area and the few other world regions’ experiences. Uncertainty about the scope of potential threats was always present in the negotiation process; however, the country’s political will was clear from the beginning, managing to lay the minimum technical and scientific bases to support this conservation strategy actors involved. Describing the behind-the-scenes process of designation and simplifying discussions and decisions was not an easy task. However, it will serve as a case study to contribute to the process of building the global framework for biodiversity post-2020, currently under negotiation (CBD, 2018), and demonstrate that it is possible to generate spaces for consultation and agreements between the productive and environmental sectors to protect marine biodiversity in this type of deep environment.


Lessons Learned and Opportunities

This first experience in the designation of marine protected areas of such nature allowed the acquisition of some lessons learned: (1) to follow a system based on using the best available scientific evidence precautionary approach, where scientific discourse’s transparency reinforced confidence in knowledge. (2) To promote actions to strengthen decision-making and the private sector’s commitment to achieving the country’s conservation objectives as a signatory of the Convention on Biological Diversity and the Aichi Target 11. (3) To encourage the harmonization of Government and economic sectors with the marine protected area’s management, differentiated to avoid alienating the stakeholders by seeking solutions with marginal adverse effects. (4) Promote cooperation of the oil and gas industry, fisheries, and communications with scientific research to manage future environmental impact.

The NNP designation opens up future opportunities in various actions. One of the most important in the short term is bringing different stakeholders and the general public closer to these communities’ existence and fragility through education and communication campaigns (for example, photos, multimedia videos). These actions should be thought of and directed at discrete and defined audiences. The latter will allow a better understanding and acceptance of the need and importance of protecting these invisible resources for society.

Finally, it will be essential to promote cooperation between government entities to reduce surveillance and control costs over the NNP. Likewise, strengthen strategic alliances with nationally and internationally recognized academic and research institutions to direct future research and monitoring programs.
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FOOTNOTES

1https://siam.invemar.org.coinformacion-geografica/

2https://geovisor.anh.gov.co/tierras/

3https://www.submarinecablemap.com/#/

4https://www.submarinecablemap.com/#/submarine-cable/san-andres-isla-tolu-submarine-cable-sait

5http://www.anh.gov.co/hidrocarburos/oportunidades-disponibles/relacion-de-areas-asignadas
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The habitat formed by the Callogorgia species, with their abundance and colony sizes, provides an important refuge for a variety of brittle stars which are recognized as the epibionts of octocorals in both shallow and deep environments. In such a relationship, ophiurans benefit directly from being elevated because they facilitate their feeding by suspension, while octocorals do not seem to benefit or be harmed. During three different expeditions developed in the Colombian Pacific from 2012 to 2013 and in the Caribbean Sea during 1998 and 2012 by the INVEMAR - Marine and Coastal Research institute, different samplings were carried out on soft bottoms through trawls with an epibenthic net. For the Pacific Ocean, 33 fragments of the octocoral Callogorgia cf. galapagensis Cairns, 2018 with 178 specimens of the ophiuroid Astrodia cf. excavata (Lütken and Mortensen, 1899) were found in two stations at depths 530 and 668 m. Considering the abundance of A. cf excavata, other biological characters such as size, presence of mature gonads, and evidence of arm regeneration were also detailed. In contrast, in the Caribbean Sea, Callogorgia gracilis (Milne Edwards and Haime, 1857) was found with ophiuroids belonging to the genera Asteroschema and Ophiomitra. The octocoral Callogorgia americana (Cairns and Bayer, 2002) was also found, but without associated brittle stars. These findings constituted the first specific association reported in the Eastern Tropical Pacific, and new relationships for the Caribbean Sea. This further reflected a possible specific association between the Callogorgia and Astrodia species that needed to be further explored. Thus, the Callogorgia species and the brittle star A. cf. excavata represented new records for the Colombian Pacific Ocean and the southern Caribbean Sea.

Keywords: commensalism, Callogorgia cf. galapagensis, Astrodia cf. excavata, Callogorgia gracilis, Callogorgia americana, Colombia, Eastern Tropical Pacific, Caribbean Sea


INTRODUCTION

The structural complexity that octocorals provide in deep habitats facilitates and increases biodiversity by providing biogenic habitats for settlement and colonization by crustaceans, echinoderms, annelids, and bryozoans, among other organisms (Buhl-Mortensen et al., 2010; Watling et al., 2011; Bourque and Demopoulos, 2018). The symbiotic association with octocorals seems to be related to the advantages of the morphologically enhanced feeding of gorgonians that, when rising from the bottom, are oriented with the flow of water to maximize the capture of food from the water that flows through their polyps. This is believed to benefit the diverse assembly of facultative and potentially obligated symbionts of octocorals (Buhl-Mortensen et al., 2010; Allcock and Johnson, 2019). Additionally, it is believed that some symbionts could receive passive protection against predation from the defense system of octocorals through secondary metabolites (Watling et al., 2011; Allcock and Johnson, 2019).

The biological interaction between octocorals and brittle stars has been commonly documented, with its type of association seeming to vary among species, such as between commensal, mutualist, and parasitic relationships (Cairns, 2010; Carreiro-Silva et al., 2011; Watling et al., 2011). Historically, commensalism has been recognized as the usual type of association between brittle stars and octocorals (Watling et al., 2011). In this association, the ophiurans benefit directly by being elevated through facilitating their feeding by suspension, while the octocorals do not seem to benefit or be harmed by this relationship (Fujita and Ohta, 1988). Nevertheless, recent investigations in the Gulf of Mexico suggested some benefits to the octocorals with this association, such as receiving a cleaning action by the ophiuroids guest (Girard et al., 2016). For the brittle stars, the symbiotic interaction could be facultative or obligate. In some cases, a close relationship occurs between cohabiting species, with the interaction beginning from their juvenile stages. This is thought to occur with the ophiuran Ophiocreas oedipus Lyman, 1879 that colonizes the octocoral primnoid Metallogorgia melanotrichos (Wright and Studer, 1889) when both are young and grow up together until death, with the brittle star being the only symbiont of the colony (Mosher and Watling, 2009). However, at least for shallow-water species such as Ophiothela mirabilis (Verrill, 1867), it has been suggested that a negative effect could exist for the coral host due to the high densities of the brittle stars (Mantelatto et al., 2016).

In a review and compilation of the information related to deep-sea octocorals, including their symbiotic interactions, a study by Watling et al. (2011) recorded symbiotic relationships, which were commensal and parasitic, in 17 families of Alcyonacea out of the 31 existing as of 2011. For the octocoral family Primnoidae, 17 symbionts were recognized among amphipods, copepods, polychaetes, zoanthids, and brittle stars, which were mostly commensals and a few parasites (Watling et al., 2011; Cairns, 2016). However, only the ophiuroids from the order Euryalida (Asteronychidae Ljungman, 1867 and Asteroschematidae Verrill, 1899, currently Euryalidae Gray, 1840, according to O'Hara et al., 2017) form associations with octocorals (Watling et al., 2011). Despite the relevance of these associations, there are few records where brittle stars are identified to the species level (Emson and Woodley, 1987; Fujita and Ohta, 1988; Fujita, 2001; Mosher and Watling, 2009). All the Euryalida specimens recorded by the study of Watling et al. (2011) were identified to the class or genus level of Asteroschema.

The genus Callogorgia Gray, 1858 (Alcyonacea: Primnoidae) is considered a habitat-forming coral due to its abundance and morphology, which create habitats for a diverse array of fauna in the Gulf of Mexico and the northeast Pacific Ocean (Etnoyer and Morgan, 2003; Etnoyer and Warrenchuk, 2007; Quattrini et al., 2013). Several records of the associations of Callogorgia spp. from the Atlantic and the Pacific Ocean involved zoanthids, copepods, and scale worms that were identified to a genus or species level (Grygier, 1980; Pettibone, 1991; Carreiro-Silva et al., 2011). However, the brittle stars were still not identified even if they were usually mentioned (Quattrini et al., 2013; Bayer et al., 2014; Cairns, 2018b; Cordeiro et al., 2018). Records of the ophiuroid genus Astrodia in the Pacific Ocean have also been presented in studies by Sellanes et al. (2008) and Okanishi and Fujita (2014). Nevertheless, the study by Sellanes et al. (2008) recorded Astrodia tenuispina (Verrill, 1884), which is an Atlantic species according to a study by Okanishi and Fujita (2014).

In the present study, we recorded for the first time the previously unknown relationship between the two species of the octocoral Callogorgia and their associated brittle stars based on specimens from the Colombian Pacific Ocean and the Colombian Caribbean Sea. Furthermore, we presented the detailed morphological characteristics of the associated Pacific species and described their characteristics in regard to the size, arm regeneration, and mature gonads of the Pacific ophiuroids.



MATERIALS AND METHODS

The reviewed specimens were collected during expeditions developed by INVEMAR - Marine and Coastal Research Institute in the Colombian Pacific and Caribbean Sea (Figure 1). The Pacific specimens were collected during the Tumaco Offshore expedition from 2012 to 2013. These samplings were carried out on the soft bottoms of 15 localities in an unexplored area offshore of Tumaco (Nariño department, Figure 1) using an epibenthic trawl net (with an opening of 9 × 1 m, 2.5 knots by 10 min). On the other hand, the Caribbean specimens were collected during both the Macrofauna I expedition (see Reyes et al., 2005; Santodomingo et al., 2013) using a semi-balloon trawl net (with an opening of 9 × 1 m, 3 knots by 20 min) in the off shore continental shelf of Tayrona National Natural Park (Magdalena department; Figure 1) and the ICP expedition developed in the offshore continental shelf of La Guajira department (Figure 1) using a semi-balloon trawl net (9.5 m opening, 3 knots by 10 min). In the Supplementary Material, the coordinates of the trawling in the collection locations were expressed as well-known text representations (WKT footprint) according to the Darwin Core Standard (TDWG, 2018), thus the line string will be latitude1 longitude1, latitude2 longitude2. The line string method means that the sampling was a transect, where the first pair of coordinates indicates the beginning point and the second pair corresponds to the ending point.
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FIGURE 1. Sampling sites in the Colombian Pacific and Caribbean Sea where samples of Callogorgia spp. in association with brittle stars were collected. Collections were made in different stations (red points) during different INVEMAR expeditions: Macrofauna 1 (Magdalena sites), ICP (La Guajira sites), and Tumaco Offshore (Pacific sites, Nariño). Stations names are the same used in each expedition.


The collected octocorals and their associated ophiurans were submerged in magnesium chloride (MgCl2) to relax the structures of taxonomic importance and facilitate their observation. The samples were also preserved in alcohol 96 % so that there would be available tissues for molecular studies in the future. Specimen vouchers were then cataloged and stored in collections at the Marine Natural History Museum of Colombia (MHNMC) of INVEMAR (Table 1). Furthermore, the octocoral species were identified according to the colony morphology and characteristics of the polyp scales, following the works made by Bayer (1982), Cairns and Bayer (2002), Bayer et al. (2014), and Cairns (2018a). The brittle stars were then identified based on their external morphological characteristics following the taxonomic information presented by the studies of Fell (1960), Okanishi and Fujita (2014), and O'Hara et al. (2017). The external characteristics of Astrodia include dorsal disc with thickened skin with few or no scales, bar-like radial shields that almost meet in the disc center, long and tapering arms that are covered by thickened skin, lacking dorsal plates, and never hooked arm spines (After Okanishi and Fujita, 2014; O'Hara et al., 2017; Okanishi et al., 2017). Biological information based on the specimens collected in the Pacific Ocean, such as the size of the ophiuroids by disk diameter (dd), presence of mature gonads by direct observation, and macroscopic evidence of arm regeneration, were reviewed and reported. Octocoral fragments were also reviewed for predation signs, while the stomach contents in the ophiuroids that were randomly selected were observed by microscopy.


Table 1. Commensal relationship between Callogorgia spp. and ophiuroids found in the Colombian Pacific and Caribbean Sea based on material deposited in the Marine Natural History Museum of Colombia (MHNMC) of INVEMAR.
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RESULTS


Pacific Ocean Associations

During the deep-sea explorations carried out on the Colombian Pacific continental shelf, one species of Callogorgia and one of the brittle stars were captured in symbiotic association. The octocoral species was identified as Callogorgia cf. galapagensis Cairns, 2018 (Figures 2A,B) and the associated was the ophiuroid Astrodia cf. excavata (Lütken and Mortensen, 1899) (Figures 2C–E). This symbiotic association was found among the 2 out of 15 stations sampled in Tumaco (Nariño), with a total of 33 octocoral fragments of C. cf. galapagensis and 178 individuals of the ophiroid A. cf. excavata found (Table 1). The species abundance varied between the two stations. In EA 345 (northern and deepest station, Figure 1), 28 coral fragments and 176 brittle stars were captured between 550 and 668 m depths. In contrast, in station EA 337, only five coral fragments and two ophiurans were captured at a depth of 530 m. Considering the abundance difference, the association and the biological information of the ophiuroids were described mostly based on the samples collected at station EA 345 (Figure 1).


[image: Figure 2]
FIGURE 2. Octocorals and brittle stars found associated in the Colombian Pacific and Colombian Caribbean Sea. Pacific specimens: (A) Fragment of the octocoral Callogorgia cf. galapagensis associated with the brittle star Astrodia cf. excavata. (B) Whorl of polyps of C. cf. galapagensis. (C) Disc of A. cf. excavata (D,E) Color of C. cf. galapagensis and A. cf. excavata in live specimens. Caribbean specimens: (F) Association among the octocoral Callogorgia gracilis and the brittle stars Asteroschema oligactes and Ophiomitra valida. (G) Whorl of polyps of C. gracilis. (H) Juvenile of O. valida. (I,J) A. oligactes. (K) Adult specimen of O. valida.


The octocoral and brittle star associations found in this study were considered as commensalism since no injury symptoms were found in the coral fragments and no sclerites, i.e. octocoral microstructures, were found in a random sampling of the stomachs of the brittle stars. The reviewed 176 ophiurans allowed the recognition of some biological traits, such as the disc diameters of A. cf. excavata residing in the octocoral fragments ranged between 6 and 23.46 mm, with a mean of 16.23 mm (Figure 3A). The sexes of the specimens were also not determined, but 60 % of the individuals that were reviewed showed mature gonads. Most of these gonads were between 14–17 mm sizes (Figures 3A–C), with 13 mm as the smallest size. Macroscopic signs of regeneration were also observed in 11.5 % of the 176 specimens reviewed, where most of them were larger than 18 mm in the disc diameter. Only one specimen showed a disc in regeneration (Figure 3D), while the other individuals only had regenerations in the arms, which were usually from the distal portions (Figures 3E,F).


[image: Figure 3]
FIGURE 3. Astrodia cf. excavata biological information. (A) Plot of number of individuals per size range, number of individuals showing evidence of arm regeneration, and mature gonads (B,C) Dorsal and ventral view showing mature gonads by direct observation. (D) Evidence of disc regeneration. (E,F) Evidence of arm regeneration.




Caribbean Sea Associations

In the Colombian Caribbean, the coral species C. gracilis (Milne Edwards and Haime, 1857) was found associated with two brittle stars, Asteroschema oligactes (Pallas, 1788) and Ophiomitra valida Lyman, 1869 (Figure 2F). These symbiotic associations were registered in three of the four stations sampled in both La Guajira and Magdalena locations. In total, 14 fragments and one small colony were reviewed. In all cases, the octocoral was identified as C. gracilis (Milne Edwards and Haime, 1857) except for one fragment that corresponded to C. americana (Cairns and Bayer, 2002). This species was collected in station E 42, but it was not found to be associated with any ophiuroid. Thus, C. gracilis (Figures 2F,G) was commonly associated with the brittle star A. oligactes (Pallas, 1788) (Figures 2I,J), with 18 ophiuroids found attached to the coral, while only three ophiuroids of O. valida Lyman, 1869 (Figures 2H,K) were found among all the specimens reviewed.

Both brittle star species explored in this study, A. oligactes and O. valida, were found co-occurring at the same colony or fragments (Figure 2F), reflecting no exclusion between guest species. Additionally, one juvenile of O. valida (disc diameter = 2.73 mm) was found together with specimens of A. oligactes. Collection data and other detailed information are presented in Table 1. For detailed information about species taxonomy see Borrero-Pérez et al. (2008); Benavides-Serrato et al. (2011).




DISCUSSION

The habitat formed by the Callogorgia species with their large colony sizes provides an important refuge for different species (Etnoyer and Morgan, 2003). In this case, they provide for a variety of brittle stars living in the Eastern Tropical Pacific (ETP) and the Caribbean Sea. The exploration of deep waters to the southwest of the Colombian Pacific allowed for the recognition of a symbiotic relationship between the octocoral C. cf. galapagensis and the ophiuroid A. cf. excavata, thus being the first record of this symbiotic relationship in the ETP.

Although the species involved in the symbiosis maintain the taxonomic status “to be confirmed – cf.” they have a close affinity with the mentioned species and only a few morphological variations (described in the remarks of each species as presented in the Supplementary Material) based on their original descriptions, make us maintain this caution in both species. Callogorgia galapagensis is a recently described octocoral species, only reported for Galapagos and Cocos Island (Cairns, 2018a), which now would be present in the deep continental platform of Colombia. In particular, A. cf. excavata has been recorded mainly in the northeastern Pacific, from California, USA to Tres Marias Islands, Mexico, with only two records from Perú and Chile (Okanishi and Fujita, 2014; Natural History Museum, 2020). This study confirmed the presence of this species in the southeastern Pacific, specifically in Colombia.

The symbiotic relation found between C. cf. galapagensis and A. cf. excavata, was considered here as commensalism since the ophiurans benefited from the host but did not seem to affect them. This conclusion is supported since the coral fragments that were reviewed did not show signs of dead tissue. Additionally, no sclerites were found in the stomach contents of the ophiuroids during a random sampling. This case would prove predation by the brittle star. However, more information is needed about the possible benefits for the coral host since their consequences in a symbiotic relationship are poorly known (Girard et al., 2016). A recent study demonstrated the positive influence of the brittle star Asteroschema clavigerum in the recovery of the octocoral Paramuricea biscaya after an oil-spill event. This study revealed that the coral benefits from the removal of the deposited oil material by the ophiuroid actions (Girard et al., 2016). Regarding the benefits to the brittle stars from being elevated to facilitate their feeding by suspension, it was expected that the octocoral host acted as a refuge from predators due to the chemical protection provided by its secondary metabolites (Watling et al., 2011). However, predation in associated brittle stars was expected, considering the need to unravel their arms from the coral and extend them into the water to catch their food from the water column. For this reason, ophiuroids were recognized in a study by Watling et al. (2011) as the one group for whom the chemical protection by octocorals is of only a limited benefit. This phenomenon could explain the 11.5 % regeneration observed in the arms and discs of the Astrodia specimens that were collected in this study. Nevertheless, there is no information available to compare if this is a high or low percentage.

For the Callogorgia genus, many different associations with brittle stars have been documented, but specific relations are still unknown since the majority of the brittle stars were unidentified (Quattrini et al., 2013; Bayer et al., 2014; Cairns, 2018b; Cordeiro et al., 2018). However, we think that some brittle stars entwined to Callogorgia spp. could belong to the genus Astrodia, with four species currently accepted in the genus depending on their geographic distribution (Okanishi and Fujita, 2014), although they may also be new species. Astrodia identification was performed by comparing external morphology, as detailed in the Material and methods section, and geographic distribution with the other three genera in the family Asteronychidae, namely, Asteronyx Müller and Troschel, 1842 (six species, around the world), Astronebris Downey, 1967 (one species, Alaska), and Ophioschiza H.L. Clark, 1911 (one species, Alaska). Further identification was done by comparing Astrodia with the other families in the order Euryalida (Euryalidae Gray, 1840 and Gorgonocephalidae Ljungman, 1867), according to the new Ophiuroidea classification proposed by O'Hara et al. (2017) and other authors (Okanishi et al., 2017; Horvath and Stone, 2018; GBIF, 2019). However, since these specimens were identified by photos and videos, the material needs to be confirmed with collected or museum specimens.

Astrodia spp. were identified to be associated with Callogorgia lucaya and C. arawak colonies in the Atlantic Ocean (Bayer et al., 2014; Cordeiro et al., 2018), with C. gracilis, C. americana, and C. americana delta colonies in the Gulf of Mexico being reported by the Lophellia II Expedition 2009 (Brooks et al., 2012; Quattrini et al., 2013). They were also identified to be associated with the holotype of C. cracentis in the central Pacific, with at least a dozen of ophiuroids registered (Cairns, 2018b). These Caribbean and Pacific reports, along with our record, reflected a possible specific association between Callogorgia and Astrodia species that needs to be further explored. The information gathered about this relationship in the Atlantic and Pacific, especially the records presented in the studies by Brooks et al. (2012); Quattrini et al. (2013), and Cairns (2018b), and our findings in C. cf. galapagensis corroborated with the observation that many ophiuroids of Astrodia can live on the same colony. The differences in the sizes of ophiurans (between 6 and 23.9 mm diameter discs) and their reproductive stages (Figure 3) on a unique big octocoral fragment suggested that both juveniles and adults could live on one colony, completing a life cycle in the coral host. The presence of several small ophiuroids specimens (10 individuals between 6 and 10 mm diameter disc) in the reviewed material may indicate that A. cf. excavata recruit frequently on the coral host, contrary to the report presented in a study by Emson and Woodley (1987) for A. tenue. This could be expected in A. cf. excavata since these species live aggregated together on the host in high densities, consequently ensuring fertilization after spawning, as is the reproductive mode of most echinoderms (Hendler et al., 1995). Other information such as the sexes and proportions of the specimens and the size of the oocytes would help to better understand this association. It is possible that the species is hermaphroditic, or that males and females are present on the same octocoral colony. However, a more detailed analysis of the gonads would be needed. In this study, we were only able to say that reproduction is taking place, considering the presence of mature gonads.

The Caribbean associations found between the Atlantic octocoral C. gracilis and the ophiuroids A. oligactes and O. valida could also be considered as commensal relationships, which have not been previously reported. In these relationships, only two specimens of O. valida were found in the octocoral fragments, while the common ophiuroid seemed to be A. oligactes with 11 brittle stars entwined to the coral host. In particular, Ophiomitra valida is not an obligate octocoral guest and could also be found across the deep-sea environment, which has been reported for ophiocanthid ophiuroids in a study by Watling et al. (2011). Contrastingly, the brittle stars of the Asteroschema genus (Family Asteroschematidae, Order Euryalae) could be considered obligate octocoral symbionts since their association appears to be essential for brittle star survivorship (Emson and Woodley, 1987); it has also been commonly associated with them (Emson and Woodley, 1987; Watling et al., 2011). Other Atlantic species such as A. arenosum and A. tenue had been seen on colonies of the octocoral families Primnoidae (without a taxonomic species description), Plexauridae, and Ellisellidae (Emson and Woodley, 1987; Frensel et al., 2010). For C. gracilis, a study by Quattrini et al. (2013) showed that, in addition to cf. Astrodia that were entwined in a colony in the Gulf of Mexico, other brittle stars were present, which were possibly asteroschematids and ophiacanthids (See Figure 2C in Quattrini et al., 2013).

In this article, we reported three Callogorgia species, two of them hosting three different species of brittle stars in the Colombian Pacific Ocean and the Caribbean Sea. The three corals and one brittle star species presented in this study were recorded for the first time from these regions. Since little is known about the symbiotic relationships between the associated species found, and even among other species that are not usually identified, this study contributed to the knowledge of the common symbiotic association between octocorals and brittle stars and increased the knowledge of the marine biodiversity of Colombia, especially in the Pacific Ocean.
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Fine-scale larval dispersal and connectivity processes are key to species survival, growth, recovery and adaptation under rapidly changing disturbances. Quantifying both are required to develop any effective management strategy. In the present work, we examine the dispersal pattern and potential connectivity of a common deep-water coral, Paramuricea biscaya, found in the northern Gulf of Mexico by evaluating predictions of physical models with estimates of genetic connectivity. While genetic approaches provide estimates of realized connectivity, they do not provide information on the dispersal process. Physical circulation models can now achieve kilometer-scale resolution sufficient to provide detailed insight into the pathways and scales of larval dispersal. A high-resolution regional ocean circulation model is integrated for 2015 and its advective pathways are compared with the outcome of the genetic connectivity estimates of corals collected at six locations over the continental slope at depths comprised between 1,000 and 3,000 m. Furthermore, the likely interannual variability is extrapolated using ocean hindcasts available for this basin. The general connectivity pattern exhibits a dispersal trend from east to west following 1,000 to 2,000-m isobaths, corresponding to the overall westward near-bottom circulation. The connectivity networks predicted by our model were mostly congruent with the estimated genetic connectivity patterns. Our results show that although dispersal distances of 100 km or less are common, depth differences between tens to a few hundred meters can effectively limit larval dispersal. A probabilistic graphic model suggests that stepping-stone dispersal mediated by intermediate sites provides a likely mechanism for long-distance connectivity between the populations separated by distances of 300 km or greater, such as those found in the DeSoto and Keathley canyons.
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INTRODUCTION

Deep-water or cold-water corals are long-lived and slow-growing organisms commonly found at depths greater than 50 m (Cairns, 2007; Roark et al., 2009; Sherwood and Edinger, 2009). They play an essential role in providing habitats for a diversity of vertebrate and invertebrate species and are highly susceptible to natural and anthropogenic disturbances (Guinotte et al., 2006; Turley et al., 2007; White et al., 2012; Hoegh-Guldberg et al., 2017). Understanding larval dispersal and connectivity patterns of deep-water corals is a first, necessary step for their conservation and management in response to the multiple threats they face (Palumbi, 2003; Cowen et al., 2007; Botsford et al., 2009).

While shallow corals are generally well-sampled, direct surveys of deep corals are scarce because of the substantial cost and logistical difficulties (Doughty et al., 2014; Quattrini et al., 2015; Girard et al., 2019). The integration of biological data and physical ocean models has helped predict coral habitat suitability (Tong et al., 2013; Hu et al., 2020; Kinlan et al., 2020) and identify larval dispersal and connectivity patterns (Etter and Bower, 2015; Hilario et al., 2015; Breusing et al., 2016; Cardona et al., 2016; Storlazzi et al., 2017; Nolasco et al., 2018; Bracco et al., 2019; Fobert et al., 2019; Gary et al., 2020; Ross et al., 2020). Recent studies suggest that this biophysical framework offers meaningful predictions of connectivity (Gary et al., 2020; Ross et al., 2020), despite the uncertainties related to the sparsity of in situ measurements and model biases in the representation of bottom boundary layer dynamics (see Bracco et al., 2020 for a recent review pertinent to the Gulf of Mexico).

Numerous shallow and deep-water corals populate the northern Gulf of Mexico (GoM) and contribute to the functionality and biodiversity of marine ecosystems (Cordes et al., 2008; Precht et al., 2014; Gil-Agudelo et al., 2020). Deep-water corals in the GoM are subject to various natural and anthropogenic stresses such as increasing water temperatures, acidification, overfishing, and pollution. For example, the 2010 Deep-water Horizon (DWH) oil spill released ∼ 4.1 million barrels of oil into the Gulf (McNutt et al., 2012) and dramatically impacted the vulnerable coral communities in the proximity of the spill site (White et al., 2012; Fisher et al., 2014; Girard et al., 2019). This event and its ecological consequences pointed to the need for restoration actions and improved management strategies, raising interest for a better understanding of the biological and physical processes that affect coral connectivity in the deep-sea.

For deep-water corals, both mesoscale eddies (10–200 Km) and submesoscale circulations (1–10 Km), together with bottom boundary layer turbulence, influence their dispersal (Cardona et al., 2016; Bracco et al., 2019). Near-bottom submesoscale circulations such as fronts, vorticity filaments and small eddies, form due to instabilities induced by shear layers. These circulations can isolate larvae by trapping them inside their cores and transport them to other locations along the continental slope (Bracco et al., 2016). Additionally, the large vertical velocities and diapycnal mixing associated with submesoscale motions can contribute to the vertical transport of the larvae (Bracco et al., 2018; Vic et al., 2018).

Despite the growing number of studies focusing on biophysical dispersal models, connectivity studies that combine genetic data with models resolving the physical circulation and bathymetry at kilometer-scale resolution (submesoscale) are scarce (Cardona et al., 2016; Nolasco et al., 2018; Bracco et al., 2019; Fobert et al., 2019; Gary et al., 2020; Ross et al., 2020). This scarcity is due to the high computational costs of high-spatial resolution models, which limit them short temporal scales (days to months), and the challenges in obtaining sufficiently large sample sizes of deep-sea species for population genetics.

In this work we focus on Paramuricea biscaya, an octocoral in the family Plexauridae. Paramuricea biscaya is one of the most common and abundant corals in the GoM between 1,200 and 2,500 m (Doughty et al., 2014). Populations of this species were directly impacted by the 2010 Deep-water Horizon oil spill (DWH), particularly in the Mississippi Canyon area (White et al., 2012; Fisher et al., 2014), and thus are considered primary targets for restoration (Deepwater Horizon Natural Resource Damage Assessment Trustees, 2016). We investigate the metapopulation connectivity of P. biscaya in the northern GoM using a submesoscale permitting ocean circulation and larval dispersal model. The circulation model resolves the ocean mesoscale circulations (∼10–100 km) and in part the submesoscale (100 m–10 km) range. We also evaluate the performance of the model by comparing potential connectivity probabilities with genetic connectivity estimates.

This paper is a companion to the paper by Galaska et al. (2021) that describes the analyses of genetic connectivity and seascape genomics. Here, we compare the modeled current velocities to those of mesoscale resolving HYCOM-NCODA reanalysis. Furthermore, we explore the factors controlling the larval dispersal pathways and connectivity networks at the sites where P. biscaya occurs, in off-line Lagrangian particle integrations and on-line Eulerian dye simulations through spatial density analysis and a probabilistic graphic model. We also evaluate the potential role of intermediate populations predicted by habitat suitability models (Georgian et al., 2020) as stepping-stones for dispersal. Finally, we discuss the role of annual and inter-annual seasonality in modulating P. biscaya connectivity patterns in the GoM by means of a coarser mesoscale resolving data-assimilative hindcast.



DATA AND METHODS


Large-Scale Circulation of the Study Area

Our study area comprises the northern half of the Gulf of Mexico and includes six sites, named after the lease blocks, where Paramuricea biscaya populations are known. These sites are: DeSoto Canyon 673 (DC673), Mississippi Canyon 344 (MC344), Mississippi Canyon 297 (MC297), Mississippi Canyon 294 (MC294), Green Canyon 852 (GC852), and Keathley Canyon 405 (KC405) (Doughty et al., 2014; Girard et al., 2019; Vohsen et al., 2020; Figure 1). The 2010 Deepwater Horizon oil spill directly impacted P. biscaya populations at the Mississippi Canyon sites MC294, MC297, and MC344 (White et al., 2012; Fisher et al., 2014).
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FIGURE 1. (A) Topography map of the study area showing the sampled and predicted sites hosting P. biscaya populations. (A) Red boxes (0.05 × 0.05°) with colored textbox indicates six main sites (from east to west, DC673, MC344, MC297, MC294, GC852, and KC405). Green boxes with black edge are predicted intermediate suitable habitats selected from models by Georgian et al. (2020). Yellow contours indicate 1,000, 2,000, and 3,000 m isobaths. Light green boxes at the up left corner summary three release strategies in this work. (B) The gray shaded area shows the topographic profile of the northern GoM averaged between 1,000 and 3,000 m. The colored boxes indicate the depth where corals were collected (red) or larval particles released (blue). Gray lines show the average depth of the s-layers in our model.


The large-scale circulation of the study area (shown in Supplementary Figure 1) is dominated in the upper 800–1,000 m by the presence of the anticyclonic Loop Current (LC) that enters the basin through the Yucatan Channel and leaves through the Florida Straits. The LC penetrates northward to about 26.5–27.5°N and usually extends longitudinally east of 86°W (Vukovich, 1988, 2007). Large anticyclonic mesoscale eddies with diameters of about 200 km spin off the main LC at irregular intervals and populate the basin until they dissipate by interacting with the continental slope in the western GoM (Cardona and Bracco, 2016; Donohue et al., 2016). At depth, the large-scale mean circulation is cyclonic (DeHaan and Sturges, 2005; Weatherly et al., 2005). Along the continental slope, bottom currents are highly variable (Supplementary Figure 1), and can intensify due to vortex stretching, submesoscale instabilities and topographic Rossby waves (Hamilton, 2009; Kolodziejczyk et al., 2012; Bracco et al., 2016).



Larval Dispersal Model

Predicting larval dispersal is complicated by the limited knowledge of larvae’s behaviors, especially for deep-sea corals, and by strong, often poorly characterized, variability in deep ocean currents. The application of an integrated biophysical model remains a practicable approach to address this challenge, even though there are notable differences in the estimation of larval travel distance and dispersal pattern among different models (Cowen et al., 2007; Werner et al., 2007; Edmunds et al., 2018; Ross et al., 2020). A typical modeling framework for connectivity studies includes an ocean physical model that provides circulation, or sometimes temperature and salinity, information as background forcing field, and a module for particle (i.e., larvae) tracking those accounts for behavioral characteristics (e.g., age, life span, swimming abilities, larval buoyancy).

In this work, we adopted the three-dimensional Coastal and Regional Ocean Community model (CROCO) that is built upon the Adaptive Grid Refinement in Fortran (AGRIF) version of the Regional Ocean Modeling System (ROMS) (Shchepetkin and McWilliams, 2005; Debreu et al., 2012). It is a split-explicit, hydrostatic, and terrain-following model that is designed for simulating high-resolution nearshore and offshore dynamics and has been used successfully in larval dispersal studies (Kim and Barth, 2011; Cardona et al., 2016; Nolasco et al., 2018; Vic et al., 2018; Bracco et al., 2019; Bani et al., 2020). Here, CROCO covers a large portion of the GoM between 98°–82° W and 24°–31° N (Supplementary Figure 1), and has a grid resolution of about 1 km in the horizontal space and 50 sigma layers in the vertical direction, with the vertical S-coordinate surface stretching parameter set to 5 and the S-coordinate bottom stretching parameter equal to 0.4. Lateral momentum advection is obtained through a 3rd-order upstream biased scheme, and vertical momentum advection through a 4th-order compact advection scheme. The non-linear K-Profile Parameterization (KPP) scheme parameterizes vertical mixing (Large et al., 1994). Three-dimensional tracer advection is achieved through a split and rotated 3rd-order upstream-biased advection scheme in the horizontal, which minimizes spurious diapycnal mixing but does not guarantee positive values of tracer concentration (Marchesiello et al., 2009), and a 4th-order centered advection scheme with harmonic averaging in the vertical. Lateral mixing is parameterized by a Laplacian for momentum and by rotated diffusion with a stabilizing correction for the tracers.

The model bathymetry is derived from the Global Multi-Resolution Topography (GMRT) Synthesis (Ryan et al., 2009) smoothed with a maximum slope factor of 0.25 to reduce horizontal pressure gradient errors (Sikirić et al., 2009). The southern and eastern open boundaries are nudged to the 6-hourly data from the Hybrid Coordinate Ocean Model–Navy Coupled Ocean Data Assimilation (HYCOM-NCODA) Analysis system. Six-hourly atmospheric forcing files (wind stresses, heat fluxes, and daily precipitation) are from the European Centre for Medium-Range Weather Forecast ERA-Interim reanalysis (Poli et al., 2010). Daily freshwater discharges for the five main rivers in the GoM (Mississippi, Atchafalaya, Colorado, Brazos, and Apalachicola) from the United States Geological Survey (USGS) are converted to an equivalent surface freshwater flux that decays away from the river mouths at a constant rate as in Barkan et al. (2017). River momentum flux and tidal forcing are neglected in this work because of their weak influences on the deep-sea area which is the focus of this study (Gouillon et al., 2010; Bracco et al., 2019). Initial conditions are created by interpolating the field of HYCOM on September 31th 2014 to the CROCO grid; the first 4 months of the simulation are discarded as spin-up. CROCO fields are saved every hour for offline particle tracking. At 1 km horizontal resolution, the use of hourly averaged velocity fields introduces only a small error in the tracer advection (Smith et al., 2011; Choi et al., 2017).



Larvae Tracking

Three release experiments with different tracking periods and different types of tracers are conducted in this work to investigate the connectivity pattern of P. biscaya in the northern GoM. Specifically, 4,489 neutrally buoyant Lagrangian tracers (hereafter referred to as larval particles or particles) are deployed uniformly in 0.05 × 0.05° boxes centered at the location of known populations (Supplementary Table 1 and Figure 1A, red box with a colored text box next to it) and at 11 intermediate sites (green boxes) that could host P. biscaya populations according to habitat suitability modeling predictions (Georgian et al., 2020). These particles are tracked off-line (release type 1 and 2) using a Lagrangian tool developed to simulate ichthyoplankton dynamics (Ichthyop) (Lett et al., 2008) and are recorded hourly. Although the actual size of coral larvae is not infinitesimally small and could be slightly negatively buoyant (Miller, 1998; Miller et al., 2012; Brugler et al., 2013), the infinitesimally small approximation holds given the 1 km model resolution. A previous study has shown that in an environment with strong submesoscale features, slightly heavier/lighter (10%) buoyancy does not affect the transport significantly (Zhong et al., 2012). No other biological behaviors such as growth, mortality, settlement, and swimming are considered in this work, given that these are unconstrained for P. biscaya. The CROCO release depths are shown in Figure 1B. There is a 73 m difference on average between observations and model, and the largest discrepancy is found at GC852 (∼200 m), where the observed bathymetry is very steep and varies greatly laterally on scales smaller than the model grid resolution.

A total of 76,313 particles are released in the model layer above that at the seafloor on January 25th, April 25th, July 24th, and November 1st, 2015, and tracked for 56 days (release type 1). The pelagic larval duration (PLD) for Paramuricea biscaya is unknown, but Hilario et al. (2015) found that a PLD between 35 and 69 days may be representative of 50–75% of deep-sea species. In addition, the particles released at the six sampling locations on November 1st are followed for another 92 days to evaluate connectivity over 5 months (∼150 days in total, release type 2). Finally, the evolution of a dye released near the bottom (in the first s-layer) at the six sampling locations is simulated on-line (directly in CROCO) (release type 3) and followed for 120 days to explore the consistency between Lagrangian off-line and Eulerian on-line experiments.



Hybrid Coordinate Ocean Model Hindcast

The inter-annual variability of the near-bottom currents is evaluated using the HYCOM hourly analysis at 1/25° horizontal resolution from 2010 to 2018 (Exp1, HYCOM/GOMl0.04) and the reanalysis data from 2010 to 2012 available at the same horizontal resolution but only at a three-hourly frequency (Exp2, HYCOM/GOMu0.04). The local circulations of these two experiments differ considerably over the common period because of the different choices regarding model configuration, vertical discretization and data assimilation routines (see https://www.hycom.org/hycom/documentation).

We analyzed the velocity field over the whole 2010–2018 period and found that in 2011 the derived near-bottom currents differ significantly between Exp1 and Exp2, and differ the most from those in 2015. Therefore, we chose to simulate the dispersion patterns off-line using the HYCOM data in 2011. Practically, by considering 2015 in CROCO and 2011 in the two HYCOM experiments we are exploring conditions as different as possible within the 2010–2018 period. Particle trajectories in HYCOM are advected using only the 2-dimensional near-bottom velocity field. To make the comparison with our simulations most relevant, we interpolated the original HYCOM velocity field at the horizontal resolution of 5 km and with the same vertical discretization used in the CROCO runs.



Genetic Data

To evaluate the performance of our models in predicting connectivity, we compared our results with the genetic connectivity estimates (migration rates m) by Galaska et al. (2021). Briefly, Galaska et al. (2021) produced single nucleotide polymorphisms (SNPs) data from individuals collected at the six main sites (DC673, MC344, MC297, MC294, GC852, and KC405) using the reduced representation DNA sequencing (RAD-seq) method (Baird et al., 2008; Reitzel et al., 2013). Migration rates (m), defined as the proportion of immigrant individuals in the last two generations, were estimated using BAYESASS v3.0.4.2 (Wilson and Rannala, 2003).




RESULTS AND DISCUSSION


Circulation Features in the Gulf of Mexico and Its Annual and Inter-Annual Variability

Figure 2 shows the time-averaged near-bottom zonal velocities over the continental slope between 1,000 and 3,000 m, and their time-series where the coral sites are located, for CROCO in 2015 and for the HYCOM-NCODA analysis from 2010 to 2019. The spatial resolution difference among the two models implies that CROCO partially resolves submesoscale dynamics, while HYCOM-NCODA does not (e.g. Luo et al., 2016). The horizontal patterns of the averaged zonal current (west-east) of HYCOM outputs and our model result in 2015 (Figures 2A,C) illustrate the differences in current speed and, especially, variability (standard deviation) owing to CROCO’s higher resolution (Bracco et al., 2016). At the same time, some similarities are evident. For example, the prevalence of positive/negative velocities around (93.5°W, 27°N)/(93.5°W, 26.5°N), intermittent positive (eastward) and negative (westward) values between 94°W and 90°W, the presence of a westward velocity “belt” following the 3,000 m isobaths. The variability patterns between HYCOM and model outputs are also similar, just of stronger amplitude in CROCO, with the largest variability found between 94.5°W and 93°W, near the Sigsbee Escarpment (89°W–91°W) and the Mississippi Fan (east of 90°W and south of 27°N). Energetic currents and large variability in the vicinity of the Sigsbee Escarpment are supported by field observations (Hamilton and Lugo-Fernandez, 2001). In the De Soto Canyon region (89°W–87°W, 27°N north), on the other hand, currents are weaker and less variable, as documented in previous studies (Bracco et al., 2016; Cardona et al., 2016).
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FIGURE 2. Near-bottom circulation in the northern GoM between 1,000 and 3,000 m. (A) Averaged hourly HYCOM Exp1 zonal current (west–east) from 2010 to 2018, (B) the corresponding standard deviation (std), (C) daily averaged model zonal current, dataset is collected from February, May, August, and November 2015 with a time period of 30 days for each simulation, and (D) the std of the modeled zonal current. The six sampling sites are colored by red dots, while the intermediate sites are shown in green. Panel (E) shows the near-bottom zonal current at each sampling location during the period of 2010–2014 (left), 2015 (middle), and 2016–2018 (right). Gray, black, and color lines indicate result of HYCOM Exp1, HYCOM Exp2, and CROCO, respectively. Positive values indicate an eastward current, and negative values westward.


Figure 2E depicts the time series of zonal near-bottom velocity at the six coral sites. In the period considered, there is some interannual variability but it is not much greater than across different seasons. Currents differ more for amplitude and direction between Exp1 and Exp2, than between Exp1 and CROCO. In 2015, the flow was westward (negative) in the monthly averaged HYCOM output (black thin line) and in the same direction, but generally stronger in CROCO. MC294 is the exception, and the directionality is reversed in HYCOM, but with a small amplitude. Overall in CROCO and Exp1 westward currents prevail around the coral sites.

Mesoscale and submesoscale circulations that may influence the transport of deep-water coral larvae can be seen in the normalized relative vorticity ζ/f plots in Figure 3. ζ = ∂v/∂x –∂u/∂y, where f is the Coriolis parameter. u and v denote the zonal (west-east) and meridional (south-north) velocity components, respectively. x and y are the corresponding distances. The near-bottom vorticity indicates more intense submesoscale circulations over the continental slope in the western side of the domain compared to the eastern one, in agreement with previous work (Cardona et al., 2016). In 2015 slightly stronger submesoscale eddies are found in August compared to the other months, but this is likely the result of interactions between local currents and topography at that time, and is not indicative of a robust seasonal signal. Zoom-in fields of August and November results (Figures 3E,F) provide more details of the interactions between the near-bottom currents and topographic features. Overall, strong cyclonic submesoscale vortices (i.e., positive relative vorticity) are found in “valley” regions outlined by the close seafloor depth contours (see Figure 1A for better visualization) in both seasons. The formation of these small cyclones involves the shear layers and centrifugal instabilities associated with the mean flows and sloping boundary. The generation mechanism is beyond the scope of the present study but is discussed in previous works (Gula et al., 2015; Molemaker et al., 2015; Bracco et al., 2016). Away from these intense cyclonic vortices, GC852 locates in a less stable region with numerous weak, intermittent submesoscale structures.
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FIGURE 3. Relative vorticity near bottom in February (A), May (B), August (C), and November (D) calculated from model simulation. Negative values are anticyclonic or clockwise rotation. Panels (E,F) are the zoom-in regions between 93–90° W, 26.2–27.7° N in August (C) and November (D). Red box with black edge shows the location of GC852.




Genetic Connectivity

The genetic analysis of the Paramuricea samples by Galaska et al. (2021) shows that migration rates are generally low (average m = 0.011), with a few exceptions (Figure 4). Considering the relative locations of sampled sites and the magnitude of the connectivity network, we can infer that the three sites in the Mississippi Canyon (i.e., MC344, 1,853 m; MC297, 1,571 m; and MC294, 1,371 m) are not well-connected to each other (m < 1.5%). This is consistent with the depth-differentiation hypothesis that posits that genetic differentiation is greater across depth than geographic distance, even between sites relatively close by (Quattrini et al., 2015; Bracco et al., 2019; Galaska et al., 2021). Secondly, gene flow is predominantly westward. The DeSoto Canyon site DC673 is a source of genetic material to the Mississippi Canyon sites, particularly the deepest one (MC344). DC673 and KC405 (Keathley Canyon) appear well-connected, despite been separated by 635 km of distance and 522 m of depth. These analyses also indicate that the Green Canyon site GC852 may also be an important source of immigrants to the Mississippi Canyon area because of eastward migration rates.
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FIGURE 4. Connectivity matrix (left) and network (right) calculated from genetic data sampled at the six locations shown in Figure 1A. Figures are modified from Galaska et al. (2021). (A) Matrix values correspond to point estimates of migration rates (m) as percentages (%). (B) Network lines represent connections (dash line for KC405) and dots sites. Dots are color-coded by site. The color of the lines indicates the source site for the connections. Linewidths are proportional to m values. Sites are arranged from east to west (from DC673 to KC405).




Connectivity Pattern in the Physical Circulation Model

The 2015 modeled connectivity patterns among the six sites are illustrated in Figure 5 where the horizontal and vertical distribution of Lagrangian particles is shown after 56 days in each season (Figure 5, release type 1). The horizontal dispersion of particles, even though characterized by detectable differences in the direction of motion and spreading area among sites, is mostly confined between the 1,000 and 2,000 m isobaths in all seasons (Figure 5A). No obvious seasonal dependency is detected except for the relatively wider distribution of particles released from GC852 and KC405 in August, in response to the stronger submesoscale near-bottom flows along the western continental slope compared to the other months (see Figure 3E). In February, May, and November, most particles travel as far as 100–300 km from their release locations, while in August particles released at GC852 and KC405 can be found as far as 600 km.
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FIGURE 5. Distribution of Lagrangian larval particles released at the sampling sites after 56 days. Horizontal (A). Vertical (B). Particles from different sites in panel (A) are colored consistently with previous figures. For each violin in panel (B) the central white square indicates the median, and the bottom and top edges of the black box indicate the interquartile range between 25th and 75th percentiles, respectively. Thin black line shows 95% confidence level, and cyan stars indicate the initial release depth for each site. The width of each violin represents frequency, i.e., density plot.


As mentioned earlier, the near-bottom circulation at the GoM continental slope is predominately along depth contours, therefore larvae migration and connectivity are closely linked to the alongshore (lateral) direction of motion. Virtual larvae released at DC673, MC344, MC297, and MC294 move principally westward in all seasons, as also reported in Cardona et al. (2016). For KC405 and especially GC852 particles, on the other hand, eastward movement can be observed as their lateral velocity is more variable (Figure 2), especially for the February and August releases in the CROCO run. The greater variability of the circulation in the central portion of the GoM continental slope results from the many recirculation zones that occupy this area (see Bracco et al., 2016, their Figures 3, 10).

In the vertical direction (Figure 5B), the particle spreading is highly variable but without a seasonal trend. For the August release, a large portion of particles that originated at GC852 and KC405 are displaced by more than 500 m in 2 months. DC673 is a site characterized by strong eastward and westward currents and high variance in particle displacement (Figures 2A–D) likely caused by the steep slopes of the surrounding topography (Figure 1A). On the contrary, particles released at the Mississippi Canyon sites in all seasons, and GC852 in February, May, and November show smaller variances in their trajectories. For an in-depth discussion of the mechanisms controlling vertical displacement and diapycnal mixing near the ocean bottom in the northern GoM the reader is referred to Bracco et al. (2016, 2020).

The horizontal dispersal patterns for 2015 are quantified by the 2-dimensional kernel density estimation (KDE) using all four releases and the November extended one as well (Figure 6). The KDE is a non-parametric technique to produce a smooth probability density function given a random variable (Rosenblatt, 1956). The figure shows the heat map of particles’ trajectories in the first 10, 30, 56 days and all available releases, i.e., 148 days in November and 56 days in all the other seasons. The last case (Figure 6D) is outside of a biological reasonable scenario, but provides a useful visualization of the connectivity limits in the area of interest. Particles displaced in the vertical direction by more than 800 m depth are discarded (∼20% of all particles and mostly ending in very deep water). For all cases, high KDE values are found in regions within ∼100 km from the release points. A clear pathway from the northeast region near the De Soto Canyon to the southwest area between KC405 and GC852 is outlined following the 2,000 m isobath. In addition to the prevailing westward transport, an eastward branch stemming from KC405 could be responsible for completing the east-to-west connectivity.
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FIGURE 6. Horizontal probability distribution of Lagrangian larval particles after their release at the six sampling sites (colors indicate probability values). Maps of the kernel density estimation (KDE) of particles passages during periods of 10 days (A), 30 days (B), 56 days (C), and all available days (D, 56 days in February, May, and August, and 148 days in November) since release. Subsampling (sample every 20 particles spatially and 2 days temporally) has been applied for plotting. Few larval particles that are displaced more than 800 m in the vertical direction away from the bottom are removed to focus on near-bottom processes.


The potential connectivity network from the model integrations is compared to the observed one from the genetic data in Figure 7. Even though the extended tracking period in November leads to more horizontal (increased from 5 to 6 connections) and vertical (from 2 to 4 connections) connections among the six sampling sites, the modeled network is still less dense than the measured one (genetic), possibly indicating an overall underestimation of coral connectivity. When the vertical dimension is considered, the connectivity from KC405 to GC852 is lost (dash line) and the probability values of several other connections decrease significantly. In line with the genetic evidence, the three MC sites are all connected horizontally, but their connectivity decreases by 64.6% when depth is considered. Connections between the easternmost DC673 and the three MC sites are also observed in the modeled network and are most evident for the DC673-MC344 pair. The model, however, fails to simulate both the long-distance bi-directional communication between DC673 and KC405 and the connectivity out of GC852. In other words, KC405 and GC852 are statistically isolated from the eastern sites in the 2015 CROCO simulation, contrary to the outcome from the genetic inferences.
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FIGURE 7. Horizontal lh (A) and 3D lv (B) connectivity probability (%) matrices and connectivity network (C) calculated from the Lagrangian simulations performed over 56 days in February, May, and August, and 148 days in November. Line colors indicates the source site for each connection. Solid lines indicate three-dimensional connectivity and the dash line represents horizontal connection only. Line width does not correspond to the magnitude of connectivity. Sites are arranged from east to west (from DC673 to KC405).




The Potential Role of Intermediate Populations

The six sampled sites do not represent the only sites hosting P. biscaya populations in the northern GoM. A habitat suitability model recently published by Georgian et al. (2020) predicted a broad distribution of habitat areas where P. biscaya is likely present. Using this model, we selected 11 other potential sites distributed between 1,600 and 2,300 m deep, and roughly equidistantly between the six sampled sites (distances among all sites ranging between approximately 50 and 100 km, Figure 1A). We integrated larvae trajectories from these sites and investigated potential connectivity, under the assumption that these locations are indeed populated by P. biscaya and can thus participate in larval exchange. The connectivity matrices in Figure 8 show the probabilities of the larval exchange among all sites (sampled and predicted). These results clearly show that predicted connectivity is predominantly westward across the region. The probability of connectivity decreases as a function of distance, but depth ultimately dictates whether or not neighboring sites are connected. This is because the connectivity among sites that are relatively close, geographically, is limited by diapycnal mixing across depth.
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FIGURE 8. Heat maps of horizontal lh (A) and 3D lv (B) connectivity probability (%) calculated from all 17 sites (6 sampled and 11 predicted). The connectivity is calculated from 56 days output in February, May, and August and 148 days output in November, 2015. Connectivity values below 0.1% are not shown. Sites are arranged from east to west (from DC673 to KC405).


We built a probabilistic graphic model to quantify the role of intermediate sites in metapopulation connectivity and visualize the modified connectivity matrices. We adopted a directed cyclic graph, instead of the most commonly used Bayesian network, which is a directed acyclic graph (Ben-Gal, 2007). Based on the concepts of conditional probability and chain rule, the joint probability of three events from A (source) to B (intermediate site) to C (sink) can be represented as P(A, B, C) = P(A) × P(B| A) × P(C| A, B). The cyclic network built here allows us to understand the dependency among events (nodes) and assigns probabilities (edges) to them. Our goal was to identify as many connections as possible using the current matrix rather than quantifying the probability/strength of each connection after certain iterations, therefore connections (graph edges) that occur more than once are excluded for the following iterations.

Figure 9 presents the 3-dimensional connectivity pattern and network (based on the vertical matrix in Figure 8) after three iterations/steps (no new connections are found after four or more iterations). Long-distance east to west connections are resolved after three steps (two intermediate sites acting as stepping stones) for particles released from MC344 (Figure 9A). Meanwhile, GC852 particles show both eastward and westward predicted connections despite the direct exchange terminates at an intermediate site around 89°W (Figure 9B). The complete connectivity network (Figure 9C) resolves 19 out of the total 30 possible connections and provides a mechanism for long-distance connectivity between MC344 and KC405 through stepping-stone dispersal mediated by intermediate sites. However, the inferred eastward gene flow from GC852 to the Mississippi Canyon sites remains unexplained by the model.


[image: image]

FIGURE 9. Predicted 3D patterns of metapopulation connectivity considering the suitable intermediate sites. Connections found after three steps for larval particles released from sites MC344 (A) and GC852 (B). Line colors in panels (A,B) indicate the step at which a connection between two sites was found. Connectivity network among the six sampled sites calculated after including intermediate sites (C). Line colors in panel (C) indicate the source site for each connection. Linewidth in panel (C) indicates direct (thick lines, first step) or mediated connections (regular and thin lines, second and third steps, respectively).
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FIGURE 10. Horizontal kernel density estimation (KDE) pattern of particle locations after 148 days tracking in November without (A) and with (B) extra vertical diffusion (colors indicate probability values). A comparison of the probability density function (PDF) of the depth of particles released at each location is shown in panel (C). Solid/dash line indicates without/with vertical diffusion. All available particles are retained to show a thorough comparison.




Connectivity With Extra Vertical Diffusion

In the work presented so far, vertical and horizontal diffusivities are parameterized at the CROCO grid size. In CROCO, the modeled kz is comparable to observed values (1.3 × 10–4–4 × 10–4 m2 s–1) calculated from a dye injection experiment conducted in 2012 at the Deep-water Horizon site (Ledwell et al., 2016; see e.g., Figure A1 in Bracco et al., 2019). Following previous studies, an additional vertical diffusion coefficient kz of 10–4 m2 s–1 is introduced to the tracking model to recognize the uncertainty associated with larval buoyancy and a likely underestimation of diapycnal mixing very close to the bottom at the continental slope. Since we are exploring the potential impacts of extra perturbation other than simulating the actual marine environment where kz varies spatially (Visser, 1997), a naïve random walk model with constant diffusivity (Hunter et al., 1993) is adopted to track larval particles released in November 2015 for 148 days (Figure 10). Both horizontal KDE and vertical probability density function (PDF) are nearly indistinguishable from the ones obtained without added vertical diffusivity after 5 months. The additional vertical diffusion increases only slightly (by 0.1%) the chances of horizontal connectivity from MC297 to MC344 (not shown).



Lagrangian and Eulerian Tracking Comparison

To further validate the off-line Lagrangian larval particle integrations, we released a dye on-line in the bottom model layer at the six sites in a 0.05 × 0.05° box in November and tracked it for 120 days (release type 3). Figure 11 compares the Lagrangian and Eulerian dispersion based on the distribution of larval particles and the absence/presence of connectivity among sites (Table 1). We stress that the release depths for the Lagrangian larval particles and the dye differ, and that diffusion is included in the dye momentum equations, while this is not the case for the Lagrangian particles (see e.g., Bracco et al., 2009 and more recently Paparella and Vichi, 2020 for pros and cons of using Eulerian vs. Lagrangian approaches). Figure 11 shows the dye concentration field with superimposed particle positions from release type 2 after 120 days of simulation. The results demonstrate that although Lagrangian particles cover a smaller area, they capture the main dispersal features successfully in most cases, e.g., MC344, MC297, GC852, and KC405. For DC673 and MC294, the notable differences are due to the fact that particle positions are plotted at a specific time step (after 120 days), rather than displaying the overall trajectories that would better match the dye pattern. In the end, when comparing connectivity using larval particle trajectories and the 3D dye distribution, it is apparent that the first provides a lower bound to both the horizontal and vertical dispersal due to the lack of subgrid diffusion and not perfectly resolved vertical velocities when using hourly averaged outputs (Wagner et al., 2019).
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FIGURE 11. Horizontal distribution of integrated Eulerian dye concentration normalized by initial tracer concentration (log10 scale, same as Bracco et al., 2018) and Lagrangian larval particles after 120 days from their release on November 1st, 2015 for sampling site at DC673 (A), MC344 (B), MC297 (C), MC294 (D), GC852 (E), and KC405 (F). Colored pentagram with black edge shows release location. Green circles indicate the positions of Lagrangian particles on the same day. Again, particles displaced vertically more than 800 m from the bottom are not included in the calculation to focus on near bottom processes. The number of particles is randomly subsampled for visualization purposes.



TABLE 1. Difference in Eulerian and Lagrangian connectivity results, H or V indicates that horizontal or vertical connectivity exists in Eulerian but not in Lagrangian result, while HV indicates both horizontal and vertical connectivity are observed in Eulerian but not in Lagrangian result.
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Inter-Annual Variability Investigation Using Ocean Hindcast Data

Even in the Eulerian dye approach, the direct connections from GC852 to the Mississippi Canyon site inferred from the genetic data are missing because of the prevailing westward near-bottom current in 2015. While the submesoscale permitting resolution allows for a better representation of the bathymetry and circulation, it increases the computational time and limits the time period of the exploration. To partially address this issue, we examine the Paramuricea connectivity in 2011 when a more persistent eastward circulation was found in the HYCOM hindcast data, especially in Exp2. Using only the near bottom horizontal velocity components for the advection, we released the same number of larval particles as done for CROCO on April 1st 2011, when the mean currents are eastward along the 1,000–2,000 m slopes, and follow them for 148 days. Given the lower frequency at which velocities are saved in Exp2 (3 hourly only), and the underestimation of mean velocities and their standard deviations compared to CROCO results, we also attempted to track the particles by using twice the velocities values reported in the hindcast. Figure 12 provides the horizontal distribution of larval particles after 56-day and 148-day tracking for Exp1 and Exp2 horizontal velocities. The prevalent spreading direction for the particles remained westward, as in CROCO. Greater spreading is found in Exp1 compared to Exp2, and patterns are significantly different. We speculated that the choice of vertical discretization, with better near-bottom vertical resolution in Exp1, explains the differences. Results from Exp1 compare well in terms of overall connectivity patterns with those of CROCO, despite the different times considered (2011 in HYCOM Exp1 and 2015 in CROCO).
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FIGURE 12. Near-bottom distribution of Lagrangian larval particles released in 2-dimensional HYCOM Exp1 (A,B) and HYCOM Exp2 (C,D) fields in April 2011 after 56 days (A,C) and 148 days (B,D) tracking, respectively. Each dot represents the position of a particle. Particles from different sites are colored consistently with previous figures. The setup of vertical layers in each experiment is shown in panel (E).


The traveled distance of the larval particles released at each site in 2015 (CROCO) and 2011 (HYCOM) is shown quantitatively in Figure 13, where the outcome for doubling the horizontal velocities in Exp2 is also displayed. As to be expected, given our selection of a year with conspicuously different currents, inter-annual variability is observed.
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FIGURE 13. Distribution of horizontal dispersal distances for larval particles after 56 and 148 days. November 2015 release using CROCO (A), and April 2011 release using HYCOM for Exp1 (B), Exp2 (C), and Exp2 with doubled zonal velocity (D). Positive values represent eastward movement and negative westward. Particles with a vertical displacement larger than 800 m are removed in CROCO result. The definition of color and violin plot is consistent with Figure 5.


The 75th percentiles of the distance traveled by KC405 particles in the 2011 HYCOM simulation and DC673 particles in the 2015 CROCO run are ∼180 km and ∼300 km (148 days), respectively. These numbers suggest that at least a 10–18 months pelagic larval duration (PLD) is needed to achieve long-distance direct connectivity between KC405 and DC673 if no intermediate sites are considered and without including the vertical aspect. Westward spreading of larval particles in both 2011 and 2015, the generally westward currents in the 9 years considered for HYCOM Exp1, and the weak standard deviation detected in Figure 2 suggest the predominance of an east-to-west along-isobath pathway of dispersal for the three Mississippi Canyon sites. Finally, it is worth noting that by examining the difference between 56- and 148-day results, a fraction of the released particles, e.g., at GC852 (∼17%) in 2015, and at MC344 (∼22–61%) and DC673 (∼70–89%) in 2011, change their traveling directions with respect to their initial locations, indicating a role of seasonal variability.




SUMMARY AND CONCLUSION

In this work, an integrated larval dispersal framework consisting of a high-resolution regional hydrodynamic model (ROMS-CROCO) and a Lagrangian larval particle tracking model (Ichthyop) were performed to predict the dispersal patterns and potential metapopulation connectivity of Paramuricea biscaya in the northern GoM. Lagrangian deployments with 76,313 larval particles were conducted in different seasons for up to ∼150 days and validated by a comparable Eulerian dye experiment in November. The potential contributions of vertical diffusion and intermediate sites to larval connectivity were also studied. The role of inter-annual variability of near-bottom circulations was investigated using HYCOM hindcast data.

The output of our biophysical model showed a mostly congruent agreement with the estimated genetic connectivity patterns (Galaska et al., 2021). In CROCO we found a prevailing westward pathway following the ∼1,000–2,000 m isobath along the continental slope of the northern GoM regardless of seasons in 2015. In general, our estimations of dispersal distances (less than 100 km in 56 days to 300 km in 148 days) agreed well with previous deep-sea studies that considered pelagic larvae duration from 40 days to 1 year (Breusing et al., 2016; Cardona et al., 2016). Strong horizontal but significantly reduced vertical, and therefore 3-dimensional, connectivity among sites near the De Soto Canyon (i.e., DC673, MC344, MC297, and MC294) further confirms the depth differentiation hypothesis in agreement with previous studies (Quattrini et al., 2015; Bracco et al., 2019). The predominantly westward currents and weak variance near the 1,000 m isobath in the De Soto Canyon region found both in HYCOM and in the CROCO model explain the westward confined pathway along the geographic feature shown in Figure 6. In contrast to the relatively stable hydrodynamic environment around the MC sites (also reported in Bracco et al., 2016), highly variable currents over complex topography occupy the central and western portion of the continental slope, around GC852 and KC405 (Figures 1A, 2). Such variability can result at times in eastward transport, as verified in CROCO in February and August 2015 (Figures 5, 6) and in HYCOM in April 2011, with high variance in the modeled displacement of larval particles in both models, and contributes to the diversity of connectivity patterns found in this region.

The inter-annual variability in the near-bottom circulation may be responsible for the few incongruences with the genetic connectivity estimates, for example, the fact that eastward gene flows from GC852 and KC405 is underestimated by the model. Inter-annual variability in the study region has been partially documented by Cardona et al. (2016) in their 3-year simulations from 2010 to 2012. In agreement with our 2011 HYCOM findings, they found several eastward transport events of larval particles originating at ∼92°W to the central Mississippi Canyon (∼89°W) and a predominant westward transport between 600 and 1,000 m depth near the De Soto Canyon.

The long-distance genetic connectivity between DC673 and KC405 may be explained by direct dispersal if we assume a pelagic larval duration of at least 1 year for Paramuricea biscaya. However, this possibility seems unlikely. Pelagic larval durations (PLD) of more than a year have been documented for a few deep-sea invertebrate species (Young et al., 2012), but not for deep-sea corals. Shorter PLDs, between 35 and 69 days, may be representative for most deep-sea species (Hilario et al., 2015). A probabilistic graphic model suggests that stepping-stone dispersal mediated by intermediate sites provides a more likely mechanism for long-distance connectivity between the populations in De Soto and Keathley canyons.

We briefly compared Lagrangian and Eulerian approaches in estimating larval dispersal patterns (Figure 11 and Table 1). Our results implied that the Lagrangian larval particle trajectories computed by interpolating the model’s hourly averaged velocity underestimate vertical velocity and sub-grid diffusion compared to the Eulerian approach (Ali Muttaqi Shah et al., 2017; Wagner et al., 2019). The Lagrangian-derived connectivity represents therefore a lower bound of the Eulerian one. The Lagrangian method presents, on the other hand, several advantages, providing the opportunity to perform multiple sensitivity integrations off-line, and add at low computation cost biological and behavioral constraints, such as mortality, swimming, growing, and settlement. The choice of approach should be done considering the application domain and question(s) in hand.

Our results emphasize the need for multi-year simulations, or at least multi-year analyses of the velocity field, to quantify dispersal patterns in the deep ocean, especially for bi-directional and long-distance connectivity. It is also known that depth and topographic slope are key factors determining the suitability of a habitat for many deep-water corals (Georgian et al., 2020; Hu et al., 2020; Kinlan et al., 2020). Thus, detailed topographic mapping, high horizontal resolution and the fine-scale vertical resolution near the ocean bottom should be adopted to reduce uncertainty in the model representation of bottom currents. Finally, in this work we focused on dispersal processes, but larval traits, e.g., swimming, settlement, and mortality, should be further investigated to improve the realism of modeling studies of coral connectivity.
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The degree of connectivity among populations influences their ability to respond to natural and anthropogenic stressors. In marine systems, determining the scale, rate, and directionality of larval dispersal is therefore, central to understanding how coral metapopulations are interconnected and the degree of resiliency in the event of a localized disturbance. Understanding these source-sink dynamics is essential to guide restoration efforts and for the study of ecology and evolution in the ocean. The patterns and mechanisms of connectivity in the deep-sea (>200 m deep) are largely understudied. In this study, we investigated the spatial diversity patterns and metapopulation connectivity of the octocoral Paramuricea biscaya throughout the northern Gulf of Mexico (GoM). Paramuricea biscaya is one of the most abundant corals on the lower continental slope (between 1,200 and 2,500 m) in the GoM. The 2010 Deepwater Horizon oil spill (DWH) directly impacted populations of this species and thus are considered primary targets for restoration. We used a combination of seascape genomic analyses, high-resolution ocean circulation modeling, and larval dispersal simulations to quantify the degree of population structuring and connectivity among P. biscaya populations. Evidence supports the hypotheses that the genetic diversity of P. biscaya is structured by depth, and that larval dispersal among connected populations is asymmetric due to dominant ocean circulation patterns. Our results suggest that there are intermediate unsampled populations in the central GoM that serve as stepping stones for dispersal. The data suggest that the DeSoto Canyon area, and possibly the West Florida Escarpment, critically act as sources of larvae for areas impacted by the DWH oil spill in the Mississippi Canyon. This work illustrates that the management of deep-sea marine protected areas should incorporate knowledge of connectivity networks and depth-dependent processes throughout the water column.
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INTRODUCTION

Marine ecosystems have traditionally been considered “open” with few apparent barriers to dispersal. However, phylogeographic studies often reveal unexpected levels of population structuring or even previously unrecognized cases of cryptic speciation (Hellberg, 2009; Hoffman et al., 2012; Cerca et al., 2021). These studies have primarily focused on coastal ecosystems and species of significant economic importance. In comparison, the patterns and mechanisms that generate genetic diversity in the deep-sea (> 200 m deep) are largely understudied (Baco et al., 2016; Taylor and Roterman, 2017).

One general pattern in the deep-sea is that populations found at different depths (vertically separated by tens to hundreds of meters) are generally more differentiated than populations found at similar depths over large geographical areas (horizontally separated by hundreds to thousands of kilometers) (Taylor and Roterman, 2017). However, the mechanisms responsible for this pattern remain poorly understood. Determining the scales of connectivity of marine populations and the mechanisms behind them is crucial for the conservation of marine ecosystems (Palumbi, 2003; Kinlan et al., 2005; Botsford et al., 2009; Gaines et al., 2010), and the study of diversification and evolution in the ocean (McClain and Mincks Hardy, 2010).

Population genetic methods enable the identification of genetic structuring patterns and estimate the scale, rate, and direction of reproductive exchange among marine populations (Breusing et al., 2016; Galaska et al., 2017; Bertola et al., 2020). These inferences, when coupled with analyses of environmental parameters, physical models of ocean circulation, and simulations of larval dispersal, can significantly enhance our understanding of connectivity networks at scales relevant to management (Benestan et al., 2016; Sandoval-Castillo et al., 2018; Xuereb et al., 2018; Bernatchez et al., 2019; Bracco et al., 2019). This integrative approach is known as seascape genetics (Galindo et al., 2006; Selkoe et al., 2016). Only a handful of studies have implemented seascape approaches in the deep sea. These have predicted the presence of intermediate “phantom” populations of hydrothermal vent species along mid-ocean ridges (Breusing et al., 2016) and have suggested that variables related to currents and food sources may explain a significant fraction of observed genetic patterns of sponge and coral species (Zeng et al., 2020).

Corals are essential foundational species in deep-sea benthic habitats and are typically slow-growing and long-lived (Roark et al., 2009; Sherwood and Edinger, 2009; Prouty et al., 2011, 2016; Girard et al., 2019). Deep-sea coral ecosystems are analogous to islands in that they are discrete and spatially separated. Each community serves as an oasis or biodiversity hotspot by locally enhancing the abundance and diversity of invertebrates and fishes (Henry and Roberts, 2007; Ross and Quattrini, 2007; Cordes et al., 2008; Rowden et al., 2010; Demopoulos et al., 2014). These characteristics of deep-sea corals make them particularly susceptible to anthropogenic impacts and a priority for conservation efforts.

The degree of connectivity among deep-sea coral populations influences the probability of speciation (Quattrini et al., 2015; Herrera and Shank, 2016) and likely contributes to their ability to respond to natural and anthropogenic stressors. Determining the scale, rate, and directionality of larval dispersal is therefore, central to understanding how coral metapopulations are interconnected and the degree of resiliency in the event of a localized disturbance, such as an oil spill (Jones et al., 2007; Almany et al., 2009). Understanding these source-sink dynamics is essential to guide restoration efforts (Lipcius et al., 2008; Puckett and Eggleston, 2016).

Herein, we investigate the spatial patterns of genetic variation and metapopulation connectivity of the octocoral Paramuricea biscaya throughout the northern Gulf of Mexico (GoM), using a seascape genomics framework. Paramuricea biscaya, distributed between 1,200 and 2,500 m, is one of the most common and abundant corals on hardgrounds on the lower continental slopein the GoM (Doughty et al., 2014). The 2010 Deepwater Horizon oil spill (DWH) directly impacted populations of this species (White et al., 2012; Fisher et al., 2014; DeLeo et al., 2018) and thus are considered primary targets for restoration (Deepwater Horizon Natural Resource Damage Assessment Trustees, 2016). We use a combination of population seascape genomic analyses, high-resolution ocean circulation modeling, and larval dispersal simulations to quantify the degree of structuring and connectivity among DWH impacted and non-impacted populations. This paper is a companion to the paper by Liu et al. (2021) that describes the ocean circulation modeling and larval dispersal simulations. Here we test the hypothesis that the genetic diversity of P. biscaya is predominantly structured by depth, and to a lesser degree, by distance. We also test the hypothesis that larval dispersal among connected populations is asymmetric due to dominant ocean circulation patterns.



MATERIALS AND METHODS


Collection of Samples

We sampled Paramuricea biscaya colonies from six sites in the Northern Gulf of Mexico at depths between 1,371 and 2,400 m (Table 1 and Figure 1). The 2010 Deepwater Horizon oil spill directly impacted P. biscaya populations at three of these sites in the Mississippi Canyon area (MC294, MC297, and MC344) (White et al., 2012; Fisher et al., 2014). Collections took place during expeditions in 2009 (R/V Ron Brown, ROV Jason II), 2010 (R/V Ron Brown & R/V Atlantis, ROV Jason II & HOV Alvin), 2011 (MSV Holiday Chouest, ROV UHD-34), and 2017 (MSV Ocean Intervention II & MSV Ocean Project, ROV Global Explorer & ROV Comanche). We imaged individual coral colonies before and after removing a small distal branch using hydraulic manipulations mounted on remotely operated vehicles or submarines. We stored samples in insulated containers until the recovery of the vehicles by the surface vessel. Subsamples of each specimen were preserved in liquid nitrogen or 95% ethanol and stored at −80°C.


TABLE 1. Sampling sites, sample sizes, and environmental characteristics.
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FIGURE 1. Population genetic structure of Paramuricea biscaya in the northern Gulf of Mexico. (A) Map showing the study sites in the Gulf of Mexico. (B) Image of Paramuricea biscaya in its natural habitat at GC852 in the Gulf of Mexico, courtesy of F. Girard and ECOGIG. (C) Density plots of the first discriminant function estimated from DAPC with no sampling location priors. Insert scatter-line plot shows the BIC values for each cluster number (K) tested. KD1 and KD2 are clusters 1 and 2 identified by DAPC, respectively. (D) Scatter plot of the first discriminant analysis (DA) eigenvalues calculated by DAPC with sampling location priors. Individuals are color-coded by sampling site. Colors correspond to sites in (A). (E) Same scatter plot as in (D) but color-coded by DAPC cluster assignment as in (C). (F) Same scatter plot as in (D) but color-coded by individual sampling depth. (G) Bayesian population clustering analyses in STRUCTURE. Bars represent individuals grouped by sampling site (top) and DAPC cluster membership (bottom). The color distributions of each bar are proportional to the cluster membership proportions, KD1 and KD2, estimated by STRUCTURE. The scatter-line plot on the right shows the ad hoc statistic ΔK, the second-order rate of change of the likelihood function for each cluster number (K) tested. (H) Heatmap of pairwise FST indices of genetic differentiation among sampling sites. The dendrogram on the left was constructed using the Neighbor-Joining algorithm on the FST values.




Molecular Laboratory Methods

To characterize the genetic diversity of P. biscaya individuals, we performed reduced representation DNA sequencing (RAD-seq) (Baird et al., 2008; Reitzel et al., 2013). DNA was purified using the Qiagen DNeasy Blood and Tissue Kit following manufacturers’ protocols. We checked DNA integrity and purity by visual inspection on a 1% agarose gel and a NanoDrop spectrophotometer (NanoDrop Technologies), respectively. DNA concentration was determined and normalized using a Qubit 4.0 fluorometer (Invitrogen). We confirmed species identification through DNA barcoding of the COI mitochondrial gene following the protocols described by Quattrini et al. (2014) (NCBI GenBank Accession numbers MT795490 to MT795554). Floragenex Inc. (Eugene, OR) performed RAD sequencing library preparation utilizing the 6-cutter PstI restriction enzyme on quality-checked and concentration-normalized high-molecular-weight DNA. Using the program PredRAD (Herrera et al., 2015), we predicted tens of thousands of cleavage sites in coral genomes with the PstI restriction enzyme. Libraries were dual-barcoded and sequenced on an Illumina Hi-Seq 4,000 1 × 100 platform.



Data QC and Single Nucleotide Polymorphism Calling

We de-multiplexed and quality filtered raw sequence RAD-seq reads using the process_radtags program in Stacks v2.1 (Catchen et al., 2013) with the following flags: –inline_null, -r, -c, and -q, with default values. We performed read clustering and single nucleotide polymorphism (SNP) calling using the DeNovoGBS (Parra-Salazar et al., 2021) module of the software package NGSEP v4.0.1 (Tello et al., 2019). This software is more computationally efficient and has comparable or better accuracy than programs like Stacks or pyRAD (Eaton, 2014) for de novo analysis of genotype-by-sequencing data (Parra-Salazar et al., 2021). We assumed a heterozygosity rate of 1.5% (–h 0.015) as calculated from the short read genome-wide data of the sister species Paramuricea sp. type B3 (Doughty et al., 2014) using the software GenomeScope v2.0 (Vurture et al., 2017) from the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under BioProject number PRJNA574146 (Vohsen et al., 2020).



Single Nucleotide Polymorphism and Individual Filtering

Single nucleotide polymorphisms were filtered using vcftools v0.1.16 (Danecek et al., 2011) to exclude SNP loci that: (1) had more than 30% missing data, (2) a mean depth of coverage smaller than 10x or greater than 100x, (3) a minor allele frequency smaller than 0.01, and (4) had more than two alleles. The resulting dataset, containing 12,948 SNPs and 154 individuals, is hereafter referred to as the all_snp dataset. BayeScan v.2.01 (Foll and Gaggiotti, 2008) was used to identify SNP potentially under positive selection (–n 5,000 –burn 50,000 –pr_odds 10,000, Qval < 0.05).

The all_snp dataset was imported into the R v4.0.3 statistical environment (R Core Team, 2013) for further filtering. We excluded individuals if they had missing data in more than 35% of the SNP loci or identified as clones by clonecorrect function from the R package poppr v2.8.6 (Kamvar et al., 2014). We excluded SNP loci if their observed heterozygosity was greater than 0.5, as estimated with hierfstat v0.5 (Goudet et al., 2005), or if their allelic frequencies were not in Hardy-Weinberg equilibrium, as estimated with pegas v0.14 (Paradis, 2010) (B = 1,000, p < 0.01). We randomly retained one SNP per RAD locus to reduce the risk of violating the assumption of independence among SNP. Finally, 10 SNPs in RAD loci identified as potentially under positive selection by BayeScan were excluded (Supplementary Figure 1). This dataset, containing 4,248 unlinked neutral SNPs across 133 individuals, is hereafter referred to as the neutral dataset.



Genetic Connectivity

To measure the genetic connectivity among sampling sites, we estimated migration rates (m), defined as the proportion of immigrant individuals in the last two generations, using BAYESASS v3.0.4.2 (Wilson and Rannala, 2003). Twelve independent runs with different random seeds were performed using the neutral dataset. We ran each analysis for 100 million Markov chain Monte Carlo (MCMC) iterations, with 50 million burn-in iterations and one thousand iterations sampling frequency. Mixing parameters (–m0.35 –a0.9 –f0.09) were optimized to ensure adequate mixing (acceptance rates between 20 and 60%). MCMC trace files were examined in the program Tracer v1.7.1 (Rambaut et al., 2018) to evaluate convergence and consistency of estimates among runs. We calculated point estimates of m as the median of the posterior distribution and their uncertainty as 95% High Posterior Density (HPD) intervals.



Potential Connectivity

To identify dispersal mechanisms that could explain genetic connectivity estimates, we compared our results with the potential connectivity estimates (probability of connectivity through larval dispersal among sampling sites) by Liu et al. (2021). Briefly, Liu et al. (2021) simulated the dispersal trajectories of neutrally-buoyant Lagrangian particles in an implementation of a high-resolution three-dimensional Coastal and Regional Ocean COmmunity hydrodynamic model (CROCO) (Liu et al., 2021). The model encompassed the area between 98–82° W and 24–31° N and had a horizontal grid resolution of approximately 1 km and 50 vertical sigma (density) layers. Once per season, Lagrangian particles were deployed uniformly at the seafloor in 0.05° × 0.05° boxes (approximately 5 km by 5 km) centered at the location of the sampling sites, with a zonal (dx) and meridional (dy) intervals of 0.00075° (approximately 75 m). This configuration resulted in 4,489 particles released at each site, and nearly 27,000 particles in each seasonal release. The particles were tracked offline using the Lagrangian tool Ichthyop (Lett et al., 2008) and recorded hourly. Horizontal connectivity through larval dispersal among sampling sites (lh) was defined as the average proportion of neutrality-buoyant Lagrangian particles released at a source site (i) area that passed over another site (j) area (sink) after 56 days (computational constraints limited the length of the tracking) starting from January 25th, April 25th, July 24th, and November 1st, 2015. The pelagic larval duration (PLD) for Paramuricea biscaya is unknown, but Hilario et al. (2015) found that a PLD between 35 and 69 days seems representative of 50–75% of deep-sea species. The definition of vertical connectivity (lv) is the same as horizontal connectivity, except that a particle also has to pass within 50 m of the sink site’s seafloor depth. Liu et al. (2021) also evaluated longer PLDs by extending the Lagrangian tracking starting November 1st to 148 days and with additional Eulerian dye releases followed for 120 days. The dye release indicated that although Lagrangian particles cover a smaller area than the Eulerian dye, they capture the same main dispersal features and do not predict substantially different connectivity patterns. No other biological parameters such as larval growth, mortality, settlement, and swimming because they are unknown for the study species.



Population Genetic Structure

To determine the patterns of genetic structuring of the sampled P. biscaya corals, we performed a discriminant analysis of principal components (DAPC) on the neutral dataset using the R package adegenet v2.1.3 (Jombart, 2008). DAPC was performed with and without sampling locations as priors after estimating the optimal number of principal components with the function optim.a.score. For the DAPC with no priors, we applied the Bayesian Information Criterion to choose the optimal number of clusters (K) that explain the genetic variability in the dataset using the function find.clusters.

We also inferred population structuring patterns (as historical lineages) with the neutral dataset by maximizing the posterior probability of the genotypic data, given a set number of clusters (K). This method is known as Bayesian population clustering and is implemented in the program Structure v2.3.4 (Pritchard et al., 2000). We used the admixture model with uncorrelated allele frequencies. The MCMC was run for 1.1 × 106 repetitions (burn-in period 1 × 105). We evaluated values for K from 1 to 6 (10 replicates each). We selected the optimal value of K using the program StructureHarvester v0.6.92 (Earl and vonHoldt, 2012) according to the ad hoc ΔK statistic (Evanno et al., 2005), which is the second-order rate of change of the likelihood function. We visualized structure results using the program R package starmie (Tonkin-Hill and Lee, 2016).

We performed a hierarchical Analysis of Molecular Variance (AMOVA) (Excoffier et al., 1992) with the neutral dataset to calculate F-statistics and test for differentiation at the individual, site, and genetic cluster levels. The AMOVA, performed in genodive v3.04 (Meirmans, 2020), assumed an infinite-alleles model. We calculated pairwise FST (Weir and Cockerham, 1984) differentiation statistics among sampling sites with the R package assigner v.0.5.8 (Gosselin et al., 2020).



Redundancy Analyses

To quantify environmental variables’ significance and relative importance in shaping genetic diversity in P. biscaya, we used a series of redundancy analyses (RDA) in the R package vegan v2.5 (Oksanen et al., 2007). RDA has two steps. First, a multiple linear regression between genetic (response) and environmental (explanatory) data matrices produces a matrix of fitted values. Second, a principal components analysis (PCA) of the fitted values. The PCA axes are linear combinations of the explanatory variables (Legendre and Legendre, 2012).

We performed site-level RDA (Legendre and Legendre, 2012) on sites’ allelic frequencies and geographical distances. We first transformed geographical distances as in-water distances using the lc.dist function of the R package marmap v1.0.4 (Pante and Simon-Bouhet, 2013), and later represented as distance-based Moran’s eigenvector maps (dbMEM) (Dray et al., 2006) using the R package adespatial (Dray et al., 2018).

We performed individual-level distance-based RDA (dbRDA) (McArdle and Anderson, 2001) with the matrix of genetic distances calculated from the neutral dataset and a matrix of environmental variables. Missing genotypes in each individual were first imputed by assigning the most common genotype for each locus at the collection site. Environmental variables included: depth, latitude, longitude, bottom temperature, salinity, bottom current speed, bottom oxygen concentration, bottom seawater potential density (σθ), surface chlorophyll concentration, and surface primary productivity. Average monthly bottom temperature, salinity, current speed values between 2011 and 2018, as extracted by Goyert et al. (2021) from the HYbrid Coordinate Ocean Model (HYCOM) for the Gulf of Mexico, were summarized as mean and standard deviation grids with a 4 km resolution. Bottom oxygen concentration values are annual means gridded from the World Ocean Database by Goyert et al. (2021) at a 370 m resolution. We calculated bottom seawater potential density (σθ) values using the R package oce v1.2 (Kelley, 2018). We obtained average monthly surface chlorophyll concentration and primary productivity values between 2011 and 2018 from the E.U. Copernicus Marine Service Information, Copernicus Globcolour ocean products grids OCEANCOLOUR_GLO_CHL_L4_REP_OBSERVATIONS _009_082 and OCEANCOLOUR_GLO_OPTICS_L4_REP_OBS ERVATIxONS_009_081 (accessed on June 2021),1 and summarized as mean and standard deviation grids with a 4 km resolution. Individual parameter values were extracted from these grids using the latitude and longitude of each sampled coral.

To avoid problems with highly correlated environmental variables (Dormann et al., 2013), we performed a pairwise correlation test and removed variables with a correlation coefficient |r| > 0.7 and a p-value < 0.05. We retained the most seemingly ecologically relevant variable when two or more variables were correlated. We evaluated the explanatory importance of each environmental variable using forward selection and analysis of variance (ANOVA) after 10,000 permutations (α = 0.05) using the ordistep function in vegan. Retained environmental variables were included in the dbRDA using the dbrda function in vegan. We performed a variance partitioning analysis with the function varpart and tested its significance through global and marginal ANOVAs (1,000 permutations, α = 0.01).




RESULTS


Population Connectivity

Migration rates (m) among sites estimated from genetic data using BAYESASS were overall low (average = 0.011, standard deviation = 0.065), with a few exceptions. Approximately 20% of individuals at the sites MC344 (depth 1,852 m) and KC405 (1,679 m) likely immigrated from the De Soto Canyon area (site DC673, depth 2,254 m), within the last one or two generations [Figure 2A and Supplementary Figure 2; mDC673–MC344 = 0.210, 95% HPDDC673–MC344 = (0.145,0.269); mDC673–KC405 = 0.181, 95% HPDDC673–KC405 = (0.123,0.236)]. The potential contribution of immigrants from DC673 to site GC852 (depth 1,407 m), in the Green Canyon area, and sites MC294 (depth 1,407 m) and MC297 in the Mississippi Canyon area was smaller but still substantial, ranging between 3 and 10% [Figure 2A and Supplementary Figure 2; mDC673–GC852 = 0.097, 95% HPDDC673–GC852 = (0.050,0.149); mDC673–MC294 = 0.051, 95% HPDDC673–MC294 = (0.000,0.076); mDC673–MC297 = 0.085, 95% HPDDC673–MC297 = (0.028,0.153)]. These analyses also indicate that GC852 may also be an important source of immigrants to the Mississippi Canyon area. The potential contribution of immigrants from GC852 to sites MC344, MC297, and MC294 ranges between 5 and 24% [Figure 2 and Supplementary Figure 2; mGC852–MC344 = 0.052, 95% HPDDC673–GC852 = (0.012,0.105); mGC852–MC294 = 0.236, 95% HPDDC673–MC294 = (0.167,0.295); mDC673–MC297 = 0.139, 95% HPDDC673–MC297 = (0.071,0.212)].


[image: image]

FIGURE 2. Directional population connectivity Paramuricea biscaya in the northern Gulf of Mexico. (A) Migration rates (m) inferred from observed genetic data using BAYESASS. (B) Horizontal connectivity probabilities (lh) integrated over all available periods (56 days in February, April, and August releases, and 148 days for November) calculated from larval dispersal simulations. (C) 3D connectivity probabilities (lv) (including both horizontal and vertical components) calculated from larval dispersal simulations. Rows in each matrix indicate source sites, and columns indicate sink sites. (B,C) Are modified from Liu et al. (2021). (D) Map depicting population connectivity patterns among study sites. Dots indicate sites. A line connecting two dots indicates an observed (genetic) or predicted (model) connection > 0. Solid lines indicate connections supported by both genetic and model data. Dashed lines indicate connections supported only by genetic data. Arrowheads indicate the direction of the connection. Line thickness is proportional to the strength of the connection (measured as migration rate m). Line and dot colors indicate site identities and correspond to those in Figures 1A,D.


Horizontal connectivity probabilities (lh) calculated from larval dispersal simulations recovered a remarkable congruence with the estimated migration rates (m) concerning the role of the De Soto Canyon area DC673 as a source of larvae for the Mississippi Canyon sites (Figures 2B,D, lh DC673–MC344 = 0.184,; lh DC673–MCC294 = 0.051; lh DC673–MC297 = 0.096), but not for the Green Canyon (GC852) or the Keathley Canyon (KC405) areas. The congruence is only maintained in the 3D connectivity probability (lv) for MC344 (Figures 2C,D, lv DC673–MC344 = 0.031). The larval dispersal simulations also predict bi-directional connectivity between MC294 and MC297 (lh MC294–MC297 = 0.348,; lh MC297–MCC294 = 0.172; lv MC294–MC297 = 0.082; lv MC297–MCC294 = 0.012) but the estimated migration rates between these sites are low [Figure 2A and Supplementary Figure 2; mMC294–MC297 = 0.013, 95% HPDMC294–MC297 = (0.000,0.051); mMC297–MCC294 = 0.012, 95% HPDMC297–MCC294 = (0.000,0.049)].



Population Genetic Structure

DAPC analysis with no location priors indicated that there is metapopulation substructuring within P. biscaya’s sampled range. The variability in the genetic data was explained by two clusters KD1 (n = 89) and KD2 (n = 44) (optimal K = 2, BIC = 616.8, 18 retained PCs; Figure 1C). Each individual was considered a member of the group with the highest probability. The first cluster is mainly composed of individuals collected at sites DC673 (100% of sampled individuals belong to KD1), KC405 (100% KD1), and MC344 (83% KD1), while the second cluster is mainly composed of individuals collected at sites MC294 (93% of sampled individuals belong to KD2), MC297 (54% KD2), and GC852 (75% KD2) (Figures 1C–E). The first discriminant axis, calculated by DAPC analysis with location priors, explained 58.4% of the variance and primarily reflected the differentiation between the two inferred clusters KD1 and KD2. This differentiation seemed to be associated with depth as samples assigned to KD1 were on average found at deeper locations (mean depth at which KD1 individuals were sampled: [image: image]KD1 = 1,896 m, standard deviation: sKD1 = 308 m) than individuals assigned to KD2 ([image: image]KD2 = 1454 m, sKD2 = 130 m) (Figure 1F).

The STRUCTURE analyses of Bayesian population clustering confirmed the presence of two ancestry clusters, KS1 (n = 91) and KS2 (n = 42), that largely corresponded to the clusters identified by the DAPC KD1 and KD2, respectively (we considered each individual a member of the group for which it had the highest membership probability Q). To maintain consistency with other studies in corals (Carlon and Lippé, 2011; Serrano et al., 2016), we defined an admixed individual as having a Q > 0.1 for both clusters. These analyses indicate that, overall, 15% of individuals have an admixed ancestry (Figure 1G), but proportionally there are more admixed individuals assigned to KS2 (24% of individuals) than to KS1 (11%). Ancestry cluster KS1 is dominant in DC673 (mean probability of membership at that site: [image: image]QS1 = 0.97), KC405 ([image: image]QS1 = 0.98) and MC344 ([image: image]QS1 = 0.79), whereas KS2 is dominant in MC294 ([image: image]QS2 = 0.88), GC852 ([image: image]QS2 = 0.65), and MC297 ([image: image]QS2 = 0.52).

Pairwise FST (Weir and Cockerham, 1984) statistics among sites were consistent with the DAPC and STRUCTURE results showing greatest differentiation among sites with a majority of individuals assigned to different K clusters, and lowest among sites with a majority of individuals assigned to the same K cluster (Figure 1H). The AMOVA analysis indicated that 11.4% of the observed genetic variation could be attributed to differences among individuals (FIS = 0.117, p = 0.001), 0.3% to differences among sites (FSC = 0.003, p = 0.001) and 1.8% to differences between DAPC clusters KD1 and KD2 (FCT = 0.018, p = 0.001).



Redundancy Analyses

Site-level RDA failed to detect a significant correlation (α = 0.05) between geographic distance (as dbMEM eigenvectors) and genetic differentiation, thus rejecting the hypothesis of isolation by distance.

Of the environmental variables, we excluded bottom temperature and salinity from the individual-level dbRDA as the ranges of these parameters across the study sites were too small to be biologically important (4.21–4.84°C, and 34.95 and 35.10 PSU). Mean surface primary productivity (retained for dbRDA) was significantly correlated with its standard deviation and latitude and mean and standard deviation of surface chlorophyll concentration. Depth (retained) was significantly correlated with bottom seawater potential density (σθ). Mean bottom oxygen concentration (retained), longitude (retained), and mean bottom current speed (retained) were not significantly correlated with any other environmental variable.

We incorporated depth, mean bottom dissolved oxygen concentration, mean surface primary productivity, longitude, and mean bottom current speed into an initial dbRDA model as these were the only significant independent variables identified by forward selection (ANOVA, p-values < 0.05). These variables significantly contributed to the model, except for mean bottom current speed (ANOVA, p-value > 0.01), which was subsequently excluded.

Globally, the percentage of the genetic variation explained by environmental variables was 7.37% (Table 2). Depth [collinear with bottom seawater potential density (σθ)] had the largest effect (explaining 3.8% of the variance), followed by mean bottom oxygen concentration (2.0%), mean surface primary productivity (collinear with six other variables, see above) (1.8%), and longitude (1.1%). The combined effect of depth and density is evident in the dbRDA plots (Figure 3). dbRDA axes are linear combinations of the environmental variables. dbRDA axis 1, which explains 52.5% of the variation, broadly splits individuals belonging to different DAPC clusters. This differentiation is primarily driven by depth as indicated by the environmental variables vectors and suggested in Figures 1E,F.


TABLE 2. Environmental variables tested in the dbRDA.
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FIGURE 3. Diplots of distance-based Redundancy Analysis (rbRDA) of environmental (explanatory) and genetic (response) variables. Green vectors represent environmental variables: depth, bottom dissolved oxygen concentration (O2), surface primary productivity (PP), and longitude (Lon). The length of each vector is proportional to its contribution to each axis. rbRDA axes are linear combinations of the environmental variables. Dots represent individual corals. Individuals are color-coded by (A–C) sampling site and (D–F) DAPC cluster assignment.





DISCUSSION


Population Connectivity: Scale, Rate, and Directionality

Larval dispersal simulations in the study area show a prevailing westward pathway of dispersal along isobaths in the 1,000–2,000 m range in all seasons (Liu et al., 2021). Long-distance dispersal (more than 100 km) driven by strong deep recirculation currents (Bracco et al., 2016) may occur for larvae originating in the DeSoto Canyon area (DC673) (Liu et al., 2021). These larvae can reach the Mississippi Canyon area in less than 2 months (Liu et al., 2021), thus explaining the source-sink dynamics identified between these sites by migration rate estimates (m) from genetic data (Figure 2). These source-sink dynamics are highly depth-dependent. Our estimates suggest that 15–27% of individuals at MC344 (1,852 m) likely immigrated from the De Soto Canyon area (DC673, 2,254 m) within the last one or two generations. For MC297 (1,577 m), 3–15% are likely immigrants from DC673, and less than 8% for MC294 (1,371 m). The limiting effect of depth on vertical connectivity is most striking within the Mississippi Canyon (Figure 2), where we found no evidence of substantial gene flow among sites. The limited amount of vertical diapycnal mixing possible over the short horizontal distances that separate them (tens of kilometers, see the following section for further discussion on the role of depth) may explain the limited 3D connectivity among these sites (Bracco et al., 2019; Liu et al., 2021).

Our analyses indicate that the population of P. biscaya at DC673 should be a conservation priority to restore the impacted populations at MC344 and MC297. Additional sampling and modeling throughout P. biscaya’s depth range (1,000–2,600 m) in the DeSoto Canyon and West Florida Escarpment are necessary to fully understand the role of this region as a source of larvae for DWH impacted populations in the Mississippi Canyon and identify other sites in need of protection.

Larval dispersal models predict that larvae originating from the Keathley Canyon area (KC405) can disperse the furthest (maximum horizontal distances 154 and 426 km after 56 and 148 days, respectively, Liu et al., 2021). The highly variable currents that characterize this area can explain this potential for long-distance dispersal (Liu et al., 2021). However, these models fail to predict the degree of direct genetic connectivity estimated between KC405 and DC673 (Figure 2). Similarly, the relative importance of the Green Canyon site GC852 as a source of larvae to the Mississippi Canyon area, indicated by the migration rate estimates, is not consistent with the connectivity probabilities estimated by the numerical larval simulations (Liu et al., 2021). The dispersal distances for larvae out of GC852 do not seem to exceed 100 km after 56 days (400 km after 148 days) (Liu et al., 2021). Thus no direct connectivity is predicted between the Green Canyon and Mississippi canyon sites separated by more than 300 km. Additional factors that may contribute to some of the inconsistencies between migration rates and connectivity probabilities include potential violations to the underlying assumptions of the larval dispersal (Liu et al., 2021), and the population genetic models. For example, the migration rate estimates calculated by BayesAss are most accurate and precise when true migration rates among populations are moderate (m < 0.333), population structuring is significant and sampling of individuals and loci is substantial (Faubet et al., 2007; Meirmans, 2014).

The patterns of genetic connectivity between KC405 and DC673, and GC852 and the Mississippi Canyon sites cannot be explained by larval dispersal modfels unless intermediate populations that act as stepping stones are included in the simulations (Liu et al., 2021) when the role of interannual variability is accounted for by using the advection pathways predicted by HYCOM data. Additional targeted exploration and sampling, informed by habitat suitability (Georgian et al., 2020) and dispersal models (Liu et al., 2021), are necessary to test this connectivity hypothesis and clarify the role of western populations in the restoration of DWH impacted populations.



Metapopulation Structuring by Depth

All of our analyses support the existence of two clusters or “stocks” of Paramuricea biscaya in our samples, both of which were impacted by the DWH oil spill. Previous studies sequenced mitochondrial DNA of P. biscaya (mtCOI + igr + MutS) and recovered three haplotypes of P. biscaya (B1, B1a, B2) in the northern Gulf of Mexico (Doughty et al., 2014; Quattrini et al., 2014; Radice et al., 2016). We found that mitochondrial haplotypes bear no direct correspondence with the genomic clusters (Supplementary Figure 3). Mitochondrial markers are well known for lacking sufficient variability at low taxonomic levels in octocorals and are subject to incomplete lineage sorting (Pante et al., 2015; Herrera and Shank, 2016; Quattrini et al., 2019). We suggest that mitochondrial DNA barcoding data should not be used to resolve differences at the population level, especially in the context of management and restoration, and in many cases at the species level, as it could lead to incorrect interpretations and inadequate policy decisions.

Geographic distance is not a significant variable structuring the genetic diversity of P. biscaya within the GoM. Despite only being separated by tens of kilometers, the populations in the Mississippi Canyon impacted by the DWH oil spill (MC294, MC297, and MC344) have distinct genetic compositions (Figure 1). The population’s genetic composition at MC344 is most similar to those found at the DeSoto Canyon (DC673) and Keathley Canyon (KC405), hundreds of kilometers away. Consistent with results from previous studies of deep-sea populations (Taylor and Roterman, 2017), depth is a critical variable structuring the genetic diversity of P. biscaya. MC344 is the deepest of the three sites at the Mississippi Canyon (MC294: 1,371 m, MC297: 1,577 m, and MC344: 1,852 m), and its population is mainly composed of individuals whose ancestry is predominantly from the first cluster KD1 [83%; the other deep sites DC673 (2,254 m) and KC405 (1,679 m) are also almost entirely made up of individuals with KD1 ancestry]. MC294, the shallowest, has a population whose ancestry is mainly from the second cluster, KD2 (93%). MC297 sits at an intermediate depth and has a population of mixed ancestry, split roughly in half.

Seascape genomic analyses provide statistical support for the role of depth. The combined effect of depth and bottom seawater potential density (σθ) contributes the most toward explaining the genetic variability in P. biscaya among the environmental variables explored in this study (Figure 3 and Table 2). Among the environmental variables known to show collinearity with depth, hydrostatic pressure may be the most biologically important for Paramuricea biscaya. Hydrostatic pressure increases linearly with depth (at a rate of roughly 1 atmosphere every 10 m). Other variables, such as dissolved oxygen concentration, pH, temperature, and salinity, do not vary sufficiently within the depth and geographical range of the examined populations in the study area to exert any significant adaptive pressure that could drive diversification. Several studies have suggested that pressure can be a significant selective force in the deep sea, often driving the evolution of pressure-adapted enzymes and other biomolecules (Somero, 1992; Lan et al., 2017, 2018; Gaither et al., 2018; Lemaire et al., 2018; Gan et al., 2020; Weber et al., 2020).

Another potentially important variable known to be collinear with depth is the flux of particulate organic matter from the surface ocean to the seafloor (POC flux). POC is the primary food source for most deep-sea organisms, and it is known to structure biodiversity patterns on the benthos (Woolley et al., 2016). POC flux decreases exponentially with depth (Martin et al., 1987; Mouw et al., 2016) and could therefore be a significant selective force (Quattrini et al., 2017) and a major driver of biodiversity patterns in the deep sea. However, POC accumulates on the seafloor, where it can be resuspended through the interaction of bottom currents and complex topography (Wilson et al., 2015; Amaro et al., 2016). The role of POC resuspension is uncertain given the diversity of habitats where P. biscaya is found, from carbonate outcrops (e.g., GC852 and MC sites) to near-vertical walls (DC673, KC405). Furthermore, episodical delivery episodes of POC are challenging to incorporate in models but are likely biologically important (Smith et al., 2018). In situ measurements would be needed to quantify differences in food delivery at these sites. Although chlorophyll-a concentrations, sea surface temperature, and photosynthetically active radiation are used to model net primary productivity (Behrenfeld and Falkowski, 1997) and POC fluxes (Pace et al., 1987), their relationship is not always predictable. In the northern Gulf of Mexico, confounding factors such as planktonic community composition can cause discrepancies between modeled and in situ POC flux measurements (Biggs et al., 2008; Maiti et al., 2016).

Bottom seawater potential density (σθ) could play an important role if larvae behave as neutrally buoyant particles dispersing along isopycnals as suggested for other deep-sea corals and sponge species (Dullo et al., 2008; Kenchington et al., 2017; Bracco et al., 2019; Roberts et al., 2021). Larval dispersal along narrow density envelopes associated with water mass structuring may serve as a mechanism for increasing reproductive success and gene flow among deep-sea metapopulations of species with neutrally buoyant larvae while simultaneously facilitating pre-zygotic isolation by limiting dispersal across depth (Miller et al., 2011). The results from our potential connectivity analyses further suggest that the ocean circulation, and specifically the limited diapycnal mixing, may prevent neutrally-buoyant larvae from spreading across depth ranges.

Remarkably, all sampled sites, except for DC673, have a proportion of individuals with admixed ancestry, suggestive of successful crosses beyond F1 or F2 generations among clusters (Figure 1). This could be indicative of an absence of post-zygotic isolation barriers between clusters. There are two possible explanations for this pattern: incipient sympatric speciation or secondary contact. Incipient sympatric ecological speciation through niche specialization is a possible driver of the observed pattern of population structuring (González et al., 2018). Due to the relative environmental stability at the depth range of P. biscaya, it is plausible that specialization to pressure and food gradients would occur over the species’ depth range and be reinforced by density-driven dispersal limitation. Alternatively, secondary contact could occur by recent colonization of the GoM by a P. biscaya lineage from the Caribbean Sea or the Atlantic Ocean. Differentiating between the two possibilities would require a combination of demographic modeling and additional sampling throughout the range of P. biscaya, i.e., not limited to the GoM.

The presence of these two genetic stocks should be taken into consideration for restoration activities that involve propagation in nurseries and transplantation (Baums et al., 2019). The possibility that the stocks are partially reproductively isolated and depth-adapted suggests that receiving populations would benefit most from transplants from populations to which they are already genetically connected.




CONCLUSION

In this study, we found support from population genomic analyses and larval dispersal modeling for the hypothesis that the P. biscaya metapopulation in the northern GoM is predominantly structured by depth, and to a lesser degree, by distance. Further, both lines of evidence (genetic and modeling) support the hypothesis that larval dispersal among connected populations is asymmetric due to dominant ocean circulation patterns. Utilizing a seascape genomic approach brought a more holistic understanding of the population connectivity of this species than either population genetics or modeling could on its own. There are likely intermediate unsampled populations that serve as stepping stones for dispersal. These may explain some of the observed genetic connectivity that could not be explained as direct dispersal by larval simulations. Although dispersal and connectivity patterns of organisms are highly species-dependent, the integrative framework of this study provides valuable insights to understand the connectivity of deep-sea metacommunities broadly (Mullineaux et al., 2018).

This study further illustrates that management of marine protected areas (MPAs) should incorporate connectivity networks and depth-dependent processes throughout the water column. Doing so could help preserve genetic diversity and increase species resilience to extreme climate events and anthropogenic impacts. We suggest that the DeSoto Canyon area, and possibly the West Florida Escarpment, critically act as sources of larvae that may repopulate areas impacted by the 2010 Deepwater Horizon oil spill in the Mississippi Canyon. Active management of these source sites is essential to the success of restoration efforts.
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The processes that control diversification and speciation in deep-sea species are poorly known. Here, we analyzed data produced by Restriction-Site Associated DNA Sequencing (RAD-Seq) of octocorals in the genus Paramuricea to elucidate diversification patterns and examine the role of environmental gradients in their evolution. The genus Paramuricea evolved around 8 MYA, with a high probability of a broad ancestral depth range from mesophotic depths to the deep sea. At around 1-2 MYA, the genus diversified across the continental slope of the deep North Atlantic, supporting the depth-differentiation hypothesis, with no invasions back into shallower depths (< 200 m). Diversification in the deep sea generally occurred from shallower, warmer waters to deeper, colder depths of the lower continental slope. We also found that the vertical structure of water masses was influential in shaping phylogeographic patterns across the North Atlantic Ocean, with clades found in either upper/intermediate or intermediate/deep water masses. Our data suggest that species diverged first because of environmental conditions, including depth, temperature, and/or water mass, and then diversified into different geographical regions multiple times. Our results highlight the role of the environment in driving the evolution and distribution of Paramuricea throughout the deep sea. Furthermore, our study supports prior work showing the utility of genomic approaches over the conventionally-used DNA barcodes in octocoral species delimitation.




Keywords: systematics, RAD- seq, genomics, species delimitation, population genetics, biogeography



Introduction

Contemporary and historical evolutionary processes that generate diversity in the deep sea (>200 m) remain poorly understood (Thistle, 2003), particularly as compared to shallow-water marine systems. Yet, diversity in the deep sea can be high in certain areas and depths (e.g., mid-bathyal region), and in some cases it rivals diversity estimates in shallow-water coastal habitats (Hessler and Sanders, 1967; Sanders, 1968; Grassle, 1989). While species turnover can rapidly occur across depth (see Rex and Etter, 2010), many deep-sea species have broad biogeographic ranges, often spanning entire ocean basins (see McClain and Hardy, 2010). Long planktonic larval durations (Hilário et al., 2015) and long-distance dispersal (Baco et al., 2016) combined with a lack of dispersal barriers in the deep sea seem to promote a high degree of connectivity across large spatial scales (Wilson and Hessler, 1987; McClain and Hardy, 2010). In addition, certain habitats might serve as ‘stepping stones’ to larval dispersal, increasing the degree of connectivity within a metapopulation (Smith et al., 1989; Van Dover et al., 2002; Breusing et al., 2016; Miller and Gunasekera, 2017). With seemingly no physical barriers to limit dispersal or promote reproductive isolation (see Wilson and Hessler, 1987; McClain and Hardy, 2010), the question remains as to what processes generate new species in this vast environment.

Several hypotheses have been suggested to explain how diversity is generated and maintained in the deep sea. One is the Depth-Differentiation hypothesis (sensu Rex and Etter, 2010), which suggests that most deep-sea biodiversity is generated on the continental slope due to habitat heterogeneity and different selective regimes. Other hypotheses have suggested that deep-sea diversity is maintained by immigration of populations (Radiation hypothesis, Holt, 1985) and expansion and diversification of lineages from shallow waters (Onshore-Offshore hypothesis, Jablonski et al., 1983; Bottjer and Jablonski, 1988) due to a variety of factors (e.g., anoxic events, biological interactions, disturbance events). These various hypotheses are likely not mutually exclusive but rather, together, can explain how diversity patterns are governed from the shelf break to the abyss.

In most cases, environmental conditions are key in helping to explain the maintenance and generation of diversity in the deep sea (e.g., Gooday, 2002; Smith et al., 2008; Rex and Etter, 2010). Contrary to historical views, the deep seafloor and the overlying water column can be quite heterogeneous in nature. The topography of the seafloor, particularly on the continental slope, is complex and can change across depth and geographic location on both large (e.g., seamounts, submarine canyons, cold seeps, coral-built mounds) and small (e.g., sediment burrows and waves, hardbottom type and extent) spatial scales, helping to shape diversity patterns in the deep sea (see Levin et al., 2010; Levin and Sibuet, 2012). In addition to topographic complexity, several environmental parameters including temperature, hydrostatic pressure, oxygen, pH, salinity, nutrients, and food supply can change with increasing water depth. Still, the rate of change of most variables (except for pressure) depends on geographic location. Several of these properties (e.g., temperature, salinity, oxygen) are linked directly to water mass structure, which has implications for controlling biogeographic patterns (see Auscavitch et al., 2020; Puerta et al., 2020; Roberts et al., 2021). For example, water masses that move across ocean basins might promote larval dispersal while the density interfaces between them might constrain dispersal (Miller et al., 2010; Quattrini et al., 2017; Bracco et al., 2019). Regional and biogeographic species models often list hydrographic regimes as important variables shaping the distribution of deep-sea benthic organisms (e.g., Kenchington et al., 2019; Puerta et al., 2020). If hydrographic, topographic, and other environmental conditions are important variables shaping ecological distributions of deep-sea benthic organisms, then these factors are also likely to have a strong influence on the evolution and diversification of species in the deep sea.

Deep-sea (cold-water) corals are ubiquitous throughout the world’s oceans. In particular, octocorals in the genus Paramuricea Kölliker, 1865 are common inhabitants of a variety of deep-sea habitats, where they occur in large aggregations on existing hard bottoms (e.g., seamounts, submarine canyons, and authigenic carbonates) (Thoma et al., 2009; Doughty et al., 2014; Quattrini et al., 2015a). Currently, there are 19 valid species in this genus (WoRMS Editorial Board, 2022) that occur worldwide down to depths of approx. 2400 m (NOAA Deep-Sea Coral Data Portal, 2022), with only one species known primarily in shallow waters (P. clavata, Linares et al., 2008). Like other octocorals, Paramuricea is ecologically important. Colonies can host mutualistic symbionts (e.g., Asteroschema spp., Girard et al., 2016) and serve as important habitat for fishes (Edinger et al., 2007; Husebø et al., 2002; Miller et al., 2012). Some Paramuricea species are also long-lived and slow-growing, with continuous life spans of over 600 years (Prouty et al., 2016). Species in this genus are thus highly susceptible to anthropogenic impacts. Indeed, thermal stress events and oil spills have resulted in mass mortalities in the Mediterranean Sea (Bavestrello et al., 1994; Linares et al., 2005) and Gulf of Mexico (White et al., 2012; Fisher et al., 2014), respectively, and regional efforts to restore habitat are ongoing. Determining the bathymetric and geographic distribution of evolutionary lineages, their physiological tolerances, phylogenetic diversity, and the potential for connectivity among depths and locations are important components for the effective restoration and conservation of this genus.

The distribution of genetic diversity across spatial scales and environmental parameters (i.e., seafloor and hydrographic features) has been investigated in Paramuricea from the North Atlantic and the Mediterranean Sea. In the Mediterranean Sea, two endemic species, P. clavata and P. macrospina, occur at depths down to 200 m (Bo et al., 2012; Grinyó et al., 2016). It has been hypothesized that these species arose from a vicariance event linked to the Messinian and Gelasian salinity crises (Poliseno et al., 2017). For P. clavata, populations are isolated by both depth and distance (Mokhtar-Jamaï et al., 2011; Pérez-Portela et al., 2016). In the broader North Atlantic, different Paramuricea genetic types (mtMutS, COI, and/or nuclear 28S rDNA) can be found on the same feature (i.e., seamount, Thoma et al., 2009) and across regions (Radice et al., 2016), but they can also segregate by depth within regions (Doughty et al., 2014). Doughty et al. (2014) suggested that either oceanographic conditions physically limit larval dispersal across depth, or alternatively, species have different physiological tolerances to depth-related environmental variables. Following Doughty et al. (2014), Radice et al. (2016) suggested that water masses are important conduits for promoting dispersal within depth bands while limiting dispersal across depth, a conclusion that is also supported by population genetic and larval dispersal studies of other North Atlantic species (e.g., Quattrini et al., 2015b; Bracco et al., 2019; Kenchington et al., 2019). More recently, seascape genomics (Galaska et al., 2021) and larval dispersal models (Liu et al., 2021) demonstrated that populations of Paramuricea in the Gulf of Mexico are structured across depth; however, this structuring was observed within the same water mass (i.e., primarily North Atlantic Deep Water, > 1000 m). Paramuricea is an exemplar system to understand how oceanographic and other environmental conditions, both past and present, have influenced the diversification and distribution of deep-sea corals.

Prior phylogenetic and phylogeographic studies on Paramuricea spp. have relied primarily on the commonly-used mitochondrial DNA (mtMutS+igr+COI) and 28S rDNA barcodes (Thoma et al., 2009; Doughty et al., 2014; Radice et al., 2016). These barcodes can be useful for delineating closely-related species within some genera, but they are slowly-evolving markers (Huang et al., 2008; Shearer & Coffroth, 2008) and do not accurately delimit species in all genera, especially those that are speciose and represent recent and rapid radiations (McFadden et al., 2011; McFadden et al., 2014; Pante et al., 2015; McFadden et al., 2017; Quattrini et al., 2019). Even when they work well to help delimit species, these markers often have no intraspecific variation, making them ineffective for phylogeographic studies. Thus, it is clear that other genetic markers are needed.

In this study, we used a Restriction-Site Associated DNA Sequencing (RAD-Seq) approach to construct a species tree of Paramuricea spp. and explore the origin and diversification of species inhabiting the deep North Atlantic Ocean. Numerous studies have shown the effectiveness of RAD-Seq in differentiating populations and species and resolving phylogenetic relationships among closely-related species that have recently and/or rapidly diverged (Reitzel et al., 2013; Herrera et al., 2015; Herrera and Shank, 2016; Bracco et al., 2019; Quattrini et al., 2019; Galaska et al., 2021). We then used divergence dating, ancestral state reconstruction, and a dispersal-extirpation-cladogenesis model to illuminate the biogeographic history of this genus. Specifically, we examined whether: 1) deep-sea species diversified from ancestors in shallower and/or warmer waters (onshore-offshore hypothesis) and 2) water masses shaped the depth (depth-differentiation hypothesis) and/or geographical range evolution of this genus across the North Atlantic Ocean. This dataset also allowed us to compare topologies produced from concatenated RAD-Seq data and a multispecies coalescent species tree with those generated from the conventionally-used mtMutS+28S rDNA barcodes.



Materials and Methods


Specimen Collection and Preparation

Sixty-nine samples were collected from multiple sources and locations throughout the North Atlantic and Mediterranean Sea at depths of 30 to 2,312 m (Figure 1 and Tables 1, S1). Most specimens used for sequencing were preserved onboard the ship in 95% EtOH and stored either at room temperature or frozen at -20°C (Table S1). However, the samples collected off Canada were frozen on board the ship at -20°C and then transferred to 100% EtOH and stored at room temperature (Table S1).




Figure 1 | (A) Map of sampling locations. blue = Gulf of Mexico, yellow = NE United States, light blue = Canada, green = Ireland, pink = Mediterranean Sea. (B) Paramuricea sp. 3, with associated brittle stars and squat lobsters, in the Gulf of Mexico at 1050 m depth.




Table 1 | Specimen collection information.



Small sections of the axis (1-2 polyps in length) were treated with an 8% sodium hypochlorite solution to dissolve organic matter, followed by one rinse with 3% hydrogen peroxide, one rinse of deionized water, and three rinses of 95% ethanol. Sclerites were then sorted using an ultrafine bristle paintbrush and assessed using a JEOL 5600LV Scanning Electron Microscope and a compound microscope (Supplemental File 1). Sclerite sizes were measured with JEOL visualization software. Specimens have been given tentative species names or designations based on morphological characters (Deichmann, 1936; Grasshoff, 1977; Table 2) combined with RAD-Seq results; however, we acknowledge that all await further taxonomic confirmation as a comparison to type material is essential. Therefore, we retained the use of cf. (to confer) or aff. (affinity to) for some of the morphospecies designations (Table 2).


Table 2 | Morphological characters for putative species.



DNA was extracted using a Qiagen DNeasy kit following the manufacturer’s protocol. DNA concentration was assessed using a Qubit v 2.0 fluorometer with a Broad Range Assay Kit. Quality was assessed by running 100 ng of DNA for each sample on a 1% agarose gel and checked with a NanoDrop spectrophotometer. Normalized (20 ng per ul), high-quality (230/260 and 260/280 ratios >1.8) DNA was sent to Floragenex Inc (Eugene, OR) for RAD-Seq library preparation. Libraries were constructed for each of the 69 samples using the 6-cutter PstI enzyme. Due to some degradation of DNA, two libraries were constructed for a subset of the samples (n=47). Each library was sequenced (100 bp SE reads) on one and a quarter lanes of an Illumina HiSeq2500 (University of Oregon’s Genomics and Cell Characterization Core Facility lab).



Bioinformatics and Phylogenetic Analysis of Barcoding Data

In addition to RAD-Seq, two gene regions (mtMutS, 28S rDNA) used widely for barcoding in octocorals were PCR-amplified and Sanger-sequenced using published primers and protocols (McFadden et al., 2011; McFadden et al., 2014). mtMutS and 28S rDNA sequences of Paramuricea were aligned separately using the E-INS-i method in MAFFT (100PAM/k=2, gap open penalty 1.53, Katoh and Toh, 2008) and then concatenated. Additional, outgroup sequences from the octocoral families Acanthogorgiidae (Acanthogorgia), Gorgoniidae (Pacifigorgia), and other plexaurid genera (Thesea, Villogorgia, Muriceides, Bebryce, Plexaura) were downloaded from GenBank and included in the analyses to determine the relationship of sample LII-501 (an unidentified species in the family Plexauridae) to the other Paramuricea samples. Plexaura kuna was used as the outgroup, as this genus has been previously shown to fall outside of the other included taxa in larger datasets (Wirshing et al., 2005; McFadden et al., 2006).

MOTHUR v1.44 (Schloss et al., 2009) was used to delimit molecular operational taxonomic units (MOTUs) based on genetic distance thresholds applied to each gene separately and to the concatenated dataset of mtMutS+28S (e.g., McFadden et al., 2014; Quattrini et al., 2019). The distseq method was used to calculate uncorrected pairwise distances, counting a string of gaps as one (calc=onegap) without penalizing gaps at the ends (countends=F). Phylogenetic trees were constructed separately for mtMutS, 28S rDNA, and the concatenated dataset using maximum likelihood (IQTree; Nguyen et al., 2015) (Supplemental Figure S1). We used the built-in program ModelFinder (-m MFP+Merge, Kalyaanamoorthy et al., 2017) to identify the best partitioning scheme and models of evolution (Bayesian Information Criterion, BIC) to use in these analyses (mtMutS: K2P+R2; 28S rDNA: TPM2u+F+G4). Both ultrafast bootstrapping (-bb 1000, Hoang et al., 2018) and the Sh-like approximate likelihood ratio test (-alrt 1000, Guindon et al., 2010) were performed.



Bioinformatics and Phylogenetic Analysis of RAD-Seq Data

Sequence reads were de-multiplexed and trimmed for low quality using the process_radtags program in Stacks v 1.35 (Catchen et al., 2013). Illumina adapters and barcodes were excluded from reads, and lengths were truncated (-t) to 91bp. The rescue barcodes and RAD-tags options were enabled (-r). Reads with ambiguous bases (-c) and low-quality scores (-q, <10) were discarded. The default sliding window (-w 0.15) and average score (-s 10) for filtering were used. ipyrad v0.9.6 (Eaton and Overcast, 2020) was then used for additional filtering and clustering of sequences to identify homologous loci. ipyrad enables the identification of homologous loci across highly divergent samples by including indel variation in the clustering process (Eaton, 2014). Parameters were left at default values, based on recommendations in the ipyrad manual (https://ipyrad.readthedocs.io/). They included the maximum number of low-quality bases (phred quality score <20) per read of five, removal of low-quality reads (with more than five of bases with a phred quality score <20), short (< 35 bp) reads, and reads with more than five Ns, in addition to a strict filter for adapters. To detect potential paralogs, we changed the maximum number of heterozygous sites retained in a locus to 25% across samples to reduce the chances of clustering paralogs with fixed differences. We also used a clustering threshold of 85% based on previous RAD-Seq studies of octocorals (Pante et al., 2015; Herrera and Shank, 2016; Quattrini et al., 2019). Different datasets (Table 3) were generated in step seven of the ipyrad pipeline for analyses outlined below.


Table 3 | Locus statistics from ipyrad output files for datasets used in different analyses.



A phylogeny of all taxa (n=69 individuals) was constructed using IQTree with a concatenated data matrix of no more than 25% missing taxa per locus (Table 3). The best fit model (-m MFP, Kalyaanamoorthy et al., 2017) was chosen (TVM+F+R5) using BIC followed by maximum likelihood analyses with ultrafast bootstrapping (-bb 1000, Hoang et al., 2018) and the Sh-like approximate likelihood ratio test (-alrt 1000, Guindon et al., 2010). RAxML v 8 (Stamatakis, 2006) was also used to construct a phylogeny using a GTR+G model and rapid bootstrapping; a total of 20 ML searches and 200 bootstrap replicates were performed. Trees were visualized with FigTree and rooted to the unidentified Plexauridae (sample LII-501) as this was an appropriate outgroup supported by our mtMutS and 28S results (Supplemental Figure S1).

Structure v2.3 (Pritchard et al., 2000) was used to define putative species of Paramuricea to help guide the coalescent-based SNAPP analyses (below). We used an unlinked SNP dataset (u.str file from ipyrad) with a maximum of 25% missing taxa per locus (Table 3) for the deep-sea (> 200 m depth) clade. Structure was run in parallel with StrAutoParallel v 1.0 (Chhatre and Emerson, 2017) using an admixture model with correlated allele frequencies. Burnin was set to 25,000 followed by 1,000,000 MCMC generations. The inferred number of populations (K) was set from 1 to 12, and 10 runs of each K were conducted. Because the commonly used ΔK method often finds only the uppermost genetic structure (Evanno et al., 2005; Janes et al., 2017), which is a likely scenario when examining several metapopulations, we chose three K values to plot based on the three increases apparent in ΔK values (Supplemental File 2) from Structure Harvester (Earl and Vonholdt 2012). The ten runs for each of those K values (K=4, 6, and 10) were aligned with CLUMPP v 1.2 (Jakobsson and Rosenberg, 2007), and the resulting indivq file was input into Distruct v. 1.1 (Rosenberg, 2004) for the graphical display of individual population assignments.

Coalescent-based SNAPP v 1.3 (Bryant et al., 2012) analysis was used to infer the species tree using unlinked SNPs (Table 3). Prior to SNAPP analysis, the full dataset was subsampled in ipyrad (step 7) to ≤ 3 individuals per population per putative species with no more than 10% missing taxa per locus (SNAPP_subset1 dataset). Using the unlinked_SNPs_to_nexus.py script (https://github.com/brunoasm/usnps_to_nexus written by B. deMedeiros), unlinked SNPs (usnps file from ipyrad) were converted into a binary nexus file. BEAUti v2.6 (Bouckaert et al., 2019) was used to create an xml file. Mutation rates (u=3.333, v=0.588) were set based on Quattrini et al. (2019), and the coalescent rate parameter was estimated during the MCMC. The Yule tree prior was set to a gamma distribution with default alpha (2.0) and beta (200) parameters, and the ancestral population sizes were set at the default gamma distribution priors. One run (MCMC=2M generations, samplefreq=1000) was performed in BEAST2 v2.6 (Bouckaert et al., 2019) using CIPRES (Miller et al., 2010). Convergence (effective sample size, ESS, values > 200) and mixing were checked in Tracer v. 1.7 (Rambaut et al., 2018). Tree topologies were drawn in DensiTree v2.2 (Bouckaert, 2010). A maximum clade credibility tree and posterior probabilities were generated with Tree Annotator v 2.3 (burnin=25%, mean heights, Bouckaert et al., 2014). We also repeated the SNAPP analysis with another subsampling of the dataset (SNAPP_subset2) to examine potential bias in subsampling.



Phylogeographic Analyses

Divergence dating estimation was conducted in SNAPP v 1.3 following the tutorial (https://github.com/ForBioPhylogenomics/tutorials/tree/main/divergence_time_estimation_with_snp_data) and based on the methods of Stange et al. (2018) to determine the timing of diversification of Paramuricea into deep water. The ruby script snapp_prep.rb was used to generate an xml file based on unlinked SNPs. The SNAPP maximum clade credibility tree was used as a topology constraint. Two relative dates were used based on 95% highest posterior density (HPD) node ages from Poliseno et al. (2017). We approximated these 95% HPD intervals for the ingroup and the clade containing P. clavata and P. grayi using lognormal distributions in real space. Lognormal distributions were centered around 7.7 and 4.2 MYA with standard deviations of 0.28 and 0.4 MYA for the ingroup (4.2-12.8 MYA 95% CI) and the clavata/grayi (1.8-8.5 MYA 95% CI) clades, respectively. A strict clock was also used, mutation rates were set as noted above, and the effective population sizes were unlinked. One run (MCMC=1M generations, samplefreq=1000) was performed in BEAST2 v2.6 (Bouckaert et al., 2019) using CIPRES (Miller et al., 2010). Convergence and ESS values > 200 were confirmed in Tracer v. 1.7. A maximum clade credibility tree with 95% HPD ages was generated with Tree Annotator v 2.3 (burnin=25%, mean heights).

To examine the ancestral depth ranges of Paramuricea, we used the Bayesian dispersal- extirpation-cladogenesis (DEC) model (Ree and Smith, 2008) implemented in RevBayes (Höhna et al., 2016). Ancestral ranges of shallow-mesophotic (10-200 m) and deep-sea (> 200 m) depths were estimated following the guidelines in the online tutorial on simple analysis of historical biogeography (https://revbayes.github.io/tutorials/biogeo/biogeo_simple.html). The ultrametric SNAPP tree constructed without the clock model, with the topology that matched the concatenated analyses (undated-SNAPP_subset1), was input into RevBayes. To estimate depth ranges for each putative species/population, we used the depths from sample collections supplemented by depth records in the literature (Deichmann, 1936; Grasshoff, 1977) in cases where we were confident about species identities. We also estimated the ancestral ranges of Paramuricea in particular water masses to determine whether water masses facilitated the dispersal of deep-sea species across the North Atlantic Ocean. Water masses that are most often found at particular depths in each of the regions (following Rivas et al., 2005; Townsend et al., 2015; Wilson et al., 2015; Georgian et al., 2016; Aldama-Campino and Döös, 2020; Liu and Tanhua, 2021) were used in analyses: Antarctic Intermediate Water (AAIW), Labrador Sea Water (LSW), North Atlantic Central Water (NACW), Mediterranean Overflow Water (MOW), and North Atlantic Deep Water (NADW) (see Figure 1). In RevBayes, the number of generations (MCMC) was set to 5000. The R package RevGadgets (Tribble et al., 2022) was then used to generate phylogenies with the 1st through 3rd most probable ancestral ranges shown (as pie charts) before and after cladogenic events.

We also modeled continuous trait evolution of temperature and depth ranges to further elucidate the ancestral states of the environment in the deep-sea clade. We used the contMap function in the R package phytools (Revell, 2012). This mapping approach uses a fast estimation of the most likely ancestral states at each node. For this analysis, we used the IQTree tree generated with concatenated data for all 69 individuals. Depth of collection was used as the depth data. Temperature data were taken from modal temperatures of water masses (following Rivas et al., 2005; Townsend et al., 2015; Wilson et al., 2015; Aldama-Campino and Döös, 2020; Liu and Tanhua, 2021) where those water masses occur in each region. We chose to use these water mass temperatures instead of temperatures taken at the time of collection because we expect that long-term temperatures, as reflected in water masses, are more important in the evolution of this genus than a “snapshot” that is captured during a single collection time.




Results


Morphological Data

Diagnostic sclerites were apparent for each shallow/mesophotic species and for the monophyletic groups/genetic clusters of individuals from deep waters as identified in RAD-Seq analysis (see below). Hereafter, we refer to these species as: P. clavata, P. grayi, P. macrospina, P. sp. 1- 4, P. cf. placomus, P. cf. biscaya, and P. aff. biscaya. All putative species exhibited differences in the morphology of the calicular thornscales and/or sclerites in the coenenchyme of the axis or calyx (Table 2, Supplemental File 1). P. aff. biscaya was similar to P. cf. biscaya, but P. aff. biscaya differed by the presence of lacinated plates with rounded projections in the coenenchyme. P. sp. 1 and 2 were also morphologically similar but differed in that P. sp. 2 had triangular projections in thornscales. P. sp. 3 contained unique branched spindles in the coenenchyme, which were not observed in the other clades. Two morphological variants for P. cf. placomus were observed, with differences in the size of the thornscale projection. However, genetics did not distinguish these as separate lineages (see below).



DNA Barcode Data

We obtained mtMutS and 28S rDNA sequences for 59 and 56 Paramuricea individuals, respectively. The mtMutS alignment was 735 bp, 28S was 652 bp, and the concatenated alignment was 1,387 bp. Although a monophyletic deep-sea (> 200 m) clade was recovered in all phylogenies, the topologies were largely incongruent with respect to the placement of the mesophotic species P. macrospina and several putative species within the deep-sea clade (Supplemental Figure 1). In addition, most nodes were poorly supported (< 90% b.s.) in each phylogeny, except the node for the entire Paramuricea clade.

Based on a 0.3% genetic distance threshold, the mtMutS barcode identified seven molecular operational taxonomic units (MOTUs): one MOTU each for the Plexauridae outgroup, P. clavata. P. grayi, P. macrospina; and three MOTUs in the deep-sea clade, but none was congruent with the RAD-Seq phylogeny or Structure analyses (Figure 2). For 28S, seven MOTUs were designated at a 0.3% genetic distance threshold: one MOTU each for Plexauridae, P. macrospina, P. clavata/grayi; and four MOTUs in the deep-sea clade. The MOTUs based on 28S for the deep-sea clade corresponded largely with monophyletic clades of the RAD-Seq phylogeny but did not correspond with groupings of the Structure analysis (Figure 2). Based on a 0.3% genetic threshold, the concatenated mtMutS+28S barcode designated nine MOTUs: one MOTU each for Plexauridae, P. macrospina, P. clavata, and P. grayi; and five MOTUs in the deep-sea clade, none of which were congruent with the RAD-Seq phylogeny or Structure analyses (Figure 2).




Figure 2 | Maximum likelihood phylogeny from concatenated RAD-Seq data (2,861 loci, 249,438 SNPs) generated by IQTree. STRUCTURE membership of probability graphs (K=4, 6 and 10) for the deep-sea clade (3,821 unlinked SNPs) included. Molecular operational taxonomic units (MOTUs) assigned by Mothur analysis (color-coded, grey=unavailable) for mtMutS, 28S, and ‘Both’ genes. Branches are color-coded to sampling location. Node labels represent support values (*>95% support) from RAxML rapid bootstrapping/SH-like approximate likelihood ratio test/IQTree ultrafast bootstrapping for each putative species (see supplemental data for all support values in .tre file). The phylogeny is rooted to an unidentified species of Plexauridae.





RAD-Seq Data

After trimming and filtering in both stacks and ipyrad, 307M reads were retained for 69 Paramuricea individuals. On average, 13% of reads were removed due to unmatched RAD tags, low quality and unambiguous bases, and short reads. The mean number of reads retained per sample was 4,453,204 ± 3,589,920 SD. The dataset, allowing for 25% missing data per locus, included 2,266 ± 600 SD loci per sample. In total, 29,202 SNPs were obtained, and the alignment matrix consisted of 249,438 bp.

The phylogeny based on a concatenated RAD-Seq data alignment (249,438 bp) was well supported at most nodes, based on rapid and ultrafast bootstrapping and the Sh-like approximate likelihood ratio test implemented in IQTree (Figure 2). The RAxML and IQTree topologies were largely congruent. The only exceptions were the relationships among populations of P. cf. placomus. RAxML recovered a sister relationship between the Ireland and GoM samples and IQtree recovered a sister relationship between GoM and NE United States samples.

The undated-SNAPP_subset1 species tree (Figures 3A, B) inferred from 958 unlinked SNPs (Table 3) was strongly supported (> 95%) at only 50% of the nodes. Still, the recovered relationships largely matched those in the concatenated tree analyses. The only exception was that P. placomus clade was sister to P. sp. 1 and 2 in the SNAPP analysis with 100% support (Figures 3A, B). Relationships recovered in the undated-SNAPP_subset2 species tree, inferred from 802 SNPs and a different subset of individuals (Supplemental Figure S3), were incongruent with other topologies. Inferences from this dataset placed the unidentified plexaurid (LII-501) as sister to P. clavata/grayi (90% pp support) and P. aff. biscaya sister to P. sp. 3 (70% pp support, Supplemental Figure S3). The dated-SNAPP_subset1 and SNAPP_subset2 species trees also produced somewhat dissimilar topologies (Figure 3C and Supplemental Figure 3) from the undated analyses. In the dated-SNAPP_subset 1 tree, P. sp. 4 was sister to P. sp. 3 (68% pp support, Figure 3C) whereas the dated-SNAPP_subset2 tree matched the undated-SNAPP_subset2 tree (Supplemental Figure 3).




Figure 3 | Species tree of Paramuricea using SNAPP_subset1 (958 unlinked, bi-allelic SNPs). (A) Cloudogram includes the undated maximum clade credibility (MCC) tree and congruent trees in blue and trees with different topologies in red and green. Tips are color-coded to sampling location. (B) Undated MCC tree with posterior probabilities at internal nodes. (C) Dated MCC Tree with posterior probabilities at internal nodes.



A monophyletic deep-sea (> 200 m) clade was recovered with strong support in all tree topologies inferred from RAD-Seq data (Figures 2, 3 and Supplemental Figure S1). The deep-sea samples formed seven well-supported monophyletic clades within the deep-sea clade, four of which contained individuals from multiple locations (i.e., Ireland and the GoM). However, these monophyletic clades were not recovered in the mtMutS+28S phylogeny (Supplemental Figure S1).

Structure analyses were conducted on the deep-sea clade (n=63 individuals) using 3,821 unlinked SNPs (Table 3 and Figure 2). The ΔK method of Evanno indicated that the most likely number of K groups was 4 (Supplemental Figure S2), corresponding to: 1) P. sp. 1 and 2, 2) P. cf. placomus, 3) P. sp. 3, and 4) a cluster of P. cf. biscaya, P. aff. biscaya, and P. sp. 4. However, because ΔK often finds only the uppermost structure in a hierarchical system, we plotted the membership probability for K=6 and 10 as indicated by the ΔK plot (Supplemental Figure S2). Both analyses further separated P. biscaya, P. aff. biscaya, and P. sp. 4 into three distinct clusters. K=6 indicated that P. sp. 1 and sp. 2 are grouped, whereas the K=10 and K=4 analysis indicated some differentiation between these two morphospecies. Thus, we chose the cluster designations as indicated in the K=10 Structure plot for subsequent analyses. These cluster designations also matched morphospecies designations.



Phylogeographic Analyses

Divergence dating of the SNAPP_subset1 and SNAPP_subset 2 species trees indicated that Paramuricea arose approximately 8 MYA (5-13 MYA 95% CI). Around 4.5 MYA (1.9-7.0 MYA 95% CI), P. macrospina and the deep-sea clade diverged from one another (Figure 3C). At about 2 MYA (1.0-3.3 MYA 95% CI), both Paramuricea clavata and P. grayi diverged from one another. The deep-sea clade diversified into the deep North Atlantic around 1 to 2 MYA (0.5-3.0 MYA 95% CI).

Several putative species within the deep-sea clade, supported by tree inferences from RAD-Seq data and the SNAPP species trees (Figures 2, 3 and Supplemental Figure 3), comprised specimens from different geographic locations across the North Atlantic. These results indicate broad distributions (from Ireland to the Gulf of Mexico) for at least three species (P. cf. biscaya, P. cf. placomus, P. sp 3). Furthermore, it appears that species diverged first across depth and/or temperature gradients (Figure 4), and then spread into different geographical regions multiple times. A strong pattern of diversification associated with depth and temperature was apparent across the phylogeny. This pattern suggests a general diversification trend from onshore to offshore and warmer to colder temperatures (Figure 4). Many species were restricted to relatively narrow modal temperature and/or depth ranges. The exceptions were P. sp. 3 and P. cf. placomus, found across wide depth ranges (800-1600 m and 230-1300 m, respectively) yet narrow temperature ranges (4-6°C and 8-10°C) (Figure 4).




Figure 4 | Ancestral state reconstructions of (A) depth and (B) temperature on the phylogeny from Figure 2.



The DEC model indicated that a likely vicariance event approx. 4.5 MYA drove the divergence between the mesophotic Mediterranean lineage of P. macrospina and the deep-sea clade (Figure 5A and Supplemental Figure 4). In addition, this divergence was likely from a common ancestor with a broad depth range and an estimated ancestral, optimal temperature state of about 10°C. In contrast, the divergence between P. clavata and P. grayi was likely in sympatry, with P. clavata diversifying in mesophotic depths of the Mediterranean Sea from an ancestor with a broad depth range. P. grayi retained its ancestral depth range (Figure 5A).




Figure 5 | Ancestral range estimates of (A) depth and (B) water mass constructed using the Dispersal-Extirpation-Cladogenesis model in RevBayes overlain onto the SNAPP species tree (Figure 3). Water mass reconstructions shown are for the deep-sea (>200 m) clade only. Nodes are annotated with ancestral ranges (pie charts) before and after cladogenic events. Tips are annotated with contemporary distributions. Depth Range: Deep=>200 m, Meso=0-200 m; DeepMeso=0->200 m. Water Mass Range: MOW, Mediterranean Overflow Water; NACW, North Atlantic Central Water; AAIW, Antarctic Intermediate Water; LSW, Labrador Sea Water; NADW, North Atlantic Deep Water; misc, more than two states.



We further examined the evolution and distribution of the deep-sea clade with respect to contemporary water mass distributions using a DEC model and the SNAPP_subset1 trees. Two clades, which were reciprocally monophyletic in the SNAPP_subset 1 trees, occurred in either present-day upper (NACW, MOW) and intermediate water masses (LSW) or intermediate (AAIW, LSW) and lower water masses (NADW) (Figure 5B and Supplemental Figure S5). Five out of seven putative deep-sea species were found to occupy only one water mass, whereas P. cf. placomus and P. sp. 3 were found in two and three water masses, respectively. The DEC model suggested that P. cf. biscaya and P. aff. biscaya diverged in sympatry in NADW. The DEC model also indicated that P. sp. 4 and P. cf. biscaya/aff. biscaya diverged from a common ancestor with an ancestral range of LSW and NADW. This divergence was likely due to a vicariance event around 750K to 1 MYA. Also, at about 1 MYA, P. sp. 1 and 2 diverged from a common ancestor with an ancestral range consisting of LSW and NACW.




Discussion


Molecular Analyses

RAD-Seq was highly effective for reconstructing evolutionary relationships among Paramuricea. Most nodes were well supported, and reciprocally monophyletic clades that generally corresponded with morphospecies were recovered in the phylogenetic analyses. Furthermore, structure analysis indicated several clusters with little to no admixture between them. In general, each SNAPP species tree showed slight incongruence among relationships, all with lower node support, compared to the concatenated phylogenies. SNAPP can be sensitive to the number of samples and SNPs and the proportion of missing data. We set the maximum proportion of missing data in our datasets to 10%. This resulted in datasets with relatively few SNPs (< 1000), which likely explains the observed incongruences (Schmidt-Lebuhn et al., 2017; O’Connell and Smith, 2018). Regardless, most of our analyses converged on the same evolutionary relationships (Figures 2 and 3A, B, Supplemental Figure S3). Of note, many of the samples used in the analysis contained some amount of high molecular weight DNA, but most of them also had a high amount of degraded DNA. Yet, we still recovered 100s to 1000s of unlinked SNPs per sample. Thus, our results and others (Herrera and Shank, 2016; Quattrini et al., 2019) indicate the utility of RAD-Seq in octocorals that have some level of DNA degradation.

The monophyletic clades in the phylogenetic analysis and cluster designations from Structure analyses helped guide morphospecies designations and vice versa; and thus, conducting these analyses in concert resulted in higher confidence of putative species designations. In all but one case, morphological evaluation agreed with genetic clade designations. Two morphological variants for P. cf. placomus were found, but structure analysis across different values of K indicated that these are likely one species. In another case, P. sp. 1 and 2 were quite similar morphologically (Supplemental File 1), and there was some degree of admixture between them. Still, they formed well-supported monophyletic clades that diverged into different environments around 1-2 MYA. We remain conservative in assigning names to many of these putative species because comparison to and incorporation of type material in a systematic framework is essential. Our analyses included at least nine out of 19 valid species of Paramuricea, but we acknowledge that our current study is only a first step towards a robust systematic framework, which is essential to illuminate the systematics of this genus.

The need for robust species delimitation analyses is exemplified by a recent population genomic study of P. biscaya in the Gulf of Mexico, which utilized some of the same samples herein (Galaska et al., 2021). Based on >12K SNPs, Galaska et al. (2021) found two lineages of P. biscaya, lineage 1 and lineage 2, represented in our study as P. cf. biscaya and P. aff. biscaya, respectively. Lineage 1 was generally found deeper (mean depth 1,896 m) than lineage 2 (mean depth 1,454 m); however, these lineages co-occur at some intermediate-depth sites and 15% of assessed specimens had an admixed ancestry (see Figure 1 in Galaska et al., 2021). Interestingly, the morphology of the specimens examined in this study differs between these two lineages, with P. aff. biscaya containing plates with projecting, rounded spines in the calyx and P. cf. biscaya containing plates without the protruding spines. These findings raise several questions. First, are these lineages presently diverging in sympatry in the Gulf of Mexico, as the DEC model suggests? Or, did they diverge in allopatry and are now undergoing hybridization in secondary contact? On the other hand, it is curious that we found little to no admixture between these lineages in the present study, begging whether this is a result of SNP calling bias. In our study, SNPs called in the deep-sea clade were from a range of species that diverged over 1 to 2 MY. Therefore, we likely included SNPs associated with conserved regions. In contrast, Galaska et al. (2021) had three times as many SNPs from five times more specimens in just two sister lineages. Further investigation is needed to distinguish the degree of admixture from incomplete lineage sorting and elucidate the divergence process between these two groups.

Similar to other phylogenetic studies of octocorals (Pante et al., 2015; Herrera and Shank, 2016; Quattrini et al., 2019), our results suggest that the conventionally-used, single-locus barcodes are insufficient to reconstruct evolutionary relationships or delimit species within speciose genera and rapid and/or recent radiations of octocorals. Except for the shallow/mesophotic species, neither mtMutS or 28S rDNA alone nor in combination was sufficient to recover the well-supported, reciprocally-monophyletic clades inferred from RAD-Seq data. There was also no congruence between clusters denoted by Structure and MOTUs in the deep-sea group. In addition, morphospecies contained multiple MOTUs, yet the same MOTU could be found in several putative species. Radice et al. (2016) noted this pattern in mtMutS haplotypes in Paramuricea and concluded there were potentially several species off Canada due to several different mtMutS haplotypes. However, the data presented here support high mtMutS haplotype diversity in one species (P. sp. 4) off Canada. We also documented high haplotype diversity within species collected off Ireland. In contrast, some of those identical haplotypes found in P. sp. 4 or species off Ireland (e.g., type B, type A) were each found in a single species in the Gulf of Mexico. Similar levels of incongruence between mitochondrial COI and RAD-Seq results were also found in the two P. biscaya lineages (Galaska et al., 2021). This incongruence between RAD-Seq and single-locus barcodes is likely caused by incomplete lineage sorting of mitochondrial and nuclear rDNA genes. In conclusion, we suggest that neither mtMutS nor 28S should be used to guide species designations for deep-sea species of Paramuricea as it could lead to inaccurate and potentially confused species identities (also see Thoma, 2013), particularly without accompanying morphological data.



Phylogeography of Paramuricea

Our results provide a first survey of the phylogeography of a genus of octocoral common to the North Atlantic Ocean and Mediterranean Sea. Diversification of Paramuricea occurred throughout the Pliocene and Pleistocene geological epochs. Notably, the deep-sea clade of Paramuricea and the lineage of the mesophotic Mediterranean species P. macrospina diverged around 4.5 MYA from an ancestor common in both deep and mesophotic depths, as indicated by the DEC model. The DEC model indicated that this divergence occurred via a vicariance event, similar to the findings based on ancestral range models and mitochondrial genomes of Poliseno et al. (2017). In addition, the timing of this event is within the range inferred (5.9-3.3 MYA) by Poliseno et al. (2017), although the phylogenetic relationships differed between studies. A monophyletic deepwater clade was not inferred by Poliseno et al. (2017). Rather, it was split into two clades, with P. macrospina sister to one. Poliseno et al. (2017) postulated that the Messinian salinity crisis, which caused sea-level change and desiccation through evaporation in the Mediterranean Sea, was a likely driver of this divergence event. At the end of the Messinian salinity crisis, approximately 5.3 MYA, the Mediterranean Sea re-filled as the connection to the North Atlantic reopened. Shortly after that, around 4.5 MYA, the restriction of the Central American Seaway reached a critical threshold (Karas et al., 2017). Both events caused drastic changes in ocean circulation and climate (Roveri et al., 2014; Karas et al., 2017), including changes in water mass transport, and ventilation and formation of NADW in the North Atlantic (Steph et al., 2010). Together, these changes in ocean circulation might have caused population isolation and divergence of Paramuricea species across depth.

Two to three million years later, the deep-sea clade of Paramuricea diversified throughout the deep North Atlantic Ocean. Repeated glaciations marked this time in the Pleistocene (2.8 MYA to 11 KYA). During the Mid-Pleistocene Transition, around 1 MYA, a significant shift in the behavior of glacial cycles occurred. This transition period was marked by changes in deep water formation and ocean circulation (Pena and Goldstein, 2014; Poirier and Billups, 2014). In addition, there was increased warming at depth and outflow of Mediterranean Outflow Water from the Mediterranean Sea (Catunda et al., 2021). Changes in deep ocean circulation over the past 1 million years could have sparked the spread and diversification of Paramuricea throughout the deep North Atlantic. These results are consistent with the inferred timing of colonization and spread of Paragorgia arborea in the North Atlantic (Herrera et al., 2012), and thus may be indicative of a critical time for the establishment of modern deep-sea coral diversity.

The importance of the environment in the evolution of Paramuricea is clear from the DEC model and ancestral state reconstructions of depth and temperature. These analyses do not unequivocally support a shallow (< 200 m) origin for Paramuricea, as indicated by the estimated ancestral depth range from DEC analysis (Figure 5). However, the phytools analysis (Figure 4) suggested a general trend of diversification into deeper and colder depths, particularly in the deep-sea clade. This indicates a diversification into the deeper bathyal zone and lends support for the onshore-offshore hypothesis (Jablonski et al., 1983). Together, the high lineage diversity found in the bathyal region and the inferred divergence across depths and water masses followed by diversification into different regions, also constitute support for the depth-differentiation hypothesis (Rex and Etter, 2010).

In some cases, the DEC model indicated that divergence was due to vicariance events, so subsequent adaptations to environmental variables must have occurred following speciation. For example, the diversification of the deep-sea clade of Paramuricea in deep and relatively cold water must have subsequently led to biological adaptations that precluded invasion back into mesophotic depths. Changes in hydrostatic pressure and just a few degrees of temperature can elicit biochemical changes (Somero, 1992). In other instances, the DEC model suggested divergence in sympatry (i.e., P. aff. biscaya and P. biscaya), which could be driven by adaptive divergence to environmental variables that co-vary with depth. The latter is difficult to tease apart from secondary contact following allopatry without additional analyses. Nevertheless, species appear to have adaptations to living within relatively narrow temperature and/or depth ranges.

Although ocean circulation changed during the glacial and interglacial periods of the Pleistocene (e.g., Demenocal et al., 1992; Bell et al., 2015; Kim et al., 2021), the contemporary distributions of Paramuricea spp. in water mass type still show an evolutionary signal. In the SNAPP_subset1 species tree, the two reciprocally monophyletic clades of deep-sea Paramuricea were found in either upper/intermediate or deep/intermediate water masses. The common ancestor of Paramuricea sp. 4 and P. cf. biscaya/aff. biscaya had a likely distribution range in LSW-NADW. The DEC model suggested that a vicariance event led to the divergence of each species in either LSW or NADW masses following the Mid-Pleistocene Transition (Figures 5B, S4). Similarly, the ancestral range of the common ancestor of P. sp. 1 and 2 spanned both LSW and NACW, and diverged in allopatry into either LSW or NACW (Figures 5B, S4). Larval dispersal models of deep-sea corals that assume larvae behave as neutrally buoyant particles have indicated that larvae stay close to the depths at which they were spawned and rarely cross water mass density boundaries (Bracco et al., 2019; Liu et al., 2021). Without significant mixing between water masses, water mass boundaries could promote population isolation via physical barriers marked by density differences. When larvae successfully cross into a different water mass, larvae most likely have adaptations that allow their survival under those environmental conditions. Water masses could also connect distant populations as the species appear to occupy large geographic regions within the same water mass. These results collectively highlight the importance of water masses in shaping the evolution of corals throughout the deep North Atlantic Ocean.



Considerations for Future Work

We suggest a few considerations for future work on the systematics and biogeography of Paramuricea and octocorals in general. First, the systematics of this genus needs to be reevaluated in a robust species delimitation framework that includes both genomic and morphological data. In particular, type material needs to be imaged and incorporated into genomic studies to help accurately identify species. In this regard, target-capture of conserved elements (Quattrini et al., 2018; Erickson et al., 2021) is a promising method to obtain genomic-scale data from historical museum samples (Untiedt et al., 2021). Putting accurate binomens on individuals is critical for effective restoration and conservation, particularly for comprehensively documenting species’ distributions and population sources and sinks, and thus understanding the degree of population vulnerability to anthropogenic change.

Our analyses used the modal temperatures of the water masses from sites in which species were collected. We recognize there can be more temperature variability with short-term changes in ocean conditions through, for example, eddy formation or seasonal mixing of water masses at particular depths or locations (e.g., Houpert et al., 2016). However, by using modal temperatures of water masses, we could depict the temperature signal over a longer time scale. We expected to see a pattern across the phylogeny if these longer-term temperatures impacted the evolution of the genus. In addition, we gathered depth data from specimen location instead of from the literature or digital databases. This was partly because we were not confident of the accuracy of species identifications in those sources, and we are not yet confident in our determination of species without access to type material. We expect additional patterns to be revealed as the ability to discern Paramuricea species and our knowledge of their distribution improve.




Conclusions

The environment, particularly variables that co-vary with depth, is well known to shape patterns of deep-sea diversity, but it has rarely been explored in a robust phylogeographic framework. Here, we showed that a deep-sea (> 200 m) clade of Paramuricea diverged in allopatry around 4.5 MYA from ancestors that likely inhabited a broad depth range. Around 1 to 2 MYA the genus diversified throughout the deep sea with no subsequent invasions back into shallower depths (<200 m). Combined with the results of Herrera et al. (2016), our results suggest that this period appears to have been important for establishing extant deep-sea coral diversity in the North Atlantic. We showed that temperature and depth influence the contemporary distribution of Paramuricea spp. and the evolution within the genus. In addition, water masses are important in shaping phylogeographic patterns across the North Atlantic Ocean, with clades found in either upper/intermediate or intermediate/deep water masses. The divergence pattern across water mass, temperature, and depth followed by divergence into different regions further supports the importance of the environment in the evolution of deep-sea corals. Together, our results support the depth-differentiation hypothesis (Rex and Etter, 2010) with diversification driven by both allopatric and sympatric processes. Our results do not unequivocally support the onshore-offshore hypothesis (Jablonski et al., 1983) as the estimated ancestral depth range was not onshore. However, there was a general diversification trend into deeper, colder depths of the continental slope in the deep-sea clade. Finally, incongruence between phylogenies constructed from RAD-Seq data and the commonly used DNA barcoding markers, mtMutS and 28S, caution the sole use of these single-locus markers for species delimitation and phylogenetics in Paramuricea (also see Galaska et al., 2021). This cautionary note extends to other genera of deep-sea coral as well, including, but certainly not limited to, Chrysogorgia (Pante et al., 2015; Untiedt et al., 2021) and Paragorgia (Herrera et al., 2016).
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Characteristics V. fasciculata sp. V. iocasica sp. V. flabellata sp. V. eminens V. nyahae V. josephinae V. alba V. argentea V. macrocalyx
nov. nov. nov.

Maximum colony 260 x 175 329 x 340 313 x 342 420 x 265 29 long 180 x 180 Incomplete, 22 long Fragments, largest  Incomplete, 135
length x width (in 66 long long
mm)
Branching pattern ~ Multiplanar Uniplanar Uniplanar Uniplanar (in Probably Uniplanar Not determined Not determined -

holotype) to Multiplanar

multiplanar
Live color Deep purple Bright purple Deep purple Deep purple to Purple to light Conenenchyme — — —

magenta cream yellowish, polyps

purple
Anastomoses Absent Absent Absent Present or absent ~ Absent Absent Absent Inferred absent Absent
Calyx arrangement ~ Mainly clumped, Mainly isolated, on  Mainly isolated, on ~ Clumped or Mainly clumped, Mainly isolated, on  Moderately Tightly clumped, Mainly isolated,
on branches around branches three sides of three sides of isolated, around around branches three sides of clumped, around around branches around branches
branches branches branches to almost branches branches

Main tentacle
sclerites

Tentacle sclerite
length (in pm)
Point and collaret
sclerites

Length of point and
collaret sclerites (in
pm)

Calyx sclerite length
(in )

Cortex sclerite
length (in pm)

Main medulla
sclerites

Medulla sclerite
length (in pm)
Distribution and
depth

Data sources

—, Data not available.

Slender josephinae
clubs, small flat
rods, straight clubs,
tuberculate sticks

188-419

Tuberculate
spindles and sticks

579-771

375-788

357-800

Tuberculate sticks
and spindles

320-960

Tropical W Pacific,
475 m

This study

Tuberculate rods
and clubs

267-565

Tuberculate sticks
and spindles

306-544

252-559

324-559

Almost smooth
spindles and sticks

346-934

Tropical W Pacific,
1,549 m

This study

squat tuberculate
rods, thorn clubs,
josephinae clubs,
small tuberculate
rods

182-792
Tuberculate

spindles, warty
sticks

550-908

289-542

292-485

Tuberculate
spindles and sticks

323-915

Tropical W Pacific,
1,408 m

This study

biserial

Josephinae clubs,
straight clubs,
sticks, spindles,
small flat rods

10-529

Tuberculate sticks
and spindles

282-720

220-670

140-676

Tuberculate to
warty sticks and
spindles
300-900

Tropical NW Pacific
to the SW Pacific,
813-1,854 m

This study; Moore
etal., 2017

Thorny clubs,
josephinae clubs,
straight clubs, flat
rods

100-500
Tuberculate or
warty sticks and
spindles,

spear-tipped clubs

320-910

130-880
230-710
Tuberculate to
warty sticks and
spindles

120-760

Tasmania, Australia,
590-660 m

Moore et al., 2017

Large josephinae
clubs, tuberculate
sticks, spindles and
clubs

160-480

Tuberculate
spindles

300-700

300-700

280-700

Warty spindles

400-1,100

NE Atlantic,
1,500 m

L6pez-Gonzélez
and Briand, 2002;
Moore et al., 2017

Squat tuberculate
rods

90-440
Tuberculate sticks
and spindles, long
clubs with

extended tips, large
bulky clubs

450-1,000

150-700

230-820

Long sticks and
spindles

470-1,250

Hawaii,
1,394-1,829 m

Moore et al., 2017

Josephinae clubs,
tuberculate sticks
and spindles, flat

rods

110-500
Tuberculate sticks
and spindles, bulky
clubs sometimes

with bulbous tips

450-810

270-820

280-940

Long sticks and
spindles

470-1,250

E Pacific off Mexico
and Hawaii,
1,200-1,559 m
Studer, 1894;
Moore et al., 2017

Short, flat rods

40-400

Tuberculate sticks
and spindles

200-620

350-670

350-670

Less tuberculate
sticks and spindles

270-900

Indonesia,1,165—
1,264 m

Moore et al., 2017
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MutS-COlI
ML

0.05

MutS-COI
BI

0.05

1.00

98+

97 _I Victorgorgia flabellata sp. nov. MT269890
38

Victorgorgia iocasica sp. nov. MT269892
Victorgorgia nyahae KT366865

1| Victorgorgia fasciculata sp.nov. MT269894
Victorgorgia fasciculata sp. nov. MT269895

L Victorgorgia eminens MT269891
100 || | Victorgorgia eminens KT366863
83\ [Victorgorgia eminens KT366862
1 Victorgorgia eminens MT269893
891 'Victorgorgia sp. GU563313
Clavularia borealis KT366840
100 Paralcyonium spinulosum DQ302833
100 [Alcyonium grandiflorum KU712083
99 Alcyonium grandiflorum KT366856

1.00\\

—Anthothela grandiflora KT366846

— Titanideum frauenfeldii GU563314
— Homophyton verrucosum GQ342482

Victorgorgia eminens M'T269893

1oo| Victorgorgia eminens MT269891

Victorgorgia eminens KT366863
Victorgorgia eminens KT366862
Victorgorgia sp. GU563313

0.84

1.00< _
0.84

1.00

1.00

\_[ Victorgorgia fasciculata sp. nov. MT269894
Victorgorgia fasciculata sp. nov. MT269895
_[ Victorgorgia flabellata sp. nov. MT269890
Victorgorgia iocasica sp. nov. MT269892
— Victorgorgia nyahae KT366865
Clavularia borealis KT366840
Paralcyonium spinulosum DQ302833

1.00 rAlcyonium grandiflorum KU712083

/

Alcyonium grandiflorum KT366856
Anthothela grandiflora KT366846

1.00 — Titanideum frauenfeldii GU563314

I—Homophyton verrucosum GQ342482
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Species 1 2 3 4 5 6
1 V. fasciculata sp. nov. MutS: MT269894, COIl: MT269900 - 0 0 0 0.38% 0
2 V. fasciculata sp. nov. MutS: MT269895, COI: MT269901 0 - 0 0 0.38% 0
3 V. flabellata sp. nov. MutS: MT269890, COI: MT: 5 1.08% 1.08% - 0 0.38% 0
4 V. iocasica sp. nov. MutS: MT269892, COIl: MT269898 1.08% 1.08% 0 - 0.38% 0
5 V. eminens MutS: MT269891, COIl: MT269897 1.54% 1.54% 1.39% 1.39% - 0.38%
6 V. eminens MutS: MT269893, COIl: MT269899 1.39% 1.39% 1.23% 1.23% 0.15% -
7 V. eminens MutS: KT366863, COI: KT725617 1.39% 1.39% 1.23% 1.23% 0.15% 0
8 V. eminens MutS: KT366862, COI: KT725616 1.54% 1.54% 1.39% 1.39% 0.31% 0.15%
9 Victorgorgia sp. MutS: GU563313, COI: FJ264908 1.39% 1.39% 1.23% 1.23% 0.15% 0
10 V. nyahae MutS: KT366865, COI: KT725618 4.01% 4.01% 3.54% 3.54% 4.31% 4.16%

Newly sequenced species are in bold. The GenBank accession numbers of the sequences are listed next to the species names.

0.15%
0
4.16%

8
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Variance partition ANOVA
Variable Df R? Adjusted R? Variance F Pr(> F)
Depth 1 0.0453 0.0380 73.60 2.6038 0.0010
Bottom dissolved O, concentration 1 0.0274 0.0200 41.40 1.4627 0.0050
Mean surface primary productivity 1 0.0252 0.0178 43.40 1.5337 0.0010
Longitude 1 0.0186 0.0111 51.00 1.8033 0.0010
Al (global) 4 0.1017 0.0737 273.10 2.4138 0.0010

Df, degrees of freedom; R, correlation coefficient; F, F-statistic; Pr, probability.
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Site

DC673
GC852
KC405
MC294

MC297

MC344

37
34
31
18

16

18

Ng

34
28
26
14

13

18

He

0.0110
0.0133
0.0118
0.0144

0.0142

0.0128

Latitude
(decimal
degrees)

28.31174
27.10997
26.57086
28.67225

28.68243

28.63360

Longitude
(decimal
degrees)

-87.30264
-91.16619
-93.48284
-88.47649

-88.34401

-88.16959

Depth (m)

2,254
1,407
1,679
1,371

1,577

1,852

Bottom
temperature
(°C)

4.39 (0.04)
4.26 (0.05)
4.25(0.02)
4.78 (0.03)

4.73(0.03)

4.29(0.01)

Bottom
salinity (PSU)

35.08 (0.01)
35.02 (0.01)
35.04 (0.00)
34.98 (0.01)
34.97 (0.01)

35.02 (0.00)

Bottom
current speed
(m/s)

0.017 (0.006)
0.033 (0.007)
0.057 (0.011)
0.033 (0.004)
0.046 (0.006)

0.028 (0.006)

Bottom O,
(mi/1)

4.21
4.36
3.87
4.29

4.42

4.48

Bottom
potential
density oy

(kg/m3)

27.835
27.792
27.814
27.706

27.700

27.793

Surface
chlorophyll
concentration
(mg/m?)

0.22 (0.07)
0.15 (0.05)
0.15 (0.05)
0.59 (0.43)

0.47 (0.30)

0.39 (0.24)

Surface
primary
productivity
[mg/(m? d)]

326.51 (90.84)

258.99 (30.25)

269.89 (30.46)
551.65
(348.93)
473.10
(221.81)

411.74
(147.99)

Ns, Sequencing sample size; Ny, Dataset sample size after filtering individuals with more than 35% missing data. He, Nei’s unbiased gene diversity (expected heterozygosity) (Nei, 1978). See the main text for the source
of the other environmental parameters. Environmental parameters represent averages (and standard deviations) of values extracted from gridded datasets using geographical coordinates of each sample.
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Seamount name

St Helens Hill
Main Matt
Andys

NW Matt
Pedra
Mongrel
Punchs Hill
Coral Hill
Sisters

Z70

Fang
Patience
Conger

St Patricks Head
Monitor

Z4

716

z8

796

Atoll

Z18

St Paddys E
Z19

Little Mongrel (Z27)
Hill U

720

Little Sister (Z56)
Hill B1

Z12

Dory Hill
Belindas Dory Hill
769

724

Z34

Mini Matt
75

799

St Helens E
722

Hill K1
Riedels Hill
New 1

Z10

Z108

Hill v

753

Z35

744

Z91

zr7

Z80

Peak
depth (m)

575
610
620
683
700
715
740
745
805
815
830
840
885
903
940
945
980
990
1000
1020
1054
1057
1058
1062
1065
1065
1070
1073
1075
1080
1083
1088
1095
1115
1165
1165
1160
1160
1174
1214
1223
1238
1250
1260
1265
1335
1340
1375
1455
1470
1500

Peak
latitude
(degree)

—41.2301
—44.2148
—44.1925
—44.1878
44,2596
—44.259

—44.1895
_44.166

_44.2767
_44.1395
—44.2069
44,1235
_44.2515
—41.5314
—44.2199
—44.213

—44.2905
—44.2063
441852
—44.1805
44,2327
—41.5798
—44.301

—44.2453
44,3223
—44.2794
44,2554
—44.3077
44,1322
44,3259
—44.379

44,1826
44,2587
—44.2805
_44.2447
—44.2483
—44.2699
—41.2431
—44.2772
—44.2925
—42.4606
—44.1938
—44.2665
—44.412

—44.3952
_44.316

—44.2804
—44.3564
—44.2348
—44.264

_44.3005

Peak
longitude
(degree)

148.76
146.191
146.983
146.155
147.097
147113

147.19
147.219
147.251

147.26
146.166
147.383
147178
148.753
146.154
147.235
147.068
147.287
147.371
147.515
147.475
148.795
147.189
147121
147.181
147.205
147.215

147.28
147.476
147121
147.116
147.333

147.43

147147
146.164
147.282
146.236
148.826
147.341
147.387
148.597
147.343
146.191
147.144
147172

147.26
147178
147.313
147.535
147.389
147.403

Base area
(km?)

16.7783
6.82357
3.60074
1.2975
20.4004
20.4094
1.567922
1.3966
9.68105
0.732898
0.495733
1.64168
1.98176
3.57548
0.776637
2.09058
1.76951
1.16526
1.06199
4.82468
3.0608
0.951956
1.31999
0.19663
7.44387
0.851029
0.437667
2.76692
0.765307
3.96506
6.87876
1.03877
2.86962
0.603567
0.901196
0.58246
2.69144
1.32604
2.88637
3.69207
2.73607
0.307681
0.526217
4.7679
6.42532
0.818194
0.129634
1.971562
1.91454
0.452347
2.31559

No. image
transects

4 a4 N 4 4 4N 2 4 4 4 P 4 4 4 4 4 4 4 4 4 4 4 4 4 4 D 4 4 44 a4 a4 OON 2 2 NN 4O 2 WD O ™

Transect depth (m)

(min)

576
613
638
908
702
v
742
750
806
829
836
844
1001
939
1059
950
984
992
1242
1021
1095
1087
1131
1061
1068
1068
1072
1073
1075
1096
1106
1134
1100
1115
1200
1167
1163
1160
1312
1214
1214
1266
1256
1293
1267
1335
1340
1377
1458
1473
1500

(max)

1094
1221
996

1242
1245
1124
1100
1201
1671
1078
1096
1267
1287
1141
1308
1253
1474
1376
1343
1510
1604
1260
1172
1254
1645
1377
1294
1600
1312
1450
1408
1331
1646
1373
1429
1440
1615
1433
1372
1894
1670
1380
1623
1830
1633
1583
1350
1772
1901
1653
1510

No. still
images
analyzed

547
447
33
33
538
55
82
29
624
15
34
59
27
36
13
66
316
24
4
53
48
10
47
23
337
27
13
50
16
47
18
44
45
13
37
19
40
23
54
396
80
3
19
37
51
28
13
35
29
12
25
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Indicator

Accumulations of coral rubble

Sheared coral matrix

Clumps of coral matrix

Coral fragments

Trawl scar

Lost gear

Gear marks

Undetermined

No impact

Description

Rubble dominated substratum composed of
scleractinian coral (>90%) characterised by
mostly small fragments that are compacted and
mostly white in colour

Coral matrix with clusters of numerous white
broken tips; sheared patches contrast to
immediately adjacent deep-sea coral reef
Unattached/dislodged clumps of matrix, most
conspicuous when isolated in non-coral reef
setting

Broken and scattered coral fragments, most
conspicuous when isolated in non-coral reef
setting

Abrupt, often straight line, boundary between
high relief and intact deep-sea reef and
damaged area, commonly with clumps of coral
matrix present

Cables, wire, chain, trawl doors and nets

Furrows in sediments; straight, parallel marks
on rock

No definitive sign of impact: areas with rubble,
fragments or clumps but with
sparse/degenerating/patchy
coral/sediment-clogged/partially buried matrix,
or unstructured and bare sediment or rock
substrata

High relief, fully intact coral matrix (dead or alive)

Interpretation

Accumulations of trawl-impacted coral matrix

In situ damage caused by trawl gear, but
particularly by tow wires and bridles

Damaged coral matrix as clumps in situ or
transported to non-coral habitat

Damaged and highly fragmented coral matrix
transported and scattered in non-coral habitat

Localised removal of all deep-sea coral reef

Unequivocal evidence of trawling that persists
through time

Ephemeral and substratum dependent
evidence of trawling

Not possible to score indicators; indicators
could not be differentiated with confidence

Unimpacted

Type

Number

Number

Number

Number

Presence

Presence

Presence

Number

Number
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Seamount

Coral Hill (745m) N=291
Conger (885m) N=27 1
Z70 (815m) N=15+
Punchs Hill (740m) N=821
)
)

shallow depth (< 950 m)

000000000000 000000000000000000000000000000000000000 =00 p»
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Dataset ABNJ records
Ocean Biogeographic Information System 57
United Nations Environment Programme World Conservation Monitoring Centre 34
NOAA National Database of Deep-Sea Corals and Sponges 20
United States National Museum of Natural History Museum, Smithsonian Institution 5
TOTAL e

National jurisdiction records

496,647
19,826
16,742
4,451
537,666

Total

496,704
19,860
16,762
4,456
537,782

In cases when multiple datasets included the same record, only the dataset with the most detailed attribute information was kept in the dataset.
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Taxon

Caryophylliidae
Solenosmilia variabilis
Lophelia pertusa

Oculinidae
Madrepora oculata

Dendrophylliidae
Enallopsammia rostrata

Acroporidae
Acropora humilis

Agariciidae
cf. Agaricia sp.

TOTAL

Count

Depth range (m)

225-2,293
490-2,080

220-1,130
218-1,969
5,647
1,800

1,800
2-5,647

Region

Atlantic, South Pacific, Indian, Southern Ocean

North Pacifc, North Atlantic

Atlantic, Pacific

North Atlantic, Pacific, Southern Ocean
North Pacific

North Pacific

South Atlantic

South Atlantic

Survey equipment

Dredge, trawl, submersible, ROV
Manned submersible, ROV, drop camera

Dredge, trawl, submersible, ROV
Manned submersible, ROV, trawl
Trawl

Dredge
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Dataset Number of
Samples
Para_Full 69
Para_DWC 63
SNAPP_subset_1 37
SNAPP_subset_2 37

Missing Taxa Per Locus
(%)

25

25
10
10

Number of
Loci

2,861

3,860
1,005
850

Alignment length
(bp)

249,438
336,299

87,176
73,712

Number of
SNPs

29,202
30,684

9,608
8412

Number of Unlinked
SNPs

2,854
3,821

958
802

Analysis

RAXML,
IQTREE
STRUCTURE
SNAPP
SNAPP*

*Figure in Supplemental File.
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Thornscale sclerites Coenenchyme sclerites

Paramuricea Projection: Long, varying from wide and robust to more slender, warty. Base: Wide plates with Warted spindles and rods

clavata few irregular lacinations

Paramuricea grayi  Projection: Long and robust, moderately pointed, warty. Base: Wide plates with rounded lobular ~ Robust warted spindles
projections, warty; 3.5 L:\W

Paramuricea Projection: Long and slender highly pointed, relatively smooth. Base: Narrow plates with long Relatively smooth spindles

macrospina acute lobes; 4.9 LW

Paramuricea sp. 1 Projection: Short to moderate, narrow pointed, smooth. Base: Wide plates with irregularly Warted spindles and small rods
developed rounded lateral lobes; relatively smooth; 1.2 LW

Paramuricea sp.  Projection: Short, triangular and pointed, smooth to lightly textured. Base: Wide plates with Warted spindles and small rods

24 irregularly developed rounded and pointed lateral lobes; relatively smooth; 1.3 L:W

Paramuricea sp.  Projection: Short, mostly round but some pointed; smooth. Base: Plates with irregularly Warted spindles, and branched-spindles

3" developed rounded lateral lobes, few in number; 1.0 LW

Paramuricea sp. 4 Projection: Moderate, blunt with granulated surface. Base: Irregularly shaped, narrow plates with ~ Warted spindles and rods
irregularly developed small lateral lobes; 2.4 L:W

Paramuricea cf. Projection: Moderate to long, relatively smooth, pointed projections. Base: Smooth, mostly narrow  Warted spindles, bent warted rods

placomus var. 1 plates with irregularly developed pointed and rounded small lateral lobes; 2.8 L:W

Paramuricea cf. Projection: Ranging from long and blunt with granulated surface to short, foliate forms. Base: Warted spindles, bent warted rods
placomus var. 2~ Granulated, wide plate with irregularly developed pointed lobes; 1.2 L\W

Paramuricea aft.  Projection: Short, with both pointed and blunt forms, overall triangle shape, granulated. Base: Warted spindles, lacinated plates, lacinated
biscaya Mostly smooth plate with irregularly developed, rounded large lateral lobes; 1.4 LW plates with rounded projections in the center
Paramuricea cf. Projection: Moderate to long relatively smooth to granulated, pointed. Base: Mostly smooth, wide ~ Warted spindles, lacinated plates

biscaya plates with irregularly developed, rounded lateral lobes; 2.3 L: W

Subscripts denote mutS genetic types as follows * type B3, # type E, Mype A as in prior studies in the Gulf of Mexico (Doughty et al., 2014; Radice et al., 2016), L:W: length to width ratio
of thornscale.





OPS/images/fmars.2022.849402/table1.jpg
Region # Specimens Years Collected

Labrador Sea 5 2005-2011°
Guif of Maine 1 2012
Baltimore Canyon 1 2013

Gulf of Mexico 41 2009-20112°, 2017
Whittard Canyon 16 2014-2016
Mediterranean Sea 5 2010 to 2013

Collection Gear

trawls, bottom longlines, gilinets

ROV Kraken Il

ROV Video Ray

ROVs Jason, Schiling HD, Global Explorer HOV Alvin
ROV Holland |

Depth Range (m)

827-1314
230
382

261-2441

1011-2136

30-80

Specimens published in 2Doughty et al., 2014, PRadice et al., 2016.
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Coral group Specific coral Gorgonocephalus Location Depth (m) Notes from the publications Source
taxa taxa
Octocorallia Nephtheidae G. lamarckii Newfoundland 200-1800 Most specimens were entangled Haedrich and Maunder,
sp. continental with a Nephtheidae coral in an 1984
slope apparently parasitic relationship
"as noted by others."
Nephtheidae G. eucnemis North Atlantic na Lives parasitic on polyps of Mortensen, 1927
sp. (published Eunephthya spp. When
as Eunephthya branching of arms begins they
spp.) leave the coral and may seek
adult specimens.
Drifa glomerata Gorgonocephalus ~ Russia, Norway na Observed juveniles of Fedotov, 1924;
Spp. Gorgonocephalus spp. within the Buhl-Mortensen et al.,
polyps of Drifa glomerata 2017
(Published as Gersemia
glomerata).
Duva florida Gorgonocephalus ~ Continental na Observed younger individuals Buhl-Mortensen and
sp. shelf and slope, amongst branches of soft coral Mortensen, 2005
Atlantic Canada Duva florida.
Gersemia sp. G. eucnemis San Juan 37-183 Very small (<1 mm disc diameter) Patent, 1970a
Islands, specimens found living inside
Washington polyps of Gersemia.
State, USA
Gorgonians Gorgonocephalus  na na Often found clinging to Mortensen, 1927
Spp. gorgonians and can reach up to
10 cm (disc diameter)
Octocoral sp. G. eucnemis Guadalupe 287.6 One specimen (100 mm) Herrero-Pérezrul et al.,
Island, Mexico observed lying on remnants of 2014
dead octocoral colony.
Paragorgia G. caputmedusae  na na General information. Storm, 1901;
aborea Mortensen, 1927;
referenced in
Buhl-Mortensen and
Mortensen, 2004a
Paragorgia G. lamarckii na na General information. Storm, 1901;
aborea Mortensen, 1927;
referenced in
Buhl-Mortensen and
Mortensen, 2004a
Paragorgia G. lamarckii Continental 300-600 G. lamarckii observed on outer Buhl-Mortensen and
aborea shelf and slope, branches of P, arborea. Observed Mortensen, 2005;
Atlantic Canada on young parts of colony. Buhl-Mortensen et al.,
Predominantly large individuals 2017
with disc diameter of 15-60 mm.
Use of host: substrate.
Paragorgia G. arcticus Northeast 380498 General information. Metaxas and Davis,
arborea Channel, 2005
Northwest
Atlantic
Paragorgia G. caputmedusae  na na General information. Buhl-Mortensen et al.,
arborea 2017
Paragorgia G. eucnemis na na General information. Buhl-Mortensen et al.,
arborea 2017
Paragorgia Gorgonocephalus ~ Norway 200-400 Young sections of Paragorgia sp. Buhl-Mortensen et al.,
arborea sp. used as a feeding site by 2010
Gorgonocephalus sp.
Paragorgia Gorgonocephalus ~ Continental 116-863 Use corals as a substrate for Clippele et al., 2015
arborea sp. margin, attachment and shelter, for
Northern feeding, parasitism.
Norway
Paragorgia sp. Gorgonocephalus ~ West of Faroe 375 Gorgonocephalus sp. found in Bruntse and Tendal,
sp. Islands same trawl catch with Lophelia 1999

and Paragorgia.

(Continued)
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Source

Physical samples

DFO-NL

DFO-OP
DFO-OP

DFO-OP
DFO-OP
NSRF
Academic
EOP

CFER?

GEACP

Unknown?

Total

Trawl database
DFO-NL

DFO-OP

DFO-OP

DFO-OP

Academic

Total

Gear Dur
Campelen (STD) 15 min
Campelen (MOD) 15 min
Cosmos 15 min
Alfredo 30 min
Gillnet na
Campelen (MOD) 15 min
Agassiz 1.5-3
Variable Variable
Longline, shrimp Variable
trap

Campelen (STD) 15 min
na na
Campelen (STD) 15 min
Campelen (MOD) 15 min
Cosmos 15 min
Alfredo 30 min
Agassiz 1.5-3 min

Sets (N)

768

114

110

197

113

na
1322

8096

1494

1561

854

88

10,683

General region

Labrador, Newfoundland

Ungava Bay

W Baffin Bay, Ungava Bay,
West of Hudson Strait (WHS)

W Baffin Bay and Davis Strait
Baffin Bay

W Baffin Bay and Davis Strait
Baffin Bay, Hudson Bay

Baffin Bay, Labrador,
Newfoundland

Arctic Bay, Resolute

S Gulf of St. Lawrence, NE

Scotian Shelf, SW Grand Banks

na

Labrador, Newfoundland

Davis Strait, Ungava Bay, N
Labrador

W Baffin Bay, Davis Strait,

Western Hudson Strait, Ungava

Bay
W Baffin Bay, Davis Strait

Eastern Canadian Arctic
(including W Baffin Bay)

Years Depth (m)
2003-2015 41-1452
2011 171
2006-2014 104-908
2006-2014 435-1452
2006 119
2005-2013 116-666
2018 91-309
2004-2013 46-1320

2015 178,717
2014 na
na na
2011-2017 36-1480
2011-2017 104-745
2011-2013 103-950
2011-2017 298-1492
2007-2018 35-1453

Months Ncol
Jan, April-Jul, 2999
Oct-Dec
Sept 1
Aug-Nov 323
Sept-Nov 467
Aug 1
April, Jul-Aug 445
June—-July 33
Jan-Dec 198
Aug-Sept 2
na 2
na 55
4527
Jan-Dec Na
(except Feb)
Jul-Sept Na
Aug-Nov Na
Aug-Nov Na
June-Oct Na

aExperimental fisheries (CFER, Marine Institute, Memorial University). ® Groundfish Enterprise Allocation Council (GEAC) samples and source unknown represent samples
whose specific origin data was lost. These samples were only included in the descriptive analyses that did not involve environmental data.

Lophelia banks
sp.

Gorgonocephalus

Lophelia G. caputmedusae

pertusa

Lophelia Gorgonocephalus

pertusa sp.

Lophelia sp. Gorgonocephalus
sp.

Madrepora Gorgonocephalus

oculata sp.

Oculina Asteroporpa

varicosa annulata

Faroe Islands na
Oslofjord, 85-120
Norway

Northwest 664
Porcupine

Bank, west

Ireland

West of Faroe 375
Islands

Norway 200-400
East-central 56-84

Florida

sott coral association has never been quantified. Considering the
potential importance of soft corals in the early stages of basket
star development, the objectives of this study are: (1) to describe

The ophiuroid Gorgonocephalus
sp. is known from trawl hauls on
Lophelia banks in the Faroes.

G. caputmedusae were found
associated with live and dead
L. pertusa and coral rubble.
Photograph observation.

Gorgonocephalus sp. found in
same trawl catch with Lophelia,
and Paragorgia.

Submersible observation
(photograph) of Gorgonocephalus
sp. wrapped around M. oculata.
Simple-armed gorgonocephalid,
observed on live and dead coral
mounds (109-207 mm disc
diameter)

Mortensen, 2004a
Jensen and
Frederiksen, 1992;
Reference BIOFAR
trawl surveys not
conducted as part of
this paper — see
Bruntse and Tendal,
1999

Rosenberg et al., 2005

Wheeler et al., 2005

Bruntse and Tendal,
1999

Buhl-Mortensen et al.,
2010

Hendler and Miller,
1984





OPS/images/cover.jpg
z o %)

e
6\\\

//\\\\\K

7///





OPS/images/fmars-07-525619/fmars-07-525619-t001.jpg
Habitat Conservation Areas

New EFH conservation areas (no bottom trawling)
Deep-sea ecosystem conservation area (no bottom contact
fishing gear)

EFH conservation area openings

Net change

Area (km?)

45,136
319,015

638
363,513






OPS/images/fmars-07-525619/fmars-07-525619-g007.jpg
Pacific
Ocean

1,200 Kilometers

T |
1,000 Miles






OPS/images/fmars-07-525619/fmars-07-525619-g006.jpg
16%

Restored
12%
effort
10.33%
10%
8%
6%
4%

2%

0%
Baseline Final Action





OPS/images/fmars-07-525619/fmars-07-525619-g005.jpg
100% 98% 96%
87%

90%
80% 73%

90%
70%
60%
50% 45%
40%
30%
19%

20%
10% g

0%

N Shelf N Upper Slope C Shelf C Upper Slope S Shelf S Upper Slope
(21,783) (44,003) (56,273) (16,879) (28,344) (52,289)

73%73%

100% 97% 98% 96%
90%
80%
70%
60%
50%
40%
30%
20%

10%

0%
Greater Farallones NMS Cordell Bank NMS Monterey Bay NMS Channel Islands NMS
(2,126) (1,703) (107,728) (47,849)

H Baseline ™ Final Action





OPS/images/fmars-07-525619/fmars-07-525619-g004.jpg
A 100%

80%
73%

60%
43% 45%
40%
0,
26% 23%
20% 19%
0%

70%

‘

Total Area (30,153 Hard Substrate Mixed Substrate Coral Obs. (34,856) Sponge Obs.

km2) (174 km2) (1,208 km2) (9,147)
B 100% 99% 2 98% 97% 96%
94% 92%
89%
83%
80%
66%
60%
2% 44%
40%  36% 37%
20%
0%
Total Area Hard Submarine Coral Obs.  Sponge Obs.  Pennatulid Predicted
(46,747 km2)  Substrate Canyons (12,644) (36,645) Obs. (4,666) coral habitat
(2,422 km2) (1,185 km?2) (6,406 km2)

W Baseline ™ Final Action





OPS/images/fmars-07-525619/fmars-07-525619-g003.jpg
100%

90%
87%
80% 76%
67%
64% 63%
60%
52%
489
8% 45%
40% 0%
20%
0%
Total Area Hard Substrate  Mixed Substrate Soft Substrate  Submarine Canyon
(823,509 km2) (15,995 km2) (2,165 km2) (224,265 km2) (21,159 km2)
B M Baseline M Final Action
100%
4% 87%

8
80% 77%

75%
67%
9
61% ot
60% s S7%
49%
45% 3%

40% 38%
20%

0%

Coral Obs.  Sponge Obs.  Pennatulid Coral Sponge Pennatulid Predicted
(163,308) (157,496) Obs. (80,977)  Presence Presence Presence  Coral Habitat
(2,062 km2) (3,783 km2) (3,412 km2) (34,600 km2)

C M Baseline M Final Action
100%

90%
80%
70%

60%
50%

40% 30.3%
-~ 24.3%
i 24.8%

20% 15.4%

b

0%

Baseline Final Action Baseline Final Action Baseline Final Action

Total Area Coral & Sponge Hard Substrate
Observations

o Shelf (0-200m) Upper slope (200-1280 m) m Lower slope (>1280m)






OPS/images/fmars-07-525619/fmars-07-525619-g002.jpg
Northern Bioregion

New EFH conservation area
(closed to bottom trawling)

New deep-sea ecosystem conservation

area (closed to bottom contact gear)
- Reopened to bottom trawling
: Trawl RCA opening
Trawl RCA remaining closed
- Previously implemented bottom trawl closure
0 100 200 400 Kilometers

Washington

California

New EFH conservation areas

///, New deep-sea ecosystem conservation
area (closed to bottom contact gear)

- Reopened to bottom trawling

Trawl RCA opening

Trawl RCA remaining closed

- Previously implemented bottom trawl closure
Western Cowcod Conservation Area

D Cordell Bank Groundfish Conservation Area

- Hard substrate
- Mixed substrate

@  Sponge observations

®  Coral observations

Legend for Insets B, C, D






OPS/images/fmars-07-525619/fmars-07-525619-g001.jpg
Bottom trawl effort

Coral and sponge observations

Coral and sponge presence

Substrate






OPS/images/fmars-07-525619/cross.jpg
3,

i





OPS/images/fmars-07-599984/fmars-07-599984-t001.jpg
Morphological Colony form Branching Versluys’ Diagnostic features

group sequence Group (A,B,C)

Group 1 (1.0) variable variable - N/A B bare, uncovered area at the base of the tentacles

Group 1 (1.1) variable variable - N/A B,C specialized, pointed sclerites at the base of tentacles

Group 1 (1.2) variable variable - N/A B specialized, cup-shaped sclerites at the base of tentacles

Group 2 bottlebrush variable A polyps very small (<1 mm) and sclerites often sparse in polyp body.

Group 3 bottlebrush 2/5R A B

Group 4 bottlebrush variable B

Group 5 (6.1) planar, pinnate N/A A B colonies often of an unusual form and when bottlebrush shaped main axis is more or

Group 5 (5.2) variable 1/3L - N/A B less straight. Polyps large and tentacles never folded in toward the mouth

Group 5 (56.3) variable 1/3L - N/A A B

Group 6 bottlebrush variable B,C

Group 7 bottlebrush 1/3L C very long, toothed pinnule sclerites

Chrysogorgia s.s. variable variable - N/A A jigsaw-shaped, robust and warty coenenchyme sclerites. Polyp body rods long and
curved to conform to the shape of the polyp, always longitudinally arranged

Dasygorgia s.s. bottlebrush variable B

Both Group 1 and Group 5 could be divided into morphological sub-groups; those for the latter group were only considered after phylogenetic analysis.
See Supplementary Table 2 for details.
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Species Code Abundance Habitat/
Depth

Phylum (Division) Chlorophyta
Class Uvophyceae
Order Bryopsidales
Family Halimedaceae 1

Halimeda copiosa Goreau and 1,2
E.A.Graham, 1967

Halimeda goreaui W.R Taylor 1962 2

Halimeda opuntia (Linnaeus) 1
JV.Lamouroux, 1816

Halimeda sp. 2
Phylum Ochrophyta

Class Phasophyceae

Order Dictyotales

Family Dictyotaceae

Dictyota bartayresiana 1
JV.Lamourou, 1809

Dictyota humifusa Hémig, Schnetter 1
and Coppejans, 1992

Dictyota pulchella Homig and 1
Schnetter, 1988

Dictyota sp. 1

Lobophora variegata (J.V/Lamouroux) 1
Womersley ex E.C.Oliveira, 1977

Phylum Rhodophyta

Class Florideophyceae

Order Corallinales

Family Coralinaceae

Jania sp. 1
Family Lithophyllaceae

Amphiroa tribulus (J.Eliis and 1
Solander) J.V.Lamouroux, 1816

Amphiroa sp. 1
Order Peyssonneliales

Family Peyssonneliaceae

Peyssonnefia sp. 1
Order Rhodymeniales

Family Rhodymeniaceae

*Rhodymenia sp. 2
Phylum Porifera

Class Demospongiae

Order Agelasida

Family Agelasidae

Agelas clathrodes (Schmidt, 1870) 1,2
Agelas sceptrum (Lamarck, 1815) 2

Agelas sventres Lehnert and van 2
Soest, 1996

Agelas tubulata Lehnert and van 2
Soest, 1996

Order Axinelida

Family Axinellidae

“Auletta sp. 2
Order Clionaida

Famiy Clionaidae

Cliona delitrix Pang, 1973 1,2
Order Dictyoceratida

Famiy Dysideidae

“Dysidea lehnerti Van Soest and 2
Hooper, 2020

Family Irciniidae

Ircinia felix (Duchassaing and 1
Michelotti, 1864)

Ircinia strobilina (Lamarck, 1816) 1
Order Haplosclerida
Famiy Callyspongiidae

Callyspongia (Cladochalina) aculeata 1
(Linnaeus, 1759)

Callyspongia (Cladochalina) plicifera 2
(Lamarck, 1814)
Family Niphatidae

Amphimedon compressa 1,2
Duchassaing and Michelotti, 1864

Cribrochalina vasculum (Lamarck, 2
1814)

“Niphates arenata Riitzler, Piantoni, 2
van Soest and Diaz, 2014

Niphates digitalis (Lamarck, 1814) 1

Niphates erecta Duchassaing and 1,2
Michelotti, 1864

Famiy Petrosidae

Petrosia (Petrosia) pellasarca 1
(Laubenfels, 1934)

“Xestospongia arenosa van Soest 2
and de Weerdt, 2001

Xestospongia muta (Schmid, 1870) 1,2
Family Phloeodictyidae

*Oceanapia peltata (Schmidt, 1870) 2
Order Poedilosclerida

Famiy Crambeidae

Monanchora arbuscula (Duchassaing 1,2
and Michelotti, 1864)

Famiy lotrochotidae
lotrochota birotulata (Higgin, 1877) 1
Family Microcionidae

Clathria (Microciona) calla 2
(Laubenfels, 1934)
Clathria sp. 2

Order Polymastiida
Family Polymastiidae

Polymastia tenax Pulitzer-Finaii, 1986 2
Order Scopalinida

Famiy Scopalinidae

Scopalina ruetzleri (Wiedenmayer, 1,2
1977)

Svenzea zeai (Alvarez, van Soest and 1
Riitzler, 1998)

Order Verongida

Family Aplysinidae

Alolochroia crassa (Hyatt, 1875) 1,2
Aplysina archeri (Higgin, 1875)
Aplysina cauliformis (Carter, 1882)
Aplysina fistuleris (Palas, 1766)
Aplysina lacunosa (Lamarck, 1814)
Verongula reiswigi Alcolado, 1984
Class Homoscleromorpha

Order Homosclerophorida

Famiy Plakinidae

Plakortis sp. 2
Phylum Cnidaria

Class Anthozoa

Order Alcyonacea

Family Anthothelidae

“lciigorgia schrammi Duchassaing, 2
1870

Family Eliselidae

Ellisella elongata (Pallas, 1766) INV CNI 2
4183-4185

Ellisella schmitti (Bayer, 1961) INV CNI 4186 2

Nicella goreaui Bayer, 1973 INV CNI 2
4187-4189

Nicella sp. 2
Famiy Gorgonidae

Antilogorgia elisabethae Bayer, 1961 INV CNI 1
4190-4192

Antilogorgia sp. INV NI 2
4193-4195

Gorgonia mariae Bayer, 1961 1
Family Plexauridae

Eunicea sp.

“Muriceopsis petia Bayer, 1961 INV ONI 4196
Muriceopsis sp.

Pseudoplexaura flagellosa (Houttuyn,

1772)

Order Antipatharia
Famiy Antipathidae
Antipathes atlantica Gray, 1857 INV ONI 4176 2

Antipathes caribbeana Opresko, INV CNI 4175 2
1996

Antipathes sp. 2

Stichopathes luetkeni Brook, 1889 INV CNI 4180 1,2

Stichopathes occidentalis Gray, 1860  INV CNI 4179 2

Family Myriopathidae

Plumapathes pennacea (Palas, 1766) INV CNI 2
4177-4178

Tanacetipathes hirta (Gray, 1857) INV NI 2
4181-4182

S

(SRS

Order Scleractinia
Family Agariciidae
Agaricia grahamae Wells, 1973 2

Agaricia lamarcki Milne Edwards and 1,2
Haime, 1851

Agaricia undata (Ells and Solander, 2
1786)

Family Faviidae
Colpophylia natans (Houttuyn, 1772) 1

Mycetophylia lamarckana Mine 1
Edwards and Haime, 1848

Mycetophylia reesi Wells, 1973 2

Scolymia cubensis (Mine Edwards ~ INV CNI 1,2
and Haime, 1848) 4199-4202

Family Meandrinidae
Eusmila fastigiata (Palas, 1766) 1

Meandrina meandites (Linnaeus, INV CNI 4204 1,2
1758)

Family Merulinidae
Orbicella franksi (Gregory, 1895) 1
Family Montastraeidae

Montastraea cavernosa (Linnaeus, 1,2
1767)

Family Pociloporidae
Madracis pharensis (Heller, 1868) INV CNI 4203 2
Family Poritidac

Porites astreoides Lamarck, 1816 1
Porites sp. 2
Family Siderastreidae

Siderastrea siderea (Eliis and 1,8
Solander, 1786)

Class Hydrozoa
Order Anthoathecata

Family Milleporidae

Millepora alcicornis Linnaeus, 1758 1
Family Stylasteridae

Stylaster roseus (Pallas, 1766) 1,2
Phylum Arthropoda

Subphylum Crustacea

Class Malacostraca

Order Decapoda

Family Scylaridae

Scyllarides sp. 2
Phylum Chordata

Subphylum Tunicata

Class Ascidiacea

Order Stolidobranchia

Family Styelidee

Symplegma viride Herdman, 1886 2
Subphylum Vertebrata

Class Elasmobranchi

Order Carcharhiniformes.

Family Carcharhinidae

“+Carcharhinus longimanus (Poy, s 3
1861)

Carcharhinus perezii (Poey, 1876) s 3
Class Actinopterygi

Order Anguiliformes.

Family Congridae

Heteroconger longissimus Giinther, c 1
1870

Order Aulopiformes

Family Synodontidae

Synodus synodus (Linnaeus, 1758) s 2
Order Beryciformes

Family Holocentridae

Holocentrus rufus (Walbaum, 1792) s 2
Neoniphon marianus (Cuvier, 1829) F 2
Order Syngnathiformes

Family Aulostomidae

Aulostomus maculatus Valenciennes, s 1
1841

Order Scorpaeniformes.
Family Scorpaenidae

Prerois voitans (Linnaeus, 1758) c 1,2
Order Perciformes

Family Acanthuridae

Acanthurus coeruleus Bloch and F 12
Schneider, 1801

Acanthurus tractus Posy, 1860 F 1

Family Carangidae

Caranx crysos (Mitchil, 1815) F

Caranx lugubris Poey, 1860 F

Caranx ruber (Bloch, 1793) F 2,3
c

+Decapterus macarellus (Cuvier,
1833)

Seriola rivoliana Valenciennes, 1833 F 2,3
Famiy Chastodontidae

Chaetodon capistratus Linnaeus, i 1,2
1758

Chaetodon sedentarius Poey, 1860 F 1,2
Chaetodon striatus Linnaeus, 1758 F 1
Prognathodes aculeatus (Poey, 1860) F 2
Family Gobidae

Coryphopterus personatus (Jordan y A 1,2
Thompson, 1905)

Coryphopterus glaucofraenum Gill, c 1,2
1863

Coryphopterus thrix Bohlke y Robins, c 1
1960

Blacatinus evelynae (B3hike y Robins, c 1,2
1968)
Elacatinus horsti (Metzelaar, 1922) F 1

Elacatinus illecebrosus (Bhlke y c 1
Robins, 1968)

Gnatholepis thompsoni Jordan, 1904 A 1
Family Grammatidae
Gramma loreto Poey, 1868 c 1,2

Gramma melacara Bohlke y Randall, F 2,8
1963

Famiy Haemulidae

Haemuion flavolineatum (Desmarest, F 2
1823)

Haemulon plumierii (Lacepéde, 1801) s 2
Haemuilon sciurus (Shaw, 1803) s 1
Famiy Labridae

Bodianus rufus (Linnaeus, 1758) s 2

Clepticus parrae (Bloch and A 1,2,3
Scheider, 1801)

Halichoeres bivittatus (Bloch, 1791) s 1

Halichoeres gamoti (Valenciennes, c 1,2
1839)

Xyrichtys novacula (Linnaeus, 1758) c 1
Famiy Lutjanidae

Lutjanus apodus (Walbaum, 1792) F 1,2
Lutfanus jocu (Bloch and Schneider, F 1,2
1801)

Lutianus mahogoni (Cuvier, 1828) F 1,2
Ocyurus chrysurus Bloch, 1791) F 1,2,3
Famiy Mulidae

Mulloidichthys martinicus (Cuvier, c 1,2
1829)

Pseudupenneus maculatus (Bloch, F 1,2
1799)

Famiy Pomacanthidae
Holacanthus ciliaris (Linnaeus, 1758) s 2
Holacanthus tricolor (Bloch, 1795) F 1,2

Pomacanthus arcuatus (Linnaeus, F 2
1758)

Pomacanthus paru (Bloch, 1787)
Family Pomacentridae

Chromis cyanea (Poey, 1860)
Chromis insolata (Cuvier, 1830)
Stegastes partitus (Poey, 1868)
Stegastes planifrons (Cuvier, 1830)
Family Priacanthidae
Heteropriacanthus cruentatus s 1
(Lacepéde, 1801)

Famiy Scaridae

n
~

1,28
1,28

>0

Scarus iseri (Bloch, 1789) F 1
Scarus taeniopterus Lesson, 1829 s 1
Sparisoma aurofrenatum s 1
(Valenciennes, 1840)

Sparisoma virice (Bonnatere, 1788) s 1
Family Scombridae

Thunnus albacares (Bonnaterre, A 3
1788)

Family Serranidae

Cephalopholis cruentata (Lacepéde, F 1,2
1802)

Hypoplectrus providencianus Acero s 1
P and Garzon-Ferreira, 1994

Hypoplectrus puela (Cuvier, 1828) s 1
Hypoplectrus unicolor (Walbaun, s 1
1792)

Liopropoma mowbrayi Woods and s 2
Kanazawa, 1951

Mycteroperca bonaci (Poey, 1860) F 2
Mycteroperca interstitalis (Poey, s 2
1860)

Serranus baldwini (Evermann and s 1
Marsh, 1899)

Serranus tigrinus (Bloch, 1790) F 1
Famiy Sparidae

Calamus bajonado (Bloch and F 1
Schneider, 1801)

Family Sphyraenidae

Sphyraena barracuda (Edwards, F 1,2
1771)

Order Tetraodontiformes
Family Balistidae

Canthidermis sufflamen (Mitchil, c 3
1815)

Melichthys niger (Bloch, 1786) c 1.3
Family Monacanthidae

Aluterus monoceros (Linnaeus, 1758) c 3
Aluterus scriptus (Osbeck, 1765) F 1,8
Cantherhines macrocerus (Hollard, s 1
1853)

Family Ostraciidae

Lactophrys triqueter (Linnaeus, 1758) s 1
Family Tetraodontidae

Canthigaster rostrata (Bloch, 1786) c 1,2

“New recordis for SeaFlower Biosphere Reserve. +New records for San Andrés Islend.
Code: catelog number in MHNMC (only for collected specimens). Abundance (fishes): S,
single; F; few (2-10 indj; C, common (11-100); A, abundent (>100). Hebitat/Depth: 1
bottom 30-50 m depth, 2 = bottom 50-70m depth, 3 = water column 30-70 m depth.
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Values in bold represent significant p-values.
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Taxon No. Number of colonies and range of mean flow cm/s (SD) by patch and associated water
instruments column scatter strength

No. Makapu‘u Pt. —42 dB No. Barbers Pt. —42 dB No. Keahole Pt. —29 dB
A. dispar (Bamboo) 7 12 14.78 (9.59)-18.89 (10.36) 2 13.5 (13.8) 5 2.78 (3.98)—4.89 (5.23)
Acanthogorgia sp. 1 17 4.89 (6.23)
Antipatharia sp. 4 1 18.4 (10.1) 4 9.6 (10.7)-13.5 (13.8) 4 0.54 (1.91)
Dendropathes bacotaylorae 3 2 14.9 (8.59) 2 9.6 (10.7) 2 4.89 (5.23)
Eguchipsammia sp. 2 1 9.6 (10.7)-13.5(13.8)
Eunicella sp. 1 1 14.92 (8.59)
Halipteris sp. 2 10 78(7.2 6 0.54 (1.91)
H. laauense (Red) 3 10 0.54 (1.91)-4.89 (5.23)
K. haumeaae (Gold) 5 1 17.07 (9.05) 8 9.6 (10.7)-13.5 (13.8) 13 2.78 (3.98)—4.89 (5.23)
Lepidisis olapa 2 2 14.9 (8.59) 1 2.78 (3.98)
N. gigas (Narella spp.) 1 5 18.89 (10.36)
N. muzikae (Narella spp.) 2 11 18.89 (10.36)-21.7 (11.93)
Narella sp. (Narella spp.) 9 44 12.6 (10.6)-21.7 (11.93) 3 13.5 (13.8)
Paracalyptrophora sp. 1 1 18.4 (10.1)
P. secundum (Pink) 5 51 12.6 (10.61)-18.4 (10.1)
Plexaurid blue 2 10 14.92 (8.59)-18.89 (10.36)
Plexaurid gold 2 3 14.92 (8.59)-18.89 (10.36)
Plexaurid sp. 2 1 12.6 (10.6) 5 2.78 (3.98)
Telopathes sp. 1 il 12.7 (7.44)
Thourella hilgendorfi 2 4 4.9 (8.59)-16.8 (9.25)

The focal coral species are bolded and those in the shaded row comprise the primnoid group.
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Patch (square km) Instrument ID Deployment dates (months) Depth M Known focal coral present
Barbers Pt. Acoustic meter 12/156/12-7/17/13 (7) 311 Bamboo, Gold
Pinnacle summit Flowmeter 1 12/156/12-7/17/13 (7) 311 Bamboo, Gold
(0.05) Flowmeter 2 12/15/12-7/17/13 (7) 330 Bamboo, Gold, Narella spp.
Flowmeter 3 12/15/12-9/24/13 (9) 329 No corals present
Keahole Pt. Acoustic meter 6/21/12-3/14/15 (33) 385 Bamboo, Gold, Red
Terraced slope Flowmeter A 6/21/12-5/25/13 (11) 385 Bamboo, Gold, Red
2.7 Flowmeter B 6/21/12-8/21/13 (14) 398 Bamboo, gold, Red
Flowmeter 3 6/21/12-7/31/13 (13) 379 Last of Red
Makapu‘u Pt. Acoustic meter 10/24/07-4/3/08 (6) 415 Pink, Bamboo, Narella spp.
Even plain Flowmeter 07 10/24/07-3/11/08 (5) 415 Pink, Bamboo, Narella spp.
(12.5) Flowmeter 08 4/2/08-3/9/09 (11) 415 Pink, Narella spp.
Flowmeter 13A 7/21/13-8/29/13 (1) 415 Pink, Gold, Narella spp.
Flowmeter 13B 8/31/13-10/20/13 (2) 425 Other taxon present
Tiltmeter 13-16 6/21/16-9/3/16 (2) 426 Pink, Bamboo, Narella spp.
Tiltmeter 14-16 6/21/16-9/3/16 (2) 447 Pink, Narella spp.
Tiltmeter 15-16 6/21/16-8/27/17 (14) 323 Narella spp.
Tiltmeter 13-17 3/14/17-8/27/17 (6) 361 Narella spp., Bamboo
Tiltmeter 14-17 3/14/17-8/27/17 (6) 351 Narella spp., Bamboo

Bamboo = Acanella dispar; Gold = Kulamanamana haumeaae; Narella spp. = Narella sp., Narella gigas, Narella muzikae; Pink = Pleurocorallium secundum;

Red = Hemicorallium laauense. Shaded areas represent the paired deployment of the acoustic meter with a flow meter in the center of the patches.
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Data
preferably use presence-absence or density survey data
account for sampling effort when using presence-only data
integrate multiple survey data types.

use ecologically relevant environmental predictor variables at
muliple spatial scales

Analysis
conduct predictor variable/model selection

consider model ensembles

quantify prediction uncertainty

assess/address residual spatial autocorrelation

Management

communicate with stakeholders frequently and iteratively
predict quantities that are interpretable and widely understood

validate predictions ideally through new surveys but also
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Region

Alaska

British Columbia

United States West Coast
Total

Area closed to bottom trawling (km?)

2,425,041
425,040
739,491

3,688,887

EEZ Area (km?2)

3,770,021
454,388
823,509

5,049,958

% Closed to bottom trawling

64%
94%
90%
71%
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Geographic Area Area (km?) Hard substrate (km?) # Coral observations # Sponge observations

Baseline year-round trawl RCA 11,456.9 467.6 24,718 12,709
RCA Opening 7,085.6 228.5 5,657 4,236
RCA remaining closed 4,371.3 239.1 19,061 8,473
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Geographic Area Total Baseline Final Action Change % Change % Restored

EEZ + Territorial Sea (shore to 370 km) 99,429,040 85,795,466 89,155,460 3,359,994 3.4% 24.6%
North Bioregion - Upper Slope 39,678,313 35,583,019 37,737,154 2,154,135 5.4% 52.6%
North Bioregion - Shelf 25,865,827 24,282,738 24,664,664 381,927 1.5% 24.1%
Cent. Bioregion - Upper Slope 17,204,171 16,139,906 16,818,382 678,476 3.9% 63.8%
Cent. Bioregion - Shelf 10,761,297 5,723,381 5,860,234 136,852 1.3% 2.7%
South Bioregion - Upper Slope 118,703 85,475 88,146 2,671 2.3% 8.0%
South Bioregion - Shelf 4,624,098 3,976,592 3,979,835 3,243 0.1% 0.5%
Greater Farallones NMS 4,883,565 4,189,485 4,293,262 103,777 2.1% 15.0%
Cordell Bank NMS 1,182,324 958,285 1,044,707 86,422 7.3% 38.6%
Monterey Bay NMS 10,344,230 6,137,276 6,449,378 312,102 3.0% 7.4%
Channel Islands NMS 10,489 3,581 3,581 0 0.0% 0.0%
Rockfish Conservation Area 5,526,097 0 3,730,186 3,730,186 67.5% 67.5%

Summed bottom trawl intensity that took place from 2002 to 2006 NOAA (2015) where values represent the sum of cell values in the raster dataset in km/km? where
each cell represents the total length of all towlines intersecting a standard area. Values of Total are based on the sum of the trawl intensity scores within each geographic
area. Values of Baseline and Final Action are the amount of 2002-2006 effort in areas remaining open to bottom trawling under each scenario. Change is the difference
in trawl intensity score between Baseline and Final Action. % Change is Change/Total. % restored is Change/(Total-Baseline).
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Geographic Area

United States West Goast EEZ (shore to 370 km)
Inside bottom trawl ciosure

Outside

Northern Bioregion - Upper Siope.

Inside bottom traw
Outside

Northern Bioregion - Shelf
Inside bottom trawl ciosure
Outside
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Inside bottom trawl ciosure
Outside

Central Bioregion - Shelf

Inside bottom traw
Outsido

Southern Bioregion - Upper Slope.
Inside bottom trawl ciosure

Outside

Southern Bioregion - Shelf

Inside bottom traw c:
Outsice

Greater Farallones NMS
Inside bottom trawl ciosure
Outside

Cordell Bank NMS
Inside bottom trawl ciosure
Outside

Monterey Bay NMS
Inside bottom traw
Outside

Channel Islands NMS
Inside bottom trawl ciosure
Outside

sure

sure

Total area, number of coral and sponge observation:
outside year-round bottom traw
than 1% of total

Area (km?)

Baseline

394,13
429,375

5.742
24,411

6420
27,565

7281
16591
7,246
9,885

16,885
20,862

5916
1845

4038
4,499

area of hard substrate, and area of submarine canyon for each of the 11 geographic aree pa
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Scenarios Total Area? (ha) Depth® min.- max Less than 200 m Between 200 and 300 m Between 300 and 800 m Greater than 800 m Continental shelf Continental slope

m m ha % ha % ha % ha % ha % ha %
Scenario A 87,248 34 720 49,884 &7 8,748 10 28,815 33 0 0 49,884 57 37,363 43
Scenario B 142,192 34 1234 71,206 50 9,070 6 50,099 35 11,812 8 71,206 50 70,986 50
Scenario C 93,042 34 669 49,843 54 9,662 10 33,5637 36 0 0 49,843 54 43,198 46

4Areas calculated in hectares (ha) with the reference system Magna-Sirgas Oeste.
bpepth data calculated with GEBCO Grid model.
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Sources

Causes

Effects on deep-sea coral communities

References*

Commercial bottom
trawling and other
bottom

fishing

Oil and gas exploration
activities

nstallation and
presence of submarine
cables for
elecommunications

Ocean acidification due
o Climate Change

Use of industrial fishing grounds in
areas with deep coral formations and
overexploitation of fishery resources in
the Colombian Caribbean

Qil or gas field development activities
on the seabed and associated
infrastructure

Installation, repair and maintenance
activities of submarine cables laid or
buried on the seabed

Accumulation of greenhouse gases in
the atmosphere with the consequent
alteration of meteorological and
oceanographic patterns, and increase
in the concentration of dissolved CO2
(acidification) in the ocean

Deficiencies in the management
and control of the country’s
fishing sector and its lack of
coordination with the
environmental sector

Development of hydrocarbon
exploration and exploitation

activities in marine areas that
include strategic ecosystems

Development of the
infrastructure necessary for the
country’s communication
processes.

Excessive use of fossil fuels,
cement production and
deforestation

*References consulted before the designation of the Marine Protected Area in April 2013.

- Fragmentation and destruction of coral (scleractinian, soft and black)

and sponge colonies due to mechanical damage generated by fishing

gear on the sea floor, with the consequent loss of feeding and shelter

habitat for many species of invertebrates and fish.
- Alteration of the structure and trophic network of the community of
species associated with deep coral formations, due to the decrease in
population sizes of most species of commercial importance in the
Colombian Caribbean, due to over-exploitation of the stocks.
Decrease in size and recovery capacity of fish populations associated
with coral formations, due to high extraction of individuals with
sub-optimal sizes.

Fragmentation or destruction of coral colonies and sponges by direct
mechanical damage during anchoring and installation of infrastructure

and piping necessary for the exp
Partial or total mortality of sessile
associated fauna from exposure

Risk of catastrophic accidents (oil

oitation phase.
invertebrates (including corals) and
o waste drilling products or

contaminated sludge during the seabed drilling process.

spills due to ruptures in extraction

ducts) with subsequent ecological impacts in the area.
Fragmentation or destruction of coral colonies and sponges due to

mechanical damage during instal
underwater cables.
Partial or total mortality of sessile

eduction of calcification rates, in

2=

Q o

o 2

water.

lation, repair or maintenance of

colonial invertebrates by suffocation

due to suspension of sediment during installation, repair or
maintenance activities of underwater cables

Physiological stress (with lethal or sub-lethal consequences) and

organisms with calcium carbonate

eletons. The effects of decreasing aragonite saturation state on
eep-sea, bioherm-forming scleractinians.
terations in the latitudinal and bathymetric distribution patterns of

pecies, due to changes in physical and chemical characteristics of the

- Deterioration or loss of habitat due to calcifying organism mortality.

Alterations in flow patterns and upwelling, which can cause changes in

the availability of nutrients, organic matter and plankton.

Freiwald et al., 2004; Clark

et al., 2006; Roberts et al.,
2006; De Santo and Jones,
2007; Morgan et al., 2007;
Reed et al., 2007; Althaus et al.,
2009; Sampaio et al., 2012.

Olsgard and Gray, 1995;
Sammarco et al., 2004; Gass
and Roberts, 2006;

Davies et al., 2007; Larsson
and Purser, 2011; Jones et al.,
2012; Purser and Thomsen,
2012; White et al., 2012

Freiwald et al., 2004; UNEP,
2006; OSPAR Comission,
2008; Carter et al., 2009

Guinotte et al., 2006; Roberts
et al., 2006; Turley et al., 2007;
Maier et al., 2009; Hofmann

et al., 2010; Thresher et al.,
2011; Barry et al., 2011
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04550 Sig. pathways reg. pluripotency of stem cells
Cell motility

04810 Regulation of actin cytoskeleton
Organismal Systems
Immune system
04610 Complement and coagulation cascades
04620 Toll-like receptor signaling pathway
04625 C-type lectin receptor signaling pathway
04062 Chemokine signaling pathway
Endocrine system
04910 Insulin signaling pathway
04920 Adipocytokine signaling pathway

04921 Oxytocin signaling pathway
04928 Parathyroid hormone synthesis/secretion
04916 Melanogenesis
Digestive system
04970 Salivary secretion
04974 Protein digestion and absorption

04975 Fat digestion and absorption
Nervous system

04725 Cholinergic synapse

04730 Long-term depression

04722 Neurotrophin signaling pathway
Sensory system

04742 Taste transduction

04750 Inflammatory mediator reg. of TRP channels
Development and regeneration

04361 Axon regeneration

04380 Osteoclast differentiation
Aging

04211 Longevity regulating pathway
Environmental adaptation

04713 Circadian entrainment

04714 Thermogenesis

Processes that are associated with under-expressed (blue) and over-expressed (red) transcripts are highlighted for each species and treatment. Processes that were
either under-expressed (-) or over-expressed (+) in all three treatments (oil, dispersant, and oil/dispersant mixtures) in a given species are further noted.

The asterisk (¥) denotes transcripts that correspond to the same gene in both species. KEGG analyses were based on KO annotations via eggNOG. Reference
Supplementary Tables 3, 5 for more details and impacted pathways.
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KO term

Metabolism
Metabolic pathways
01000 Enzymes — Peroxidase PXDN
Carbohydrate metabolism
00010 Glycolysis/Gluconeogenesis
00620 Pyruvate metabolism
00630 Glyoxylate and dicarboxylate metabolism
Amino acid metabolism
00260 Glycine, serine, and threonine metabolism
00270 Cysteine and methionine metabolism
00380 Tryptophan metabolism
00480 Glutathione metabolism
Xenobiotics biodegradation and metabolism
00980 Metabolism of xenobiotics by cytochrome P450
Genetic information processing
Transcription
03040 Spliceosome
Translation
03010 Ribosome
03015 mRNA surveillance pathway
03008 Ribosome biogenesis in eukaryotes
Environmental information processing
Signal transduction
04010 MAPK signaling pathway
04310 Wnt signaling pathway
04350 TGF-beta signaling pathway
04064 NF-kappa B signaling pathway
04668 TNF signaling pathway
04020 Calcium signaling pathway
Signaling molecules and interaction
04080 Neuroactive ligand-receptor interaction
04512 ECM-receptor interaction
Cellular processes
Transport and catabolism
04144 Endocytosis
04145 Phagosome
04142 Lysosome
04140 Autophagy — animal
04137 Mitophagy — animal
Cell growth and death
04110 Cell cycle
04210 Apoptosis
04216 Ferroptosis
04217 Necroptosis
04218 Cellular senescence
Cellular community — eukaryotes
04510 Focal adhesion
04520 Adherens junction
04530 Tight junction
04540 Gap junction

PB

WAF exposures

Qil

Disp.

PB Cd

PB

Oil/Disp.

-
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BULK exposures

Qil Disp. Oil/Disp.
KO term PB Cd PB Cd PB Cd
Metabolism
Lipid metabolism

00100 Steroid biosynthesis

00561 Glycerolipid metabolism

00564 Glycerophospholipid metabolism
Xenobiotics biodegradation and metabolism

00983 Drug metabolism — other enzymes
Environmental Information Processing

Signal transduction
04391 Hippo signaling pathway — fly

04151 PI3K-Akt signaling pathway BB
Signaling molecules and interaction
04512 ECM-receptor interaction - -

Cellular Processes
Cellular community — eukaryotes
04510 Focal adhesion BEE
Organismal Systems
Immune system

04610 Complement and coagulation cascades ---

Digestive system
04974 Protein digestion and absorption --
04972 Pancreatic secretion
04975 Fat digestion and absorption I
Nervous system
04725 Cholinergic synapse -

Processes that are associated with under-expressed (blue) and over-expressed
(red) transcripts are highlighted for each species and treatment.

The asterisk (*) denotes transcripts that correspond to the same gene in both
species. KEGG analyses were based on KO annotations via eggNOG. Reference
Supplementary Table 3 for more detailed information.
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Family

Antipathidae
Antipathidae
Antipathidae
Aphanipathicae
Cladopathidae

Cladopathidae
Cladopathidae

Cladopathidae
Cladopathidae
Leiopathidae
Leiopathidae
Leiopathidae

Schizopathidae
Schizopathidae
Schizopathidae
Schizopathidae
Schizopathidae
Schizopathidae
Schizopathidae

Schizopathidae
Schizopathidae
Schizopathidae
Stylopathidae

Species.

Antipathes of. dichotoma
Stichopathes abyssicola
Stichopathes n. sp.
Phanopathes sp.

Chrysopathes cf.
micracantha

Cladopathes cf. plumosa
Sibopathes of.
macrospina

Trissopathes grasshoffi
Trissopathes of. tetracrada
Leiopathes expansa
Leiopathes cf. glaberrima
Leiopathes montana

Bathypathes sp. 1
Bathypathes n. sp. 2
Bathypathes . sp. 3
Dendrobathypathes n. sp.
Parantipathes sp.
Parantipathes hirondelle

Parantipathes cf.
hirondelle

Stauropathes arctica
Stauropathes of. punctata
Telopathes sp.

Tylopathes n. sp.

Depth Location

(m)

699

2,087
2,032
1,197
1,113

2,049
9,40

1,167
1,853
1,113
1,836
669

1,062
2,580
2817
1,128
1,385
1,014
1,872

1,446
1,397
1,830
918

Whittard canyon
Whittard canyon
Whittard canyon
North porcupine bank
Whittard canyon

Whittard canyon

North of belgica mound
province SAC

Whittard canyon
Whittard canyon
Whittard canyon
Whittard canyon

East of Hovland Mound
Province SAC

Whittard canyon
Whittard canyon
Whittard canyon
whittard canyon
Porcupine bank
North porcupine bank
Whittard canyon

North porcupine bank
North porcupine bank
Whittard canyon
Whittard canyon

Reads

1,685,538
496,172
2,630,734
1,052,876
236,548

101,256
901,890

36,046
1,432,998
1,105,940
1,826,652

803,208

1,328,568
461,664
1,069,638
482,390
1,037,636
699,038
2,568,388

904,642
1,058,472
2,574,466
1,041,992

Cleaned
reads

586,418
421,188
907,933
973,699

39,162

61,631
863,023

6,815
1282,414
534,005
473,685
266,270

1222,789
437,111
800,519
461,590
709,210
672,868
208,3001

876,101
987,673
1,891,358
9,29,107

Mt reads

566
1,021
2,322
1,863

166

56
992

3,550
1,268
963
601

2,037
703
975
1009
519
643

1,436

1,718
2,456
4,47
2,353

MIDNA (bp)

19,944
19,968
19,839
20,304
599

8,802
17,734

346
18,469
21,653
21,669
21,516

17,700
17,700
17,700
17,687
17,734
17,734
17,734

17,700
17,690
17,681
17,679

Mean
coverage
(mitogenome)

6.6
13
288

513
14.4
83
49

306
1
14
14
7.8
9.4
212

26
37
65.3
19.8

Min-Max
coverage
(mitogenome)

0-16
2-25
9-50
10-47

3-30

24-78
6-27
1-19
0-13

12-52
1-24
4-26
1-28
1-16
2-21
7-36

12-45
22-68
39-96
4-48

Mitogenome  Nuclear

genbank
number

MT318841
MT318856
MT318857
MT318852
MT318860

MT318861
MT318853

MT318862
MT318840
MT318847
MT318846
MT318848

MT318844
MT318842
MT318843
MT318845
MT318851
MT318850
MT318849

MT318854
MT318856
MT318858
MT318859

region
genbank
number

MT318863
MT318880
MT318881
MT318876
MT318867

MT318868
MT318877

MT318884
MT318883
MT318871
MT318870
MT318872

MT318866
MT318864
MT318865
MT318869
MT318874
MT318875
MT318873

MT318879
MT318878
MT318882
MT318885
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Antipathidae Aphanipathidae Cladopathidae Leiopathidae Myriopathidae Schizopathidae Stylopathidae Identical  Pairwise
Sites % Identity %

Ccoxi1 1,693-1,629 1,598 1,690-1,629 1,693 1,581 1,690 1,681 75.6 92.8
COX1(§')-HEG ~ 272-373 344 378 184-206 184

HEG 981-1,062 981 996 657 667

HEG-COX(3) 91-1056 103 213 61 61

COX1-ND4L 35-148 106 92-138 169 83 92 83

ND4L 300 300 300 300 300 300 300 767 93.9
NDA4L-COX2 107-340 134 82-128 157 30 70-82 30

COx2 750 750 750 750 750 760 750 723 922
COX2-ND4 56-98 82 80-61 110 10 60-61 10

ND4 1,476 1,476 1,476 1,476 1,476 1,476 1,476 705 91.9
ND4-ND6 121-205 597 66-121 174 77 104-112 77

ND6 579-501 579 564-633 579 570 564 570 702 92.0
ND6-ATP8 61-114 113 24-61 64 4 21-24 4

ATP8 213 213 213 213 213 213-216 213 705 93.3
ATP8-ATP6 19-156 19 82-92 233 9 72-82 9

ATP6 699-720 699 699-714 699 699 699 699 75.4 93.3
ATP6-ND5 28-175 116 108-175 186 25 65-110 25

ND5 1,851-1,962 1,866 1,839-1,851 1,851 1,851 1,839 1,851 731 925
ND5(5)-ND1 350-453 441 367-407 572 253 356-367 253

ND1 984-1,050 984 984 984 984 984 984 755 93.6
ND1-ND3 12-137 109 48 49 5 32-48 5

ND3 357 367 357 408 360 367 360 761 93.3
ND3-ND5(3') 106-168 106 115-136 221 97 115 o7

ND5-tmW 38-44 39 27-39 39 33 27 33

tmW 70 70 70 70 70 70 70

tmW-ND2 19-119 81 19 518-534 17 19 17

ND2 1,5618-1,676 1,676 1,618-1576  1,584-1,587 1,488 1,600-1,518 1,488 70 91.4
ND2-128 229-277 258 197-238 431 120 197 154

128 1,139-1,170 1,171 1,141-1,168 1,164 1,148 1,141 1,089

128 -CYTB 69-122 61 100-122 106 65 71-110 66

CYTB 1,143 1,143 1,143 1,143 1,137 1,134-1,143 1,137 727 925
CYTB-tmM 51-76 39 49-75 68 59 49 59

tmM ul il il il il il ul

tmM-168 66-104 141 64-83 202 48 64-74 42

168 2,588-2,663 2,662 2,569-2,588 2,673 2,256-2,256 2,560-2,590 2,252

16S-COX3 164-224 57 96-224 277 101 74-165 101

COX3 789 789 7650-789 819 789 789 789 731 927
COX3-COX1 44-298 79 34-69 113 30 34 30

Total IGR (bp) 1,486-2,160 2,031 1,187-1686  2,896-2,912 716-717 1,122-1,203 745

Blank cells in Cladopathidae and Schizopathidae columns are due to the lack of the COX1 intron. Note that total IGR does not include intron regions. See Table $4 for full species table.
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Species

Antipathes cf. dichotoma
Bathypathes sp. 1

Bathypathes n. sp. 2

Bathypathes n. sp. 3
Chrysopathes formosa NC008411
Dendrobathypathes n. sp.
Leiopathes of. glaberrima
Leiopathes expansa

Leiopathes montana

Myriopathes japonica NCO27667
Parantipathes cf. hirondelle
Parantipathes hirondelle
Parantipathes sp.

Phanopathes sp.

Sibopathes of. macrospina
Stauropathes cf. punctata
Stauropathes arctica
Stichopathes abyssicola
Stichopathes luetkeni JX023266
Stichopathes . sp.
Tanacetipathes thamnea MN265369
Telopathes sp.

Trissopathes cf. tetracrada
Tylopathes n. sp.

Total bp

19,969
17,700
17,700
17,700
18,398
17,687
21,669
21,653
21,672
17,733
17,734
17,734
17,734
20,304
17,734
17,690
17,700
19,968
20,448
19,839
17,7112
17,681
18,469
17,679

5,163
4,715
4,717
4,718
4,940
4,694
5917
5913
5,888
4,606
4,708
4,709
4,705
5,542
4,704
4,711
4,716
5,158
6,927
5,425
4,690
4,609
4,968
4,603

3,716
3,165
3,166
3,162
3,292
3214
3,821
3,819
3,777
3219
3217
3216
3215
3,481
3215
3,167
3,165
3,725
3,137
3,515
3225
3,173
3313
3,334

4584
3,893
3,802
3,889
3983
3922
4712
4711
4,677
3,895
3917
3917
3920
4,404
3921
3,894
3,802
4,600
4,069
4,291
3,890
3,808
3988
3,944

6,468
5,927
5,926
5,931
6,182
5,857
7,218
7,210
7,160
5,923
5,892
5,892
5,894
6,877
5,894
5918
5,927
6,485
7316
6,608
5,907
5911
6,200
5,797

GC

8,300
7,058
7,058
7,051
7,275
7,136
8533
8530
8454
7114
7134
7,133
7135
7,885
7,136
7,081
7,057
8325
7,206
7,806
7115
7,071
7,301
7,218

GC %

4.7
399
399
308
395
403
39.4
39.4
393
40.1
40.2
40.2
40.2
388
40.2
399
39.8
4.7
36.2
39.3
40.2
40
395
412

AT %

58.3
60.1
60.1
60.2
60.5
59.7
60.6
60.6
60.7
59.9
59.8
59.8
59.8
61.2
59.8
60.1
60.1
58.3
64.8
60.7
59.8
60
60.5
58.8

GC Skew

0.099
0.103
0.103
0.103
0.095
0.099
0.104
0.105
0.106
0.095
0.098
0.008
0.099
0.117
0.105
0.103
0.103
0.105
0.129
0.099
0.003
0.103
0.092
0.084

AT skew

-0.113
-0.114
-0.114
—0.114
-0.112
-0.110
—0.099
—0.099
-0.097
-0.116
-0.112
-0.112
-0.112
-0.107
-0.112
—-0.114
-0.114
—0.114
-0.106
—0.008
-0.116
—-0.114
-0.110
-0.115
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C. delta- bulk
Total transcripts with non-zero read counts: 26,306

C. delta- WAF
Total transcripts with non-zero read counts: 25,164

P, type B3- bulk
Total transcripts with non-zero read counts: 26,850

P, type B3- WAF
Total transcripts with non-zero read counts: 26,883

Qil
Dispersant
Qil/dispersant

Qil
Dispersant
Qil/dispersant

Qil
Dispersant
Qil/dispersant

Qil
Dispersant
Qil/dispersant

Under-expressed

20

372
196
295

2
10
52

Over-expressed

28

151
384
283

2
83
30

0
49
20

Fold-change

12-3.1
-4.0-34
7.3-40

-4.1-38.1
-4.0-8.6
-3.6-4.9

-1.6-1.7
-1.4-25
-5:5—-2.9

-5.2--4.7
4.7-74
-4.3-4.0

Genes were considered significant at an adjusted p-value < 0.05, under-expressed at a log-2-fold change < -1, and over-expressed at a log-2-fold change > 1.
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Total transcripts

GC content

N50

BUSCO % Complete
% Singletons
% Duplicates
% Fragmented

% Missing
Transrate Score

Optimal Score

C. delta

39,475
0.40
1,467
94.9
85.1
9.8
1.1
4.00
0.20
0.20

P. type B3

60,989
0.39
1,451
94.5
86.0
8.5
1.9
3.60
0.29
0.32
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Variable <50 individuals >50 individuals

Substrate v v
Depth v v
VRM (7 mm) v v
VRM (50 cm) v v
Eastness v
Northness v
Geyer’s saturation point process v

*Except for the reef building species Desmophyllum pertusum and
Madrepora oculata.
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Individuals Individuals Individuals
per m?2 (count) per m? (count) per m?2 (count)

at Site A at Site B at Site C
Alcyonacea spp. 0.31 (64) 0.21 (62) 0.06 (14)
Aphrocallistes sp. 4.36 (896) 6.15 (1493) 0.38 (96)
Anthomastus sp. 0.15 (31) 0.06 (15) 0.04 (11)
Callogorgia sp. 0.11 (22) 0.09 (22) 0.00 (1)
Cidaris cidaris 0.20 (41) 0.23 (56) 0.10 (26)
Desmophyllum 1.37 (282) 1.46 (355) 0.06 (15)
pertusum
Galatheoidea sp. 0.48 (99) 0.40 (98) 0(0)
Gracilechinus sp. 0.1 (21) 0.09 (22) 0.10 (26)
“green”
Gracilechinus sp. 0.13 (26) 0.11 (27) 0.01 (3)
“pink”
Madrepora oculata 0.38 (78) 0.75 (181) 0.07 (17)
Psolus sp. 0.06 (13) 0.01(2) 0.98 (249)
Stichopathes sp. 0.03 (6) 0.29 (70) 0(0)
Zoanthidae sp. 0.22 (46) 0.27 (65) 0.02 (5)

Ordered alphabetically.
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Site Number of images Total area (m2) Georeferencing error (m) Scale error (nm) DEM resolution (mm/pix) Orthomosaic resolution (mm/pix)

Site A 4497 206.622 1.212 8.528 6.36 0.795
Site B 6491 242.676 1.648 10.824 6.51 0.814
Site C 5827 253.041 0.997 13.642 6.29 0.787
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Phylum Class Order

Monothalamea
Demospongiae

Foraminifera Astrorhizida
Porifera
Axineliida

Tetractinellida

Merlida

Hexactinellida  Lyssacinosida

Cnidaria Anthozoa Actiniaria

Ceriantharia

Zoantharia

Anthipatharia

Scleractinia

Pennatulacea

Aloyonacea

Mollusca Gastropoda  Neogastropoda

Nudibranchia

Cephalopoda Octopoda

Annellida Polychaeta

Echiuroidea
Eunicida
Sabeliida

Terebratulida

Brachiopoda  Rhynchonellata

Atthropoda  Malacostraca  Euphasiacea

Decapoda

Cidaroida
Camarodonta

Echinodermata  Echinoidea
Spatangoida
Aplousobranchia
Gadiformes

Chordata Ascidiacea
Actinopterigy

Perciformes

Scorpaeniformes
Pleuronectiformes

Family

Astrorhizidae

Axinellidae
Vulcanellidae
Ancorinidae
Geodiidae
Hamacanthidae
Rossellidae

Amphianthidae
Gonactiniidae

Cerianthidae
Arachnidae
Epizoanthidae

Schizopathidae
Antipathidae
Oculinidae
Caryophylidae

Flabellidae

Dendrophyllidae
Kophobelemnidae
Protoptiidae
Acanthogorgiidae
Plexauridae

Muricidae

Muricidae-
Coralliophilinae

Octopodidae

Echiuridae
Eunicidae
Serpulidae
Cancellothyrididae
Terebratuiidae
Euphausiidae
Pandalidae

Munididae

Paguridae
Epialtidae
Cidaroidea
Echinidae
Spatangidae
Didemnidae
Gadidae
Polyprionidae

Sebastidae
Scophthalmidae

Genus

Pelosina

Phakellia
Pachastrella
Stelletta

Hamacantha
Sympagella

Amphianthus
Protanthea

of. Pachycerianthus
Arachnanthus
Epizoanthus

Parantipathes
Antipathes
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Echinus
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sp.
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Polyprion
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Lepidorhombus

Species

sp.
sp.
sp.

monilifera
sp.
sp.

cf. falcula

delauzei

dohrmii
simplex
sp.
sp.
oligopodus
sp.1
sp.2
larix
dichotoma
oculata
sp.
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sp.
dianthus
caileti

cornigera
stellferum
carpenteri
hirsuta
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lepida
dubia
squamosus

sp.1
sp.2
sp.3
sp.
salutii
sp.
viridis
norvegica
vermicularis
retusa
vitreus
sp.
sp.
martia

sp.
tenuimana

sp.
rissoana
cidaris
cf. melo

purpureus

argenteus
americanus

dactylopterus
boscii

Authors

Schmidt, 1868

Bowerbank, 1874
Boury-Esnault
etal, 2015
Koch, 1878
Carlgren, 1891

Cerfontaine, 1891

Esper, 1788
Pallas, 1766
Linnaeus, 1758

Linnaeus, 1758

Esper, 1794

Duchassaing and
Michelotti, 1864

Lamarck, 1816
Miiler, 1776
Koliker, 1872
Gray, 1857
Koch, 1887

Thomson, 1929

Bivona Ant. in
Bivona And., 1838

Verany, 1836

Rolando, 1821
Linnaeus, 1767
Linnaeus, 1767
Linnaeus, 1758
Born, 1778

A. Milne-Edwards,
1883

Sars, 1872

Roux, 1828
Linnaeus, 1758
Lamarck, 1816
O.F. Miller, 1776

Guichenot, 1850
Bloch and
Schnaeider, 1801
Delaroche, 1830
Risso, 1810

Site A

L

[l i i

rrorrcrCrCoC

Site B

[l e e e e

rrrr-o

-

Frrrorrcrcrco- - [ i el e e i

-





OPS/images/fmars-07-00661/fmars-07-00661-t003.jpg
Vertex coordinates Lat N (GG°mm.xx’) Long E (GG°mm.xx’)

Site A 43°16.93 9°48.29
43°16.73' 9°48.28'
43°16.17’ 9°47.18
43°16.24 9°46.68
43°16.49 9°46.72'
43°16.76 9°47.42'

Site B 43°08.32 9°41.66
43°01.43 9°42.14
43°00.94 9°41.78
43°01.07’ 9°41.32
43°02.058 9°41.09

43°03.31’ 9°41.49’
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Start Lat N Start Long E End Lat N End Long E
Station (GG°mm.xx’) (GG°mm.xx’) Start Depth (m) (GG°mm.xx’) (GG°mm.xx’) End Depth (m)

MS17-1-564 43°16.31" 9°46.85' 441 43°16.32 9°78.12' 430
MS17-1-135 43°01.35 9°41.91 437 43°01.55 9°41.76' 425
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Octocorals/Antipatharians Species

Class Octocorallia

Order Alcyonacea

Suborder Galcaxonia

Family Ellisellidae Gray, 1859
“Ellsolla imbaughi (Bayer, 1960)
Ellisella lmbaughi (Bayer, 1960)

Suborder Holaxonia

Family Gorgoniidae Lamouroux, 1812
Leptogorgia alba (Duchassaing and Michelotti, 1864)
“Leptogorgia cortesi Breedy & Guzman, 2012
Paciligorgia eximia Breedy & Guzman, 2003
*Pacifigorgia marviva Guzman & Breedy, 2011
Paciigorgia marviva Guzman & Breedy, 2011
*Pacifigorgia senta Breedy & Guzman, 2003
Paciigorgia senta Breedy & Guzman, 2003
Pacifigorgia senta Breedy & Guzman, 2003
Pacifigorgia sp.

Famiy Plexauridae Gray, 1859
Heterogorgia verrucosa Vertil, 1868
Muricea fruticosa Veril, 1859
*Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
Muricea plantaginea (Valenciennes, 1846)
*Muricea subtilis Breedy & Guzman, 2016
Muricea subtilis Breedy & Guzman, 2016
Muricea subtilis Breedy & Guzman, 2016
Muricea squarrosa Verti, 1869
Psammogorgia sp1
Psammogorgia sp2

Class Hexacorallia

Order Antipatharia

Family Myriopathidae Opresko, 2001
Myriopathes panamensis (Veril, 1869)

Site

Mina
Mina

Amargal
Mina
Amargal
Amargal
Mina
Mina
Mina
Mina
Mina

Amargal
Mina
Mina
Mina
Mina
Mina
Mina
Amargal
Mina
Mina
Mina
Mina
Mina
Amargal
Mina
Mina

Amargal

*New records for the Colombian Pacific. Code: catalog number in MHNMC of INVEMAR.

Depth (m)

51
45

40-45
45
40-45
40-45

51

46
45

45
46
47

46

2&5 &2

45
45
40-45
40-45

35-40
30-40

42

Date

17/09/18
16/09/18

11/09/18
16/09/18
11/09/18
11/09/18
17/09/18
17/09/18
10/09/18
17/09/18
16/09/18

12/09/18
17/09/18
16/09/18
16/09/18
17/09/18
17/09/18
16/09/18
12/09/18
17/09/18
16/09/18
16/09/18
27/04117
27/0417
12/09/18
16/09/18
15/09/18

11/09/18

Code

INV CNI4219
INV CNI4220

INV CNI4229
INV CNI4241
INV CNI4254
INV CNI4263
INV CNI4264
INV CNI4265
INV CNI4266
INV CNI4267
INV CNI4269

INV CNI4280
INV CNI4283
INV CNI4290
INV CNI4291
INV CNI4292
INV CNI4293
INV CNI4294
INV CNI4299
INV CNI4300
INV CNI4301
INV CNI4302
INV CNI4303
INV CNI4304
INV CNI4299
INV CNI4321
INV CNI4323

INV CNI4327
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Callogorgia
species

C.ef.
galapagensis

C.ef.
galapagensis
C. gracilis

C. gracilis

C. gracilis
C. americana

Ophiuroid species found
in the Callogorgia
species

Astrodia cf. excavata

Astrodia cf. excavata

Asteroschema oligactes
Ophiomitra valida
Asteroschema oligactes

Ophiomitra valida

Asteroschema oligactes
No association

Number of fragments /
No. of ophiuroids

28/176

5/2

9/6

411

ar

11
1/0

550 —670

530

200-206

200-206

230-270
500

Depth (m) Location (Figure 1)

Pacific Ocean (Tumaco off - EA345)

Pacific Ocean (Tumaco off - EA337)

Caribbean Sea (Magdalena off - E80)

Caribbean Sea (Magdalena off - E8)

Caribbean (La Guajira)
Caribbean (Magdalena off - £42)

Catalog
numbers of
Callogorgia

INV CNI34256
INV CNI3426
INV CNI3427
INV CNI3428
INV CNI3429
INV CNI3430
INV CNI3431

INV CNI4406

INV CNI1850

INV CNI1409

INV CNI3648
INV CNI1410

Catalog
numbers of
ophiuroids

INV EQUA4097
INV EQU4098
INV EQU4099
INV EQU4100
INV EQU4101
INV EQU4102
INV EQU4103
INV EQUS014

INV EQUS015

INV EQUS111
INV EQUS1 14

INV EQU1086
INV EQU1087
INV EQU1088
INV EQUS112
INV EQU1089
INV EQUS115

INV EQUS118
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Species

Bathypathes cf. conferta
B. cf. conferta
B. cf. conferta
B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

B. patula

NIWA_ID

NIWA24190
NIWA24190
NIWA24190
NIWA85940
NIWA85940
NIWA85940
NIWA85940
NIWA85940
NIWA49468
NIWA49468
NIWA49468
NIWA49468
NIWA49468
NIWA47911
NIWA47911
NIWA47911
NIWA47911
NIWA47911
NIWA47911
NIWA47911

Date of collection

10/09/1998
10/09/1998
10/09/1998
27/03/2000
27/03/2000
27/03/2000
27/03/2000
27/03/2000
26/02/2009
26/02/2009
26/02/2009
26/02/2009
26/02/2009
08/03/2008
08/03/2008
08/03/2008
08/03/2008
08/03/2008
08/03/2008
08/03/2008

Sample site

>

m MmO O ®W>» OO0 ®W>»0 0L > ®®

Sub-site

Core
Edge

Core
Edge
Core
Edge

Core
Edge
Core
Edge

Core
Edge

Sample Name

24190-A
24190-B1
24190-B2

85940-A
85940-B1
85940-B2
85940-C1
85940-C2

49468-A
49468-B1
49468-B2
49468-D1
49468-D2

47911-A

47911-B

47911-C

47911-D

47911-E
47911-F1
47911-F2

Net WT (mg)

2.28
1.21
1.83
1.79
1.98
1.41
1.20
3.11
1.62
1.87
4.22
3.09
3.59
2.35
3.30
5.74
9.21
10.00
2.50
1.48

Indicative age

Present
Young
Present
Present
Young
Present
Mid
Present
Present
Mid
Present
Old
Present
Present
Young
Young
Young
Young
Old
Present

NIWA_ID is the unique collection number from the National Invertebrate Collection (NIC), Date of collection is when the specimen was sampled from the environment,
Sample site is the region of the branch stem that was sampled, Sub-site designates where larger diameter sections had radiocarbon samples extracted from the core as
well as the marginal edge, Sample Name is a unique identifier for that sample, Net WT (mg) is the sample mass extracted for subsequent radiocarbon analysis. Indicative
age is a "ball park” expected age classification based on the physical presence of the sampled segment; where growing tips were classed present, narrow stem diameters
classed young, moderate stem diameters classed mid and wide stem diameters classed old. The indicative age field was used as a cross check to test the validity of the
radiocarbon sample observations.
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S-ANU# Sample ID Sub-site InternalID FC <+ (1sigma) '¥Cage OxCalcalibrated OxCal calibrated Median age Error

calendar age calendar age to (calendar years (years 1
from (calendar (calendar years AD) sigma)
years AD) AD)

60016 24190-A 19942 1.0774 0.0030 >MODERN

Lost sample 24190-B1 Core 19943

60017 24190-B2 Edge 19944 1.0739 0.0036 >MODERN

60018 85940-A 19945 1.0726 0.0042 >MODERN

Lost sample 85940-B1 Core 19946

60019 85940-B2 Edge 19947 0.9634 0.0036 300 1894 1942 1912 29
60020 85940-C1  Core 19948 0.9206 0.0025 664 1567 1671 1615 52
60021 85940-C2 Edge 19949 0.9297 0.0039 586 1653 1804 1707 66
60023 49468-A 19950 1.0455 0.0026 >MODERN

60024 49468-B1  Core 19951 0.9486 0.0047 424 1852 1950 1883 58
60025 49468-B2 Edge 19952 1.0293 0.0030 >MODERN

60026 49468-D1  Core 19953 0.9281 0.0023 599 1638 1802 1690 67
60027 49468-D2 Edge 19954 1.0439 0.0051 >MODERN

60029 47911-A 19955 1.0431 0.0025 >MODERN

60030 47911-B 19956 1.0425 0.0025 >MODERN

60031 47911-C 19957 1.0447 0.0025 >MODERN

60032 47911-D 19958 1.0416 0.0031 >MODERN

60033 47911-E 19959 1.0470 0.0025 >MODERN

60035 47911-F1  Core 19960 0.9515 0.0026 400 1868 1950 1896 51
Lost sample 47911-F2 Edge 19961

S-ANU# is the external unique sample number for ANU radiocarbon results, Sample ID is the NIWA unique sample number, Sub-site designates where larger diameter
sections had radiocarbon samples extracted from the core as well as the marginal edge, internal ID is an internal ANU sample working ID number, F'*C is the samples
fraction of modern '*C allowing for §13C fractionation and background corrections, = is the error estimate for F*4C, 1#C age is the uncorrected radiocarbon age of the
sample, Oxcal calibrated calendar ages and median age are the corrected radiocarbon ages using “Marine 13” (Reimer et al., 2013).
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Specimen Section Segment Calibrated radiocarbon Segment Linear growth Section Radial growth
age (yr BP) length (mm) rate (mm/yr) radius (um) rate (wm/yr)

NIWA-85940 C 385 4280 111

NIWA-49468 B 126 4280 34.0
NIWA-49468 A-B 650 5.2

NIWA-49468 D 319 6300 18.7

NIWA-47911 F 112 4000 85.7
NIWA-47911 A-F 1070 9.6

Section letter denotes the sample location on the parent specimen, these can be seen in Figures 2-5. Segment describes the portion of the parent colony that lies
between the listed section letters.
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Coral species Location of Depth (m) Age (years old) Growth Growth parameter Method References

collection (mm/yr) measured
Black coral (no Norfolk Ridge, 560 300-330 0.002-0.1 Radial growth 4C dating; Komugabe et al., 2014
species name) Tasman Sea U/Th dating
Antipatharia Chatham Rise 870 741-2962 0.01-0.033 Radial growth 14C dating Hitt et al., 2020
Antipatharia Fiordland 35 Present-267 0.057 Radial growth 14C dating Hitt et al., 2020
Antipathella Fiordland 34 35-126 0.050-0.051 Radial growth 14C dating Hitt et al., 2020
fiordensis
Antipathes sp. Chatham Rise 7 243—present 0.091-0.143  Radial growth 14C dating Hitt et al., 2020
Leiopathes Chatham Rise 758 36-1214 0.005-0.015  Radial growth 14C dating Hitt et al., 2020
secunda
Leiopathes Bay of Plenty 750 36-1640 0.008-0.017  Radial growth 14C dating Hitt et al., 2020
secunda
Leiopathes sp. Bay of Plenty 758 286-2900 0.001-0.040  Radial growth 14C dating Hitt et al., 2020
*Bathypathes Chatham Rise 758-1269 112-319 0.0197-0.0357  Radial growth 14C dating This study
patula 52-99 Linear growth
*Bathypathes Bay of Plenty 800-949 385 0.011 Radial growth 14C dating This study
patula

Location of collection is the broad geographic region the specimens were sourced from. Depth describes the range of depths the specimens were residing in. Age is
the corrected radiocarbon age of the samples. Growth is the rate of skeletal growth observed in mm/yr, presented as either radial or linear growth. Method denotes the
radiometric assay applied to derive the growth estimates. Reference describes the source material for the observation, *Bathypathes patula is the work presented in this
document.
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Sample name  Geographic region = Sample depth (m) Sample region  Coarse zone counts Fine scale zone Calibrated radiocarbon

counts age (yr BP)

NIWA 24190-B  Bay of Plenty 800 Base 37 78

NIWA 85940-C  Bay of Plenty 949 Base 54 176 385
NIWA 49468-A  Chatham Rise 810 Tip 4 11

NIWA 49468-B  Chatham Rise 810 Mid stem 55 370 126
NIWA 49468-C ~ Chatham Rise 810 Mid stem 60 374

NIWA 49468-D  Chatham Rise 810 Base 72 481 319
NIWA 47911-A  Chatham Rise 758-1147 Tip 4 10

NIWA 47911-B  Chatham Rise 758-1147 Near tip 4 12

NIWA 47911-C ~ Chatham Rise 758-1147 Near tip 8 16

NIWA 47911-D  Chatham Rise 758-1147 Near tip 7 19

NIWA 47911-F  Chatham Rise 758-1147 Base 54 211 112
NIWA 66335-A  Chatham Rise 909-1010 Base 94 301

NIWA 42807-A  Chatham Rise 959-1137 Base 66 221

NIWA 66354-A  Chatham Rise 810-939 Base 66 221

NIWA 42812-A  Chatham Rise 806-1174 Base 74 359

NIWA 66337-A  Chatham Rise 1120-1269 Base 104 285

NIWA 47879-A  Chatham Rise 999-1002 Base 193 406

Geographic region is the broad region of New Zealand that the corals were sourced from. Sample depth is the depth in meters that the sample came from, they often
cover a range as samples were collected adventitiously from deep-water trawls. Sample region is the portion of the specimen skeleton sampled. Coarse zone counts were
derived using the coarse coloured banding interpretation of the observed zone structure protocol, fine scale zone counts were derived using the fine scale interpretation
protocol. For comparison the calibrated radiocarbon age (yr BP) are included, these are derived from the median age (calendar years AD) (see Table 3).
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