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Editorial on the Research Topic
 Advances in 3D Habitat Mapping of Marine Ecosystem Ecology and Conservation



Advances in 3D technology have enabled low-cost and accurate measurements of habitat structure and organism size in both terrestrial and marine environments. However, there is still a need for guidance on how to apply novel 3D technologies for marine ecology and conservation. Multiple teams from around the world are leading the application of 3D photogrammetry in marine ecosystems. The widespread adoption of 3D methodologies produces a growing need for agreed standards to assess the quality of 3D data (e.g., error metrics). Similarly, standardized techniques where possible, will ensure collaboration and compatibility of 3D data across space and time.

This Research Topic is a first step toward the standardization of methods and communication of the state of the field to the wider audience in marine science and conservation using or considering the use of 3D technologies. The Topic provides relevant information that: (1) defines standard methods for the application of 3D technologies to marine ecosystem ecology and conservation, (2) advances fundamental marine ecological and conservation knowledge relevant to the habitat structure of marine ecosystems; and (3) highlights knowledge gaps and directions to move toward a high-resolution 3D map of the world's oceans.

The Research Topic focuses on the use of high-resolution 3D reconstructions of underwater ecosystems. It includes 13 articles, of which six are original research articles, one is a perspective, and six are methodological advances. Most of the original research articles also included a methodological validation or comparison. The geographic scope of this Research Topic ranges from the Caribbean to Greenland to the Pacific Islands and Australasia. Nine articles were conducted in coral reefs, three in temperate rocky reefs, and one on a deep-sea cliff, which highlights the versatility of 3D technologies. The diverse group of articles explored the relationship between habitat features, benthic and fish abundance, health, diversity, the potential of reef scape genomics, and the effectiveness of marine protection. A range of equipment from action cameras and DSLRs, to machine vision cameras, underwater robots, and echo-sounders were used to generate 3D reconstructions, emphasizing how a broad range of 3D technologies can benefit a wide variety of end users and applications. Similarly, the breath of the research published in this Research Topic captured 3D reconstructions of sub-millimeter resolutions, as well as 3D maps across large spatial extents.


KEY FINDINGS IN ORIGINAL RESEARCH ARTICLES


Advancing Fundamental Marine Ecological and Conservation Knowledge

Across large spatial extents, 3D technologies were used to characterize structural complexity and investigate its drivers and representation within marine parks.  Asner et al. mapped reef rugosity (2 and 6 m resolution) to 22 m depth throughout the eight main Hawaiian Islands, and found rugosity was mainly driven by water depth and reef slope. Mayorga-Martínez et al. mapped slope, aspect, curvature, rugosity, and ruggedness (2.5 m resolution) for three submerged banks and two emerging reefs in the Southwestern Gulf of Mexico and found structural complexity increased with depth and was underrepresented within marine parks.

Three-dimensional technologies were used to investigate the relationship of surface rugosity and more traditional metrics of ecosystem health and state at the scale surveys are routinely conducted (hundreds of squared meters). Urbina-Berreto et al. explored the relationship between structural complexity and coral cover on reef slopes and lava-flows and found sites with the highest coral cover also had the highest structural complexity.  Monfort et al. investigated the relationship between fish assemblages and surface rugosity in Mediterranean shallow rocky reefs and found total fish abundance and species richness increased with surface rugosity.  Kanki et al. investigated the relationships between the prevalence of four benthic sessile organisms (ascidian, barnacle, polychaete, and articulated coralline algae) and terrain variables derived from 3D maps of the seafloor (cm resolution, 4 m2 extent). Filter-feeders were more abundant on vertical and/or high faces above the seafloor, likely due to higher current velocities. In contrast, algae occurred at various heights and on gentle slopes suitable for photosynthesis.

At colony scales,  Richaume et al. investigated the effect of longevity of no-take zones on populations of red coral (Corallium rubrum) in France, by using photogrammetry to measure morphometrics. They found after 5-years under protection red coral colonies were taller and had more branches inside no-take zones, the difference persisted after 40 years.  Million et al. explored relationships between linear extension and growth metrics in the staghorn coral (Acropora cervicornis) using photogrammetry. They found growth in higher order metrics was not a linear function of growth in branch length and concluded the use of early growth to predict future performance of corals is limited.



Methodological Enhancements Over Traditional Metrics

Several studies independently compared traditional methods with photogrammetry, unanimously concluding that metrics derived using 3D technologies are comparable to traditional metrics. Specifically, several studies agreed that photogrammetric methods can provide data with higher precision, lower error, extraction of additional and useful metrics, and improved representativeness. Limitations of 3D technologies included its effectiveness for species-level taxonomic identification, a requirement for initial investment and a steep learning curve. However, photogrammetric methods were also regarded as more efficient once established.

Million et al. developed a photogrammetry processing pipeline for fragments of staghorn coral. 3D models were built with Agisoft Metashape, which was automated to run on a high-performance computing system to serially process models. They showed photogrammetry is an information rich method for quantifying colony-level morphometrics and is compatible with field measurements. Couch et al. compared data from in-water surveys to photogrammetry-derived metrics for assessing coral demography, bleaching, and diversity. They concluded most metrics did not vary significantly between methods regardless of the habitat type or depth, and that photogrammetry offers a unique opportunity to quantify and mitigate inter-observer error rigorously.  Urbina-Berreto et al. compared field and digital estimates of coral cover using the Line Intercept Transect (LIT) method and found in situ estimates were higher than digitized estimates. They also performed surface analyses on the orthomosaics to quantify coral cover and found these yielded the most precise estimates. They concluded surface analysis was the most efficient method and outperformed other methods in terms of data outputs and representativeness of the ecosystem.  Conley and Hollander found no significant difference in surface area measurements derived using traditional methods (wax dipping, geometrical calculation, and buoyant weight) and photogrammetry. They used this to characterize the relationship between buoyant weight and surface area over time for the coral species Stylophora pistillata.

Several studies published in this Research Topic presented 3D approaches to derive novel metrics, maximize limited bottom-time, and explore difficult-to-access environments.  Kanki et al. proposed a new photogrammetric method to 3D map the seafloor (cm resolution, 4 m2 extent) and quantify terrain variables and the prevalence of sessile organisms.  Macedo Cruz de Oliveira et al. compared methods for classification of marine organisms from photogrammetric reconstructions of cold-water coral habitats, and found 3D support vector machine outperformed other methods, but each method explored has advantages for specific applications. Van Audenhaege et al. demonstrated a novel approach for mapping and classifying vertical habitats (e.g., cliffs, drop-offs) that are difficult to access and challenging to study. Hatcher et al. developed and tested a new mapping platform (SQUID-5), capable of 2.5D mapping complex coral reef habitats (between 3 and 9 m of depth) and is capable of measuring changes in the morphology and location of seafloor features over time (~3 cm resolution) without pre-existing ground controls. Finally,  Bongaerts et al. discussed the potential of “reef-scape genomics” that uses recent advances in underwater 3D technology to enable spatially explicit molecular ecology studies on coral reefs.



Challenges as We Move Toward a 3D Map of the World's Oceans

Future applications of 3D mapping, based on photogrammetry or other technologies, should meet standard requirements that allow comparisons across environments, sensors, and processing approaches and ensure a robust assessment of the product's quality and uncertainties. Following the recommendations by  James et al., we suggest that: (1) the selection of sensors and methods is clearly described and justified as fit for purpose, (2) error reporting includes both the performance of the model fitting and, importantly, the quality of the 3D product is assessed using independent measurements, and (3) uncertainties (e.g., in bias or precision) are explicitly acknowledged and managed, especially when performing change detection analyses.

Despite the important contribution of this Research Topic toward a future 3D map of the world's oceans, several important questions remain unanswered. Especially in regard to good practices when scaling across datasets of different spatial resolutions (e.g., grain size) and extents (e.g., window size), defining the key parameters to compare datasets from different sources (e.g., echosounder vs. cameras), and the potential and limitations of machine learning for automatic segmentation and classification of 3D data (Figure 1).


[image: Figure 1]
FIGURE 1. Example of two datasets collected with different platforms over the same area of a coral reef. The larger dataset was collected using action cameras and has a ground sampling distance of approximately 1 cm, the smaller excerpts were collected with a digital single-lens reflex camera and has a ground sampling distance of approximately 1 mm.





AUTHOR CONTRIBUTIONS

RF conceived the Research Topic, invited guest editors, read all articles, summarized, analyzed the research findings across the Research Topic, and wrote this editorial. All other authors reviewed manuscript and contributed equally to editing and reviewing several articles submitted for publication in Research Topic.



ACKNOWLEDGMENTS

We appreciate the help of Tiny Remmers Barry to source the panels for the figure used in this editorial and to the authors of all articles published in this Research Topic. RF and MG-R were funded through the Reef Restoration and Adaptation Program and other internal projects within the Australian Institute of Marine Science. AD was supported by the USDA National Institute of Food and Agriculture, Hatch Formula project accession no. 1017848.

Conflict of Interest: The 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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Ferrari, Leon, Davies, Burns, Sandin, Figueira and Gonzalez-Rivero. 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.












	 
	METHODS
published: 26 June 2020
doi: 10.3389/fmars.2020.00525





[image: image]

Accurate Bathymetric Maps From Underwater Digital Imagery Without Ground Control

Gerald A. Hatcher1*, Jonathan A. Warrick1, Andrew C. Ritchie1, Evan T. Dailey1, David G. Zawada2, Christine Kranenburg2 and Kimberly K. Yates2

1Pacific Coastal and Marine Science Center, United States Geological Survey, Santa Cruz, CA, United States

2St. Petersburg Coastal and Marine Science Center, United States Geological Survey, St. Petersburg, FL, United States

Edited by:
Tim Wilhelm Nattkemper, Bielefeld University, Germany

Reviewed by:
Alessandra Savini, University of Milano-Bicocca, Italy
Carl J. Legleiter, United States Geological Survey (USGS), United States
Antoine Collin, Université Paris Sciences et Lettres, France

*Correspondence: Gerald A. Hatcher, ghatcher@usgs.gov

Specialty section: This article was submitted to Ocean Observation, a section of the journal Frontiers in Marine Science

Received: 09 March 2020
Accepted: 09 June 2020
Published: 26 June 2020

Citation: Hatcher GA, Warrick JA, Ritchie AC, Dailey ET, Zawada DG, Kranenburg C and Yates KK (2020) Accurate Bathymetric Maps From Underwater Digital Imagery Without Ground Control. Front. Mar. Sci. 7:525. doi: 10.3389/fmars.2020.00525

Structure-from-Motion (SfM) photogrammetry can be used with digital underwater photographs to generate high-resolution bathymetry and orthomosaics with millimeter-to-centimeter scale resolution at relatively low cost. Although these products are useful for assessing species diversity and health, they have additional utility for quantifying benthic community structure, such as coral growth and fine-scale elevation change over time, if accurate length scales and georeferencing are included. This georeferencing is commonly provided with “ground control,” such as pre-installed seafloor benchmarks or identifiable “static” features, which can be difficult and time consuming to install, survey, and maintain. To address these challenges, we developed the SfM Quantitative Underwater Imaging Device with Five Cameras (SQUID-5), a towed surface vehicle with an onboard survey-grade Global Navigation Satellite System (GNSS) and five rigidly mounted downward-looking cameras with overlapping views of the seafloor. The cameras are tightly synchronized with both the GNSS and each other to collect quintet photo sets and record the precise location of every collection event. The system was field tested in July 2019 in the U.S. Florida Keys, in water depths ranging from 3 to 9 m over a variety of bottom types. Surveying accuracy was assessed using pre-installed stations with known coordinates, machined scale bars, and two independent surveys of a site to evaluate repeatability. Under a range of sea conditions, ambient lighting, and water clarity, we were able to map living and senile coral reef habitats and sand waves at mm-scale resolution. Data were processed using best practice SfM techniques without ground control and local measurement errors of horizontal and vertical scales were consistently sub-millimeter, equivalent to 0.013% RMSE relative to water depth. Survey-to-survey repeatability RMSE was on the order of 3 cm without georeferencing but could be improved to several millimeters with the incorporation of one or more non-surveyed marker points. We demonstrate that the SQUID-5 platform can map complex coral reef and other seafloor habitats and measure mm-to-cm scale changes in the morphology and location of seafloor features over time without pre-existing ground control.

Keywords: underwater photogrammetry, Structure-from-Motion, synchronized cameras, coral reef, digital surface model, orthomosaic, post processed kinematic GNSS, ground control


INTRODUCTION

Benthic ecosystems throughout the world have been stressed by human impacts, including land-based pollution, overharvesting, coastal engineering, ocean acidification, and climate change (Hughes, 1994; Edinger et al., 1998; Kleypas and Yates, 2009; Storlazzi et al., 2015; Toth et al., 2015; Prouty et al., 2017; Takesue and Storlazzi, 2019). It is critical, therefore, to develop accurate geospatial inventories of benthic systems and track structural and compositional changes over time. An important element of monitoring benthic habitats is the development of accurate maps of species distribution, health, and diversity in relation to seafloor composition characteristics such as reef, rock, rubble, and sand (Burns et al., 2016; Raoult et al., 2017; Magel et al., 2019). Additionally, accurate measurements of the three-dimensional (3D) structure of reefs and changes in reef elevation over time advances understanding of reef hydrodynamics, growth, and erosion (Kuffner et al., 2019).

New opportunities to map accurately and at high resolution have been made possible by advancements in Structure-from-Motion (SfM) photogrammetry, which include feature identification and matching in photos; bundle adjustment computations of camera positions, orientations, and lens distortions; multi-view stereo techniques; GPU and network-based computing. When combined, these techniques can rapidly produce high-density, three-dimensional point clouds with associated color information from source photos (Matthews, 2008; Westoby et al., 2012; Fonstad et al., 2013). With the addition of high-quality digital cameras to novel photographing platforms including drones, and digital sources of historical photos, a resurgence of photogrammetric mapping for natural resource management has occurred during the past decade (Chirayath and Earle, 2016; Storlazzi et al., 2016; Casella et al., 2017; Pizarro et al., 2017; Warrick et al., 2017).

Structure-from-Motion photogrammetry was initially developed and applied to terrestrial settings, but it has also become an important tool for creating three dimensional models of underwater bathymetry and habitats (Li et al., 1997; Cocito et al., 2003; Burns et al., 2015, 2016; Leon et al., 2015; Storlazzi et al., 2016; Ferrari et al., 2017; Pizarro et al., 2017; House et al., 2018; Chirayath and Instrella, 2019; Price et al., 2019). In certain applications underwater SfM products have several benefits over more traditional sonar and lidar bathymetric maps. Perhaps the most important of these advantages is the incorporation of color imagery into the final products, which can be used to identify benthic features and characteristics, including substrate type and a diversity of marine species (Burns et al., 2016; Chirayath and Instrella, 2019; Magel et al., 2019). These SfM-based products also enable the development of accurate micro-roughness maps for studies of flow distribution and sediment re-suspension (Rogers et al., 2018; Pomeroy et al., 2019).

Several underwater SfM techniques exist, including photographing the seafloor from both above and below the water surface (Burns et al., 2015; Leon et al., 2015; Massot-Campos and Oliver-Codina, 2015; Chirayath and Earle, 2016; Raoult et al., 2016; Storlazzi et al., 2016; Casella et al., 2017; Pizarro et al., 2017; Raber and Schill, 2019). However, consistent with terrestrial SfM mapping, bathymetric SfM products will be optimized when best practices and accurate ancillary data are included in the workflow (Matthews, 2008). Additionally, the use of multiple cameras with different perspectives can increase the likelihood of obtaining accurate photogrammetry products (Raber and Schill, 2019). Notable factors for optimizing SfM workflows include: a stable camera and lens that can be accurately modeled by lens calibration equations; adequate photograph resolution, clarity, and overlap geometry; and high-accuracy photo positions and/or ground control, which can be used to scale and georeference SfM products (Matthews, 2008; Pizarro et al., 2017). Applied to underwater SfM, these best practices include the use of a camera with a global (not rolling) shutter, a fixed lens with constant aperture and focus settings, a lens and sensor with geometries that are not affected by camera power cycles, underwater housings that – when combined with the camera system – can be adequately modeled by lens calibration equations, adequate spatial distribution of seafloor ground control with surveyed coordinates, and accurate camera positions for each photo. Unfortunately, it can be difficult to develop an underwater ground control network for seafloor settings owing to the challenge of deploying and accurately surveying a proper constellation of markers (Casella et al., 2017; Neyer et al., 2018). These difficulties have made accurately scaled, repeatable and georeferenced bathymetric maps largely unattainable, thereby necessitating co-registration methods to map change with SfM (Burns et al., 2015; Neyer et al., 2018; Magel et al., 2019).

Here we describe, test, and evaluate a new underwater SfM mapping system that incorporates many of the photogrammetric principles mentioned above to map shallow benthic settings, such as coral reefs, without surveyed ground control points. Important elements of this system include: integration of multiple cameras and a survey-grade Global Navigation Satellite System (GNSS), high precision temporal coupling across all measurements, low distortion camera housings, a rigid frame to ensure constant camera-to-GNSS antenna geometry, and a sufficiently small system to ship to remote locations and operate from small vessels. We tested this system in diverse locations of the Florida Keys Reef Tract (Figure 1) and evaluated the geospatial accuracy of SfM products by comparing with known locations of previously surveyed human-made seafloor structures visible in the SfM reconstructions and with multiple independent surveys of a single site to test repeatability. Accuracy of local small-scale measurements from the SfM maps was assessed by imaging precision-machined 3D scale bars that were temporarily placed on the seabed in the survey area. Our results were used to evaluate the quality of mapping products generated over different benthic settings, including live reef, senile reef, reef rubble, and sand. We use these results to comment on the potential application of similar systems for generating accurate high-resolution surveys of complex seafloor structure and composition and measuring changes over time.
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FIGURE 1. (A) Geographic location of fieldwork in the U.S. Florida Keys, global bathymetry (GEBCO), with operation area outlined. (B) Larger scale map of field site showing the locations of Surface Elevation Table (SET) stations and the Cheeca Rocks reef site location. (C) Example of the Cheeca Rocks coral reef orthomosaic generated from imagery collected using SQUID-5 (depth ranges from ∼2.5 m to over 4.5 m). (D) Sample of orthomosaic generated above SET station 2 from SQUID-5 imagery with scalebar and circular encoded targets attached (water depth ∼ 3.6 m). (E) Perspective photo of SET station 1 with protective cover plate installed showing sandy seabed and ripples typical at the site.




METHODS


Instrumentation

During development of our underwater photogrammetry device, which is termed the SfM Quantitative Underwater Imaging Device with Five Cameras (SQUID-5; Figures 2, 3), several physical design goals were established, including the ability to hand deploy from a small vessel, easy disassembly and reassembly for shipping, structural rigidity, acceptable towing behavior in sea conditions of 1.5 m or less non-breaking surface waves from moderate swell, and survey speeds of 1.5 m/s or slower. The SfM analysis we intended required the design to incorporate precise synchronization between image capture and associated geospatial location of the image measured by the onboard GNSS. Additionally, early prototype testing on land suggested that a design with three or more cameras could both function in continuous mapping mode and allow for the generation of a complete 3D scene at every collection instance if the cameras were synchronized, fixed equidistant from each other at a spacing approximately 25% of their distance to the target surface, and oriented toward a central target point for maximum imagery overlap. Here we focus on the continuous mapping mode; the latter topic (scenes at each instance) will be addressed in future work. That noted, continuous mapping from multiple instances of three or more synchronized cameras appears to be advantageous because moving features – such as sand ripples, algae, fish, and debris – are collected at the same instant, which improves the reconstruction of these objects and reduces noise. A minimum of three overlapping images from slightly different perspectives is generally required to generate a 3D surface with SfM (Ullman, 1979). We built SQUID-5 conservatively by incorporating five cameras, each at different locations and view angles, to account for the fact that some imagery would likely be unusable. We correctly anticipated that a small camera vehicle towed on the open ocean surface would occasionally be oriented at an extreme angle relative to the seafloor due to surface wave action causing imagery from one or more cameras to be too oblique, and that the system would occasionally pass over debris or bubbles floating just below the surface, temporarily obscuring one or more camera views. The SQUID-5 design is summarized below, and further details including the system diagram and details of equipment and components can be found in the System Engineering Supplementary Material.
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FIGURE 2. Diagram of the SQUID-5 towed surface vehicle and the waterproof camera housings with labeled components. The camera mounting mechanism aligns the camera axially with the dome and allows the camera to be adjusted fore and aft to accommodate various lens types and enable alignment with the glass port radius of curvature for minimal distortion.
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FIGURE 3. Photographs of field operations with the SQUID-5 towed surface vehicle: (A) the vehicle on the deck of the support vessel rigged for deployment; (B) the control station onboard the support vessel consisting of laptop, power supply, NTP time server, Ethernet hub, power supply, and trigger signal generating electronics; (C) the towed surface vehicle in operation; and (D) launch and recovery of the SQUID-5.



SQUID-5 Towed Surface Vehicle

We built SQUID-5 with a central downward-looking camera and four cameras orthogonally spaced roughly 0.5 m from the central camera (Figure 2). The camera orientation can be easily adjusted, and two setups were used during our operations. On the first deployment of the first day in the Crocker Reef area, we tested a setup intended to be used for efficient area mapping by creating a large across-track image footprint on the seabed, orienting port and starboard cameras 10° outward from the center camera’s field of view (FOV). This geometry still maintains approximately 100% overlap between the forward, center, and trailing cameras, and approximately 30% across track image overlap between the port, center and starboard cameras in 3.0 m of water. For the remainder of the fieldwork we maintained a camera orientation with all cameras pointed inward toward the center camera’s FOV resulting in nearly 100% overlap between all five cameras in 3.0 m of water.

The overall dimensions and weight of SQUID-5 enable it to be hand-carried, deployed, and retrieved by two people (System Engineering Supplementary Material). Structural support is provided by widely available aluminum strut channels and aluminum honeycomb panels, which combine to minimize flexure under loading. A fiberglass waterproof container is mounted atop SQUID-5 to contain the acquisition computer and provide a GNSS antenna mounting location (Figure 2). Buoyancy is created by two inflatable pontoons of urethane-coated canvas. The cameras are mounted to the lower portion of the honeycomb panels approximately 0.3 m below the water surface to minimize bubbles caused by towing turbulence (Figure 3). The mass of the aluminum camera housings mounted well below the vehicle’s center of buoyancy creates a stable arrangement for towing in seas with wave heights up to 1.5 m.



Cameras and Housings

Performance criteria for the SQUID-5 required cameras and lenses with high quality optics and a reliable high-quality image sensor with stable performance, small size, and reasonable cost. We selected 5.0 MP (2448 × 2048 pixels) FLIR Systems Blackfly S Gigabit Ethernet (GigE) machine vision cameras, which have a global shutter, 3.45 μm sensor pixel size, 24-bit color, and up to seven frames-per-second capture speeds. Additionally, the small size and symmetry of these cameras (approximately a 30 mm cube) simplified the design and fabrication of waterproof housings (Figure 2). Several lens options existed for these cameras, and we chose the Fujinon HF6XA-5M 6 mm fixed focal length lens, which has a 74.7° horizontal FOV and a 58.1° vertical FOV. At a design target of 3.0 m above the seafloor, an image from this camera and lens captured 4.57 m horizontally (across-track) and 3.34 m vertically (along-track), with a ground sample distance (GSD) of ∼1.725 mm at nadir (Matthews, 2008; Newman, 2008). Since the camera housings were built using glass dome viewports (see below), these GSD estimates were not significantly affected by water refraction of light. During data collection, the focus and aperture settings were fixed, while camera gain and shutter speed were adjusted as needed for each collection area using custom camera control software developed for this project.

Custom underwater camera housings were designed and built for SQUID-5 to minimize optical distortions and accommodate a range of lens options (Figure 2). Hemispheric BK7 glass domes were used for the camera viewport to minimize variations in focal length, FOV, radial and chromatic distortion, all of which are known limitations of flat ports in underwater photogrammetry (Nocerino et al., 2016). In addition, the hemispherical dome enabled the option of a more wide-angle lens if needed and increased the focus depth-of-field by approximately 33% for the same aperture setting over the flat port alternative (Menna et al., 2016). Cameras were mounted in the housings such that the camera lens nodal point was aligned with the center of the dome radius. With our chosen aperture of f5.6, the underwater focus depth-of-field was approximately 1 m to ∞.



GNSS and Camera Positioning

Positions of the cameras during each image capture instance were referenced to survey-grade GNSS measurements from a Trimble R7 GNSS receiver with a Trimble Zephyr-2 GNSS antenna mounted atop the SQUID-5 towed surface vehicle (Figure 2). Raw GNSS data were processed against base station data from a continuously operating reference station (CORS) in the Florida Permanent Reference Network (FPRN). The CORS station used (FLPK) was within 10 km of all survey sites and provided 1-hertz dual-frequency GPS and GLONASS data. The raw base and rover data were combined with precision ephemeris data and post-processed in Novatel’s Grafnav (v. 8.80) software suite, resulting in trajectories with RMS errors of 1.7 cm horizontal and 3.8 cm vertical. Timestamps from each trigger event were then imported into Grafnav and the interpolated antenna positions exported. All data are referenced to the NAD83 (2011) coordinate system and exported as both geographic and projected (UTM Zone 17N) coordinates, with both ellipsoid and orthometric (NAVD88 GEOID 12B) heights.

The existing CORS network was used for Post Processed Kinematic (PPK) GNSS position refinement out of convenience but it was not required. A similar level of accuracy is possible without the existence of the CORS network (or any other) by installing a temporary GNSS base station 24 h prior to the mapping fieldwork to refine its locally measured location. Once the base location is established it can then be used to record data continuously and simultaneously during the mapping fieldwork for later use in refinement of the mobile GNSS’s position data through post processing. The error of the mobile GNSS PPK locations are a function of distance from the base station, therefore the baseline distance should be minimized. Although the single baseline distance can acceptable to a distance of 30 km (Allahyari et al., 2018).

To translate the single PPK GNSS antenna position to individual camera locations, offset distances from the nodal point of each camera to the GNSS antenna phase center were measured using SfM. This included photographing SQUID-5 in the laboratory with machined scale bars temporarily mounted on the vehicle. Seventy-four photos from multiple angles were used to develop a SfM point cloud with point spacing less than 1 mm. Distance measurements from the cameras to the GNSS antenna were calculated in each camera sensor frame of reference using CloudCompare (version 2.10.2) and were included as initial estimates of the GNSS lever arm distances in the SfM analyses.



System Synchronization

To ensure images were collected at the same instant that GNSS location events were recorded, we used an electronic signal generator which triggered each system simultaneously through a shared voltage pulse (10-volt square wave) from the support vessel (see details in System Engineering Supplementary Material). Manufacturer’s specifications suggested that signal propagation delays should be less than 50 μs for the cameras and less than 1 μs for the GNSS. Therefore, maximum uncertainty in the relative position caused by timing errors during image capture was approximately 0.08 mm at a maximum survey speed of 3.0 knots (∼1.5 m/s), which is well below the PPK GNSS horizontal uncertainty of approximately 1.7 cm and was therefore considered negligible.



Data Acquisition

The acquisition computer was located directly on the tow vehicle in a waterproof housing (Figure 2). It was remotely controlled with a second computer located on the support vessel using Microsoft’s Remote Desktop application over a wired network connection (Figure 3). Both the control and acquisition computer system clock times were maintained using a GPS-based network time protocol (NTP) server located on the support vessel. To facilitate a rapid rate of data collection, four 2 TB solid-state hard drives were installed in the acquisition computer and configured as a high speed striped (RAID 0) array for a total storage capacity of approximately 8 TB and a sustainable write speed of over 300 MB per second. Each camera was connected directly to the data acquisition computer via its own dedicated GigE port.



Study Site

The Florida Keys Reef Tract parallels the 240-km-long Florida Keys island chain and extends from southeast of Miami to the Dry Tortugas in the Gulf of Mexico (Lidz et al., 2008). This barrier reef is approximately 6–7 km wide and numerous patch reefs are located in a shallow lagoon at water depths of approximately 3–6 m. The Florida Keys have a microtidal environment with tides less than 1 m. Field operations were conducted at Crocker Reef and Cheeca Rocks, both within the Florida Keys National Marine Sanctuary. These sites were chosen for their diversity of benthic settings, ease of access from a small boat, and history of scientific investigations, including previously installed Surface Elevation Table (SET) stations (Figure 1). Crocker Reef is a barrier reef located approximately 11 km east of the town of Islamorada, Florida, and is primarily a senile reef characterized by eroding coral reef topography, extensive bare sand, coral rubble, and seagrass habitat with average water depths less than 10 m. Two pre-installed SET stations were located at the Crocker Reef sites (Figures 1D,E). Cheeca Rocks is a small patch reef located approximately 2.5 km southeast of Islamorada, Florida, within a Sanctuary Preservation Area of the Florida Keys National Marine Sanctuary with complex topography. No pre-installed ground controls were located at Cheeca Rocks. Water depths at this study site were approximately 2–5 m as measured by the support vessel’s echo sounder.

The SET stations were installed at the site in August of 2014 by the USGS Coastal and Marine Science Center of St. Petersburg, FL, United States, for the purpose of tracking relative change in the seafloor bed elevation over time using a portable leveling device (Lynch et al., 2015). To ensure stability, the SET stations were fixed in place by drilling vertically to the depth of the Pleistocene layer, driving an aluminum rod into the hole until firm resistance, trimming the rod to length, attaching and leveling the SET station cap, and cementing the rod in place. Once installed, the locations of the SET stations were measured with a survey-grade GNSS by temporarily erecting a tripod directly above the station using a bubble level and weighted line to align and center a GNSS antenna mast over the center of the SET station caps. For maximum possible accuracy, the antenna locations were further refined in post-processing to correct for local atmospheric effects using data simultaneously collected with a nearby land-based stationary GNSS. Finally, antenna positions were translated to the SET station cap positions by applying offsets measured while the tripod was in place (Table 1). The uncertainties of these measurements were approximately 6 cm horizontally and 4 cm vertically, owing to the imprecision of the leveling devices and the accuracy of the GNSS measurements (Table 1).


TABLE 1. Coordinates of the Crocker Reef Surface Elevation Table (SET) stations as measured by a survey-grade Global Navigation Satellite System (GNSS).

[image: Table 1]It is important to recognize that the significance of the pre-installed SET stations with known geo-spatial coordinates located within the study site was only that they provided a means to measure the geo-spatial accuracy of seafloor data products generated using data from SQUID-5 and SfM. The SET station locations were not used as ground control during SfM processing. Geo-spatial SET station locations were measured independently using the newly generated SQUID-5 bathymetric data products and then compared to the previously GNSS surveyed coordinates from 2014. This is described further in the section “Accuracy Assessments of SfM Products”.



Field Operations

Seafloor imagery and associated geo-locations were collected with SQUID-5 during small boat operations based out of Islamorada, Florida, on July 11–13, 2019 (Figure 1). The USGS R/V Sallenger (8-m long Parker 2530 with enclosed cabin) was used as the host vessel with real-time acquisition and monitoring set up inside the cabin (Figure 3B). A second team of USGS science personnel used another small boat, the USGS R/V Halimeda (8-m long, modified Oceans Formula with an open deck), to attach circular encoded targets to SET stations and deploy a three-dimensional scale bar, both of which were used for data validation (Figure 4).
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FIGURE 4. Machined scale bars and targets for accuracy assessment during field operations: (A) submersible camera calibration plate including precisely positioned circular encoded targets in three dimensions, painted with texture to assist Structure-from-Motion (SfM) photogrammetry reconstruction of the plate and with black and white squares for exposure and color balance adjustment; (B) individual circular encoded targets and a linear scale bar for mounting precisely to the Surface Elevation Table (SET) stations.


The primary purpose of the field experiment was to evaluate SQUID-5’s capabilities and limitations. Therefore, our focus at the two SET stations was to acquire data in order to assess data accuracy, precision, and reproducibility. The Cheeca Rocks site was selected to evaluate system performance and its ability to resolve complex benthic features over a high relief area (Figure 1C). Data from several adjacent passes at all three locations were combined to create seamless maps of several hundred square meters, demonstrating the potential for mapping larger areas of contiguous reef at both sites (Figures 5–8). Notably, SQUID-5 is a tool intended to map relatively small areas but at very high resolution when compared with more traditional mapping technologies such as sonar or airborne lidar. For example, mapping a 100 m × 200 m area of seafloor in 3 m of water depth would require an estimated 2.5 h of boat operations. This estimate assumes only 50% efficiency during collection in order to allow for vessel turns and the difficulty of navigating a vessel along tightly spaced survey lines.
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FIGURE 5. (A,B) Mapped orthomosaic and bathymetry obtained from three survey passes of the Surface Elevation Table (SET) station 2 site with the SQUID-5 system. The shaded relief bathymetry is shown for a digital surface model (DSM) derived from the Structure-from-Motion (SfM) dense point cloud. The spatial resolution of the photo mosaic and DSM are 2.1 mm and 4.1 mm, respectively. (C,D) Highlights of the benthic maps of the site, including sand, rubble, eelgrass and the scale bar mounted on the SET station 2 monument.


To achieve optimal SfM results, our image collection rate was selected such that sequential images had at least 60% overlap and angular change between features in sequential images would not exceed 15° (Matthews, 2008). As detailed in the Optimal Image Spacing Supplementary Material, the limiting factor for our wide-angle lens selection was the 15° angular change maximum, and, considering a target distance of 3 m, we calculated that a 2 Hz collection rate at a maximum survey speed of 3.0 knots (∼1.5 m/s) would adequately meet this requirement. Actual operating conditions commonly included survey speeds of 1.5–2 knots (∼0.8–1 m/s) and imagery collection at 2 Hz (Table 2). However, the vehicle was occasionally allowed to drift slowly over features of interest to evaluate the effects of greater photo densities. Over the course of fieldwork, sea state ranged from calm to over 1 m wind chop. Water clarity at both SET stations was such that the seabed was clearly visible in all the imagery. Turbid conditions at Cheeca Rocks made it difficult to clearly discern the seafloor in many images collected in water depths greater than approximately 4 m. Ambient lighting ranged between partly cloudy and overcast, which limited the effects of light ray caustics that can inhibit photogrammetric reconstructions (Agrafiotis et al., 2018).


TABLE 2. Environmental conditions and system settings used at each survey site.

[image: Table 2]


SfM Analyses

The SfM processing was done with Agisoft Metashape software (version 1.5.2, build 8432) using general single-collection techniques. The SfM analyses were performed in a manner to maximize seabed returns and limit errors from insufficient or excessive photo coverage. Higher photo densities from drifting at slow speeds resulted in overly noisy SfM point clouds, largely from the small separation distances between photos with respect to water depth. To minimize these errors, the complete photo sets of each study area were subsampled such that minimum GNSS measured spacings between independent collection instances were at least 0.75 m (see Optimal Image Spacing Supplementary Material). This data reduction step dramatically reduced the noise in the final SfM products.

For each survey site, the subsampled photo quintets were combined with GNSS positions and camera-to-GNSS-antennae distance vectors (lever arm offsets) and aligned with independent lens models derived for each camera using camera-specific image subsets within Metashape. The computed camera positions and lens models were then refined using three statistical tools (reconstruction uncertainty, projection accuracy, and reprojection error) in Metashape to eliminate poorly constructed tie points. With trial and error, we found that threshold values of 20, 8, and 0.4 (entered as unit less parameters) for these statistical tools, respectively, resulted in good alignment and adequately dense tie point distributions in both high-relief reef settings and relatively flat sandy areas.

Once the photo alignment and lens models were optimized, dense point clouds were generated with Metashape using high point density and moderate filtering settings. Dense point clouds were used to generate digital surface models (DSMs) and photo orthomosaics for each study site using the Metashape default cell spacing, which ranged between 3.8 and 4.1 mm for the DSMs and 2.0 and 2.2 mm for the orthomosaics. The DSM and orthomosaic products were generated primarily for visualization, whereas most of the analyses were based on the high-density point clouds. For the SET station 1 site, two independent surveys were conducted using different SQUID-5 camera orientations and on different dates to evaluate the reproducibility of the data at this site.



Accuracy Assessment

Accuracies of the resulting data were evaluated for both local-scale measurements (decimeter to meter) and georeferenced map products. Linear measurements in the SfM point clouds, which included both horizontal and vertical directions, were compared with precisely measured dimensions of scale bars placed in two study sites (Figures 1D, 4, 5D). Printed targets were physically attached to the scale bars at precise spacings with submillimeter accuracies. The targets were detected in imagery with algorithms available in Metashape or manually identified in photos where the detection algorithms did not select them, and then Metashape was used to calculate distances between targets.

Three-dimensional georeferenced point accuracies were evaluated by comparing SfM-derived positions and elevations of the two SET stations with their previously measured GNSS-surveyed positions and elevations acquired at their time of installation in 2014. At SET station 1, two independent SfM measurements were made with SQUID-5 using different camera set-ups and on separate days (Table 2). SET station 2 was mapped on a single survey day.

The reproducibility of the SfM bathymetric surfaces was assessed with two independent surveys of the SET station 1 site. An area of overlap, which was roughly 20 m by 10 m and included elevated sessile reef and sandy regions with pieces of reef rubble, was obtained in both surveys and analyzed for differences. The reef and rubble were assumed to be stationary between the two surveys, such that they were used in direct point cloud-to-point cloud comparisons. All cloud-to-cloud comparisons were made within CloudCompare using the Multiscale Model to Model Cloud Comparison (M3C2) algorithm, which computes total and directional differences normal to the local surface of one of the point clouds (Lague et al., 2013).

The results of the overlapping surveys were assessed both by using the uncorrected, or raw, SfM output of both surveys and by correcting offsets between the SfM point clouds using locations on hard features that were assumed to be fixed to remove biases. Three bias correction techniques were used: (i) three-dimensional translation of a point cloud by northing, easting and vertical constants derived from comparisons of a single, easily identified point on the ridged structure of the reef (“single-point bias correction”), (ii) three-dimensional translation and rotation of a point cloud using differences in three points easily identified on the reef and in the rubble area (“three-point bias correction”), and (iii) use of the positions of three points on the reef and rubble as SfM markers for a second reprocessing generating a complete reanalysis with the SfM technique (“three-point iterative SfM correction”).



RESULTS


Benthic SfM Products

With SQUID-5 we collected photo quintets and associated GNSS positions that were used with SfM processing to generate point clouds, surface models, and orthomosaics (Warrick et al., 2020) of complex seafloor structure that included biotic and abiotic components of benthic habitat such as coral heads, rubble, and sandy ripples (Figures 5, 6, 8). To verify the capability for multi-pass seamless area mapping with SQUID-5, data from three survey passes of the SET station 2 site were processed simultaneously to generate nearly continuous point cloud, elevation, and photo mosaic products for an area approximately 500 m2 (Figures 5A,B). Close examination of these data reveal that the SfM products characterized the 3D extension of reef, rubble, sand ripples, benthic organisms, and the scale bar placed atop the SET station 2 (Figures 5C,D).
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FIGURE 6. (A,B) Mapped photo mosaic and bathymetry obtained from two survey passes of the Cheeca Rocks site with the SQUID-5 system. The shaded relief bathymetry is shown for a digital surface model (DSM) derived from the Structure-from-Motion (SfM) dense point cloud. The spatial resolution of the photo mosaic and DSM are 2.2 and 3.8 mm, respectively. (C) Elevation profiles of the Cheeca Rocks reef derived from the SfM dense point cloud. Locator boxes (1–5) are detailed in Figure 7.


The ability of SQUID-5 to capture details of complex topography can be seen by examining profiles of SfM data collected at Cheeca Rocks, which includes live coral, sand flats, and vertical-to-overhanging slopes (Figure 6A inlay 1, 4, and 5). This site was mapped in detail using the 2.2 mm resolution photo mosaic and millimeter-scale point cloud (Figure 7). Profiles of the point clouds through these coral heads reveal detailed topographic information on the coral surfaces and can detect other centimeter or sub-meter scale benthic organisms such as gorgonians (Figure 7A.1). Vertical to overhanging sections of the coral heads were commonly less well resolved and more highly variable than the uppermost surfaces, indicating these areas are more challenging to map and illustrating a limitation of surface-towed cameras for SfM methods.


[image: image]

FIGURE 7. Photo mosaics and elevation profiles for several coral heads mapped at the Cheeca Rocks site and highlighted by locator boxes 1–5 shown in Figure 6A. Coral species include Mountainous Star Coral (Orbicella faveolata), Boulder Brain Coral (Colpophyllia natans), and Boulder Star Coral (Orbicella annularis). The profile in (A) includes a sea fan, or gorgonian (Gorgonia ventalina). Profiles were derived from the original Structure-from-Motion (SfM) point cloud using all points within ±1 mm of the profile transect.


Lastly, two independent multiple-pass surveys were conducted approximately 24 h apart on the SET station 1 site and revealed a broad sandy plain and a senile reef (Figure 8). We did not attempt to repeat the same survey lines on the 2 days, so the total area covered differed. However, substantial changes were observed in the area intersected by both surveys, most markedly in the orientation and complexity of the sand ripples, which were likely caused by time-dependent changes in ocean waves (Figure 8). For example, the orientation of the sand ripples rotated clockwise by 15–40° with the greatest amount of rotation occurring adjacent to the reef, and the wavelength and amplitude of the ripples decreased by approximately 25 and 40%, respectively. The ripples on the second day of surveying were disturbed slightly from dive crew operations, as noted by the diver bag, calibration plate, marker buoy anchor and associated drag marks, and the measurement arm attached to the SET station (Figure 8). Hard features, including bedrock and a portion of the reef, were mapped during both survey dates and showed little change, which suggests that they can be used to measure differences in the SfM point clouds as detailed below.
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FIGURE 8. Mapped bathymetry obtained from several survey passes of the Surface Elevation Table (SET) station 1 site with the SQUID-5 system. Survey data from 2 days were collected and processed independently with our Structure-from-Motion (SfM) workflow. Shaded relief bathymetry is shown for the DSMs with spatial resolutions of 3.9 and 4.1 mm, respectively. The wavelength (approximately 0.3–0.5 m) and amplitude (approximately 0.02–0.04 m) of the sand ripples were similar between surveys; however, an approximately 40° change in orientation and complexity increase are readily observed. Locations of several features used for the analyses are labeled. Field crews were conducting SET measurements during the second survey day, as shown by the dive bag, anchor, and measurement tool arm on the SET site.




Accuracy Assessments of SfM Products

Measurements of the 3D scale bars generated with the SfM techniques differed from the actual values of the machined scale bars by less than 1 mm (scale length ranged from 10 cm to over 72 cm and the mean difference was 0.2 mm with a standard deviation of 0.5 mm; Table 3). Scaling by the water depth of each measurement, these errors ranged between 0.016 and 0.024% of water depth (Table 3). Thus, the SQUID-5 reliably produced sub-millimeter measurement accuracy both vertically and horizontally over distances of 10 s of centimeters on the seafloor.


TABLE 3. Comparisons of SfM distance measurements using no ground control with machined scales placed on the seafloor.

[image: Table 3]The SfM-based position estimates of the SET station geo-spatial locations were within approximately 3 cm of the total uncertainty of coordinates previously acquired using GNSS surveys (Figure 9). As described in Section “Study Site,” prior SET station location measurements were collected using a survey GNSS attached to a tripod that was temporarily erected on the seafloor and extended above the water surface directly above the SET stations. Positional differences between the two measurements were greater in the horizontal directions than the vertical, which reflects greater error in the horizontal positions of the original GNSS surveys, owing to the difficulty of precisely leveling a tripod with a total height greater than 4 m in the open coastal ocean environment. The two independent measurements of the geo-spatial position of SET station 1 by our SfM methods produced results that differed by only 0.98 and 0.83 cm in the horizontal and vertical directions, respectively, which suggests that position reproducibility of this SET station was on the order of a centimeter (Figure 9A).
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FIGURE 9. Comparison of the measured positions of the Surface Elevation Table (SET) stations 1 and 2 (shown in A,B respectively) from field-based Global Navigation Satellite System (GNSS) and Structure-from-Motion (SfM) with the SQUID-5 system. Greater uncertainty exists for the GNSS measurements owing to the leveling techniques during scuba conditions, and both “reasonable” and “max” uncertainties are shown for the GNSS measurements (see Table 1). Uncertainty of the SfM measurements assumed to be 3 cm, which is equivalent to the approximate uncertainty of the survey-grade GNSS measurement.


A more thorough analysis of reproducibility was conducted by comparing three areas of hard substrate at the SET station 1 site: two rocks in the sand and the overlapping portion of the reef contained in both data sets (Figure 10). Comparing the raw SfM output from the two independent surveys reveals that the sandy areas had complex changes associated with the reorganization of the ripples, but that the reef area had more spatially consistent offsets of roughly 1–4 cm, which increased toward the northwest (Figure 10A). These offsets were reduced markedly with the three bias correction techniques, approaching values less than 1 cm (Figures 10B–D). The single-point bias correction continued to have a positive slope in the computed offset (Figure 10B), whereas the three-point correction techniques had limited slope in the offsets (Figures 10C,D).
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FIGURE 10. Difference measurements of the Surface Elevation Table (SET) station 1 site point clouds using the M3C2 measurement tool to test for reproducibility. The legend shows the area of data overlap for the surveys, marker points used for bias correction, and the three areas used for error computations. (A–D) Difference maps for the four comparative techniques, including raw Structure-from-Motion (SfM) output, single-point bias correction, three-point bias correction, and three-point iterative SfM correction. In each map, the reef area is highlighted with a black line.


A summary of the effect of the bias correction techniques shows that corrections dramatically reduced offsets between the two SfM surveys (Figure 11). For the raw SfM output, the mean difference of the three stationary areas ranged between 4 and 19 mm, and the variance of these differences ranged between 7 and 15 mm (Figure 11). The single-point bias correction shifted the overall errors closer to zero and brought variance to 4–8 mm. The smallest differences were measured for the two three-point correction techniques, which resulted in mean errors that were consistently within 2 mm and variances that were 2–4 mm (Figure 11).
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FIGURE 11. Summaries of the differences in stationary objects at the Surface Elevation Table (SET) station 1 site during the two surveys. Three different objects were used for measurements, the locations of which are shown in Figure 10, and four comparative techniques were used as detailed in the text. Differences computed from M3C2 measurements of the point clouds, and the mean and standard deviation of the measurements are shown with the point and error bars, respectively. Shading highlights differences that are ± 5 mm and ± 2 mm.


An example of the differences for the three-point bias correction technique is shown for a 2 m by 0.4 m transect of the SET station 1 reef that is complex and greater than 1 m away from the reef marker point (Figure 12). The shaded-relief bathymetries from the two surveys are quite similar, with an elevated region on the northern end that contains live coral and a depression near the southern end with some sand (Figures 12A–C). Differences in this bathymetry are generally low, with a mean and variance of 0.8 and 3.1 mm, respectively (Figures 12D,E). Differences in excess of several millimeters are apparent in a few locations, including an area with plausible actual change resulting from sand movement and two areas with overhangs that were reconstructed differently by the SfM algorithms but likely had no actual change (Figure 12D). This subset of the reef reveals that repeatability can be achieved with an uncertainty of a few millimeters for reef tops and flats, but that uncertainty increases in difficult to measure areas, such as overhangs.
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FIGURE 12. Survey-to-survey differences for a 2 m by 0.4 m section of the Surface Elevation Table (SET) station 1 site reef chosen for its spatial complexity and lack of bryozoans. Location of this inset is shown in Figure 8. (A) True color map of the point cloud showing live coral on the northern end of the transect and a depression with sand on the southern end. (B,C) Shaded relief of the bathymetric point clouds. (D) Difference between the two point clouds using the M3C2 measurement tool. Features with the greatest difference values are highlighted and described. (E) A histogram of the M3C2 difference measurements for this transect, including summary statistics of the distribution.




DISCUSSION

A multi-camera SfM system was successfully developed and used for surveying benthic habitat of the Florida Keys, resulting in millimeter-scale resolution, ∼0.01% linear measurement uncertainty as a function of depth, and mm-to-cm scale positional accuracy, all without any independent, pre-existing ground control. Synchronization between the SfM cameras and the survey-grade GNSS allowed for detailed three-dimensional point clouds of reefs and surrounding areas that were confirmed to be accurate using linear scales, three-dimensional positions, and repeatability of mapped surfaces. Over live coral heads, the resulting SfM point clouds were dense and uniform except on steep or overhanging surfaces, where data densities dropped and became noisy (Figure 7). Combined, these capabilities will allow for highly accurate measurements of change on the tops and exposed sides of corals, rock outcrops, or other benthic structures, but less accurate measurements within steep to overhanging sides and edges of these features.

Repeatability of the mapping output was improved greatly with the addition of markers to remove biases from the raw SfM output (Figure 11). Because many benthic settings, such as coral reefs, are continually changing with time from growth and degradation, stationary marker points should be installed and used at future mapping sites to achieve millimeter-scale change detection over annual to decadal scales. These markers do not need to be surveyed – position and scale information for the SfM products can be derived from the tightly coupled survey-grade GNSS data – but the markers must be stationary through time and easily identified in photos. Multiple markers provide significant benefits over single markers, as shown by the differences between single-point and three-point corrections (Figures 11, 12). The SET stations, with their potential to incorporate installation of circular encoded targets, provide a good example of marker stations for future SfM studies (Figures 1D,E). Without markers, change measurements using the SQUID-5 system will only be resolvable to several centimeters, which is ultimately related to the GNSS positional accuracy of the system (Figure 11).

These results exceeded previous accuracies and change detection limits reported by other SfM mapping efforts of shallow benthic settings. For example, Neyer et al. (2018) achieved centimeter to multiple-centimeter accuracy in their SfM change detection analyses for a coral reef in Moorea from SCUBA divers with handheld cameras, but only with a multitude of ground control points that required field work that was “exhausting and time-consuming.” Other studies have achieved multiple-centimeter to decimeter change detection limits using ground control, which can adequately detect massive loss resulting from storm events or other impacts that exceed several centimeters to decimeters (e.g., Burns et al., 2016; Magel et al., 2019), but will not be adequate to measure slower rates of coral growth or erosion. Many of the previous techniques have used co-registration techniques, such as the iterative closest point (ICP) registration method to co-align two or more SfM point clouds (Burns et al., 2015; Neyer et al., 2018; Magel et al., 2019). While the ICP algorithms provide good registration results, these methods also assume no change has occurred between surveys in an area of interest. These are commonly good assumptions over time scales that coral growth, reef erosion, or sediment transport are insignificant, but the ICP techniques will prove inadequate for longer time scales, such as years to decades, during which the entire reef structure might change from organism growth or substrate erosion. As such, surveying and registration techniques that allow for wholesale changes of the reef will be needed, and the examples provided here using the SQUID-5 system provide models for these efforts.

Although we were successful in measuring multiple shallow reef settings, our results with SQUID-5 were limited by factors that make underwater SfM analyses universally challenging (Neyer et al., 2018; Raber and Schill, 2019). For example, results were functionally and quantitatively dependent on sea state, water clarity, and ambient lighting conditions, which must be good but not, necessarily, perfect. Additionally, the SQUID-5 system required specialized computer equipment and the capability to manage, store, and process very large volumes of data. This was achieved with a small support vessel towing the SQUID-5, which confined mapping operations to settings where a small vessel could be safely navigated while towing. For these reasons, a more compact and autonomous system could make the methodology proven by SQUID-5 suitable for a wider diversity of applications (Raber and Schill, 2019).

Several additional improvements and developments could make the SQUID-5 system more useful. For example, deeper water operations may be possible by combining the SQUID-5 towed surface vehicle imagery with unregistered imagery collected concurrently via diver or deep towed camera systems. This approach potentially could result in georeferenced SfM products with millimeter-scale resolution and accuracies at depths that exceed 10 m. Additionally, color corrections in the original imagery or in the orthomosaic products based on depth and distance information, using machine learning (Akkaynak and Treibitz, 2019), could aid species identification and characterization. The SfM products shown in this work exhibit somewhat unnatural coloration due to the absorption properties of seawater and an incorrect white balance setting on the cameras during the fieldwork. However, subtle color differences of features are easily discernible and with the appropriate white balance adjustment and color correction algorithms we will be able to use color as an additional tool for species and feature identification with SQUID-5 in future work. Problems with wave focused ambient light could be reduced or eliminated through the addition of synchronized strobes, especially for nighttime operations.



CONCLUSION

Benthic studies of the seafloor and ecosystems, such as coral reefs, have been fundamentally improved with recent developments in underwater SfM photogrammetry (Magel et al., 2019). Here we describe significant improvements to these techniques through the development of a closely synchronous, multi-camera system with survey-grade GNSS. The SQUID-5 system produces high-resolution SfM point clouds and associated products with highly accurate scaling and positioning without the need for independently surveyed or scaled ground control. The Florida Keys case study illustrates that advancements achieved by the SQUID-5 in imagery quality and precise geolocation allow for efficient mapping and surficial seabed change detection (on the scale of millimeters to centimeters) and at the same time eliminate much of the labor-intensive requirement of field operations to install and survey ground control.
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Reef rugosity, a metric of three-dimensional habitat complexity, is a central determinant of reef condition and multi-trophic occupancy including corals, fishes and invertebrates. As a result, spatially explicit information on reef rugosity is needed for conservation and management activities ranging from fisheries to coral protection and restoration. Across archipelagos comprising islands of varying geologic stage and age, rugosity naturally varies at multiple spatial scales based on island emergence, subsidence, and erosion. Reef rugosity may also be changing due to human impacts on corals such as marine heatwaves and nearshore coastal development. Using a new high-resolution, large-area mapping technique based on airborne imaging spectroscopy, we mapped the rugosity of reefs to 22 m depth throughout the eight Main Hawaiian Islands. We quantified inter- and intra-island variation in reef rugosity at fine (2 m) and coarse (6 m) spatial resolutions, and tested potential abiotic and human drivers of rugosity patterns. We found that water depth and reef slope remain the dominant drivers of fine- and coarse-scale rugosity, but nearshore development is a secondary driver of rugosity. Our results and maps can be used by fisheries management and reef conservations to track geologic versus human impacts on reefs, design effective marine managed areas, and execute activities to improve reef resilience.

Keywords: bathymetry, coral reef, Hawai‘i, imaging spectroscopy, reef structure, rugosity


INTRODUCTION

Habitat complexity is the three-dimensional (3D) structure of the physical environment with which organisms interact and is a key influencer of the distribution of marine biota. Habitat complexity can affect a variety of ecological functions such as by providing prey protection from predators, surfaces for coral settlement and growth, and different microhabitats to support a variety of species. Habitat complexity interacts with other environmental factors such as light, temperature and wave action to generate a wide range of ecological conditions (Sebens, 1991).

On coral reefs, 3D habitat complexity is a determinant of reef fish assemblages, where fish abundance, biomass, and richness are often positively correlated with complexity (Cinner et al., 2009; Graham et al., 2009). Yet the direction and strength of this relationship does vary, and studies can also show mixed connectivity between reef complexity and fish stocks (Jennings et al., 1996; Harborne et al., 2012). Coral cover is also often positively correlated with reef complexity (Alvarez-Filip et al., 2009; Graham and Nash, 2012). Correspondingly, negative relationships between complexity and algal cover often exist, perhaps indirectly reflecting the role of reef complexity in predicting reef fish and resulting herbivory (Graham and Nash, 2012). However, 3D habitat complexity is not only driven by coral cover, but also by benthic geomorphology at a range of scales from small boulder and erosion-deposition zones to large subsurface geologic structures.

The Main Hawaiian Islands (MHIs) are an important case-in-point, varying widely in geologic age from less than a few years old on Hawai‘i Island to more than six million years old on Ni‘ihau (Neall and Trewick, 2008). Island age is accompanied by stage of accretion and subsidence, processes that generate enormous inter- and intra-island variation in reef extent associated with benthic substrate availability (Asner et al., 2020b). Younger islands such as Hawai‘i contain vast fringing reefs dominated by rock substrates (i.e., lava beds, massive boulders, rock fields) that define much of the reef rugosity, but with embayments and coves co-dominated by geology and coral growth. In contrast, older islands such as Kaua‘i and O‘ahu contain reefs defined by geologic subsidence and erosional surfaces, with broad expanses of both sandy bottom and calcareous reef substrate.

Overlain on this geologic template, water motion and light penetration decrease with increasing depth, and wave-sheltered areas show the greatest Holocene reef accretion (Grigg, 1998). Generally, optimal reef growth occurs between 10 and 20 m depth in the MHI, reflecting a trade-off between wave-induced stress and decreased light availability (Storlazzi et al., 2005). In areas of greatest wave power, turf algae and crustose coralline algae dominate due to more wave-tolerant, flatter morphologies. On the other hand, low wave power regions are dominated by hard corals and macroalgae with structures more vulnerable to dislodgement (Engelen et al., 2005; Madin et al., 2014; Gove et al., 2015).

Reef complexity varies over multiple spatial scales (Mumby et al., 2004). Measurements of complexity aim to quantify the vertical variation of the benthic surface in relation to the two-dimensional (2D) surface of the same area, and therefore complexity metrics are dependent upon the resolution of the mapping technique. Larger grid or pixel sizes of bathymetric maps result in complexity values describing broader geological features in comparison to smaller pixel sizes that represent specific coral colonies, rock outcrops and other fine-scale features. Presently, the spatial scale at which biophysical drivers influence fish or invertebrate assemblages is poorly known (Purkis et al., 2008; Aston et al., 2019), and a multi-scale assessment of reef complexity would improve our understanding of habitat across a range of scales relevant to a wide range of ecological processes (Harborne et al., 2006; Williams et al., 2015).

Over the past several decades, there has been a rapid increase in the diversity of methods used to quantify 3D habitat complexity, where various techniques are aimed at quantifying complexity at specific scales and spatial resolutions. Studies focusing on colony-level measures most commonly use a chain-and-tape method to estimate rugosity, an index of habitat complexity. Rugosity is estimated by calculating the ratio of chain length laid across the bottom reef profile to the linear distance of the transect (Risk, 1972). Complexity has also been estimated visually by scoring a range of structural variables (Gratwicke and Speight, 2005). Modern methods of assessing habitat complexity include 3D computer models, which are generated from images via structure-from-motion photogrammetry, allowing quantification of complexity metrics such as surface rugosity among fractal dimension, total surface area and surface height (Burns et al., 2015; Figueira et al., 2015). Field techniques, however, can be time-consuming and typically operate over limited areas (<0.25 ha; Lechene et al., 2019).

Remote sensing methods–primarily acoustic imaging and light detection and ranging (LiDAR)–have allowed estimations of reef complexity over areas of much greater extent. More than 50 years ago, sound navigation and ranging (SONAR) revolutionized reef mapping over large areas by providing moderate resolution information (Moravec and Elfes, 1985). Subsequent LiDAR-derived rugosity measures of reef at 4–5 m spatial resolution have been correlated with in situ measures of reef rugosity (Wedding et al., 2008). However, measurements of habitat complexity coarser than 10 m did not show significant relationships with in situ rugosity, but they still provided relevant information at broader geographic scales (Wedding et al., 2008). Similarly, reef rugosity estimated though acoustic methods showed relationships with fish at kernel sizes less than 40 m, with the most significant relationships with species richness at a resolution finer than 8 m (Purkis et al., 2008). More recently, airborne imaging spectroscopy has opened up access to large-area bathymetric and reef rugosity mapping at resolutions of 0.4 m (Asner et al., 2020a).

Throughout the Hawaiian Islands, it is not known how environmental and physical factors compare with human influences in shaping 3D habitat complexity (Wedding et al., 2018). Understanding controls over spatial patterns of complexity is relevant to creating effective marine managed areas, where planning can benefit fish assemblages, protect essential fish habit and enhance recruitment (Grober-Dunsmore et al., 2007). This is especially important for coastal communities that heavily rely on ecosystem services from reef fish populations. Furthermore, protecting locations with greater reef complexity should be a management priority as they have increased resilience to coral bleaching and enhanced recovery through larger fish populations (Graham and Nash, 2012; Rogers et al., 2014). Considering the wealth of research linking reef complexity and reef fish, rapid methods that can document rugosity at broader geographic scales are of great value. Here we use a new airborne mapping technique to report on how 3D habitat complexity varies at fine and coarse spatial resolutions within and between each Main Hawaiian Island. We undertook this study without a specific focus on live corals, which was largely covered in Asner et al. (2020b). In that earlier paper, we determined the geographic distribution of live corals, but we were unable to associate live coral cover broadly with rugosity due to extremes in island age, geologic stage, and erosional processes. As a result, in the present submission, we determined the geographic distribution of fine- and coarse-scale rugosity surfaces in order to assess on the relative importance of multiple abiotic environmental as well as human factors potentially affecting reef complexity at intra- and inter-island scales.



MATERIALS AND METHODS


Bathymetric Mapping

Using data collected by the Global Airborne Observatory (Asner et al., 2012), we mapped benthic depth at 2 m spatial resolution throughout the eight MHI. We selected 2 m mapping resolution as a practical trade-off between time and cost of mapping the vast area of the MHI, while simultaneously achieving sufficient resolution to resolve fine-scale variation in reef structure that incorporates larger coral colonies and basaltic rock outcrops (see Asner et al., 2020a). The GAO collected data from multiple coaligned instruments, two of which were used for bathymetric and rugosity mapping: a high-fidelity visible-to-shortwave infrared (VSWIR) imaging spectrometer and a dual-beam LiDAR scanner (Asner et al., 2012). Data from the spectrometer were used to model benthic depth using the deep learning methodology described, tested and validated in Asner et al. (2020a).

The VSWIR spectrometer and LiDAR data were collected between January 2 and February 4, 2019. To maximize data consistency, daily airborne operations were performed from 0830 to 1100 local time. Collection location could change during each flight day and was actively managed based on need, cloud cover, and windspeeds to provide both the most efficient use of time and the best conditions for spectroscopic seafloor measurements. During flight, instrument settings were set for the planned nominal flight altitude of 2 km above the sea surface. Flightlines were spaced to achieve 50% overlap in VSWIR spectrometer coverage. Aircraft ground speed was 130–140 kt. LiDAR pulse frequency was set to 200 kHz (100 kHz per laser) and scan frequency was 34 Hz with a field of view of 38°, allowing 2° of buffer on each side of the spectrometer field of view of 34°, achieving a nominal pulse density of more than 4 pulses m–2. The radiance data from the spectrometer are collected in 427 spectral channels covering the 350–2500 nm wavelength range in 5 nm increments. Using a modified version of the ATREM model (Gao and Goetz, 1990; Thompson et al., 2017), we retrieved ocean surface reflectance from the at-sensor radiance data. The reflectance data for each flight line were passed through the model described in Asner et al. (2020a) to retrieve estimated depth in meters after masking out problematic regions (clouds, waves, and regions of excessive solar glint) from the data. Because water absorbs nearly all infrared light, land surface objects were filtered from analysis using a reflectance threshold at the 890–910 nm wavelength.

Orthorectification of the spectrometer data was a multi-step process. During flight GPS timing data were collected during flight by both instruments, and this timing location was used to link the data to a precise flight trajectory built from corrected and interpolated data from the onboard positioning and orientation system (POS). With a LiDAR-derived digital surface model (DSM) and a known position and orientation of the sensor at each sample, the 3-dimensional position of each spectrometer pixel was ray-traced to the sea surface level. However, to accurately map the location of each pixel on the ocean floor, we needed to account for estimated depth (d) and the refraction of light at the ocean surface. For each pixel, observation angle from zenith at the water surface, ϕa, is known and with standard refractive indices of 1.33000 for water and 1.00029 for air, Snell’s refraction formula can be used to compute the angle after crossing the water surface boundary as ϕb = sin−1⁡(0.75210sin⁡ϕa). This angle can be traced down to the ocean floor to retrieve the 3-dimensional ocean floor location for each pixel.

We took advantage of the 50% overlap in flight lines to build smooth depth mosaics by reducing sharp transitions between flight lines. For each group of flight lines making up a single region of coastline, the process for mosaicking followed these steps:


(1)Record pixel id, flight line id, depth, and observation zenith angle for up to 5000 (randomly sampled, if more than 5000 are available) pixels that have overlapping flightlines.

(2)For each pixel id, compute the mean and range of measured depth across all overlapping flightlines in addition to the view zenith angle for each flightline.

(3)Compute the mean observation zenith angle for each flight line id and subtract this value from all angle values in the flight line (center the values at 0).

(4)Filter out pixel ids where range > 5.0 m from analysis, as they are likely to be affected by noisy depth retrieval.

(5)For each flight line with valid pixels in overlap area, set up a linear regression with pixel mean depth as dependent variable and terms for intercept, line depth, and mean-centered line observation zenith angle. The fitted coefficients are saved for later use.

(6)Correct all pixel values for each flight line using the linear transformation from the regression fit.

(7)For each mosaic pixel id collect the corrected depths from all overlapping flight lines and compute mean depth.



This was done for each coastal region for each of Ni‘ihau (one region), Kaua‘i (four regions), O‘ahu (four regions), Moloka‘i, Lana‘i, Kaho‘olawe (each one region), Maui (four regions), and Hawai‘i (11 regions). These individual regions were then hand-mosaicked into whole-island maps of depth, with the exception of Hawai‘i which was broken into four quadrants due to size limitations.



Multi-Resolution Rugosity

We computed island-wide maps of rugosity at two resolutions using the “planar” rugosity metric (Jenness, 2004) on the GAO benthic depth maps (Figure 1). Missing data of less than two pixels in width were filled using an inverse-distance weighted average of the three nearest neighboring pixels. Fine-scale rugosity was computed using a 3 × 3 pixel (6 × 6 m) moving window on the original 2 m resolution bathymetric maps (Figure 1b). This resolution seeks high frequency changes on the seafloor arising from coral colonies, rocks, and other bottom features that generate local habitat variability. Coarse-scale rugosity was computed by first down-sampling the 2 m depth maps to 6 m resolution using a mean filter. The planar rugosity metric was then computed using a 9 × 9 pixel (54.0 × 54.0 m) moving window on the 6 m depth maps. Coarse-scale rugosity is responsive to variations in larger terrain features resulting from geologic, reef-scale accretion and subsidence processes. Previous testing at other resolutions indicated that a 9 × 9 pixel coarse-scale rugosity product gives the best detail for geologic features while removing fine-scale “noise” from corals and rock boulders (Figure 1c). These two resolutions of rugosity were computed for each of the individual island depth maps. Because the distribution of rugosity (r) is heavily skewed to the right because of occasional noise pixels, and the units of the output are not meaningful, we transformed raw rugosity values to have an approximate uniform [0,1] distribution T by sorting the n individual values across the map and assigning the value of transformed rugosity [image: image]. Thus, for the island-scale fine and coarse rugosity maps, low transformed rugosity values will be near-zero, mid-range values will be near 0.5, and extreme values will never be more than 1.0.


[image: image]

FIGURE 1. Global Airborne Observatory (GAO) mapping of three-dimensional (a) reef bathymetry, (b) fine-scale rugosity, and (c) coarse-scale rugosity for an embayment along the coast of Hawai‘i Island. Water depth and fine-scale rugosity were mapped at 2 m spatial resolution. Coarse-scale rugosity was mapped at 6 m resolution. Background provides 3D coastline terrain, vegetation and infrastructure as visual reference.




Geospatial Analyses

We assessed the spatial patterning of fine and coarse rugosity both between and within the MHIs using empirical variograms. To overcome computer memory and time limits, we broke the rugosity maps for each island into a grid of 1 × 1 km cells, made up of 500 × 500 pixels for fine rugosity and 167 × 167 pixels for coarse rugosity. Because of the additive nature of the variogram variances, we could compute one for each island using sample-size weighted averages of the individual lag variances across grid cells into a single variogram. This methodology provided the additional benefit of generating information about the variation in spatial patterning within each island.

For each grid cell, the associated square region was extracted from the rugosity map along with a buffer of 500 m (250 pixels for fine-scale maps and 83 pixels for coarse-scale maps) on all sides. The empirical variogram for each grid cell was computed with the GeoStats package (Hoffimann, 2018) in the Julia programming language (Bezanson et al., 2012), using 40 lag steps and a maximum lag of 500 m. A variogram model was fit to the empirical variogram for each grid cell, with the fitting software iterating over eight model forms to find the optimal form as well as the associated optimal estimates for the model parameters: sill, nugget, and range parameters. By storing the sill, nugget, and range value for each parcel, we were able to aggregate these into a 1 × 1 km resolution map of each parameter for each island. The island-wide empirical variogram was computed as a weighted average of the variograms from all grid cells, where the weight for each cell was the number of valid rugosity observations separated by the given lag distance within that cell.



Land-Sea Driver Modeling

We used multiple land-sea environmental maps available for the MHI to assess the relative importance of environmental and human factors that may contribute to the mapped distribution of fine- and coarse-scale rugosity (Table 1). For example, reef depth, slope, and distance to coastline vary with island geologic stage, thereby affecting erosion, subsidence, and other factors known to shape larger benthic structures (Fletcher et al., 2008; Gove et al., 2015). Abiotic drivers also play a role in shaping rugosity, either via physical impacts of waves and wind action (Li et al., 2016), or via the impacts of temperature on calcareous organisms like corals that contribute to rugosity (Ignatov, 2010; Wedding et al., 2018). Finally, nearshore development may have an effect on reef rugosity via sedimentation and/or removal of reef structures (Center for International Earth Science Information Network-Ciesin, 2018). We checked for driver variable co-variance and utilized a combination of drivers each with less than 50% correlation.


TABLE 1. Summary statistics for the two mapped rugosity scales as well as 11 factors used in the land-sea driver modeling assessment.

[image: Table 1]While the GAO fine- and coarse-scale rugosity maps have a resolution of 2 and 6 m, respectively, many of the environmental maps in Table 1 are provided only at resolutions of 30 m or coarser. The GAO rugosity maps were therefore coarsened to 30 m resolution using a mean filter, because we determined this resolution to sufficiently balance the finer and coarser datasets in this analysis. Similarly, all input factors were resampled to match this resolution, using cubic spline interpolation for maps requiring upscaling and a mean filter for maps requiring downscaling. These input factor maps included the GAO bathymetry map used to compute rugosity, as well as slope computed from the 30 m depth map.

We sought to analyze the relative importance and influence of each of these factors on each of the two scales of rugosity at two levels: once separately for each individual island and once for all islands combined. By separating these analyses, we assessed whether drivers of rugosity differ by island while simultaneously revealing general patterns that apply to all islands. We randomly selected 80,000 pixels from the 30 m resampled maps for each individual island and, separately, randomly selected 100,000 pixels across all islands. Modeling was carried out using a Random Forest Machine Learning (RFML) approach (Breiman, 2001) with the Scikit-Learn python package version 0.22.1 (Pedregosa et al., 2011). Optimal settings for the RFML metaparameters defining the number of trees in the forest (“nest”) were discovered through a grid search approach separately for each island (Table 2). We manually specified several metaparameters: four as the maximum tree depth, 1 as the minimum number of samples per leaf, two as the minimum number of samples per split, and four as the maximum number of features scanned at each split. All other meta parameters were left at the default settings. The final model was a descriptive machine learning model, fit to better understand the system rather than be applied to any new data. Because the risk of overfitting is negligible in these circumstances, the idea of parsimony is not applicable and no model simplification procedure was required. With the RF model-fitting procedure, unimportant factors are simply not selected as splitting criteria for many of the node splits that make up each component regression tree. Thus, these factors will have little influence over model capacity to fit the data, and this lack of influence will show as low values in any following assessments of individual factor importance.


TABLE 2. Optimized random forest metaparameters used in each individual and combined model from the land-sea driver modeling along with resulting fit statistics, R-squared and Mean square error (MSE), as estimated by the cross-validation fitting procedure.

[image: Table 2]We assessed the importance of each variable using a permutation-based, correlation coefficient (R2)-reduction metric. To reduce the complexity of the permutation procedure, the baseline R2 value used for this analysis was first obtained by re-fitting the final model for each island and rugosity scale using the full dataset (no train/test split) and comparing the predictions of this full model against the map value of rugosity for all samples in the dataset (Table 2). Next, the following permutation importance analysis was performed for each of the island-level models and the combined models at each scale of rugosity: For each input variable and for each of five iterations, the values for this variable were randomly shuffled, keeping values of all other variables intact. During each iteration, predictions were again obtained using the model on the full dataset containing the permuted variable, and we retained the difference between the original R2 and the R2 computed from this permutation. The five difference values were averaged for each variable to get a single importance value, where larger positive values indicate greater reduction in R2 and, equivalently, greater variable importance.

In addition to the importance of each variable, we measured the marginal trends between each of the input variables and modeled rugosity values. These trends help understand why and how the individual input variables are important, a difficult task considering the high dimensionality of these systems. As with the importance analysis, this analysis was done for each input variable for each of the models in Table 2. For each model trained with the full dataset, the predicted rugosity values for the entire dataset were computed and stored. Next, the full range of each input variable was split into 100 equally sized bins based on percentiles of the input variable. For each of these partitions, the mean model-predicted rugosity value was computed along with the median value of the input variable within the partition. Plotting the predicted rugosity against median input variable values provides a view of rugosity response relative to the variable, inclusive of all correlations with other variables in the model. Where importance can inform as to how strongly rugosity shifts with a variable, the marginal plots can show whether the relationship is positive or negative and linear or curvilinear.



RESULTS


Inter-Island Reef Rugosity

Across the MHI, the total shallow reef area mapped was 98,344 ha, covering about 95% of all known reefs to a depth of 22 m Figure 2 and Appendix Figure A1). On a whole-island basis, Hawai‘i and Kaho‘olawe contained reefs with the greatest 3D habitat complexity, with relative rugosity values in the 0.8–0.9 range (Table 3). O‘ahu had the lowest reef complexity overall, at 0.55 or nearly half that of the structurally most complex island-scale reefs. Fine- and coarse-scale rugosity roughly tracked one another at the island level.


[image: image]

FIGURE 2. Fine-scale rugosity of the eight Main Hawaiian Islands at 2 m spatial resolution to a depth of 22 m. Values are relative from 0.0 to 1.0. Coarse-scale rugosity is provided in Appendix Figure A1.



TABLE 3. Mean fine-scale and coarse-scale rugosity, and the total reef mapping area, of each island in the Main Hawaiian Islands.

[image: Table 3]


Geospatial Variation in Reef Complexity

Despite strong inter-island differences in 3D habitat complexity, any given local reef area displayed a wide range of rugosity values (Figure 3 and Appendix Figure A2). Sandy areas with low rugosity are shown in blue, while highly complex coral and rock reef patches are expressed in yellow to red colors. Relative to shoreline, the location and spatial distribution of high-rugosity benthic surfaces was highly variable, although rugosity can be seen to broadly increase with distance to shore (Figure 3).


[image: image]

FIGURE 3. Zoom images from maps shown in Figure 2 demonstrating high spatial frequency variation and pattern in the fine-scale rugosity. These seven example reefs encompass the range of conditions among high-rugosity sites. Coarse-scale rugosity is provided in Appendix Figure A2.


At the individual island level, both fine- and coarse-scale rugosity values were non-normally distributed (Figure 4). Hawai‘i and Kaho‘olawe were highly skewed in the positive direction, indicating the widespread presence of structurally complex benthic surfaces. Field observations indicated that these areas are dominated by rock and/or coral. By contrast, O‘ahu was largely comprised of low-rugosity substrate, with few rocks and coral colonies, and large swaths of sand- and algal-covered surfaces (see Asner et al., 2020b). These contrasting distributions are both an expression of island age, size, and stage as well as how much live coral can be found in each reef ecosystem. Notably, Moloka‘i displayed a bi-modal rugosity distribution, with high values dominating the windward north coast and lower values found along the leeward south coast (Figure 2).


[image: image]

FIGURE 4. Frequency distributions of (A) coarse-scale and (B) fine-scale rugosity by island.


Reef rugosity showed a highly variable spatial arrangement at intra- and inter-island scales (Figure 5 and Appendix Figure 3). Variogram-range maps reveal that, on geologically older islands such as Ni‘ihau, Kaua‘i and O‘ahu, reef rugosity mostly varied at low spatial frequency, often more than 100 m, indicated by high variogram-range values (Figure 5a and Appendix Figure 3a). However, this background condition was punctuated by reef locations with relatively high spatial frequency changes in rugosity. By contrast, on geologically younger islands such as Hawai‘i, Lana‘i and Maui, low variogram-range values indicated high-frequency variability in rugosity over large tracks of reef. Variogram-sills represent the baseline variation in rugosity between areas on an island that are far enough apart to lack any shared local environmental controls. Again, geologically older islands were largely uniform (Figure 5b and Appendix Figure 3b), whereas younger islands were far more variable. Overall, based on island-level semi-variograms, Lana‘i and Hawai‘i were among the most variable in terms of fine- or coarse-scale rugosity (Figure 5c and Appendix Figure 3c).


[image: image]

FIGURE 5. Geospatial variation in fine-scale rugosity for the eight main Hawaiian Islands. Semi-variogram (a) range and (b) sill are shown at the top and bottom, respectively. (c) Island-scale semi-variograms in the inset graph. Coarse-scale rugosity is provided in Appendix Figure A3.




Drivers of Habitat Complexity

Machine learning analyses revealed a heirarchical set of contributors to the spatial variability of fine- and coarse-scale rugosity throughout the MHI (Figure 6). Fine and coarse models accounted for 86 and 73%, respectively, of the overall mapped geospatial variation, indicating that the driver variables used in the model were appropriate in assessing rugosity at both resolutions. Water depth and reef slope exerted the strongest influences on the spatial variation in rugosity as evidenced in model permutation reduction R2-values of up to 0.88 and 0.69, respectively, among all islands combined for fine- and/or coarse-scale rugosity (Figure 6). Secondarily, nearshore development and distance from coast exerted a detectable effect (R2 up to 0.31). Other variables such as sea surface temperature, wind speed, total land effluent, and substrate age accounted for far less variation in rugosity (R2 < 0.11).


[image: image]

FIGURE 6. Relative importance of potential contributing variables evaluated using machine learning to drive spatial variation in (A) fine-scale and (B) coarse-scale reef rugosity throughout the eight Main Hawaiian Islands. Colored dots indicate relative importance by island, and open circles indicate relative importance for all islands combined.


There was a wide inter-island range of influence of each major driver on 3D habitat complexity. First, depth was far more important than reef slope in driving fine-scale rugosity, but depth alone ranged in relative importance from low on Hawai‘i to extremely high on O‘ahu (Figure 6a). In contrast, reef slope effect on fine-scale rugosity was minimal on Ni‘ihau but much higher on Hawai‘i. For coarse-scale rugosity, slope exerted the greatest influence on Hawai‘i and the lowest on Ni‘ihau and O‘ahu (Figure 6b). The opposite was true for water depth. Here we note the apparent positive relationship between nearshore development and reef rugosity off Ni‘ihau: Investigation of the mapping data indicated a highly localized spatial correlation between a small area of development and reef presence and rugosity relative to other sandy and cliff-like access points to the coastline.

Examination of model partial dependency indicated that water depth and reef slope had a positive linear relationship with fine-scale rugosity at the scale of the eight MHI (Figure 7). However, coarse-scale rugosity showed an asymptotic relationship with depth and slope (Appendix Figure 4). Moreover, while average fine-scale rugosity across all islands was fairly flat relative to distance to coast and all other factors (Figure 7), distance and wave power did show relationships with coarse-scale rugosity (Appendix Figure 4). We note an especially poor relationship between sea surface temperature and rugosity at either resolution.


[image: image]

FIGURE 7. Partial dependence plots indicating the relationship between fine-scale rugosity and the top nine variables presented in Figure 6. Colored lines indicate relationships by island, and thick black lines indicate relationships for all islands combined. Coarse-scale rugosity is provided in Appendix Figure A4.




DISCUSSION

Reef complexity, as indicated by maps of rugosity at 2 and 6 m resolutions, revealed a nested set of 3D habitat patterns across and within the eight MHIs. Coarse-scale rugosity was largely driven by reef slope and secondarily by depth; the opposite was true for fine-scale rugosity (Figure 6). Taken together, these two indicators suggest that geologic stage dominates the broader habitat structure of reefs across the archipelago. Younger islands harbor reefs on steep basaltic slopes, often with rapid drop-offs to extreme depths (Fletcher et al., 2008). During their formation via lava flows, these rock-dominated reefs resemble complex canyon, spire, tube, and spur-and-groove type patterns. As islands age, subside and undergo surficial erosional processes, nearshore shallow (<22 m depth) slopes become smoother (Fletcher et al., 2008), are reduced in rugosity, and show weakening relationships with coarse-scale rugosity (Figure 6).

In contrast to coarse-scale rugosity, the distribution and patterning of fine-scale features were far more driven by water depth than by reef slope (Figure 6), where inter-island differences in rugosity track differently with island age and stage. For example, the youngest island, Hawai‘i, has the steepest nearshore slopes, where depth has relatively little effect on fine-scale rugosity as compared to O‘ahu. For the latter, fine-scale rugosity tracks water depth, largely due to the prevalent role of live coral along forereef locations in the 15+ m range (see Asner et al., 2020b). Shallower inshore areas on O‘ahu are largely devoid of rock or coral needed to drive fine-scale rugosity patterns. It is notable that spatial variation in fine-scale rugosity peaks in the middle-aged islands associated with the conglomerate geologic structure of Maui Nui (Figure 5), comprised of the islands of Maui, Lana‘i, Kaho‘olawe, and Moloka‘i (Price and Elliott-Fisk, 2004). On these islands, reefs undergo large spatially explicit swings in fine-scale rugosity, which we hypothesize to be associated with highly variable coral habitat conditions moderated by substrate availability, currents, depth, and other sub-regional factors (Asner et al., 2020b). Such high-frequency variability in fine-scale rugosity is far less prevalent on older (Kaua‘i, O‘ahu) and younger (Hawai‘i) islands (Figure 5).

Overlain on these geologically driven patterns, there may be an emerging set of 3D habitat conditions associated with nearshore development and other direct human impacts, but the signal remains variable by island (Figure 6). On islands with developed land-based infrastructure like O‘ahu, fine-scale rugosity appears suppressed in areas of nearshore development (Figure 7), perhaps related to the suppression of live coral cover in these locations (Asner et al., 2020b). On other less developed islands like Hawai‘i, fine-scale rugosity was positively related to nearshore development, perhaps because the relationship between land and reef patterns has not yet been sufficiently altered (Wedding et al., 2018). Repeat flights are required to identify areas with changing rugosity for subsequent mitigation actions related to nearshore development.

Beyond the drivers of reef complexity, our rugosity maps have revealed a nested set of patterns ranging in scale from local to archipelago. In a recent study across the MHI, the rugosity maps presented here were a primary determinant of resource fish, herbivore fish, and total fish biomass (Donovan et al., 2020). They also showed that the recovery potential for reef fish was strongly mediated by reef rugosity. These findings amplify both the importance of high-resolution reef complexity mapping and monitoring as well as the way that management can integrate habitat mapping into plans and actions to protect and restore reef fisheries (Nowlis and Friedlander, 2005; Wedding et al., 2008).

Two major limits to our study involve spatial resolution and maximum achieved depth. In our companion study describing the methods and validation for mapping 3D habitat complexity used here, Asner et al. (2020a) found that rugosity maps could be generated at 40–60 cm resolution, thereby revealing the location of smaller coral colonies and rock outcrops. These smaller features may be key to understanding a host of other reef patterns and processes such as fish and invertebrate dynamics, coral larval settlement, and disease (Hata et al., 2017; Eggertsen et al., 2020). The current study cannot resolve these ultra-fine rugosity issues due to the practicalities of mapping an entire archipelago at high altitude and thus lower (2 m) spatial resolution.

Our maximum achieved mapping depth was 22 m (72 fsw). While much of the biological diversity of Hawaiian reefs is contained within our mappable depth range, critically important habitat in the lower euphotic and mesophotic zones are missed by our current approach (Rooney et al., 2010; Baldwin et al., 2018). While we continue to push the limits of spectroscopy-based depth and rugosity mapping, with some indications of 30 m penetrability in clear waters (G.P. Asner, unpub. data), this is not likely to become operational in the near future due to the limits of solar photon flux at such depths paired with limits of our high-fidelity imaging spectrometers. While these current spectrometer-based approaches are limited to a very few manned aircraft platforms, the technology is downsizing and could become UAV (drone) based in the coming years. Additionally, these types of high-fidelity spectrometers are being prepared for low Earth orbit, such as the NASA Surface Biology and Geology mission (Schneider et al., 2019). Although the planned spatial resolution of 30 m will remain coarse for reef applications, the quality of the spectroscopic measurement will be analogous to the airborne capability today, perhaps allowing for coarse-scale rugosity mapping worldwide with the ecological fidelity proven here at an archipelago scale.

We found that water depth and reef slope are dominant drivers of both fine- and coarse-scale rugosity, where the greatest variation in rugosity occurred on middle-aged islands (e.g., Maui) in comparison to young and older islands (e.g., Hawai‘i, Kaua‘i). Nearshore development is an emerging secondary driver of decreasing rugosity, for example on O‘ahu, the most highly developed island. Our rugosity maps are a tool that can be used by fisheries management and reef practitioners to prioritize areas for conservation and to design marine managed areas for greater resilience and recovery potential.
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Cold-water coral (CWC) reefs are complex structural habitats that are considered biodiversity “hotspots” in deep-sea environments and are subject to several climate and anthropogenic threats. As three-dimensional structural habitats, there is a need for robust and accessible technologies to enable more accurate reef assessments. Photogrammetry derived from remotely operated vehicle video data is an effective and non-destructive method that creates high-resolution reconstructions of CWC habitats. Here, three classification workflows [Multiscale Geometrical Classification (MGC), Colour and Geometrical Classification (CGC) and Object-Based Image Classification(OBIA)] are presented and applied to photogrammetric reconstructions of CWC habitats in the Porcupine Bank Canyon, NE Atlantic. In total, six point clouds, orthomosaics, and digital elevation models, generated from structure-from-motion photogrammetry, are used to evaluate each classification workflow. Our results show that 3D Multiscale Geometrical Classification outperforms the Colour and Geometrical Classification method. However, each method has advantages for specific applications pertinent to the wider marine scientific community. Results suggest that advancing from commonly employed 2D image analysis techniques to 3D photogrammetric classification methods is advantageous and provides a more realistic representation of CWC habitat composition.

Keywords: cold-water corals, 3D photogrammetry, structure-from-motion, remotely operated vehicles, object-based classification, 3D image classification


INTRODUCTION

Azooxanthallate scleractinian corals, such as Lophelia pertusa (synonymised to Desmophyllum pertusum in Addamo et al., 2016) and Madrepora oculata, are recognised by their three-dimensional branching morphology and framework building capacity (Mortensen et al., 1995; Roberts, 2002; Jonsson et al., 2004; Costello et al., 2005; Wheeler et al., 2005a, 2007b; Gass and Roberts, 2006; Guinan et al., 2009). In suitable environmental conditions, these cold-water coral (CWC) species can form structural habitats such as small coral patches (Wilson, 1979a), reefs (Masson et al., 2003; Roberts et al., 2006b; Victorero et al., 2016; Lim et al., 2018), and giant carbonate mounds (Hovland and Thomsen, 1997; Mienis et al., 2006; Wheeler et al., 2007a; Freiwald et al., 2011; Huvenne et al., 2011) that can reach up to 400 m above the seabed. The presence of reef-forming CWC colonies has been documented in a range of settings from fjords (Fosså et al., 2006) to continental shelfs, slopes (Wilson, 1979b; Mortensen et al., 1995; Wheeler et al., 2005c; Leverette and Metaxas, 2006; Mienis et al., 2006) to seamounts and submarine canyons (Huvenne et al., 2011; Appah et al., 2020) throughout the North Atlantic, Indian, and Pacific oceans and the Mediterranean Sea (de Mol et al., 2005; Freiwald and Roberts, 2005; Wheeler et al., 2007a, b; Roberts et al., 2009; Freiwald et al., 2011; Lim et al., 2018).

Cold-water coral environments are commonly considered marine biodiversity “hotspots” as they can harbour increased biodiversity and biomass relative to their surrounding areas (Jonsson et al., 2004; Wheeler et al., 2007a; Fanelli et al., 2017). Despite being among the world’s most important reservoirs of marine biodiversity (Freiwald et al., 2011), CWC reefs are also susceptible to environmental changes and threats such as temperature and salinity changes, as well as anthropogenic activities (Roberts et al., 2006a; Wheeler et al., 2007a; Orejas et al., 2009; Huvenne et al., 2016), e.g., bottom trawling (Wheeler et al., 2005b), mining (Savini et al., 2014), and oil and gas exploration (Roberts, 2002; Gass and Roberts, 2006; Barbosa et al., 2019). Several studies have affirmed that CWC reefs are declining rapidly in response to high rates of environmental change (Lim et al., 2018; Boolukos et al., 2019) and ocean acidification (Turley et al., 2007; Findlay et al., 2013). Consequently, there is a need for CWC reef assessments that quantify variations in temperature, salinity, food supply, and growth rates combined with measurements of structural complexity and biodiversity. It is therefore essential to understand these environments and to assign priority areas for protection (Ferrari et al., 2018; Appah et al., 2020).

Three-dimensional structures enhance small-scale spatial variability and play a major role in species biodiversity and nutrient cycling (Graham and Nash, 2013; Pizarro et al., 2017; Lim et al., 2018). The use of multibeam echosounders (MBES) can provide sub-metre pixel resolution bathymetric coverages of submarine canyons (Huvenne et al., 2011; Robert et al., 2017) and CWC environments (De Clippele et al., 2017; Lim et al., 2017). However, there is a lack of studies at a centimetric resolution (King et al., 2018; Anelli et al., 2019; Price et al., 2019) that reveal the complexity of coral frameworks. The analysis of these environments usually relies on 1D or 2D estimates of coral cover and distribution that can potentially disregard important changes in reef habitats as they may not integrate accurate vertical or volumetric information (Courtney et al., 2007; Goatley and Bellwood, 2011; House et al., 2018). Therefore, there is an increasing demand for the development of novel techniques for measuring coral reef environments in 3D (Burns et al., 2015a, b; House et al., 2018; Fukunaga et al., 2019). This demand has been mitigated with the use of novel mapping techniques such as structure-from-motion (SfM) photogrammetry (Cocito et al., 2003; Burns et al., 2015b; Storlazzi et al., 2016; Robert et al., 2017; Price et al., 2019) which is becoming progressively more common since the introduction of remotely operated vehicles (ROVs) (Kwasnitschka et al., 2013; Lim et al., 2020). Increasing access to computer processing power, high-resolution digital imagery, and recent developments in image processing software has led to a considerably higher number of studies utilising photogrammetry for seabed habitat mapping (Storlazzi et al., 2016; Pizarro et al., 2017; Hopkinson et al., 2020). SfM photogrammetry is considered a time- and cost-effective method for seabed mapping that allows high-resolution environment reconstruction (Burns et al., 2015a, b; Storlazzi et al., 2016; Robert et al., 2017; House et al., 2018). SfM utilises multiple overlapping images at various angles to reconstruct 3D models of complex scenes. To this end, SfM uses a scale-invariant feature transform (SIFT) algorithm to extract corresponding image features from an offset of images captured sequentially along the camera transect (Lowe, 1999). These calculations of overlapping imagery can be used to reconstruct 3D point cloud models of the photographed surface or scene (Carrivick et al., 2016). Moreover, the use of ROV video data has a number of benefits when compared to traditional sampling methods given that it is non-destructive and can have a wide spatial coverage (Guinan et al., 2009; Bennecke et al., 2016; De Clippele et al., 2017; Young, 2017).

The increase of data derived from SfM mapping has led to the necessity for new tools and techniques to aid time-effective and high-quality analysis of large areas (Storlazzi et al., 2016; Pizarro et al., 2017; Young et al., 2018; Marre et al., 2019). As technology advances, datasets are also becoming larger which, in turn, leads to a need for automated processing with faster, more precise, and accurate classification outputs (Brodu and Lague, 2012; Weinmann et al., 2015). Currently, this need has been achieved by integrating machine learning (ML) with mapping techniques to achieve automated meaningful pattern detection from multi-thematic datasets. ML has been widely used in remote sensing (Pal, 2005; Mountrakis et al., 2011), archaeology (Menna et al., 2018; Lambers et al., 2019), and to predict fish abundances (Young, 2018). Studies have shown optimal results on the application of ML for satellite, aerial, and terrestrial imagery (Wang et al., 2015; Pirotti and Tonion, 2019). Classification studies using LiDAR data performed in Walton et al. (2016) and Weidner et al. (2019) are also good examples. However, there is still a scientific gap between ML and marine surveying for seabed classification due to the costly computational nature of ML methods and the time-intensive annotation of marine datasets which usually requires expert knowledge (Shihavuddin et al., 2013; Marburg and Bigham, 2016; Hopkinson et al., 2020). This gap is emphasised when we consider the use of 3D data. Even though existing ML models such as neural networks (NNs) have shown promising results on 3D reconstructions of single objects, there is still room for improvement for the classification of complex 3D scenes (Weinmann et al., 2015; Roynard et al., 2018), especially in the case of marine habitats (Gómez-ríos et al., 2018; Hopkinson et al., 2020). Challenges related to the complexity derived from variability of point density, non-uniform point structure, and size of the dataset still cause difficulties when developing and applying new methodologies for 3D point cloud classification (Weinmann et al., 2013). In the specific case of coral reefs, difficulties in detecting coral shape, colour, and texture have also been reported (Gómez-ríos et al., 2018; King et al., 2018; Hopkinson et al., 2020) especially as corals tend to occur in colonies and can have similar features.

In this study, we assess three different image classification techniques embedded in image analysis software and evaluate both the performance and results when using 3D data. We also compare their resource requirements and information outputs. The usability and the computing power required to process and analyse data were also taken into account. In a wider scenario, this study aims to show novel applications of ML for seabed mapping of submarine canyons and CWC reefs. Furthermore, we provide a classification workflow created for these environments and evaluate the limitations and advantages of using 3D data in comparison to 2D. For the first time, the techniques were applied to the CWC reefs in the Porcupine Bank Canyon (PBC), NE Atlantic. As such, this paper contributes to the wider scientific community using existing image processing software for 3D classification of deep-sea environments.



MATERIALS AND METHODS

Three classification workflows applied to underwater photogrammetric reconstructions of CWC habitats in the PBC are analysed. The methods range from a relatively straight-forward appraisal to ones of increased complexity in terms of computational requirements and user knowledge. Herein, we describe data acquisition, processing, and the workflow of the applied methods.


Study Area

Submarine canyons offer a variety of CWC habitats including vertical habitats (Huvenne et al., 2011; De Clippele et al., 2017; Robert et al., 2017). The three methodologies presented herein were applied to CWC habitats in the PBC, located approximately 300 km southwest of Ireland (Figure 1). The canyon is located between the Porcupine Seabight to the southeast and the Rockall Trough to the west (Wheeler et al., 2005a). Measuring 63 km in length, the PBC is one of the largest submarine canyons on Ireland’s western margin. Since 2016, the PBC has been designated as a special area of conservation (SAC) (n°003001) by the European Union Habitats Directive (2016), and therefore no fishing or other exploratory activities are allowed in the area.
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FIGURE 1. Study site (in red)—The Porcupine Bank Canyon study area on the Irish continental margin west of Ireland.


The PBC is a tectonically controlled (Shannon, 1991), asymmetrical canyon with two branching heads separated by a ridge and exiting separately into the Rockall Trough (Appah et al., 2020; Lim et al., 2020). A steep, ∼700 m high, cliff face exists at the southeast margin of the canyon with exposed bedrock. This bedrock contrasts with the sediment-dominant slope on the northwest margin that extends to the canyon base (Dorschel et al., 2010; Appah et al., 2020; Lim et al., 2020). Giant carbonate mounds of up to 100 m high (Wheeler et al., 2005a) are concentrated along the edges of the canyons or associated with fault systems existing around the canyon head, leading to escarpments of up to 60 m high (Mazzini et al., 2012).

The PBC is influenced by strong currents along the mound tops and flanks, water column stratification, enhanced bottom currents, and upwelling (Mazzini et al., 2012). Unprecedented current speeds of 114 cm s–1 have been recorded within the PBC, which is the highest current speed ever recorded in a CWC habitat (Lim et al., 2020). Data from conductivity-temperature-depth (CTD) measurements show that the region is mainly influenced by the eastern north atlantic water (ENAW) down to 800 m water depth flowing northerly (Lim et al., 2020) with the labrador sea water (LSW) below 1100 m depth (Appah et al., 2020). Mediterranean outflow water (MOW) also flows through the canyon between 800 and 1100 m water depth (Appah et al., 2020; Lim et al., 2020). It is suggested that current regimes influence the distribution of benthic fauna throughout the canyon and that CWC habitats in the PBC can tolerate considerably high current speeds (Lim et al., 2020). High biodiversity including actively growing and well-developed coral colonies is found at depths of 600–1000 m where the ENAW and MOW occur, while poorly developed coral colonies were related to the LSW (Appah et al., 2020). The main framework forming CWC in the canyon is L. pertusa (syn. D. pertusum), and the other most common coral species were black corals Stichopathes cf. abyssicola and Leiopathes glaberrima and sponges Aphrocallistes beatrix and Hexadella dedritifera (Appah et al., 2020).



Video Survey and Data Collection

The video data used in this survey were acquired during research cruises CE19008 (Lim et al., 2019b) and CE19014 (Lim et al., 2019a) from 13rd to 23rd of May of 2019 and 25th to 31st of July of 2019, respectively. Video data were collected using the Holland 1 ROV, although the methodologies compared in this paper could be applied to towed-camera or diver surveys. The ROV is equipped with 11 camera systems of which two were used as data sources for analysis in this paper: an HDTV camera (HD Insite mini-Zeus with HD SDI fibre output), and a Kongsberg OE 14–208 digital stills camera. Two deep-sea power lasers spaced at 10 cm were used for scaling. Positioning data were recorded with a Sonardyne Ranger 2 ultra short baseline (USBL) beacon and corrected by an IXBlue doppler velocity logger (DVL) (Lim et al., 2020). ROV video data were acquired at a height of ∼2 m above the seabed with a survey speed of <0.2 knots at locations in the PBC. High-definition video data (1080p) were acquired at 50 fps and stored as ∗.mov files. The areas selected for reconstruction were based on the distribution and variety of CWC habitats such as small individual coral colonies, coral colonies on rock outcrops, coral gardens, and mounds.



3D Reconstruction Using Structure-From-Motion (SfM) Photogrammetry

Remotely operated vehicle video data, digital stills, and camera positioning information were used to produce the 3D reconstructions in this study. One frame per second was extracted from the raw video data with Blender (version 2.78). The frames were imported into Agisoft Metashape Professional v1.6, and each frame was georeferenced with its relative USBL positioning data. The lasers from the HD camera were utilised to scale features during the reconstruction process. The workflow for model rendering was carried out as detailed in Agisoft (2019) using an Intel I7 hexa core, 16 GB of RAM, and NVIDIA GTX1070 (8 GB) graphics card. The overall workflow and data outputs are shown in Figure 2. Dense clouds were used in method 1–MGC [section “Method 1–Multiscale Geometrical Classification (MGC)”] and method 2–CGC [section “Method 2–Colour and Geometrical Classification (CGC)”], while the orthomosaics were used for method 3–OBIA [section “Method 3–2D Object-Based Image Analysis (OBIA)”].
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FIGURE 2. Workflow for 3D model reconstruction and applications of each output data within this study.




Classification Methods


Method 1–Multiscale Geometrical Classification (MGC)

An MGC approach was utilised in this study to perform a binary classification of our 3D CWC reef reconstructions. We utilised Canupo (Brodu and Lague, 2012), a support vector machine (SVM) classification algorithm implemented in the open-source software CloudCompare (Girardeau-Montaut, 2011). This method was chosen due to its solid workflow for classification of point clouds applicable to natural environments (Brodu and Lague, 2012). As this technique uses dimensionality (computation of vector dispersion for each point relative to a neighbourhood of points) as a parameter for classification, it provides flexibility when applied to data derived from different sources as geometrical measurements are not dependent on the instrument used (Brodu and Lague, 2012). Therefore, these SVM-based classifiers can be reutilised by other users with point cloud data derived from different sources, e.g., terrestrial or airborne laser scanning. Another reason for choosing a dimensionality-based classifier is the limited separability of RGB component spectral signatures in underwater photogrammetry.

The multiscale classification technique used here computes the degree to which each neighbourhood of points can be examined as single-, two-, or three-dimensional aspects by identifying the principal components of the point coordinates in the given neighbourhood (Brodu and Lague, 2012). This method is defined as a multiscale classification because it calculates these statistics for each core point in the scene at a spherical neighbourhood of different sizes, referred to as scales parameters. As such, this method generates a feature vector that can distinguish between semantic objects (Maxwell et al., 2018; Weidner et al., 2019), such as coral and bedrock. The computation of neighbourhoods defined by each scale gives the classifier a multi-scale refining property (Brodu and Lague, 2012; Weidner et al., 2019). The final product of this process is defined herein as a multiscale classifier that is applied to the test dataset. Here, the neighbourhood sizes were chosen to include a range from coral frameworks to differing rock sizes so that small-scale objects would also be captured in large-scale sizes.

As this technique is a semi-automated classification that employs a probabilistic approach, it is essential to build classifiers based on samples of features of interest from a training dataset, i.e., live and dead corals. Entire dense clouds were manually segmented into objects of interest and divided in two classes: “coral” and “seabed.” The class “coral” consisted of hard and soft coral colonies and frameworks. The class seabed consisted of the remainder, i.e., seafloor and other benthic organisms (e.g., coral rubble, echinoderms, sponges, etc.). The segmentation process was repeated on each axis (X, Y, and Z) to avoid single view bias.

Scale parameters used for the multiscale descriptors were based on the variance of object size within the scene. Ten initial scales with steps of 0.1 or 0.005 were chosen based on an empirical analysis of the data, combining the evaluation of features to be identified with a trial-and-error approach. The maximum number of core points (MNCPs) value is the number of randomly sub-sampled points that will be used for computations on the scene data. The higher the MNCP value, the greater the number of computations. Thus, an increase in the number of scales and core points was directly related to the ability to discriminate and the processing power required to train the classifier. The performance of each classifier was quantified by the Balanced Accuracy (ba) value which is defined by the equation:
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Where each class accuracy (ac1 and ac2) is defined as ac1=tcc1/(tcc1 + fcc2) and ac2=tcc2/(tcc2 + fcc1) (tcc1–truly classified class 1, tcc2–truly classified class 2, fcc1–falsely classified class 1, and fcc2–falsely classified class 2). For each sample, the classifier assigns a distance, d, from the separation line of the classifier and the measure of separability is calculated by the Fisher Discriminant Ratio (fdr) described in Sergios and Konstantinos (2008) which is defined as:
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where μ2 and μ1 and ν1 and ν2 are the mean and the variance of the aforementioned distance d for each class 1 and 2. The fdr is used to assess the class separability, i.e., how well the classes are separated. Therefore, a high ba value indicates that the trained classifier has a good recognition performance, whereas a high fdr indicates that the classes are well separated in a plane of maximal separability. The classifier quality is directly proportional to ba and fdr values. The higher the values, the better the classifier can identify and classify objects into two classes. Further details can be found in Brodu and Lague (2012).

The dataset consisted of eight dense-clouds that were split into training and testing sets. The training set was used for training the classifier, which was then applied onto the unseen testing set. Each classifier was trained with a combination of segments from a single dense-cloud or two different dense-clouds, referred to here as source-clouds. The testing dataset composed by the remainder of the dataset after excluding the dense-clouds was used to train the classifier. The classifiers with the highest ba and fdr values were applied to the testing dataset to evaluate their robustness and reproducibility, i.e., their ability to be applied to analogous environments. Initially, no confidence threshold was set for the classification. Therefore, all points were classified as either coral or seabed. After a visual inspection of preliminary results, a confidence threshold was set to arbitrary values 0.5 or 0.9 and the classifier was executed again. The confidence threshold allows class labels to be assigned only if the results exceed that value; otherwise, the point is left unclassified. If more than 30% of the points were left unclassified, the classifier was retrained with a different number of scales and core points (Supplementary Figure 1). This threshold was set to reassure classification quality in a trial-and-error approach (Weidner et al., 2019). Hence, higher values will result in less generalisation and more complex decision boundaries (Maxwell et al., 2018). Studies in terrestrial point clouds for rock slope classification have chosen the confidence threshold based on up to 15% of unclassified points (Weidner et al., 2019). A 30% confidence threshold was chosen for this study due to the point cloud density differences and the classes of objects to be addressed.



Method 2–Colour and Geometrical Classification (CGC)

The second classification workflow is based on the use of colour and geometrical feature information following the work of Becker et al. (2018) which has shown satisfactory results for ground classification point clouds surveys using unmanned aerial vehicles (UAVs) (Klápště et al., 2018).

The use of geometrical features for semantic classification has brought positive results in several terrestrial data studies (Weinmann et al., 2015; Hackel et al., 2016). In addition to geometrical features, the use of colour information in the classification process of point clouds provides a significant increase in prediction accuracy (Lichti, 2005; Becker et al., 2018). For underwater photogrammetry, the use of colour has been advised as a way to include important image spectral information (Beijbom et al., 2012; Bryson et al., 2013, 2015, 2016). However, its importance is questionable as there are interactions between the colour spectrum and water column, e.g., the red colour channel is attenuated with distance from camera (Carlevaris-Bianco et al., 2010; Beijbom et al., 2012; Bryson et al., 2013).

Here, the same training set of dense point clouds was classified using the supervised multiclass classification algorithm implemented in Agisoft Metashape (Supplementary Figure 2). This automatic multiclass classification approach associates geometric and colour features that are fed into the Gradient Boosted Tree (GBT) algorithm to predict the class of each point in the point cloud. GBT utilises colour features computed from the colour values of each point and the average colour values of its neighbouring points.

Geometrical features used in the algorithm were previously presented in Becker et al. (2018). For each point, its neighbouring points are computed and the set is used to build a local 3D structure covariance tensor which summarises the predominant direction of the slope gradients in the neighbourhood of a point. The eigenvalues and corresponding eigenvectors are used to compute the local geometric features, for instance, ominivariance, eigentropy, anisotropy, planarity, linearity, surface variation, verticality, and scatter. These features, which originate from the 3D covariance matrix of nearest neighbours of each point, can be used to describe the local 3D structure and dimensionality (Weinmann et al., 2013). Further information about the algorithm can be found in Becker et al. (2018). This technique provides a supervised classification which is pre-trained using terrestrial datasets. The dense clouds were classified with the GBT classifier into ground (seabed) and low vegetation (corals).



Method 3–2D Object-Based Image Analysis (OBIA)

As a baseline method, object image classification was utilised to analyse the range of information that 2D data classification can provide in comparison to the 3D data. Object-based analysis techniques have been widely applied across different remote sensing areas, especially for marine studies (Conti et al., 2019; Lim et al., 2020), aerial imagery (Zhang et al., 2010), and land cover mapping (Benz et al., 2004).

For this classification method, the georeferenced orthomosaics, DEM, and slope from the training set were used. Slope was derived from the DEM in ArcGIS Spatial Analyst toolbox. Slope, DEM, and the orthomosaics derived from the point cloud processing were imported into eCognition Developer (Trimble Germany GmbH, 2019) and segmented using the multi-resolution segmentation algorithm (Benz et al., 2004) at a pixel level using different layer weights for RGB, DEM, and slope layers. This segmentation approach merges pixels of similar values into objects based on relative homogeneity criterion. The homogeneity criterion measures how homogeneous an image object is in relation to itself and it is calculated as a combination of spectral and shape criteria (Trimble, 2018). The shape ratio determines to what extent the shape influences the segmentation compared to colour. The compactness is a weighting value that affects the compactness of the objects in relation to smoothness created during the segmentation. These ratios are obtained by calculating primary object features, shape, and colour, with heterogeneity calculations, i.e., standard deviation (Benz et al., 2004). Layer weight values control the emphasis given to colour and shape during the heterogeneity calculation (Koop et al., 2021) as it increases the weight of a layer based on the heterogeneity. The weight parameters adapt the heterogeneity definition to the application in order to get suitable segmentation output for image data (Benz et al., 2004). The layer weight values used were chosen following Lim et al. (2020). The scale parameter is considered the most effective parameter (Benz et al., 2004; Kavzoglu and Yildiz, 2014) and is used to control the average image object size in relation to the whole scene, the higher the value, the larger the objects will be. Scale parameters, shape, and compactness thresholds were set for each model individually, following a trial-and-error approach.

After the segmentation, each model was manually classified by an expert. The simplified process is defined in the workflow in Supplementary Figure 3.




Ground Truthing

To assess classification performance, dense cloud datasets were manually annotated. These points were then compared to the classification outputs from the MGC and CGC methods. Classification accuracy was calculated in Python with the ML library Scikit-learn (Pedregosa et al., 2011).

The accuracy score was calculated by summing the true positives and true negatives of all classes and dividing by the total number of annotated points (true positives, false positives, true negatives, and false negatives). The balanced accuracy was calculated as the arithmetic mean of sensitivity (true positive rate) and specificity (true negative rate) of each class. These metrics were chosen because they take into account the class imbalance, i.e., classes do not have the same number of samples, which is typical of seabed imagery datasets. Failure to do so would accidentally inflate the performance of classifiers (Akbani et al., 2004; Brodersen et al., 2010).




RESULTS


3D Reconstructions

A total of eight 3D reconstructions were produced using 3681 images. Dense clouds were composed of a total of 165,356,594 points. The average reconstruction length was 19.73 m and depths ranged from 595 to 1001 m, with average depth of 732.57 m. Mean total error (i.e., root-mean-square error for X, Y, and Z coordinates for all the cameras) was 13.015. Continuous video acquisition along the ROV transects was not regularly possible because of variations in ROV height and speed. High current speeds at the PBC and the presence of particles in suspension in water column (marine snow) also impacted the ROV video transect and consequently the video quality in some areas. Low-quality data were rejected prior to reconstruction. Despite the presence of a few gaps in the surface, the reconstructions showed medium scale features (>10 cm) such as coral branches, coral rubble, and some benthic species with distinction. However, fine scale features (<5 cm) such as individual coral polyps and encrusted algae were not easily visible.


Coral and Seabed Distribution in the Porcupine Bank Canyon

The dense clouds were manually annotated by an expert and segmented into classes: coral and seabed. The percentage distribution of the coral and seabed samples from the annotated test set showed an average of 7.19% coral and 92.81% seabed. Models A, B, and C, located on the upper part of the PBC, showed higher percentages of coral (>10%) and sediment-dominated facies with dropstones (Figure 3). Models D, E, and F, located on the canyon flank ridge, showed lower percentages of coral (<5%), predominance of bedrock with occasional sediment-dominated facies in areas proximal to the eastern side of the flank (Model F; Figure 3).


[image: image]

FIGURE 3. Map showing the location of the Porcupine Bank Canyon on the Irish continental shelf and the location of each SfM reconstructed dense cloud produced in this study and its respective class distribution with manual annotation. Blue represents seabed and orange represents coral.





Multiscale Geometrical Classification (MGC)

A total of 11 SVM classifiers were built based on different combinations of annotated samples from the training dataset (Part 1 of Supplementary Figure 1). Overall classifier training results had an average ba of 89.85%, and fdr ratio of 4.27. Classifier 6 presented the best ba and fdr with values of 99.8 and 8.98%, respectively (Figure 4). The training was performed with 20,000 core points and 10 scales with a minimum of 0.1, maximum of 1, and step of 0.2. Classifiers trained with classes from two different source clouds hence, different environments, presented higher ba and fdr ratios than classifiers trained with one single cloud source.


[image: image]

FIGURE 4. Classifier accuracy in relation to the number of scales. The classifier ID is placed on the top of each bar. In the MGC method, scale is defined as the neighbourhood size of pixels to which the classifiers compute each metrics.


The classifier that presented the best performance (classifier 6 on Figure 4) was applied to the testing dataset (see Part 2 of Supplementary Figure 1). As this classifier was trained with two different source clouds, these were excluded from the test set, which was composed of the remainder of the dataset, i.e., six manually annotated dense clouds. Average accuracy and balanced accuracy scores were 68.2 and 74.7%, respectively. Two models presented accuracy scores above 80% and two models above 60% (Figure 5). Models which presented an accuracy score above 80% shared a similar coral distribution pattern. This pattern is represented by the vertical elongation of the coral branches through the Z-axis, i.e., height information, which can be accurately determined using 3D information (Figure 6-Model F).


[image: image]

FIGURE 5. Confusion matrices representing the MGC classification results for each dense cloud reconstruction. Confusion matrices show the accuracy score and the relationship between the referenced data and the classification. The “Actual class” on the y-axis refers to the manually annotated data, whereas the “Predicted class” on the x-axis relates to the classification output. The main diagonal of the matrices lists the correctly classified percentage of points per class. The colour scale bar on the right of each confusion matrix represents the number of points.
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FIGURE 6. Model F – Results of classification using the MGC method – (A) Dense cloud (B) Classification output. Model with predominance of black corals (Leiopathes sp.) Red is seabed and blue is coral. Model A – Results of classification using the MGC method – (A) Dense cloud (B) Classification output. Model with predominance of coral rubble patterns. Red is seabed and blue is coral.




Colour and Geometrical Classification (CGC)

The average classification accuracy score using the colour and geometrical classification method was approximately 67.9% with an average balanced accuracy of 58.1%. The classification output resulting from this method is shown in Figure 7. From the six models analysed on our testing dataset, two models presented accuracy scores below 60%. The remainder presented accuracy scores above 70%, ranging from 75 to 95% (Figure 8).
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FIGURE 7. Results of classification using CGC method—(A) Dense cloud and (B) classification output with CGC method.
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FIGURE 8. Confusion matrices representing the CGC classification results for each dense cloud reconstruction. The “Actual class” on the y-axis refers to the manually annotated data, whereas the “Predicted class” on the x-axis relates to the classification output. The main diagonal of the matrices lists the correctly classified percentage of points per class. The colour scale bar on the right of each confusion matrix represents the number of points.




Object-Based Image Classification (OBIA)

The OBIA method was performed on the orthomosaics, respective DEMs, and calculated slopes of the same dataset. The average classification accuracy was approximately 100%. This result is to be expected because all orthomosaics were manually classified (Figure 9) and an adequate manual classification, when repeated by an expert, is expected to have the same outcome.
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FIGURE 9. Results of classification using OBIA method—(A) Orthomosaic, (B) output of the multi-resolution automated segmentation, and (C) manual classification.





DISCUSSION

This study compares classification methods of 3D point clouds and 2D images. The workflow involved annotation of datasets, training of classifiers (MGC method), evaluation of the classification output, and the analysis of 3D and 2D-derived information from CWC environments. Studies have shown that overall accuracy is widely used for both OBIA and pixel-based classification accuracy assessments (Ye et al., 2018). Recent developments in accuracy assessment techniques have indicated redundancies in metrics such as standard Kappa indices (Foody, 1992; Pontius and Millones, 2011; Ye et al., 2018; Verma et al., 2020). The use of a Kappa score (Cohen, 1960) as a metric compares the observed accuracy to random accuracy; therefore, it is considered questionable to create a classification map (Foody, 2008; Pontius and Millones, 2011). Although there is substantial discussion on the appropriate metrics for image classification (Congalton, 1991; Banko, 1998; Foody, 2008; Ye et al., 2018), the confusion matrices presented here are a neutral representation of the true positives and true negatives of the classification.

The class distribution of the test data showed more abundance of corals on areas located on the eastern canyon flank. Reconstructions from sites located proximal to the canyon axis, towards the west, presented fewer coral features than sites located on the eastern canyon flank, as also described in previous studies (Appah et al., 2020; Lim et al., 2020). Appah et al. (2020) show that benthic taxa mean percentage coverage is twice as high in the flank as in adjacent areas, such as north towards the canyon head and the southern part of the canyon. Lim et al. (2020) provide a high-resolution habitat suitability correlation with current speeds, photogrammetry, and coral distribution in the PBC, showing that the variation in coral habitats does not follow a specific pattern, for example, from south to north. This result was also observed in reconstructions from areas located proximal to the canyon flank ridge (models D, E, and F), where the percentage of coral did not present any major increase or decrease following the north–south trend.


Classification Results

The ba and fdr ratios obtained for method MGC indicate that classifiers were influenced by the diversity of point sources used during the training process. Classifiers that were trained with two different dense clouds showed higher ba and fdr than classifiers trained with a single dense cloud. This suggests that training data with different datasets including those with habitat variability, e.g., different ratios of coral, seabed, and seabed facies, have a positive impact on the classifier performance, as also seen by Mountrakis et al. (2011), Brodu and Lague (2012), and Weidner et al. (2019) in terrestrial data studies. Interestingly, classifier accuracy results (ba and fdr ratios) showed that increasing the number of scales did not directly impact the quality of the classifier, as increasing the scale past a certain number did not necessarily lead to an increase in accuracy (see Figure 4). Thus, incorporating a great number of scales to build a classifier aiming to address a variety of seabed features in the classification computation did not show an improvement on the classifier performance and it can increase the computational complexity required to train the classifier. The process of incorporating multiple scales to acquire the best combination of scales thereby allowing the maximum separability between two classes is constructed automatically and as such, it can tend to overfit. SVM model overfitting can happen by maximising the margin and minimising the training error, which is typical of not only SVMs but also general kernel-based functions (Mountrakis et al., 2011).

Dense clouds that shared a similar coral distribution pattern, such as individual coral colonies with high vertical elongation and low presence of coral rubble as shown in Model F (Figure 6), had high accuracy scores (>80%). In contrast, models with lower accuracy results (<60%) (Figure 6-Model A) originated from areas with less defined feature boundaries such as coral rubble.

The colour and geometrical classification algorithm applied in the CGC method did not show any definite patterns concerning the structural complexity of the environment. Even though the classification outputs showed that coral colonies and patches tended to be misclassified in non-flat areas, the classifier resulted in different behaviours when applied to dense-cloud reconstructions of similar environments (Figure 7). In previous studies, the algorithm performed well for the detection of buildings and roads, but it misclassified vegetation and ground, especially in datasets containing hills and non-flat surfaces (Becker et al., 2018) meaning that terrain variations could have influenced object detection. Performance results showed that, although accuracy scores were >60% for the majority of the models, the visual assessment of the predicted output was not in accordance with the high values, as the classification results did not reflect the real objects clearly. Therefore, this result suggests that the high accuracy score may have been derived from the class imbalance in the test dataset, given that the seabed is more dominant than the coral class. Thus, the balanced accuracy provided a better representation of the overall performance. These results may also reflect the similarity of RGB spectral signatures as previously mentioned here and discussed in Lichti (2005), Beijbom et al. (2012), and Hopkinson et al. (2020). It is also possible that the performance of the CGC classifier may improve if there was an intermediary step that allowed training with seafloor and coral data within Agisoft Metashape. Nevertheless, the minimal user input required for this method, since pre-training is not necessary, makes it suitable for fast identification of seabed distribution.

In relation to the OBIA method, the automated segmentation performed better in small-scale orthomosaics (<4 m) where corals and rubble were easily distinguishable. In large-scale models (>8 m), the segmentation tended to under or over-segment, resulting in a poor differentiation in coral and seabed classes, specifically between coral patches and coral rubble (Figure 9). A benefit of utilising object-based techniques applied to classification tasks is the automatic segmentation process, which in the workflow shown herein (Supplementary Figure 3) can be faster and more accurate than manual segmentation for annotation of datasets. However, although orthomosaics and DEMs provide height information that is useful for larger scale models, they can be limiting for high-resolution analyses. Conversely, 3D metrics derived from vector dispersion and triangulation in dense clouds provide more detailed information for characterising individual coral colonies and benthic species (Fukunaga and Burns, 2020). Thus, the use of 2D metrics for detailed habitat analysis can lead to lack of discernment when detecting seabed features, e.g., coral branches, coral rubble, and sand ripples as also noted by Hopkinson et al. (2020).



Comparison Within 3D Classifications

Accuracy results (Table 1) suggest that models behaved similarly when 3D methods are used (MGC and CGC). Models that obtained an accuracy score of >60% with the MGC method also obtained a comparable result for the CGC method. Occasionally, MGC tended to ignore coral, while CGC tended to overclassify such objects. Both CGC and MGC appeared to be susceptible to object occlusion and canopy effects created by objects. This occlusion was recognised by a classification pattern occurring not only on the object itself (e.g., coral) but also on the shade it created, producing an elongated pattern behind the object consistent with its shadow (Figures 6, 7).


TABLE 1. Accuracy metrics for Method 1–Multiscale Geometrical Classification (MGC), Method 2–Colour and Geometrical Classification (CGC), and Method 3–Object-based Image Classification (OBIA).
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In support of this observation, challenges related to the partial occlusion of objects and lighting artefacts have been addressed in other studies (Singh et al., 2004; Gracias and Negahdaripour, 2005). Lighting artefacts such as light scattering, colour shifts, and blurring related to the data acquisition can be considered a bottleneck which impacts the overall model resolution and hence the classification output (Bryson et al., 2015, 2016, 2017). This difficulty can be addressed with the use of image enhancement methods, e.g., texture delighting and colour filtering that can diminish object occlusion artefacts (Bryson et al., 2015). In the overall outputs, the canopy effect pattern was more evident in the CGC method. Furthermore, dense cloud models with a low RGB variability hence, similar RGB values for coral and seabed, resulted in slightly different classification outputs with the CGC method not being able to recognise seabed as compared to the method MGC. As previously mentioned, the classifier in the CGC method also seemed to take into consideration terrain surface variations. Conversely, the geometrical approach and the resistance to shadow effects of the MGC provided a degree of variability and heterogeneity in the class characteristics. As such, MGC appears more suitable for the classification of CWC because (a) it addressed coral colonies and coral patches more accurately, (b) it was able to identify seabed coverage in all 3D reconstructions, and (c) it can be reapplied to classify similar coral reef environments. As a preliminary study, the results showed herein provide important insights towards the advancement on the venue of 3D classification as an accessible and informative approach.



Cost and Data-Loss Related to Representing 3D Objects as 2D

With the exception of the CGC method, all methods required similar amounts of data processing, which was mainly allocated to segmentation, labelling, and parameter-tuning, e.g., manual segmentation and labelling in MGC and manual classification in the OBIA method. Even though visual classification output did not fully delineate areas where coral rubble and gradational boundaries were present, the CGC method provided more accurate results when applied to models where objects have well-defined boundaries and sharp edges such as man-made objects (Becker et al., 2018). Conversely, the MGC method is more appropriate for complex scenes with high environmental variability (Brodu and Lague, 2012). One important aspect that should be considered in the MGC application is the amount of training data required to train the classifier. As for most of the classification methods, training data size and availability should be evaluated prior to choosing the methodology to be followed as it directly impacts the performance of the classifier (Lu and Weng, 2007; Maxwell et al., 2018; Zurowietz et al., 2018).

Similarly, the abundance of coral rubble and octocorals must be considered when choosing the classification method as they are subject to underwater colour and intensity distortions (Beijbom et al., 2012; Bryson et al., 2013). Such features present similar values within the intensity range and tend to exhibit wave-length attenuation when reconstructed (Bryson et al., 2013). Attention is drawn to coral rubble features as they present undefined boundary features which hinders their detection. Previous studies have also highlighted the difficulties of automatically classifying coral rubble in images (Beijbom et al., 2012) and 3D models (Hopkinson et al., 2020). Coral rubble occurs due to the coral exposure for extensive periods which lead to abrasion and bioerosion of coral framework (Titschack et al., 2015). High proportions of coral rubble may be indicative of high current speeds in the area (Lim et al., 2020). In contrast, the segmentation utilised in the OBIA method successfully distinguished coral rubble from sediment. This observation agrees with previous studies that have shown that orthomosaics can be useful for high-resolution habitat mapping of large areas (Lim et al., 2017; Conti et al., 2019). Although coral rubble was not included as a class on our framework, this observation can be useful for future studies.

Representing 3D objects in a 2D space may potentially lead to data bias due to misrepresentation of the object in the feature space and the use of metrics that disregard its multidimensionality factors. In this study, two manual annotation schemes were used to provide a baseline and ground-truth for accuracy calculation. Annotations were performed by an expert in dense-clouds (3D) and orthomosaics for each 3D reconstruction. Table 2 shows the percentage distribution of classes of each model in each manual annotation schemes: 3D dense cloud annotation and OBIA manual classification.


TABLE 2. Percentage of class distribution results from the manual annotation for each habitat and each class in 2D and 3D.
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Class distribution results for each method (Table 2) show that there is a higher distribution of coral class within the 3D dense-cloud annotation in comparison to the OBIA method in 50% of the models. When such variation happens, there is a difference of up to 4.45% in the percentage of coral with a mean of 3.02%. Conversely, in models where the distribution of coral class is higher in the OBIA methods, the difference is only up to 3.39%, with a mean of 2.75%.

The average class distribution for the 3D dense cloud was 7.2% coral and 92.8% seabed as opposed to 7.1% coral and 92.9% seabed in the OBIA method. The average of the difference between class distributions was 0.2%. These results show that there is potentially an impact of at least a magnitude order of a tenth of the value in using 2D methods to represent objects that are naturally 3D structures. Although these values may not appear significant in the overall scheme, they have the potential to impact studies whose aims are derived from habitat mapping at a sub-centimetre resolution and a more significant impact when applied over large areas.

Scleractinian corals are naturally vertical-orientated features that, when mapped using 2D metrics, may give a small contribution in the percentage coverage. The 3D branching framework of CWC can increase sediment baffling with reefs or around colonies by offering a resistance to currents, for example (Mienis et al., 2019; Lim et al., 2020). However, the vertical structure of corals would be taken into account in overall biomass estimates if mapped in 3D. Furthermore, calculation of biomass considering all aspects of the environment is extremely relevant to understanding coral reef metabolism and overall environmental dynamics (McKinnon et al., 2011; Burns et al., 2015a, 2019; Price et al., 2019; Hopkinson et al., 2020). In comparison to 2D metrics, the use of multiscale dimensionality features that describe the local geometry of each point in relation to the entire scene makes 3D classification more suitable for the analysis of real complex scenarios at higher resolutions. Thus, advancing from commonly employed 2D image analysis techniques to 3D methods could provide more realistic representations of coral reefs and submarine environments (Fisher et al., 2007; Anelli et al., 2019).



Main Advantages and Disadvantages of the 3D Workflows Identified Within This Study

Three-dimensional reconstructions provide rich, non-destructive ecological and structural habitat information (Burns et al., 2015b; Figueira et al., 2015; Pizarro et al., 2017; Price et al., 2019), serving as a valuable tool for monitoring growth rates and assessing impacts of environmental disturbances (Bennecke et al., 2016; Marre et al., 2019). The use of SfM can also increase versatility and repeatability of reef surveys (Storlazzi et al., 2016; Bayley et al., 2019; Lim et al., 2020) as it can provide accurate quantifications for habitat coverage as well as coral orientation analyses (Lim et al., 2020). The 3D reconstructions produced in this study can complement recent studies (e.g., Appah et al., 2020; Lim et al., 2020) by providing an object of comparison for spatio-temporal changes in the PBC. The workflows applied herein yield the identification and quantification of CWC distribution at high resolutions.

In contrast, monitoring seabed habitats through 3D reconstruction require centimetric to milimetric resolutions and corresponding accuracies (Marre et al., 2019). High-resolution 3D models require significant data resources (storage and processing power) (Bayley and Mogg, 2020; Hopkinson et al., 2020; Mohamed et al., 2020). Therefore, it is important to highlight the constraints associated with manipulating 3D data. In many cases, it is necessary to develop sub-sampling processes to analyse large batches of data without compromising data resolution. The computer resources and methods available to manipulate and analyse 3D data from marine environments at larger scales could be further improved (Bryson et al., 2017; Robert et al., 2017). The 3D-based workflows described herein demonstrate that most off-the-shelf algorithms need to be adapted for seabed classification and mapping.

The use of SfM for seabed mapping requires consideration of a number of variables to determine the feasibility and accuracy of each study (Burns et al., 2015a; Bayley and Mogg, 2020). For example, environmental conditions such as visibility, swell variations, changes in camera altitude, and ROV speed can impact the survey design, hence, the video quality (Mohamed et al., 2018; Anelli et al., 2019; Marre et al., 2019). Factors related to HD video acquisition and processing such as camera position, lens, light attenuation, calibration, image overlap, and software options can affect the results of 3D reconstructions (Marre et al., 2019; Rossi et al., 2020). Furthermore, high-resolution reconstruction of models can take up to 12 h of processing and a considerable amount of HD video footage (Robert et al., 2017). A regular laptop computer may face limitations to process the resulting models, which can be over 10 GB in size (Robert et al., 2017).




CONCLUSION

Cold-water corals significantly contribute to deep-sea biodiversity due to their 3D structure and reef-building capacity. Submarine canyons act as conduits for sediments, nutrients, and organic matter supporting high biomass communities (Nittrouer and Wright, 1994; Puig and Palanques, 1998; Harris and Whiteway, 2011). There is an increasing demand for new methods able to efficiently capture fine-scale changes in these environments. SfM can contribute to more precise structural analysis of CWC habitats while also providing grounds for temporal and volumetric change detection in CWC reefs. This study describes three classification methods applied to CWC reefs within the PBC SAC in the North East Atlantic. The workflows described provide an original and not yet applied methodology for the classification of 3D reconstructed marine environments at the PBC. The dataset consisted of 3D reconstructed point clouds, respective orthomosaics, DEMs, and associated terrain variables of CWC environments. The classification workflows designed for 3D point clouds showed a similar accuracy, even though visual results had different outputs and had a different level of robustness. The balanced accuracy and accuracy scores averaged 67.2% for the 3D methods. The study defines methodologies that are compatible with off-the-shelf commercial software with high-resolution data. Furthermore, the execution of the methods was fast and appeared suitable for the wider deep-sea research community who have access to the SfM point cloud data. Executing more complex frameworks is possible at the expense of computation power and time resources. Future research should involve the application of unsupervised learning with use of geometrical features and application of other ML algorithms for supervised learning. The use of more robust classification methods and higher resolution 3D reconstructions will aid the inclusion of more classes, especially of objects with irregular contour boundaries.
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Previous studies of habitat suitability of sessile organisms on subtidal rocky substrata have been focused only one or two terrain attributes. In this study, we propose a new method to construct a centimeter resolution seafloor topographic model by using underwater photogrammetry to obtain multiple terrain variables and to investigate relationships between the distribution of sessile organisms and multiple terrain variables. Point cloud models of five square sections (11.3–25.5 m2) of the bedrock surface of Otsuchi Bay were reconstructed with a 0.05 m resolution. Using the 0.01 m resolution point cloud models, five terrain variables were calculated on each face of the mesh models: height above seafloor, topological position index, slope, aspect, and ruggedness. The presence/absence data of four species of sessile organisms (ascidian Halocynthia roretzi, barnacle Balanus trigonus, polychaete Paradexiospira nakamurai, and articulated coralline algae Pachyarthron cretaceum) were located on the mesh models. H. roretzi and B. trigonus were more abundant on vertical and high faces above the seafloor, and P. nakamurai were more abundant at high faces above the surroundings. In high position where the current velocity increases, the three sessile animals may have an advantage for their suspension feeding. In contrast, P. cretaceum, unlike the other three sessile animal species, occurred at various heights and on gentle slope faces suitable for photosynthesis.

Keywords: topographic features, benthic communities, habitat suitability modeling, rocky shore ecology, Sanriku Coast


INTRODUCTION

Sessile organisms cannot move once they have settled, and therefore their distributions are greatly affected by the environmental conditions around the attachment substrates where they settled. For example, distributions of sessile organisms in shallow waters are affected by physical environmental factors, such as wave exposure (Sanford and Menge, 2001), flow velocity (Smith, 1946; Leichter and Witman, 1997; Thomason et al., 1998) and light intensity (Barnes et al., 1951; Crisp and Barnes, 1954; Hirose and Kawamura, 2017), and also by biological factors, such as predation pressure (Paine, 1966) and competition (Ponti et al., 2014).

Other important factors influencing the distribution of sessile organisms are terrain attributes, such as height above the seafloor (Hughes, 1975), slope (Chabot and Bourget, 1988; Connell, 1999; Chiba and Noda, 2000; Knott et al., 2006; Perkol-Finkel et al., 2006; Lozano-Cortés and Zapata, 2014), aspect (Barnes et al., 1951; Crisp and Barnes, 1954), and ruggedness (Archambault and Bourget, 1996; Chiba and Noda, 2000; Johnson et al., 2003; Chase et al., 2016) of substrates. These terrain attributes may directly affect the distribution of sessile organisms, for example, through the selective behavior of larvae during settlement (Keough and Downes, 1982). Some terrain attributes indirectly affect the distribution of sessile organisms by modifying other physical or biological factors. For example, slope and aspect of the substrate surface have been reported to affect the light intensity (Connell, 1999) and the ruggedness of the substrate surface has been reported to influence vulnerability to predation (Johnson et al., 2003). Thus terrain variables directly and indirectly affect the distribution of sessile organisms.

Conventional studies about the distribution of sessile organisms in shallow coastal settings usually focus on one or two terrain variables, probably due to the difficulty in obtaining multiple terrain variables with SCUBA diving. For example, one method to measure the ruggedness of the seafloor is to divide the length of a rope crawling between two points on the seafloor by the length of a straight line between the two points. This method requires a lot of time and includes measurement errors due to the skill of measurers (Friedman et al., 2012).

A three-dimensional (3D) model of the seafloor topography is a powerful tool to obtain multiple terrain variables easily. At each point on a 3D model, multiple terrain variables, such as slope, aspect and ruggedness can be numerically calculated. There are two main methods to construct a 3D model of the seafloor topography, acoustic-based or optical-based. Conventionally, acoustic depth measurements using side-scan sonar or multi-beam sonar have been used for constructing 3D models of the seafloor (Robert et al., 2017). By integrating multiple terrain variables calculated by 3D models using acoustic methods and the distribution of sessile organisms obtained by ROV transects or dredge samplings, habitat suitability models have been constructed (Wilson et al., 2007; Dolan et al., 2008; Tong et al., 2013; Georgian et al., 2014; Smith et al., 2015; Miyamoto et al., 2017).

However, acoustic-based methods usually require very expensive equipment. Photogrammetry is an optical-based method to survey the topography by obtaining 3D structures from image sequences taken from various angles. In the Structure from Motion (SfM) algorithm, an orthodox method in photogrammetry, by matching features extracted from each image and bundle adjustment, the location of each image and the 3D structure of the subject can be estimated (Westoby et al., 2012). The equipment necessary for SfM photogrammetry is only a digital camera and a computer, so the photogrammetry method is cost-effective.

Unlike side-scan and multi-beam sonar, undersea photogrammetry is not suitable for large-scale surveys, but it can obtain details of seafloor topography at smaller scales than the acoustic-based method (Robert et al., 2017). SfM photogrammetry has become practical due to recent improvements in the computational power of personal computers. In recent years, SfM photogrammetry has been used in seafloor topographic surveying in shallow sea areas, such as coral reefs (Courtney et al., 2007; Burns et al., 2015; Leon et al., 2015; Pizarro et al., 2017; Bryson et al., 2017; Young et al., 2017; Agudo-Adriani et al., 2019; Bayley et al., 2019; Fallati et al., 2020) or oyster reefs in the intertidal zone (Kim et al., 2018). Photogrammetric surveying can obtain more accurate and objective terrain variables than field measurements (Friedman et al., 2012). Despite the possibility of applying photogrammetry to habitat suitability models, there is only one study that has investigated the relationships between the distribution of two species of sessile organisms and multiple terrain variables (slope and ruggedness) in the deep sea (Robert et al., 2017), and no surveys have been conducted in shallow waters.

Using multiple terrain variables obtained from high resolution 3D models of seafloor topography, it is possible to gather more accurate information (in comparison to analysis based on a single variable) on the distribution of sessile organisms. For example, the combination or the relative importance of variables determining distribution of each species cannot be detected using small number of terrain variables.

The purpose of this paper is establishing a method to elucidate relationships between distributions of sessile organisms and multiple terrain variables on subtidal rocky substrates. For this purpose, using underwater photogrammetry, we constructed 3D models of the bedrock surfaces on the subtidal rocky shore in Otsuchi Bay, Japan. Subsequently, we calculated multiple terrain variables from the 3D seafloor topographic models and investigated the effect of the multiple terrain variables to the distribution of sessile organisms.



MATERIALS AND METHODS


Study Site

We conducted the field survey on the subtidal rocky shore at Akahama in Otsuchi Bay, Japan (39°21′00″ N, 141°56′10″ E) (Figure 1). Otsuchi Bay is elongated in an east-west direction, and the bay entrance is on the east side. The study site is located on the central part of the north coast of the bay. The sea surface temperature ranged 3–25°C. The west wind is dominant in the winter and the wind in the summer is moderate (Otobe et al., 2009). The wave height is usually less than 1 m and the southwest wave direction is dominant (Komatsu and Tanaka, 2017).
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FIGURE 1. The survey site was located on the subtidal rocky shore in Otsuchi Bay, Japan. The shaded area indicates the area of Sanriku Coast, and the star symbol indicates the location of the survey site.




Obtaining Image Sequences

At the study site, five sections (A01 to A05) were chosen from the part of the bedrock surface for obtaining image sequences. The horizontal projected areas of the five sections were 11.3–25.5″, and they were located at 1.5–5.0 m depth. For each section, 89–178 photos were taken from various angles using SCUBA equipment (Figures 2A–C). Overlap rates between two consecutive photos were more than 70%. Photos were taken using a waterproof digital camera Tough TG-5 OLYMPUS with a wide-angle lens. The camera was set to the underwater wide mode, and no flash was used. Large seaweeds sway in the waves and veil the surface of the bedrocks so that the construction of 3D models was difficult when dense large seaweeds occur. In the study site, annual seaweeds Ulva spp., Desmarestia virdis (Müller) Lamouroux, 1813, and Undaria pinnatifida (Harvey) Suringar, 1872 dominated and they grew from winter to summer. Therefore, we conducted the field survey during November 2018 when large seaweeds were detached and the bedrock surface were exposed. Photographing was conducted at the daytime when the current was calm, the water clarity was high, and strong shadows did not occur.


[image: image]

FIGURE 2. Figures of the 3D seafloor topographic model construction process. (A) Image sequences of the section A01. (B) The scene of survey by SCUBA diving. (C) Locations of each photo estimated by Visual SfM. (D) The 3D point cloud model reconstructed from image sequences. (E) 0.05 m resolution mesh model translated by Meshlab.


On each bedrock surface for surveying, a reference point where the slope is 0 degree was found with a clinometer. At the reference point, the depth and azimuth were measured using a depth meter of the digital camera Tough TG-5 and an azimuth magnetic needle, respectively. In addition, for setting the size of the 3D models, a 20 cm square frame was placed at this point and a photograph was taken from a distance that can distinguish the location of the reference point on the 3D model.



3D Model Construction From Image Sequences

The 3D structure of each rock was reconstructed using the Visual SfM v0.5.26, an open-source software (Wu et al., 2011; Wu, 2013) that implements the Structure from Motion (SfM) algorithms. Visual SfM reconstructs the 3D structure from continuous overlapping image sequences (Figure 2D). Uploading the images to the Visual SfM, the tools Pairwise Matching, Reconstruct Sparse, and Reconstruct Dense were executed. The 3D model constructions were conducted using a HP Workstation with 32 GB memory and 1 GB GPU.



Meshing of the 3D Models

The obtained 3D point cloud models (Figure 3) were converted to 0.01 m resolution point cloud models and 0.05 m resolution mesh models. The 3D point cloud models constructed by Visual SfM were deployed using MeshLab 2016.12, an open-source software. The x-axis, y-axis, and z-axis directions were set to north, east, and vertical upward based on the value of the azimuth magnetometer taken at the reference point. The length 1.0 of the 3D models was set to 1.0 m based on the 20 cm square frame photograph taken at the reference point. The resolution of the obtained point cloud models differed both among rocks and within rocks because the quality of each image was different due to the variation of brightness.
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FIGURE 3. 3D seafloor topographic models of the five sections of the subtidal rocky shores in Otsuchi Bay, Japan.


The point cloud models were equalized to the 0.01 m and 0.05 m resolution models using the “Clustered Vertex Subsampling” tool setting “Cell size” as 0.01 and 0.05. The 0.05 m resolution point cloud models were converted to the triangular irregular network (TIN) mesh models using the “Surface Reconstruction: Ball Pivoting” tool (Figure 2E). In general, 3D point cloud models of seafloor topography are converted to raster models in which elevation values are stored for each grid of the x-y plane, but raster models are prone to be rough for the near-vertical plane due to rapid changes in elevation (Kemp, 2007). Therefore, TIN models were used in order to handle bedrock surfaces including near-vertical planes. The directions of the faces were calculated by the “Compute normal for point sets” tool. Some faces were incorrectly directed back from the actual front sides. The incorrectly directed faces were manually flipped in MeshLab.

Due to shadows in the photos and low resolution of the obtained 3D point cloud models, some areas in the 3D mesh models were missing. Because the missing areas were smaller than 10% of the total models and the number of sessile organisms on these areas was small, we ignored these areas and conducted the subsequent analysis.



Input of the Presence/Absence Data of Sessile Organisms

Four sessile species, a solitary ascidian Halocynthia roretzi (Drasche, 1884), a barnacle Balanus trigonus Darwin, 1854, a tube-forming polychaete Paradexiospira nakamurai Uchida, 1971, and an articulated coralline alga Pachyarthron cretaceum (Postels and Ruprecht) Manza, 1937 were dominant on the surface of bedrock in the study site (Figure 4). Three sessile animals H. roretzi, B. trigonus, and P. nakamurai are suspension feeder.
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FIGURE 4. Examples of occurrence data of sessile organisms. Colored faces indicate the faces each species occurred. (A) Halocynthia roretzi, (B) Balanus trigonus, (C) Paradexiospira nakamurai, (D) Pachyarthron cretaceum.


In preliminary samplings, we caught and identified the sessile species dominated in the study site. Presence/absence data of each species were added to the 3D mesh models (Figure 4). Species and the location of each individual were identified from the photos which were also used for photogrammetry. In H. roretzi and P. cretaceum, as their diameters were larger than 5 cm, the presence data on a face of the two species is equivalent to the occurrence of one individual. In P. nakamurai and B. trigonus, as their diameters were smaller than 1 cm and they are gregarious species, the presence data on a face of the two species can include multiple individuals. This data included the location of dead individuals of B. trigonus, as the presence of the empty shell still indicates that the area was suitable for barnacle growth.



Calculating the Terrain Variables

On all the faces of each 0.05 m resolution mesh model, seven terrain variables; height above seafloor (as height), topological position index (as TPI), northness, eastness, 360 degrees azimuth (as aspect), as well as slope, and ruggedness were calculated based on the vertices of the 0.01 m resolution point cloud models (Figure 5). The vertices set of 0.01 m are denoted by V0.01={vm|vm ∈ R3}(m=1,…m0.01). vm=(xm,ym,zm) is the coordinates of the m-th vertice. m0.01 is the number of vertices V0.01. The vertices and faces set of the 0.05 m resolution mesh models are denoted by [image: image] and T0.05={tn|tn⊂V0.05}(n=1,…n0.05), respectively. m0.05 is the number of vertices of the mesh model V0.05, and n0.05 is the number of the faces of the mesh model T0.05. Because we used triangular faces, the elements of each face are represented as tn=(v1n,v2n,v3n),(vin∈V0.05), using three vertices that constitute the face. The following terrain variables were calculated by Python3.7.3.


[image: image]

FIGURE 5. The terrain variables calculated on the 3D mesh model of site A01. The brightness of the color indicates the magnitude of each variable. (A) height above the seafloor (height), (B) topological position index (TPI), (C) slope, (D) aspect (northness), (E) aspect (eastness), (F) ruggedness.



Height Above Seafloor (Height)

Height is a parameter of the height above the seafloor. The seafloor was defined as the lowest z-value point in each mesh model. In each mesh model, the lowest z-value point is denoted by min(zm). The center of gravity coordinates on the target face tnis denoted by [image: image]. Height is calculated in meters as subtracting z_G with min(zm), i.e.:

[image: image]



Topological Position Index (TPI)

TPI is an index of the height above or below the mean height of surroundings defined by a specific neighborhood (Weiss, 2001). A positive TPI value indicates the z-axis directional convex terrain, such as ridges or peaks. In contrast, a negative TPI value indicates the z-axis directionally recessed terrain, such as a valley or depression. TPI values near zero are either flat or constant slope areas. The vertices in the circle around t_G with radius Rm are referred to as V_R. TPI is calculated in meters as subtracting z_G with the mean z-value of V_R, that is z_R i.e.:

[image: image]



Northness, Eastness, and 360 Degrees Azimuth (Aspect)

360 degrees azimuth were splitted to northward component (northness) and eastward component (eastness). V_R was fit to the plane DR:ax + by + cz + d=0. The coefficients a, b, c, and d were calculated by the method of least squares of the V_R. Northness, Eastness, and 360 degrees azimuth (aspect) were calculated using the normal of the D_R. The normal of the D_R was denoted by nDR=(nx,ny,nz). The direction of the normal was specified with the front and back direction of the target face. Since the x-axis direction was specified as east, the y-axis direction as north,
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Northness and eastness take the value from -90 to 90. The combination of northness and eastness gives a 360 degrees azimuth. For example, (northness, eastness) = (90, 0) indicates that it is facing north, while (northness, eastness) = (−90, 0) indicates facing south. The 360 degrees azimuth were defined as 0 degrees north, 90 degrees east, 180 degrees south, and 270 degrees west.

[image: image]



Slope

0 degree in slope indicates the horizontal plane, 90 degree indicates vertical plane, and 180 degree indicates overhang plane. Slope was also calculated using the normal of the D_R. Slope is calculated as the following equation:
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Ruggedness

Ruggedness was the parameter of the unevenness of the terrain. Ruggedenss was defined as the difference of the maximum height above or maximum depth below the plane D_R. Ruggedness was calculated in meters with the following equation:

[image: image]

vi means the coordinates of the i-th vertex and [image: image] means the average coordinates of the VR.

The small scale of the topographic survey resulted in 3D topographic models including the shape of the organisms themselves. This may have resulted in a significant error in the values of the terrain variables, especially in faces where large H. roretzi and seaweeds were present. A practicable solution for this problem is to take a sufficiently wide computational range of R to obtain the terrain variables. In this study, TPI, slope and aspect were calculated in the range of 0.10 m, and ruggedness was calculated in the range of 0.20 m for detecting a wide range of topographic changes. This allowed us to represent topographic changes on a scale larger than the size of the organisms surveyed in this research.



Statistical Analysis


Correlation Analysis Between Terrain Variables

The correlations between terrain variables (height, TPI, northness, eastness, slope, and ruggedness) were calculated by Pearson’s linear correlation coefficient (LCC), and maximal information coefficient (MIC). MIC is the non-linear correlation coefficient based on the mutual information criteria between two variables. MIC can detect complex variable relationships, whereas LCC can detect only linear relationships (Speed, 2011).

In order to reduce the calculation time, the randomly 50% extracted data of terrain variables were used in calculating MIC. LCC and MIC were computed by Python 3.7.3 with the library scipy1.2.1, and minepy1.2.4, respectively.



Comparison of the Occurrence Conditions Among Species

For each variable (height, TPI, northness, eastness, slope, and ruggedness), the difference of occurrences pattern between species (including background data) was examined. Background data means the terrain variables obtained in the whole 3D models. As the normality of all the distributions was rejected by Shapiro-Wilk’s test (p < 0.01) and therefore, the difference of occurrence pattern between species were examined by the multiple comparison with Mann-Whitney U test. As multiple comparisons were made, the significance level was reduced from 0.05 to 0.005 (=0.05/10) to adjust for 10 multiple comparisons (Bonferroni procedure). These statistical tests were conducted by the library scipy1.2.1 with Python3.7.3.



Contribution of Each Terrain Variable to Occurrence of Sessile Organisms

The contribution rate of each terrain variable for the four sessile organisms was estimated by the jackknife test with maximum entropy modeling which is the machine learning method for modeling species geographic distributions with presence-only datasets (Phillips et al., 2006). We used MaxEnt version 3.4.1, a software that implements the maximum entropy modeling for estimating the contribution rate of each parameter. MaxEnt was applied using linear features, quadratic features, and product features for each terrain variable. MaxEnt outputs the contribution rate of each terrain variable as the regularized training gain by the jackknife test. Simultaneously, the performance of the maximum entropy model was evaluated using the area under the curve (AUC) derived from the threshold independent receiver operating characteristics (ROC) curves.



RESULTS


3D Model Construction

Figure 3 shows the 3D models of the five sections of the bedrock surfaces constructed using photogrammetry. The point cloud models constructed using SfM (raw model) were composed of more than 1.5-million points (Table 1). The raw models were converted to 0.01 m resolution point cloud models composed of 290–520 thousand points and 0.05 m resolution mesh models composed of 13–42 thousand points and 25–42 thousand faces.


TABLE 1. Properties of the 3D models at five surveyed sections (A01–A05).

[image: Table 1]


Correlation of Terrain Variables

Figure 6 shows the Pearson’s linear correlation coefficients (LCC) and mutual information criteria (MIC) between terrain variables. Aspect is divided into northness and eastness. The maximal value of LCC was 0.45, which was recorded between height and TPI. The maximal value of MIC was 0.78 between northness and eastness. The values of MIC were lower than 0.16 among height, TPI, slope, and ruggedness.


[image: image]

FIGURE 6. Results of Pearson’s linear correlation coefficients (LCC) and maximal information coefficients (MIC).




Species Occurrences

The total number of faces where at least one species of sessile organisms occurred was 9,522. Paradexiospira nakamurai was the dominant sessile organisms and occurred on 5,293 faces. The species compositions differed among the surveyed sections. Halocynthia roretzi occurred on all the surveyed sections, but the occurrences of H. roretzi was low on A02, A03, and A04. Pachyarthron cretaceum also occurred on all the surveyed sections. Balanus trigonus did not occur on A03 and A04, and P. nakamurai did not occur on A01 and A04 (Table 2).


TABLE 2. The numbers of faces on which each species occurred at each section (A01–A05) and surrounding bottoms.

[image: Table 2]


Species Distribution and Terrain Variables


Height

In all the surveyed bedrocks (background), the maximum value of the height was 3.9 m. More than 95% of H. roretzi, B. trigonus, and P. nakamurai occurred on 1.0–3.0 m height. P. cretaceum occurred on the surface areas higher than 0.3 m height, and 95% of them occurred at 0.5–3.0 m height. P. cretaceum distribution height range was wider than those of the three sessile animals (Figure 7). The median height where P. nakamurai occurred was 2.1 m, which was higher than values for the other species (Figure 8), and significant differences between P. nakamurai and the other species as well as background were detected by the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). For all species, the densities of occurrences showed similar patterns to the number of occurrences (Figure 7).


[image: image]

FIGURE 7. Relationships between each terrain variable (height, TPI, northness, eastness, 360 degrees azimuth, slope, and ruggedness) and the occurrences of each species. For each parameter and each species, the number of occurrences is shown in histograms. Except for 360 degrees azimuth, the density of the occurrences was shown in line plots, which is the number of occurrences divided by the number of each bin of the background histogram. The horizontal axis refers to the value of each terrain variable, the left side of the vertical axis refers to the number of occurrences, and the right side of the vertical axis refer to the density of the occurrences which is the number of occurrences divided by the number of background in each bin. In aspects, the r direction refers to the number of occurrences and the θ direction refers to the aspect.



[image: image]

FIGURE 8. Boxplots of terrain variables of the faces where each species occurred. Boxplots show the range (solid black lines), median (red lines), 25 and 75% quantiles (box), and outliers at 95% confidence (points).



TABLE 3. P-values of the multiple comparison with the Mann-Whitney test.

[image: Table 3]


TPI

In all the surveyed bedrocks, TPI ranged -2.1 to 2.0. TPI distributed symmetrically from the center of 0.0 in all the surveyed bedrocks. More than 75% of H. roretzi, B. trigonus, and P. nakamurai occurred on the position with positive values of TPI. More than 80% of P. cretaceum occurred in the range -0.2 to 0.2 TPI (Figure 7). In all the species, the median TPIs where each species occurred was larger than the median TPI of the background (Figure 8), and significant difference between the four species and background was detected by the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). The densities of occurrences of H. roretzi showed similar patterns to the number of occurrences. Two peaks, around 0.0 and 1.0, were observed in the densities of occurrences of B. trigonus. In P. nakamurai and P. cretaceum, peaks were found around 1.0 and 0.5, respectively, in the densities of occurrences, which were larger than the mean values of the numbers of occurrences (Figure 7).



Aspect

In all the surveyed bedrocks, northeast faces were slightly dominant. The numbers of occurrences of H. roretzi were higher on northern faces, and that of B. trigonus was higher on northern and southwestern faces. Large numbers of P. nakamurai occurred on northeastern faces, and they rarely occurred on western faces. Most P. cretaceum occurred on southeastern faces (Figure 7). The median northness of the faces where H. roretzi occurred, and the median eastness of the faces where P. nakamurai occurred were higher than those of the other species (Figure 8). Significant differences between H. roretzi and the other species in northness were detected using the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). Significant differences between P. nakamurai and the other species in eastness were detected using the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). For all species, the densities of occurrences showed similar patterns to the numbers of occurrences (Figure 7).



Slope

In all the surveyed bedrocks, there were two peaks around near-horizontal approximately 30 and near-vertical approximately 90 degrees in the slope distribution. In terms of the three sessile animals, H. roretzi, B. trigonus, and P. nakamurai, there were peaks in the 70–100 degrees slope. H. roretzi distribution slope range was wider than those of B. trigonus and P. nakamurai (Figure 7). These species also occurred on an overhanging faces > 90 degrees. In P. cretaceum, there was a peak in the 10–20 degrees slope. No P. cretaceum occurred on the position with overhang faces >90 degrees (Figure 7). The median slope of the faces where P. cretaceum occurred was less than those of the other species (Figure 8). Significant differences between them were detected by the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). For all species, the densities of occurrences showed similar patterns to the numbers of occurrences (Figure 7).



Ruggedness

In all the surveyed bedrocks, the ruggedness ranged from 0.01 to 0.24 (Figure 7). H. roretzi and P. nakamurai occurred on higher ruggedness faces than B. trigonus and P. cretaceum (Figure 8). Significant differences between them were detected by the multiple comparison with Mann-Whitney U test (p < 0.005, Table 3). In B. trigonus, the peak of ruggedness (0.66–0.70) was the highest in all species. In P. nakamurai, the peak of the densities of occurrences was 0.14, which was higher than that of the numbers of occurrences. In the other three species, the densities of occurrences showed similar patterns to the number of occurrences (Figure 7).



The Combination of Multiple Conditions

The parallel coordinates were used to visualize the combinations of terrain variables with high occurrences and the interactions between variables (Figure 9). H. roretzi and B. trigonus were abundant in areas of more than 1.0 m height above the seafloor, on steep slopes of 45–120 degrees, and on various degrees of aspect and ruggedness. P. nakamurai was more abundant in areas of more than 1.0 m height above the seafloor and on various degrees of slope, aspect and ruggedness. P. cretaceum was more abundant on 0–60 degrees slope, southwestern faces, and various heights.
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FIGURE 9. Parallel coordinate graphs showing the combinations of terrain variables which each species of sessile organisms occurred [(A) H. roretzi (B) B. trigonus (C) P. nakamurai (D) P. cretaceum]. In parallel coordinates, each terrain variable at the location where an individual occurred is connected by a single plot. Respective lines indicate individual faces each species occurred. This allowed us to visualize not only the distribution of each terrain variable, but also the combinations of terrain variables with high occurrences.




Contribution of Each Terrain Variable

For H. roretzi and P. cretaceum, the contribution of slope was the largest, followed by height in H. roretzi, and TPI in P. cretaceum (Figure 10). For B. trigonus, the contribution of TPI was the largest, followed by slope. For P. cretaceum, the contribution of height was the largest, followed by TPI. In H. roretzi and B. trigonus, the AUCs of training data were 0.922 and 0.897, respectively. In P. cretaceum and P. nakamurai, the AUCs of training data were 0.792 and 0.762, respectively, which were lower than those of other two species.
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FIGURE 10. Jacknife of regularized training gain for (A) H. roretzi, (B) B. trigonus, (C) P. nakamurai, (D) P. cretaceum. The lengths of the bars “With all variables” represent the full model accuracies with all parameters. Those of “Without variables” represent the model accuracies in which each variable was excluded. Those of “With only variables” represent the accuracies of the model in which only each variable was used, and effectively shows the contribution rate for explaining the presence or absence of the distribution.




DISCUSSION


Seafloor Topographic Surveying Methods

In the present study, we succeeded in measuring multiple terrain variables of the subtidal rocky shore using underwater photogrammetry. In conventional field measurement methods, the ability to obtain detail of multiple terrain variables on a lot of points has been limited. Therefore, the relationships between the distribution of sessile organisms and terrain variables have been investigated only at the meter-scale with side-scan sonar or multibeam sonar (Wilson et al., 2007; Dolan et al., 2008; Tong et al., 2013; Georgian et al., 2014; Miyamoto et al., 2017). The resolution of the 3D seafloor topographic models obtained in the present study is much more detailed (0.05 meter-resolution) than those in the acoustic-based methods, which enabled us to investigate the distribution patterns of sessile organisms using more detailed scale of terrain variables.

To implement the photogrammetry method in other sites, it should be noted that the resolution of photos is affected by the transparency of the water. At sites with insufficient brightness light, photos need to be taken using flash. In addition, to choose seasons when there are no large seaweeds swaying in the waves.

The photogrammetry method in the present study can measure terrain variables even on the entire model, resulting in an analysis of bedrock topography more accurate than those based on conventional field measurement methods. For example, in the study site, two peaks near horizontal and vertical slope were observed. This may indicate the topographic characteristics of the granite cliff (Dale, 1923), the fracture surface of which is prone to plane orthogonally (cleavage), resulting in a block shaped bedrock (Figure 7).

Distribution patterns of each species based on 0.01 meter-scale terrain variables will be essential information for predicting what species occur on what kind of topographies (biological habitat mapping) in shallow marine rocky shores. In deep waters, biological habitat mapping has been conducted mainly for setting up the protect areas of cold-water corals from the bottom trawling fishery (Wilson et al., 2007; Dolan et al., 2008; Tong et al., 2013; Georgian et al., 2014; Miyamoto et al., 2017). In the shallow waters, the seafloor topography is often simplified by human activities. Topological simplifications significantly affect diversity and biomass of sessile organism communities (Perkol-Finkel et al., 2006). The species richness of sessile organisms often decreases on the artificial reefs of which the centimeter scale topography is simple (Loke and Todd, 2016). The communities of sessile organism play important roles for ecosystems on the subtidal rocky shore, such as habitat, food, spawning substrate, and shelter for other benthic organisms in coastal areas (Sarà, 1986). Seaweeds are also important as primary producers (Dean and Connell, 1987). Therefore, maintaining the biomass and the diversity of sessile organisms are important. To predict the decrease of sessile organisms by topographic alterations and to find the measures for conservation of the sessile organisms, the detailed scale habitat suitability modeling using photogrammetry may greatly contribute.



Habitat Suitability of Sessile Organisms

By analysis using multiple terrain variables, the combination of terrain variables of the faces on which each species occurred was elucidated. This enable more accurate distribution patterns of sessile organisms than those obtained in conventional studies focusing on one or two terrain variables. For example, occurrences of barnacles and ascidians were previously detected to be more on vertical planes than on horizontal planes (Wendt et al., 1989; Connell, 1999). The present study revealed that the number of the ascidian Halocynthia roretzi and the barnacle Balanus trigonus were large at high and vertical planes, and small at low positions, even on vertical planes.

The most important terrain variable for habitat preference varied with species. These variables were height (height above the seafloor and TPI) or slope. These variables may indicate the physical environment, such as light intensity and the current velocity. At steep slopes and high positions above the seafloor, the numbers of the three species of sessile animals (H. roretzi, B. trigonus, and the tube-forming polychaete Paradexiospira nakamurai) were higher than at low positions. Simulations and experiments of the currents around artificial reefs have shown that the presence of topographic abrupt changes cause contractions of the current flow and upwellings (Su et al., 2007; Liu and Su, 2013). In the case study on the artificial reefs about 20 m wide and 10 m high, the wake vortex flow arises behind the artificial reefs due to the contraction. Due to upwelling and backflow vortex, high densities of plankton have been shown to locally form on the upper part of the artificial reefs (Yanagi and Nakajima, 1991). Even on small, natural bedrocks in the subtidal rocky shore, since the depth which rapid becomes shallow is similar to that of the case study, the upwellings may arise and increase the food supply at high positions above the seafloor.

Therefore, on vertical planes at high positions, a large amount of particles may pass through due to the exposure to the contractions and the backflow vortex, which results in the favorable environment for suspension feeders. Conversely, at low positions on horizontal and vertical planes, obtaining food may be difficult for suspension feeders due to stagnant currents. Suspended materials close to the seafloor may also hinder feeding and growth of sessile suspension feeders (Robbins, 1983).

Most of H. roretzi occurred on north, vertical and middle height (lower than 2 m height) faces (Figures 7, 8), therefore H. roretzi might prefer the place with low light intensity. In addition, the southwestern wave direction excelled in the study site. Therefore, the contraction frequently may occur on the north and vertical faces, and these faces might well be favorable environment for H. roretzi feeding. Most of H. roretzi, B. trigonus, and P. nakamurai occurred on high ruggedness convex and concave surfaces (Figures 7, 8), which may function as refuges from predators like starfishes, sea urchins, and gastropods. In convex areas, the flow velocity increases due to the generation of turbulence. The feeding pressure on kelps by sea urchins is known to decrease in high current velocities (Kawamata, 2010). In concave areas, predators like large starfishes, sea urchins, and fish are prevented from access (Menge and Lubchenco, 1981). These phenomena may decrease the feeding pressure on sessile animals by predators in convex and concave areas. The articulated coralline alga, Pachyarthron cretaceum is not a suspension-feeder unlike the sessile animals, and therefore may occur even at lower heights and ruggedness faces than other suspension-feeding animals. More P. cretaceum occurred at a height over 1.0 m above the seafloor on southeastern near-horizontal faces, which will be suitable for their photosynthesis due to higher light intensities. Sea urchins more favorably prey on sessile animals than articulated coralline algae which have a low nutritional value for sea urchins (Endo et al., 2007). The low feeding pressure on P. cretaceum by sea urchins may be one of the factors allowing them to grow at low heights and ruggedness faces where the current velocities are moderate and feeding by sea urchins was minimal.

In order to detail the precise factors regulating the distribution of sessile organisms, elucidating how terrain variables are specifically indicative of the physical and biological environments is needed. However, investigating the relationships between topographic conditions and physical environments is a frontier that has not been considered for rocky reef ecosystems, which could be carried by the development of numerical simulations and measurements of flow speed and light availability.

Although the distribution ranges were different among four sessile species, the occurrence conditions were similar and overlapped among three sessile animals H. roretzi, B. trigonus, and P. nakamurai. However, the number of occurrences at the peak of each species was much smaller than (less than 1/10) the number of background data. For example, the number of P. nakamurai occurrences peaked approximately 1,000 faces at 81–90 degrees, and the number of background data at 81–90 degrees was approximately 10,000 faces. Therefore, in the study site, there were surplus suitable habitat, suggesting that the sessile species were not under intense competition and they occurred in accordance with their habitat preferences.

In each terrain variable except TPI, the number and the density of occurrences showed similar patterns in all species. The peaks of the number of occurrences may indicate the suitable habitat conditions for each species. In TPI, for three sessile species except H. roretzi, the peaks of the density of occurrences were higher than those of the number of occurrences (Figure 7). Therefore, high TPI faces may be more suitable for the inhabitation of B. trigonus, P. nakamurai, and P. cretaceum than moderate TPI faces. High TPI faces may be under competition among those three species, and therefore, the number of occurrences may be higher on moderate TPI faces than on high TPI faces.

The species compositions of sessile organisms were different among the five sections of the bedrocks surface. The occurrences of H. roretzi, B. trgionus, and P. nakamurai became more concentrated in specific section of the bedrock surface. The communities of sessile organisms in the intertidal zone are known to be affected by the priority effect: when the substrate became vacant, the species of which a lot of larvae exist can settle on and dominate the substrates (Connell, 1961). The same effect may have caused biases of the species occurrences among sections. In addition, some species of barnacles have been reported to attach close to the adult individuals of the same species (Knight-Jones and Stevenson, 1950; Crisp and Meadows, 1962), which may result in the bias of the occurrences among sections.

In addition, the parameters not obtained in the photogrammetry method, such as the distance from the shore, distribution of the surrounding sediments or the terrain variables calculated on meter scales can possibility affect the species occurrences. For example, the distribution of P. nakamurai may be affected by aspects on a wider scales. The surveyed sections “A02,” “A03,” and “A05” were located on the east side of rocky shore of the study site, and therefore were composed of mainly east faces at the sufficiently larger scale than 0.1 m. P. nakamurai only occurred on these sections. Although the reason for this occurrence pattern is unknown, this may be related to the fact that east side of the rocky shore in the study site was susceptible to the effects of southwestern wave direction. Relationships between the surrounding sediment of each section and the species occurrence were not detected (Table 2). Although we focused only on centimeter-scale terrain variables in this study, coarse and broad scale topographic surveying by echo sounder is also necessary in order to investigate these wider scale environmental conditions. By combining narrow but detailed methods by photogrammetry and coarse but wide methods, we will get better ecological understandings about habitat suitability of various sessile organisms.



CONCLUSION

In the present study, 3D seafloor topographic models with 0.05 m resolution were constructed using photogrammetry on subtidal rocky shore, and the relationships between distributions of sessile organisms and multiple terrain variables calculated from the 3D models were successfully investigated.

Distributions of each species were found to be affected by multiple terrain variables, such as height, TPI, aspect, slope, and ruggedness. High height above the seafloor was important for the distributions of three species of sessile animals, and gentle slope was important for that of an articulated coralline alga, P. cretaceum. The light intensity and flow conditions controlled by these terrain variables might affect the distribution of each species.

As measuring the multiple terrain variables was difficult with conventional direct measurement methods, the effects of topography on the distribution of sessile organisms have not received much attention in spite of their underlying importance. In the present study, we developed a new method to investigate the relationships between the distribution of sessile organisms and multiple terrain variables, which can provide more accurate information of habitat suitable conditions for each species than the previous studies conducted on subtidal rocky shores.
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The ability to quantify changes in the structural complexity of reefs and individual coral colonies that build them is vital to understanding, managing, and restoring the function of these ecosystems. However, traditional methods for quantifying coral growth in situ fail to accurately quantify the diversity of morphologies observed both among and within species that contribute to topographical complexity. Three-dimensional (3D) photogrammetry has emerged as a powerful tool for the quantification of reefscape complexity but has yet to be broadly adopted for quantifying the growth and morphology of individual coral colonies. Here we debut a high-throughput method for colony-level 3D photogrammetry and apply this technique to explore the relationship between linear extension and other growth metrics in Acropora cervicornis. We fate-tracked 156 individual coral transplants to test whether initial growth can be used to predict subsequent patterns of growth. We generated photographic series of fragments in a restoration nursery immediately before transplanting to natural reef sites and re-photographed coral at 6 months and 1 year post-transplantation. Photosets were used to build 3D models with Agisoft Metashape, which was automated to run on a high-performance computing system using a custom script to serially process models without the need for additional user input. Coral models were phenotyped in MeshLab to obtain measures of total linear extension (TLE), surface area, volume, and volume of interstitial space (i.e., the space between branches). 3D-model based measures of TLE were highly similar to by-hand measurements made in the field (r = 0.98), demonstrating that this method is compatible with established techniques without additional in water effort. However, we identified an allometric relationship between the change in TLE and the volume of interstitial space, indicating that growth in higher order traits is not necessarily a linear function of growth in branch length. Additionally, relationships among growth measures weakened when comparisons were made across time points, implying that the use of early growth to predict future performance is limited. Taken together, results show that 3D photogrammetry is an information rich method for quantifying colony-level growth and its application can help address contemporary questions in coral biology.
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INTRODUCTION

The three-dimensional structural complexity of coral is central to the ecological function of reefs (Alvarez-Filip et al., 2009; Zawada et al., 2010). Structurally intricate reefs sustain high biological diversity (Risk, 1972; Graham and Nash, 2013), increase productivity (Szmant, 1997), and reduce hydrodynamic energy (Lugo-Fernández et al., 1998; Monismith, 2007). Colony morphology also influences small scale water flow that controls the size of the diffusion boundary layer, influencing heat and mass transfer (Stocking et al., 2018) and pH of the tissue surface (Chan et al., 2016). These physicochemical processes support key aspects of a coral’s biology, including nutrient uptake, and mitigation of acidification and thermal stress (Dennison and Barnes, 1988; Lesser et al., 1994; Jimenez et al., 2011). Consequently, the ability to quantify changes in the structural complexity of reefs and the individual coral colonies that build them is vital to understanding, managing, and restoring the function of these ecosystems.

Traditional methods for measuring coral growth have provided foundational knowledge of extremely fast growth rates in Acropora cervicornis compared to other species (Lirman et al., 2014), trade-offs between growth and thermal susceptibility (Jones and Berkelmans, 2010; Cunning et al., 2015) and the capacity for morphological plasticity (Bruno and Edmunds, 1997; Todd, 2008; Drury et al., 2017). However, the type and quality of information that can be obtained from each individual metric is limited. Moreover, many require handling, or even destructive sampling, hindering the potential to investigate temporal changes in growth using repeated measures. Non-invasive methods for measuring growth in situ include total linear extension (TLE, Johnson et al., 2011) and estimated ellipsoidal volumes (Kiel et al., 2012). TLE relies on linear measures of branch lengths, typically taken by hand with calipers or a ruler, to quantify skeletal size (Johnson et al., 2011). However, this measure is only applicable to branching species, and can be arduous to complete in situ as colonies increase in size (Lirman et al., 2014). Alternatively, colony size can be calculated from the volume of an ellipsoid with the same length, width, and height as a coral colony (Kiel et al., 2012). However, this method is likely unable to resolve changes in the pattern of growth that do not increase the maximum dimensions of a colony. Invasive techniques to measure coral growth include direct measures of surface area (SA) via wax dipping (Stimson and Kinzie, 1991; Veal et al., 2010), volume (V) via water displacement (Jokiel et al., 1978; Herler and Dirnwöber, 2011), and mass via buoyant weighing (Davies, 1989). However, each of these methods requires handling and, for wax dipping, sacrificing the coral completely. Measuring growth in one dimension also ignores structural differences. For example, two colonies may have the same linear extension or ellipsoidal volume but encompass vastly different morphological forms (Pratchett et al., 2015). Therefore, multiple independent methods would be required to gain a comprehensive understanding of colony growth and morphology.

Three-dimensional (3D) photogrammetry, i.e., obtaining measurements from digital, scaled 3D representations of objects, has become a powerful tool for quantifying structural components of coral reefs (Burns et al., 2015; D’Urban Jackson et al., 2020; Hernández-Landa et al., 2020). There has been growing application of this technology to quantify reefscape complexity (McKinnon et al., 2011; Burns et al., 2015; Leon et al., 2015), but 3D photogrammetry has yet to be broadly adopted for quantifying growth and morphology of individual coral colonies, despite several studies validating its application (Figueira et al., 2015; Lavy et al., 2015; Agudo-Adriani et al., 2016; Ferrari et al., 2017; House et al., 2018; Doszpot et al., 2019; Lange and Perry, 2020). One reason for this may be that although model building algorithms and the user-friendliness of applications continue to improve, methodological nuances can result in differences in the required processing time, quality of models produced, and traits measured (Lange and Perry, 2020 compared to Lavy et al., 2015). Similar to open source software that allows for community contribution that drives innovation (Hippel and Krogh, 2003), increasing accessibility and reproducibility of 3D photogrammetry methods can help facilitate broader adoption and advancement of this technique. The information richness of a single 3D model is a major methodological advantage, expanding the range of biological questions that can be investigated. For example, in addition to quantifying coral growth via TLE, SA, or V, quantifying the volume of interstitial space (Vinter) can give insights into the ecological function of coral growth by providing an estimate of the amount of resulting habitat space that is created (Coker et al., 2014; Agudo-Adriani et al., 2016). 3D models can also provide digital structures to enable more accurate mapping of the hydrodynamics of flow around colonies (Stocking et al., 2018). Finally, the permanent record of 3D models allows for researchers to revisit historical datasets to verify previous measures or test new hypotheses. This unprecedented access to multiple traits once hard to measure comes without the need to touch or manipulate the coral itself, making it especially useful for conducting repeated measures over time.

The ability to non-invasively quantify changes in key performance traits also has important practical applications, particularly in the context of reef restoration. The structural complexity of Caribbean coral reefs has been altered by dramatic losses of branching acroporids (Miller et al., 2002; Alvarez-Filip et al., 2009). As a result, A. cervicornis and A. palmata have been the focus of broad-scale restoration efforts in Florida and the broader Caribbean. Significant effort has been invested in the development of in-water and ex situ nurseries in order to generate biological material to outplant to degraded reef sites (Rinkevich, 1995; Young et al., 2012; Lohr et al., 2015). However, the ultimate success of these efforts has been hampered by the inability to predict the performance of coral outplants, given that both genetic and environmental variables can influence survival and growth (Drury et al., 2017; O’Donnell et al., 2017). The ability to use early, non-invasive indicators to quantify outplant success would be beneficial in restoration settings that aim to optimize efforts to repopulate Caribbean reefs (Edmunds and Putnam, 2020; Parkinson et al., 2020).

Reliable predictors of coral performance that can be evaluated before or soon after outplanting can guide restoration programs to strategically enhance efforts. However, prior work suggests that the predictive power of traditional growth metrics may be limited. Early growth rate in TLE for Acropora cervicornis was found to be a poor predictor of future growth rate for nursery-grown (O’Donnell et al., 2018) and wild corals (Edmunds, 2017). Similarly, early growth rates for two massive coral species as measured in nurseries explained only a portion of future performance, and the predictive power of these metrics varied over sampling points and traits (Edmunds and Putnam, 2020). The utility of higher order traits, such as SA, V, and Vinter, for predicting subsequent growth remains unknown because handling or destructive sampling of outplants is not possible in a restoration context.

Here we apply high-throughput colony-level 3D photogrammetry to fill this knowledge gap. First, we develop an open-access protocol for conducting colony-level 3D photogrammetry that provides guidance for in situ image collection, makes high-throughput model building more readily accessible, and creates a repeatable, standardized method for coral phenotyping from 3D models. We then employ this method to address questions regarding the predictive power of higher order morphological traits in A. cervicornis by quantifying the growth of outplants at different intervals throughout 1 year. We test to what degree total linear extension (TLE), a commonly used non-invasive metric of growth in A. cervicornis (Johnson et al., 2011), can be used to estimate growth in higher order traits, such as surface area (SA), volume (V), and the volume of the interstitial space (Vinter), in addition to testing for predictive correlations among these traits.



MATERIALS AND METHODS


Study Design

In April 2018, three ramets of each of ten genotypes of A. cervicornis from Mote Marine Laboratory’s in situ nursery were transplanted in triplicate to nine offshore reef sites throughout the Lower Florida Keys under FKNMS permits 2015-163-A1 and 2018-035 (n = 27 initial ramets/genotype). Triplicate ramets were attached to the reef substrate, with one ramet per genotype assigned to each of 3 randomized arrays within each site. Coral morphology was quantified with 3D photogrammetry at 3 time points: in the in situ nursery prior to transplantation (April 2018), and 6 months (October 2018) and 12 months (April 2019) post-transplantation. Of the 270 outplanted coral fragments, 72 died or were lost from the transplant after 12 months. An additional 43 coral fragments, including 40 nursery fragments, 2 fragments at 6 months, and 1 fragment at 12 months were removed from the dataset due to insufficient photographic coverage causing incomplete models, resulting in a final dataset of 156 fragments measured for all traits at all-time points. Additionally in April 2018 and October 2018, TLE was measured by-hand with a flexible ruler following the protocol of Lirman et al. (2014) and these measurements were used to compare with TLE obtained through 3D photogrammetry in order to assess the potential for backward compatibility.



Image Capture

Photographs of outplanted corals were taken by SCUBA divers following the protocol available at dx.doi.org/10.17504/protocols.io.bgdcjs2w. Briefly, photographs were taken from multiple angles using the Olympus Tough TG-4/TG-5 (Olympus America Inc.), maintaining roughly 80% overlap until the entire coral colony was captured with 2D images. The Olympus Tough TG-4/TG-5 was chosen for its low price point, its built-in underwater capabilities which avoids the need for auxiliary underwater housings, and its small size which allowed divers to operate the camera with one hand in high wave-action environments. Cameras were set to “underwater” or “auto” mode with flash turned off, and photos were taken by either manually pressing the shutter or set to capture images automatically at 1 s intervals, depending on photographer preference. In April 2018, coral ramets were photographed in the nursery prior to transplantation in groups of 10 (Supplementary Figure 1) requiring 120–383 photos per group. Post-transplantation, in October 2018 and April 2019, a custom-built scaling object incorporating Agisoft Metashape markers was included around each coral to provide a fixed reference for model generation. The number of photos taken for each colony ranged from 7 to 293, with the number of photographs depending on size of the colony and water quality conditions at a given location.



Image Pre-processing and Model Building

Photos were downloaded and sorted into separate photo sets for each group of 10 nursery corals (April 2018) or individual outplanted colony (October 2018, April 2019). Photographs where the coral was out of focus or out of frame were manually removed. Photographs shot in “auto” mode were color corrected in Lightroom (Adobe® Lightroom® software) to remove green tint and enhance contrast of the coral when needed, for example, when model building was hindered by bright white branch tips.

Three-dimensional models were generated from photo sets using Agisoft Metashape (Agisoft LLC, St. Petersburg, Russia). Metashape is processing intensive so in order to rapidly build 3D models with limited user input, we completed all model building on a Dell PowerEdge R910 with an Intel® Xeon® Processor E7-4850 with Metashape manually limited to 20–40 CPUs and 250 GB of RAM. Due to limited licensing capabilities of Metashape, a custom Python script was used to serially process models and Metashape settings were adjusted when needed for individual models. Models were exported as Wavefront (.OBJ) files which are capable of maintaining color pulled from 2D photos. Models with portions of colonies missing were rebuilt with a modified script that expands the size of the bounding box during the “Align Photos” step to include all calculated tie points. All bioinformatic scripts used to run Metashape on the command line can be found at https://github.com/wyattmillion/Coral3DPhotogram. We assessed the performance of 200 automated Agisoft Metashape runs through the number of tie points found from each photoset (overlapping points found in two or more photos) and the number of faces making up each mesh.



3D Phenotyping

Models generated in Metashape were imported into the free 3D model editing software, Meshlab v2016.12 (Cignoni et al., 2008) to obtain measurements of TLE, SA, V, and Vinter following protocols outlined at dx.doi.org/10.17504/protocols.io.bgbpjsmn. Briefly, models were scaled using Agisoft Metashape markers and scaling accuracy was verified by remeasuring markers. Models were manually trimmed using the Select vertices and Remove current set of selected vertices tools leaving only living coral in the models. Small holes in the areas of coral tissue were filled prior to phenotyping models using the Close Holes filter. To calculate TLE, the lengths of all branches were manually measured and summed using the Measuring Tool. Surface area was automatically quantified using MeshLab’s Compute Geometric Measure filter. The bottom of coral models were then closed using the Close Holes filter in order to make the mesh “watertight” for the Compute Geometric Measure filter to measure the volume of the coral. The volume of a colony was subtracted from the volume of a convex hull, i.e., a mesh overlaid over the most extreme branch tips (Supplementary Figure 2), in order to quantify Vinter. Traits such as “proportion occupied” (Doszpot et al., 2019) and “convexity” (Zawada et al., 2019) utilize a convex hull but instead derive morphometric features standardized to coral volume or surface area. Here we used Vinter to measure the absolute volume of empty space between coral branches.

Five colonies suffered severe breakage and only a small portion of living tissue remained after 12 months (Supplementary Figure 3). 3D models were not built for these colonies and instead, SA was measured in ImageJ (Rasband, 1997–2014) following (Kenkel et al., 2015) and V and Vinter were recorded as 0 because the colony tissue represented a 2D area with no living 3D structure beyond the height of a single polyp (Supplementary Figure 3). TLE was recorded as 1 mm as this was the average height of the coral polyps on the colonies at the 6-month time point.



Statistical Analysis

All statistical analysis was completed in R 3.6.3 (R Core Team, 2020). One coral was randomly chosen to assess precision of the 3D photogrammetry method. To do this, we determined the coefficient of variation (CV) for each focal trait measure (TLE, SA, V, and Vinter) across 6 replicate models built from a reduced photoset where a random 10% of the photographs were removed, similar to Ferrari et al. (2017) and Lange and Perry (2020). The corals used in this study are part of restoration efforts and as such could not be removed from the substrate to measure volume or surface through traditional methods. Instead, TLE measured by-hand in situ was used to ground-truth measurements of TLE obtained from 3D models.

Pearson correlations were used to assess the relationship between by-hand and 3D model based measurements of TLE collected at two time points (initial, and 6 months, n = 311) and to assess whether the difference in methods is a function of coral size. To assess the strength of predictive relationships among trait measurements within and across time-points, Kendall’s tau correlations were used to relate the change in trait values between 0–6 months and 6–12 months (n = 156). Kendall’s tau was used for its ability to handle non-normally distributed data and heteroscedastic residuals, as well as outliers, which here represent true biological variation, and non-linearity (Newson, 2002). Additive polynomial regressions were used to maximize the fit of non-linear relationships observed for TLE and Vinter, while adding the fewest polynomial terms.

A. cervicornis naturally reproduces through fragmentation (Tunnicliffe, 1981; Drury et al., 2019). To assess whether natural fragmentation events influenced the predictive relationship among traits, we recorded the number of breakage events experienced by each coral by comparing photographic records across time points. Breakage was coded as a binary with coral experiencing one or more breakage events considered “Broken” and corals experiencing no breakage considered “Unbroken.”



RESULTS


Modeling Performance and Precision

3D models of individual colonies (6- and 12-month time points) were built from an average of 91 photos, while as few as 7 photos (for the smallest colonies) and as many as 293 photos (for the largest colonies) were used in successful runs. The number of photos used as input into the model building step was loosely related to the size of the colony following a linear pattern (Supplementary Figure 4). We used a subset of 200 models to evaluate our model building pipeline which took about 1.5 h on average to build models of colonies ranging from 0.1 to 74 cm TLE and with 1 to 21 branches. The number of tie points for the 200 model runs ranged from 920 to 151,132, and the number of faces ranged from 137,873 to 5,337,592.

Replicate models of a single coral colony at the 12-month time point were measured to assess the precision of model building and phenotyping steps. This coral represented a relatively large and complex colony, with 21 branches total (TLE = 74 cm, SA = 261 cm2, V = 85 cm3, Vinter = 434 cm3). Replicate 3D models had similar resolution with an average of 2,125,932 faces per model (CV = 1.5%). The replicate models produced very similar trait measurements, once individually scaled, with a CV of 1.3% for TLE, 3.7% for SA, 5.7% for V, and 4.9% for Vinter.



Photogrammetry vs. Traditional Methods

A strong correlation was observed between TLE measures made by-hand in situ and those obtained from the 3D models (r = 0.98, n = 311, Figure 1A). The average absolute difference between the two methods for a single colony was 12.8 mm (Figure 1A). Additionally, there was a significant but weak positive correlation between the absolute size of a focal colony and accuracy, as quantified by the difference in the value of TLE, based on how the measurement was made (r = 0.29, p < 0.001, Figure 1B). A greater agreement between by-hand and 3D model based measurements (i.e., a lower difference value) indicates higher accuracy, suggesting that discrepancies between the two methods increase as colonies increase in size.
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FIGURE 1. The relationship between (A) TLE measured by-hand in the field and from 3D models and (B) the absolute difference between by-hand and 3D based measures and the size of the focal coral colony (n = 311).




TLE as a Proxy for Higher Order Traits

TLE was highly correlated with growth in higher order traits when compared within the same time point (Figure 2 and Supplementary Figure 5). The change in TLE over the first 6 months of outplanting was very strongly correlated with growth of SA, V, and Vinter over the same time window (τ = 0.76–0.85). The strength of correlations was slightly reduced in the second 6-month window, but TLE was still strongly correlated with other three-dimensional traits (τ = 0.64–0.8).
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FIGURE 2. Correlation matrix showing the relationships among growth in traits over time. Values indicate Kendall’s tau correlation coefficient. All relationships were significant (p < 0.05). Color indicates the magnitude and direction of the correlation.


Regression plots of individual trait correlations suggest that non-linear dynamics likely influenced trait relationships (Supplementary Figure 5). For example, a second order polynomial better explained the relationship between growth in TLE and growth in Vinter during the first 6 months (r = 0.922, p = 2.2e-16) and during the second 6 months (r = 0.864, p = 2.2e-16; Figure 3), with Vinter increasing at a faster rate than TLE.
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FIGURE 3. Growth in TLE compared to growth in Vinter over the first 6 months (A) and over the second 6 months (B). The solid blue line shows the second order polynomial fit to each relationship. Shaded areas around each line represent the 95% confidence intervals (n = 156).




Relationships Among Growth Traits Over Time

Relationships among growth measurements weakened markedly when comparisons were made across time points (Figure 2). Trait growth in the first 6 months post-outplant was weakly correlated with growth of the focal trait over the second 6 months (τ = 0.35–0.45, Figure 2). The use of non-linear regressions explained an additional 2.5% of the variation in subsequent TLE growth and an additional 1.7% of the variation in subsequent Vinter growth. The relationships between future and subsequent growth in SA and V were not significantly improved by non-linear models (Supplementary Figure 6).

Random coral breakage influences the predictive power of initial growth measurements, but relationships remain weaker than for the within time-point correlations even when broken corals are excluded from models (Figure 4). For example, the correlation between initial and subsequent Vinter growth improved when broken coral were excluded (Broken included: τ = 0.45, p = 5.05e-17; Figure 2; Broken excluded: τ = 0.63, p = 3e-9, Figure 4D). Similar effects of breakage diminish the power of initial growth to predict future growth in other traits as Kendall’s tau coefficients also increased for correlations between initial and subsequent growth in TLE and SA (τ = 0.57 and τ = 0.49, respectively) when broken corals were excluded (Figures 4A,B). No significant relationships between initial and subsequent growth were observed for corals that experienced breakage (Figure 4).
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FIGURE 4. Growth over the first 6 months compared to growth over the second 6 months for TLE (A), SA (B), V (C), and Vinter (D) colored by whether coral experienced breakage (open circles, dashed red line) or not (open triangles, solid blue line). Kendall’s tau coefficients and p-values are included for correlations. Shaded areas around each line represent the 95% confidence intervals (n = 156).


The change in TLE over the first 6 months of outplanting was generally a poor predictor of future growth. The strongest predictive relationships for an initial measure of growth were observed for V, which had the strongest correlations with subsequent growth in all traits regardless of breakage events (τ = 0.37–0.48, Figure 2), and when broken corals were excluded (τ = 0.37–0.49, Supplementary Figure 7). Interestingly, initial growth in all traits displayed stronger relationships with subsequent growth in Vinter, as evidenced by stronger correlation coefficients in the 6–12 month Vinter column, than for other initial to subsequent growth comparisons (TLE, SA, V, Figure 2).



DISCUSSION

The complex structure of a coral reef is vital to its function (Alvarez-Filip et al., 2009; Zawada et al., 2010). Consequently, declines in populations of reef building corals dramatically change the topography of these biologically diverse ecosystems (Denis et al., 2017). Acropora cervicornis was once a prolific reef builder in the Caribbean and its decline has sparked massive restoration efforts in areas like the Florida Keys (Young et al., 2012). To quantify restoration outcomes, practitioners often desire to track colony growth as a performance metric (Young et al., 2012; Ware et al., 2020) because coral size correlates with fitness-related traits like survival and fecundity (Babcock, 1991; Hughes et al., 1992; Álvarez-Noriega et al., 2016). However, given the scale of outplanting efforts, invasive methods to track coral growth are inefficient and counter to the goals of restoration when destructive sampling is necessary (Johnson et al., 2011). Similarly, while non-invasive measurements, such as TLE, are informative (Johnson et al., 2011), they can be painstaking and slow if done by-hand (Lirman et al., 2014). Here we show that 3D photogrammetry can generate accurate measurements of linear growth while simultaneously providing information on higher order traits reflective of an individual coral’s condition, like surface area, and volume, as well as its function, such as the volume of interstitial space produced by its branching morphology. We find that linear extension is a strong correlate of growth in higher order traits within a monitoring period. However, predictive relationships across time-points are poor. Moreover, breakage and non-linear relationships among traits present obstacles to predicting future growth in coral colonies. Variation in morphological growth brought on by environmental variation may further complicate projections made from initial growth rates.


Relationships Between TLE and Higher Order Traits

Growth in TLE was a reliable estimator for growth in SA, V, and Vinter within a particular monitoring window. Relationships were the strongest within the first 6 months post-outplant suggesting that TLE could be used to approximate higher order traits in smaller, less complex colonies. However, this relationship weakened on average during the second 6-month monitoring window. This decrease in the strength of relationships among traits over time could be due to allometric variation in the growth rates of traits relative to overall colony size.

Allometry broadly describes the scaling of two biological traits (West et al., 1997) but often implies differences in growth rate between these traits. For example, horn length in male rhinoceros beetles showed a positive allometric relationship to prothorax size, meaning that increases in body size resulted in disproportionately large increases in horn size (McCullough et al., 2015). Allometric scaling has also been used to describe size-dependent growth rates in plants that show negative allometry—growth rate decreases as overall biomass increases (Wesselingh et al., 1997; Félix-Burruel et al., 2019). Additionally, allometric relationships can change due to environmental effects, resulting in inconsistent scaling between traits within a species. This phenomenon has been reported in height-stem diameter relationships across environmental gradients for some tree species (Lines et al., 2012). Finally, intraspecific variation in allometric scaling between traits can result in further phenotypic variation, for example, scaling between horn and body size can vary among competing males of a single rhinoceros species (McCullough et al., 2015).

We uncover an exponential relationship between TLE and Vinter where marginal increases in TLE result in larger increases in Vinter as corals grow, indicating positive allometry. Similar positive allometry was observed in multiple coral morphotypes for shelter volume-colony diameter and planar area relationships (Urbina-Barreto et al., 2020), and between colony surface complexity and colony volume (Zawada et al., 2019). The allometric relationship observed here between TLE and Vinter means that small colonies create interstitial space at a slower rate than larger colonies. This may slow restoration of the ecological function of A. cervicornis reefs if colonies are not able to reach large sizes due to natural breakage (Tunnicliffe, 1981; Madin et al., 2014) in addition to intrinsic negative scaling that can limit the overall size of an otherwise healthy coral (Dornelas et al., 2017). Negative allometric relationships can also impact morphological growth. Allometry in colony geometry and volume (Zawada et al., 2019) indicate that growth in higher order traits has the potential to plateau or regress as coral size increases. Changes in colony shape and geometry would result in shifts of ecological functionality over colony size ranges. The complex growth dynamics influenced by positive and negative allometry underscore the need to track various forms of morphological growth to understand the ecological consequences (Lesser et al., 1994; Agudo-Adriani et al., 2016; Chan et al., 2016), a need which can be met by 3D photogrammetry.

The remaining correlations between TLE and SA or V in A. cervicornis were explained by linear functions; however, the strength of these relationships decreased over the second 6 months. Explanations for this pattern likely include both environmental or genetic variation in allometric relationships. For example, location-specific variation in the relationship between ellipsoid volume and TLE has been reported in A. cervicornis (Huntington and Miller, 2014). Moreover, while intraspecific allometric variation was not found for negative size-dependent growth (Dornelas et al., 2017), an extensive body of work has identified genotypic variation in A. cervicornis morphology (Bowden-Kerby, 2008; Kuffner et al., 2017; Lohr and Patterson, 2017; Drury et al., 2019) supporting the potential for intraspecific variation in allometric scaling relationships among traits. Here, colonies representing multiple genotypes were outplanted to multiple reef sites likely to vary in environmental conditions; however, our current dataset lacks the temporal resolution with which to identify patterns of site-specific and intraspecific variation in allometry between TLE and higher order traits. Tracking individuals with high temporal resolution would help capture site-specific and genotypic growth curves spanning multiple size classes. Allometric variation among colonies can also result in varying trait growth relationships within or between reef sites, which could play a role in the weakened among-trait correlations seen in this study. Ultimately, quantifying the potential for allometric variation among individuals is important for understanding the ecology and evolution of populations and species, especially when that variation arises in fitness-related traits, such as growth in coral (Babcock, 1991; Hughes et al., 1992; Álvarez-Noriega et al., 2016).



Predictive Power of Initial Growth

Coral restoration can benefit from reliable predictors of key performance traits that can be used to guide propagation and outplanting of corals with desired traits (van Oppen et al., 2015). We tested the predictive power of initial growth by relating it to growth in subsequent time intervals. Initial growth was weakly correlated with subsequent growth in each morphological trait (τ = 0.35–0.45). This is significantly higher than the predictive power of growth rates measured in an in situ field nursery for growth post-outplant in A. cervicornis (O’Donnell et al., 2018). This suggests that post-outplant growth, rather than nursery growth, can more reliably project the performance of A. cervicornis transplants. However, the moderate correlations seen here, which are similar to the correlations between initial and subsequent growth previously reported for massive species (Edmunds and Putnam, 2020), imply that colony growth is determined by more than just intrinsic growth rate.

One random factor exerting a negative effect on growth in A. cervicornis is fragmentation, or breakage. Breakage is a natural ecological process that can lead to asexual propagation (Tunnicliffe, 1981; Drury et al., 2019), partial mortality, or death (Madin et al., 2014). Breakage was frequent in this study, with 54% of colonies experiencing at least one breakage event over the 1 year monitoring window. The effects of breakage on the predictive power of initial growth in TLE, SA, and Vinter were evident as correlations with subsequent growth improved once broken colonies were removed from models. Interestingly, the exclusion of broken coral resulted in no increase in the predictive power of initial growth in V, suggesting that measures of growth in V may be robust to breakage. Initial growth in V was also the best predictor of subsequent growth in TLE, SA, and Vinter when broken corals were included which may indicate a consistent relationship between the growth in V and growth in other traits. This is similar to the findings of Zawada et al. (2019) who showed that for a variety of coral morphotypes including branching species, colony volume scaled consistently with many higher order traits as colony size increased (i.e., limited allometric scaling).

Seasonality may also play a role in modulating growth rates over time as unexplained variation in subsequent trait growth remained even after accounting for breakage. Morphological traits that respond to environmental changes can result in differences in growth patterns over time that further reduce the predictive power of initial growth. Our study spanned four seasons in the Florida Keys with the first 6 months occurring during roughly Summer and Fall while the second 6 months occurred during Winter and Spring. Seasonal variation in environmental conditions like wave energy, which is dictated by wind speed in the Florida Keys (Ahn et al., 2020), can result in fluctuating selection on different aspects of colony growth. For example, high wave energy increased the number of smaller branches produced in A. cervicornis colonies (Bottjer, 1980), hypothetically increasing TLE, SA, and V but decreasing Vinter if new branches did not extend beyond the initial branch length. Similarly, trade-offs between linear growth and skeletal density were evident in A. cervicornis grown using two grow-out methods (blocks vs. suspended trees) thought to modulate the amount of force exerted on colonies by water movement (Kuffner et al., 2017). Environmental conditions can therefore cause differences in how colonies grow and if environmental conditions are not constant over time, growth in one time period will not be indicative of growth in another. Moreover, Edmunds and Putnam (2020) also noted that the predictive power of initial growth varied by season, further confirming that projections of future growth are complicated by temporal changes in environmental conditions.



Advantages of 3D Photogrammetry

It has been nearly 20 years since 3D models built from photographs were first used in the study of coral (Bythell et al., 2001) and in that time, technological improvements have made 3D photogrammetry a reliable method for exploring complex features of coral and coral reefs. We show that small-scale colony-level 3D photogrammetry yields measures of TLE that have a near-perfect correlation with measures of TLE made by-hand and this backward compatibility allows for seamless transitions between methods. 3D photogrammetry could be adopted at any time during the course of a study without the need to apply a correction factor. Alternatively, high correlations between by-hand and 3D measures ensure that those unable to adopt 3D techniques, such as small non-profit organizations, can continue to use traditional methods while still being able to compare results with novel techniques. Measures of SA and V from 3D models could not be directly compared to traditional measures due to the nature of this experiment; however, previous efforts have confirmed the accuracy of 3D photogrammetry (Figueira et al., 2015; House et al., 2018). In addition to facilitating meta-analysis through backward compatibility, 3D photogrammetry also offers several advantages over traditional measurements in terms of its accuracy and information rich digital record, and the ability to obtain multiple trait measurements using a single method.

While the difference between 3D photogrammetry and traditional methods does increase as the coral increases in size, this is likely due to error in by-hand measurements rather than error in the models. Repeated, independent measurements of 3D models showed high precision, even for the larger, more complex colonies. Moreover, we were able to identify errors that would have otherwise gone undetected in the by-hand dataset through re-reviewing the extensive photographic record. For example, two nearby colonies were wrongly identified due to missing identification tags, but we were able to correctly re-identify these individuals using photographs from previous time points. Additionally, although one colony was identified as an outlier for growth in Vinter over the second 6 months, the photographic record allowed us to verify that this was the result of true biological variation rather than sampling error (Supplementary Figure 8). 3D photogrammetry also allowed us to measure individual colonies even after a dislodged colony became intertwined with the focal colony (Supplementary Figure 9), which would have been impossible to accurately measure by-hand. Despite the advantages of 3D photogrammetry, its application in large scale projects remains hampered by hurdles in downstream image and model processing procedures.

Beyond in situ image acquisition, 3D photogrammetry requires additional computational effort which can limit the overall adoption of this technology. Model building software, such as Agisoft Metashape, require large amounts of processing power and time. While the graphical user interface of these programs can be straightforward, in the absence of a dedicated computer 3D model building can be difficult to upscale. Agisoft Metashape also has a command line-based interface that can be run remotely on high-power computing (HPC) systems making model building high-throughput for those with coding knowledge and access to such machines. We sought to lower the accessibility barrier to high-throughput 3D photogrammetry by providing directions and scripts for using Agisoft Metashape on remote HPC systems. This experiment relied on a personally managed remote system but increasing availability of pay-as-you-go cloud computing services are viable alternatives for researchers wanting to increase processing power for 3D model building without the need to purchase and maintain a dedicated computing system.



Broader Applications

The advent of 3D photogrammetry has facilitated investigation of new traits without the need for additional effort in the field or destructive sampling. Traits such as “compactness,” “top-heaviness” (Zawada et al., 2019), and “proportion occupied” (Doszpot et al., 2019) quantify complex, ecologically relevant aspects of colony morphology that can easily be accessed using digital 3D models. For example, Vinter quantifies the absolute amount of space created between the branches of a coral, similar to shelter volume (Urbina-Barreto et al., 2020). Interstitial space provides important habitat for reef fishes (Wilson et al., 2008; Noonan et al., 2012; Urbina-Barreto et al., 2020) helping to maintain populations (Wilson et al., 2008; Graham, 2014). The volume of interstitial space also influences the physical environment of a colony, as it can result in pockets of reduced flow (Reidenbach et al., 2006). This affects tissue boundary-layer conditions for heat transfer and pH buffering, which influence bleaching and calcification rate (Chan et al., 2016; Stocking et al., 2018). Because Vinter exponentially increases with TLE, the ecological functions associated with Vinter are also amplified by marginal increases in linear extension. Additionally, large scale experiments addressing local adaption, phenotypic plasticity, and trade-offs in these newly accessible traits are now feasible with high-throughput 3D photogrammetry. Studies requiring large sample sizes, such as those exploring genotype and environment relationships in A. cervicornis and A. palmata, could be implemented immediately and would produce valuable information for restoration programs.

Here, we show that 3D photogrammetry can be applied efficiently to large sample sizes, but we acknowledge that the colonies used in this study were small relative to the maximum size A. cervicornis colonies can reach. However, the success in modeling complex structures like those seen in Supplementary Figure 9 highlight the potential of 3D photogrammetry to capture increasingly complex morphologies by simply taking more photographs in situ (Supplementary Figure 4). Furthermore, the use of 3D photogrammetry in studies of densely branched species (Doszpot et al., 2019) provide further confidence this technology can maintain accuracy while improving trait accessibility for research and restoration.

Colony-level 3D photogrammetry could also serve restoration practitioners who seek more detailed information on outplant performance. For example, the tracking of individuals can identify reef sites or genotypes that cultivate large interstitial space crucial for fish habitat (Wilson et al., 2008; Noonan et al., 2012; Urbina-Barreto et al., 2020) ultimately helping to strategize restoration efforts. While reef-scape 3D photogrammetry (McKinnon et al., 2011; Burns et al., 2015; Leon et al., 2015) may prove more effective for tracking restoration outcomes in terms of percent cover and ecosystem complexity, colony-level methods could be used to ground-truth the lower resolution photogrammetry that practitioners employ over hundreds of square meters to determine if accurate measures of colony-level phenotype can be obtained from this coarser method. While 3D photogrammetry (at both large and fine-scales) has yet to become a common tool in restoration, its potential for data collection, its methodological simplicity in the field, and recently improved accessibility of post-processing methods have set the stage for its utility. Taken together, colony-level 3D photogrammetry is a powerful tool for investigating organismal processes such as phenotypic plasticity and ecosystem-level patterns that could prove vital for restoration efforts.
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The choice of ecological monitoring methods and descriptors determines the effectiveness of a program designed to assess the state of coral reef ecosystems. Here, we comparer the relative performance of the traditional Line Intercept Transect (LIT) method with three methods derived from underwater photogrammetry: LIT on orthomosaics, photoquadrats from orthomosaics, and surface analyses on orthomosaics. The data were acquired at Reunion Island on five outer reef slopes and two coral communities on underwater lava-flows. Coral cover was estimated in situ using the LIT method and with LITs and photoquadrats digitized on orthomosaic. Surface analyses were done on the same orthomosaics. Structural complexity of the surveyed sites was calculated from digital elevation models using three physical descriptors (fractal dimension, slope, surface complexity), and used to explore their possible influence in coral cover estimates. We also compared the methods in terms of scientific outputs, the human expertise and time required. Coral cover estimates obtained with in situ LITs were higher than those obtained with digitized LITs and photoquadrats. Surfaces analyses on orthomosaics yielded the lowest but most the precise cover estimates (i.e., lowest sample dispersion). Sites with the highest coral cover also had the highest structural complexity. Finally, when we added scientific outputs, and requirements for human expertise and time to our comparisons between methods, we found that surface analysis on the orthomosaics was the most efficient method. Photoquadrats were more time-consuming than both in situ and digitized LITs, even though they provided coral cover estimates similar to those of digitized LITs and yielded more than one descriptor. The LIT in situ method remains the least time-consuming and most effective for species-level taxonomic identifications but is the most limited method in terms of data outputs and representativeness of the ecosystem.

Keywords: coral cover, LIT, orthomosaic, reef survey methods, structural complexity, underwater photogrammetry


INTRODUCTION

The advent of SCUBA diving in the second part of the twentieth century facilitated direct observations of underwater marine ecosystems and prompted the development of coral reef survey techniques (Goreau, 1959; Loya, 1972; Riedl, 1980; Dahl, 1981). Quantitative methods [i.e., Line Intercept Transect Method (LIT), Point Intercept Transect Method (PIT), photoquadrats, video transect] and semi-quantitative methods [i.e., Dahl quotation, Medium Scale Approach (MSA)] were developed in what became reference studies in benthic reef ecology (Loya, 1978; English et al., 1997). These methods mostly focused on assessing 2D descriptors (e.g., percent coral cover), while few attempted to estimate 3D parameters such as “reef rugosity,” with the chain and tape method (Risk, 1972) or to combine 2D and 3D assessments as with the Chain Intercept Transect Method (see Hill and Wilkinson, 2004) and habitat complexity assessment (see Friedlander and Parrish, 1998; Wilson et al., 2007). The LIT method became widespread as it is well suited to acquire long-term monitoring data, as well as relatively easy and cheap (e.g., Global Coral Reef Monitoring Network). This method is one of more adopted worldwide to monitor benthic communities and specially to assess coral cover and provided historical records over the last 60 years (English et al., 1997; Hill and Wilkinson, 2004). Yet, over past two decades, photoquadrats, as a method, was increasingly recommended to standardize regional data as was done by the GCRMN Caribbean node (see Vallès et al., 2019).

Recently, new coral reef descriptors and innovative operational tools for monitoring reefs were developed and made more accessible (e.g., Burns et al., 2015; Hedley et al., 2016; Madin et al., 2016; Elise et al., 2019a). Compared to older, simpler traditional survey methods, these tools aim to enhance the quantity and quality of data (e.g., Lechene et al., 2019) which in turn lead to better understanding reef communities and their ecological functioning (e.g., Elise et al., 2019b; Zawada et al., 2019; Urbina-Barreto et al., 2020). In a recent study, Obura et al. (2019) reviewed and analyzed coral reef monitoring methods, assessment technologies, and short-term management perspectives. Obura et al. (2019) found that while hard coral cover is the single most reported reef parameter, alone it cannot reflect the status of a reef or be the basis for conservation measures. Other essential data needed include functional characteristics upon which coral communities rely, such as the relative abundance of different coral colony structures and descriptors of structural complexity of reefs (Pendleton et al., 2016; González-Barrios and Álvarez-Filip, 2018). Structural complexity supports the ecological functioning of coral reefs, as well as the resilience and the long-term stability of associated biodiversity (Peterson et al., 1998; Alvarez-Filip et al., 2013; Darling et al., 2017; Magel et al., 2019). However, a global review of coral benthic community monitoring methods shows that only three out of 15 methods included a descriptor of structural complexity, namely reef rugosity (Hill and Wilkinson, 2004).

The selection of a given ecological monitoring method to assess the status of reefs should optimally be based on three main factors: (1) observer bias along with standardization of protocols and data (e.g., Caldwell et al., 2016; Flower et al., 2017; Rossi et al., 2021), (2) the ability to conduct assessment at varying spatial and temporal scales (e.g., González-Rivero et al., 2014, González-Rivero et al., 2020; Wedding et al., 2019), and (3) the technical, financial, and social feasibility of the method (e.g., Gilbert and Quod, 2018; Darling et al., 2019). Overly simple descriptors will not capture enough information while overly complicated ones will not be sustainable. The choice of survey methods should be guided by the objectives of the program and their ability to provide data appropriate for answering the question posed, in addition to being sustainable. Over the past 50 years, several studies compared the effectiveness and accuracy of ecological methods and descriptors for benthic reef surveys(e.g., Weinberg, 1981; Ohlhorst et al., 1988; Lam et al., 2006; Dumas et al., 2009; Facon et al., 2015; Storlazzi et al., 2016). Several handbooks were published to support both scientists and managers in selecting the best method corresponding to their specific objectives, including ecological, conservation, and management purposes (e.g., Dahl, 1981; Hill and Wilkinson, 2004; Obura and Grimsditch, 2009; Obura, 2014). Yet comparisons between traditional methods (e.g., LIT) and novel methods such as photogrammetric assessment are lacking.

Current technological advances provide novel tools and methods for reef surveys that can provide more descriptors of reef condition with a minimal increase in effort. Among them, photogrammetry by Structure from Motion (SfM) generates three-dimensional reconstructions of coral reefs as well as 3D models, Digital Elevation Models (DEM, i.e., digital representation of a continuous surface with terrain elevation data) and orthomosaics (i.e., geometrically corrected mosaicked images with a uniform scale). Photogrammetry enables the quantitative monitoring of physical (e.g., structural complexity: slope, fractal dimension, surface complexity) and biological features (e.g., cover of benthic communities, colonies size and abundance) of ecosystems over time (e.g., Storlazzi et al., 2016; Fukunaga et al., 2019; Price et al., 2019; Carlot et al., 2020). These new techniques and methods are likely to become new standards for reef surveying in the coming years (Obura et al., 2019; D’Urban et al., 2020) notably with new solutions helping to automate image analysis such as the widely used machine-learning CoralNet tool, which estimates of coral cover are highly comparable to those generated by reef experts (Williams et al., 2019) and other artificial intelligence applications (e.g., González-Rivero et al., 2016; Hopkinson et al., 2020; Mohamed et al., 2020).

Here, we compare four reef benthic survey methods to estimate coral cover: the traditional Line Intercept Transect method (LIT) and three methods derived from photogrammetric outputs (LIT on orthomosaics, photoquadrats from orthomosaics, and surface analyses at two different scales on orthomosaics. We also examine three physical descriptors of the structural complexity (fractal dimension, slope and surface complexity) in each study site. Our three main goals were to (1) compare estimates of percent coral cover between methods and explore the possible influence of structural complexity in these estimates; (2) examine whether the LIT and photoquadrats methods can be applied to orthomosaics (photogrammetric outputs); and (3) compare the scientific outputs, required resources (expertise and time), as well as the pros and cons of these methods. We then summarize our comparisons of practical aspects of traditional and novel reef assessment methods with regard to project objectives, available manpower and financial resources.



MATERIALS AND METHODS


Study Sites

The study was conducted at seven coral reef sites around Reunion, an island of the Mascarene Archipelago in the Western Indian Ocean region. We sampled five outer reef slopes sites located on the West coast and two sites with coral communities on underwater lava-flows located on the East coast (Figure 1). This allowed us to compare the performance of survey methods in different reef environments. The fieldwork took place from March to August 2018 at depths varying from 8 to 15 m. Depending on the monitoring method and region considered, the size of coral reef study site can range from dozens to several hundreds square-meters (Hill and Wilkinson, 2004). For this study, “a site” was an area of 150 m2 for coral communities on lava flows and 500 m2 for those on outer reef slopes. All four reef survey methods were applied to each of these sites.
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FIGURE 1. Map of the study sites. On the west coast: TRC, SAL, SBL, COR and GEN. On the east oast (lava-flow reefs): C77 and CAE.




Coral Cover Estimation Methods


Line Intercept Transects

We conducted the LIT in situ while using SCUBA and following the Global Coral Reef Monitoring Network protocol (Obura, 2014; Figure 2A). Three replicate transects were set up at each site. They were each 20 m long and spaced apart by at least 5 m. An experienced coral reef ecologist identified all benthic categories and estimated percent hard coral cover (scleractiniam corals) by dividing the total length of occurrence of hard corals by the total length of the transect.
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FIGURE 2. Illustration of the traditional method: LIT in situ, sampling distance 20 m × 3 (A) and the photogrammetric methods (B): LIT on orthomosaic, sampling distance 20 m × 3 (B.1); photoquadrats from orthomosaic, sampling area 1 m2 × 10 × 3 (B.2); and surface analyses on orthomosaic: sampling area of 40 m2 × 3 (B.3) and sampling area of 150 m2 × 3 (B.4) colors show different benthic categories.




Photogrammetric Methods and Digital Assessments

Reefscapes of the seven sites were modeled in 3D by using photogrammetry. Images collected using SCUBA covered 150 m2 area on underwater lava-flow sites (C77, CAE) and 500 m2 on outer reef slope sites (COR, GEN, SAL, SBL, and TRC). The mean overlap between images was ∼70%. For each site, we generated an orthomosaic and a DEM. The mean re projection error was 0.25 pixel, and the mean resolution (i.e., Ground Sampling Distance) was 0.13 cm pixel–1. Percent coral cover was estimated from the orthomosaics using digitized LITs (Figure 2B.1) and photoquadrats (Figure 2B.2). We also assessed percent cover by segmenting surfaces and manually classifying benthic communities on the same orthomosaics (Supplementary Figure 1), which were then clipped into two sampling units: 40 m2 × 3 (Figure 2B.3) and 150 m2 × 3 (Figure 2B.4). These methods applied the same benthic classification as for LITs done in-situ. Digital assessments were done using: (i) LITs on orthomosaics; (ii) Photoquadrats from orthomosaics; (iii) Surface analyses on orthomosaics; and analyses on DEMs of structural complexity descriptors.

Line Intercept Transects on orthomosaics were done by the same diver who conduct the LITs in situ did three 20 m transects (Figure 2B.1) using the open source QGIS software (version 3.1). Measurements of the lengths of the segments were done using the QGIS command: $length with the field calculator tool. Coral cover was calculated as described in section “Line Intercept Transects.”

Ten photoquadrats, each 1 m2 size and spaced 50 cm apart, were extracted along each of the three transects generated for the LIT orthomosaic method (Figure 2B.2). The 30 photoquadrats were exported from the orthomosaic and the CPCe software was applied to conduct a benthic classification (Kohler and Gill, 2006). Following the recommendation in Dumas et al. (2009), a stratified point sampling was done where each photoquadrat was divided into nine cells (three columns and three rows), with one point classified per cell (i.e., 9 total points were classified per photoquadrat). The software then directly calculated the mean total percent coral cover.

For the surface analyses done on orthomosaics, the benthic classification was done manually delineating each coral colony as a polygon in QGIS (Supplementary Figure 1). For all sites, the colony layer was clipped in three areas of 40 m2 (Figure 2B.3) and three sampling areas of 150 m2 for the five outer reef slopes (Figure 2B.4) to check for the possible differences between the two total sampling surfaces and optimize sampling (Lechene et al., 2019). The field calculator tool and the area($geometry) command in QGIS were used to measure the polygonal surfaces of hard corals. Percent coral cover was then estimated by dividing the sum of hard corals by the area of total sampling area (i.e., 40 or 150 m2). We used the total coral cover for a 150 m2 area as a possible reference value given that this area is typically used for benthic reef monitoring.

Finally, for the analyses of DEMs, at each site we estimated surface complexity (i.e., the ratio of 2D to 3D surface), slope, and fractal dimension from the DEMs (Supplementary Figure 2) running the R code developed by R Core Team (2019); Fukunaga et al. (2019). Importantly we assessed the influence of structural complexity on percent coral cover estimates by each method.

We performed two-way ANOVAs and Tukey multiple mean comparisons to test the effects of site, method, and their interaction on coral cover estimates.



Comparisons of Traditional and Photogrammetric Methods

The methods were compared in terms of data out-put, the human expertise and time required, advantages and limitations, and fields of application. Table 1 presents the comparison criteria. Importantly all authors contributed to these comparisons which therefore reflects varying experience or approaches to coral reef ecology including fundamental academic research, applied sciences, environmental consultancy, and research and development in coral reef ecology (research directors, senior lecture, PhD in marine ecology, environmental consultancy firm directors and managers, engineers in marine ecology, engineers in geography).


TABLE 1. Definition of each criterion used for the description and comparison of survey methods.
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RESULTS

Estimates of percent coral cover were significantly different across sites and methods (two-way ANOVA method × site p < 0.05; Supplementary Table 1). The LITs done in situ resulted in the highest estimates of coral cover. In comparison LITs on orthomosaics and photoquadrats from orthomosaic methods yielded significantly lower coral cover and there was no significant difference in coral cover estimates between these two last methods. The surface analyses on orthomosaics (40 m2 × 3 and 150 m2 × 3) generated significantly lower coral cover estimates compared to the three other methods but without any significant differences between the two surfaces analyses (two-way ANOVA p < 0.001; Supplementary Table 1; Tukey tests p < 0.01; Supplementary Table 2; Figure 3). At each site, these two surface analyses provided the lowest coral cover estimates except for outer ref slope site SBL where photoquadrats and LITs on orthomosaics generated the lowest values, and for the underwater lava-flow site CAE, where LITs on orthomosaic also yielded a lower value compared to surface analyses. Coral cover estimated from surface analyses on orthomosaics was associated with a lower variance compared to the other methods (Figure 4). Estimates of single surface sampling (150 m2) on orthomosaics for each site showed similar trends at underwater lava-flow sites C77 and CAE. Coral cover estimates done at outer reef slope sites SAL, SBL and TRC were higher than the two sampling surfaces (40m2 × 3 and 150m2 × 3) but lowest than LIT in situ method. In contrast estimates for outer reef slopes sites GEN and COR were lower than all other methods (Figure 4 and Supplementary Table 3).
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FIGURE 3. Method x Site interaction plot of percent coral cover estimations. Groups with the same Greek letters (α, β, γ) display no significant difference (two-way ANOVA and Tukey tests, p < 0.001). Colors represent survey methods: LIT in-situ (turquoise); LIT from orthomosaic (pink), Photoquadrats from orthomosaic (yellow); surface analyses on orthomosaic sampling 40 m2 × 3 (green); surface analyses on orthomosaic sampling 150 m2 × 3 (purple).
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FIGURE 4. Percent coral cover by method across sites. Same letters (a, b, c, d or e) in top of boxplots/site means no significant differences between groups (two-way ANOVA and Tukey test p < 0.01).


With respect to sites, the percent coral cover was highest on underwater lava-flow sites C77, CAE and on the outer reef slope site GEN, with the lowest percent cover estimated on outer reef slope sites SBL and TRC (two-way ANOVA p < 0.001; Supplementary Table 1; Tukey tests p < 0.01; Figure 4; Supplementary Table 4).

With the DEMs we quantified structural complexity and examinated its possible influence on coral cover estimates (Table 2 and Figure 5). The differences between LITs done in situ and surface analyses on 40 m2 × 3 were significantly correlated with the slope (Pearson correlation R2 = 0.68; p < 0.05) and surface complexity (Pearson correlation R2 = 0.66; p < 0.05, Figure 5). The same trends were observed for LITs done on orthomosaics, although the slope and surface complexity effects were not significant (Supplementary Figure 3). Yet the fractal dimension showed no correlation when examining differences between LITs done in situ and photoquadrats from orthomosaics.


TABLE 2. Physical descriptors of the structural complexity: surface complexity, slope, and fractal dimension computed from each study site’s DEM.
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FIGURE 5. Differences in percent coral cover obtained with LIT in situ and surface analysis on 40 m2 × 3 orthomosaics as a function of the structural complexity descriptors: for surface complexity (top) and slope (bottom).


Results of the method description and criteria evaluation are shown in Table 3 with three categories: Method description, Human expertise and Time required, and Review and Perspectives.


TABLE 3. Comparison of the survey methods deployed in this study. Abbreviations: NA = not applicable.
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DISCUSSION


Estimating Coral Cover

The LITs conducted in situ generated higher estimates of coral cover compared to other methods which is consistent with findings of Leujak and Ormond (2007) who compared six methods of coral community surveys and found that LIT and Point Intercept Transect (PIT) methods overestimated principal benthic categories. Lam et al. (2006) also showed that the PIT method overestimates coral cover, particularly at sites with scarce coral colonies. However, Facon et al. (2015) show that the PIT method generates almost the same level of information as for the LIT method. Regarding digital assessments on orthomosaics, no differences were detected between LITs on orthomosaics and photoquadrats from orthomosaics suggesting that the linear and point sampling used (length and number) may be equivalent in terms of representativeness for coral cover and accuracy. Among all methods, surface analyses on orthomosaics resulted the lowest and least variable percent coral cover estimates, and is therefore probably the most accurate methodology. The sampling unit of surface analyses is a polygon (surface estimator) which is more representative than lines or points, despite errors associated with manual delineations on the orthomosaics. The low variances of percent coral cover estimates confirms that a surface analysis based on orthomosaics is comparatively the most accurate and reliable method. Molloy et al. (2013) showed that coral recovery could not be detected using even the most intensive photoquadrats protocols, and suggested a coral surface area as a more sensitive and powerful means to detect coral recovery. However, a weakness of photogrammetric methods relates to the orthographic projection used to generate orthomosaics. While this does not affect flat sites, sites whit high structural complexity or that steeply slope are more impacted by the orthographic projection resulting in an underrepresentation of the terrain when projected. Consequently, the surface area of colonies is likely underestimated in complex habitats on reef slopes (Urbina-Barreto et al., 2020). Here, the differences found between cover estimates from LITs done in situ and surface analyses on orthomosaics increased both with surface complexity and slope. This point to a methodological limitation which could be problematic when comparing sites with large differences in slope or complexity. Here, however, the studied sites had small differences in slope values and surface complexity. Further research is needed on assessing how habitat complexity descriptors affect estimates of coral cover (e.g., surface complexity, slope) when applying innovative photogrammetric methods.

The findings of our study could very well support coral reef conservation. Until now, coral reef studies applied different methods to map reefs as accurately as possible, aiming to improve the descriptors and determine the optimal level of sampling to monitor coral communities (e.g., Goreau, 1959; Weinberg, 1981; Leujak and Ormond, 2007; Casella et al., 2016; Fukunaga et al., 2019; Hernández-Landa et al., 2020). Scientists and managers often overlook the under or overestimation of coral cover, despite this being a crucial aspect when defining targets for resource conservation. Further such targets increasingly require to integrate the variable results of numerous surveys conducted at broad spatial scales (Edmunds and Bruno, 1996; Hoegh-Guldberg et al., 2018). Recently, Lechene et al. (2019) examined levels of sampling using large-area mosaics that optimize coral reef sampling strategies. They concluded that each benthic category has own optimal level of sampling. For instance they required a 60 m2 area to obtain representative cover estimates of 55% of all benthic features. This points to an essential need for a calibration between survey methods, in particular for LIT and PIT methods since they are widely used to support coral reef conservation. Vallès et al. (2019) studied the transition between the chain intercept transect (a method derived from LIT but using a chain instead of a taut measuring tape) and photoquadrat methods on Caribbean reefs and concluded that switching methods for coral surveys would be complicated, as almost all reef benthic categories would require different conversion procedures (i.e., specific mathematical adjustments). More such comparisons studies between traditional and photogrammetric methods for coral reef surveys are needed to prepare for a likely transition between methods, to ensure more accurate and long-term surveys of reef ecosystems at wide spatial scales without dismissing the fundamental historical data gathered over the last six decades.



Comparison of Traditional and Photogrammetric Methods

The LIT in situ method generates significantly less data than photogrammetric methods (Table 3). Indeed surface analyses can deliver more than eight highly comprehensive and high-quality reef descriptors based on DEM and orthomosaic analyses, not to mention the analyses that could be performed on other photogrammetric outputs such as point clouds and meshes. The photoquadrats from orthomosaics method is a less comprehensive method, delivering only four descriptors, while LITs on orthomosaics only delivers a single descriptor (percent cover of benthic categories), as does LIT in situ method. Furthermore, photogrammetric raw field data (i.e., photographs) allow post-dive analysis by different operators or using new tools to automatically annotate underwater imagery (e.g., Beijbom et al., 2015; Williams et al., 2019; González-Rivero et al., 2020), whereas raw data collected with the LIT in situ method (or in any other in situ visually based method) relies on the diver’s in situ expertise. However, photogrammetric methods require more equipment (cameras, computer, and software), and are more constrained by environmental conditions. Despite limitations in terms of data output, the LIT in situ method allows for a finer taxonomic determination. Then again, compared to the LIT in situ method, a significant advantage of photogrammetric methods is the ability to calculate essential habitat descriptors on reefs, i.e., surface complexity, fractal dimension, slope, and rugosity profiles which are closely linked to reef biodiversity and productivity as well as ecological changes in seascapes (e.g., Graham and Nash, 2013; Rees et al., 2018; Price et al., 2019).

In terms of practicality, in contrast to the LIT in situ method, photogrammetric methods do not require expert biologists for planning and implementing survey operations and underwater data recording. Then again, an expert is not required for post-acquisition analyses of LIT in situ data whereas expertise is mandatory to generate 3D models and photogrammetric outputs, and to conduct ecological and spatial analyses.

As for the time required, the photogrammetric methods and ecological analyses comparatively need more preparation than the LIT in situ method, while the time needed for fieldwork is more or less the same. In decreasing order, the total time needed by method for the preparation, fieldwork and analyses was as follow: (1) Analyses on orthomosaics and DEM (5.8–10.3 man-days/site); (2) Photoquadrats from orthomosaics (5.6–6.1 man-days/site); (3) LIT on orthomosaics (5.4–5.9 man-days/site); (4) LIT in situ (2.4 man-days/site). As mentioned earlier, results are directly correlated with the quantity and quality of the information produced.



Selection of a Survey Method

Overall, the comparisons made here of coral cover estimates, data outputs, and required technical and human resources point to the method that may more suitable for a given reef monitoring program or resource conservation purpose. When taking into account the results of this study and those by others who compared means, fieldwork and accuracy across different benthic survey methods (e.g., Weinberg, 1981; Ohlhorst et al., 1988; Beenaerts and Berghe, 2007; Dumas et al., 2009; Facon et al., 2015; Lechene et al., 2019), surface analysis on orthomosaics stands out as the most efficient method when considering the quantity and quality of data gathered and time expended. The photoquadrat from orthomosaics method is an intermediate solution. The traditional LIT in situ method remains the least time-consuming method, efficient for specific taxonomic identifications, while being the most limited in terms of reef descriptors and representativeness of the ecosystem. The reproduction of traditional methods from photogrammetric outputs (DEMs or orthomosaics), as proposed here, is an innovative alternative to traditional reef survey methods that can be adapted for any coral reef study.

Confronting the global coral reef crisis, challenging conservation targets require the optimization of reef survey methods. New technologies can promote rapid advancements in reef science and support management programs to solve key issues facing coral reefs (Bellwood et al., 2004; Hoegh-Guldberg et al., 2018; Madin et al., 2019. In this context, our study is a first step to launch the likely transition from traditional methods to novel and more efficient ones (Storlazzi et al., 2016). We also provide new information to complement and optimize reef surveys, and enhance the effectiveness of conservation programs. Photogrammetric tools can be of particular interest to coastal planners and decision-makers when it comes to avoidance, reduction, or compensation measures often required by local environmental laws for coastal and seascape works. Improving the efficiency of conservation is likely to promote the recovery of marine life (if major pressures are relieved) and as such is an ethical and smart economic objective to achieve a sustainable future (Kenchington, 2018; Duarte et al., 2020). To this end, new methods adopting the FAIR principles (findability, accessibility, interoperability, and reusability) for stewardship of reef data can improve the monitoring of these ecosystems (Rossi et al., 2021). Among them the development of artificial intelligence for automated analysis of images (Williams et al., 2019; González-Rivero et al., 2020) and photogrammetry outputs (e.g., Hopkinson et al., 2020; Mohamed et al., 2020), multispectral and hyperspectral imagery (e.g., Parsons et al., 2018; Bajjouk et al., 2019; Li et al., 2019), and the improvement of diver-based or automated data acquisition from Remotely Operated Vehicles and Autonomous Underwater Vehicles (Friedman et al., 2012; Obura et al., 2019; Hatcher et al., 2020; Rossi et al., 2021) will likely revolutionize this field. Finally the integration of all existing reef habitat mapping data in common and open source data bases could help to overcome the lack of transferability across systems/scale, provide more accurate and representative assessments of habitats, and generate conservation measures and habitat rehabilitation actions (Madin et al., 2019; Rossi et al., 2021). Together, these efforts will foster the application of these new methods in both research and coral reef conservation programs.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

IU-B, RG, SE, RP, and MA conceived the ideas. IU-B, RG, RP, J-PQ, LP, ED, and MA designed the methodology. IU-B, VM, J-PQ, RG, and SB collected the data. IU-B and RP generated digital elevation models and orthomosaics. IU-B, PD, CP, and SE performed data handling and analyzed the data. IU-B, RG, RP, J-PQ, MF, PD, SE, ED, LP, and MA evaluated the criteria methods. IU-B led the writing of the manuscript with SE, LP, and MA. All authors contributed critically to the drafts and gave final approval for publication.



FUNDING

IU-B was supported by a CIFRE fellowship, from the French Association of Research and Technologies, under the agreement 2017/0322. The project was also supported by Agence de l’Eau Rhône-Méditerranée-Corse (Pierre Boissery).



ACKNOWLEDGMENTS

We are thankful to Henrich J. Bruggemann for the valuable advice of this manuscript. Thank you to Ken Deslarzes and Jane Ballard for the English revision of the manuscript. We thank Ifigenia Urbina-Barreto and Julio A. Urbina for their inputs throughout writing of the manuscript. We also thank the reviewers for the comments that greatly improved this manuscript. Thank you to the Reserve Naturelle Marine de La Réunion for authorizing the work inside the reserve. We are grateful to know that this study was selected by the SCORE-REEF project workshops and reflections, which is supported by FRB/CESAB.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.636902/full#supplementary-material



REFERENCES

Alvarez-Filip, L., Carricart-Ganivet, J. P., Horta-Puga, G., and Iglesias-Prieto, R. (2013). Shifts in coral-assemblage composition do not ensure persistence of reef functionality. Scientific Rep. 3, 1–5. doi: 10.1038/srep03486

Bajjouk, T., Mouquet, P., Ropert, M., Quod, J. P., Hoarau, L., Bigot, L., et al. (2019). Detection of changes in shallow coral reefs status: towards a spatial approach using hyperspectral and multispectral data. Ecol. Indic. 96, 174–191. doi: 10.1016/j.ecolind.2018.08.052

Beenaerts, N., and Berghe, E. V. (2007). Comparative Study of Three Transect Methods to Assess Coral Cover, Richness and Diversity. West. Ind. Ocean J. Mar. Sci. 4, 29–38. doi: 10.4314/wiojms.v4i1.28471

Beijbom, O., Edmunds, P. J., Roelfsema, C., Smith, J., Kline, D. I., Neal, B. P., et al. (2015). Towards Automated Annotation of Benthic Survey Images: variability of Human Experts and Operational Modes of Automation. PLoS One 10:e0130312. doi: 10.1371/journal.pone.0130312

Bellwood, D. R., Hughes, T. P., Folke, C., and Nyström, M. (2004). Confronting the coral reef crisis. Nature 429, 827–833. doi: 10.1038/nature02691

Burns, J. H. R., Delparte, D., Gates, R. D., and Takabayashi, M. (2015). Utilizing underwater three-dimensional modeling to enhance ecological and biological studies of coral reefs. Int. Arch. Photogr. 5, 61–66. doi: 10.5194/isprsarchives-XL-5-W5-61-2015

Caldwell, Z. R., Zgliczynski, B. J., Williams, G. J., and Sandin, S. A. (2016). Reef fish survey techniques: assessing the potential for standardizing methodologies. PLoS One 11:e0153066. doi: 10.1371/journal.pone.0153066

Carlot, J., Rovère, A., Casella, E., Harris, D., Grellet-Muñoz, C., Chancerelle, Y., et al. (2020). Community composition predicts photogrammetry-based structural complexity on coral reefs. Coral Reefs 39, 967–975. doi: 10.1007/s00338-020-01916-8

Casella, E., Collin, A., Harris, D., Ferse, S., Bejarano, S., Parravicini, V., et al. (2016). Mapping coral reefs using consumer-grade drones and structure from motion photogrammetry techniques. Coral Reefs 36, 1–7. doi: 10.1007/s00338-016-1522-0

Dahl, A. L. (1981). Coral Reef Monitoring Handbook. South Pacific Comission 1981. Autralia: Bridge Printery Sidney.

Darling, E. S., Graham, N. A. J., Januchowski-Hartley, F. A., Nash, K. L., Pratchett, M. S., and Wilson, S. K. (2017). Relationships between structural complexity, coral traits, and reef fish assemblages. Coral Reefs 36, 561–575. doi: 10.1007/s00338-017-1539-z

Darling, E. S., McClanahan, T. R., Maina, J., Gurney, G. G., Graham, N. A. J., Januchowski-Hartley, F., et al. (2019). Social-environmental drivers inform strategic management of coral reefs in the Anthropocene. Nat. Ecol. Evol. 3, 1341–1350. doi: 10.1038/s41559-019-0953-8

Duarte, C. M., Agusti, S., Barbier, E., Britten, G. L., Castilla, J. C., Gattuso, J. P., et al. (2020). Rebuilding marine life. Nature 5807801, 39–51.

Dumas, P., Bertaud, A., Peignon, C., Léopold, M., and Pelletier, D. (2009). A ‘quick and clean’ photographic method for the description of coral reef habitats. J. Exp. Mar. Biol. Ecol. 368, 161–168. doi: 10.1016/j.jembe.2008.10.002

D’Urban, J. T., Williams, G. J., Walker-Springett, G., and Davies, A. J. (2020). Three-dimensional digital mapping of ecosystems: a new era in spatial ecology. Proc. Biol. Sci. 287:20192383. doi: 10.1098/rspb.2019.2383

Edmunds, P. J., and Bruno, J. F. (1996). The importance of sampling scale in ecology: kilometer-wide variation in cora reef communities. Mar. Ecol. Prog. Ser. 143, 165–171.

Elise, S., Bailly, A., Urbina-Barreto, I., Mou-Tham, G., Chiroleu, F., Vigliola, L., et al. (2019a). An optimised passive acoustic sampling scheme to discriminate among coral reefs’ ecological states. Ecol. Indic. 107:105623. doi: 10.1016/j.ecolind.2019.105627

Elise, S., Urbina-Barreto, I., Pinel, R., Mahamadaly, V., Bureau, S., Penin, L., et al. (2019b). Assessing key ecosystem functions through soundscapes: a new perspective from coral reefs. Ecol. Indic. 107:105623. doi: 10.1016/j.ecolind.2019.105623

English, S., Wilkinson, C., and Baker, V. (1997). Survey Manual for Tropical Marine Resources, II Edn. Australia: Australian Institute of Marine Science.

Facon, M., Pinault, M., Obura, D., Pioch, S., Pothin, K., Bigot, L., et al. (2015). A comparative study of the accuracy and effectiveness of Line and Point Intercept Transect methods for coral reef monitoring in the southwestern Indian Ocean islands. Ecol. Indic. 60, 1045–1055. doi: 10.1016/j.ecolind.2015.09.005

Flower, J., Ortiz, J. C., Chollett, I., Abdullah, S., Castro-Sanguino, C., Hock, K., et al. (2017). Interpreting coral reef monitoring data: a guide for improved management decisions. Ecol. Indic. 72, 848–869. doi: 10.1016/j.ecolind.2016.09.003

Friedlander, A. M., and Parrish, J. D. (1998). Habitat characteristics affecting fish assemblages on a Hawaiian coral reef. J. Exp. Mar. Biol. Ecol. 224, 1–30. doi: 10.1016/S0022-0981(97)00164-0

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

Fukunaga, A., Burns, J., Craig, B., and Kosaki, R. (2019). Integrating Three-Dimensional Benthic Habitat Characterization Techniques into Ecological Monitoring of Coral Reefs. J. Mar. Sci. Eng. 2:27. doi: 10.3390/jmse7020027

Gilbert, D., and Quod, J. P. (2018). Coral Reef Monotoring Coping with Climate Change, Toward a Social-ecological System Perspective. Communicating Climate Change Information Decision-Making. Cham: Springer Climate.

González-Barrios, F. J., and Álvarez-Filip, L. (2018). A framework for measuring coral species-specific contribution to reef functioning in the Caribbean. Ecol. Ind. 95, 877–886. doi: 10.1016/j.ecolind.2018.08.038

González-Rivero, M., Beijbom, O., Rodriguez-Ramirez, A., Bryant, D. E., Ganase, A., and Gonzalez-Marrero, et al. (2020). Monitoring of coral reefs using artificial intelligence: a feasible and cost-effective approach. Remote Sens. 12, 1–22. doi: 10.3390/rs12030489

González-Rivero, M., Beijbom, O., Rodriguez-Ramirez, A., Holtrop, T., González-Marrero, Y., Ganase, A., et al. (2016). Scaling up Ecological Measurements of Coral Reefs Using Semi-Automated Field Image Collection and Analysis. Remote Sens. 8:30. doi: 10.3390/rs8010030

González-Rivero, M., Bongaerts, P., Beijbom, O., Pizarro, O., Friedman, A., Rodriguez-Ramirez, A., et al. (2014). The Catlin Seaview Survey - kilometre-scale seascape assessment, and monitoring of coral reef ecosystems. Aquat. Conser 24, 184–198. doi: 10.1002/aqc.2505

Goreau, T. (1959). The ecology of Jamaican coral reefs. I. species composition and zonation. Ecology 40, 67–90.

Graham, N. A. J., and Nash, K. L. (2013). The importance of structural complexity in coral reef ecosystems. Coral Reefs 32, 315–326. doi: 10.1007/s00338-012-0984-y

Hatcher, G. A., Warrick, J. A., Ritchie, A. C., Dailey, E. T., Zawada, D. G., Kranenburg, C., et al. (2020). Accurate Bathymetric Maps From Underwater Digital Imagery Without Ground Control. Front. Mar. Sci. 7, 1–20. doi: 10.3389/fmars.2020.00525

Hedley, J., Roelfsema, C., Chollett, I., Harborne, A., Heron, S., Weeks, S., et al. (2016). Remote Sensing of Coral Reefs for Monitoring and Management: a Review. Remote Sens. 8:118. doi: 10.3390/rs8020118

Hernández-Landa, R. C., Barrera-Falcon, E., and Rioja-Nieto, R. (2020). Size-frequency distribution of coral assemblages in insular shallow reefs of the Mexican Caribbean using underwater photogrammetry. PeerJ. 8:e8957. doi: 10.7717/peerj.8957

Hill, J., and Wilkinson, C. (2004). Methods for Ecological Monitoring of Coral Reefs. Townsville: Australian Institute of Marine Science, doi: 10.1017/CBO9781107415324.004

Hoegh-Guldberg, O., Kennedy, E. V., Beyer, H. L., McClennen, C., and Possingham, H. P. (2018). Securing a Long-term Future for Coral Reefs. Trends Ecol. Evol. 33, 936–944. doi: 10.1016/j.tree.2018.09.006

Hopkinson, B. M., King, A. C., Owen, D. P., Johnson-Roberson, M., Long, M. H., and Bhandarkar, S. M. (2020). Automated classification of three-dimensional reconstructions of coral reefs using convolutional neural networks. PLoS One 15:e0230671. doi: 10.1371/journal.pone.0230671

Kenchington, R. (2018). Science and the management of coral reefs. Mar. Poll. Bull. 136, 508–515. doi: 10.1016/j.marpolbul.2018.09.046

Kohler, K. E., and Gill, S. M. (2006). Coral Point Count with Excel extensions (CPCe): a Visual Basic program for the determination of coral and substrate coverage using random point count methodology. Comput. Geosci. 32, 1259–1269. doi: 10.1016/j.cageo.2005.11.009

Lam, K., Shin, P. K. S., Bradbeer, R., Randall, D., Ku, K. K. K., Hodgson, P., et al. (2006). A comparison of video and point intercept transect methods for monitoring subtropical coral communities. J. Exp. Mar. Biol. Ecol. 333, 115–128. doi: 10.1016/j.jembe.2005.12.009

Lechene, M. A. A., Haberstroh, A. J., Byrne, M., Figueira, W., and Ferrari, R. (2019). Optimising Sampling Strategies in Coral Rees Using Large-Areas Mosaics. Remote Sens. 11:2907. doi: 10.3390/rs11242907

Leujak, W., and Ormond, R. F. G. (2007). Comparative accuracy and efficiency of six coral community survey methods. J. Exp. Mar. Biol. Ecol. 351, 168–187. doi: 10.1016/j.jembe.2007.06.028

Li, J., Schill, S. R., Knapp, D. E., and Asner, G. P. (2019). Object-based mapping of coral reef habitats using planet dove satellites. Remote Sens. 11:1445. doi: 10.3390/rs11121445

Loya, Y. (1972). Community structure and species diversity of hermatypic corals at Eilat Red Sea. Mar. Biol. 13, 100–123. doi: 10.1007/BF00366561

Loya, Y. (1978). Plotless and transect methods. In D. R. S. and R. E. Johannes (Ed.), Monographs on Oceanic Methodology. Coral Reefs 5, 197–218.

Madin, E. M. P., Darling, E. S., and Hardt, M. J. (2019). Emerging Technologies and Coral Reef Conservation: opportunities. Challenges, and Moving Forward. Front. Mar. Sci. 6:727. doi: 10.3389/fmars.2019.00727

Madin, J. S., Hoogenboom, M. O., Connolly, S. R., Darling, E. S., Falster, D. S., Huang, D., et al. (2016). A Trait-Based Approach to Advance Coral Reef Science. Trends Ecol. Evol. 31, 419–428. doi: 10.1016/j.tree.2016.02.012

Magel, J. M. T., Burns, J. H. R., Gates, R. D., and Baum, J. K. (2019). Effects of bleaching-associated mass coral mortality on reef structural complexity across a gradient of local disturbance. Scientific Rep. 9, 1–12. doi: 10.1038/s41598-018-37713-1

Mohamed, H., Nadaoka, K., and Nakamura, T. (2020). Towards Benthic Habitat 3D Mapping Using Machine Learning Algorithms and Structures from Motion Photogrammetry. Remote Sens. 12:127. doi: 10.3390/rs12010127

Molloy, P. P., Evanson, M., Nellas, A. C., Rist, J. L., Marcus, J. E., Koldewey, H. J., et al. (2013). How much sampling does it take to detect trends in coral-reef habitat using photoquadrat surveys? Aquat. Conserv. Mar. Freshw. Ecosyst. 23, 820–837. doi: 10.1002/aqc.2372

Obura, D. (2014). Coral Reef Monitoring Manual South-West Indian Ocean islands. France: Indian Ocean Commission.

Obura, D., Aeby, G., Amornthammarong, N., Appeltans, W., Bax, N., Bishop, J., et al. (2019). Coral Reef Monitoring, Reef Assessment Technologies, and Ecosystem-Based Management. Front. Mar. Sci. 6:580. doi: 10.3389/fmars.2019.00580

Obura, D., and Grimsditch, G. (2009). Resilience Assessment of Coral Reefs bleaching and thermal stress. IUCN Resil. Sci. Group Work. Paper Ser. 5:70.

Ohlhorst, S. L., Liddell, W. D., Taylor, R. J., and Taylor, J. M. (1988). “Evaluation of reef census techniques,” in Proceedings of the 6th International Coral Reef Symposium, Vol. 2, (Australia: Townsville), 319–324.

Parsons, M., Bratanov, D., Gaston, K. J., and Gonzalez, F. (2018). UAVs, hyperspectral remote sensing, and machine learning revolutionizing reef monitoring. Sensors 18, 1–20. doi: 10.3390/s18072026

Pendleton, L. H., Hoegh-Guldberg, O., Langdon, C., and Comte, A. (2016). Multiple stressors and ecological complexity require a new approach to coral reef research. Front. Mar. Sci. 3:36. doi: 10.3389/fmars.2016.00036

Peterson, G., Allen, C. R., and Holling, C. S. (1998). Ecological resilience, biodiversity, and scale. Ecosystems 1, 6–18.

Price, D. M., Robert, K., Callaway, A., Lo lacono, C., Hall, R. A., and Huvenne, V. A. I. (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

R Core Team (2019). R?: A language and Statistical, Statistical Computing. Vienna: R Foundation for Computing.

Rees, M. J., Knott, N. A., Neilson, J., Linklater, M., Osterloh, I., Jordan, A., et al. (2018). Accounting for habitat structural complexity improves the assessment of performance in no-take marine reserves. Biol. Conserv. 224, 100–110. doi: 10.1016/j.biocon.2018.04.040

Riedl, R. (1980). Marine Ecology a century of changes. Mar. Ecol. 1, 3–46.

Risk, M. (1972). Fish diversity on a Coral Reef in the Virgin Island. Atoll Res. Bull. 153, 1–4.

Rossi, P., Ponti, M., Righi, S., Castagnetti, C., Simonini, R., Mancini, F., et al. (2021). Needs and Gaps in Optical Underwater Technologies and Methods for the Investigation of Marine Animal Forest 3D-Structural Complexity. Front. Mar. Sci. 8, 1–9. doi: 10.3389/fmars.2021.591292

Storlazzi, C. D., Dartnell, P., Hatcher, G. A., and Gibbs, A. E. (2016). End of the chain? Rugosity and fine-scale bathymetry from existing underwater digital imagery using structure-from-motion (SfM) technology. Coral Reefs 35, 889–894. doi: 10.1007/s00338-016-1462-8

Urbina-Barreto, I., Chiroleu, F., Pinel, R., Fréchon, L., Mahamadaly, V., Elise, S., et al. (2020). Quantifying the shelter capacity of coral reefs using photogrammetric 3D modelling, from colonies to reefscapes. Ecol. Indicat. 121:107151. doi: 10.1016/j.ecolind.2020.107151

Vallès, H., Oxenford, H. A., and Henderson, A. (2019). Switching between standard coral reef benthic monitoring protocols is complicated: proof of concept. PeerJ. 2019, 1–24. doi: 10.7717/peerj.8167

Wedding, L. M., Jorgensen, S., Lepczyk, C. A., and Friedlander, A. M. (2019). Remote sensing of three-dimensional coral reef structure enhances predictive modeling of fish assemblages. Remote Sens. Ecol. Conser 5, 150–159. doi: 10.1002/rse2.115

Weinberg, S. (1981). A comparison of coral reef survey methods. Bijdrag. Tot. de Dierk. 51, 199–218.

Williams, I. D., Couch, C. S., Beijbom, O., Oliver, T. A., Vargas-Angel, B., Schumacher, B., et al. (2019). Leveraging automated image analysis tools to transform our capacity to assess status and trends on coral reefs. Front. Mar. Sci. 6, 1–14. doi: 10.3389/fmars.2019.00222

Wilson, S. K., Graham, N. A. J., and Polunin, N. V. C. (2007). Appraisal of visual assessments of habitat complexity and benthic composition on coral reefs. Mar. Biol. 151, 1069–1076. doi: 10.1007/s00227-006-0538-3

Zawada, K. J. A., Madin, J. S., Baird, A. H., Bridge, T. C. L., and Dornelas, M. (2019). Morphological traits can track coral reef responses to the Anthropocene. Funct. Ecol. 33, 962–975. doi: 10.1111/1365-2435.13358


Conflict of Interest: IU-B, RG, MF, VM, and ED were employed by Crecoean OI; RP and VM were employed by Geolab S.A.S; J-PQ was employed by ARVAM-Pareto.

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 Urbina-Barreto, Garnier, Elise, Pinel, Dumas, Mahamadaly, Facon, Bureau, Peignon, Quod, Dutrieux, Penin and Adjeroud. 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: 28 May 2021
doi: 10.3389/fmars.2021.647943





[image: image]

Comparing Coral Colony Surveys From In-Water Observations and Structure-From-Motion Imagery Shows Low Methodological Bias

Courtney S. Couch1,2*, Thomas A. Oliver2, Rhonda Suka1,2, Mia Lamirand1,2, Mollie Asbury2, Corinne Amir1,2, Bernardo Vargas-Ángel1,2, Morgan Winston1,2, Brittany Huntington1,2, Frances Lichowski1,2, Ariel Halperin1,2, Andrew Gray1,2, Joao Garriques1,2 and Jennifer Samson2

1Joint Institute for Marine and Atmospheric Research, University of Hawai‘i, Honolulu, HI, United States

2Pacific Islands Fisheries Science Center, National Marine Fisheries Service, Honolulu, HI, United States

Edited by:
Will F. Figueira, The University of Sydney, Australia

Reviewed by:
Randi D. Rotjan, Boston University, United States
Andrea Oliveira Ribeiro Junqueira, Federal University of Rio de Janeiro, Brazil

*Correspondence: Courtney Couch, Courtney.s.couch@noaa.gov

Specialty section: This article was submitted to Coral Reef Research, a section of the journal Frontiers in Marine Science

Received: 30 December 2020
Accepted: 04 May 2021
Published: 28 May 2021

Citation: Couch CS, Oliver TA, Suka R, Lamirand M, Asbury M, Amir C, Vargas-Ángel B, Winston M, Huntington B, Lichowski F, Halperin A, Gray A, Garriques J and Samson J (2021) Comparing Coral Colony Surveys From In-Water Observations and Structure-From-Motion Imagery Shows Low Methodological Bias. Front. Mar. Sci. 8:647943. doi: 10.3389/fmars.2021.647943

As the threats to coral reefs mount, scientists and managers are looking for innovative ways to increase the scope, scale, and efficiency of coral reef monitoring. Monitoring changes in coral communities and demographic features provides key information about ecosystem function and resilience of reefs. While most monitoring programs continue to rely on in-water visual survey methods, scientists are exploring 3D imaging technologies such as photogrammetry, also known as Structure-from-Motion (SfM), to enhance precision of monitoring, increase logistical efficiency in the field, and generate a permanent record of the reef. Here, we quantitatively compare data generated from in-water surveys to SfM-derived metrics for assessing coral demography, bleaching, and diversity in the main Hawaiian Islands as part of NOAA’s National Coral Reef Monitoring Program. Our objectives were to compare between-method error to within-method error, test for bias between methods, and identify strengths and weaknesses of both methods. Colony density, average colony diameter, average partial mortality, prevalence of bleaching, species richness, and species diversity were recorded using both methods within the same survey areas. For all metrics, the magnitude of between-method error was comparable to the within-method error for the in-water method and between method error was significantly higher than within-method error for SfM for one of the seven metrics. Our results also reveal that a majority of the metrics do not vary significantly between methods, nor did we observe a significant interaction between method and habitat type or method and depth. Exceptions include estimates of partial mortality, bleaching prevalence, and Porites juvenile density–though differences between methods are generally small. Our study also highlights that SfM offers a unique opportunity to more rigorously quantify and mitigate inter-observer error by providing observers unlimited “bottom time” and the opportunity to work together to resolve difficult annotations. However, the necessary investment in equipment and expertise does present substantial up-front costs, and the time associated with curating imagery, photogrammetric modeling, and manual image annotation can reduce the timeliness of data reporting. SfM provides a powerful tool to reimagine how we study and manage coral reefs, and this study provides the first quantified methodological comparison to validate the transition from standard in-water methods to SfM survey methods for estimates of coral colony-level surveys.
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INTRODUCTION

Coral reefs are suffering under multiple global threats associated with climate change (Hoegh-Guldberg et al., 2007; Pandolfi et al., 2011; Heron et al., 2016; Hughes et al., 2018) as well as local threats including overfishing, pollution, disease, severe storms, and overuse (Sandin et al., 2008; Ruiz-Moreno et al., 2012; Lamb et al., 2014; Pollock et al., 2014; Vega Thurber et al., 2014). These compounding disturbances are resulting in shifts in coral reef communities (Loya et al., 2001; Munday, 2004; Hughes et al., 2018) and progressive decline in coral reefs (Bruno and Selig, 2007; Miller et al., 2009; De’ath et al., 2012). Percent coral cover is the most widely used metric most widely used metric for detecting these shifts (Bruno and Selig, 2007; Edmunds and Elahi, 2007; Hughes et al., 2018), but this coarse metric often operates on decadal timescales that impede timely management action and does not elucidate the underlying demographic processes contributing to change (Edmunds and Riegl, 2020). Metrics such as colony density, size frequency distribution, partial mortality, colony health, and diversity can provide key information about a population’s recovery potential, response to acute and chronic disturbance events, shifts in communities, and ultimately shed light on the underlying mechanisms that cannot be gleaned from cover alone (Edmunds and Elahi, 2007; Riegl et al., 2013, 2017; Baskett et al., 2014; Riegl and Purkis, 2015; Edmunds and Riegl, 2020; García-Urueña and Garzón-Machado, 2020; Kodera et al., 2020).

Over the last five decades, coral reef ecologists have used a broad range of in-water visual and imaging survey methods to quantify various features of benthic communities. Historically, visual methods such as line intercept transects (Loya, 1972), point intercept transects (English et al., 1994), quadrats (Conand et al., 1999), timed swims (Donnelly et al., 2003), and belt transects (Connell et al., 1997) have been widely used. While these methods allow divers to leave the water with data in hand, they can be time consuming to conduct, require specialized training, and visual observations made by a single diver cannot be verified or re-evaluated. Video transects (Carleton and Done, 1995; Houk and Van Woesik, 2006) and photoquadrats (English et al., 1994; Preskitt et al., 2004) have become more widely adopted during the last two decades with the increased accessibility of digital cameras. These methods are more efficient underwater, require less specialized skills in the field, and create a permanent record of the reef. However, they necessitate significant post-processing, are typically only used to quantify benthic cover, only capture a small area of reef which does not allow for accurate colony-level measurements, and usually only captures the reef in two dimensions (Beijbom et al., 2015; Jokiel et al., 2015; Page et al., 2016).

An emerging photogrammetry technology called structure-from-motion (SfM) is gaining popularity in coral reef science (Burns et al., 2015a; Bryson et al., 2017; Casella et al., 2017; Ferrari et al., 2017; Fox et al., 2019; Obura et al., 2019) and offers a potential opportunity to continue collecting population and community metrics beyond coral cover while reducing field costs. SfM uses two dimensional (2D) overlapping images to incorporate every pixel into a 3D point cloud surface. With this 3D point cloud, an orthorectified 2D mosaic of all the 2D images as well as a geometrically accurate 2D projection of the dense point cloud can be generated. This technique provides researchers versatility to study the reef from the coral polyp to reef-scale. To date, a majority of studies on coral reefs utilizing SfM methodology have focused on quantifying structural complexity (Burns et al., 2015a; Figueira et al., 2015; Storlazzi et al., 2016; Bryson et al., 2017; Fukunaga et al., 2020; Torres-Pulliza et al., 2020). Others have used SfM in small-scale studies to quantify disease and bleaching (Fox et al., 2019; Voss et al., 2019; Burns et al., 2020), spatial clustering of corals (Edwards et al., 2017; Pedersen et al., 2019), coral growth (Kodera et al., 2020; Lange and Perry, 2020), and size frequency distributions (Hernández-Landa et al., 2020). SfM can generate high resolution mosaics that facilitate colony-level assessments, but SfM may limit our ability to capture every surface and colony-angle that can be achieved with in-water assessments and significant post processing may impede timely data generation. Thus a comprehensive methodological comparison is needed to assess data comparability and methodological trade-offs. While Burns et al. (2020) conducted a small scale study comparing in-water assessments of coral health to data generated from SfM, no study has tested whether the standard suite of coral metrics (e.g., density, colony size, diversity, partial mortality, prevalence of altered health states, and diversity) extracted from SfM imagery are consistent with in-water observations across gradients of community structure, depth and reef complexity.

In this study, we evaluated the use of SfM as a tool for quantifying seven coral metrics (adult density, juvenile density, colony size, old partial mortality, bleaching prevalence, species richness, and species diversity) in comparison to traditional visual in-water assessments. We conducted this study across eight main Hawaiian Islands where reefs vary considerably in coral abundance, community structure, depth, and structural complexity. To contextualize methodological differences we quantified inter-observer error and compared it to methodological error. To assess the utility of SfM for benthic monitoring, the three objectives of this study are to: (1) compare between-method error to within method observer error, (2) test for methodological bias between SfM and in-water visual surveys across habitats and depths, and (3) review logistical and technical strengths and weaknesses of both methods.



MATERIALS AND METHODS


In-Water Data Collection

We conducted 104 benthic surveys across eight main Hawaiian Islands between April and July 2019 (Figure 1). Sites were randomly selected within hard bottom habitat from 0 to 30 m and distributed across 17 sub-island sectors. These sites represent a broad range of depths (1–25 m), habitat types (aggregate reef, patch reef, pavement, rock and boulder, and rubble), coral cover, and diving conditions. At each site, an 18 m transect line was deployed along the depth contour. Visual observations were recorded within four 1 × 2.5 m segments along the transect (at 0–2.5, 5–7.5, 10–12.5, and 15–17.5 m). When dive time was limited (i.e., depths > 18 m), only three segments were surveyed. For each adult coral colony (≥5 cm in diameter), maximum diameter, ID (to lowest taxonomic level), and estimated percent old partial mortality (denuded skeleton colonized by turf or other organisms and hereafter referred to as “old dead”) were recorded. Bleaching extent (% of living tissue with reduced or loss of pigmentation) and severity (1 = slight paling, 2 = significant pigmentation loss, and 3 = stark white) were also recorded. Juvenile coral colonies (<5 cm maximum diameter) were recorded within the first 1 m2 of the first three segments. For juvenile colonies, only ID and maximum diameter were recorded. At a subset of these 104 sites, 43 haphazardly chosen segments across 28 sites were re-surveyed by a different diver to create replicate in-water observations for assessing within method observer error (Figure 1). Data were quality controlled in R with specific queries to identify and correct data entry errors.
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FIGURE 1. Location of 104 survey sites (pink and yellow), sites with 28 repeated surveys indicated in pink. White outlines and labels indicate sub-island sectors.




Structure-From-Motion Image Collection

Structure-From-Motion image collection was conducted at each site during the in-water visual surveys described above. Scale bar markers, also known as ground control points (GCPs), were placed at the beginning of each segment at least 0.5 m away from the transect line. The depth and relative position of each GCP were recorded. JPEG imagery was collected continuously by the diver depressing the shutter of an entry level digital SLR camera (Canon EOS Rebel SL2, with Ikelite underwater housing with 6” dome port) with an 18–55 mm lens fixed at 18 mm. Prior to conducting the survey the camera was white balanced at depth with an 18% gray card. At depths of 1–20 m (Figure 2), SfM imagery was collected over a 3 × 20 m area and at depths > 18 m, a 3 × 13 m area was surveyed, both with the transect line running down the middle of the survey area. This imaged area allowed divers to capture the 3–4 segments discussed above as well and an adequate buffer around the segments to ensure that colonies that extended outside the segments were fully captured in the imagery. Images were taken continuously along the transect by a diver swimming back and forth with 0.5 m spacing between passes, while maintaining a 1 m distance from the seafloor. The photographer swam three passes on each side of the transect line, for a total of six passes, to produce the total image area (Figure 2). This swim pattern allowed for >60% side overlap and >80% forward overlap of images. Imagery was manually evaluated to ensure only quality imagery (i.e., no overexposed or blue imagery) were included in the models.
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FIGURE 2. Graphic of benthic survey plot with in-water visual survey segments (in gray). The SfM swim path is indicated by the black dashed line, covering an image area of 3 m × 20 m area. Note, at depths > 18 m, divers reduced the image survey area to 3 × 13 m. GCP, ground control point.




Structure-From-Motion Model Generation and Data Extraction

A 3D model from each site was generated using Agisoft Metashape software (AgiSoft Metashape Professional Version 1.6.1). The workflow sequence included aligning images, and then building and exporting the 3D dense point cloud (DPC) following parameters described by Suka et al. (2019). All DPCs were created using a Supermicro SuperServer with a Dual Xeon E5-2600 64 GB processor with 128 GB memory and eight Quardro P4000 graphics processing units. The DPC was then brought into Viscore, a visualization software (Petrovic et al., 2014), and scaled and oriented using the GCP information. The average ground sample distance (resolution/pixel) of all scaled DPC models was 0.000234 m/pix and ranged 0.000145–0.00031 m/pix. The average error was 1.227 pix and ranged 0.618–2.496 pix. These values are comparable to those reported in other coral reef SfM studies (Burns et al., 2015a, b; Suka et al., 2020). A geometrically accurate 2D/top down projection of the DPC, hereafter referred to as an orthoprojection, and a scale grid were exported from Viscore (Figure 3). The orthoprojection and grid were then imported into ArcMap 10.6.1 for manual colony annotation (see Suka et al., 2019 for detailed methods).
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FIGURE 3. (A) 60 m2 orthoprojection and associated high resolution imagery (B,C) used to both create the orthoprojection and assist with coral colony annotation in ArcMap.


In ArcMap, each site was set up for annotation by defining the ratio of the scale of the orthoprojection using the scale grid, manually digitizing the transect and segments as a shapefile using the same sampling design as the in-water surveys, and setting up the attribute table in a geodatabase to mirror the in-water visual survey database. To record and extract data from the orthoprojection, each coral colony was annotated following the in-water visual survey methods. A total of six annotators extracted data from 104 sites. Each colony was measured by digitizing a line across the maximum diameter of the colony. Coral ID (to lowest taxonomic level), estimated percent old mortality, and bleaching extent and severity were recorded. During annotation, the original JPEG imagery was viewed alongside the orthoprojection with the Viscore Image View feature to see fine scale colony details, observe colonies from multiple angles, and locate colonies not visible in the orthoprojection (i.e., under ledges). Annotators were encouraged to speak with each other during the annotation process. In addition to this standard annotation, the subset of 43 segments across 28 sites that were replicated in-water by divers were also annotated twice by different SfM annotators to create replicate data sets for both methods. SfM data were quality controlled using a multi-stage process. Data were first quality controlled in R with specific queries to identify and correct data entry errors. Then data were summarized to the segment-level by annotator to identify potential issues (i.e., anomalously high or low mean values for specific metrics relative to other annotators). This QC step revealed that all six annotators had issues with at least one metric, the most common being low juvenile density, high adult colony density and low bleaching prevalence. If issues were identified for a given annotator, that annotator reviewed and corrected each site if they did find errors. The third stage involved annotators reviewing a subset (10% of the annotated segments) of randomly selected segments (stratified by annotator) that they did not originally annotate and recording errors to establish individual annotator error rates for each metric. This QC step revealed that one of the annotators had an error rate of >10% for adult density due to missing colonies and four annotators had an error rate of >10% for juvenile density due to missing colonies. All of the sites for the annotators that had error rates >10% were reviewed and corrected for the metric in question by a different annotator.



Data Analysis

All data were analyzed in R v3.6.1 (R Core Team, 2019). Seven metrics were summarized as follows: adult colony density (number of colonies ≥ 5 cm per m2), juvenile colony density (number of colonies 0.7–4.9 cm per m2), average maximum adult diameter, average percent old dead, bleaching prevalence (percent of colonies with a bleaching severity ≥ 2), adult species richness (number of species), and adult Shannon-Wiener diversity ([image: image]), where pi is the proportion of individuals belonging to the ith species at a site and R is the total number of species at a site. Colonies with bleaching severity 1 (slight paling) were not included in this analysis due to challenges associated with identifying low levels of bleaching severity consistently across observers regardless of method type. Richness and diversity of juveniles were not calculated due to the challenges of identifying juvenile corals to the species level using either methods.

To compare error between methods to within method observer error for the seven metrics, data were summarized at the segment-level for all scleractinians combined. The identities of observers within each method were randomly assigned to observer “1” or “2” (i.e., Diver 1 vs. Diver 2, SfM 1 vs. SfM 2). Therefore, comparisons between observers within a method highlight general variation among multiple observers, but do not reflect the tendencies of a single, human observer. Error was calculated as the absolute difference in values (between methods or observers) divided by overall mean and then scaled from 0 to 1 so that we could compare the relative level of error across metrics (termed “midpoint scaled mean absolute error”). Error was calculated for three different types of comparisons for the 43 paired segments repeatedly sampled by both SfM and in-water methods. “Diver observer error” represents the difference between divers for a given demographic metric (Supplementary Figure 1A). “SfM observer error” represents the difference in error for a given metric between SfM annotators (Supplementary Figure 1B). “Method Error” is the difference between methods for all possible combinations of method x observer divided by the mean difference across all method x observer comparisons for a given metric (Supplementary Figure 1C). We summarize each of these error distributions using the mean and standard error of the mean. We used nonparametric Kruskal–Wallis tests and Dunn’s post hoc tests with Benjamini and Hochberg multiple test corrections to test for differences between the three errors because metrics did not meet assumptions of normality and equal variance.

To test for differences between methods in the coral metrics, data were summarized at the site-level at 104 sites that were surveyed by one diver and one SfM annotator. Data were pooled to the site-level because this is the lowest spatial resolution typically summarized using NCRMP data. Within a site, only segments that were surveyed in both methods were included and then pooled to the site-level. Results are presented for the seven metrics for total scleractinian corals combined and for adult and juvenile density of the three dominant coral genera (Porites, Montipora, and Pocillopora). Each metric was tested for normality and equal variance. Measures of adult density, juvenile density, and average old partial mortality were square root transformed. Average colony diameter and Porites adult and juvenile density were log transformed. Richness and diversity met assumptions of normality and equal variance. 1:1 plots with a linear regressions were used to compare and visualize in-water and SfM-generated estimates for each metric. Root mean squared error (RMSE) was used to evaluate the level of error between methods and was calculated as follows:[image: image]; where yi is the in-water metric value for a given site, xi is the SfM-generated metric value for a given site and n is the total number of sites. For each of these metrics, we established a series of linear mixed effects models (LMMs) to test effect of: method, method × habitat, and method × maximum depth. These variables were treated as fixed effects and sub-island sector was treated as a random effect. To assess the significance of fixed effects, we refit each model using maximum likelihood estimation (ML) and applied likelihood ratio tests (LRTs) (Zuur et al., 2009). Fixed effects that were not significant were sequentially dropped from models. The resulting best-fit models were refit using REML in order to estimate the fixed-effects parameters and associated effect sizes. Bleaching prevalence, Montipora density, and Pocillopora density could not be transformed because standard transformations failed to result in distributions that met assumptions of normality and equal variance and therefore were only tested for overall difference between methods using nonparametric Wilcoxon Rank Tests for each metric.

To determine whether we had adequate sampling to detect significant methodological bias, we ran power analyses for each of the metrics assuming a two-tailed t-test, the standard deviation of the untransformed or transformed metric (see transformation type above), power of 0.8, α = 0.05, and an N from 3 to 350 samples. On each of the resulting curves, we selected the observed sample size (102–104) and compared it to the calculated mean absolute error (MAE), which is the mean absolute difference between methods.



RESULTS


How Does Methodological Error Compare to Observer Error?

To determine whether the absolute difference between methods is greater or smaller than the difference between observers, we compared the level of method error to both kinds of observer error across the subset of 43 segments surveyed by two in-water divers and two SfM annotators (Figure 4). For adult density, diver observer error was significantly higher than SfM error, but was not different from method error (Figure 4 and Supplementary Table 1). Similarly, for average colony diameter, there was no difference between diver error and method error, but SfM observer error was significantly lower than the other error comparisons (Figure 4 and Supplementary Table 1). These results suggest that the difference between methods for adult density and colony diameter were just as variable as what we normally see between divers underwater, but SfM annotators were more consistent in scoring than divers. For the other metrics there was no significant difference between the three error types.
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FIGURE 4. A Comparison of the in-water observer error (difference between divers; red) and structure-from-motion (SfM) observer error (difference between SfM annotators; green) to method error (difference between methods; blue) for each coral demographic metric. Letters, when present, denote significant differences among error types based on post hoc tests for each metric using Dunn’s tests with Benjamini and Hochberg multiple test corrections (adjusted α = 0.05).


Overall, this suggests that while there may be variability between methods, it is consistent with the level of variability we have between divers. The probability distributions of the metrics show only minor variation (especially for old dead, maximum colony diameter and bleaching prevalence) in the general shape of the distribution among observers/methods across all metrics (Supplementary Figure 2). The density metrics and average colony length each show substantial right skew, while average old dead, adult species richness, and adult species diversity all show the least skewed distributions. Bleaching prevalence showed dominance by zero values (i.e., zero-inflation) with a scattering of positive values.



Is There a Methodological Bias in Coral Demographic Metrics at the Site-Level?

At the site-level, adult colony density was strongly correlated between methods with a low root mean square error (RMSE) and more variability above 15 colonies/m2 (Figure 5A). We did not detect a significant methodological difference (Figure 5B and Supplementary Table 2), nor was there a significant interaction between method and habitat (Supplementary Figure 3A and Supplementary Table 2), or method and depth (Supplementary Figure 3B and Supplementary Table 2).
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FIGURE 5. (A,C,E,G,I) 1:1 Plots of the paired site-level SfM versus diver data for adult colony density, juvenile colony density, average adult maximum diameter, average adult colony percent old partial mortality, and bleaching prevalence, respectively (points). Black line is 1:1 line, red dashed line is linear regression line for all 1:1 plots. (B,D,F,H,J) Boxplots of site-level data by method type for adult colony density, juvenile colony density, average adult maximum diameter, average adult colony percent old partial mortality, and bleaching prevalence, respectively. Asterisk, when present, indicates significant difference between methods based on LMMs and LRTs (B,D,F,H) and nonparametric Wilcoxon Test (J) (α = 0.05).


Juvenile colony density was strongly correlated between methods with a low RMSE (Figure 5C). It does appear that SfM may be slightly underestimating juveniles relative to in-water surveys at higher densities, although we did not detect a significant methodological difference (Figure 5D and Supplementary Table 2). More observations are needed at higher densities to resolve this. Juvenile density did not vary significantly as a function of method and habitat (Supplementary Figure 3C and Supplementary Table 2). While there was no significant interaction of method and depth, SfM annotators recorded slightly higher juvenile density with increasing depth, with predicted SfM juvenile density approximately 6 colonies/m2 higher than in-water surveys at deep sites (Supplementary Figure 3D and Supplementary Table 2).

Adult average maximum diameter was strongly correlated with a low RMSE between methods (Figure 5E) and we did not detect a significant methodological difference (Figure 5F and Supplementary Table 2). There was no significant interaction of method and habitat (Supplementary Figure 3E and Supplementary Table 2), nor was the interaction of method and depth significant (Supplementary Figure 3F and Supplementary Table 2).

Average percent old dead was only moderately correlated with a high RMSE between methods (Figure 5G). SfM percent old partial mortality was significantly higher than in-water (Figure 5H and Supplementary Table 2). Although SfM percent old dead was higher than diver old dead in patch reef habitats, the interaction of method and habitat was not significant (Supplementary Figure 3G and Supplementary Table 2). There was no significant interaction between method and depth (Supplementary Figure 3H and Supplementary Table 2).

Bleaching prevalence was moderately correlated between methods with a higher RMSE (Figure 5I). SfM annotators recorded significantly higher bleaching compared to divers (Figure 5J and Supplementary Table 2). When considering each habitat separately, SfM bleaching prevalence was significantly higher than diver prevalence on aggregate reefs and prevalence did not vary between methods for the other habitats (Supplementary Figure 3I and Supplementary Table 2). Prevalence was similarly correlated with depth for both SfM (Spearman rho = 0.07) and in-water methods (Spearman rho = 0.08), suggesting that there is no interaction of method and depth (Supplementary Figure 3J).

For all three of the dominant coral genera in the main Hawaiian Islands, adult colony density was strongly correlated between methods, with the greatest correlation observed in Pocillopora (Supplementary Figures 4A–C). Adult density did not vary significantly between methods for any of the dominant genera (Supplementary Figures 4D–F and Supplementary Table 2). However, it does appear that divers may be underestimating adult Porites relative to SfM annotators at densities > 10 colonies/m2 and there was more variability between methods for Montipora densities > 10 colonies/m2 (Supplementary Figures 4A,B).

Juvenile colony density of the three dominant genera were moderately to strongly correlated between methods, with the weakest correlation observed in Montipora (Supplementary Figures 5A–C). SfM annotators observed significantly more juvenile Porites than divers, particularly at sites with low juvenile density (Supplementary Figure 5D and Supplementary Table 2). While Montipora and Pocillopora juvenile density was slightly lower for SfM compared to divers, we did not detect a significant difference between methods (Supplementary Figures 5E,F and Supplementary Table 2).

Adult species richness and Shannon-Wiener species diversity were strongly correlated between methods with a low RMSE (Figures 6A,C). It does appear that SfM may be slightly underestimating richness and diversity relative to in-water methods, although we did not detect a significant methodological difference (Figures 6B,D). Richness and diversity did not vary significantly by method x habitat (Supplementary Figures 6A,C and Supplementary Table 2), nor method × depth (Supplementary Figures 6B,D and Supplementary Table 2).
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FIGURE 6. (A,C) 1:1 Plots of the paired site-level (points) SfM versus Diver data for adult species richness and adult Shannon-Wiener diversity, respectively. Black line is the 1:1 line, red dashed line is the linear regression line between methods. (B,D) Boxplots of site-level data by method type for adult species richness and adult Shannon-Wiener diversity, respectively. No significant between methods was detected using LMMs and LRTs (α = 0.05) (B,D).


Differences across methods for five of the seven total scleractinian metrics and five of the six dominant genera metrics showed no significant difference from zero (Figures 5,6 and Supplementary Figures 4, 5) and overall, the between-method error (MAE) was very low for all metrics (Supplementary Figures 7, 8). The power analysis (Supplementary Figures 7, 8) suggests that we have an adequate sample size to detect a significant difference between methods, especially as six of the seven observed MAEs for total scleractinians and three of the six dominant taxa metrics show non-significant estimates at or above our power analysis effect size. This suggests that the consistent pattern of small and non-significant differences between methods is not due to a lack of statistical power, but instead due to well-supported similarities in the results across methodologies.



DISCUSSION

Understanding the scale of threats to coral reefs and implementing timely management strategies to slow degradation has motivated the scientific community to explore SfM as a tool for expanding the scale of reef monitoring and improving the efficiency of field data collection by replacing visual surveys. Our results suggest that there is little evidence of consistent methodological bias between in-water collection and SfM imagery in the metrics included in this study.


Most Metrics Show Low Methodological Bias

Overall, our results suggest that adult colony density, average colony diameter, species richness and species diversity were strongly correlated between methods and did not vary significantly between methods across habitats or depths (Figures 5, 6 and Supplementary Figures 3, 6). While this is the first study comparing in-water to SfM generated data for these metrics, several studies have conducted similar comparative analysis of density and richness using visual surveys and other imagery based methods. Contrary to our results, Page et al. (2016) found that colony density was inflated in 2D photoquadrat images compared to in-water surveys because colony bases of branching colonies were often obscured in the 2D images and continuity of tissues between branches could not be confirmed, leading annotators to assume that each branch was a physiologically discrete colony. However, similarly to our study, Jokiel et al. (2015) found that coral species richness was similar between in-water visual methods (i.e., point intercept transect and quadrats) and imaging methods such as video and photoquadrats. These studies highlight that while photoquadrat imagery may be appropriate for quantifying diversity in low diversity systems, SfM’s ability to capture the reef from a variety of angles provides a significant improvement over standard photoquadrat methods.

Quantifying juveniles can be challenging given their small size and cryptic nature, sometimes preferring crevices and vertical surfaces to exposed substrates (Babcock and Mundy, 1996; Edmunds et al., 2004). For these reasons, we hypothesized that SfM may underestimate juvenile density. However, our results indicate that density was strongly correlated between methods and there was no significant difference for all taxa combined between methods, nor between methods across habitats and depths. These results are not consistent with previous studies that found that photoquadrat methods significantly underestimate juvenile density compared to in-water observations (Edmunds et al., 1998; Burgess et al., 2010), which the authors attribute to juvenile colonies growing in cryptic microhabitats. These conflicting results may be partly due to the fact that Burgess et al. (2010) only quantified juveniles < 0.5 cm diameter where our study quantified juveniles between 0.7 and 4.9 cm. While juveniles < 0.7 cm could often be detected using SfM in our study, we did not include them due to the challenges of consistently identifying these smaller size classes regardless of method. Our results indicate that it is important to consider the size range of juveniles when comparing across studies and methods, but also indicate that SfM is able to capture many of the cryptic habitats that are not visible using two dimensional photoquadrat images commonly used by many monitoring programs. In addition, significant improvements in digital camera technology and image resolution since these earlier studies were conducted may have also contributed to differing results. Juvenile colony density for Porites among SfM observers was significantly higher than recorded by divers. Porites juveniles tend to be more inconspicuous than other juvenile taxa, often blending in with the substrate due to their muted color and low profile. In fact, when we evaluated the quality of SfM annotations, the most common issue across all annotators was missing juveniles. While we were able to review and correct this in the SfM dataset, we were not able to correct missing juveniles in the in-water dataset.

Metrics that rely on direct counts or measurements (such as colony density and size) were more strongly correlated between methods than metrics that rely on visual estimates of extent (such as percent partial mortality). Specifically, old dead was significantly higher using SfM compared to in-water methods, but did not vary significantly between methods across habitats and depths. However, the absolute difference in old mortality estimates between methods (MAE) was low, i.e., only 1.27% (Supplementary Figure 7) relative to the overall mean of 23% averaged across both methods. One possible explanation for the higher levels of partial mortality in SfM is that with unlimited “bottom time”, annotators have more time to review colonies and record lower levels of partial mortality (especially below 20%) than divers who may be more likely to miss low levels. SfM annotators may also be underestimating mortality on branching colonies where it is difficult to see the bases of colonies.

Estimating old partial mortality can be challenging due to the coarse nature of this metric (recorded in 5% increments) and the challenges identifying colony boundaries consistently across observers. Identifying the boundaries of colonies is a fundamental challenge of these types of demographic surveys regardless of whether surveys are conducted underwater or behind a computer. As colonial organisms, corals can fragment into tissue patches. Our methods dictate that observers identify colonies by lumping together tissue fragments of a similar color and morphology on the same skeletal structure into one colony (Winston et al., 2020). Enumerating and sizing colonies can also be challenging when partial mortality is not recent and colonies are densely aggregated, likely explaining why we observed higher variability between methods at higher colony densities and larger mean colony diameter (Figure 4). Fragmentation is also especially common for taxa such as Porites and Montipora, resulting in difficulty distinguishing between tissue fragments and sexual recruits. Despite significant diver and annotator training, this variability is likely partially explained by variability between observers. The role of observer error in these patterns is supported by the fact that we reported that variability between divers in adult density and adult maximum diameter is comparable to differences between methods (Figure 4). The challenges of identifying colonies and recording demographic information are most certainly not unique to our program. Monitoring programs can continue to improve the quality of their datasets by more rigorous training and quantitative calibration of field staff. In addition, with lower error between observers (Figure 4) and the ability to virtually revisit plots, SfM may provide an opportunity to reduce observer error more effectively than visual surveys.

With increasing severity and frequency of mass coral bleaching events, many monitoring programs are looking to quantify coral bleaching over large areas using digital imagery (Lafratta et al., 2017; Levy et al., 2018; Fox et al., 2019; Ritson-Williams and Gates, 2020). In our study, bleaching prevalence was significantly higher in SfM compared to in-water assessments with an MAE of 8.07%. However, care should be taken when interpreting bleaching MAE as data were highly zero-inflated. As this phenomenon was particularly noticeable on aggregate reefs, one possible explanation for this pattern is that aggregate reefs generally have higher colony density, which means that divers, with limited bottom time to conduct surveys, are more task loaded and may be prone to overlooking low to moderate levels of bleaching. It is also possible that imagery from some sites may have appeared slightly overexposed, leading to overestimation of bleaching in SfM. However, we expect the effects of overexposure to be minimal because cameras were white balanced at depth, imagery was rigorous quality controlled, and all SfM annotators used the same monitors and settings. Our results differ slightly from previous studies that found bleaching estimates did not differ between in-water and photoquad (Page et al., 2016) or SfM surveys (Burns et al., 2020). Previous studies were conducted on a very limited number of shallow homogenous sites; therefore, it is unsurprising that our results differ given that we surveyed 104 sites distributed across a large range of depths, turbidity, lighting, and habitats. Our study was also conducted during the early stages of the 2019 Hawaii bleaching event, and although severe bleaching is easy to identify, low to moderate levels that were more common during the time of these surveys were more challenging to quantify consistently. While SfM annotators could discuss bleaching levels and revise annotations, divers were unable to do this underwater and may have been more conservative.



Strengths and Weaknesses of SfM and In-Water Surveys

Both in-water and SfM survey methods have a variety of strengths and weaknesses for coral demographic and community surveys (Table 1), and which method to choose depends on the research question, the timeline for data dissemination, and logistical constraints of the survey. Similar to Burns et al. (2020), our study highlights that there may not be a “gold standard” for colony-level surveys, and observed methodological differences can highlight deficiencies in either method. In-water surveys allow divers to look at corals at the polyp-level from all possible angles, which is important for observing taxa located in crevices, under overhangs, or covered by sand or algae. It also allows scientists to exit the water with data that require minimal post-processing, resulting in summarized data on the order of weeks to months. However, in-water monitoring also has several weaknesses. Surveys generally require more field effort. For example, our program’s in-water assessments require 45–60 min with a three-person team to complete one site. Given the longer dive time and the number of metrics collected underwater, it can be more strenuous to survey in poor conditions and diver fatigue can impact data quality. With limited bottom time, measurements of size and habitat complexity are generally measured or estimated at coarse levels, and the reef area that can be surveyed by divers is often reduced or requires two dives when surveying deeper reefs. Lastly, visual survey data does not allow divers to verify or re-evaluate the benthos, which can lead to unmitigated observer error.


TABLE 1. Comparison of in-water and SfM strengths and weaknesses.

[image: Table 1]Conducting SfM surveys in the field is generally more time efficient depending on the size and shape of the plot, which reduces field costs. For example, our program requires 15–20 min with two divers to complete a 3 × 20 m SfM belt survey, compared to a 45–60 min with three divers for an in-water survey. Overall when comparing the total time needed to collect data during a NCRMP survey mission, SfM reduced field time by 55%. While we did not measure habitat complexity in this study, other studies have found that SfM allows scientists to more accurately quantify reef complexity compared to common in-water methods such as “chain and tape” or visual estimates (Storlazzi et al., 2016; Bayley et al., 2019). Contrary to in-water methods, SfM annotators are not limited by time, can take breaks when fatigued, and the area sampled is only limited by the extent of the reef that is imaged. Annotators also have the opportunity to converse during data recording to improve consistency, thus reducing observer error. The SfM method allows, for the first time, the ability to use a more comprehensive quality control process, produce statistically robust error rates and correct observer error by revisiting the imagery. Finally, with SfM the survey provides a permanent visual record, allowing for additional metrics to be extracted in future projects.

One of the primary weaknesses of SfM for colony-level surveys is the time it takes to extract data from the imagery, which is on the order of months to a year depending on the number of sites, annotators, and access to computational resources, leading to delays in data dissemination. For example, in this study, an average of 9 h of hands-on time was needed to generate 3D and 2D products, manually annotate, and QC data per site (most was manual annotation). In addition to the significant manual annotation time, SfM also requires a substantial investment in hardware such as digital cameras, software, and GPU-accelerated computers to process models efficiently. Another weakness is that annotators are limited by the quality and coverage of the imagery. If the imagery is poor quality or has poor overlap then it may be difficult to achieve polyp-level detail or fully capture all of the colonies. This can make species and coral health identification challenging. Even with good image coverage, SfM cannot capture all of the surfaces that divers can assess in in-water surveys. Therefore, it may also be appropriate to consider a hybrid of in-water and SfM to capture more polyp-level detail and balance in-field and annotation costs. While the time needed to implement each stage of these methods will vary in accordance with the experience of the individual and complexity of the reef, a comparison of the average time to execute each stage of the in situ versus SfM surveys can be found in Couch et al. (2021; see Table 2).



Future Directions

Our study provides compelling evidence that with careful consideration to how imagery is collected, SfM may increase efficiency in the field and access to a wealth of other types of data such as habitat complexity, urchin density, and coral growth rates. Our study also highlights that SfM provides an opportunity to more rigorously quantify and mitigate inter-observer error, thus improving our ability to detect smaller changes in the benthos. While SfM provides a powerful tool to reimagine how we study and manage coral reefs, it may not be the best fit for every program and practitioners should carefully weigh the strengths and weaknesses of standard in-water and SfM survey methods. Addressing SfM’s weaknesses outlined above and making this approach more broadly accessible will require a series of steps.

To maximize data quality and utility of SfM, it is paramount that divers prioritize the collection of quality imagery using guidelines such as those described by Suka et al. (2019). Collecting properly color balanced and sharp images is the foundation for quality annotations and derived data products. In addition, shooting from more than one angle allows divers to capture colonies on vertical or concave surfaces and reduce gaps in the model. This may be especially important in habitats with high complexity.

One of the largest hurdles to overcome with SfM is the significant annotation and post-processing time/resources necessary to extract data. The rapidly expanding field of artificial intelligence (AI) has the potential to significantly reduce the amount of human interaction time required to extract data from SfM imagery. While AI tools are potentially revolutionary for scaling up coral reef monitoring, they cannot fully replace humans and tools should continue to leverage human expertise by employing “human-in-the-loop” approaches. This challenge is currently being tackled for coral reef monitoring using a variety of approaches such as CoralNet, a widely used machine-learning image analysis tool for point classification (Beijbom et al., 2015); an encoder-decoder convolutional neural network (CNN) for semantic segmentation leveraging human annotated sparse points (Alonso et al., 2017); TagLab, an interactive semantic segmentation tool that integrates CNN results and previous human labeling (Pavoni et al., 2019); the use of bounding boxes to more efficiently identify benthic features for humans to annotate (Mandel et al., 2019; Modasshir and Rekleitis, 2020); NemoNet, a CNN approach with a citizen-scientist videogame to generate training data and segment benthic features (Chirayath and Li, 2019); and AI challenges that invite computer scientists to develop completely novel automated solutions to delineation (Ionescu et al., 2019). While 2D orthoprojections are still the “industry-standard” for SfM work, annotating natively in 3D will provide more accurate assessments of structure, vital rates, and diversity, especially in dense, structurally complex reefs. These advances will help move annotation from a mostly hands-on, time-intensive approach to a semi-automated workflow, and shifts annotation from 2D to 3D space. The hardware and software investment needed to generate the DPCs, 2D products and derived benthic metrics efficiently may exceed the means of most small monitoring programs. To address this challenge, current SfM practitioners should identify opportunities to develop infrastructure for cloud processing, data sharing and data storage.
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Coral reefs are the most biodiverse ecosystems on earth and are presently experiencing severe declines globally. Shallow coral reef ecosystems (<30 m) have been studied extensively while mesophotic coral ecosystems (MCE) are poorly studied. As a result, MCE are rarely included in marine reserve design and management, despite their ecological importance and connectivity to shallow reefs. In this study, we assessed the fine-scale topographic complexity, a proxy for structural complexity, for a group of coastal coral reefs in a marine park in the southwestern Gulf of Mexico, in depths between 2 and 49 m. We conducted hydrographic surveys using a semi-portable multibeam echosounder system to produce 3D bathymetry digital terrain models (DTM) with a 2.5 m spatial resolution for three submerged bank reefs and two emerging reefs. From these models, descriptive terrain parameters were calculated for each reef, including slope, aspect, curvature, rugosity and ruggedness. Results show that all reefs are predominantly northeast-southwest oriented, with well-defined leeward and windward sides. For the three submerged bank reefs, structural complexity increased with depth. Estimated mean ruggedness and rugosity were highest at 20–40 m depth range on windward side slopes. Emerging reefs showed high structural complexity, particularly at the 25–40 m depth range. We identified a spur and groove zone with maximum ruggedness (0.26) and rugosity (3.17) values, and four channels with steep slopes (68°) and dispersed mounds. We found that at mesophotic depths (>30 m), southern reefs basements from two distinct reefs merge to form a continuous complex. This has important management implications since presently, only 28.7% of this reef complex (mostly shallow areas) are within the existing limits of the marine park’s core zone. Considering the newly recognized importance of MCE, we propose expanding and reshaping the core zone to include the entire reef complex which mostly encompasses MCE with high structural complexity. Our study illustrates the value of semi-portable MBES for marine planning in developing countries and remote poorly studied areas.
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INTRODUCTION

Many studies have shown the global loss in live coral cover and critical degradation of coral reef ecosystems due to natural and anthropogenic disturbances (Gardner et al., 2003; Bellwood et al., 2004; Hoegh-Guldberg et al., 2007; Sweatman et al., 2011; De’ath et al., 2012; Gilmour et al., 2019). Evidence that the loss of live coral led to a drastic decline in the reef structural complexity has been shown for a region-wide scale in the Caribbean (Alvarez-Filip et al., 2009; Prachett et al., 2014; Bozec et al., 2015; Medina-Valmaseda et al., 2020). Such degradation trends generate uncertainty about the possible recovery of shallow coral reefs (Gardner et al., 2003) in which biodiversity, productivity and ecosystem services have been compromised (Moberg and Folke, 1999; Prachett et al., 2014). Current global-scale degradation of shallow coral reefs has encouraged the scientific community to study mesophotic coral ecosystems (MCE) (Menza et al., 2008) that typically occur between 30 and 150 m (Hinderstein et al., 2010) to determine if MCE are facing similar threats to those faced by shallow coral reefs (Bak et al., 2005; Reed et al., 2007; Lesser and Slattery, 2011; Bongaerts et al., 2013; Appeldoorn et al., 2015).

MCE are defined as light-dependent communities distributed between the middle and lower depths of the euphotic zone in tropical and subtropical regions (Hinderstein et al., 2010). Mesophotic reef depth limits vary within and between regions (Kahng et al., 2010) depending on water optical properties (Kirk, 2011). MCE occur at depths where downwelling irradiance reaches the 10 and 1% of subsurface irradiance (Jerlov, 1968). The euphotic zone may extend beyond 200 m deep in clear oceanic waters, while reduced to depths below 30 m near the coast because of increased water turbidity (Wright and Colling, 1995). MCE are considered an extension of shallow coral reefs since the distribution range of some species span from the shallow to the mesophotic zone (Kahng et al., 2010). Connectivity between shallow and mesophotic fish (Bejarano et al., 2014; Tenggardjaja et al., 2014; Papastamatiou et al., 2015) and coral species (Van Oppen et al., 2011; Holstein D.M. et al., 2016) suggest that MCE could be important contributors to reef ecosystem recovery.

Shallow coral reef ecosystems have been studied extensively while MCE remain poorly understood. Menza et al. (2008) showed an exponential decline in scientific literature on coral reefs as depth increases, showing the lack of information on MCE. Turner et al. (2017) showed that most of the studies on MCE are concentrated in a few geographic areas including Hawaii and Australia in the Pacific, Israel in the Middle East, the Caribbean and the northern Gulf of Mexico. Only 5.2% of those studies include reef geomorphology (Turner et al., 2017). The information gap on MCE is due in part to the financial and logistical constraints of conducting research in waters deeper than 30 m which requires specialized equipment and training (Locker et al., 2010).

Scleractinian corals are the dominant framework builders that provide the three-dimensional structure and complexity of coral reefs (Jones et al., 1994; Bruno and Bertness, 2001). Higher structural complexity is positively correlated with higher species biodiversity (Risk, 1972), reef fish biomass, and the abundance and size spectra of fish (Bell and Galzin, 1984; Rogers et al., 2014). Corals provide refuge for reef-dwelling species by reducing predation and competition (Almany, 2004) and space for larval settlement (Idjadi and Edmunds, 2006). Also, structural complexity has a positive effect on the provision of ecosystem services (Graham and Nash, 2013) including the important physical role of protecting coastal areas from waves (Harris et al., 2018).

Geomorphology in marine environments is an inherent physical attribute of the seabed. Geomorphic classification, based on maps of the seabed is a fundamental descriptor that provides a synthesis of attributes and information relevant for characterizing habitats (Harris, 2011) in scales from centimeters to kilometers (Greene et al., 1999). Specific geomorphic features are associated with particular suites of benthic habitats (Harris and Baker, 2011) and can be used as a proxy to identify critical life habitats of marine species (Heyman and Wright, 2011).

Benthic habitats are physically distinct areas of seabed associated with species, communities, or assemblages that consistently occur together (Harris and Baker, 2011). The physical structures of habitat, including its surfaces and substrates, are significant components of habitat complexity playing a key role in the function and structure of the marine communities (Bruno and Bertness, 2001). The habitat complexity of the aquatic systems is characterized by at least five different physical traits: (1) spatial scales, (2) diversity of complexity-generating physical elements, (3) elements spatial arrangement, (4) elements size and (5) elements abundance and density (Tokeshi and Arakani, 2012). Topographic variability is a primary component of habitat complexity. Topographic variability is a basic terrain parameter for seafloor characterization and can be used for delimiting regions or boundaries between habitats that in turn could be associated with distinct faunal assemblages (Wilson et al., 2007).

Coral reef structural complexity has been studied at different spatial scales and resolutions, using a variety of methods. The most commonly used field method is the belt chain, i.e., laying a chain directly over the substrate and estimating a rugosity index as a ratio of the actual surface distance relative to linear distance (Luckhurst and Luckhurst, 1978). Optical remote sensing has also been used to study landscape ecology, bathymetry, rugosity and even to assess the structural complexity of coral reefs (Brock et al., 2004; Zawada and Brock, 2009; Ferrari et al., 2016). Nonetheless, the utility of optical remote sensing techniques is restricted to clear shallow waters (Kenny et al., 2003; Wölfl et al., 2019). These techniques detect and measure energy patterns from different portions of the electromagnetic spectrum (Yang, 2009). Only wavelengths of the visible region of the spectrum (0.4–0.7 μm) penetrate the water column and this penetration decreases for longer wavelengths, becoming opaque for the infrared region (Green et al., 2000). The precise degree of penetration in a spectral region is influenced by the optical properties of the water, including the concentration of dissolved organic matter and suspended sediments (Mumby et al., 2004).

Acoustic hydrographic methods based on SoNAR (Sound Navigation and Ranging) or echosounders are suitable tools for seafloor mapping, which in turn supports geomorphic features identification and classification. These methods have been used in coral reefs, including the MCE (Locker et al., 2010; Sherman et al., 2010). Single beam echosounders (SBES) measure water depth by timing the period from when the echo is emitted by the SBES to its return from the seabed (Ainslie, 2010). Acoustic ground discrimination systems (AGDS) based upon an SBES, use the strength and character of the echo to provide an indication of the bottom type (Kenny et al., 2003; Walker et al., 2008; Bejarano et al., 2011). Multibeam echosounder systems (MBES) acquire multiple depth measurements simultaneously and are used to map large areas of the seafloor at high resolution up to 0.1 m (Kenny et al., 2003). Multibeam data combined with data gathered with remotely operated vehicles (ROVs) or autonomous underwater vehicles (AUVs) allows a detailed description of geomorphology (Armstrong et al., 2008), terrain variability (Sherman et al., 2010), topographic variability and its relationship with MCE benthic community structure (Bridge et al., 2011). Descriptors such as slope, texture and landforms have been used for benthic characterizations and benthic habitat delimitating (e.g., Wilson et al., 2007; Costa and Battista, 2013).

Seafloor mapping and habitat modeling are essential for marine spatial planning, designing marine protected areas (MPAs), planning and conducting scientific research on benthic ecosystems and marine geology, and assessing economic resources (Harris and Baker, 2011). The main objectives of this study are to: (1) generate fine-scale bathymetric maps for a group of poorly studied coastal coral reefs in a marine park in the southwestern Gulf of Mexico, including both shallow and mesophotic depths; (2) describe the seafloor geomorphology; (3) assess the topographic variability as a proxy for structural complexity to identify potential areas of interest for conservation and management.



MATERIALS AND METHODS


Study Area

The “Sistema Arrecifal Veracruzano” National Park (SAVNP) in the southwestern Gulf of Mexico, includes 45 fringing and platform coral reef structures (Liaño-Carrera et al., 2019). The SAVNP is located in a terrigenous environment influenced by freshwater discharge from three rivers: the Antigua in the North, the Papaloapan to the South and the Jamapa in the middle (Krutak, 1997). Three weather seasons have been described for the region: dry, rainy and northerly (Gutiérrez de Velasco and Winant, 1996). Water turbidity varies seasonally according to weather conditions. Five coral reefs were selected for this study: three from the northern group and two from the southern group (Figure 1). The northern reefs, known as the “Holandesas” are three submerged banks located in front of the port of Veracruz which we refer to herein as Holandesa 1 (H1), Holandesa 2 (H2), and Holandesa 3 (H3). The southern reefs, commonly known as Santiaguillo and Anegadilla are emergent platform reefs located offshore of Anton Lizardo village (Liddell and Tunnell, 2011).
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FIGURE 1. Sistema Arrecifal Veracruzano National Park (SAVNP) located in the southwestern Gulf of Mexico; the two groups of reefs studied are highlighted. Polygons in red indicate core zones; polygons in dashed line indicate the proposed core zone.




Hydrographic Surveys

Hydrographic surveys were carried out during 2015–2017 using a 30 foot Mexican style skiff equipped with an outboard engine and covered a total area of 6.42 km2. The boat was equipped with a semi-portable MBES consisting of a 400 kHz SONIC 2020 multibeam echosounder (R2Sonic, Texas, United States) pole-mounted port-side, amidship 0.60 m below the surface, a sound velocity Micro X probe (AML Oceanographic, British Columbia, Canada) mounted at the rear of the transducer, a differential GPS Receiver Vector VS131 (Hemisphere GNSS, Scottsdale, Arizona, United States) with two antennas mounted 1 m apart on top of the pole, an Inertial Navigation System Ekinox-E (SBG systems, Carrières-sur-Seine, France) aligned to the center line of the vessel and used as our central reference point, and the 1PPS box (Hypack/Xylem, Middle-town, Connecticut, United States) installed between the GPS and computer. The box was used to improve time-tagging by reducing the clock sync error to less than 1 ms.

The multibeam echosounder was operated at 300 kHz with an emitted fanned arc of 256 equidistant beams per ping through a 130° swath sector, sampled. Samples were recorded every 15 μs and received using a 60 kHz bandwidth. Surveys were conducted following 180 parallel-line transects at ∼2 km/h average speed. Transects were planned to obtain 100% sector coverage. Sound velocity casts were obtained using an SV-Xchange probe (AML Oceanographic, British Columbia, Canada). Calibration transects were conducted for each survey to determine pitch, roll, and yaw offsets.



Bathymetry Data Processing

Bathymetry data were processed using Hypack hydrographic software (version 2015). Sound velocity, tide, pitch, roll and yaw offsets corrections were applied according to the manual (Hypack, 2015). The noise was manually removed from every transect. The highest estimated resolution was 0.71 m; however, all data were scaled down to generate a standard 2.5 m gridded matrix (x, y, z) and exported to ArcMap software (ESRI, United States). A 3D bathymetry digital terrain model (DTM) was created in raster format with 2.5 m spatial resolution and projected to the UTM zone 14N Transverse Mercator Datum.



Topographic Variability Analysis

Topographic variability analysis was performed using the Benthic Terrain Modeler (BTM) tools for ArcMap, calculated using a 3 × 3 moving window (Walbridge et al., 2018). To describe the geomorphology and structural complexity of the reefs, several key terrain parameters and their variation were measured, as described in Table 1. A Pearson correlation coefficient was computed to assess the relationship between the depth and the slope, depth and ruggedness, as well as depth and rugosity for the H1, H2, and H3 coral reefs.


TABLE 1. Description of terrain parameters obtained from BTM (Walbridge et al., 2018).
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RESULTS


Coral Reef Geomorphology

For the Holandesas reef group, the depth ranged from 15 to 44 m (see Supplementary Material). Three-dimensional models (Figure 2) of those reefs showed three well-defined geomorphologic zones; (1) the leeward side, (2) the reef flat, and (3) the windward side. H1 and H3 present an oval-shape, while H2 is kidney-shaped with a concave bay at the leeward side. H1 is the largest of the northern reef group and has the deepest basement (Table 2).


[image: image]

FIGURE 2. Three-dimensional bathymetric models of H1 (A), H2 (B), and H3 (C) showing a northwest-southeast orientation view from above, the lateral view for maximum length and the lateral view for minimum length; the green arrow points North. Vertical exaggeration 8x.



TABLE 2. Terrain parameters descriptors for each individual reef in the Holandesas group, and the SARC: depth basement (m), depth top (m), reef length (km), reef area (km2), slope (minimum-maximum), mean slope and standard deviation (SD), ruggedness (minimum-maximum), mean ruggedness (SD) rugosity (minimum-maximum), and mean rugosity (SD).

[image: Table 2]
For Santiaguillo and Anegadilla reef group, the depth ranged from 2 to 51 m (see Supplementary Material). The reef complex is partially divided by a 0.9 km long channel (Channel-1) oriented northwest to southeast with a width ranging from 0.02 to 0.22 km and depths ranging from 32 to 38 m. Other channels include: Channel-2 which is 0.4 × 0.19 km having depths between 32 to 36 m, Channel-3 is 0.3 × 0.08 km with depths ranging from 33 to 36 m and Channel-4 is 0.7 × 0.07 km with depths ranging from 34 to 43 m. Multiple and well-defined mounds about 0.002–0.008 km2 area were identified, away from the main reef within sand beds surrounding the leeward side of Anegadilla (Figure 3A). Spur and groove were the dominant geomorphological features at depths > 30 m, where the reefs show high structural complexity and are continuous between the two reefs (Figure 3B). Our data suggest that Santiaguillo and Anegadilla may constitute a single reef complex, instead of two separate reefs. As such, for the rest of the analyses, these two coral reefs are hereafter referred as the “Santiaguillo and Anegadilla reef complex” (SARC).
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FIGURE 3. SARC’s three-dimensional bathymetric model, showing a leeward side view (A). Remarkable geomorphic features are shown: (1) Channel-1, (2) dispersed mounds, (3) Channel-2 and (4) Channel-3. SARCs’ three-dimensional bathymetric model, showing a windward side view (B). Geomorphic features shown are: (5) Channel-4 and (6) spur and grooves. Shallow areas (≤2 m deep) not surveyed are shown in gray. Vertical exaggeration 8x.




Structural Complexity of Holandesas Reef Group

The overall results of the estimated terrain parameters for the Holandesas reef group are summarized in Table 2 and the DTM of the topographic variability showing the results of the analysis are presented in Figure 4 in the following order: mean depth, depth standard deviation, slope, aspect, curvature, ruggedness and rugosity. The estimated mean depth ranged from 15 to 42 m and its standard deviation for depth ranged from 0 to 7.2 m. Steepest slopes (Table 2) are found in the 25–43 m depth range in specific areas: northeast windward side for H1, southwest leeward side for H2 and southeast windward side for H3. At the reef’s flat (within 20–25 m depth), H3 (4.8° ± 2.9°) and H1 (4.5° ± 3.1°) showed moderate mean slope. For the H2 reef flat (15–20 m depth), the mean slope was closer to level (3.2° ± 2.8°). The estimated mean slope increased significantly with depth [H1 r(56,149) = 0.17, p < 0.001, H2 r(53,039) = 0.49, p < 0.001, and H3 r(41,894) = 0.40, p < 0.001; Figure 6A].
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FIGURE 4. Digital terrain models showing the result of the topographic variability analysis: mean depth, depth standard deviation, slope, aspect, curvature, ruggedness and rugosity for the H1, H2 and H3; 30 m isobath shown in black.


The bank walls were mainly southwest and northeast oriented for the well-defined leeward and windward sides, respectively. For H1, the northeast surface area was 0.17 km2 (46.8% of the reef) and the southwest surface area was 0.16 km2 (46.3% of the reef). For H2, the northeast surface area was 0.18 km2 (56.2% of the reef); southwest surface area was 0.09 km2 (29%). For H3, the northeast surface area was 0.12 km2 (46.2% of the reef); southwest surface area was 0.09 km2 (34.6%).

Convex surfaces (curvature range from 100 to 356) delineate the edge of each reef from the Holandesas group. Concave surfaces (curvature range from −100 to −350) revealed notches on the edge of the reefs and depressed areas.

Ruggedness and rugosity analysis revealed highly structurally complex patchy areas that were found at the windward slopes. The H1 showed the maximum ruggedness and H2 showed the highest estimated mean ruggedness among the Holandesas, while H3 presented the lowest ruggedness. Maximum rugosity and estimated mean rugosity were higher for H2, followed for H1 and H3 (Table 2). Estimated mean ruggedness [H1 r(56,140) = 0.080, p < 0.001, H2 r(53,039) = 0.22, p < 0.001 and H3 r(41,894) = 0.14, p < 0.001] and rugosity increased significantly with increasing depth [H1 r(59,322) = 0.11, p < 0.001; H2 r(53,039) = 0.32, p < 0.001 and H3 r(41,894) = 0.33, p < 0.001], showing that deeper areas (up to 43 m) are structurally more complex (Figures 6B,C).



Structural Complexity of Santiaguillo and Anegadilla Reef Complex

The overall results of the estimated terrain parameters for the SARC are summarized in Table 2 and the DTM of the topographic variability showing the results of the analysis are presented in Figure 5 in the following order: mean depth, depth standard deviation, slope, aspect, curvature, ruggedness and rugosity. The estimated mean depth for SARC ranged from 2 to 49 m and its standard deviation ranged from 0 to 7.2 m. The overall estimated mean slope was 10° ± 10.3°. The mean slope was 6.9° ± 5.6° for shallow areas (5–10 m deep), increased up to 18° ± 12.9° between 20–25 m depth and decreased down to 4.4° ± 3.3° between 45 and 49 m depth (Figure 6A). The steepest areas were at the channel walls (68°) and the spur and groove areas ranging from 59° to 35°, within 35–49 m depth, respectively.
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FIGURE 5. Digital terrain models showing the result of the topographic variability analysis: mean depth, depth standard deviation, slope, aspect, curvature, ruggedness and rugosity for the SARC; 30 m isobath shown in black.
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FIGURE 6. The estimated (A) mean slope, (B) mean ruggedness and (C) mean rugosity, for 5 m depth intervals with standard deviation bars (SD ± 1) for Holandesa group and the SARC.


Aspect analysis showed that leeward and the windward surfaces are both oriented in a southwest-northeast direction, with geomorphologically well-defined slopes. The northeast surface area was ≈1.88 km2, accounting for 47.2% of the total reef complex. The southwest surface area was approximately 0.97 km2, accounting for 24.4% of the total reef complex.

The convex surfaces (curvature range 100–356) delineated the channel walls, several mounds dispersed on the sand bed and spur and groove features. Concave surfaces (curvature range from -100 to -350) delineate the edge of the geomorphological features and depressed areas. In shallow areas (2–20 m deep) and the sand bed, the curvature surface ranged from 50 to −50.

The SARC showed the maximum values for slope, ruggedness and rugosity of all reefs (Table 2). Channel slopes and spur and groove zones within the 25–40 m depth range of the SARC had the highest structural complexity, considering both, ruggedness and rugosity. The shallow areas (5–10 m) showed the lowest structural complexity with 0.002 ± 0.004 mean ruggedness and 1.016 ± 0.03 mean rugosity. The highest mean ruggedness (0.012 ± 0.016) was observed for the 30–35 m depth range, while the highest mean rugosity (1.107 ± 0.15) was observed for the 20–25 m depth range. Structural complexity was lower for the 45–49 m depth range, with mean ruggedness of 0.002 ± 0.003 and rugosity of 1.017 ± 0.020 (Figures 6B,C). For the SARC, the middle depths showed the highest structural complexity, while the shallower and deeper areas showed lower structural complexity.



DISCUSSION


Geomorphological Features

The platform reefs from the SAVPN are characterized by three zones: (1) leeward slope, (2) reef lagoon or reef flat, which shows a crest delimiting the fore reef and (3) windward slope, a surface orientated to the dominant swell (Chávez et al., 2007). For Santiaguillo and Anegadilla, previous descriptions indicated that they are geomorphologically well-formed platform reefs, characterized by relatively steep slopes (Lara et al., 1992), while Santiaguillo is topographically rough with cliffs (Chávez et al., 2007). Gross-scale geomorphological descriptions of Santiaguillo and Anegadilla from Lara et al. (1992) and Chávez et al. (2007) are consistent with our results. Nonetheless, our fine-scale geomorphological description of SARC provided more details than previous studies, demonstrating previously undescribed geomorphological features, including four channels at the windward side with steep slopes (68°) and high structural complexity based on ruggedness (0.26) and rugosity (3.176) and a spur and groove zones that merge at depths > 30 m and sandy flats with patchy mounds at the leeward side (Figure 3). Spur and groove features, shore-normal coral ridges separated by shore-normal patches of sediment (grooves) are typically the most prominent features of fore reefs (Storlazzi et al., 2003), which is consistent with results for the SARC. Fine-scale spur and groove geomorphological characterization is fundamental for the study and understanding of coral reef hydrodynamics processes. Rogers et al. (2013) showed that spur and groove formations drive circulation patterns and are linked to debris transportation processes outside the coral reef.

Definition of the windward and leeward side reef slopes was based on the aspect analysis, which reflects the predominant orientation to the northeast of the reef surface. According to Wilson et al. (2007), such an orientation may be the result of the local hydrodynamics. For the Holandesas reefs, which are bank submerged reefs, the aspect analysis revealed a well-defined slope at both leeward and windward sides deeper than 15 m. Aspect analysis includes the estimation of the slope and curvature in one measure (Walbridge et al., 2018), therefore, as a result of this study, we highlight the relevance of the aspect analysis to be used for defining zones for different types of reefs in an objective way, including emergent or submerged platform, as well as submerged bank coral reefs.

Surface curvature (concave or convex) is an important geomorphological feature that is liked to ecological processes. Concave surfaces typically accumulate current-carried sediment and foster colonization of sessile organisms (Tokeshi and Arakani, 2012), while convex surfaces favor fish grazing (Bellwood and Choat, 1990). Geomorphological features in coral reefs are related to complex interactions between local oceanographic conditions and ecological functions. Highly complex reef geomorphology is positively correlated to higher biodiversity (Risk, 1972). Analysis of spatial array and complexity of those features can help scientists and decision-makers to identify areas of interest for research, management and conservation, thus, reducing monitoring costs. This is particularly important for developing countries with low budgets, where, having an accurate and detailed bathymetric base map describing the most conspicuous geomorphologic features can be very cost-effective.



Structural Complexity of MCE in the Southwestern Gulf of Mexico

Our study is one of the first that describes and characterizes the MCE in the Southern Gulf of Mexico in a systematic way and provides the basis for assessing the ecological and economic implications of including MCE explicitly in management strategies for the region. Results presented herein differ from previous studies regarding reef extension and topographic variability. Our detailed results showed that the platform sizes of the Santiaguillo and Anegadilla reefs have been underestimated in previous studies that were based on aerial photographs and Mexican Naval Charts (Lara et al., 1992), single beam (Ortiz-Lozano et al., 2018), and multibeam (Liaño-Carrera et al., 2019). The differences in reef extension and topography previously reported can be attributed to methodological aspects and the spatial resolution used for data acquisition and interpolation (Kenny et al., 2003; Walbridge et al., 2018).

MBES data offers higher resolution and more accurate maps than the techniques used in previous studies and can thus be valuable for both ecological studies and management including MPA design. High spatial resolution bathymetric maps, such as those produced in our study, are useful for studying ecological, geological and oceanographic processes. According to Kenny et al. (2003), MBES provide larger seafloor coverage with greater precision (≥0.1 m) and it is a useful technique for studying the MCE spatial distribution (Locker et al., 2010). The 3D bathymetric maps and associated physical characterizations can serve as the basis for carefully designed benthic habitat studies in which replicate sampling sites can be selected from within each of the distinctive geomorphological zones. This can be used to validate the predictions of MCE associations with structural complexity in appropriate depth zones. The technological improvement of acoustic methods has allowed the development and use of semi-portable and relatively affordable equipment for geomorphological sea bottom exploration (Kenny et al., 2003). These improvements are critical for both developing countries and remote and poorly studied areas such as those in the southwestern Gulf of Mexico.



Geomorphology as a Proxy for Benthic Habitat

Our analyses revealed that the highest structural complexity was shown at mesophotic depths (>30 m), for the Holandesas and SARC, which is a remarkably interesting result that needs further study. Structural complexity has been shown to correlate positively with coral cover (Gardner et al., 2003). We are currently assessing the benthic community structure of MCE in the SAVNP and our preliminary results on the relative benthic cover showed that the general pattern of structure community of deeper areas host MCE communities mainly composed of fleshy macroalgae, turf algae, crustose coralline algae and in less proportion sponges, hermatypic coral and other sessile invertebrates (in preparation).

There is a well-documented decline in shallow coral cover (CC) and structural complexity in the Caribbean region (Gardner et al., 2003; Alvarez-Filip et al., 2009; Medina-Valmaseda et al., 2020). For the SAVNP, there is also a decline in CC that has been documented since 1970s for shallow areas (<20 m), where the coral cover dropped from 50 to 18% (Chávez et al., 2007; Horta-Puga, 2007; Horta-Puga et al., 2015; Pérez-España et al., 2015). Current CC is similar among the northern and southern coral reefs in the SAVNP (Horta-Puga et al., 2015). In this study, mesophotic areas (>30 m depth) showed high structural complexity for both reef groups, considering slope, ruggedness and rugosity (Figure 6). Preliminary results on relative benthic cover for the SARC, show that there is a considerable average of the relative cover of hermatypic coral for mesophotic depths, particularly in spur and groove zones (in preparation). Having the fine-scale geomorphological characterization is important for benthic habitat mapping, according to Sherman et al. (2010); the distribution of well-developed MCE can be in the form of patches (Sherman et al., 2010). According to Bridge et al. (2011), community structure distribution depends on small-scale geomorphology. They demonstrated that distinctive functional ecological groups were consistently associated with specific fine-scale habitat types. For example, autotrophs dominated the submerged reef flat tops while heterotrophs dominated steep slopes.



Management Implications

This study presents evidence of previously undescribed structural complexity and geomorphological continuity in deep SARC reefs (Figure 3). Our new data may have implications for the management of the SAVNP. In 1992, SAVNP was declared a National Park with a protected area of 532.38 km2 (Diario Oficial de la Federación [DOF], 1992). The general boundary of the SAVNP was modified in 2012 and is currently covering 655.16 km2. Core zone boundaries for both, Santiaguillo and Blanca reefs, cover 11.14 km2 (Diario Oficial de la Federación [DOF], 2012; Figure 1). Activities permitted in the core zone include only monitoring, scientific research and maritime equipment installation for navigation. According to the management plan (Programa de Manejo Parque Nacional Sistema Arrecifal veracruzano, 2017) the Santiaguillo core zone includes 7.12 km2 of reef area. However, when overlaid onto our bathymetric model using the published coordinates, the polygon covered only 1.84 km2, equal to only 25.8% of the SARC and includes flat sandy areas with low structural complexity. Based on our results we propose expanding the core zone to 12.2 km2 to include all of the areas with high structural complexity and associated MCE (Figure 1). Marine reserves can enhance the recovery of corals both within and outside the boundaries (Mumby and Harborne, 2010), promote resilience and connectivity by expanding the range of an MPA to include deep reefs (Abelson et al., 2016) since submerged reefs or deep habitats may contribute significantly to larval production (Thomas et al., 2015).

High structural complexity has been related to the provision of ecosystem services, supporting, local culture, tourism and fisheries. MCE provides essential habitat for fish and other species to spawn, shelter, feed and grow to maturity, particularly to important commercial fish (Bejarano et al., 2014; Holstein D. et al., 2016). The more structurally complex are MCE, the greater abundances of fish they have, as they can shelter under steep overhangs and in caves and crevices (Bejarano et al., 2014). In the SAVNP important ecosystem services have been reported: (1) regulation: protection to the coast, protection from erosion processes, (2) support: habitat and biodiversity maintenance, shelter; (3) cultural: recreation, tourism-recreational activities, and academic and research activities; and (4) Provision: fisheries (Arceo et al., 2010; Reyna-González et al., 2014). The structural complexity is an important element that divers take into consideration when selecting diving sites for recreational purposes (Williams and Polunin, 2000). Hence, the highest structural complexity areas are potential sites for recreational diving. However, appropriate regulation is needed for the management of these areas.

We support improved understanding of the MCE and their inclusion in studies, monitoring programs and management strategies (Rooney et al., 2010). The Flower Garden Banks National Marine Sanctuary (FGBNMS) in northwestern Gulf of Mexico, and the Papahānaumokuākea Marine National Monument (PMNM) in northwestern Hawaiian Islands (Papahānaumokuākea Marine National Monument, 2011), are some examples where MCE were included in specific management plans for conservation. FGBNMS includes three separate undersea features, the East and West Flower Garden Banks were designated a National Marine Sanctuary in 1992 and Stetson Bank was added in 1996. Fourteen additional reefs and banks were recently added (Office of National Marine Sanctuaries, 2020), in large part to provide additional protection for sensitive underwater features and marine habitats associated with continental shelf-edge reefs and banks in the northwestern Gulf of Mexico including MCE habitat, as Habitat Areas of Particular Concern (HAPC). HAPCs are high priority areas for conservation, management, or research because they are rare, sensitive, stressed by development, or important to ecosystem function, and they help prioritize and focus conservation effort (U.S. Department of Commerce National Oceanic and Atmospheric Administration, 2012).



CONCLUSION

The present study highlighted the importance of the use of new technologies such as the MBES, which provided accurate fine-scale bathymetric data for the 3D mapping and the assessment of the structural complexity from the shallow reefs to the mesophotic zone. This exploratory study of the geomorphology of a group of poorly studied coral reefs in the Southwestern Gulf of Mexico with a semi-portable MBES offers several novel findings. A striking result was discovering the physical continuity between Santiaguillo and Anegadilla reefs at depths >30 m on the windward side. Previously considered as two separate reefs our study demonstrates that Santiaguillo and Anegadilla are part of a single reef complex (SARC). This finding supports our proposal to expand the SAVNP core zone to include the entire SARC and thus enhance its contribution to coral reef recovery and resilience. In addition, our fine-scale geomorphology analysis revealed a large array of previously undescribed geomorphological features in the deeper areas of both reef groups, the Holandesas and SARC. Features include various channels, spur and grooves and sand flats with intermittent mounds.



DATA AVAILABILITY STATEMENT

The raw data cannot be provided due to size (> 100 GB). A downscaled version of data can be provided by contacting first or corresponding authors.



AUTHOR CONTRIBUTIONS

MM-M: idea developer, survey designer, data collection, processing and analysis. JB-P: idea developer, project responsible, funding administrator, data collection, processing and analysis. HP-V: data collection, processing and analysis. HP-E: data analysis. WDH: data analysis. All authors contributed to the article writing and approved the submitted version.



FUNDING

MM-M Ph.D. scholarship was funded by the Consejo Nacional de Ciencia y Tecnología (CONACyT). This project was funded by CONACyT PN-2015-01-606. Article processing charges were funded by Universidad Veracruzana.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.639359/full#supplementary-material


ABBREVIATIONS

 AGDS, Acoustic ground discrimination systems; CC, Coral Cover; DTM, Digital Terrain Model; H1, Holandesa 1; H2, Holandesa 2; H3, Holandesa 3; MBES, Multibeam Echosounder System; MCE, Mesophotic Coral Ecosystems; MPA, Marine Protected Area; ROV, Remotely Operated Vehicle; SARC, Santiaguillo Anegadilla Reef Complex; SAVNP, Sistema Arrecifal Veracruzano National Park; SBES, Single beam echosounders; SoNAR, Sound Navigation and Ranging.


REFERENCES

Abelson, A., Nelson, P. A., Edgar, G. J., Shashar, N., Reed, D. C., Belmaker, J., et al. (2016). Expanding marine protected areas to include degraded coral reefs. Conserv. Biol. 30, 1182–1191. doi: 10.1111/cobi.12722

Ainslie, M. A. (2010). Principles Of Sonar Performance Modeling. Berlin Heildelberg: Springer-Verlag. 2010.

Almany, G. R. (2004). Does increased habitat complexity reduce predation and competition in coral reef fish assemblages? Oikos 106, 275–284. doi: 10.1111/j.0030-1299.2004.13193.x

Alvarez-Filip, L., Dulvy, N. K., Gill, J. A., Cote, I. M., and Watkinson, A. R. (2009). Flattening of Caribbean coral reefs: region-wide declines in architectural complexity. Proc. R. Soc. B Biol. Sci. 276, 3019–3025. doi: 10.1098/rspb.2009.0339

Appeldoorn, R., Ballantine, D., Bejarano, I., Carlo, M., Nemeth, M., Otero, E., et al. (2015). Mesophotic coral ecosystems under anthropogenic stress: a case study at Ponce, Puerto Rico. Coral Reefs 35, 63–75. doi: 10.1007/s00338-0151360-5

Arceo, P., Pérez-España, H., Bello-Pineda, J., Granados-Barba, A., Salas-Monreal, D., and Ortiz-Lozano, L. (2010). “Economic evaluation of fisheries and tourist services of the Veracruz Reef System National Park, Mexico: A spatial approach,” in Proceedings of the 15th Biennial Conference of the International Institute of Fisheries Economics & Trade (iifet). Economics of fish Resources and Aquatic Ecosystems: Balancing uses, Balancing Costs, (Montpellier: International Institute of Fisheries Economics and Trade), 1–10.

Armstrong, R. A., Singh, H., Rivero, S., and Gilbes, F. (2008). Monitoring coral reefs in optically-deep waters. Proc. 11th Int. Coral Reef Symp. 1, 593–597.

Bak, R. P. M., Nieuwland, G., and Meesters, E. H. (2005). Coral reef crisis in deep and shallow reefs: 30 years of constancy and change in reefs of Curacao and Bonaire. Coral Reefs 24, 475–479.

Bejarano, I., Appeldoorn, R. S., and Nemeth, M. (2014). Fishes associated with mesophotic coral ecosystems in La Parguera, Puerto Rico. Coral Reefs 33, 313–328. doi: 10.1007/s00338-014-1125-6

Bejarano, S., Mumby, P. J., and Sotheran, I. (2011). Predicting structural complexity of reefs and fish abundance using acoustic remote sensing (RoxAnn). Mar. Bio. 158, 489–504. doi: 10.1007/s00227-010-1575-5

Bell, J. D., and Galzin, R. (1984). Influence of live coral cover on coral reef fish communities. Mar. Ecol. Prog. Ser. 15, 265–274. doi: 10.3354/meps015265

Bellwood, D. R., and Choat, J. H. (1990). A functional analysis of grazing in parrotfishes (family Scaridae): the ecological implications. Environ. Biol. Fish. 28:189–214. doi: 10.1007/bf00751035

Bellwood, D. R., Hughes, T. P., Folke, C., and Nyström, M. (2004). Confronting the coral reef crisis. Nature 429, 824–833.

Bongaerts, P., Muir, P., Englebert, N., Bridge, T. L. C., and Hoegh-Guldberg, O. (2013). Cyclone damage at mesophotic depths on Myrmidon Reef (GBR). Coral Reefs 32:935. doi: 10.1007/s00338-013-1052-y

Bozec, Y. M., Álvarez-Filip, L., and Mumby, P. J. (2015). The dynamics of architectural complexity on coral reefs under climate change. Glob. Chang. Biol. 21, 223–235. doi: 10.1111/gcb.12698

Bridge, T. C. L., Done, T. J., Beaman, R. J., Friedman, A., Williams, S. B., Pizarro, O., et al. (2011). Topography, substratum and benthic macrofaunal relationships on a tropical mesophotic shelf margin, central Great Barrier Reef. Coral Reefs 30, 143–153. doi: 10.1007/s00338-010-0677-3

Brock, J. C., Wright, C. W., Clayton, T. D., and Nayeghandhi, A. (2004). LIDAR optical rugosity of coral reefs in Biscayne National Park, Florida. Coral Reefs 23, 48–59. doi: 10.1007/s00338-003-0365-7

Bruno, J. F., and Bertness, M. D. (2001). “Habitat modification and facilitation in benthic marine communities,” in Marine Community Ecology, eds M. D. Bertness, S. D. Gaines, and M. E. Hay (Sunderland, Massachusetts: Sinauer Associates, Inc), 201–218.

Burrough, P. A., McDonell, R. A., and Lloyd, C. D. (1998). Principles of Geographical Information Systems. New York: Oxford University Press.

Chávez, E. A., Tunnell, J. W., and Whiters, K. (2007). “Coral reef zonation and ecology: Veracruz shelf and Campeche Bank,” in Coral Reefs of the Southern Gulf of Mexico, eds J. W. Tunnell, E. A. Chávez, K. Withers, and S. Earle (College Station, Texas: Texas A&M University Press). muse.jhu.edu/book/2721.

Costa, B. M., and Battista, T. A. (2013). The semi-automated classification of acoustic imagery for characterizing coral reef ecosystems. Int. J. Remote Sens. 34, 6389–6422. doi: 10.1080/01431161.2013.800661

Diario Oficial de la Federación [DOF], (1992). Decreto Por El Que Se Declara Área Natural Protegida Con Carácter De Parque Nacional La Zona Conocida Como Sistema Arrecifal Veracruzano. Mexico: Secretariat of the Interior. Lunes 24 de agosto de 1992.

Diario Oficial de la Federación [DOF], (2012). Decreto Que Modifica Al Diverso Por El Que Se Declara Área Natural Protegida, Con El Carácter De Parque Marino Nacional, La Zona Conocida Como Sistema Arrecifal Veracruzano. Mexico: Secretariat of the Interior. Jueves 29 de noviembre de 2012.

De’ath, G., Fabricius, K. E., Sweatman, H., and Puotinen, M. (2012). The 27-year decline of coral cover on the Great Barrier Reef and its causes. PNAS 109, 17995–17999. doi: 10.1073/pnas.1208909109

Ferrari, R., McKinnon, D., He, H., Smith, R. N., Corke, P., González-Rivero, M., et al. (2016). Quantifying Multiscale Habitat Structural Complexity: a Cost-Effective Framework for Underwater 3D Modelling. Remote Sens. 8:113. doi: 10.3390/rs8020113

Gardner, T. A., Côte, I. M., Gill, J. A., Grant, A., and Watkinson, A. R. (2003). Long-term region-wide declines in Caribbean corals. Science 301, 958–960. doi: 10.1126/science.1086050

Gilmour, J. P., Cook, K. L., Nicole, M. R., Poutinen, M. L., Green, R. H., Shedrawi, G., et al. (2019). The state of Western Australia’s coral reefs. Coral Reefs 38, 651–667. doi: 10.1007/s00338-019-01795-8

Graham, N. A. J., and Nash, K. L. (2013). The importance of structural complexity in coral reef ecosystems. Coral Reefs 32, 315–326. doi: 10.1007/s00338-012-0984-y

Green, E. P., Mumby, P. J., Edwards, A. J., and Clark, C. D. (2000). Remote sensing handbook for tropical coastal management. Coastal management sourcebooks 3. Paris: UNESCO.

Greene, H. G., Yoklavich, M. M., Starr, R. M., O’Connell, V. M., Wakefield, W. W., Sullivan, D. E., et al. (1999). A classification scheme for deep seafloor habitats. Oceanol. Acta 22, 663–678. doi: 10.1016/s0399-1784(00)88957-4

Gutiérrez de Velasco, G., and Winant, C. D. (1996). Seasonal patterns of wind stress and wind stress curl over the Gulf. J. Geophys. Res. 101, 18127–18140. doi: 10.1029/96jc01442

Harris, D. L., Rovere, A., Casella, E., Power, H., Canavesio, R., Collin, A., et al. (2018). Coral reef structural complexity provides important coastal protection from waves under rising sea levels. Sci. Adv. 4:eaao4350. doi: 10.1126/sciadv.aao4350

Harris, P. T. (2011). “Seafloor geomorphology – Coast, shelf, and abyss,” in Seafloor Geomorphology as Benthic Habitat, eds P. T. Harris and E. K. Baker (Netherlands: ELSEVIER), doi: 10.1016/B978-0-12-385140-6.00001-3

Harris, P. T., and Baker, E. K. (2011). “Why Map Benthic Habitats?,” in Seafloor Geomorphology as Benthic Habitat, eds P. T. Harris and E. K. Baker (Netherlands: ELSEVIER), 3–22. doi: 10.1016/B978-0-12-385140-6.00001-3

Heyman, W., and Wright, D. J. (2011). Marine geomorphology in the design of marine reserve networks. Prof. Geog. 63, 429–442. doi: 10.1080/00330124.2011.585074

Hinderstein, L. M., Marr, J. C. A., Martinez, F. A., Dowgiallo, M. J., Puglise, K. A., Pyle, R. L., et al. (2010). Theme section on Mesophotic Coral Ecosystems: characterization, Ecology, and Management. Coral Reefs 29, 247–251. doi: 10.1007/s00338-010-0614-5

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S., Greenfield, P., Gomez, E., et al. (2007). Coral reefs under rapid climate change and ocean acidification. Science 318, 1737–1742.

Holstein, D. M., Paris, C. B., Vaz, A. C., and Smith, T. B. (2016). Modeling vertical coral connectivity and mesophotic refugia. Coral Reefs 35, 23–37. doi: 10.1007/s00338-015-1339-2

Holstein, D., Smith, T. B., and Appeldoorn, R. S. (2016). “Ecosystem services provided by mesophotic coral ecosystems,” in Mesophotic Coral Ecosystems – A Lifeboat For Coral Reefs?, eds E. K. Baker, K. A. Puglise, and P. T. Harris (Nairobi and Arendal: The United Nations Environment Programme and GRID-Arendal), 98.

Horta-Puga, G. (2007). “Environmental impacts, in Coral reefs of the southern Gulf of Mexico,” in Coral Reefs of the Southern Gulf of Mexico, eds J. W. Tunnell, E. A. Chávez, K. Withers, and S. Earle (College Station, Texas: Texas A&M University Press). muse.jhu.edu/book/2721.

Horta-Puga, G., Tello-Musi, J. L., Beltrán-Torres, A., Carricart-Ganivet, J. P., Carriquiry, J. D., and Villaescusa-Celaya, J. (2015). “Veracruz Reef System: a hermatypic coral community thriving in a sedimentary terrigenous environment,” in Aportes al conocimiento del Sistema Arrecifal Veracruzano: hacia el Corredor Arrecifal del Suroeste del Golfo de México, eds A. Granados-Barba, L. Ortiz-Lozano, D. Salas-Monreal, and C. González-Gándara (Campeche: Universidad Autónoma de Campeche), 181–208.

Hypack. (2015). Hypack hydrographic survey software user manual. Middletown, CT: HYPACK Inc.

Idjadi, J. A., and Edmunds, P. J. (2006). Scleractinian corals as facilitators for other invertebrates on a Caribbean reef. Mar. Ecol. Prog. Ser. 319, 117–127. doi: 10.3354/meps319117

Jennes, J. S. (2004). Calculating landscape surface area from digital elevation models. Wildl. Soc. Bull. 32, 829–839. doi: 10.2193/0091-7648(2004)032[0829:clsafd]2.0.co;2

Jerlov, N. G. (1968). Optical oceanography. New York: American ELSEVIER publishing company, 194.

Jones, C. G., Lawton, J. H., and Shachak, M. (1994). Organism as ecosystem engineers. Oikos 69, 373–386.

Kahng, S. E., Garcia-Sais, J. R., Spalding, H. L., Brokovich, E., Wagner, D., Weil, E., et al. (2010). Community ecology of mesophotic coral reef ecosystems. Coral Reefs 29, 255–275.

Kenny, A. J., Cato, I., Desprez, M., Fader, G., Schüttenhelm, R. T. E., and Side, J. (2003). An overview of seabed-mapping technologies in the context of marine habitat classification. ICES J. Mar. Sci. 60, 411–418. doi: 10.1016/s1054-3139(03)00006-7

Kirk, J. T. O. (2011). Light And Photosynthesis In Aquatic Ecosystems. Cambridge: Cambridge University Press, 665.

Krutak, P. R. (1997). Petrography and provenance of siliciclastic sediments, Veracruz-Anton Lizardo Reefs, Mexico: a hybrid carbonate-siliciclastic system. Rev. Soc. Mex. Hist. Nat. 47, 167–177.

Lara, M., Padilla, C., García, C., and Espejel, J. J. (1992). “Coral Reef of Veracruz Mexico I. Zonation and Community,” in Proceedings of the Seventh International Coral Reef Symposium, (Mangilao, GU: University of Guam Press), 535–544.

Lesser, P., and Slattery, M. (2011). Phase shift to algal dominated communities at mesophotic depths associated with lionfish (Pterois volitans) invasion on a Bahamian coral reef. Biol. Invasions. 13, 1855–1868. doi: 10.1007/s10530-011-0005-z

Liaño-Carrera, F., Camarena-Luhrs, T., Gómez-Barrero, A., Martos-Fernández, F. J., Ramírez-Macias, J. I., and Salas-Monreal, D. (2019). New coral reef structures in a tropical coral reef system. LAJAR 47, 270–281.

Liddell, W. D., and Tunnell, jr. J. W (2011). “Mexican coral reefs,” in Gulf of Mexico, origin, waters, and biota: Volume 3, Geology, eds N. A. Buster and C. W. Holmes (College Station, Texas: Texas A&M University Press), 354.

Locker, S. D., Armstrong, R. A., Battista, T. A., Rooney, J. J., Sherman, C., and Zawada, D. G. (2010). Geomorphology of mesophotic coral ecosystems: current perspectives on morphology, distribution, and mapping strategies. Coral Reefs 29, 329–345. doi: 10.1007/s00338-010-0613-6

Luckhurst, B. E., and Luckhurst, K. (1978). Analysis of the influence of substrate variables on coral reef fish communities. Mar. Biol. 49, 317–323. doi: 10.1007/bf00455026

Medina-Valmaseda, A. E., Rodríguez-Martínez, R. E., Álvarez-Filip, L., Jordan-Dahlgren, E., and Blanchon, P. (2020). The role of geomorphic zonation in long-term changes in coral-community structure on a Caribbean fringing reef. PeerJ 8:e10103. doi: 10.7717/peerj.10103

Menza, C., Kendall, M., and Hile, S. (2008). The deeper we go the less we know. Rev. Biol. Trop. 56, 11–24.

Moberg, F., and Folke, C. (1999). Ecological goods and services of coral reef ecosystems. Ecol. Econ. 29, 215–233. doi: 10.1016/s0921-8009(99)00009-9

Mumby, P. J., and Harborne, A. R. (2010). Marine reserves enhance the recovery of corals on Caribbean reefs. PLoS One 5:e8657. doi: 10.1371/journal.pone.0008657

Mumby, P. J., Skirving, W., Strong, J., Hardy, E., LeDrew, E., Hochberg, E., et al. (2004). Remote sensing of coral reefs and their physical environment. Mar. Pollut. Bull. 48, 219–228.

Office of National Marine Sanctuaries. (2020). Flower Garden Banks National Marine Sanctuary Expansion Final Environmental Impact Statement. U.S. Department of Commerce, National Oceanic and Atmospheric Administration, Office of National Marine Sanctuaries. Silver Spring, Maryland: Office of National Marine Sanctuaries.

Ortiz-Lozano, L., Colmenares-Campos, C., and Gutiérrez-Velázquez, A. (2018). Submerged Coral Reefs in the Veracruz Reef System, Mexico, and its implications for marine protected area management. Ocean. Coast. Manag 158, 11–23. doi: 10.1016/j.ocecoaman.2018.03.012

Papahānaumokuākea Marine National Monument. (2011). Maritime Heritage Research, Education, and Management Plan. Honolulu, Hawai’i: Papahānaumokuākea Marine National Monument, 97.

Papastamatiou, Y. P., Meyer, C. G., Kosaki, R. K., Wallsgrove, N. J., and Popp, B. N. (2015). Movements and foraging of predators associated with mesophotic coral reefs and their potential for linking ecological habitats. Mar. Ecol. Prog. Ser. 521, 155–170. doi: 10.3354/meps11110

Pérez-España, H., Ávila-Gutiérrez, P. S., Melo-Merino, S. M., Berumen-Solórzano, P., and Flores-Arévalo, R. R. (2015). “Patrones interanuales e interarrecifales de las comunidades de peces, corales y equinodermos en el Sistema Arrecifal Veracruzano,” in Aportes al conocimiento del Sistema Arrecifal Veracruzano: hacia el Corredor Arrecifal del Suroeste del Golfo de México, eds A. Granados-Barba, L. D. Ortiz-Lozano, D. Salas-Monreal, and C. González-Gándara (Campeche: Universidad Autónoma de Campeche), 159–178.

Prachett, M., Hoey, A. S., and Wilson, S. K. (2014). Reef degradation and the loss of critical ecosystem goods and services provided by coral reef fishes. J. Environ. Sustain. 7, 37–43. doi: 10.1016/j.cosust.2013.11.022

Programa de Manejo Parque Nacional Sistema Arrecifal veracruzano. (2017). Secretaría de Medio Ambiente y Recursos Naturales. Mexico: Comisión Nacional de Áreas Naturales Protegidas.

Reed, J. K., Koening, C. C., and Shepard, A. N. (2007). Impacts of bottom trawling on a deep-water Oculina coral ecosystem off Florida. Bull. Mar. Sci. 81, 481–496.

Reyna-González, P. C., Bello-Pineda, J., Ortiz-Lozano, L., Pérez-España, H., Arceo, P., and Brenner, J. (2014). Incorporating expert knowledge for development spatial modeling in assessing ecosystem services provided by coral Reefs: a tool for decision-making. Rev. Biol. Mar. Oceanogr. 49, 279–292. doi: 10.4067/s0718-19572014000200008

Risk, M. J. (1972). Fish diversity on a coral reef in the Virgin Islands. Atoll Res. Bull. 153, 1–7. doi: 10.5479/si.00775630.153.1

Rogers, A., Blanchard, J. L., and Mumby, P. J. (2014). Vulnerability of coral reef fisheries to a loss of structural complexity. Curr. Biol. 24, 1000–1005. doi: 10.1016/j.cub.2014.03.026

Rogers, J. S., Monismith, S. G., Feddersen, F., and Stolarzzi, C. D. (2013). Hydrodynamics of spur and groove formations on a coral reef. J. Geophys. Res. Oceans 118, 1–15. doi: 10.1002/jgrc.20225

Rooney, J., Donham, E., Montgomery, A., Spalding, H., Parrish, F., and Boland, R., et al. (2010). Mesophotic coral ecosystems in the Hawaiian Archipelago. Coral Reefs. 29, 361–367.

Sherman, C., Nemeth, M., Ruíz, H., Bejarano, I., Appeldoorn, R., Pagán, F., et al. (2010). Geomorphology and benthic cover of mesophotic coral ecosystems of the upper insolar slope of southwest Puerto Rico. Coral Reefs 29, 347–360. doi: 10.1007/s00338-010-0607-4

Storlazzi, C. D., Logan, J. B., and Field, M. E. (2003). Quantitative morphology of a fringing reef tract from high-resolution laser bathymetry: southern Molokai, Hawaii. Geol. Soc. Am. Bull. 115, 1344–1355. doi: 10.1130/b25200.1

Sweatman, H., Delean, S., and Syms, C. (2011). Assessing loss of coral cover on Australia’s Great Barrier Reef over two decades, with implications for longer-term trends. Coral Reefs 30, 521–531. doi: 10.1007/s00338-010-0715-1

Tenggardjaja, K. A., Bowen, B. W., and Bernardi, G. (2014). Vertical and horizontal genetic connectivity in Chromis verater, an endemic damselfish found on shallow and mesophotic reefs in the Hawaiian Archipelago and adjacent Johnston Atoll. PLoS One 9:e115493. doi: 10.1371/journal.pone.0115493

Thomas, C. J., Bridge, T. C. L., Figueiredo, J., Deleersnijder, E., and Hanert, E. (2015). Connectivity between submerged and near-sea-surface coral reefs: can submerged reef populations act as refuges? Divers. Distrib. 21, 1254–1266. doi: 10.1111/ddi.12360

Tokeshi, M., and Arakani, S. (2012). Habitat complexity in aquatic systems: fractals and beyond. Hydrobiologia 685, 27–47. doi: 10.1007/s10750-011-0832-z

Turner, J. A., Babcock, R. C., Hovey, R., and Kendrick, G. A. (2017). Deep thinking: a systematic review of mesophotic coral ecosystems. ICES J. Mar. Sci 74, 2309–2320..

U.S. Department of Commerce National Oceanic and Atmospheric Administration, (2012). Flower Garden Banks National Marine Sanctuary Final Management Plan. Silver Spring. MD: Createspace Independent.

Van Oppen, M. J. H., Bongaerts, P., Underwood, J. N., Peplow, L. M., and Cooper, T. F. (2011). The role of deep reefs in shallow reef recovery: an assessment of vertical connectivity in a brooding coral from west and east Australia. Mol. Ecol. 20, 1647–1660. doi: 10.1111/j.1365-294x.2011.05050.x

Walbridge, S., Slocum, N., Pobuda, M., and Wright, D. J. (2018). Geomorphological Analysis Workflows with Benthic Terrain Modeler. Geosciences 8:94. doi: 10.3390/geosciences8030094

Walker, B. K., Riegl, B., and Dodge, R. E. (2008). Mapping coral reef habitats in Southeast Florida using combined technique approach. J. Coast. Res. 24, 1138–1150. doi: 10.2112/06-0809.1

Williams, I. D., and Polunin, N. V. C. (2000). Differences between protected and unprotected reefs of the western Caribbean in attributes preferred by dive tourists. Environ. Conserv. 27, 382–391. doi: 10.1017/s0376892900000436

Wilson, M. F. J., O’Connell, B., Brown, C., Guinan, J. C., and Grehan, A. J. (2007). Multiscale Terrain Analysis of multibeam bathymetry data for habitat mapping on the continental slope. Mar. Geod. 30, 3–35. doi: 10.1080/01490410701295962

Wölfl, A. C., Snaith, H., Amirebrahimi, S., Devey, C. W., Dorschel, B., Ferrini, V., et al. (2019). Seafloor mapping – The challenge of a truly global ocean bathymetry. Front. Mar. Sci. 6:283. doi: 10.3389/fmars.2019.00283

Wright, J., and Colling, A. (1995). “Light and sound on seawater,” in Seawater: Its Composition Properties And Behaviour, ed. G. Bearman (Amsterdam: Elsevier), 61–84. doi: 10.1016/b978-075063715-2/50006-x

Yang, X. (2009). “Remote sensing, geospatial technologies and coastal ecosystems,” in Remote Sensing And Geospatial Technologies For Coastal Ecosystem, ed. X. Yang (Berlin Heidelberg: Springer-Verlag), 561.

Zawada, D. G., and Brock, J. C. (2009). A multiscale analysis of coral reef topographic complexity using Lidar-derived bathymetry. J. Coast. Res. 53, 6–15.

Zevenbergen, L. W., and Thorne, C. R. (1987). Quantitative analysis of land surface topography. Earth Surf. Proc. Land. 12, 47–56.


Conflict of Interest: WDH is employed by the company LGL Ecological Research Associates Inc. which does no business in the study area.

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 Mayorga-Martínez, Bello-Pineda, Perales-Valdivia, Pérez-España and Heyman. 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: 22 June 2021
doi: 10.3389/fmars.2021.669372





[image: image]

High-Resolution Vertical Habitat Mapping of a Deep-Sea Cliff Offshore Greenland

Loïc Van Audenhaege1,2*, Emmeline Broad1,3, Katharine R. Hendry4 and Veerle A. I. Huvenne1

1National Oceanography Centre, Southampton, United Kingdom

2Ifremer, Centre de Bretagne, REM/EEP, Laboratoire Environnement Profond, Plouzané, France

3School of Ocean and Earth Science, University of Southampton, Southampton, United Kingdom

4School of Earth Sciences, University of Bristol, Bristol, United Kingdom

Edited by:
Andrew J. Davies, University of Rhode Island, United States

Reviewed by:
Benjamin Misiuk, Memorial University of Newfoundland, Canada
Vanessa Lucieer, University of Tasmania, Australia

*Correspondence: Loïc Van Audenhaege, loic.vanaudenhaege@gmail.com

Specialty section: This article was submitted to Marine Ecosystem Ecology, a section of the journal Frontiers in Marine Science

Received: 18 February 2021
Accepted: 04 May 2021
Published: 22 June 2021

Citation: Van Audenhaege L, Broad E, Hendry KR and Huvenne VAI (2021) High-Resolution Vertical Habitat Mapping of a Deep-Sea Cliff Offshore Greenland. Front. Mar. Sci. 8:669372. doi: 10.3389/fmars.2021.669372

Recent advances in deep-sea exploration with underwater vehicles have led to the discovery of vertical environments inhabited by a diverse sessile fauna. However, despite their ecological importance, vertical habitats remain poorly characterized by conventional downward-looking survey techniques. Here we present a high-resolution 3-dimensional habitat map of a vertical cliff hosting a suspension-feeding community at the flank of an underwater glacial trough in the Greenland waters of the Labrador Sea. Using a forward-looking set-up on a Remotely Operated Vehicle (ROV), a high-resolution multibeam echosounder was used to map out the topography of the deep-sea terrain, including, for the first time, the backscatter intensity. Navigational accuracy was improved through a combination of the USBL and the DVL navigation of the ROV. Multi-scale terrain descriptors were derived and assigned to the 3D point cloud of the terrain. Following an unsupervised habitat mapping approach, the application of a K-means clustering revealed four potential habitat types, driven by geomorphology, backscatter and fine-scale features. Using groundtruthing seabed images, the ecological significance of the four habitat clusters was assessed in order to evaluate the benefit of unsupervised habitat mapping for further fine-scale ecological studies of vertical environments. This study demonstrates the importance of a priori knowledge of the terrain around habitats that are rarely explored for ecological investigations. It also emphasizes the importance of remote characterization of habitat distribution for assessing the representativeness of benthic faunal studies often constrained by time-limited sampling activities. This case study further identifies current limitations (e.g., navigation accuracy, irregular terrain acquisition difficulties) that can potentially limit the use of deep-sea terrain models for fine-scale investigations.

Keywords: marine habitat mapping, deep-water vertical cliff, ROV, multibeam echosounder, terrain point cloud, Greenland glacial trough, suspension-feeding community, underwater exploration


INTRODUCTION

Deep-water vertical and overhanging cliffs are important marine habitats that often host diverse and abundant communities (Huvenne et al., 2011; Johnson et al., 2013; Morris et al., 2013; Robert et al., 2020), including ecosystem engineers such as cold-water corals and deep-sea sponges (Ramirez-Llodra et al., 2010). Vertical cliffs are often associated with broadscale geomorphic features, such as continental margin troughs (Edinger et al., 2011), canyons (Freiwald et al., 2009; Huvenne et al., 2011, 2012; Gori et al., 2013; Brooke and Ross, 2014; Brooke et al., 2017; Robert et al., 2017; Pearman et al., 2020) and fjords (Haedrich and Gagnon, 1991; Gasbarro et al., 2018). Ecological studies usually assume that habitats providing a variety of environmental niches also promote enhanced biodiversity (MacArthur and Wilson, 1967; Kohn and Leviten, 1976). Vertical habitats are known to be hotspots of biodiversity (Robert et al., 2017, 2020) because of a number of interacting processes such as the complex small-scale topography defined by the geomorphology (Althaus et al., 2012; Carter et al., 2018), the depth (Stewart et al., 1985), hydrodynamics (Frederiksen et al., 1992; Mortensen et al., 2001; Kiriakoulakis et al., 2007; Lim et al., 2020; Pearman et al., 2020) and the substrate type (e.g., hard substrate for cold-water coral settlement; Gass and Roberts, 2006; Buhl-Mortensen et al., 2017; Davies et al., 2017).

One of the biggest anthropogenic threats to deep-sea benthic communities is the destructive action of bottom trawling. Deep-sea trawling activities severely damage the biogenic structure formed by epibenthic species such as sponges and cold-water corals (Hall-Spencer et al., 2002; Wheeler et al., 2005; Malecha and Heifetz, 2017). However, these environments are often characterized by increased concentrations of commercial fishes resulting in exploration and active management of Northwest Atlantic areas known to host structure-forming fauna, classified as “Vulnerable Marine Ecosystems” (VMEs, as defined by the United Nations General Assembly (UNGA) resolution 61/105 of 2006) (Costello et al., 2005; Ross and Quattrini, 2007). Crucially, deep-sea trawling activities do not have access to vertical habitats and it has been suggested that deep-water vertical habitats may provide refugia for species under trawling pressure elsewhere (e.g., Huvenne et al., 2011). Therefore, mapping the habitats and identifying the factors driving species distribution on vertical structures are of high importance for defining conservation plans in complex deep-sea environments.

Habitat mapping ‘enables to represent or predict biological patterns’ (Brown et al., 2011) as habitats reflect particular physico-chemical conditions that are delineated in space and that influence species distribution (Lamarche et al., 2016). Since the geomorphology and the substrate of the seabed are important proxies for explaining benthic species distribution, the recent advances in acoustic mapping (using multibeam echosounders [MBES] or sidescan sonars) make it a cost-effective remote sensing tool (LaFrance et al., 2014; Lamarche et al., 2016) widely used to map and characterize seafloor habitats (e.g., Greene et al., 1999; Kostylev et al., 2001; Brown and Blondel, 2009; Verfaillie et al., 2009; Brown et al., 2011; Hill et al., 2014; Ismail et al., 2015; Hogg et al., 2016; Vassallo et al., 2018; Zelada Leon et al., 2020). Typically, acoustic surveys are combined with groundtruthing validation of the benthic habitats (Micallef et al., 2012; LaFrance et al., 2014). However, acoustic surveys remain a technical challenge in deep vertical environments.

In many seabed studies, shipboard MBES is used to produce a broad-scale bathymetric map of the seabed that can serve for habitat mapping (Brown and Blondel, 2009; Costello et al., 2010; Harris and Whiteway, 2011). However, the poor resolution of deep-water bathymetry data (∼25–100 m pixel size) overlooks smaller-scale complexity (∼0.1–5 m) of the seabed. In addition to being overlooked by vessel acoustic surveys, vertical marine habitats are historically undersampled and rarely visited (e.g., Haedrich and Gagnon, 1991). Recent advances in remotely operated technology and underwater vehicles have now increased our capability for the exploration of deep-sea vertical environments (Wynn et al., 2014; Huvenne et al., 2018). In particular, Remotely Operated Vehicles (ROVs) offer the potential to map vertical habitats with a fine-scale resolution (Huvenne et al., 2012, 2018; Robert et al., 2017). The selection of the appropriate configuration of the mapping equipment is crucial, as a downward-facing orientation can limit the acquisition of fine-scale features of steep environments in digital terrain models (Huvenne et al., 2016). Outcrops and overhanging features obstruct downward acoustic measurements in complex vertical habitats (Robert et al., 2017) meaning forward-facing data acquisition is optimal for the terrain reconstruction of vertical features (Yoerger et al., 1997).

At centimetric scales, photogrammetry methods integrate biological information with the fine-scale heterogeneity and the complexity of the benthic habitat (Gerdes et al., 2019; Price et al., 2019; Girard et al., 2020; Lim et al., 2020). Acoustic data acquisition can achieve 3D reconstructions of the terrain from a decimeter to a meter resolution over larger areas for the same amount of time than photogrammetry methods (Robert et al., 2017; Huvenne et al., 2018). Recent studies using forward-looking MBES mounted on ROVs have retrieved digital models of near-vertical walls of >60,000 m2. They have been used to assess the geomorphology of the vertical walls to investigate landslide processes (Huvenne et al., 2016) and in relation to the small-scale distribution of biological communities for ecological studies (Huvenne et al., 2011; Robert et al., 2017).

Substrate properties (e.g., grain size and stability) are important features affecting cold-water coral and sponge community composition and density (Wilborn et al., 2018; De Clippele et al., 2019). MBES offers the opportunity to quantify the backscatter echo intensity as a proxy for substrate roughness, composition and texture. The backscatter corresponds to the overall “inner and micro-scale” material properties of the seabed (Jackson and Briggs, 1992; Brown and Blondel, 2009; Micallef et al., 2012). So far, this aspect of acoustic vertical mapping has not yet been investigated, nor has it been used for the study of substrate characteristics and their distribution at vertical geomorphological features.

This study uses acoustic data collected with a MBES front-mounted onto a ROV at a deep-sea wall located offshore Western Greenland with the aim to (i) improve the workflow to obtain well-navigated vertical bathymetry and retrieve substrate information, (ii) map out the habitat diversity by applying an unsupervised habitat mapping method based on abiotic terrain variables and (iii) test if the unsupervised abiotic classes contain different benthic communities characterized with ROV photography.



MATERIALS AND METHODS


Study Site

On July 20th 2017, the ROV Isis was deployed from the RRS Discovery during the DY081 expedition (Dive 333), and explored the terrain of an underwater wall off the Greenland west coast (63°51.9′N, 53°16.9′W) in the Labrador Sea (Figure 1A; Hendry, 2017; Hendry et al., 2019). The vertical feature represented a portion of a north-facing cliff which marked the transition between a 900 m-deep glacial trough and the more elevated seabed of the Greenland continental shelf (Figure 1B). This site was then selected to investigate habitat characteristics following an unsupervised habitat mapping approach using small-scale descriptors derived from a near-vertical terrain mapped in high resolution during the Isis Dive D334 of July 21st 2017.


[image: image]

FIGURE 1. (A) Location map of the study site on the W Greenland continental margin. The red boxes indicate the position of the underwater wall (63°51.9′N, 53°16.9′W) in the Labrador Sea, where the dives D333 and D334 of the ROV Isis took place. The bathymetry displayed was acquired on board the RRS Discovery (DY081; Hendry, 2017; Hoy et al., 2018). The background bathymetry (contour lines) was retrieved from ETOPO (NOAA). The wall marks the boundary between a cross-shelf glacial trough and the Greenland continental shelf. (B) 3D repositioning of the deep-sea wall according to the shipboard bathymetry (DY081; Hendry, 2017; Hoy et al., 2018). Panel (B) was computed on ArcScene (v. 10.8.1). (C) The underwater wall with segments representing the ROV tracks carried out at depths of 740, 765, and 790 m with a multibeam echosounder (MBES) front-mounted on the underwater vehicle Isis. The ROV was piloted 25 m off the vertical terrain with headings of: 137° (green lines) and 214° (red lines).




Unsupervised Habitat Mapping


Digital Terrain Model Acquisition

A portion of the underwater wall was mapped using a Reson7125 multibeam echosounder (MBES; 400 kHz, max. 140° swath angle, 512 beams) front-mounted onto the ROV Isis piloted from the RRS Discovery (Dive D334). Over 2h40, the ROV performed 7 survey lines at a constant distance (25 m) parallel to the wall. Horizontal survey lines were achieved at three depths, 25 m apart (Figure 1C). They were undertaken with two different headings (i.e., 137 and 214°) to ensure better coverage of the different parts of the wall, as the terrain displayed different orientations (Figure 1C). In total, seven survey lines were carried out by keeping Isis’ attitude as constant as possible. The MBES system was operated through the Seabat7K software, while the data were recorded with PDS2000, v.3.9. Supplementary Figure 1 details the workflow followed to create the vertical terrain point cloud.

The depth of Isis was recorded by a Parascientific Digiquartz pressure sensor. The position of the ROV was recorded at a frequency of < 1 Hz with an Ultra Short Baseline acoustic positioning system (Sonardyne USBL) and a Doppler Velocity Log (DVL). The USBL has a positioning error of 1% of the vehicle depth. At great depth, this can result in noisy ROV positioning. The DVL is an inertial system that uses dead-reckoning to calculate the ROV position. Over time, this may result in a gradual drift of the ROV navigation. The DVL positions are therefore characterized by high precision but lower accuracy than the USBL (e.g., Supplementary Figure 2). Reconstructing the terrain model therefore required merging of the USBL and DVL navigation to best reconstruct the fine-scale topography (Kwasnitschka et al., 2013; Huvenne et al., 2018). Corrected navigation was acquired by adding the coordinates recorded by the DVL to the average offset between the DVL and the USBL recordings, calculated using a 180-s interval rolling average (e.g., Supplementary Figure 2).

Acoustic data files were converted from the .pds format to .s7k files using PDS2000 (version 3.7), and then transferred into the CARAIBES software (Ifremer) for computing of the terrain point cloud of the wall. As established by Huvenne et al. (2016) and Robert et al. (2017), smoothed navigation coordinates were transformed to a metric coordinate reference system (UTM Mercator) for rotation in R (version 3.2.3; R Core Team, 2013) in order to simulate a conventional downward-looking configuration for processing the acoustic data, as to date no acoustic processing software offers the option of processing forward-looking MBES data. Furthermore, attitude data were transformed to comply with the new downward-looking configuration of the navigation (see in Huvenne et al., 2016).

The datasets of the survey lines recorded with similar heading were merged after aberrant soundings were manually removed in CARAIBES. This resulted in two 0.3 m-resolution point clouds, one for each part of the wall, which were exported as point clouds in .txt and back-rotated to their initial reference system in R (Robert et al., 2017). The software CloudCompare (v.2.11; 2019) was used to spatially combine the point clouds collected with different ROV headings. Small lateral adjustments (<10 m) had to be made as slight offsets of latitude and longitude arose between both point clouds, possibly as a result of the smoothing operations of the navigation.

Backscatter intensity was corrected in the Seabat7k software for spherical spreading and absorption losses based on the water temperature and salinity at depth. The acoustic signal amplitudes recorded in the .s7k files did not represent the actual reflectivity in dB, but nominal values (i.e., no unit). The backscatter extraction with the function Epremo of CARAIBES simply relays that information while the function Ereamo performs the projection in the 3D space. No correction accounting for the true incidence angle on the seafloor was applied. A mosaic was created using the smoothed and rotated navigation coordinates, and further exported in a point cloud with a resolution of 0.3 m. The backscatter was also back-rotated in R, and merged with the bathymetry point cloud by averaging the four nearest backscatter values based on the X,Y,Z coordinates of the bathymetric points.

For further information on the bathymetry and backscatter extraction workflow in CARAIBES, Supplementary Figure 1 details the complete processing workflow.



Topographic Descriptors

Topographic descriptors were computed using a kernel radius centered on each point of the point cloud using different kernel radii to account for multi-scale variability of the terrain (Ismail et al., 2015). Topographic descriptors were calculated using Kernel radii of 0.9, 3, and 9 m, representing approximately an exponential series starting from the 0.3 m initial resolution of the point cloud. The maximum kernel size was constrained by the average extent of our study area and represented 1/15th of the height of the vertical wall (e.g., Robert et al., 2017). Topographic descriptors were chosen to reflect the bathymetry (depth), the steepness (slope), the variability (roughness and Terrain Ruggedness Index, TRI), orientation (northness and eastness), curvature (Gaussian and mean curvatures) and relative topographic position (Bathymetric Position Index, BPI) of the terrain in addition to the backscatter values which were used as a proxy for substrate physical characteristics (Wilson et al., 2007; Brown et al., 2011). Normal vectors were computed with a quadric function to derive multi-scale topographic variables (Table 1) and were transformed to “dip/dip direction” for computing the slope and the aspect from which the roughness, the mean and the Gaussian curvatures were derived in CloudCompare following Robert et al. (2017). Terrain Ruggedness Index (TRI), Orientation and Topographic Position Index (TPI) were computed in R [R Core Team, 2013; code provided from Robert et al. (2017)]. Abiotic descriptors were calculated for each point of the point cloud. This produced the input dataset for the subsequent clustering: a matrix where each point (i.e., rows) were assigned a specific depth, longitude, latitude, backscatter intensity and its terrain derivatives values (i.e., columns).


TABLE 1. Variables used for the unsupervised habitat mapping.
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Dimensionality Reduction

Unsupervised habitat mapping was achieved following a procedure established by Verfaillie et al. (2009) and modified by Ismail et al. (2015) and Hogg et al. (2016). The distribution of each variable was centered on a zero mean and scaled to a unit variance to give each input variable the same weight in a Principal Component Analysis (PCA). PCA is useful to reduce the number of variables into a new set of linearly independent variables called Principal Components (PCs). PCs consist of a linear combination of the initial variables hence discarding collinearity of the variables. Only PCs with eigenvalues > 1 were retained for the clustering analysis following the Kaiser-Guttman criterion (Legendre and Legendre, 1998). Varimax rotation was performed on the retained PCs resulting in Rotated Components (RCs) which were used as input data for the clustering analysis (package ‘psych’; Revelle and Revelle, 2015). Orthogonal rotation improves the PCs’ independence by maximizing the variance shared among items related to one factor therefore enabling easier interpretation of the factor loading pattern.



Definition of the Number of Clusters

In unsupervised classification, a critical step is to define the optimal number of clusters to consider in the analysis. Typically, indices based on the proportion of variance explained by a given number of clusters are used in order to find a tradeoff between the model output complexity (i.e., number of clusters) and the clusters inertia (i.e., variability of observations in relation to the cluster center indicated by the within-cluster sum of squares; WSS). The Elbow and Caliński-Harabasz (C-H; Caliński and Harabasz, 1974) criteria were calculated over a range from 2 to 15 clusters in order to determine the optimal number of clusters (Milligan and Cooper, 1985; Milligan, 1996). The Elbow criterion aims to identify the optimal number (K) of clusters based on a decrease, or a local maximum in the gradient, of the total WSS when increasing the number of clusters (Legendre and Legendre, 1998). The C-H criterion seeks to find a local maximum in the ratio of the between-cluster sum of squares and the WSS as the number of clusters is increased (package vegan; Oksanen et al., 2013).



K-Means Clustering

The RCs were used as input variables for an unsupervised clustering. The K-means clustering method (Lance and Williams, 1967; MacQueen, 1967) has been extensively used for classifying features of the seabed (e.g., Legendre et al., 2002; Verfaillie et al., 2009). The K-means algorithm first randomly positions K cluster centers (Hartigan, 1975; Hartigan and Wong, 1979; Milligan and Cooper, 1987). Subsequently, (i) every data point is assigned temporarily to the closest center in the Euclidean space defined by the RCs, and (ii) each cluster center is then repositioned to the average coordinates of the temporary cluster. Both operations (i) and (ii) are repeated iteratively until the positions of the cluster centers converge below a chosen threshold.



Clustering Confidence

As the cluster centers converge to fixed coordinates, the distance between each individual sample and each cluster centroid is calculated as a measure of the similarity of the sample to each cluster (Bezdek, 1974). The membership of each point to its cluster can be expressed as a distance ratio (Burrough et al., 1997; Lucieer and Lucieer, 2009) by the following expression adapted by Ismail et al. (2015).
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where μik is the membership value of the i-th data point to cluster k, which results in [image: image], dik is the distance between the i-th point and the cluster center k in the Euclidean space built by the RCs, n is the number of clusters defined in section 2.4.

An evaluation of the certainty of assigning the point i to the cluster k and not to another is performed using the confusion index (CI; Burrough et al., 1997). The CI is expressed as the ratio between the data point memberships with the second-closest cluster and the cluster to which it was allocated by the K-means clustering.
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Where μ(max–1)_i is the membership value of the point i with the second-closest cluster center in the Euclidean space of the RCs, while μ(max)_i is the membership value of that same point with the closest cluster center (i.e., to which it was assigned by the K-means clustering algorithm). The CI holds the property to tend to 0 when the membership value for the cluster to which it was allocated is high whereas it tends to 1 when the distance-based allocation of one point to the cluster was not well justified compared to the distance with the second-closest cluster.



Biological Assemblage Characterization

The abiotic clusters represent an unsupervised summary of a combination of environmental factors. Unsupervised clusters therefore describe the multidimensional environmental space that the fauna experiences and that may potentially contribute to driving community differences. Starting from this hypothesis, we tested for significant differences between a-priori unsupervised abiotic clusters in terms of community composition metrics derived from photograph annotations. In other words, the null hypothesis posits that there was no difference of assemblage composition among unsupervised clusters.


Acquisition of Seabed Imagery and Biological Data

The biological data were extracted from seabed images collected during DY081, Dive D333 (Hendry, 2017; Culwick et al., 2020). In total, 159 images were extracted across a depth gradient (715 to 807 m) explored during two vertical transects that crossed the flank of the cross-shelf glacial trough (Figure 2; Broad, 2020; see methodology within). The position of the images corresponded to the area mapped using the forward-facing MBES during Dive D334. Images of the wall were collected every 30 s using the ROV Isis at an approximate horizontal distance from the wall of 2.5 m. The ROV is equipped with a forward-facing camera “Scorpio” (Insite Pacific Inc.) which is offset from the ROV frame at a down-facing angle of 22.5° and carries parallel lasers spaced 0.1 m apart. Due to the near-vertical orientation of the substrate, estimations of seabed area were calculated as if the images were obtained from a down-facing lens across a flat substrate. Annotation of marine megafauna and estimation of the seabed area within each image were carried out using the online BIIGLE 2.0 platform (Langenkämper et al., 2017). A morphospecies approach was used to characterize the diversity of the epibenthic megafauna, as standardized taxonomic classification of species from deep-sea imagery is not always accurate (Howell et al., 2019).
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FIGURE 2. Front view of the high-resolution (0.3 m) terrain point cloud of the underwater wall marking the boundary between a trough and the West Greenland continental shelf (63°51.9′N, 53°16.9′W). The depth ranges from –685 to –820 m and is displayed as a color gradient. The deep-sea cliff terrain was mapped using a forward-looking MBES mounted onto the ROV Isis (Dive D334) and is displayed as a point cloud using the software CloudCompare. Pink dots locate the position of the ROV when taking seabed groundtruthing pictures (Dive D333) used to assess for assemblage differences among abiotic clusters.




Generation of Point Cloud Majority Clusters

The area of the point cloud that corresponded with the position of each image was spatially identified by projecting a 2.25 m2 square in the 3D space, originating from centralized coordinates recorded by the ROV USBL. This area was consistent with the average area captured by seabed images (2.33 m2). The ROV heading, combined with the sum of the pitch and the inclination of the Scorpio camera, were used to orientate the projection of the 2-dimensional footprint of the initial image squares onto the point cloud, delimiting the estimated field of view recorded by the camera. The terrain points within each field of view did not always display a homogenous affiliation to a particular K-means cluster, therefore we applied a majority filter to create a single assignment of each photograph to a majority cluster.



Community Composition of Majority Clusters

In many cases, individual images of the seabed are not representative of localized species composition, as they sample too small an area (Benoist et al., 2019). Therefore we found it necessary to compile composite replicate samples to accurately account for faunal patchiness over scales larger than captured in single images (Benoist et al., 2019). Individual images were assigned to a majority cluster established by the method described in section “Generation of Point Cloud Majority Clusters.” Following Broad (2020), images were then pooled at random within their respective majority cluster and aggregated into composite samples representing a seabed area of 20 m2 (±SD, 1.30 m2). The aim was to pool the fauna according to similar conditions they experience within the multivariable environmental space (i.e., environmental proximity) rather than spatial proximity (Benoist et al., 2019; Broad, 2020). Morphospecies abundances were summed in each composite sample. To test for differences in the biological assemblages characterizing each majority cluster, morphospecies abundance data within composite samples were Hellinger transformed and investigated with nonmetric multidimensional scaling plots (nMDS) using a Bray-Curtis dissimilarity matrix calculated in R with the vegan package (Oksanen et al., 2013). An Analysis of Similarities (ANOSIM) and Similarity Percentages (SIMPER) were calculated in PRIMER Version 7 to identify significant differences between majority clusters and the morphospecies responsible for pairwise dissimilarity (Anderson et al., 2008).



RESULTS


Cliff Geomorphology in Relation to Terrain Variables

The high-resolution point cloud (0.3 m average resolution, 292,577 points; Figure 2) characterized the morphology of the wall. The average topography of the point cloud displayed a slope of 60° (±SD, 18°) oriented north, extending from a depth of 820 to 685 m. The area mapped was ca. 276 m wide with a planar area of 35,880 m2. Groundtruthing pictures are positioned in the terrain point cloud in Supplementary Figure 3 to visualize coinciding fine-scale features and different terrain habitat types.

The deepest part of the wall exhibited a smoother slope of ∼50° at 780 to 818 m depth (Figure 3A), stretching over the whole width of the wall (>200 m). This illustrated a homogeneous horizontal geomorphic transition within the wall (Figure 2). Above that smooth depth band, the underwater cliff displayed areas with steeper slopes reaching on average 60°, but with local gradients up to 90°.
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FIGURE 3. Spatial distribution of terrain derivatives at the finest scale of calculation: (A) Slope (0.9 m), (B) Terrain Ruggedness Index (0.9 m), (C) Bathymetric Position Index (0.9 m), (D) Roughness (3 m), (E) Gaussian curvature (3 m), (F) Mean curvature (3 m), (G) Eastness (3 m), (H) Northness (3 m).


The upper cliff was characterized by a more heterogeneous relief with near-vertical areas (Figure 3A) and zones with slopes < 45°, resulting in higher values of the TRI and roughness variables in areas of a few square meters (Figures 3B,D). The BPI was rather homogeneous throughout the wall, but it underlined elongated near-horizontal features corresponding to transitions between areas with different slopes presented above (Figure 3C). The Gaussian curvature, although it displayed a few localized high values, was generally low (Figure 3E), in contrast to the mean curvature (Figure 3F) which did not exhibit such a homogeneous pattern.

The underwater cliff was not characterized by a homogeneous orientation (Figures 3G,H). Areas with a distinct orientation demonstrated the presence of elongated and protruding features visible (25 m width) in the cliff (Figure 2). Lower backscatter values on the upper sections of the point cloud suggested sediment accumulation (Figure 4). In fact, lower backscatter intensities are typically associated with finer-grained and well-sorted substrata, while higher backscatter intensities are correlated with coarse or hard substrata. These low-backscatter areas also extended on the sides of the protruding features, appearing like incisions in the backscatter map (Figure 4). They may be interpreted as local sediment buildups originating from sediment flow processes.
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FIGURE 4. Spatial distribution of the backscatter intensity retrieved from the MBES. The gray scale refers to untransformed, nominal values retrieved from CARAIBES (Ifremer) with darker gray depicting lower backscatter intensity. Low backscatter intensity indicates a substrate characterized by a combination of smooth and/or soft properties of the “inner” material.




Artifacts

The point cloud displayed fine-scale vertical stripes or ‘ribbing,’ perpendicular to the ROV survey tracks. Such across-track artifacts can arise when mapping the terrain, particularly when using high-frequency acoustic sonar and high ping rates, and can be caused by several types of dynamic errors related to the time series recordings of the attitude sensors and the sonar’s relative angle (Hugues Clarke, 2003). These regular artificial stripes can also arise from noisy USBL recordings in the case of underwater vehicles (e.g., Robert et al., 2017) and can be removed through post-processing using cosine filters. However, meter-scale 3-dimensional structures were observed in images of bedrock veneer indicating an unsupervised filtering could clean out real terrain features that may be important for ecological studies. Hence this was not applied here.

Other artifacts arose when calculating terrain derivatives such as the slope (Figure 3A) and the mean curvature (Figure 3F) in the form of sections of the cliff displaying highly heterogeneous values. We inferred two different causes for these issues. Firstly, the merging of the two point clouds was not perfect as small-scale offsets (∼m) in the reconstructed point clouds remained. This resulted in higher spatial variability of the terrain derivatives along the section where the two point clouds overlapped. Secondly, many sections exhibiting high local variability in the terrain descriptor values coincided with areas with high eastness (Figure 3G) and low northness (Figure 3H) but also with low point density (Supplementary Figure 4). Therefore, we hypothesize these artifacts to be related to the orientation of the cliff: as the ROV kept a constant heading during survey lines, sections of the cliff that were not locally facing the sonar swath were more overlooked as fewer beams were scanning these areas. This explains a locally poorer resolution of the point cloud, which makes it more sensitive to variability in the data when calculating the terrain descriptors with a given Kernel radius size. Similarly, low backscatter intensity (Figure 4) also locally corresponded with low-density areas, and may be caused by the local orientation of the cliff away from the sonar (Supplementary Figure 4).



Unsupervised Habitat Mapping


Principal Component Analysis

The Principal Component analysis (PCA) was performed on 10 terrain variables calculated at different scales (Table 1). Five RCs with eigenvalues > 1 were retained and explained 58% of the total variance. Factor loads are displayed in the component’s matrix (Table 2) and allow to investigate the correlation between the terrain variables and the RCs retained. Factor loads (Table 2) rarely exceeded a value of 0.5 which indicates a poor one-to-one relationship (Hogg et al., 2016). Terrain variables computed at different scales displayed similar factor loads. Overall, except for the northness and the backscatter, all variables displayed an exclusive relationship with the RCs. The slope and the TRI accounted for the highest factor loads of RC1 (Table 2); backscatter for RC2; eastness for RC3; TPI for RC4; backscatter and roughness for RC5. The mean and the Gaussian curvatures did not exhibit high loads in the five RCs retained by the K-means algorithm.


TABLE 2. Component matrix showing correlation between the Varimax rotated principal components (RC) and the terrain input variables computed at different scales.
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K-Means Clustering

A K-means clustering was performed on 292,557 data points with the five RCs. The Elbow criterion exhibited a decrease in the gradient of the WSS at 4 clusters (Supplementary Figure 5). The C-H criterion confirmed this observation with a maximum at 4 and 6 clusters (Supplementary Figure 5). We favored the least-complex clustering result with a low number of groups (i.e., four clusters).



Terrain Data Partitioning

The four clusters provided by the unsupervised method of data partitioning were mapped in the 3D space as each point of the point cloud was assigned to one of the four clusters (Figure 5). Broadly speaking, clusters T1, T2 and T3 were related to different depth bands, also characterized by differences in slope and backscatter. Cluster T4 exhibited a more discontinuous spatial distribution (Figure 5), suggesting it was related to variability in terrain characteristics at the scale of the point cloud resolution (i.e., 0.3 m).


[image: image]

FIGURE 5. Spatial distribution of the four abiotic clusters computed with a K-means clustering based on depth, backscatter intensity and terrain derivatives. Colors refer to points assigned to one of the habitat clusters (T1–T4).


The terrain characteristics of each cluster can also be described using violin plots in order to link differences in the data distribution and range of each input variable to each cluster (Figure 6). All data in this section are also presented with their mean ± standard deviation in the table in Supplementary Table 1. As noted above, depth appeared to be an important variable in constraining the clustering of the point cloud of the underwater cliff. T1 was characterized by the shallowest portion of the vertical wall (−733 ± 19 m) whereas T3 was positioned in the deepest areas (−781 ± 26 m; Figure 6) and T2 was located at intermediate depths (−758 ± 22 m). T4 did not occur in a preferential depth range (−751 ± 27 m; Figures 5, 6). Low backscatter values of T1 (36.1 ± 7.2, nominal units) possibly described a different substrate in comparison to T2, T3 and T4 (>50 ± 6, nominal units; Figure 6). T3 contained terrain data with smoother slopes (44.7 ± 12.6°) and lower TRI (0.29 ± 0.06 m), while T2 reached the highest values (70.9 ± 12.5° and 0.37 ± 0.04 m; Figure 6). The slopes of T1 and T4 were much more variable but still higher in average than those of T3. T4 showed higher and more variable values of roughness (59.83 ± 36.31 10–2 m) compared to T1 which exhibited the second-highest roughness (28.69 ± 27.79 10–2 m; Figure 6). The BPI did not show any clear distinction between clusters notably due to its high variability within clusters. Similarly, the curvatures displayed a relatively similar distribution (Figure 6) although the distinction between T1–2–3 and T4 was more pronounced in the case of the Gaussian curvature, with the latter being less positively skewed in the case of T4 (Figure 6). Eastness and northness were distributed in an opposite way overall, while no distinct patterns could be observed between clusters (Figure 6).
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FIGURE 6. Violin boxplots showing the distribution of terrain variables for each cluster. In the box of the violin boxplot, the middle line is the median, the lower and the upper box boundaries are the first and third quartiles. No statistical outliers are presented. These abiotic variables were used as input variables for the PCA and subsequent K-means clustering that computed the clusters T1–T4. Cluster colors are synchronized with those displayed in Figure 5. Terrain variables presented are A. Depth (0.3 m) [m], B. Backscatter (0.3 m) [nominal values], C. Slope (0.9 m) [°], D. Terrain Ruggedness Index (TRI, 0.3 m) [m], E. Roughness (3 m) [m], F. Bathymetric Position Index (BPI, 0.9 m) [m], G. Mean curvature (3 m) [m–1), H. Gaussian curvature (3 m) [m–1], I. Eastness (3 m) [–], J. Northness (3 m) [–]. Scales of computation are presented in parentheses and units of the abiotic variable is specified in square brackets as well as in the subtitle of the figure panels.




Clustering Confidence

Confusion between clusters can be monitored using the distribution of the CI values (Table 3). On average, no clear distinction characterized the CI distribution of the different clusters although T4 reached the highest mean CI and T2 held the lowest mean CI followed by T3 (Table 3).


TABLE 3. Mean and standard deviation of the CI (Confusion Index) computed for each cluster.

[image: Table 3]Confidence in the clustering outcome can also be assessed considering the spatial distribution of the CI values (Figure 7). The lower part of the cliff displayed very low CI demonstrating a clear distinction between T2 and T3 in this area (Figure 7). This deeper depth band also exhibited some small-scale variation of CI (i.e., abrupt increase) coinciding with spatial transitions between T2 and T3 (Figures 5, 7). These features correspond to local changes of the topography suggested by the slope spatial distribution (Figure 3A) and other bathymetry derivatives (TRI, BPI, curvatures; Figure 3). The upper part of the cliff displayed higher CI values overall (Figure 7) coinciding with a mixed spatial arrangement of the clusters in small-scale patches. This supports the interpretation of a more heterogeneous habitat in this area.
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FIGURE 7. Spatial distribution of CI (Confusion Index) values calculated for the four abiotic clusters. The color gradient refers to uncertainty of clustering based on the membership of a point to the cluster it was assigned by the K-means algorithm. Value of 1/0 (yellow/blue) refers to high/low uncertainty.




Comparison With Biological Communities

The wall supported a diverse community of generalist boreal benthic fauna. Occurring in high abundance were encrusting demosponge morphotypes, crinoids, ophiuroids and soft coral species in the family of Nephtheidae. A number of specialist ecosystem engineers (e.g., the scleractinian cold-water coral Desmophyllum pertusum) were observed in isolated patches on rocky outcrops but remained rare in comparison to the generalist community (Table 4). Supplementary Figure 3 illustrates different species and associated habitats found on the wall.


TABLE 4. Results of ANOSIM and SIMPER analysis on a Bray-Curtis dissimilarity matrix of transformed morphospecies abundance data.

[image: Table 4]Characterization of epibenthic megafauna observed in the majority clusters showed a general partitioning of the community mapped in the point cloud (Figure 8). However, the low ANOSIM global R statistic did not indicate a strong aggregation of the assemblages within the clusters (ANOSIM Global R: 0.54, p = 0.001; Table 4). The ANOSIM global significance could be attributed to the cluster T4 which was characterized by the exclusive presence of D. pertusum and a reduced abundance of Drifa glomerata. Pairwise analyses also indicated T1 and T2 and T1 and T3 communities were similar in composition (p ≥ 0.05, Table 4). However, despite the larger distribution of data points within T1 (Figure 8), only T2 and T3 were significantly different (p < 0.01). The increased abundance of Acesta sp. clams (T2, Table 4) and of the carnivorous sponge Asbestopluma pennatula (T3, Table 4) appeared to be contributing the most toward the dissimilarity. Echinoderm morphospecies that contributed to pairwise dissimilarities (Table 4) were likely driven by high abundance values promoting their contribution toward dissimilarity.
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FIGURE 8. Non-metric MDS ordination of Hellinger transformed Bray-Curtis dissimilarity of assemblage compositions across the wall. Factors T1–T4 refer to the K-means majority clusters. Cluster colors are synchronized with those displayed in Figure 5.




DISCUSSION

This study successfully mapped and characterized the fine-scale topography of a vertical wall located in deep Greenland waters (760 m). Additionally, our study also extracted the backscatter information from the MBES data and used it together with terrain variables calculated in the 3D space, to create the first habitat map of a deep-sea vertical wall. The subsequent comparison with the faunal communities identified in groundtruthing images indicated that the initial unsupervised classification resulted in habitat categories holding ecological relevance.


Acquisition of High-Resolution Vertical Bathymetry: Advantages and Limitations

Global bathymetry maps are the essential input information for various disciplines such as hazard studies, ocean circulation models, seafloor engineering and marine conservation (Wölfl et al., 2019). However, by 2015 less than 18% of the seabed had been mapped with a resolution of 1 km prompting a global endeavor to acquire, standardize and share bathymetric maps (e.g., Seabed2030; Mayer et al., 2018). Still, most of those mapping initiatives are carried out at fairly coarse resolutions (∼100–500 m pixel size or more). This means that the true heterogeneity of the seabed usually remains underestimated (Costello et al., 2010). At finer scales, terrain characterization at a meter-scale resolution is of importance for ecological investigations. For example, the presence of features increasing seabed roughness can have an influence on ecological modeling output (Robert et al., 2017).

While shipboard bathymetry of the Greenland margin provided a 25 m-pixel map of the area (Figure 1; Hendry, 2017; Hoy et al., 2018), the bathymetric and backscatter map supplied by the ROV reached ∼100 times that resolution. A total of 2h40 were needed to map 35,880 m2 of vertical surface with a resolution of 0.3 m. This is in the same order of magnitude as other studies that mapped deep-sea vertical cliffs with a high resolution (<1 m) using forward-looking acoustic sonar for ecological studies (e.g. 9,000 to 15,000 m2 per hour in Robert et al., 2017). Fine-scale geomorphological descriptions have applications for studying geohazard events (e.g., Sichi et al., 2005; Huvenne et al., 2016; Carter et al., 2018). This study identified different geomorphic facies over a range of spatial scales (e.g., 2 horizontal bands >200 m wide, with distinct steepness, 25 m protruding features, meter-scale heterogeneity revealed by unsupervised cluster T4) that provide new insights in the geomorphology of the flank of a deep-sea glacial trough, and that could not be mapped from the shipboard MBES data. These geomorphic features result from differential erosion processes affecting on the long term the geomorphology of the bedrock exposed. The terrain will in turn affect the benthic community composition by shaping local dynamics of the sediment and of the currents and by influencing the stability of the terrain (e.g., friability; Edinger et al., 2011; Robert et al., 2017, 2020). Finally, backscatter data acquired together with multibeam bathymetry at a resolution under a meter have potential in ecological modeling studies focusing on fine-scale influences of terrain heterogeneity usually captured with imagery (e.g., Wilborn et al., 2018; Corbera et al., 2019; De Clippele et al., 2019) or in spatial modeling of dynamic sedimentary processes (e.g., Huvenne et al., 2007; Lastras et al., 2011). While understanding of these processes requires combination with larger-scale investigations, this case study demonstrates current abilities for more extensive mapping combined with a decimeter-scale resolution, even if survey time at the study site currently remains a limiting factor in such deep-sea investigation.

Establishing a robust link between backscatter echo intensity and seabed properties usually requires groundtruthing information to establish what property actually drives the relative spatial differences in backscatter response (e.g., by using images, Micallef et al., 2012; Lucieer et al., 2013; using sediment cores, Lo Iacono et al., 2008; De Falco et al., 2010; and geomorphological maps, Lucieer and Lamarche, 2011) since the backscatter response results from a combination of factors that remain difficult to disentangle without groundtruthing validation (i.e., seabed roughness and substrate properties such as grain size and porosity; Jackson and Briggs, 1992). Interpretation of spatial differences in the backscatter at deep underwater cliffs can therefore be challenging since they can result from confounding variables poorly described in these environments. Images of the seabed did show slight differences in seabed type that could affect the acoustic backscatter (e.g., presence of pebbles, thin layers of sediment) while the effect of dense biogenic structures such as D. pertusum framework can have an influence on < 1 m resolution backscatter (e.g., Masson et al., 2003, see Supplementary Figure 3 for localization of the mentioned features). However, calibrating quantitatively the link with the backscatter would have required sampling or a specific groundtruthing investigation as images only picture the superficial layer of the substrate, while backscatter intensity is affected by the substratum characteristics down to a certain depth (the so-called ‘volume effect,’ depending on acoustic frequency; Lurton and Lamarche, 2015). Nowadays, with improvement of sonar technology, there is a greater interest to integrate backscatter as a substrate surrogate in investigations aiming to characterize the seabed, as shown by recent effort for relating quantitatively the backscatter with the seabed properties (Brown and Blondel, 2009; Lucieer and Lamarche, 2011). Backscatter post-processing usually requires geometric and radiometric corrections to remove artifacts produced by the operating device settings (Lamarche et al., 2016; Lurton et al., 2018). While these steps were not tackled in the framework of forward-looking acoustic acquisition at vertical terrains, this work remains a first attempt to aim for backscatter extraction. This study opens space for further development to characterize the backscatter response of vertical features using acquisition and processing tools specifically tailored to vertical mapping configurations (see recommendations in Lurton and Lamarche, 2015; Lamarche and Lurton, 2018).

Other limitations have been identified. In the same way that downward-looking sonar overlooks fine-scale details of steeply sloping terrains, vertical cliffs exhibiting different orientations cannot be evenly mapped using a single ROV heading, as was illustrated by the merging of two sections of the cliff here in this study. To overcome this issue, separate point clouds can be acquired from survey lines with different heading orientations. The data for each survey section are processed separately and back-rotated, after which they can be merged in the overall point cloud. Occasionally small offsets build up between the separate sections. If the point clouds overlap in relatively homogeneous areas displaying only smaller-scale features, these offsets can trigger local inaccuracies in terrain descriptors. This can have an influence on the unsupervised habitat mapping, especially with clustering algorithms relying on variance partitioning methods.

The reason for these small point cloud offsets remains uncertain, but we suggest it may arise from artifacts or inaccuracies occurring in the navigation and attitude recordings. Although pre-processing of underwater vehicle navigation (Rigby et al., 2006; Batista et al., 2012; Kwasnitschka et al., 2013) and attitude (Hugues Clarke, 2003) allows to optimize the quality of fine-scale terrain reconstruction, the latter is intrinsically dependent on the data quality primarily acquired by motion sensors (i.e., spatial accuracy, lower recording time step than acoustic soundings and temporal synchronization). Accuracy and precision of underwater vehicle positioning in the deep sea remains nevertheless a major technological challenge that may particularly affect high-resolution terrain reconstruction efforts. Noisy USBL navigation data of underwater vehicles can create abrupt artifacts in the MBES bathymetry that may lead to inaccurate fine-scale terrain models. In this study, we merged the overall accuracy of the USBL navigation with the precision of the DVL records, to achieve the optimal navigation dataset to avoid terrain artifacts in a vertical reconstruction. To our understanding, this was a necessary step in the workflow of acoustic data processing since the decisions to remove soundings at the manual cleaning stage remain difficult to make, particularly in complex terrain. Meter-scale features such as outcrops could easily be erased from the point cloud which could lead to a reduction of the terrain complexity. Similarly, navigational uncertainty can remain between separate ROV dives (e.g., between the MBES and photography dives), and can cause difficulties in linking groundtruthing data to acoustic datasets.



Unsupervised Habitat Mapping

In this study, we applied an unsupervised clustering method, as proposed by Verfaillie et al. (2009), to partition the terrain descriptors in a reasonable number of categories displaying distinct characteristics based on the computation of RCs. The cluster analysis delineated four abiotic groups or so-called ‘potential habitats’ characterized by depth, backscatter, slope and roughness. These groups revealed (with high clustering confidence) contiguous zones of the cliff geomorphology even if no information on the spatial autocorrelation of the variables was provided to the cluster algorithm. The habitats included the ‘talus’ located at the bottom of the cliff, the steepest section of the cliff, the upper, more sedimented parts, and a few large protruding geomorphological features. Mapping such geomorphological features is of importance when characterizing the vertical habitat, particularly of sessile species, as they directly influence other aspects of the abiotic environment (e.g., sedimentation, slope, hydrodynamics). They may also reflect some of the geological processes (e.g., erosion) that shaped the vertical cliff as a result of its geological composition (Edinger et al., 2011).

Some aspects of the K-means partitioning method may constrain the interpretation of the habitat mapping outcome. Firstly, the K-means clustering method is based on spherical partitioning resulting in the computation of clusters of similar size in the multidimensional environmental space. This may not always be useful if delineating terrain groups with different sizes is required (Hogg et al., 2016). Density-based clustering (e.g., DBSCAN; Ester et al., 1996) is an alternative approach as it is capable of identifying patterns with arbitrary sizes in datasets even containing noise and outliers (Khan et al., 2014). Secondly, some clusters did locally exhibit patchy and discontinuous distributions also linked with lower confidence levels nested in the upper part of the underwater cliff. The clustering algorithm works on examining the best data partitioning according to the input variables’ variance but not on their spatial coherence and continuity. Spatial coherence and continuity can be met with a clustering method that accounts for spatial proximity between data points (e.g., ST-DBSCAN; Birant and Kut, 2007). Recurrent terrain patterns could also be investigated using approaches based on signal decomposition (e.g., Empirical Orthogonal Function; Preisendorfer and Mobley, 1988).



Biological Interpretation

As a last step in this study, we tested the ecological relevance of the unsupervised habitat categories summarizing a multivariable environment (i.e., depth, terrain and substrate) with the biological information provided by groundtruthing imagery. Abiotic clusters are regularly used as a proxy to reflect the habitat of certain species or groups of species (Brown et al., 2011), but this assumption requires validation in poorly understood ecosystems such as the deep Greenland waters studied here. Although some terrain descriptors may be greatly affected by biogenic structures (e.g., cold-water coral reefs will affect backscatter at < 1 m resolution, Masson et al., 2003; terrain heterogeneity at 0.1 m resolution, Huvenne et al., 2011), such biogenic structures themselves create habitat for other species, and hence can be considered part of the initial habitat characterization, particularly if it has to be based on remote sensing data, with little or no groundtruthing data available for quantitative validation.

Several clusters did show differences in assemblage composition (Figure 8), although sometimes only explained by few species. Being a rare species, D. pertusum drove most of the significant differences related to the high-roughness habitat class T4. D. pertusum live framework was observed at rocky outcrops which is comparable with previous observations made at steep terrains (Huvenne et al., 2011; Pearman et al., 2020). Patches of Acesta sp. grew attached to the hard substrate of vertical features similar to sightings reported in Northeast Atlantic canyons (Johnson et al., 2013; Robert et al., 2017; Pearman et al., 2020). However, community composition differences were not strong, nor was any particular species predominantly contributing to assemblage dissimilarity. For example, on the one hand, D. glomerata showed higher abundances in the high-roughness cluster T4, while on the other hand it still co-occurred with A. pennatula, which was more sighted on smoother terrain with low backscatter (T1). Linked together, these results suggest assemblage differences explained by a few rarer species occurring at particular terrain features, whereas the small extent of the study area may have contributed to assemblage similarity as the sessile communities tended to overlap in space. A more extensive characterization of the wall communities is required to confirm these patterns whereas species distribution models may be useful to investigate specific spatial distributions independently from the rest of the community.

Linking abiotic habitats with assemblage composition using unsupervised habitat mapping may not always result in strong delineation of communities, but is one of the only ways to carry out a first-level interpretation of a seabed area if biological data are sparse or non-existent (Hogg et al., 2018). At least 3 additional factors possibly played a role in the outcome of this community analysis. (1) The sampling, which took place before the habitat mapping work was completed, was not designed to collect images according to the spatial arrangement of the abiotic clusters. Vertical ROV tracks aimed to investigate communities across depths, but this can mislead the validity of comparing biological communities across other abiotic terrain categories because of a difference in sampling strategy between both. The terrain investigation resulted in abiotic clusters which did not fully distribute according to depth. Other terrain characteristics, not distributed along depth, also influenced the unsupervised clustering patterns and did influence the presence of a few particular species (e.g., slope, roughness, backscatter intensity). (2) Terrain descriptors that did not strongly explain clustering results may be more important in driving assemblage composition, for example by influencing current exposure through orientation or by positioning the species at keystone structures (e.g., overhangs revealed by BPI (Robert et al., 2017, 2020). Other environmental factors which were not measured may have been at play but remained excluded from the K-means clustering (e.g., hydrodynamics, physical and chemical properties of the water column). Furthermore, at such a fine scale, biological factors act on assemblage structure, such as biotic interactions or the presence of structuring species (Buhl-Mortensen et al., 2010). In ecology, spatial autocorrelation in species distribution is a natural reality triggered not only by the presence of the correct ecological niche, but also by migration of mobile species and dispersion of sessile organisms (Legendre and Legendre, 1998). Therefore, observations may not always reflect the ecological niche a species can occupy. (3) Habitat clusters are discrete categories that may not reflect transitional patterns between communities; especially abiotic clusters were locally patchy and discontinuous. Considering only the majority cluster located within an image area may overlook fine-scale habitat heterogeneity. Local diversity of habitats may influence the presence of a more diverse panel of species than if the seabed habitat were more homogeneous. So-called ‘fuzzy classification’ approaches that reflect point membership in the point cloud to several clusters may allow a more realistic mapping of transitional habitats or ‘ecotones’ (Lucieer and Lamarche, 2011).



Application of Unsupervised Vertical Habitat Mapping in Future Surveys

This study presents an application of high-resolution habitat mapping of vertical cliffs in the deep sea. Pre-existing information about deep-water vertical walls in most cases is sparse or non-existent because of their inaccessibility and the difficulties in mapping such terrains with conventional methods. In such cases, an initial unsupervised habitat mapping approach is appropriate to obtain a first-level interpretation of the habitat structure (Hogg et al., 2018). The spatial distribution of clusters will then be useful to objectively and rapidly inform the user regarding the heterogeneity/similarity of the habitat. This initial information can help the definition of a robust sampling design that optimizes habitat representativeness of the area of interest (LaFrance et al., 2014), which is especially useful during exploration activities or in poorly characterized environments such as in deep waters, where sampling time is limited and costly. Defined on that objective information, groundtruth sampling will help to build a refined habitat map by validating the level of (dis)similarity and ecological relevance between habitats delineated by the first seafloor classification.



CONCLUSION

This study demonstrated our ability to capture fine-scale seabed characteristics of vertical habitats in the deep sea using forward-looking acoustic survey methods (bathymetry and backscatter) on underwater platforms. Unsupervised habitat mapping based on K-means clustering was applied to delineate similarities across the vertical seabed and to summarize the multidimensionality of the benthic substrate variables. The latter revealed terrain differences linked with geomorphological features >200 and >25 m in size, and meter-scale heterogeneity (e.g., roughness). Groundtruthing photographs partitioned among the abiotic clusters indicated dissimilarities of benthic community composition. However, these differences remained attenuated therefore calling for a more representative sampling and characterization of the faunal assemblages based on a better sampling scheme. Simultaneously, this study stresses the need for an investigation into alternative clustering approaches that may describe the environmental conditions in a more adequate way. Furthermore, the extraction of the backscatter intensity at vertical underwater terrain remaining at its infancy, it demonstrates the need for further development to ensure accurate acquisition of this proxy of the substrate properties.

Nevertheless, this investigation demonstrates the need and possibilities of this method for multidisciplinary investigations of vertical features at fine scales in geology, ecology and habitat prediction, especially when adding the backscatter information. Meter-scale unsupervised terrain mapping remains a cost-effective and objective tool to inform relevant and representative field sampling strategies in remote environments where no a priori knowledge is available, such as at deep underwater cliffs. However, acquisition of robust groundtruthing data remains necessary to fully characterize the faunal communities, especially in the undersampled deep-sea benthic habitat of Greenland waters. In practice, uncertainties in ROV positioning and attitude recording are still some of the major challenges when working in this type of environment and with high-resolution terrain characterization. While we proposed post-processing methods that help to limit error propagation, positional errors can still affect the habitat mapping outcomes and possibly constrain the spatial accuracy when linking abiotic and biotic datasets. Further investigations and development in vehicle navigation are needed to improve high-resolution habitat mapping in complex deep-sea environments.
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Coral reefs across the world are undergoing rapid deterioration, and understanding the ecological and evolutionary processes that govern these ecosystems is critical to our ability to protect them. Molecular ecological studies have been instrumental in advancing such understanding, and while initially focused primarily on broad-scale patterns, they have gradually uncovered the prevalence of local genetic structuring. Genome-wide sequencing approaches have provided new opportunities to understand both neutral and adaptive contributions to this largely unexplained diversity, but fine-scale assessments have been hampered by challenges associated with aquatic environments, in terms of (geo)referencing, seafloor characterization, and in situ phenotyping. Here, we discuss the potential of “reefscape genomics,” leveraging recent advances in underwater imaging to enable spatially explicit genomic studies on coral reefs. More specifically, we consider how (close-range) photogrammetry approaches enable (1) fine-scale spatial mapping of benthic target organisms, (2) repeatable characterization of the abiotic and biotic reefscape, and (3) simultaneous in situ mass-phenotyping. The spatially explicit consideration of genomic data –combined with detailed environmental and phenotypic characterization– opens up the opportunity for fine-scale landscape genomic approaches on coral reefs (and other marine ecosystems). Such approaches enable assessment of the spatio-temporal drivers and adaptive potential of the extensive genetic structuring and cryptic diversity encountered in benthic invertebrates, such as reef-building corals. Considering the threats that coral reefs are facing worldwide, we believe that reefscape genomics represents a promising advancement of our molecular ecological toolkit to help inform how we can most effectively conserve and restore coral reef ecosystems into the future.
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INTRODUCTION

Coral reefs are one of the most biodiverse and economically important ecosystems. Yet, they are undergoing an unprecedented decline due to a wide range of anthropogenic stressors (e.g., increasing sea temperatures, ocean acidification, pollution, and overfishing) (Hoegh-Guldberg et al., 2007; McClenachan et al., 2017). Our ability to manage and conserve these vulnerable ecosystems is contingent on our understanding of the fundamental processes underpinning their resilience. Over the past decades, molecular ecology has played a major role in elucidating these processes for reef-building corals (order Scleractinia) (van Oppen and Gates, 2006), by uncovering patterns of dispersal and connectivity (Ayre and Hughes, 2000; van Oppen et al., 2008), contributions of sexual and asexual reproduction (Miller and Ayre, 2004; Foster et al., 2013; Dubé et al., 2017), the prevalence and nature of hybridization (Vollmer and Palumbi, 2002; Combosch et al., 2008), and the endosymbiotic microbial diversity which is critical to their survival (Baums et al., 2014; Boilard et al., 2020). Importantly, the advent of high-throughput genomic approaches (e.g., reduced representation and whole-genome sequencing) has facilitated increasingly sophisticated assessments for non-model organisms (Riginos et al., 2016; Matz, 2018), including the opportunity to study adaptive variation critical to the persistence of coral reefs (Bay and Palumbi, 2014; Dixon et al., 2015). While these genomic advances hold great promise to address knowledge gaps in ecology and evolution, their true potential is ultimately dependent on our ability to couple their outputs with environmental and/or phenotypic information at the relevant spatial scale (Andrew et al., 2013).

Landscape genetics has provided a powerful framework in terrestrial ecosystems to predict population genomic patterns from landscape attributes and processes (Manel et al., 2003; Balkenhol et al., 2016). By extension, landscape genomics is a more recent discipline that queries similar relationships but across both neutral and adaptive parts of the genome (Balkenhol et al., 2017; Li et al., 2017). As its marine counterpart, seascape genomics shares much of the aforesaid theoretical and analytical framework, but is challenged by physical variability of the oceanic environment and the unique life histories of marine organisms (e.g., high dispersal potential and large effective population sizes) (Riginos et al., 2016; Liggins et al., 2019). Recent studies have demonstrated the potential of seascape genomics in the study of reef-building corals, for example by identifying genes associated with thermal adaptation (Jin et al., 2016; Fuller et al., 2020; Selmoni et al., 2020a,b). Nevertheless, there are several major limitations associated with the application of seascape genomics to coral reef environments. Firstly, due to its reliance on remote sensing methods, the environmental characterization mostly focuses on the (upper) ocean surface (i.e., oceanographic features) rather than the benthic landscape (or “benthoscape”). In addition, the spatial resolution (or “grain”) of such remotely sensed methods generally only allows for limited characterization on a within-reef scale. Lastly, spatially explicit, individual-based sampling has been hampered (compared to terrestrial studies) due to the inability of using satellite-based geo-positioning, as radio signals do not propagate sufficiently underwater.

In this perspective, we discuss the potential for “reefscape genomics,” leveraging advances in underwater imaging to enable fine-scale landscape genomic studies on coral reefs. The term “reefscape” has been used loosely in the coral reef literature, mostly as an underwater equivalent to the term landscape (e.g., Arias-González et al., 2006; Urbina-Barreto et al., 2020). Inherently connected to seascape genomics, we define reefscape genomics as spatially explicit studies focused on a within-reef scale that use reefscape attributes and processes as statistical predictors of genomic variation. This follows a recent call to expand seascape characterization to specifically include the benthic component (Van Wynsberge et al., 2017), but we argue the additional value of doing so at a high spatial resolution. Such fine-scale characterization of the reefscape has recently been made possible due to advances in computer vision, and further facilitated by the increased accessibility of the underwater environment (e.g., through autonomous underwater vehicles, dive propulsion vehicles, and closed-circuit rebreathers). In particular, we believe that close-range photogrammetry has the potential to transform seascape genomics by enabling (1) fine-scale spatial mapping benthic components, (2) repeatable characterization of both abiotic and biotic features of the benthoscape, and (3) simultaneous mass-phenotyping of target organisms. We begin by explaining why a reefscape genomics approach is relevant in terms of major knowledge gaps (focusing mostly on reef-building corals), we then elaborate on the types of relevant (meta)data that can be acquired through photogrammetry, and we conclude by illustrating how such data can be integrated into genomic assessments to address the outlined knowledge gaps.



WHY REEFSCAPE GENOMICS?

The choice of spatial scale in molecular ecology is critical as it defines the ability to identify the processes underlying genetic variation (Hellberg, 2007). Given the biphasic life cycle of most marine organisms (i.e., pelagic larval and benthic adult phase), it has been traditionally assumed that neutral genetic patterns are governed by broad-scale larval dispersal processes (Kinlan et al., 2005; Liggins et al., 2013). However, studies have since demonstrated the prevalence of local genetic differentiation within both species with internal (brooders) and external (broadcasters) fertilization. For brooding species, such fine-scale population structure can be linked to strongly localized sperm and larval dispersal (Underwood et al., 2007; Ledoux et al., 2010; Warner et al., 2016), while such patterns for broadcasting species contradict with their broad dispersal capability and with observations of high gene flow over large distances (Ayre and Hughes, 2000; van Oppen et al., 2008; Cros et al., 2020). These non-intuitive population structures are likely the result of the complex interplay and spatio-temporal variability in species attributes, pelagic conditions, and benthic features (Liggins et al., 2019). The perceived chaos in reef-building corals is –at least in part– due to a mismatch in spatial resolution (Cros et al., 2020), a predominance of population-level sampling (Riginos and Liggins, 2013; Liggins et al., 2019), and an almost complete lack of temporal assessments (but see Williams et al., 2014; Underwood et al., 2018). Microsatellite-based studies with exhaustive local sampling have demonstrated the critical relevance of fine-scale, individual-based sampling by revealing the important contributions of clonality and inbreeding (Gorospe and Karl, 2013; Dubé et al., 2017), sperm dispersal and self-fertilization (Warner et al., 2016), co-dispersal of siblings, and self-recruitment (Cros et al., 2020; Dubé et al., 2020). Nonetheless, our understanding of reproduction and dispersal processes in benthic reef organisms is still in its infancy given that spatially explicit, individual-based attempts have been incredibly tedious, and have lacked the ability to characterize and integrate the fine-scale composition and configuration of the reefscape.

Patterns of adaptive variation in marine environments often occur at local scales, with selection contributing to spatial genetic structuring regardless of the extent of gene flow (Liggins et al., 2019). Habitat-specific sampling has demonstrated how local genetic structure in reef-building corals can reflect divergence across environmentally distinct but spatially adjacent reef habitats (Benzie et al., 1995; Bongaerts et al., 2010, 2011; van Oppen et al., 2018), with parallel patterns observed in coral endosymbionts (Frade et al., 2008; Bongaerts et al., 2010; Pantos et al., 2015; Hernandez-Agreda et al., 2018; van Oppen et al., 2018). Such findings highlight the importance of environment-associated selection and the potential for ecological barriers to gene flow. However, substantial genetic and phenotypic diversity in nominal species is being uncovered within reef habitats (Dubé et al., 2017; Gélin et al., 2017; Forsman et al., 2020), with much of that diversity remaining unexplained. While advances in omics-based approaches have shown great potential (Riginos et al., 2016; Matz, 2018), our ability to understand such diversity has been limited by the difficulty of gathering high-resolution data on the corresponding phenotypes and associated environments. Understanding the adaptive potential of this genetic and phenotypic variation (e.g., tolerance to warming or eutrophication) and its nature or origin (e.g., standing genetic variation, hybridization, somatic mutations, or epigenetic), is becoming increasingly important to predict how corals may persist into the future. It is also critical for coral reef conservation and restoration efforts, to ensure that the adaptive potential of protected, translocated, or restored populations is maximized to promote survival under rapidly changing environmental conditions.



REEFSCAPE CHARACTERIZATION THROUGH CLOSE-RANGE PHOTOGRAMMETRY

The logistical difficulty of fine-scale underwater mapping and (geo)referencing has long hampered spatially explicit coral reef studies and thereby direct coupling of genetic data with environmental, ecological, and phenotypic data. However, recent advances in photogrammetry –in particular Structure from Motion (SfM)– now permit fine-scale 3D characterization based on consumer-grade cameras and non-expert software (Figueira et al., 2015; Burns and Delparte, 2017; DeBell et al., 2019). In contrast to stereophotogrammetry that usually relies on calibrated image pairs, SfM can approximate camera position and angle from highly overlapping photographs to generate a “sparse point cloud” (Westoby et al., 2012). This can be further processed using multi-view stereo algorithms into a “dense point cloud” (Iglhaut et al., 2019), from which 2D (orthoprojection/mosaic), 2.5D (digital elevation model), or 3D (textured 3D mesh) products can be generated (Figure 1). SfM has been widely adopted in geoscience for topographical surveys (Westoby et al., 2012; Fonstad et al., 2013; Smith et al., 2016), including subaerial forest, wetland and coastal characterization (Kalacska et al., 2017; Iglhaut et al., 2019), but its close-range ability overcomes persistent underwater light attenuation and scattering issues, making SfM particularly suited for fine-scale benthoscape characterization.
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FIGURE 1. Conceptual diagram summarizing conceptual diagram summarizing different SfM-enabled characterization examples that can be utilized in reefscape genomic studies. The orthoprojection (25 × 4 m) depicts a Caribbean coral reef community at 20 m depth (from the CoralScape project, Curaçao, Southern Caribbean). Fine-scale mapping allows for accurate positioning of target organisms within the reefscape and a priori established sampling designs (depicted here for Eusmilia fastigiata). It also enables spatially explicit, multi-species assessments (e.g., to characterize broader patterns related to life history or the occurrence and consequences of hybridization). Image-based biotic/abiotic characterization of the reefscape can help elucidate the interaction of dispersal, recruitment, and selection processes with the environment (e.g., considering competitive or mutualistic relationships or habitat suitability). Structural complexity or 3D positioning can be similarly considered or used for environmental or biophysical modeling (e.g., incident irradiance, water flow, sedimentation, or larval dispersal). Repeated characterization allows for spatio-temporal consideration of the reefscape and target organisms, as well as mass-phenotyping of the latter (e.g., growth rates or stress responses).


SfM has rapidly become a critical tool in benthic ecology studies on coral reefs (Burns et al., 2015; Leon et al., 2015; Ferrari et al., 2016b; Edwards et al., 2017; González-Rivero et al., 2017), where the requirement of a static environment (throughout the imaging process) is largely satisfied by the dominance of reef-building corals. Depending on camera resolution and altitude (i.e., distance to seafloor), current modeling abilities roughly span a grain range of ∼0.1–10 mm and spatial extent range of 0.01–1 ha (Figure 2), with a trade-off between grain size and spatial extent. Using scale references, a highly accurate local coordinate system of the generated model can be created (mm to cm accuracy; Ledoux et al., 2010), enabling underwater mapping with unprecedented resolution, efficiency, and repeatability compared to traditional methods using transect tapes, depth gages, and/or compasses (Foster et al., 2013; Gorospe and Karl, 2013; Williams et al., 2014; Gélin et al., 2017; Dubé et al., 2017, 2020). Such local coordinates can be converted to real-world coordinates by georeferencing the model using, e.g., ground control points (GCPs) or by integrating acoustic positioning and orientation sensors on the imaging platform [e.g., ultrashort-baseline (USBL), Doppler velocity log (DVL), and attitude and heading reference systems (AHRS)]. In both cases, the accuracy of georeferencing will be determined by that of the surface-based global navigation satellite system (GNSS) receiver, and the method used to determine positioning relative to that of the receiver (e.g., a simple vertical upline or sophistic multisensory navigation system).
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FIGURE 2. Four example applications of reefscape genomics, conducted as part of the CoralScape project in Curaçao (Southern Caribbean). This project monitors large-area plots (0.5–1 ha per plot) and focal plots (100 m2) covering a range of 5–60 m depth at eight different locations along the leeward shore. The focal plots are reimaged twice a year (using a Canon 5DsR with an EF 24 mm f1/4 prime lens and four Inon Z330 strobes) and incrementally sampled (for different taxa). Collected samples are referenced to the 3D model using video from a head-mounted camera, with the diver carrying a 96-well rack with numbered 0.5 mL tubes bungee-mounted to their forearm. (A) Broad-scale imaging (>0.5 ha per plot) to assess the impact of rapid population decline on the reproduction and genomic variation in the coral Helioseris cucullata, and to evaluate extinction risk and appropriate conservation strategies (Hernandez-Agreda et al., unpublished data). (B) Medium-scale imaging (100 m2 per plot) to understand the roles of niche partitioning and asexual reproduction in the fast expansion of coral-eroding sponges in the Cliona viridis species complex (Achlatis et al., unpublished data). Inset photographs show different growth forms and a close-up. (C) Medium-scale imaging (100 m2 per plot) to track the spread of somatic mutations in the coral Madracis mirabilis, and assess their contributions to genetic diversity in large monospecific stands (Bongaerts et al., unpublished data). (D) Medium-scale imaging (100 m2 per plot) to disentangle the role of environment and genotype in bleaching response and the overall effect of bleaching on population genetic diversity within the coral genus Agaricia (Prata et al., unpublished data). Circles represent samples of target organisms (as depicted in close-up photos) colored by genotype (except for in B).


The power of SfM in resolving 3D structure has enabled the study of structural complexity in relation to species diversity, competition, and coexistence. Structural complexity can be characterized through various metrics: linear and surface rugosity (Dustan et al., 2013; Ferrari et al., 2016a, 2018), fractal dimension (Tokeshi and Arakaki, 2012; Leon et al., 2015; Young et al., 2017), crevice or refuge density (González-Rivero et al., 2017; Agudo-Adriani et al., 2019; Oakley-Cogan et al., 2020), viewshed (González-Rivero et al., 2017; Urbina-Barreto et al., 2020), and surface height range (Torres-Pulliza et al., 2020). Broader-scale environmental parameterization (e.g., through the deployment of sensors) has the potential to enable fine-scale modeling of further abiotic variables that cannot be inferred directly from the imagery, such as temperature, irradiance, water flow, and sedimentation across the reefscape (Figure 1). As SfM is imagery-based, detailed characterization (2D/3D) of the seafloor can be undertaken through point-based annotation or semantic segmentation, with promising automation potential through machine learning (Alonso et al., 2019; Williams et al., 2019; Pavoni et al., 2020). Species-level identifications and recruit detection can be facilitated by the pairing of individual points to the original photographs (usually having greater resolution than the constructed dense point cloud), with such characterizations rapidly providing new insights into coral demographics (Edwards et al., 2017; Brito-Millán et al., 2019; Pedersen et al., 2019). The simultaneous documentation of the abiotic and biotic reefscape holds particular promise for landscape community genomic approaches focusing on the interaction of environmental and community effects on genomic variation (Hand et al., 2015).

Another major advantage of SfM characterization is its suitability for repeat surveys, describing how target species populations and interfering biotic and abiotic reefscapes change over time. SfM also opens up the opportunity for simultaneous in situ phenotyping of focal organisms through the obtained imagery. Although certain morphological (e.g., gross morphology) and ecological (e.g., symbiotic state) aspects can be extracted from a single time-point, repeated characterization allows for the determination of growth rates (surface or linear expansion; Holmes et al., 2008) or susceptibility to stressors (Chow et al., 2016; Miller et al., 2016; Precht et al., 2016; Page et al., 2017; Gintert et al., 2018; Johnston et al., 2019). The third dimension that photogrammetry adds significantly enhances all aspects of phenotyping; for example, growth traits of corals and other invertebrates are more accurately determined from 3D surface areas and volumes (Lavy et al., 2015; Gutiérrez-Heredia et al., 2016; Ferrari et al., 2017; Olinger et al., 2019), as are other colony-level and polyp-level morphological traits (Kruszyński et al., 2007; Gutiérrez-Heredia et al., 2015).



OPPORTUNITIES ENABLED BY REEFSCAPE GENOMICS

Photogrammetric approaches uniquely enable both fine-scale mapping and simultaneous characterization of the focal organism and surrounding reefscape, and will provide a step change in our ability to conduct landscape genomic assessments in marine environments. Such approaches have the potential to overcome pervasive sampling biases associated with underwater population genetic studies (Gorospe et al., 2015; Riginos, 2015) in that rigorous sampling designs can be established based on a priori characterized positioning, micro-environment, and phenotypes of organisms across the reefscape (Figure 1). As the spatial extent and grain of the reefscape characterization can vary per imaging platform (diver-based or autonomous underwater vehicle) and strategy (low or high altitude), reefscape genomic approaches allow for spatially explicit assessments from fine-scale (e.g., assessing the spread of somatic mutations or distribution of endosymbiotic associations within/between colonies), to medium-scale (e.g., patterns of genetic variation, kinship, and clonality within/across reef habitats), and broad-scale (e.g., in conservation genomics assessments of rare and threatened species at the scale of hectares) (Figure 2). Currently, these assessments can be conducted across multiple locations to enable parallel comparisons, or they can be incorporated within a hierarchical seascape genomics framework. Ultimately, they may converge with broader seascape-scale assessments as technologies advance. The explicit consideration of the benthoscape opens up the novel opportunity to assess the effect of the fine-scale biotic and abiotic composition, configuration, and traversability of the underwater landscape on gene flow and dispersal through the use of spatial correlation analyses (e.g., Moran’s Eigenvector Maps; Dray et al., 2006) and analyses that identify gene flow pathways (e.g., resistance-based; McRae, 2006; Petkova et al., 2016). Overall, by enabling repeatable surveys and eliminating constraints on grain size (previously imposed through shipboard, aerial, or orbital characterization), we can now effectively assess the fine-scale spatiotemporal drivers of the extensive unexplained diversity and the hierarchical genetic structuring on coral reefs.

Selection is expected to play a dominant role in shaping the genetic variation of coral reef inhabitants due to the marked environmental heterogeneity occurring between and within reef habitats. Existing approaches investigating adaptive variation can be divided into those that identify genetic signatures of selection resulting from environmental conditions [e.g., outlier tests and genetic-environment association (GEA); Rellstab et al., 2015] and those that identify associations between genotypes and phenotypic traits [e.g., quantitative trait loci (QTL mapping); Stinchcombe and Hoekstra, 2008, genome-wide association studies (GWAS); Korte and Farlow, 2013, and genome-wide selection (GS); Meuwissen et al., 2001]. However, in coral reef invertebrates, GEAs have almost exclusively been explored in relation to either broad-scale oceanographic settings or discrete reef habitats. Characterization of the reefscape now opens the opportunity to investigate the role of fine-scale and biotic selective pressures in population genetic structuring (Gorospe and Karl, 2013), and to explore whether the “sympatric” distribution of morphologically cryptic lineages (Warner et al., 2015) may have overlooked niche partitioning across micro-environments. Moreover, the difficulty of conducting large-scale phenotypic characterization through aquarium-based (due to collection impact concerns) or natural experiments (due to challenges of the underwater environment) has hindered the ability to detect genetic-phenotypic associations. As photogrammetry offers the opportunity of repeated characterization of target organisms, it has the potential to scale up phenotyping efforts of critical traits. Large sample sizes are particularly important for the detection of polygenic signals (i.e., where the phenotype is influenced by more than one locus), such as those identified in relation to thermal bleaching susceptibility (Bay and Palumbi, 2014; Jin et al., 2016; Fuller et al., 2020). Overall, the most promising advance of reefscape genomics is the ability to simultaneously consider the interaction of genotype, (micro-)environment, and phenotype. Disentangling this interaction could elucidate fundamental but poorly understood processes affecting natural evolutionary trajectories, such as cryptic diversification, hybridization, and heritable changes in gene expression (epigenetics). Considering this interaction would also have substantial benefits in terms of restoration and assisted evolution efforts, through more informed identification of resilient natural genotypes and selection of suitable outplanting/transplantation environments (as described in van Oppen et al., 2015; Baums et al., 2019).



CONCLUSION

As advances in genomics have offered the opportunity to transition from few neutral markers to genome-wide assessments, advances in underwater imaging now unlock the full potential of these assessments in benthic marine ecosystems by enabling spatially explicit (individual-based) sampling integrated with fine-scale biotic and abiotic characterization. As discussed in this perspective, this provides the unprecedented potential to apply fine-scale landscape genomics approaches to coral reef environments, allowing us to address fundamental knowledge gaps regarding the role of neutral and adaptive processes in the structuring of coral reef biodiversity. Additional methodological advantages are the opportunities for simultaneous mass-phenotyping (e.g., growth and thermal susceptibility), repeatable surveys (e.g., explaining how demographic changes contribute to changing allele frequencies), cumulative data gathering (e.g., revisit and expand sampling to additional individuals or species), efficient characterization of difficult-to-access environments (e.g., mesophotic habitats), and robust sampling design planning (e.g., based on a priori mapped individuals). Although close-range photogrammetry is uniquely suited to document the static structures of reef-building corals, a “benthoscape genomics” approach (to use a more inclusive term) is equally applicable to other marine benthic habitats (e.g., deep-sea bioherms, mangroves, or rocky reefs) where the requirement of a largely static environment can be met. Studying fine-scale patterns and processes in marine ecosystems will be critical in advancing our understanding of contradictory metapopulation structures, our ability to accurately analyze and interpret broader-scale patterns, and ultimately, our capacity to effectively conserve these ecosystems into the future.
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In the Mediterranean Sea, shallow rocky reefs and the associated three-dimensional (3D) structure support rich and abundant communities; they are therefore of functional importance, in particular for the renewal of fish stocks. However, these habitats and their functions are likely to be altered by anthropogenic pressures inducing habitat transformations. It is therefore necessary to assess their 3D structure, their transformations and relationship to communities, especially for management and conservation purposes. In this article we aimed (i) to compare two methods that quantify the metrics of the 3D structure (rugosity) of shallow rocky reefs (chain-and-tape method and photogrammetry), and (ii) to quantify the possible links between this habitat structure and the fish assemblages. We found that photogrammetry and the chain-and-tape method yielded a similar estimate of rugosity, but photogrammetry was the most efficient method in terms of measurement quality and time (when considering in-water acquisition). This method also displayed the best repeatability. The 3D habitat descriptors (mean surface rugosity, variation of surface rugosity, and depth) differed significantly between the studied sites and were therefore included as covariables. Total fish abundance and species richness increased with higher mean surface rugosity. In addition, the composition of fish assemblages was significantly influenced by surface rugosity, although this effect was modulated by depth. When focusing on specific taxa, neither density patterns nor size class distributions displayed clear patterns in relation to rugosity metrics. However, this study demonstrated that spatial variability of teleost fish assemblages can be explained by habitat rugosity which probably increases the number of shelters and food resources, and therefore improves chances of survival. In addition, our study has shown that photogrammetry is an appropriate method to assess 3D structure metrics in a temperate rocky reef.

Keywords: habitat complexity, rugosity, metrics, photogrammetry, benthic fishes, efficiency, repeatability, Mediterranean Sea


INTRODUCTION

The Mediterranean Basin is described as a hotspot of diversity for its various fish species and its specific marine ecosystems (Bianchi and Morri, 2000; Cuttelod et al., 2009). The infralittoral (i.e., subtidal) rocky reef provides various habitats for different species such as teleost fishes. This zone is important because of the strong benthic primary production provided by macrophytes, and because of the associated secondary production (Harmelin, 1987). Many coastal species at different life stages coexist making the subtidal rocky reef an ideal area for fish species. However, climate change and the transformation of habitat due to coastal urbanization are anthropogenic pressures that can impact the 3D structure of these rocky habitats (Thiriet et al., 2014). Therefore it may also affect endemic species (Airoldi et al., 2008; Coll et al., 2012).

The structure of these habitats is defined as the quantity, the composition and the three-dimensional (3D) arrangement of the physical components (biotic and abiotic) at a specific location (Cheminée et al., 2017b; Cuadros et al., 2019). It is constituted of complexity which is the absolute abundance of the individual structural components (Beck, 2000; Byrne, 2007; Bell et al., 2012; Cuadros et al., 2019), and of the heterogeneity of their spatial settings (August, 1983). In order to understand the effects that habitat complexity could have on teleost fish assemblages, it is necessary to define and use metrics (also known as environmental descriptors) of complexity. One widely employed descriptor is rugosity. It can be interpreted as a category of the structural complexity of underwater habitats (Friedman et al., 2012; Burns et al., 2015; Storlazzi et al., 2016; Calders et al., 2020). It has been observed that rugosity is an important ecological parameter for shaping fish and other benthic assemblages (Luckhurst and Luckhurst, 1978; Friedman et al., 2012; Storlazzi et al., 2016). It has been reported that rugosity plays a role in interactions between species such as predation or competition (Harborne et al., 2012).

In the history of marine ecology field work, the chain-and-tape method has been commonly used to quantitatively estimate rugosity (Risk, 1972; Luckhurst and Luckhurst, 1978; McCormick, 1994; Hill and Wilkinson, 2004; Storlazzi et al., 2016). More recent methods exist such as the use of photogrammetry: an approach that requires 2D images to create a 3D model of the environment and can therefore estimate precise measurements (Drap et al., 2013; Bryson et al., 2017; Calders et al., 2020). These methods are mainly used to characterize tropical coral reefs. However little is known regarding their comparative efficiency and precision in temperate waters (Ventura et al., 2020).

Environmental descriptors are known to influence community metrics (Hewitt et al., 2005; Harborne et al., 2012; Komyakova et al., 2013; Figueira et al., 2015). It has been shown that fish abundance is greatly influenced by the quantity and quality of the structure of the coral reef habitat (Messmer et al., 2011; Harborne et al., 2012; Kovalenko et al., 2012). This trend has often been described in tropical waters (Luckhurst and Luckhurst, 1978; Gratwicke and Speight, 2005; Graham and Nash, 2013) but rarely in temperate environments (Charton and Ruzafa, 1998; Meager et al., 2011; Rees et al., 2014). The possible relationships between the 3D structure of the Mediterranean rocky reefs and metrics of nektobenthic species have been little studied, while understanding the role of habitat complexity is to allow better preservation of biodiversity and the function of the ecosystem (Kovalenko et al., 2012; Rees et al., 2018; Sinopoli et al., 2018). To characterize habitat complexity, a precise method is needed in order to adequately comprehend the interactions between species and the environment.

The present study aimed to assess how substrate rugosity may affect fish community on temperate reefs, after previously assessing how good rugosity metrics are derived from photogrammetry as a proxy of the classic chain-and-tape rugosity measurement. Indeed, such comparison has been done in tropical environments (Young et al., 2017) but remains poorly explored in temperate environments of the Mediterranean Sea. However, some specific cases have been studied in this region, such as biogenic reefs bio-constructed by Sabellaria alveolata (Ventura et al., 2020). First, we have studied which method (chain-and-tape or photogrammetry-based) can best measure the rugosity metric of Mediterranean rocky reefs. More precisely, it aimed to determine whether the estimation of the mean rugosity of a site and the in situ acquisition time (efficiency) are different depending on the method used, the habitat category, and the site studied. It also estimated which method provides a more precise measurement (repeatability). Moreover, this study proposed to verify whether there is a relationship between the complexity of rocky reefs and fish assemblages. It attempted to identify the effects of descriptors of the 3D structure (mean rugosity, variation of the rugosity) on the descriptors of the teleost assemblages linked to the substrate (i.e., benthic taxa).

We predicted that photogrammetry would be the most robust, efficient and should be easier to repeat than the chain-and-tape method. Furthermore, we expected that one or several metrics describing the teleost assemblage would be influenced by habitat rugosity. More specifically, we expected that rocky reefs with higher rugosity mean and/or higher variation of rugosity would host richer, more abundant, and more diversified fish assemblages. Two datasets from the same study area have been analyzed: one dedicated to the method comparison and the other to the understanding of the relation between 3D structure and teleost populations.



MATERIALS AND METHODS

The study was conducted in the north-western Mediterranean Sea, at the Calanques National Park (western Provence, France) where two datasets were sampled in the Riou Archipelago (Figure 1) during spring 2017 and 2018. The 2017 dataset was used to compare the two methods (chain-and-tape method and photogrammetry), while the 2018 dataset was used to understand the influence of substrate complexity on teleost assemblages.
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FIGURE 1. Study area located in the Calanques National Park (France), where sites were sampled in 2017 (dark blue triangles) and in 2018 (red circles). This map was modified from an online source, i.e. from OpenStreetMap data, available on Wikipedia as a public domain image: https://commons.wikimedia.org/wiki/File:Archipel_de_Riou_topographic_map-fr.svg.



Methods Comparison


Background Definitions

Efficiency in our study is defined as the time (in seconds) spent underwater acquiring data, while precision is defined as “the closeness of agreement between results of independent tests obtained under stipulated conditions (repeatability and reproducibility)” (Arnal, 2017). Repeatability is the part of variability caused by the measuring device in the measurement system studied. Reproducibility is the part of variability induced by the differences between operators. In this study, a single observer managed the data acquisition. For this reason, repeatability was the only concept considered.



Sampling Design and Data Collection

A preliminary sampling design was used to estimate the number of quadrats needed to obtain a reliable measurement of rugosity (sampling effort). Two other sampling designs were used to compare the chain-and-tape method with photogrammetry. The first design evaluated i) the mean rugosity and ii) the efficiency of each method, while the second design was used to study their repeatability. In the first design, sampling effort was evaluated using the cumulative mean rugosity. This procedure was conducted to determine the minimum sampling effort needed to estimate the mean rugosity with both methods. The minimum sampling effort was reached when the cumulative mean rugosity was stabilized. This response variable was studied at one site and in one habitat (at Jarre-Jarron, Infralittoral Rock with Photophilic Algae (IRPA): block facies). In the second design, the responses of mean rugosity and efficiency (time in seconds) were tested as a function of two fixed factors (method: chain-and-tape vs. photogrammetry; and habitat: continuous rocks vs. block fields) and a random factor (site, with 3 levels: Boulegeade, Jarre-Jarron, and Pouars; Figure 1). In the third design, repeatability response was tested according to the fixed factor method (same levels: chain-and-tape and photogrammetry). A single site in a single habitat was studied for this design (Pouars, IRPA: block facies).

For all designs, quadrats (3 m × 3 m) were used as the measurement unit. The cumulative mean rugosity was calculated with the mean rugosity of each quadrat added one by one into the calculation of the mean in a delimited area. The quadrats were randomly arranged and placed so that the cumulative mean rugosity was representative of the study area. The minimum sampling effort was reached when the cumulative mean rugosity was stabilized. The mean linear rugosity in each quadrat was estimated with four segments (2 bisectors and 2 medians). The first design was composed of 12 different quadrats (for each habitat-site combinations), whereas the rugosity was estimated by measuring the same quadrat 10 times in a row for each method when precision was evaluated.

When the chain-and-tape method was used to estimate linear rugosity, a diver positioned the chain (link size: 30 mm) along one of the four segments (from A point to A’ point, as in Storlazzi et al., 2016; Supplementary Figures 1A,B). The same area was created virtually using photogrammetry. Specifically, the diver took pictures zigzagging at a constant distance (1 m) above the quadrat (Supplementary Figure 1B). For each quadrat, an average of 100 pictures were taken to allow satisfactory reconstruction. The same camera handled by the same operator (OB) was used during the entire study: a NIKON D700 protected inside a Nauticam housing, with 14 mm lens and two Ikelite flashes DS 160.

All the photographs were oriented with the Photoscan software (currently Metashape) from the company Agisoft (Royer et al., 2018). A metal square of 50 cm × 50 cm has been placed on the edge of the area to be studied. It was equipped with a buoyancy target for vertical referencing and six coded targets whose distances have been calibrated a priori.

The bundle adjustment performed by the photogrammetry software took into account the scaling constraints on the coded targets and offered an accuracy of about 1 mm considering the readable signal on the coded targets (Drap et al., 2015). The vertical referencing was obtained a posteriori by introducing the coded target read on the float. In a more recent version of the equipment used, a spirit level has been placed on the bracket as well as three adjustable feet with screws allowing the horizontal adjustment of the reference bracket before the shots. Under these conditions, the coordinates of the coded targets were directly expressed in a vertical reference frame and used as a control point by the bundle adjustment. This had no influence on the overall accuracy obtained. If we took into account on the one hand the short shooting distance and thus the large scale of the photographs and on the other hand the high resolution of the “full frame” sensors of the DSLR (Digital Single Lens Reflex) cameras used, the GSD of the photographs was much smaller than a millimeter (The GSD for Ground Sample Distance is the distance on the ground between two consecutive pixel centers). Such specific parameters (i.e., GSD and RMS error) used to build the quadrat models are compiled in the Table 1. Once the orientation of the photographs and the reference systems were validated, a 3D point cloud uniformly distributed on the surface studied was calculated. 3D models were generated using Photoscan software (Royer et al., 2018). In order to obtain a uniformly distributed point cloud with a defined average distance between points the Metashape “Filter Dense Cloud” tool (Tools Dense Cloud) was used. This tool removes or interpolates the necessary points with the colorimetric information to arrive to a dense cloud of the desired spacing. A mesh was then built in Metashape based upon this dense cloud and this was used to assess rugosity. In order to have comparable results with the in situ measurements, the average density of the 3D point cloud was adjusted to the chain-link used for the comparison of the methods (3 cm) (e.g., Supplementary Table 1). The spacing of vertices in the resulting mesh was verified to be 3 cm by using a small software (coded in JAVA) that analyze the meshes. It produced elementary statistics reliable on the length of the arcs obtained after meshing. It allowed us to validate the two meshes produced and to keep for the production the one generated with Agisoft. This enabled the treatment with the software. It therefore allowed us to verify the spacing of vertices to be 3 cm. We draw reader’s attention on the fact that it was necessary to develop a small analysis tool of the meshes because it was not available neither in Agisoft nor in Meshlab.


TABLE 1. GSD and RMS error of the quadrat models.

[image: Table 1]Finally, it should be noted that the flexibility of the photogrammetric method enabled us to obtain results comparable in quality to those obtained by the chain method. The adjustment of the altitude of the photographs and thus of their GSD, the position of the cameras during the shooting determined the resulting 3D model. For example, the use of photographs with vertical axes only induced a 3D model very close to a DTM or an elevation grid which corresponded to the results obtained with the chain. On the other hand, it would be possible to go further by multiplying the oblique or even quasi-horizontal shots and to integrate into the terrain model the overhangs or even the cavities inaccessible with the chain method.

Once the 3D model was obtained, CloudCompare software was used to perform measurements (CloudCompare, 2018). The same segments were drawn on the model providing thereby the value of the mean rugosity.



Data Treatment and Statistical Analysis

The mean rugosity and method efficiency data were analyzed by performing PERMutational univariate Analyses Of VAriance (PERMANOVAs) (Anderson et al., 2008), including terms and all interactions. The resemblance matrices were calculated from the initial data matrix containing, for each sample, the response variable (rugosity or time). Analyses were based on Euclidean distances and p-values were calculated by 999 residual permutations under a reduced model. When the number of permutations was less than 200, Monte Carlo p-values were used (Clarke et al., 2014). The PERMDISP procedure was conducted when it was when necessary to see whether significant differences between levels were due to differences in terms of mean or in terms of dispersion of the data. In addition, this procedure was also used to quantify the proportion of variation of each method, and therefore to determine if they were repeatable. Smaller variation indicates higher repeatability (the method is more precise). Coefficient of variation (CV) was also taken into account in order to measure the relative dispersion.



Teleost Assemblages


Ethics Statement

The observational protocol was submitted to the regional authority Direction inter-régionale de la mer Méditerranée (the French administration in charge of Maritime Affairs). No special permit was required since no extractive sampling or animal manipulations were conducted (only visual censuses in natural habitats) and since the surveyed locations were not privately owned.



Sampling Design and Data Collection

Our experimental design was built in order to address the following hypothesis: higher rugosity or variation of rugosity may induce richer, more abundant and more diversified fish assemblages. Additionally, the assemblage of spatial categories (i.e., relative abundances by fish categories as defined by Harmelin (Harmelin, 1987; Table 2 and Supplementary Figure 2) was expected to vary according to substrate rugosity and depth, which are known to shape e.g., food and refuges availability and therefore influence the interactions among taxa (see Introduction for previously cited references). For the same reasons, the size-class distributions of given taxa were expected to be somehow correlated with rugosity, since bottoms with high rugosity may e.g., provide more refuges and be therefore of better “habitat quality”—sensu Dahlgren and Eggleston (2000)—for juvenile individual.


TABLE 2. Spatial category assemblage types as described by Harmelin (1987).

[image: Table 2]In order to test these assumptions, teleost assemblages were inventoried and described according to a predefined list of selected species (nektobenthic and cryptobenthic fishes) (Table 3), i.e., species having a way of life related to the bedrock of the rocky infralittoral, therefore likely to be influenced by 3D structuration. Response variables describing teleost assemblages were: (i) total abundance (including all species), (ii) species richness, (iii) Shannon index, (iv) species assemblage (species composition and relative abundances), (v) assemblage of spatial categories. In addition, for a subset of dominant species (see “Results”), we studied: (vi) specific abundance, (vii) size (TL: total length in mm) of each species, and (viii) abundance by size class (small, medium, large). The data were collected using Underwater Visual Census (UVC) (Harmelin-Vivien et al., 1985; Friedlander and DeMartini, 2002; Sala et al., 2012). The size classes were standardized using the work of Louisy (2002). Thresholds of each species size class were defined according to maximum sizes referenced in this work. The predictor variables were: (i) mean surface rugosity, (ii) variation in surface rugosity, (iii) depth, and (iv) site. Photogrammetry was the method used to measure these environmental descriptors.


TABLE 3. Teleost fish assemblage studied: (i) species (ii) spatial category (see Table 1 and Supplementary Figure 2), as described by Harmelin (1987).

[image: Table 3]The relationship between teleost assemblages and substrate rugosity and other factors was investigated in a single habitat, i.e., continuous infralittoral rocky reef (IRPA), using transects (25 m × 5 m) as the unit of measure. 30 transects were randomly distributed among 7 different sites around Riou and Plane islands (fixed factor; Figure 1), with a minimum of 3 transects in each site.

The initial transects were divided into four smaller transects (6.25 m × 5 m) to estimate the surface rugosity for each of them using the same photogrammetric method as mentioned previously (Supplementary Figure 1C). Subsequently, mean surface rugosity was calculated for the entire initial transect using the mean surface rugosity of these small transects. The variation in surface rugosity was evaluated the same way.



Data Treatment and Statistical Analyses

First, the variability of environmental variables was tested against site factor (fixed). Three transects (20, 22, and 23) were deleted from the database due to environmental conditions (high turbidity/low visibility) as the creation of 3D models was unrealizable. Only 6 sites and 27 transects were taken into account because of this operation. It was observed that environmental variables were not constant between sites (see section “Results”). Consequently, it was justified, in a second analysis, to perceive these environmental descriptors as covariates of the site factor, in order to study the part of environmental variable effects on teleost descriptors.

The analysis model included 3 covariates (mean surface rugosity, variation in surface rugosity and depth: which are continuous variables) and the site factor (fixed factor with 6 levels). When the size of each species was studied, individuals (fishes) were used as unit of replication instead of transects.

PERMANOVAs were used to compare teleost descriptors between different factor levels, using the same procedure as in the first analysis (method comparisons). However, interactions between the factors were not taken into account. Univariate data were not transformed, and a resemblance matrix was created using Euclidean distance. When multivariate data were involved, modified Gower was used to produce the resemblance matrix after transformation of the data (log base2; Anderson et al., 2008). All three covariates produced a significant response on univariate teleost descriptors when PERMANOVAs were executed (see section “Results”). Therefore, residuals were plotted and calculated using linear model means (in agreement with the establishment of PERMANOVAs).

Since ecological data give rise to inherent variability, significance was considered—for all designs (including in the first analysis to compare methods)—when p-value < 0.1. Each data treatment was carried out using R 3.1.3 (R Core Team, 2017) and PRIMER 6/PERMANOVA + (Clarke and Gorley, 2006; Anderson et al., 2008) software.





RESULTS


Methods Comparison


Sampling Effort

Regardless of the method, the cumulative mean rugosity stabilized around 12 quadrats in the rocky reef habitat (field block facies) (Figure 2). It seems that both methods required the same sampling effort. In addition, the two methods obtained an equivalent value of cumulative mean rugosity (cumulative [image: image] = 1.32).
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FIGURE 2. Cumulative rugosity mean obtained according to an increasing number of replicates (quadrats), using alternatively (A) the chain-and-tape method or (B) the photogrammetry method; the sampling effort required for each method is deduced as the number of quadrats that is necessary to obtain a relative stable measurement of linear rugosity (i.e., when the plot reaches stabilization).




Rugosity Estimation and Methods Efficiency

Habitat type had a significant effect on rugosity: regardless of site and method used, block field habitat consistently exhibited higher rugosity values than continuous rock habitat. This difference was greater at some sites, resulting in a significant habitat × site interaction (PERMANOVA, P = 0.001, Figure 3 and Table 4). The habitat × method interaction was also significant (PERMANOVA, P = 0.024, Figure 3 and Table 4). In a continuous rocky habitat, the difference between photogrammetry and the chain-and-tape method, although not significant, was closer to the significance levels (PERMANOVA, pair test, P = 0.153) than in block field habitat (PERMANOVA, pair test, P = 0.977, Figure 3). In addition, the method had no effect on the dispersion of the rugosity measurements (PERMDISP, P = 0.504). On the other hand, the habitat had a significant effect on this dispersion (PERMDISP, P = 0.001): the dispersion of rugosity measurements was greater in block field habitat (from 1.10 to 1.50) than in continuous rocky habitat (1.02–1.15, Figure 3 and Table 4). The acquisition time was longer using the chain-and-tape method than with photogrammetry (Figure 3 and Table 5). It was also more prominent in block field habitat than in continuous rock, regardless of the method used.


TABLE 4. PERMANOVA table of results for rugosity; Variation source, degree of freedom (df), mean squares (MS), F statistic (Pseudo-F), P-value obtained by permutations [P(perm)] or using the Monte-Carlo test [P(MC)] and numbers of permutations (perms).
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TABLE 5. PERMANOVA table of results for time; Variation source, degree of freedom (df), mean squares (MS), F statistic (Pseudo-F), P-value obtain by permutations [P(perm)] or using the Monte-Carlo test [P(MC)] and numbers of permutations (perms).

[image: Table 5]
[image: image]

FIGURE 3. Tukey boxplots of (A) rugosity (mean per quadrats) and (B) acquisition time per quadrat (seconds)—boxes display levels of treatments. Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles). Pair-wise tests between treatments are given with lower- and upper-case characters for significant terms from tests (Tables 2, 3). Capital letters represent pair-wise tests between method modalities, whilst lowercase letters represent pairwise tests between modalities of the method × habitat treatment.




Precision/Repeatability

In the second experimental set-up, the dispersion of measurement was greater (low repeatability) with the chain-and-tape method than with the photogrammetry as shown by the coefficients of variation (CVchain = 1.66%; CVphotogrammetry = 0.62%), and by PERMDISP procedure (P = 0.015; SE (chain) = 4.8931 × 10–2 and SE (photogrammetry) = 2.0435 × 10–2; Figure 4).
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FIGURE 4. Boxplots evaluating the precision of the chain-and-tape (Chain) and photogrammetry (Photogrammetry) based on the repeatability of each method. Boxes display levels of treatments. Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).




Teleost Assemblages


Environmental Variables According to the Site Factor

The mean surface rugosity, its variation and depth were significantly different according to the site (PERMANOVAs, respectively, P = 0.009; P = 0.002, and P = 0.001; Supplementary Data Figure 3). These variables were thus included as covariables in the factorial analysis (see M&M).



Covariables Study: Effects of Mean Rugosity, Its Variation and Depth on Teleost

As the mean surface rugosity increased, the total abundance and species richness were greater once the other variable effects were removed (respectively, PERMANOVA, P = 0.032; P = 0.045; Figure 5 and Supplementary Table 2). These descriptors also had a residual variability when tested in response to the site (independently; Supplementary Table 2). When the site effect was exclusively taken into account, the total abundance was greater and more variable at certain sites (e.g., Joseph; Figure 5). The species richness was also higher and more variable at certain sites, but the results were different from those of the total abundance (e.g., Moyade; Figure 5). The Shannon index was not significantly influenced, either by the site factor or by covariables (Supplementary Table 2). Species assemblage (i.e., relative abundances) varied as a function of mean surface rugosity and depth covariables and site factor (Figure 6 and Supplementary Table 2).
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FIGURE 5. Influence of the mean surface rugosity and the site factor on the total abundances of fish and the fish species richness. More precisely, (A) Smoothed curves of residuals of total abundances once the effect of all variables except the mean surface rugosity was removed; (B) Boxplots of residuals of total abundances once the effect of all variables except the site factor was removed; (C) Smoothed curves of residuals of species richness once the effect of all variables except the mean surface rugosity were removed; (D) Boxplots of residuals of species richness once the effect of all variables except the site factor was removed. Graphs show significant terms from tests (Supplementary Table 2).
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FIGURE 6. Principal coordinate analysis (PCO) ordinations plot of species assemblage samples (transects) according to the site factor (fixed). (A) Each dot corresponds to a single transect attributed to one of the 6 sites (Boulegeade, Pouars, Nord Plane, Moyadon, Joseph and Camara for Camarassaigne). (B) Correlation vectors (Spearman) of the mean surface rugosity, the variation of surface rugosity and depth covariables are plotted.


The assemblage of spatial categories differed only as a function of the mean surface rugosity and depth (Supplementary Table 2).

The specific abundance results differed among the species studied. The mean surface rugosity influenced the abundances of Apogon imberbis and Anthias anthias. The abundance of the latter species increased when mean surface rugosity was the only effect studied. The variation of surface rugosity only affected the abundance of Coris julis: which increased slightly with the increasing variation in surface rugosity. Depth only had an effect on the abundance of A. anthias, in particular its abundance increased with increasing depth. The site factor simultaneously influenced the abundance of Diplodus vulgaris, A. anthias, Serranus cabrilla, and A. imberbis. The abundance of D. vulgaris was significantly different from one site to another (when the effects of covariate were removed): it was greater at the Joseph site (Supplementary Figure 4). The abundance of other species did not differ in function of the factors (Supplementary Table 2).

The size variation results (TL: total length in mm) of each species differed according to the species studied. The mean surface rugosity only influenced the sizes of A. anthias and S. cabrilla. The size of this latter species increased with increasing mean surface rugosity. The variation in surface rugosity only affected the sizes of C. julis and D. sargus. The size of C. julis decreased as the variation in surface rugosity variation increased (once all other variable effects were removed). Depth influenced the sizes of C. julis, C. chromis, and D. vulgaris. As the depth increased, the size of these three species decreased, and this tendency was more pronounced for C. chromis. The site had a significant effect on the size of C. julis, C. chromis, D. vulgaris, A. anthias, and S. cabrilla. When the site effect was exclusively represented, the sizes of C. julis and C. chromis did not differ as much between sites as the sizes of D. vulgaris and A. anthias. In this analysis, A. imberbis and Sarpa salpa were not taken into account because only a few individuals of each size were sampled. The other species sizes did not vary according to these factors (Supplementary Table 2).

The results of abundance by size-class were different depending on the species studied. The mean surface rugosity only influenced C. julis, A. anthias, and A. imberbis distribution of abundance by size-class. The variation in surface rugosity did not influence the abundance of a single species by size-class. The depth significantly affected the abundance by size-class of C. julis, A. anthias, A. imberbis, and S. salpa. The site factor modalities influenced the distribution of A. anthias and A. imberbis abundances by size-class. S. cabrilla was excluded from this analysis because too few individuals were observed, resulting in a negative p-value.





DISCUSSION


Methods Comparison

The chain-and-tape method was compared to photogrammetry to determine which approach was the most robust for characterizing habitat complexity. On one hand, we observed that the two methods gave similar estimates of the mean rugosity. More precisely, on a small sample (second experimental set-up), the mean rugosity estimate differed slightly from one method to another. However, on a larger scale (first experimental set-up) this difference was not significant according to the method. It should be noted that in continuous rocky habitat the difference between the methods was closer to the significance level, which might suggest that photogrammetry can detect rugosity more finely than the chain-and-tape method.

The methods differed considerably in terms of acquisition time. Specifically, the time was longer when the chain-and-tape method was used, while photogrammetry was much faster. This contrast is probably due to the manual in situ positioning of the chain, a phase that is not necessary with photogrammetry as data acquisition is carried out from pictures. It is interesting to identify which method is the most time-consuming in situ, because underwater fieldwork is expensive. It should be, however, noted that photogrammetry could require expensive equipment such as computers, specific software, and cameras. The time post-processing (e.g., the time needed to create 3D models)—which is not considered here—could be substantial according to the material available.

The dispersion of rugosity measurement (i.e., the dispersion around the median of the rugosity) was not significantly different in the first experimental device. However, when repeatability was studied, the dispersion was greater using the chain-and-tape method. In addition, the values of the coefficient of variation—quantifying precision—remained low but, in the case of photogrammetry the coefficient was close to zero. The chain-and-tape method therefore seems less reliable in terms of repeatability, and therefore less precise than photogrammetry. However, it would be interesting in future studies to consider a larger sample in order to verify this tendency. It is to be noted that previous studies highlighted that the chain-and-tape method has the disadvantage of needing many samples to give a robust estimation of rugosity (Storlazzi et al., 2016).

The lack of efficiency and precision of the chain-and-tape method is probably explained by the subjective placement of the chain along the segments (Storlazzi et al., 2016). It is possible that it imperfectly fits and follows the contour of the seabed, leading to an erroneous estimation of rugosity. If the chain links are small, it is possible to characterize the rugosity on a small scale and increase the measurement precision. These complications do not apply using photogrammetry, although it should be noted that one of the weaknesses of photogrammetry resides in the potential lack of pictures in an area, which can lead to an incomplete 3D representation (Ferrari et al., 2016). Photogrammetry could also be affected by the site conditions such as water turbidity (poor visibility). Under these circumstances, it might become very difficult to create models from the photos taken. On the other hand, the chain-and-tape method could still be used and give an acceptable result. Environmental conditions could therefore influence the quality of the images incidentally by reducing the precision of photogrammetry and adding noise in the models (Troisi et al., 2015; Urbina-Barreto, 2020). In addition, photogrammetry is known to cover larger areas than the chain-and-tape method (Leon et al., 2015; Bryson et al., 2017). The software used to create the 3D representation may also have a minimal influence on the results (e.g., Burns and Delparte, 2017).

Overall, photogrammetry appears as the most efficient method since it estimates rugosity more finely and more quickly than the chain-and-tape method during field acquisition. It is also the more repeatable method that estimates rugosity non-invasively (Friedman et al., 2012; Bridge et al., 2014).



Teleost Assemblages

Our work highlights the significant and independent effect of rugosity and other predictors on teleost fish assemblages. To do this, we first studied environmental variables (i.e., mean rugosity, variation of rugosity, and depth) as a function of the site factor and we observed that the site had a significant effect on these three variables. This result was not surprising because no site has strictly similar environmental specificities.

Then, through the factorial analysis, it has been shown that the total abundance and species richness of fish increased with a higher mean surface rugosity (effects of other factors removed). These results reinforce the conclusions from previous studies since they reported the same trends (Gratwicke and Speight, 2005; Komyakova et al., 2013). The abundance results for each species were taxon specific. Some species such as C. julis and A. imberbis were influenced by an increase of, respectively, the variation of rugosity and the mean surface rugosity, leading to the increase of their abundance.

High rugosity implies a greater quantity of food because the available surface is diversified: the algal cover can further develop and extend, and invertebrates can be more present (Luckhurst and Luckhurst, 1978; Vigliola et al., 1998; Gratwicke and Speight, 2005; Verges et al., 2011; Sinopoli et al., 2015). With more resources available, more species can coexist. It is likely that the number of available niches (Hutchinson niche: theoretical niche) will increase and species that are habitat specialists could then inhabit and occupy these spaces (Johnson et al., 2003; Willis et al., 2005; Bryson et al., 2017; Sinopoli et al., 2017). In addition, high rugosity implies high complexity leading to a greater number of shelters (Harborne et al., 2011, 2012; Ménard et al., 2012; Ferrari et al., 2016; Ferrari, 2017). Species such as nektobenthic and cryptobenthic fishes can easily find refuge. Through the use of these refuges, species can live in high-flow environments (Johansen et al., 2008).

Complexity can play a part in interactions such as predator-prey dynamics. Prey can use these shelters to escape predators (Hixon, 1991; Cheminée et al., 2017b), which improves their chances of survival, while predators can use habitat complexity to their advantage as hiding places to search or pursue prey, depending on their predation tactic (Thiriet et al., 2014; Chacin and Stallings, 2016; Mercader et al., 2019). Prey could be disadvantaged by complexity since it could reduce their visual field and therefore force them, to either risk predation by feeding outside their refuge or to remain in their shelter and risk starvation, and have difficulty in finding reproductive partners (Rilov et al., 2007). The trophic interactions can then depend on the refuges provided by habitat complexity to the predator-prey component (Grabowski, 2004). All these aspects could increase the reproduction of a species or a component but also its growth rate, depending on the interactions that take place, and therefore improve survival. Better habitat provides a given species at a given phase of its life cycle with the best trade-off between growth rate and predation-induced mortality (Dahlgren and Eggleston, 2000); therefore, a complex and heterogeneous seascape can offer various configurations, well-suited to fulfill the diverse needs of different species in terms of habitat quality.

Behavioral strategies can be responsible for specific abundance trends (Almany, 2004). For instance, A. imberbis—which has a strong specialization for rocky habitat—exhibits during the day a high degree of fidelity to its resting sites, likely to escape predators (Hoban, 2012). This could possibly illustrate the influence of the mean surface rugosity on the abundance of this species. As for C. julis, it is known to compete for the size of its territory (Lejeune, 1987), which could explain why its abundance varied according to the variation in rugosity. In addition, habitat complexity could favor interactions between species leading to specific behaviors. For example, C. julis can be a facultative cleaner at its first stage of life by feeding on other species if they are present, such as S. salpa (Neto, 2018), making habitat an important selection factor. The link between predator identity and habitat complexity influences the intensity of the behavioral interactions by affecting trophic cascades (Grabowski et al., 2008).

Furthermore, our results indicated that depth, in interaction with surface rugosity, also had a significant effect on species assemblage and spatial category assemblage. Size patterns (the size of each species and the abundance in each size class) were taxon specific, but in general were also influenced by depth. The effect on spatial category assemblage was not particularly surprising since this variable separates species by their lifestyle (Harmelin, 1987), which can be directly linked to this environmental variable. However, it should be noted that this response variable was created from the spatial organization of diurnal species. The results could therefore differ significantly if we consider the nocturnal activity.

The depth effect has been demonstrated in previous studies (Friedlander and Parrish, 1998; Letourneur et al., 2003; Anderson and Millar, 2004; Milazzo et al., 2011, 2016; Schultz et al., 2014; Ferrari et al., 2018). More recently, works on rocky reefs have shown the significant and independent effect of depth and complexity of canopy-forming algae (Cheminée et al., 2017b; Cuadros et al., 2019), or the cumulative effects of depth and the complexity of habitat (Ferrari et al., 2018).

It could be interesting to integrate algal cover, which can be a proxy of complexity (Cuadros et al., 2019), such as the cover of Cystoseira sensu lato, in order to simultaneously consider the complexity of the inert substrate but also the complexity built by species such as in macrophytes forests or biogenic reefs, as well as with the depth factor. In addition, it is known that many fishes graze on epilithic algae (Gratwicke and Speight, 2005; Hinz et al., 2019), and that Cystoseira may provide preferred habitats for coastal fishes throughout their life stages (Lejeune, 1987; Rodrigues, 2010; Cheminée et al., 2013; Thiriet et al., 2014, 2016; Thibaut et al., 2017; Hinz et al., 2019).

The depth preference can be linked to the food requirements of the studied species (Bell, 1983) but also to the need to find a suitable habitat (with low temperature and/or reduced light for example Malcolm et al., 2011). The last assumption mainly applies to great depths, which is not the case in our study. In addition (Bell, 1983) demonstrated that some species preferred shallow to deep habitats. In our sample, some species classified as preferring deep conditions by this author were observed in shallow water (e.g., C. chromis), and so may have influenced our results.

Several other reasons could explain why species are seen at different depths, such as: avoidance strategy (i.e., species could be using several space-sharing mechanisms; Luckhurst and Luckhurst, 1978), behavior linked to a species’ history traits, interactions between species (e.g., competition; Malcolm et al., 2011), trophic interactions, or ontogeny. These last three hypotheses could also coincide with rugosity. For instance, opposed gradients of densities according to depth were observed in the Mediterranean for the labrids C. julis and Thalassoma pavo (Milazzo et al., 2011; Sinopoli et al., 2017). Milazzo et al. (2011, 2016) highlighted the partitioning of these two species according to both vertical and horizontal gradients as a function of their affinities to colder (C. julis) vs. warmer waters (T. pavo). These studies underline the shifting trends of this partitioning as a result of global change and the rise of sea surface temperatures in the Mediterranean.

In the case of ontogeny, different ecological processes could be taking place including recruitment, settlement, and post-settlement (Vigliola et al., 1998; De La Morinière et al., 2002; Malcolm et al., 2011). It also must be noted that trophic interactions are intricate, difficult to describe and must be considered on the basis of specific factors, for instance relative to the species’ behavior and habitat complexity (Grabowski, 2004). The literature reveals that sizes of some species are smaller in shallow water, concluding that this zone plays a role as nursery habitats (Bell, 1983; Cheminée et al., 2011, 2013, 2016, 2017a, 2020; Cuadros et al., 2017a, b, 2018). Our results do not support this hypothesis, but it is possible that we have omitted a key environmental variable influencing size patterns and masking an influence of depth on size. This could be a consequence of species-specific association: when juveniles of some species could prefer a particular habitat with specific characteristics, while in adulthood they might tend to favor another type of habitat structure (Bonin, 2012; Komyakova et al., 2018). Besides, some of our response variables such as total abundance and species richness were influenced by the site factor (e.g., total abundance was greater at Moyadon than at Caramassaigne). The differences between sites may be due to environmental characteristics that were not considered in the study such as currents (influencing for example the settlement of juveniles) (Friedlander and Parrish, 1998). In fact, this was the purpose of incorporating the site factor: to integrate a set of environmental variables that can take into account heterogeneity and spatial variability relating to the natural environment (Anderson and Millar, 2004; Cheminée et al., 2017b).

Moreover, in our study, the species are considered to be associated with the characteristics of the transects. It is unlikely that all species will stay their entire lifespan in a single isolated habitat, and it is more rational to assume that they move from one habitat to another. Habitats close to the transects could have an influence on the studied assemblages (Schultz et al., 2012). Different spatial scales should then be examined to fully understand the interactions between different life stages and shallow rocky reef habitats, and the movement of species and their interactions (Cheminée, 2012; Kovalenko et al., 2012; Thiriet et al., 2014). For a smaller scale example, Friedlander and Parrish (1998) noted that hole variables can be powerful predictors in describing fish biomass and number of individuals.

Studies on habitat complexity are mainly tropical. The number of metrics characterizing the complexity of Mediterranean shallow rocky reefs is more limited than in tropical environments. For instance, in the literature, coral species are classified according to their structural type (bushy vs. massive) (McCormick, 1994; Bridge et al., 2014), which could hardly be done in temperate waters. New metrics are therefore necessary to quantify the complexity of habitat in this area. Additional studies are also crucial to identify the links between habitat structuration and teleost assemblages. To this end, a larger dataset involving a greater number of species, habitats and sites should be developed and processed.




CONCLUSION

To measure 3D complexity, several methods exist; we demonstrated that photogrammetry is the most efficient and rapid especially when compared to the chain-and-tape method. Using new technologies to characterize 3D complexity is a promising way to acquire data. Photogrammetry offers new perspectives to quantify the habitat’s three-dimensional structure (e.g., Urbina-Barreto, 2020), because of its capacity to provide precise and time-efficient measures.

Understanding how habitat complexity operates on species assemblage is essential for understanding key processes and therefore adapting conservation measures, notably in the context of global change. We saw in our study that our environmental variables had a real effect on communities. Specifically, increased rugosity appears to stimulate and promote the abundance and diversity of fish especially when known to provide shelter, food and facilitate interactions and reproduction, which can increase the chances of survival and explain the patterns encountered. Unsurprisingly, depth also had an impact on our biological variables, which has already been described in the literature. Yet, some of our data variability was omitted but described by the site factor. To go further, it could be interesting to consider new environmental descriptors such as currents or, on a smaller scale, hole variables.

Combined with biological data, the study of 3D complexity can be an exploration of the entire marine environment, quantifying horizontal zonation, where vertical zonation can be related to depth. Even though habitat complexity has a strong impact on teleost fish assemblage structure, it should be borne in mind that all habitats are important in maintaining regional fish diversity (Gratwicke and Speight, 2005). On the basis of this knowledge, it could be interesting to study on a larger spatial scale these aspects at the 3D level by means of photogrammetry.
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Supplementary Figure 2 | Spatial organization of ichthyofauna in Mediterranean shallow rocky reef bottoms. The numbers refer to the spatial categories (see Table 1). In this study, no distinction was made between category 6.a and 6.b. Modified from Harmelin (1987).

Supplementary Figure 3 | Mean and standard error of each environmental variable [(A) surface rugosity mean, (B) surface rugosity variation and (C) depth] according to the site factor (6 sites: Boulegeade, Carama for Caramassaigne, Joseph, Moyadon, Nord Plane, Pouars).

Supplementary Figure 4 | Influence of the mean surface rugosity, the surface rugosity variation, depth, and the site factor on the specific abundances. More precisely, (A) Smoothed curves of residuals of Coris julis abundance once the effect of all variables expect surface rugosity variation was removed. (B) Boxplots of residuals of Diplodus vulgaris once the effect of all variables except the factor site was removed. (C) Boxplots and smoothed curves of residuals of Anthias anthias once the effect of all variables except mean surface rugosity, depth or the site factor were removed. Graphs show significant terms from tests (Supplementary Table 2). Sites abbreviations: B, Boulegeade; C, Caramassaigne; J, Josepth; M, Moyadon; N-P, Nord Plane; P, Pouars.

Supplementary Table 1 | Processing parameters used to create the 3D models with Agisoft Metashape. These parameters refer to the third quadrat model in Pouars site (Pouars 3) as for an example.

Supplementary Table 2 | PERMANOVA table of results for all response variables tested (corresponding to the Teleost assemblage, including the ones that are taxon specific); Variation source, degree of freedom (df), mean squares (MS), F statistic (Pseudo-F), P-value obtain by permutations [P(perm)] or using the Monte-Carlo test [P(MC)] and numbers of permutations (perms). Significance: ⋅P ≤ 0.1; ∗P ≤ 0.05; ∗∗ P ≤ 0.01; ∗∗∗ P ≤ 0,001. P-values were obtained using 999 residuals permutations under a reduced model.
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The wax dip method typically used to determine the surface area of corals for data normalization is destructive, rendering the collection of time series for such data impossible. With recent advancements in photogrammetric technology, it is now possible to collect these data in a non-destructive manner at very high levels of accuracy. This photogrammetric method using Agisoft’s Metashape is compared to the standard wax-dip method using both objects of known surface area and objects of unknown surface area. Objects of known surface area (i.e., objects that have surface areas that can be calculated using geometrical formulas) were estimated with a similar degree of accuracy with the Photogrammetry (PG) method (R2 = 0.9922, slope = 0.9835) as with the wax-dip method (R2 = 0.9872, slope = 1). A single factor ANOVA confirmed that there was no significant difference between measurements from the three methods of geometrical calculation, wax dipping, or photogrammetry for objects of known surface area. This paper describes the methods for rapidly collecting surface area data of small to moderately sized coral nubbins in a laboratory setting and characterizes the relationship between buoyant weight and surface area over time for the coral species Stylophora pistillata. Finally, two predictive models are proposed to estimate surface area from weight in air measurements.
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INTRODUCTION

Surface area (SA) is an extremely important parameter in benthic coral ecology (Dahl, 1973), and it is commonly used as a metric to normalize oxygen production and consumption measurements, and other biomass-dependent data. This is due to photosynthesis and respiration occurring in the surface tissues of the coral. The higher the SA of a coral the more potential it has to perform photosynthesis and respire (Hoegh-Guldberg, 1988; Jones et al., 2008; Holmes et al., 2008; Laforsch et al., 2008; Naumann et al., 2009; Veal et al., 2010). Most hermatypic corals have a thin layer of tissue that closely corresponds to the shape of the coral’s skeleton (Veal et al., 2010). For these reasons, SA is a better normalizing parameter than one like buoyant weight (BWt) (Dodge et al., 1984). BWt is measured by suspending the coral nubbin in a basket in seawater of a known density to estimate the weight of the calcium carbonate without the coral tissue as the BWt method operates on the assumption that tissue and mucus are neutrally buoyant (Jokiel and Maragos, 1978). While BWt is a good parameter for estimating health, growth, and calcification, due to the complex growth forms and differences in density exhibited by many corals, BWt may not be indicative of the SA and thus is not the preferred normalizing parameter (Dodge et al., 1984).

There have been many methods used to estimate the SA of corals, each with its specific pros and cons. In 1962, Harrod and Hall were of the first to consider the implications of measuring actual SA. They attempted to glean the SA of leaves by precisely measuring the difference in weight of Hydrangea leaves before and after being submerged in water (Harrod and Hall, 1962). One of the first ways SA was estimated for corals was by simply taking the planar area of the corals projected from 2D images taken from the normal of the coral surface (Kanwisher and Wainwright, 1967). This method is not sufficient for most growth forms of corals as it does not consider the three-dimensionality of coral structures and would therefore grossly underestimate the SA (Hoegh-Guldberg, 1988). For this reason, a method like this would only be applicable in cases where there is virtually zero rugosity to the growth form of the coral.

More recently, prior to 1991, the most common way of collecting coral SA was the foil method (Hoegh-Guldberg, 1988). This method was used in many studies including Davies (1980); Szmant-Froelich and Pilson (1980); Hawkins and Lewis (1982); Burris et al. (1983); Muscatine et al. (1984), as well as several others. The coral samples are either covered in pieces of foil of known SA and tallied, or the coral is covered in foil, then the foil is removed and measured. Another method performed by Meyer and Schultz (1985) used a liquid latex rubber to coat the skeleton after being sealed in paraffin wax. The latex was removed after it dried and placed between plates of glass and traced on a transparent film. This film was then digitized to estimate the SA. While these methods were relatively easy to perform and produced reasonably accurate results, they were only appropriate for corals with simple growth forms or individual branches of more complex growth forms.

In 1988, Hoegh-Guldberg developed a new method to estimate the SA of more complex growth forms particularly that of Pocillopora damicornis. The corals were coated in up to 5 layers of “Verathane” plastic varnish with a thickness range of 0.03–0.05 mm then the corals were dipped in an aqueous Methylene Blue dye/detergent solution. The SA was directly proportional to the amount of dye that clung to the coral specimens and was easily estimated using this technique. While this method was successful in estimating the SA of P. damicornis, it was noted that this method consistently underestimated the SA of objects with known geometries, so this was most likely occurring with the corals as well. Also, due to the added thickness of the varnish, this method was not attempting to estimate the absolute SA, the SA of the naked skeleton of the corals, but the “primary” SA of the corals, defined as the SA occupied by the coral polyps while extended (Hoegh-Guldberg, 1988). It is critical to know what space your selected method of measurement is measuring. Due to the thickness of the Verathane, it was impossible to get a true measurement of the skeleton itself. This concept is also important to take into account when measuring corals with or without living tissue intact.

In 1991, Stimson and Kinzie developed a new method where corals were double dipped in Paraffin wax and the weight of the added wax was used as a proxy for SA. In 2010, Veil et al. further refined this method to make it more practical and more accurate using a single dip method. The wax dip method has proven to be extremely robust and has become a standard method to estimate the SA of corals in the lab and the field. All the methods described above share a common negative, being that they are all destructive and cannot be performed in vivo. Here “destructive” is defined as an action or procedure that kills the coral and not merely stresses the coral. To calculate the change in SA over time, a non-destructive method must be used to collect the data.

In the past decade, computer-aided tools have been used to estimate the SA of corals in vivo. In 2008, Jones et al. used a simple freeware 3D animation program called GMAX to create simple wire-frames that were very accurate at estimating the SA of objects with a known SA and small simple coral branches compared to the wax dip method. Others have used medical-grade X-ray computed tomography scan (CT) to measure coral SA with extremely high accuracy (Laforsch et al., 2008; Naumann et al., 2009; House et al., 2018). Unfortunately, CT scanners are expensive to operate and one would need access to special facilities to make the measurements needed, which adds another layer of difficulty to measuring the corals’ SA.

Photogrammetry (PG) is the creation of 3D models from an array of 2D images and can be used to estimate SA without sacrificing the corals. The PG method allows for the creation of a time series for SA, as well as a more accurately normalized time series for SA dependant measurements. Ferrari et al. (2017) used the PG method in the field to measure coral growth and contraction with PG-derived SA estimates for the first time, but with only two time points. Since then, House et al. (2018), compared the PG method directly to CT by measuring the same objects or corals with both methods and analyzing them for differences. While they found that PG was reasonably accurate when compared to the CT method with best fit models with adjusted R2 ranging from 0.70 to 0.97, they also found that PG-derived SA was significantly different from the CT-derived SA (p = 0.008) (House et al., 2018). It is notable, however, that House et al. (2018) used a relatively small number of photos (only 39 for their smallest specimens) for the size of their specimens. PG is highly dependant on the number of photos and view angles that are input into the system to construct the 3D models. The larger and more complex a specimen is, the more images and angles are needed to accurately construct the 3D model. In the House et al.’s (2018) study, they relied more on varying the camera view angle and did not take as many images. This potential under-sampling of camera views would lead to a reduced accuracy for the models created by reducing the amount of overlap for each image. In this study due to the simple morphology of the nubbins, we will rely on saturation of photo overlaps and use a single camera angle to streamline photo collection and minimize the time in air for the coral nubbins.

The goal of this study is to use one of the latest software platforms, Agisoft Metashape, to create many 3D models of the same corals over time to create a time series of growth based on SA instead of BWt. Agisoft Metashape was chosen because it allows for the end-to-end creation of 3D models from 2D images with little to no specialized knowledge and thus is extremely easy to allow even the most novice operators to build these models after a short tutorial. Other studies, like House et al. (2018), that use the PG method use an array of open-source software that would take some time to master. The creation of this time series will allow for new questions about SA to be asked. For example, “is SA growth linear over time?” and “how does SA change with BWt over time?” With the previous methodologies, these types of questions were out of reach. This software provides a simple method of creating time series for the growth of coral based on SA. Also, a strict and consistent imaging protocol that oversamples the specimen to ensure saturation of camera views makes it possible to increase the accuracy of the 3D models produced. Due to the very small size and lack of complexity of the specimens used in this study, we rely on an oversampling of a single camera view angle.



METHODS


Coral Acquisition and Preparation

Corals were sourced from Aqua SD, a local online coral distributor in San Diego, CA. A single head of Stylophora pistillata (approximately 30 cm in diameter) was purchased, fragmented, and grown at an average temperature of 27°C under the light of 150 μE/s/m2 on average, with a 12 h/12 h day-night schedule. Each newly fragmented coral was attached to a pure aragonite coral plug that was 20 mm in diameter (Ocean Wonders, United States). The corals were attached to the plugs using Reef Glue (Ocean Wonders, United States). The seawater system was a pass-through system receiving new water pumped in from the ocean at the end of Scripps Pier (La Jolla Shores, La Jolla, CA). The water was passed through a four-stage sand filter system and heated to the temperature of 27°C. After fragmentation, the corals were acclimated for 4 weeks before any measurements were taken. Eighty nubbins were selected and tagged. The corals were then randomly subdivided into two groups of 40. Corals 1–40 (group 1) were measured weekly on a specific day, while corals 41–80 (group 2) were measured weekly on a different day.



Buoyant Weight Data Collection

The BWt of 80 coral nubbins were collected weekly over 14 weeks using a Mettler Toledo scale (Mettler Toledo, United States) with a hanging basket attachment accurate to 0.001 g. The basket was placed into a 9.46 L tank with a 50-watt titanium tube water heater (Finnex, United States). The water temperature was controlled within a range of 25.5–27.5°C. The salinity was measured using a refractometer accurate to 1 ppt (ADE Advanced Optics, United States). The salinity and temperature data for each BWt measurement were used to calculate the density of the water at the time of each measurement. The density of the water was then calculated using the water density formulas provided by UNESCO (Massel, 2015). The air weight (Wa) of the coral nubbins were calculated using the equation from Jokiel and Maragos (1978):
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Where Ww is the measured BWt, Dw is the density of the water the nubbin is weighed in, and Da is the density of the nubbin. For this study Da (the average density of Stylophora pistillata) is assumed to be 2.5 g/cm3 as measured by Ferrier-Pagès et al. (2003).



Wax Dipping Data Collection

Wax dip-derived SA data can only be collected from a coral that has been sacrificed (Stimson and Kinzie, 1991). Before data can be collected from corals, a calibration curve must be constructed from a series of objects with SAs that can be calculated. These SAs must be calculated using basic geometric equations. Wooden cylindrical rods of varying diameters and heights were used to create this calibration curve (Figure 1A). Where SA is the SA of the side and the top excluding the bottom of the rod using the equation:
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FIGURE 1. (A) The geometrically calculated SAs of the standards. The standards are a series of doweling rods of different diameters and lengths. SA is the SA of the side and the top excluding the bottom using the equation SA = (πr2)+ (hπD). (B) The geometrically calculated SA of the standard rods vs. the difference in pre and post-wax dipped standard rods. A best-fit line is fit to the data points with the equation y = 32.893x+ 5.2232. (C) A comparison between the geometrically calculated SA and the wax-dip derived SA, gray circles (R2 = 0.9872, Slope = 1) and the PG derived SA, black triangles (R2 = 0.9814, Slope = 0.9922). (D) A comparison of wax dip derived SA and PG derived SA (R2 = 0.9863, Slope = 0.9722).
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Diameters and lengths of the rods were measured using a pair of Husky digital calipers accurate to 0.01 mm (Husky, United States). After the SAs have been calculated, each standard is weighed using a Mettler Toledo scale (Mettler Toledo, United States; accurate to 0.001 g), and their masses are recorded. Each standard is then dipped in paraffin wax using the single dip method as in Veal et al. (2010), at a wax temperature of 70°C. The wax temperature was maintained using a Fisher scientific hotplate with a built-in magnetic stirrer and measured with a Fisher Scientific digital thermometer accurate to 0.1°C (Thermo Fisher Scientific, United States). A two-inch stir bar was used at the lowest setting to keep the wax at a homogeneous temperature. The stir bar was turned off while dipping and on between treatments. All specimens were at room temperature (25°C) at the time of dipping. The standards were dipped for 3 s and then pulled out and twisted back and forth for 10 s to ensure an even coating of the wax. The wax-dipped standards were set aside to dry for no less than 15 min after which time they were weighed and their masses were recorded again. The difference between the pre and post-wax weights was calculated and compared to the calculated dimensions of the rods (Figure 1B). From this comparison a best-fit line is placed giving us the following equation:

[image: image]

Where y is the estimated SA of the unknown object and x is the difference in weight between the unknown object before and after being dipped in wax. From this equation, it is possible to estimate any objects’ SA when dipped into the same wax at the same temperature. Corals skeletons from group 1 were wax-dipped using the same method outlined above at the end of the experiment for comparison to PG-derived SA.



Photogrammetric Surface Area Data Collection

SA was measured by taking an average of 60 photos of each nubbin in air from a single camera view angle (approximately 25–30 degrees) using a custom-built motorized turntable and a Canon T3i DSLR Camera with an 18MP CMOS sensor capturing images with a resolution of 5184 × 3456 pixels (Canon, JP). The camera was operated with an infrared remote control to eliminate having to physically touch the camera after it was positioned. The motorized turntable had a wired button that turned the platform approximately 6 degrees for every press of the button. The corals were placed on a scaling disc with an arbitrary pattern of lines and geometric shapes as well as 4 scale bars. This disc allows for manual scaling of the models after the full render is completed, and also gives the computer software the necessary geometric reference patterns to properly align the photos. The nubbins were photographed in front of a contrasting blank backdrop in the ambient light condition of the lab. For live corals, a white backdrop was used and a black backdrop was used for coral skeletons.

Each set of images were then imported to the program (AgiSoft Metashape Professional, 2020). The program aligns the images, creates tie points, builds a sparse point cloud and depth maps for each image, builds the dense point cloud, builds mesh, builds texture. The model then is scaled using the aforementioned scale bars and trimmed so that only the coral remains in the model. Finally, SA is estimated using the Mesh Tool in the drop down menu entitled “tools”. In between each step, it is necessary to perform minor adjustments of the models to ensure the most accurate final model. For example, after photos are aligned, the model range, the 3D space in which the model is constructed, may not be properly set. If this is ignored, it would lead to portions of the coral not being incorporated into the final model creating holes in the model. Also, once the dense point cloud is created it is usually necessary to remove any points allocated from the background of the images. If this step is ignored, it is possible to get non-coral incorporated into the final model and it would have to be rerendered. Once a clean dense point cloud was created, the last two steps were run using a script that automatically created the mesh and texture. The average passive processing time (not including any active steps in between computer processing steps) to create one completed model was approximately 10 min. Table 1 shows each step with the relevant setting parameters to create a singe coral nubbin model.


TABLE 1. This table shows all the steps in the workflow and the relevant settings needed to create a single model.

[image: Table 1]A custom-built computer running a Threadripper 2990wx 32 core 64 thread processor with 128 GB of RAM and two Radeon VII graphics cards with 60 compute units each was used to process the models in Windows 10 Pro. The processing time for models will vary depending on the specifications of the computer used and the number of photos per model. For 40 corals with 60 photos each, the total passive processing time was just under 12 h for this system. A lower-powered system would take significantly longer to perform these tasks. For example, a system running a Threadripper 1950 × 12 core 24 thread processor with 32 GB of RAM and a single Radeon VEGA 56 graphics card with 56 compute units would have a total passive processing time (for 40 models with 60 photos each) of approximately 33 h. It is possible to complete this entire workflow on a computer system that does not have a graphics card, but again the process would take an extremely long time comparatively. This would only be practical for a project with relatively few models that needed to be constructed. An example comparison between a photo, solid model, wireframe mesh, and a finished model with the scaling disk and a close-up of the wireframe can be seen in Figure 2. During preliminary investigations of this method, it was determined that one angle and 60 photos produced models with the same surface area as 2 angles and 120 photos. For this reason, only 60 photos and one angle were used as this practice takes half the time and limits the corals’ “in air” time. If corals with more complex growth forms, are used, more camera angles and photos would be necessary to created accurate models.


[image: image]

FIGURE 2. (A) A photo of coral nubbin 4–01 from week 3 on the motorized turntable with the scaling disk. (B) An example of a fully rendered 3D model for the coral in A with reference disc and scale bar. (C) A close-up photo of coral 4–08 from week 8. (D) Close up of the wireframe mesh for the coral in C, the yellow line represents 0.353 mm. (E) Close up of the solid mesh of the coral in C, the yellow line represents 0.353 mm. (F) Close up of the final render of the coral in (C).




Statistical Methods

Standard t-tests were used to compare the difference between geometrically calculated, wax-derived, and PG-derived SA estimates of standards. Regression analyses were used to determine the R2 and slope of the wax and PG-derived SA’s relationship to the geometrically calculated SA of the standards. To determine if there was a significant difference between the results of the 3 methods on the standards an ANOVA analysis was conducted. A single factor ANOVA compared the difference between wax derived another regression analysis compared the growth rates produced by Wa and SA measurements. Additionally, to establish whether the initial size of the coral affected its growth rate a regression analysis was conducted comparing the growth rates for both methods to their respective initial measurements. A single factor ANOVA was conducted to determine the difference between both methods of calculating growth rates. To determine if there was a significant difference between the SA “simple” and “complex” prediction models and the PG-derived SA data, a regression analysis and single-factor ANOVA were conducted. Power rule models were applied to the data to create the predictive models reported here. All statistics and modeling were performed using Microsoft Excel (Microsoft, United States).



RESULTS


Wax Dipping Comparison

A one-to-one relationship was observed between the geometrically calculated and the wax-derived SAs with an R2-value of 0.9872 (Slope = 1) (Figure 1C). The wax dip method overestimates SA when compared to the geometrically calculated SA, especially for smaller objects. On average, this method overestimated the SA of standard objects by approximately 1.61% when compared to the calculated values.

The SAs for all standards also were estimated using PG in Metashape. When the estimates were compared to the calculated values, a 1:1 relationship was observed with an R2 of 0.9922 (Slope = 0.9814) (Figure 1C). The relationship between the PG method of estimating SA and the calculated SA was slightly stronger but was not significantly different from the wax-derived method (Paired t-test, p = 0.5000).

When the wax-dipped SAs were compared directly to the PG SAs, a marginally weaker relationship is observed with an R2-value of 0.9869 (Slope = 0.9746) (Figure 1D). When the results were compared for the measurements of the standards, the PG method had higher overall values. However, the results of a single factor ANOVA showed no significant difference between geometrically calculated, wax-dipped, and PG measurements [F(2, 39) = 0.056, p = 0.945]. Figure 3 shows the box plots for the percent difference from the geometrically calculated SA for both the wax dip method and the PG method.
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FIGURE 3. Box plots for the percent difference from the geometrically calculated SA for both the PG and the wax derived SA measurements. The mean is indicated x and the median is represented by the line bisecting each plot. The dark gray plot represents the PG percent difference data, and the light gray represents the data for the Wax percent difference. Dots outside the plot represent outliers in the data.


When these methods were applied to corals, a significantly different result was observed. The wax-dipped method of measuring SA of coral nubbins yielded significantly higher results than did the PG method. On average the wax dip method estimated SA 58.9% higher than did the PG method for the same coral (Figure 4). A single factor ANOVA showed a very significant difference between the two groups of wax dipped and PG measurements [F(1, 78) = 252.53, p ≤ 0.001].
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FIGURE 4. (A) A comparison of wax dip-derived SA and PG-derived SA for coral nubbins (R2 = 0.6182, Slope = 1.4086). (B) Box plots for PG and wax dip-derived SA measurements of coral nubbins. The wax-dip method was on average 58.9% higher than the PG method. The mean is indicated x and the median is represented by the line bisecting each plot. Dots outside the plot represent outliers in the data.




Surface Area’s Relationship to Buoyant Weight

The two methods of determining growth rates also were significantly different with SA on average growing 0.69% per day for a total of 49.55% between August 19th, 2019 and October 30th, 2019, and Wa on average growing 0.21% per day for a total of 19.93% between July 29th, 2019, and October 30th, 2019. On average, measuring the growth rate with SA would yield a growth rate that was 69.8% higher than if the corals used. Figure 5 shows that while both SA and Wa increase over time, the slope of the best fit line for SA is 2.82 times steeper than the line for Wa. When compared directly, a similar relationship is observed with the average slope of the best fit lines for each week’s cluster of coral measurements being 2.57 (Figure 6A). When the Wa-derived growth rate was compared to the initial Wa weight, no correlation was observed, R2 = 0.001 (Slope = 0.000) (Figure 7A). When the SA-derived growth rate was compared to the initial SA, a slight negative correlation was observed, R2 = 0.3902 (Slope = –0.0008) (Figure 7B). When both growth rates are directly compared, we find that there is no relationship between the two methods, R2 = 0.0715 (Slope = 0.043) (Figure 7C). A single factor ANOVA showed a very significant difference between the growth rates estimated with the two methods [F(1, 78) = 272.92, P = 0.001]. The box plots in Figure 7D illustrate that there is a much larger range in values for PG-derived growth rate when compared to Wa-derived growth rate.
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FIGURE 5. A comparison of Wa over time and SA over time for the same corals. Dark circles represent the average change in PG SA over time. Light circles represent the change in Wa over time. The error bars represent the standard error.
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FIGURE 6. (A) Surface area campared to Wa for all Group 1 corals separated into individual weeks. The equations for the best fit lines of each weeks data can be found in the legend. Each time point’s data exhibit linear relationships on their own. (B) All Group 1 coral data are treated as a single group. When all data is compared together, a nonlinear relationship emerges. SA is related to Wa by the equation y = 0.0131x3.170,R2 = 0.8065.
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FIGURE 7. (A) The relationship between the initial Wa and the growth rate of individual nubbins. No correlation was observed. (B) The relationship between the initial SA vs. and the growth rate of individual nubbins. A slight negative correlation was observed (C) The relationship between the growth rate (percent Δ/Day) of Wa and the growth rate (percent Δ/Day) of SA. No correlation was observed between the two factors with an R2 = 0.0715 and Slope = 0.043. (D) Box plots for the growth rates for corals based on different methods of measurement. Dark gray is the growth rate as measured by SA and light gray is the growth rate as measured by Wa. The mean is indicated x and the median is represented by the line bisecting each plot. Dots outside the plot represent outliers in the data.


The ratio between Wa and SA is shown to decrease over time as the coral grows (Figure 8). When this ratio is compared to Wa, there is a negative correlation that begins to asymptote in the 0.5–0.6 range (Figures 9A,C). This relationship is made much clearer when this ratio is compared to SA. The same asymptote can be observed in the same range as the previous example (Figures 9B,D).
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FIGURE 8. The ratio of Wa to SA over time. As the coral grows, this ratio decreases. The error bars represent one standard deviation from the mean on any given date.
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FIGURE 9. (A) The ratio of Wa to SA compared to Wa. This shows that as the Wa increases this ratio decreases, but seems to have a limit as this ratio never drops below 0.5. (B) The ratio of Wa to SA compared to SA. This shows that as the SA increases this ratio decreases. This example shows a clear nonlinearity to this relationship. (C) Gives the equation for the relationship between the ratio of Wa to SA vs. Wa for nubbins of S. pistillata between 6 and 10 grams in weight. (D) Gives the equation for the relationship between the ratio of Wa to SA vs. SA for nubbins of S. pistillata between 4 and 18 cm2 in size.


When the SA data was directly compared to the Wa data for all dates, a nonlinear relationship was observed. This is because the SA of the corals grew much faster than the Wa (Figure 6B). If we apply a power rule model to this data, we get the equation:
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This simple equation gives the SA for any S. pistillata Wa within the range of this data set, R2 = 0.8065. It can be rewritten as:
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Comparing SA to Wa/BWt of the same corals over time showed that the nubbins of S. pistillata on average grew significantly faster if measured by SA instead of by Wa with 0.69% per day and 0.21% per day average growth, respectively. This relationship provides another non-linear relationship that can be calculated when the ratio of the Wa and SA is compared to the Wa. If a power-law model is applied to these data, we get Figure 9C and the equation:
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This equation estimates the Wa/SA ratio for any S. pistillata Wa measurements within the range of our data or approximately from 6 to 10 grams, R2 = 0.6644. To determine the relationship outside this range would require additional data. Now that we can estimate the Wa/SA ratio from a given Wa with the equation:
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We can simply solve for SA yielding the equation:
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Again, these equations can only be used within the range of the data that we have available. Now we have two equations for estimating SA from Wa. A “simple” model, Eq. 5, and a more “complex” model, Eq. 8. If we apply these two equations to the real Wa data and compare the results to the PG SA data, it produces SA data that are almost identical to each other and very close to the PG measured SA data (Figure 10). The best fit lines for both data sets are almost identical with the simple model estimating 0.33% more SA than the complex model for every data point. When compared to the actual SA data, the simple model on average overestimated the SA by 1.55%, while the complex model on average overestimated the SA by only 1.22%. A single factor ANOVA showed that there was no significant difference between the two models and the PG measured SA data [F(2, 705) = 0.5492, P = 0.93897]. A regression analysis for the complex model and the PG SA indicated a very strong relationship between the two data sets [F(1, 235) = 786.836, R2 = 0.7708. p ≤ 0.001].
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FIGURE 10. (A) SA values estimated with two different models using only a measurement of Wa compared to SA values that were measured with the PG method for the same coral nubbins. (B) Box plots showing the range and averages for the complex model, simple model, and PG measured SA of corals. The mean is indicated by x and the median is represented by the line bisecting each plot. Dots outside the plot represent outliers in the data.




DISCUSSION

It has been shown that various techniques for determining SA can result in significantly different measurements in SA for the same coral (Naumann et al., 2009). In this study, the single wax-dip method was shown to significantly overestimate the value of SA for coral skeletons while relatively accurately estimating the SA of wooden objects of a known dimension. This indicates that the coral skeleton holds the wax differently enough to produce discrepancies upwards of 58.9%. This is similar to what Naumann et al. (2009) found. The wax dip estimates of branching corals similar to the ones in this study were only 57% accurate compared to the CT method (Naumann et al., 2009). An important next step would be to compare the PG technique to other techniques that use optics to estimate SA, like the CT method. If the PG method is sufficiently accurate to a highly precise method like CT scanning, it would lend credence to this method. The use of optics is advantageous here because there is no reliance on how a fluid adheres or does not adhere to various objects and substrates. If the fluid being used only adheres well to standard objects but not to corals, or has a higher adherence to corals than it does to standards, this will create discrepancies in data that can lead to gross under and overestimations of SA. The fact that there was no significant difference between the three estimations of SA for the standards means that the 59% difference seen in the wax data is most likely an overestimation. When Naumann et al. (2009) compared surface areas for various species of coral derived with different methods, the wax dip method did not compare favorably with the CT method, which was assumed to produce the true value (Naumann et al., 2009). This further suggests that the differences in how the wax is held by different coral species are most likely the reason there are discrepancies between wax-derived SA, and PG and CT-derived SA. Another consideration is the fact that the wax dipping is taking an absolute SA measurement, as mentioned before, and the practical application of this method is for live corals. While camera resolution limitations prevented the collection of fine-scale information on a live coral, this information would already be obscured by the coral tissue itself.

The wax dip method has been shown to over or underestimate the actual SA due to a variety of factors (Naumann et al., 2009). In this study, wax dipping overestimated the SA by 58.9% on average when compared to the PG method detailed here. Now with the complex model developed here, we can estimate SA from Wa measurements within approximately 1.22% of a measured value for an accuracy of 101.22% on average when compared to the PG method. This approximation is a reasonable estimate if we are comparing it to 77.3% accuracy for the branching corals in Naumann et al.’s (2009) study. Further work needs to be done to further tune the equations. For example, in this study, the Da of 2.5 g/cm3 was used as an estimation of the density of Stylophora pistillata. While this is a reasonable assumption, it is possible that small variations in the density of various specimen accounted for some of the error seen in the models and correlations. A longer time series study may clear up any uncertainty that is found outside of the range of the current data. Also, the PG photos to construct 3D models were all taken in air which may introduce artifacts into the models like light shimmer that may lower the overall accuracy of the models. Taking the photos in water to create the 3D models could improve the accuracy of this metric. Estimates of the SA of corals with polyps extended and contracted also could be attempted. Throughout all of the data, it can be seen that as the corals become larger, more noise is apparent in the data. Even with the estimation models, it is apparent that at smaller weights the models are more accurate with the average percent difference from the PG SA for the complex model being only 4.92% for corals with a PG SA under 9 cm2 and −7.21% for corals with a PG SA over 9 cm2.

Any accuracy estimates in this study are in reference to another form of measurement, so they are only relative to that measurement. Therefore, if a more accurate reference measurement is selected, for example, X-ray CT scanning, it would only allow for more accurate estimation models to be created and honed. Thus far, there has only been a few studies that directly compare surface area methods to the CT method (Naumann et al., 2009; House et al., 2018), but these studies are missing either the PG method or the wax dip method. For this reason, a study comparing the latest PG methods outlined here and in Ferrari et al., 2017 and the wax dip method to X-ray CT scanning data would help confirm the accuracy of this very effective method of determining SA and its direct comparison to the wax dip method with the CT method serving as a highly accurate reference. More research is needed to increase the efficacy of this very promising emerging method of estimating coral SA of live coral specimens.
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3D Photogrammetry Modeling Highlights Efficient Reserve Effect Apparition After 5 Years and Stillness After 40 for Red Coral (Corallium rubrum) Conservation in French MPAs
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Imaging the marine environment is more and more useful to understand relationships between species, as well as natural processes. Developing photogrammetry allowed the use of 3D measuring to study populations dynamics of sessile organisms at various scales: from colony to population. This study focuses on red coral (Corallium rubrum), as known as precious coral. Metrics measured at a colony scale (e.g., maximum height, diameter and number of branches) allowed population understanding and a comparison between an old (Cerbère-Banyuls reserve) vs. a new (Calanques National Park) MPA. Our results suggested a 5-year time step allows the appearance of a significant difference between populations inside vs. outside the Calanques National Park no-take zones. Red coral colonies were taller and had more branches inside no-take zones. A significant difference was still observable for the populations inside the Cerbère-Banyuls reserve after 40 years of protection, reflecting the sustainability and effectiveness of precautionary measures set by the reserve. The impacts at the local level (mechanical destruction) and those presumed to occur via global change (climatic variations) underline the need to develop strategies both to follow the evolutions of red coral populations but also to understand their resilience. Photogrammetry induced modeling is a time and cost effective as well as non-invasive method which could be used to understand population dynamics at a seascape scale on coralligenous reefs.

Keywords: MPAs, photogrammetry, Corallium rubrum, reserve effect, BACI design


INTRODUCTION

Marine protected areas (MPAs) efficiency is a great question when one species conservation is at stake. Conserving marine biodiversity through a “good environmental status” by 2020 was the initial aim of the Marine Strategy Framework Directive (2008/CE/56, DCSMM). Over the past decade, more and more interest has grown for marine conservation policies and assessing MPAs efficiency for fish (Lester et al., 2009), as well as sessile organisms (Linares et al., 2012).

Some Mediterranean MPAs have shown efficiency to protect sessile species such as endangered red coral (Corallium rubrum). Mediterranean red coral Corallium rubrum (Linnaeus, 1758) is a long-lived suspensivorous colonial octocoralliary belonging to the Corallidae family. Adult individuals are polyps living in clonal colonies that can bring together several hundred individuals (Torrents, 2007). This species is found in low light, strong hydrodynamic and low temperature conditions (Torrents, 2007; Linares et al., 2010) mainly colonizing overhangs, anfractuosities and cave entrances on hard substrates (Gibson et al., 2006).

Ocean acidification (Bramanti et al., 2013) and extreme climatic events endanger red coral (Perez et al., 2000; Garrabou et al., 2001; Crisci et al., 2011) as well as commercial exploitation (Lo Basso and Raveux, 2018) and anthropogenic disturbances (Garrabou et al., 2001; Crisci et al., 2011; Bramanti et al., 2013; Linares et al., 2013; Zapata-Ramírez et al., 2013). Population decrease could result in a general loss of ecological functionality in Mediterranean coastal ecosystems (Santangelo et al., 1993; Bruckner, 2009) as the red coral contributes to the consolidation of coralligenous substrate and structures the habitat of many species including algae, invertebrates, fish and microorganisms (Gibson et al., 2006).

However red coral conservation is a major challenge for policy makers wishing to both preserve natural habitats and maintain a traditional economic activity (Bonhomme et al., 2015). Conservation initiatives already exist and are being reinforced: in France, several Marine Protected Areas (MPAs) wishing to manage and maintain the populations of red coral have prohibited harvest from all [Cerbère-Banyuls Marine Natural Reserve (1974), Scandola Natural Reserve (1975), Côte Bleue Marine Park (1982), Bouches de Bonifacio Natural Reserve (1999)], or part of their perimeter [Calanques National Park (2012)].

Evolution of local conservative measures reflects existing conflicts of interest with successive changes in laws (Cau et al., 2013). These issues concern all the precious corals exploited (Bruckner, 2009; Santangelo et al., 2012). Nowadays after 30 years of protection in French and Spanish MPAs, the size of red coral colonies still does not reach the values of the primary populations suggesting that full recovery will require centuries of protection (Garrabou and Harmelin, 2002; Tsounis et al., 2006; Linares et al., 2010).

Red coral height growth rate is estimated at 1.78 ± 0.7 mm/year (Garrabou and Harmelin, 2002). Basal diameter growth is estimated around 0.62 ± 0.19 mm/year (Bramanti et al., 2005). Growth rates are influenced by environmental condition within the habitat as well as factors specific to the genetics and biology of individuals (Ledoux et al., 2010).

Moreover the study of these fragile sessile organisms is complex and was recently allowed by photogrammetry techniques (Drap et al., 2014). Photogrammetry has been used for more than 50 years in the fields of archeology and more recently in marine biology (Drap et al., 2013b) in order to collect various metrics describing an object of study, at scales ranging from the millimeter to hundred meters. It is an indirect and non-invasive measurement technique (Bythell et al., 2001; Burns and Delparte, 2017) that has been validated in various studies on long-lived benthic species (Linares et al., 2010). It also reduces the time spent underwater, thus reducing the constraints and risks associated with diving. Despite a long post-processing time, this technique provides reusable raw data for additional measurements and a posteriori parameter analysis. Photogrammetry is based on the construction of 3D models of an object from a set of 2D photos using the principle of triangulation (Ludvigsen et al., 2006). Under ideal conditions, these models allow measurements to be made with an accuracy of around 1/10 of a millimeter. Once the models have been reconstructed, it is then possible to carry out measurements with suitable software tools such as Arpenteur, developed for the study of red coral (Royer et al., 2018).

The present paper presents a comparison between two marine protected areas in the Mediterranean and their implication in red coral conservation: the 40 years old Cerbère-Banyuls Reserve (CB reserve) and the 5 years old Calanques National Park (Calanques NP). Using photogrammetry-born biometrics of the red coral populations, collected in various levels of protection of both MPAs, we constructed a Before-After-Control-Impact design (BACI) in order to test the following hypothesis: we hypothesize that there is a significant effect of the interaction between year and protection in the case of the Calanques NP but not in the case of the CB reserve, revealing the apparition of a reserve effect between sites outside (i.e., Control) vs. inside (i.e., Impact) no-take zones of the young Calanques NP between 2013 (i.e., before) and 2019 (i.e., after), while (ii) such reserve effect would be already present and maintain itself in the old CB reserve.



MATERIALS AND METHODS


Study Sites

The study sites are located inside and outside the protected no-take zones of two MPAs located along the Western Mediterranean French rocky coast, respectively, between Cap Bear and Cap Cerbère for the Cerbère-Banyuls Reserve populations, and between west of Marseille and La Ciotat for the Calanques National Park populations (Figure 1), located 350 km from each other. Cerbère-Banyuls Reserve (42°28′18″N, 3°9′53″E) covers 650 ha and encompasses 2 zones, a central no-take zone (i.e., “full reserve”), where all activities are prohibited except for scientific surveys and a peripheral “partial reserve” zone where small-scale and recreational fishing and diving are permitted with some restrictions. Red coral harvesting as well as other fishing activities have been banned inside the Cerbère-Banyuls marine reserve since 1974. The substrate is mostly schist stone and detrital sediments (Flemming, 1972). Calanques National Park (43°12′34″ N, 5°26′57″ E) covers 43,500 ha and encompasses 2 zones as well: several no-take zones (i.e., “full reserves”) where any fishing or harvesting activities are prohibited since 2013 and a surrounding “partial reserve” where fishing and recreational diving and fishing are still partly permitted. The substrate in the Calanques National Park is mostly limestone (Flemming, 1972). In both MPAs, these zones displaying full and partial protection are surrounded by unprotected “outside reserve” zones (Figure 1).
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FIGURE 1. Study areas with Calanques national park (A) and Cerbère-Banyuls reserve (B).


The red coral settlements in these regions are characterized by a frequent occurrence in shallow overhangs and cavities on hard substrate (Torrents, 2007). We studied shallow red coral populations settled at depths ranging from 19 to 25 m.



Sample Collection and Photogrammetric Protocol

Corallium rubrum populations of the Calanques National Park and Cerbère-Banyuls reserve were studied using photogrammetry, an indirect and non-invasive method previously validated in a study on long-lived benthic species (Linares et al., 2010).

In the Calanques National Park, photogrammetric surveys were done at the studied sites during sampling campaigns performed in December 2013 (i.e., when the MPA was created) and in December 2019: five sites were located outside no-take zones (Bonhomme et al., 2015) [Castelviel (CAS), Figuier (FIG), Balise de l’Île Verte (IVB), Grotte à Corail (MGC), and Pharillons de l’Île Maïre (MPH)], three sites were located in the partial reserve [Petit Congloué (PCG), Grotte Pérès (PGP), Le Planier (PTP)]; and finally 2 sites were located inside the full reserve zone [South Riou 20 m (RRS_20) and South Riou 40 m (RRS_40)].

In Cerbère-Banyuls, photogrammetric surveys were done in December 2012 and December 2020 during sampling campaigns at three sites located outside the no-take zones [Sec à Joël (SAJ), Canadells (CAN), and Cap Béar (BCB)]; two sites located inside partial reserve [Sec à Yvan (SAY) Cap Abeille (BCA)]; and one site located inside the full reserve [Sec de Rédéris (BSR)].

In each MPAs, at both occasions, in each site, the surveys were done in the same populations i.e., patches of red coral colonies : in each site, red coral populations were haphazardly sampled using 20 cm × 20 cm quadrats (0.04 m2). For each site, between 19 and 41 quadrats were modeled (Table 1). For each quadrat, 3 photographs were taken with a Nikon D700 DSLR (sensor pixel density = 1.41 Mp/cm2) and a 20 mm lens, Nauticam housing with hemispherical window and two pairs of Ikelite DS160 flashes.


TABLE 1. Number of quadrats modeled for each site in Cerbère-Banyuls reserve (A) and Calanques National Park (B) in each protection status (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve.
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The pictures were taken from slightly different angles in order to build the corresponding photogrammetric model with the Arpenteur software (Drap et al., 2013a, 2014). An angle of approximately 20° allows a high overlap of the pixels between the two images (50–70%) for a reliable 3D reconstruction (Royer et al., 2018). More than 20 coded targets, uniformly distributed on the quadrat, are measured automatically by the software. Each quadrat is previously calibrated and the targets are known in the reference system of the quadrat in which the measurements of the colonies were to be made. Orientation of the photos was done by bundle adjustment using the measures on the coded targets. The accuracy obtained on the targets is usually less than 1 mm (Drap et al., 2013a). Once the 3D model was obtained, the acquisition of the metrics describing the populations and colonies was carried out for each quadrat by selection of the homologous points so that the resulting 3D point is calculated by triangulation (Bythell et al., 2001; Drap et al., 2014, p. 2014; Royer et al., 2018). Resolution inside the quadrats was around 0.1 mm/px.

Metrics were measured at the scale of the colony. In each quadrat and for each colony three metrics were measured: number of branches, basal diameter, and maximum height (maximum distance between base and apex of a branch).



Data Processing, Statistical Design, and Analysis

Data considered as aberrant given the literature were excluded: this was the case for colonies exceeding 220 mm for their maximum size and 15 mm in basal diameter (Garrabou and Harmelin, 2002; Marschal et al., 2004). The aberrant data came from model distorsions due to underwater constraints in some quadrats which were removed from the analysis. Precision is around one pixel and the calculated mean distance error with Arpenteur tool was less than 0.5 mm (Royer et al., 2018).

We were interested in the descriptors of C. rubrum measured on colonies: (i) maximum height (ii) basal diameter, and (iii) number of branches, in order to test their responses to the following explanatory factors: protection, site and year. For both MPAs separately (Cerbère-Banyuls Reserve and Calanques National Park), we carried out permutational multi- or uni-variate analysis of variance (PERMANOVA) (Anderson et al., 2008) in order to determine the effect of the factors studied (site, year and protection and their interaction) on the descriptors of C. rubrum populations. The resemblance matrices were calculated from the initial data matrix containing, for each sample (i.e., the colony) a row displaying the response variable(s). The response variable was alternatively a multivariate set of data containing the combination of (i) maximum height (ii) basal diameter, and (iii) number of branches or a univariate data (i.e., each descriptor separately). Indeed, independently of potential differences in the multivariate combination of descriptors, understanding the population dynamics requires a further inspection of the individual behavior of each descriptor. In order to study the effect of explaining factors, two designs were used. A first design was set to assess the spatio-temporal variability of these descriptors, testing the effect of both the year and the site. Year was a two-level fixed factor (respectively, 2013 and 2019 for Calanques NP and 2012 and 2020 for Cerbère-Banyuls Reserve). Site was a random factor with 6 modalities for Cerbère-Banyuls reserve and 10 modalities for Calanques national park. A second design was set to test the effect of year and protection on the same response variables. Protection was a three-level fixed factor (Outside reserve, partial reserve and full reserve), while year was set as previously.

This BACI design (design 2) allowed us to test the hypothesis that there is an interaction between year and protection in the case of the Calanques NP but not in the case of the CB marine reserve; indeed it would reveal the apparition of a reserve effect between samples from outside (i.e., Control) vs. inside (i.e., Impact) no-take zones of the young Calanques NP between 2013 (i.e., before) and 2019 (i.e., after), while (ii) such reserve effect would be already present and maintain itself in the old Cerbère-Banyuls reserve. Such approaches are used in particular to detect significant changes indicative of the effect of ecosystem management (Underwood, 1981, 1992). In addition, the first design also allowed us to address the natural spatio-temporal variability of population descriptors.

For this inferential approach, Euclidean distance matrices were calculated from standardized data measured on all colonies (normalization by sum function on PRIMER). P-values were calculated by 999 residual permutations under a reduced model. When the number of permutations was below 200, Monte Carlo p-values were used (Clarke et al., 2014).

Since ecological data give rise to intrinsic inherent variability, significance was considered—for all designs—when p-value < 0.1. Data treatment and graphical representations were carried out using R 3.1.3 programming freeware (R Core Team, 2017) and PRIMER 6 software with PERMANOVA + add-on (Anderson, 2001; Clarke and Gorley, 2006; Anderson et al., 2008).




RESULTS


Red Coral Populations in Cerbère-Banyuls Reserve

In 2020, in Cerbère-Banyuls reserve on all 6 sites studied, a total of 1,186 arborescent colonies was found within the 217 quadrats (Table 2). In addition, a small number of individuals (n = 28) had abnormal measurements and were therefore removed from the dataset. The complete set presented a total of 1,158 individuals distributed over the 6 Cerbère-Banyuls studied populations.


TABLE 2. Number of colonies measured, mean and standard deviation of each metric for each site of Cerbère-Banyuls reserve and Calanques national park: maximum size, basal diameter, and number of branches for each site of each year in each protection status (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve).
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Differences in population structure between sites were highlighted by a significant effect of the factor “site” as well as a significant interaction between year and site on the multivariate combination of metrics (PERMANOVA, p-value = 0.004, Table 3). In 2020, large disparities in the distributions of the three descriptors from one site to another were observed (Figures 2–4). The distributions of populations in site BCA and site BCB were similar and centered toward small values, whatever the descriptor. Some populations had an unimodal distribution (BCA, BCB, SAJ) while others had nearly uniform probability densities for maximum height, indicating that individuals were distributed more evenly. The colonies of BSR (in full reserve) were on average larger (μ = 87.49 ± 45.88 mm, Table 2) than in the other populations (Figure 2). For the populations of sites CAN and SAY, a second density peak was observed around 100 mm. The distributions in basal diameter were more homogeneous between populations than the maximum height distributions. Some populations showed a unimodal peak followed by an increase in probability density at higher values of basal diameter: CAN, BCA, SAJ, SAY. The distribution of BSR probability densities is the most homogeneous, with a peak around 7 mm of basal diameter. Finally, the number of branches per colony was distributed relatively differently from one population to another.


TABLE 3. Results of permutation analyzes of variance (PERMANOVA) in the Cerbère-Banyuls reserve and the Calanques national park MPAs via a design incorporating the “site” and “year” factors, applied for the multivariate matrix (maximum size; basal diameter; number of branches) and each univariate matrix.

[image: Table 3]

[image: image]

FIGURE 2. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the basal diameter variable (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).
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FIGURE 3. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the variable number of branches in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).
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FIGURE 4. Cerbère-Banyuls reserve: representation of probability density functions by population of each site for the variable maximum height (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the population in full reserve (BSR), in medium the populations in partial reserve (BCA, SAY), in clear the populations outside the reserve (BCB, CAN, SAJ).




Red Coral Populations in Calanques National Park

In 2019, in the Calanques National Park, 1,809 colonies of the “arborescent” type were found (Table 2). A small number of individuals (n = 59) had abnormal measurements and were therefore removed from the dataset. The complete set presented a total of 1,750 individuals distributed over the 10 Calanques sites.

In 2019, we observed large disparities in the distribution from one population to another when representing probability density of each site as a function of size classes for maximum height (Figure 5). Populations of sites CAS, PCG, PGP, and MPH showed decreasing distributions concentrated toward small values of height (between 29 ± 14.37 and 43.25 ± 20.05 mm, Table 2). Some populations had a unimodal height distribution (MPH, PCG, PGP) while others displayed bimodal (RRS_20, FIG) or even almost uniform (PTP) height probability densities indicating that individuals are distributed more evenly according to their maximum height. Basal diameter density probabilities were more homogeneous between populations (Figure 6). Some sites showed an unimodal peak followed by a resurgence in probability density of diameter at higher values: IVB, MGC, MPH, PCG, RRS_40. The distribution of PTP diameter probability densities is the most homogeneous, with a slight peak around 7 mm. The number of branches per colony is distributed relatively differently from one population to another (Figure 7). All sites displayed populations with an unimodal distribution of number of branches but with some disparities.
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FIGURE 5. Calanques national park: representation of probability density functions by population of each site for maximum height (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).
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FIGURE 6. Calanques national park: representation of probability density functions by population of each site for basal diameter (mm) in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).
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FIGURE 7. Calanques national park: representation of probability density functions by population of each site for the variable number of branches in 2020. The values indicated correspond to the means followed by the standard deviations. In dark the populations in full reserve (RRS_20; RRS_40), in medium the populations in partial reserve (PTP, PGP, PTP), in clear the populations outside the reserve (MPH, CAS, FIG, IVB, MGC).


When we observe the evolution of each metric between 2013 and 2019 by site, we observed various dynamic between populations, which was reflected in a significant effect of year ∗ site interaction on the multivariate dataset (PERMANOVA, p-value = 0.001, Table 3). The maximum size increased between 2013 and 2019 for all Calanques NP populations regardless of whether or not they are located inside the protection of the Calanques national park except for site Castelvieil (CAS) (Table 2).



Protection Effect in Cerbère-Banyuls Reserve and Calanques National Park


Cerbère-Banyuls Reserve

In Cerbère-Banyuls reserve we observed a significant interaction between year and protection for the multivariate matrix (PERMANOVA, p-value = 0.022, Table 4), as well as for the univariate maximum height (PERMANOVA, p-value = 0.001, Table 4 and Figure 8) and the number of branches (PERMANOVA, p-value = 0.001, Table 4 and Figure 8). In 2020, the multivariate matrix revealed a significant difference between the populations of the full reserve and those located in the partial reserve (PERMANOVA Pair-wise comparison, p-value = 0.012, Table 5), which did not appear in 2012 (PERMANOVA Pair-wise comparison, p-value = 0.23, Table 5). Moreover the gap widens between population located outside reserve and inside full reserve from 2012 to 2020 (Figure 8). The one-to-one comparison of the three colony-scale metrics between 2012 and 2020 showed a significant effect of the interaction year ∗ protection status for maximum height (PERMANOVA, p-value = 0.001, Table 4) and number of branches (PERMANOVA p_value = 0.001, Table 4). It was confirmed when we observed graphically (Figure 8) a clearer increase from 2012 to 2020 of the difference in the maximum size and number of branches (than for basal diameter) when comparing full reserve vs. others levels. In 2012, the density functions (Figure 8) showed an almost total overlap within the Cerbère-Banyuls reserve (partial reserve and outside reserve) for the basal diameter. In 2020, there was an overlap between partial reserve and full reserve for the basal diameter distribution, considering a slight shift to the right for the full reserve modality. In 2020 for the maximum height there was a clearer shift toward higher values (Figure 8), as already confirmed by the results of the PERMANOVA (PERMANOVA p-value = 0.001, Table 4).


TABLE 4. Results of permutation analyzes of variance (PERMANOVA) in the Cerbère-Banyuls reserve (A) and the Calanques national park (B) via a design incorporating the year and protection factor (year as a fixed factor with 2 modalities; protection as a fixed factor with three modalities; interaction protection * year) for the multivariate matrix (maximum size; basal diameter; number of branches) and each univariate matrix.
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FIGURE 8. For Cerbère-Banyuls Reserve, representation of probability density functions and Tuckey boxplots by protection levels for each year for the variables (i) Maximum height (mm), (ii) Number of branches, and (iii) Basal diameter (mm). Sites outside reserve (in clear), in partial reserve (in medium gray), in full reserve (in dark). On density functions, mean are shown in a dotted line; Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).



TABLE 5. Pair-Wise test result corresponding to the interaction between year and protection for the 3 descriptors.
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Calanques National Park

We observed a significant effect of the interaction between year and protection for the multivariate matrix (PERMANOVA, p-value = 0.001, Table 4), and univariate maximum height (PERMANOVA, p-value = 0.001, Table 4), basal diameter (PERMANOVA, p-value = 0.038, Table 4) and number of branches (PERMANOVA, p-value = 0.001, Table 4). The gap widens between outside the reserve and full reserve: in 2013 there was no significant difference in the number of branches between full reserve and outside reserve (PERMANOVA Pair-wise comparison, p-value = 0.649, Table 5), while there was a significant difference in 2019 (PERMANOVA Pair-wise comparison, p-value = 0.001 In the Calanques NP there was also a significant interaction between protection and year for maximum height (PERMANOVA Pairwise comparison, p-value = 0.001). Indeed in 2013 there was no significant difference of maximum height between outside reserve, partial reserve and full reserve (respectively, PERMANOVA Pairwise comparison, p-value = 0.8; p-value = 0.535; and p-value = 0.467, Table 5). Meanwhile in 2019 there was a significant difference between outside reserve and partial reserve (PERMANOVA Pairwise comparison, p-value = 0.032), outside reserve and full reserve (PERMANOVA Pairwise comparison, p-value = 0.001) and between partial reserve and full reserve (PERMANOVA Pairwise comparison, p-value = 0.001). These results highlighted the appearance of a reserve effect between 2013 and 2019 for maximum height and number of branches. Graphically (Figure 9) in 2013, the density functions showed almost total overlap between the sites located outside reserve and inside full reserve for number of branches and maximum height. In 2019, for the number of branches, a slight shift to the right of the density function was observed for the colonies in full reserve vs. the colonies inside partial and outside reserve. For the maximum height there was a clearer shift toward higher values for the colonies inside full reserve in 2019. Finally, concerning basal diameter, although the trend was not so clear, we still observed that in 2013 there was no significant difference between outside reserve and partial reserve (PERMANOVA, p-value = 0.923) whereas there was a significant difference in 2019 (PERMANOVA, p-value = 0.008): in 2019, the density functions showed a slight shift of the basal diameter to the right for the colonies in full reserve.
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FIGURE 9. For Calanques National Park, representation of probability density functions and Tuckey boxplots by protection levels for each year for the variables (i) Maximum height (mm), (ii) Number of branches, and (iii) Basal diameter (mm). Sites outside reserve (in clear), in partial reserve (in medium gray), in full reserve (in dark). On density functions, mean are shown in a dotted line; Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).






DISCUSSION

This study provides valuable demographic data obtained through photogrammetry to help infer the long-term effects of effective protection on red coral populations in 2 Mediterranean MPAs, which encompass an important geographic scale (up to about 450 km).


Protection Strategies Impact Red Coral Populations Locally


In Calanques National Park

In our BACI design, for the Calanques National Park, we highlighted a significant interaction between protection and year on colony scale metrics (for the multivariate matrix, for maximum height, basal diameter, and for number of branches) reflecting the apparition of a reserve effect in 2019 whereas it was absent in 2013. Indeed in 2013, right after the MPA was created, no significant differences existed between colonies located outside reserve and inside reserve regarding maximum height and number of branches. However in 2019 the mean number of branches as well as the maximum height were significantly higher inside. Additionally we have seen that probability densities had changed between 2013 and 2019 for the 3 metrics at the colony scale with distinct patterns for those inside vs. outside no-take zones. These results seem to reflect the effectiveness of no-take zones where impacts are limited (coral harvesting interdiction, as well as regulated fishing) and the conditions are thus favorable to red coral. These results provide evidence for reinforced protection zones effectiveness for red coral conservation and therefore of its habitat in the Calanques National Park. Establishment of no-take zones has benefited red coral populations by limiting exploitation as well as accidental destruction by fishing gear and overall enhanced conservation conditions.

South Riou populations (RRS_20 and RRS_40) showed growth rates overpassing what is known in the wild. Previous studies already shown very high fertility on this site (Garrabou and Harmelin, 2002) and equivalent growth rates have already been obtained in a controlled environment (Goff et al., 2017). Local environmental conditions might explain these observed growth rates: little light and low temperatures [around 13°C in February; and 20°C in August (Vielzeuf et al., 2013)], proximity to a major coastal upwelling zone (Millot and Wald, 1980), influencing the diversity of organisms on the substrate (Oscarella spp., Reniera fulva, Crella mollior, Aplysina cavernicola as well as overpulids and bryozoa), lack of competition (Montero-Serra et al., 2018) as well as the composition of the microbiome (Van de Water et al., 2018). Castelvieil (CAS) observed a still different dynamic. A decrease in the maximum size was observed between 2013 and 2019 (36.62 ± 21.4–29.05 ± 14.37 mm) and in the number of branches (5.7 in 2013; 2.85 in 2019). These results reflect a mechanical destruction that was also detected by image analysis. This illustrates the effectiveness of the photogrammetric monitoring method to detect one-off events.



In the Cerbère-Banyuls Reserve

Concerning Cerbère-Banyuls reserve, descriptors differed from 2012 to 2020, illustrating a global natural growth of colonies. Moreover, a strong protection effect is present whatever the year, suggesting conservation measures maintain its efficiency to protect red coral.

We have highlighted a significant difference between protection levels: there is a significant effect of the protection status on maximum height and number of branches. We have also highlighted a significant effect of the interaction between year and protection status for the number of branches and maximum height, which reveals that between 2012 and 2020 the gap widens between populations from different protection statuses and in particular between partial and full reserve.

Thus, the forty years of protection carried out by the Cerbère-Banyuls reserve have significantly influenced the populations of red coral. The colonies within the full reserve are larger and more tree-like than those located in the partial reserve and outside the reserve (where both professional fishing and recreational diving are allowed). In fact, a maximum size gradient is observed according to the protection gradient: it has been observed that the maximum size is significantly greater in the full reserve, decreases in the partial reserve and was even smaller outside the reserve.

Given the current state of populations within the reserve, it seems conservation measures set by the Cerbère-Banyuls reserve such as limited use, security and guarding measures show efficiency. This is consistent with the conclusions of many authors who highlight the effectiveness of strengthened measures such as no-take zones for marine ecosystems conservation (Sala et al., 2018; Zupan et al., 2018). Our results are thus arguments encouraging perpetuating or even strengthening these measures. In addition, it should be reminded that deep populations may be able to constitute a genetic refuge for populations (Priori et al., 2013; Cannas et al., 2016) and therefore could also be the subject of conservatory measures.



Comparison Between Calanques National Park and Cerbère-Banyuls Reserve

Thus, our results are consistent with the conclusions of many authors who emphasize the effectiveness of enhanced measures such as no-take zones for the conservation of marine ecosystems (Sala et al., 2018; Zupan et al., 2018). The old CB reserve still show efficiency to conserve its red coral populations, and a 5-year step allowed the appearance of a reserve effect in the recently settled Calanques national park. Our study sets a comparative data baseline and thus makes it possible to follow the dynamics of red coral which is essential: understanding the life cycle of long-lived species subjected to both exploitation and natural disturbances is an essential prerequisite for conservation (Garrabou and Harmelin, 2002).




Implications for Red Coral Conservation Across the Mediterranean

Red coral is endemic to the Mediterranean but subject to various regulations depending on the area considered, which can sometimes be a source of conflict (Cau et al., 2013; Bruckner, 2014; Cannas et al., 2016; Cattaneo-Vietti et al., 2016). It appears to be a need for harmonization of management practices at the species range level because public authorities do not seem to follow: in 2020, red coral was still not listed under the CITES (Convention on International Trade in Endangered Species of Wild Fauna and Flora).

Achieving red coral conservation and broadly coralligenous habitats in the Mediterranean needs an adaptation of managers to local needs for conservation at the range scale (Giakoumi et al., 2013; Vassallo et al., 2018). Enhanced protection measures such as no-take zones and full reserves have been demonstrated to be the most effective in protecting marine biodiversity and new initiatives need to be taken (Casale et al., 2018; Sala et al., 2018). However only 0.04% of the Mediterranean Sea is affected by such measures to date (PISCO., 2016). Investigating the socio-economic impacts of management measures and governance perception by users appears to be a good way to better understand the territory in order to manage it. Finally, such work could provide a global vision of both management and conservation of red coral in the Mediterranean and act in favor of the species and its habitat (Costantini and Abbiati, 2016).



Facing Global Changes


Connectivity

Aurelle et al. (2011) showed that the genetic structures of red coral populations corresponded to the habitat gaps available between Marseille and Catalonia as well as in the Adriatic. This highlights the need of reinforced conservation measures across the range. Some authors emphasize the need to include the conservation of genetic variation and population structure as one of the goals of red coral management (Santangelo et al., 2012; Cattaneo-Vietti et al., 2016) while others recall its functionality within the coralligenous (Ballesteros, 2006). This induces the need to take local initiatives to conserve the species and in particular shallow perennial populations such as those of Cerbère-Banyuls and Calanques national park when global warming and extreme climatic events are a growing threat in the face of thermo-tolerance of 25°C (Torrents, 2007).



Extreme Climatic Events

Our study populations are located at the edge of the range of the French Mediterranean, in areas whose hydrogeographic conditions explain why they are the least impacted by massive mortality episodes due to extreme weather events (Bally and Garrabou, 2007; Garcia-Rubies et al., 2009; Calvo et al., 2011; Crisci et al., 2011).



Climate Change

However, the evolving risk minimization strategy (Stearns, 1992; Bramanti et al., 2005; Torrents, 2007; Linares et al., 2010; Torrents and Garrabou, 2011) that red coral seems to follow is adapted to species in habitats where environmental conditions are stable but could pose serious challenges for the conservation of shallow populations in the current context of climate change (Linares et al., 2013). It could therefore be interesting to study population genetics by comparing Calanques national park and Cerbère-Banyuls populations to understand their resilience to future disruptions such as the introduction of invasive species, major climate events similar to those of 1999 or 2003 and more broadly global climate change.

However, if shallow populations are the most resistant due to their exposure to significant seasonal variations in temperature (Ledoux et al., 2010; Haguenauer et al., 2013), deep populations might be able to repopulate shallower ones (Bongaerts et al., 2017), reflecting the importance of implementing conservation measures for the latter. Thus, global strategies appear capital while defining management measures at the local level, particularly through MPA managers networking (e.g., MedPAN). This highlights a real need for a monitoring network for vulnerable ecosystems (Danovaro et al., 2017; Montero-Serra et al., 2018) and more, the need to involve MPA managers and stakeholders in conservation and not only surveillance. Subsequently, an interest could be focused on implementing measures to restore populations in the Mediterranean (Aurelle et al., 2011; Montero-Serra et al., 2018).




Perspectives

In the present study, photogrammetry tools were used at the scale of the quadrats. However, it might be interesting to think about the scale of the underwater landscape. Seascape as indeed been proven to be an adequate study scale to better understand marine life mechanisms (Cuadros et al., 2017; Smeltz et al., 2019). In this context, modeling via photogrammetry can provide information on species coverage and in particular the spatial dynamics of sessile species over time (Burns et al., 2015; Casella et al., 2017; Ferrari et al., 2017a, b). Indeed, if the image processing takes longer than for a study using photoquadrats, the information that can be extracted from them is unprecedented. During a study using photoquadrats, biases may appear, especially if the field operator is different between the field campaigns: the exact location of the sites can be tricky. This study allows to minor human bias in comparison to in situ study: site localization might not be easy in turbid waters context such as in Cerbère-Banyuls.

Representing a site at the scale of the seascape helps limit these bias. 3D modeling of seascapes allows to locate the distribution of red coral patches on a landscape scale and thus realize their position within the coralligenous habitat: overhanging rocks. Modeling can make it possible to take account of changes in the distribution of fixed fauna and it could be interesting to develop these tools for the conservation of red coral populations in MPAs. These tools might give better insight of population dynamics of sessile organisms throughout time (Burns et al., 2015; Ferrari et al., 2016, 2017b). Besides, the use of photogrammetry still lacks to study coralligenous habitats and particularly relations between coralligenous 3D structure and its associated vagile fauna and communities.




CONCLUSION

Finally, our results underlined once more the need to engage conservation efforts in the Mediterranean to conserve sessile fauna. All of these data highlighted the effectiveness of MPAs and the real need to structure a monitoring network for these vulnerable ecosystems (Danovaro et al., 2017; Montero-Serra et al., 2018) and in particular of these populations of indicator species. In this sense, initiatives exist to use coralligenous species (gorgonians, corals) as indicators. Such indicators are the subject of current discussions within the framework of the European framework directives and it is desirable that these consultations lead to the long-term support and sustainability of such large-scale spatial surveillance networks. With this long-term objective, we highlighted in our study the usefulness of photogrammetry and 3D metrics as efficient and cost-effective methods allowing large-scale and long term monitoring based on reliable tools.
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computation and results results handling) cover of reef area—high
handling) coral cover involves more
GIS analysis time)
2.1 (1 expert) 2.3 (1 expert) 2.510 6.5 (1 expert)
5.4-5.9 man-days 5.6-6.1 man-days 5.8-10.3 man-days
For a standard site: For a standard site: For a standard site:
(@21E+33T (@23E+33T (@25E+33T
or(p)3.1E+23T or(0)3.3E+23T or(0)3.5E+23T
or(c)34E+2T or(c)3.6E+2T or(c)3.8E+2T
or(d)41E+1.3Tor(e) 4.4 or(d)43E+13Tor(e)46 or(d45E+ 1.3Tor(e)4.8
E+1Tor()54E E+1Tor()5.6 E E+1Tor()5.8E

— Field work can be done by non-biologist

— Avalilability of raw data for future analyses and repeatability

— More accurate data (cm) and possibility for accurate long-term surveys

— Approach allows obtaining numerous descriptors and gaining more information in terms of
data quantity and quality

— Sampling at a large spatial scale (seascape), which can be more representative

— Individual colonies in shallow waters (< 3 m depth) can be sampled and tagged to conduct
temporal survey (e.g., monitoring growth or erosion).

— Requires good underwater conditions

— Requires a minimum of depth to map large reef areas (ideally > 5 meters depth). The
technique is not adapted to map large shallow reef areas (< 3 meters depth).

— Requires specific photographic and computing equipment and software

— Requires skills or training for the photogrammetry processing and GIS analyses

— No direct measurements (the photogrammetry processing must be complete before
performing the analyses)

— Orthomosaics of sites presenting high structural complexity and/or steep slope likely lead to
underestimation of surfaces

— Marine area management & industrial applications

— Visually attractive outputs can be used for communication and awareness

— Advances in artificial intelligence (Al) to automatize ecological analyses are promising and
can promote new applications

— Remotely Operated Vehicle and Autonomous Underwater Vehicle developments open
perspectives for fieldwork optimization
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Criterion Definition

Method description Type of estimator Type of measurement used to estimate the descriptor
(point, line, polygon)
Sampling effort Number and size of the samples used for one site
Survey dimensions Number of spatial dimensions represented by the sampling
Attainable descriptors List of descriptors possible to obtain from the field data with

further analyses

Limits for the taxonomic identification of scleractinian corals Maximum level of identification possible for
Scleractinian corals. Other benthic organisms e.g., algae,
sponges etc. were not considered in this evaluation

Raw data Type of data recorded on the field, on which are based all
the analyses and which allow their reproduction

Observer bias in biological analysis Bias in the analyses due to subjective human observations
and assessments

Underwater equipment Materials needed to deploy the method

Computing equipment Computer resources and software needed for the analyses

Environmental constraints Naturals conditions needed to realize fieldwork and collect
the data

Human expertise & time required 1. Planning Protocol design Evaluation of human expertise and time required for the
Sampling plan spatial scale of the present study:

— The expert (i.e., experienced coral reef ecologist) and

Field tools
. ) ) ) time required (estimated in days; 1 day = 7 h)
2. Fieldwork (for 1 site) Field Mob/Demob — The technician (i.e., no specific skills in marine biology but
Field survey™ with diver skills if fieldwork is scuba diving) and
3. Office analyses Data handling time required (estimated in days; 1 day =7 h)

Processing model
Ecological analyses
Review & perspectives Advantages and disadvantages Synthesis of identified advantages and disadvantages

Field of applications Potential organizations or domains for operational
applications and perspectives envisioned

*Field Mob/Demob: overall time of preparation (mobilization and demobilization, including car and boats rides). **Field survey: diving time.
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Metric

Data extraction

Permanent visual
record

Survey team needed
(# of divers)

Benthic training needed

Survey in poor
conditions

Bottom time

Cryptic corals

Sizing

Species Identification

Visual observation

Data verification and
re-evaluation

Area surveyed

Complexity metrics

Computing
requirements

In-water

Quick
No

Moderate (3)

Yes
Difficult and strenuous

30minto1h

Often easier to identify
Accurate

Relatively easy

3D in-water
No

Limited by bottom time

Estimated and
generalized

CPU: Intel Core i5
Storage: 500 GB
Memory: 8 GB RAM
Graphics: NA

SfM

Lengthy
Yes

Small (2)

Yes
Moderate to easy

10-25 min

Sometimes difficult to see
Highly accurate

More difficult for some
species

2D image

Yes

Limited by area imaged by
diver
Accurate and detailed

CPU: Dual Xeon E5-2600
Storage: 6x2TB
Memory: 8x16GB RAM

Graphics: 8x Quardro
P4000

The computing hardware listed for SfM is preferred for processing >30 models
of 3 x 20 m (four models generated per day). A computer with an Intel Xenon 8
core processor, 1TB of storage, 64 GB of RAM, and dual NVIDIA Quadro P4000
Graphics would be sufficient for processing >30 models of 3 x 20 m (two models

generated per day).
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Section H. roretzi B. trigonus P. nakamurai P. cretaceum The surrounding bottom

AO1 173 806 0 41 Sand bottom
A02 7 94 1705 20 Bedrock and pebble
AO03 1 0 1171 32 Bedrock

AO4 3 0 0 32 Bedrock and sand
A05 99 0 2417 12 Bedrock and sand
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vs. background 0.006
B. trigonus vs. P nakamurai 0
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vs. background 0.957
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Section area(m?) Number of photos  Vertice number of raw model  Vertice number ofV; ¢ Vertice number ofVy95  Mesh number ofTy g5

AO1 11.3 177 6330690 310354 13427 23077
AO2 13.2 146 5203103 340867 16350 27840
AO3 25.5 134 3872837 520958 25216 42917
AO4 12.9 89 15671033 294320 15125 25249
AO5 14.0 178 4822436 333089 14954 26326

The column area(m?) indlicates the horizontal projected area of each surveyed sections.
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Reef width (km)

Reef area (km?)

Slope (min-max)

Mean slope + SD
Ruggedness (min-max)
Mean ruggedness + SD
Rugosity (min-max)
Mean rugosity + SD

H1

22
43
1.13
0.41
0.36
0-37°
5° £3.6°
0-0.06
0.0007 + 0.001
1.0-1.317
1.008 £ 0.013

H2

15
40
0.91
0.43
0.32
0-44°
%580
0-0.05
0.0008 =+ 0.001
1.0-1.415
1.015 £ 0.030

H3

23
4
0.94
0.33
0.31
0-34°
5° £ 4°
0-0.04
0.0006 = 0.001
1.0-1.225
1.008 £ 0.014

SARC

<2
49
3.6
1.2
3.98
0-68°
10° £10.3°
0-0.26
0.0007 £ 0.012
1.0-3.176
1.041 £ 0.097
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Terrain
parameter

Description

Mean depth

Standard
deviation

Slope

Aspect

Curvature

Ruggedness

Rugosity

Is the average water depth in the 3 x 3 neighborhood
(Walbridge et al., 2018).

It captures the local dispersion (Walbridge et al., 2018).

Itis estimated as the maximum rate of change of the
elevation between the site and its surroundings and
expressed in degrees. Low values, represent a flat
terrain, high values, a steep terrain (Burrough et al.,
1998).

It measures the surface direction and reflects the
orientation of the seabed at any given location. The
algorithm uses a 3 x 3 neighborhood, it ranges from O
to 359.9 degrees, measured clockwise from north, and
-1 for locations of no slope (Walbridge et al., 2018).

Is the first derivative of the slope (Zevenbergen and
Thorne, 1987). Describes the relative position of the
terrain features and delimits the regions of distinct
habitat by identifying boundaries. Maximum curvature
refers to a convex surface, minimum curvature to a
concave surface (Walbridge et al., 2018).

This is calculated using a 3 x 3 moving window, the
magnitude of this standardized resultant vector is
subtracted from 1 to obtain a dimensionless value that
ranges from O (no variation) to 1 (complete variation).
Typical values are small (<0.4) in natural data
(Walbridge et al., 2018).

Is the ratio of the surface area to the planar area across
the neighborhood of 3 x 3 of a central pixel. Flat areas
will have a rugosity value near to 1, high relief areas will
exhibit higher values (Jennes, 2004).
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ANOSIM: Global Test Sample Significance SIMPER
Statistic

R=0.54 p = 0.001%**

Ta Tp Pairwise R Pairwise Total Pairwise Morphospecies Average Abundance (%) Diss/SD Cumulative
Statistic Significance  Dissimilarity Contribution
(%) to
Dissimilarity
Ta Tb (%’)
T T2 0.48 0.05 — Not Significant - - — —
T T3 0.41 0.057 - Not Significant - — — —
T T4 0.5 0.029* 43.79 Drifa glomerata 0.26 0.11 1.30 2.88
Ophiuroidea thick 0.19 0.33 1.45 5.38
white
Desmophyllum 0.00 0.14 3.03 7.76
pertusum [head]
T2 T3 0.5 0.006** 37.37 Acesta sp. 0.21 0.08 1.62 2.30
Asbestopluma 0.03 0.14 2.43 418
pennatula
Ophiuroidea Hexact Qil2 0:16 1.48 5.87
pink
T2 T4 0.57 0.003** 37.44 Ophiuroidea thick 0.27 0.33 1.44 2.30
white
Ophiuroidea indet. 0.37 0.25 1.65 4.60
pink mix
Desmophyllum 0.02 0.14 2.33 6.84
pertusum [head]
T3 T4 0.83 0.029* 411 Ophiuroidea thick 0.20 0.33 1.54 2.32
white
Desmophyllum 0.00 0.14 3.18 4.62
pertusum [head]
Ophiuroidea 0.01 0.14 3.92 6.77

Demosponge pink

The top three species structuring the dissimilarity between pairwise tests are presented along with their average contribution to pairwise dissimilarity, the ratio between
dissimilarity and standard deviation values and cumulative contribution toward total pairwise dissimilarity. See Broad et al. (in prep) for further information on morphospecies
characteristics. p-value: * < 0.05, ** < 0.01, *** < 0.001.
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Abiotic cluster Mean Cl + SD

T1 0.56 4+ 0.24
T2 0.45 +0.26
T3 0.48 +£0.25
T4 0.61 +£0.23

Value of 1/0 (yellow/blue) refers to high/low clustering uncertainty.
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Terrain variable Acquisition Unit Scale
Depth Acoustic data processing m 0.3
Backscatter Acoustic data processing  nominal values 0.3, 0.9
Slope First derivative of the point ° 09,8,9
cloud bathymetry
Bathymetric Position Index  Difference between the m 09,8,9
(BPI) mean and the average
bathymetry
Terrain Ruggedness Index  Average difference between m 0.9,8,9
(TRI) the bathymetry of a point
and its neighbors
Roughness Distance between a point m 3,9
and a plane
Mean curvature Second derivatives of the m~! 3,9
point cloud bathymetry
Gaussian curvature Second derivatives of the m~! 3,9
point cloud bathymetry
Eastness cos(aspect) — 3,9
Northness sin(aspect) — 3,9
Acquisition information, units and scale of calculation (size of Kernel

radius) are listed.
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Calendar day, site name System settings [gain, exposure, collect rate] Operating conditions [water depth, survey speed, lighting, sea state]

CD192, SET1! 0 dB, 2000 ps, 2 Hz 3.2-5.4 m, 1.5-2 kts, neutral overcast, ~0.5-1.5 m wind waves
CD193, SET1 5 dB, 2000 s, 2 Hz 3.4-4.2 m, 1.5-2 kts, neutral overcast, ~0.3 m wind waves
CD193, SET2 10 dB, 2000 ps, 2 Hz 3.4-4.2 m, 1.5-2 kts, neutral overcast, ~0.3 m wind waves
CD194, Cheeca Rocks 10 dB, 2000 ps, 2 Hz 2.4-5.2 m, 1.8-2.5 kts, neutral overcast, ~0.5-1.0 m wind waves

1CD192 SET1 was the only collection with port and starboard cameras pointed 10° outward from the center camera. In all others the port and starboard cameras were
aimed 10° inward toward the center camera.
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Measurement location Actual distance (m) SfM distance (m) Error (m) Error relative to water depth (%)

Plate, Axis A 0.4000 0.3997 0.0003 0.007%
Plate, Axis B 0.6000 0.5997 0.0003 0.008%
Plate, Axis C 0.7211 0.7209 0.0002 0.006%
Plate, Vertical Axis 0.1003 0.1002 0.0001 0.002%
Scale Bar, Left Side' 0.3500 0.3506 —0.0006 —0.016%
Scale Bar, Right Side' 0.3500 0.3491 0.0009 0.024%
Mean 0.0002 0.005%

St. Dev. 0.0005 0.013%

Range —0.0015 —0.04%

1 Lower accuracies reported for the scale bar are most likely because of fewer passes that were all similarly oriented, resulting in a smaller number of unique camera
perspectives than were collected at the scale plate location.
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Site name Northing, easting, depth' (m) Uncertainty? (m)

SET1 2754981.878, 547830.459, —4.120 RMSE: 0.068 m (H), 0.041 m (V) Max: 0.096 m (H), 0.050 m (V)
SET2 2755156.748, 547682.200, —3.603 RMSE: 0.036 m (H), 0.041 m (V) Max: 0.0556 m (H), 0.060 m (V)

1 Measurements are to the center of the top of the SET station using GNSS, antennae rods, and a plumb line held in place with a bottom-mounted tripod and are
reported in UTM 17N, NAD83(2011) GEQID12A1. 2Horizontal (H) and vertical (V) uncertainties were calculated from the combination of GNSS measurement uncertainties
and positional uncertainties introduced by the plumb line and antennae rods. “Reasonable” uncertainties (‘RMSE”) were computed by adding in quadrature assuming
independent errors. “Max” uncertainties were computed by summation assuming dependent errors.
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Source

Habitat (Ha)
Method (Me)
Site (Si)

Ha x Me

Ha x Si

Me x Si

Ha x Me x Si
Residuals
Total

MS

2.4508
58.154
5.10E-03
0.48901
5.21E-03
0.27363
0.24045
0.14748

Pseudo-F

471.87
212.58
3.46E-02
2.0337
3.53E-02
1.8554
1.6304

P(perm)

0.095
0.09
0.952
0.3206
0.963
0.142
0.215

perms

38
38
999
659
997
998
999

P(MC)

0.004**
0.005*
0.959
0.305
0.963
0.172
0.199

Significance: -P < 0.1, *P < 0.05; **P < 0.01; **P < 0.001. P-values were obtained using 999 residuals permutations under a reduced model.
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Source

Habitat (Ha)
Method (Me)
Site (Si)

Ha x Me

Ha x Si

Me x Si

Ha x Me x Si
Residuals
Total

MS

53.22
0.22645
1.3949
0.21883
1.9024
0.22919
7.69E-03
0.1711

Pseudo-F

27.975
0.98803
8.1526
28.463
11.119
1.3395
4.49E-02

P(perm)

0.108
0.383
0.002**
0.024*
0.001***
0.267
0.951

perms

38
38
998
650
999
998
999

P(MC)

0.036*
0.435
0.002

0.04
0.002
0.266
0.955

Significance: -P < 0.1, *P < 0.05; **P < 0.01; **P < 0.001. P-values were obtained using 999 residuals permutations under a reduced model.
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Family

Apogonidae
Labridae
Labridae
Labridae
Labridae
Lophiidae
Muliidae
Pomacentridae
Sciaenidae
Scorpaenidae
Scorpaenidae
Scorpaenidae
Serranidae
Serranidae
Serranidae
Serranidae
Sparidae
Sparidae
Sparidae
Sparidae
Sparidae
Sparidae

Common name

Cardinalfish

Mediterranean rainbow wrasse

Brown wrasse
Green wrasse
East Atlantic peacock wrasse
Anglerfish
Striped red mullet
Damselfish
Corb
Small red scorpionfish
Black scorpionfish
Red scorpionfish
Swallowtail seaperch
Dusky grouper
Comber
Painted comber
Zebra sea bream
Sharpsnout seabream
Sargo

Common two-banded seabream

Dreamfish
Gilt-head bream

Scientific name

Apogon imberbis
Coris julis
Labrus merula
Labrus viridis
Symphodus tinca
Lophius piscatorius
Mullus surmuletus
Chromis chromis
Sciaena umbra
Scorpaena notata
Scorpaena porcus
Scorpaena scrofa
Anthias anthias
Epinephelus marginatus
Serranus cabrilla
Serranus scriba
Diplodus cervinus
Diplodus puntazzo
Diplodus sargus
Diplodus vulgaris
Sarpa salpa
Sparus aurata

Abbreviation

ai
C
Im
Iv
st
Ip
ms
cc
su
snot
spor
ssCO
aa
em
sc
sscr
de
dp
ds
dv
ssal
sa

Spatial category

Category 6
Category 5
Category 5
Category 5
Category 5
Category 6
Category 4
Category 2
Category 5
Category 6
Category 6
Category 6
Category 5
Category 5
Category 5
Category 5
Category 3
Category 3
Category 3
Category 3
Category 3
Category 3
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Category

Category 1
Category 2

Category 3

Category 4

Category 5

Category 6

Signification

Open sea fishes

Sedentary schooling fishes found throughout the entire water
column

Mesophage necto-benthic fishes executing vertical and lateral
displacements

Necto-benthic fishes with small vertical displacements and more or
less important lateral displacements

Mesophage and sedentary necto-benthic fishes (with small vertical
and lateral displacements)

Extreme sedentary necto-benthic fishes (null vertical displacements
and rare lateral displacements). During the day: (a) outside, (b) in a
shelter.
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Site and quadrat number GSD (mm) RMS error (mm)

Pouars 1 0.56 1.0
Pouars 2 0.66 0.7
Pouars 3 0.68 34.9
Pouars 4 0.69 0.9
Pouars 5 0.65 2
Pouars 6 0.64 .8
Pouars 7 0.63 0.6
Pouars 8 0.64 5
Pouars 9 0.61 1.6
Pouars 10 0.64 A

Pouars 11 0.67 4.6
Pouars 12 0.61 1.9
Jarre 1 0.67 9
Jarre 2 0.73 0.9
Jarre 3 0.75 0.4
Jarre 4 0.74 5
Jarre 5 0.65 0.3
Jarre 6 077 0.8
Jarre 7 0.67 21

Jarre 8 0.66 0.9
Jarre 9 0.65 0.5
Jarre 10 0.72 .6
Jarre 11 0.71 5
Jarre 12 0.76 .0
Boulegeade 1 0.69 .6
Boulegeade 2 0.75 0.9
Boulegeade 3 0.67 0.8
Boulegeade 4 0.68 .8
Boulegeade 5 0.73 2.2
Boulegeade 6 0.82 ol

Boulegeade 7 0.73 2.3
Boulegeade 8 0.74 0.9
Boulegeade 9 0.74 2.4

Boulegeade 10 0.75 0.9
Boulegeade 11 0.70 0.9
Boulegeade 12 0.71 1.9

In each quadrat model, 5-24 measures have been done between several coded
targets, using rulers with millimeter accuracy (from 0.071 to 0.6 m).
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Area Variable Factor P-perm Number of
permutations

Calangues national Multivariate

park matrix
Year 0.002*** 998
Site 0.001** 996
Year * site 0.001™* gag
Cerbere-Banyuls Multivariate
reserve matrix
Year 0.311 996
Site 0.001** 998
Year * site 0.004** 909

Sources of variation are: "year”, a fixed factor with 2 modalities; “site”, a random
factor with 6 modalities for Cerbere-Banyuls reserve and 10 modalities for
Calanques national park; and the interaction “year * site”. Significance: P < 0.1;
*P < 0.05, P < 0.01; P < 0.001. P-values were obtained using 999 residuals
permutations under a reduced model.
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Sites Number of colonies Protection Maximum height (nm) Basal diameter (mm) Number of branches

measured
Mean SD Mean SD Mean SD
2020 Cerbére-Banyuls reserve BCA 114 PR 53.86 35.53 10.22 6.11 5.03 4.27
BCB 119 OR 48.34 27.96 11.32 6.85 2.75 3.21
BSR 98 FR 87.49 45.88 11.77 5.34 6.86 6.25
CAN 90 OR 56.45 28.73 9.21 5.25 b:25 3.77
SAJ 113 OR 36.18 20.98 7.95 3.82 2.31 2.16
SAY 90 PR 62.07 32.10 10.64 6.59 8.56 6.24
2012 Cerbére-Banyuls reserve BCA 101 PR 39.59 28.08 6.21 3.42 4.89 2.20
BCB 97 OR 27.76 18.01 6.45 4.59 2.75 1.89
BSR 172 FR 51.84 33.80 8.25 5.63 6.07 2.78
CAN 44 OR 55.58 26.35 7.81 4.05 4.93 3.12
SAJ 78 OR 21.99 11.60 6.05 2.14 231 1.45
SAY 32 PR 59.29 29.90 6.77 2.52 8.10 3.26
2019 Calanques national park CAS 75 OR 29.05 14.37 6.81 3.71 2.85 2.15
FIG 69 OR 53.12 22.51 6.00 2.85 7.29 5.01
VB 102 OR 41.92 15.37 6.71 3.76 4.39 2.68
MGC 95 OR 49.60 20.71 6.19 3.38 5.26 3.27
MPH 110 OR 43.25 20.05 6.23 3.30 4.78 3.58
PCG 114 PR 35.58 16.04 8.57 3.16 345 2.27
PGP 98 PR 40.02 14.65 7.05 3.25 410 2.54
PTP 80 PR 50.60 2713 791 3.85 4.51 3.09
RRS_20 84 FR 84.18 21.48 7.23 2.80 8.93 5122
RRS_40 94 Rl 47.53 18.23 6.54 3.76 4.66 2.78
2013 Calanques national park CAS 82 OR 36.62 21.40 5.61 2.09 5.69 4.48
FIG 100 OR 29.63 14.20 4.90 1.87 4.42 3.03
VB 100 OR 20.31 12.91 4.36 1.85 2.31 1.96
MGC 90 OR 38.72 18.63 7.61 3.94 5.88 4.87
MPH 97 OR 25.94 16.37 6.06 3.26 3.06 3.04
PCG 93 PR 30.88 15.99 6.01 2.70 3.54 2.38
PGP 100 PR 3243 18.20 5.29 2.67 3.39 2.55
PTP 99 PR 27.10 17.52 572 2.93 2.82 2.05
RRS_20 99 FR 37.61 21.24 5.93 2.38 4.54 827

RRS_40 108 FR 21.63 16.80 4.28 1.62 2.34 2.09
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(A) Population Protection Number of quadrats  Number of quadrats

modeled in 2012 modeled in 2020
BCA PR 21 26
BCB OR 20 43
BSR FR 31 29
CAN OR 20 41
SAJ OR 19 35
SAY PR 15 42
(B) Population Protection Number of quadrats  Number of quadrats
modeled in 2014 modeled in 2019
PTP: PR 19 20
PGP OR 31 45
PCG PR 17 24
RRS_20 FR 22 73
RRS_40 FR 18 20
CAS OR 9 20
FIG PR 23 31
VB OR 18 23
MGC OR 15 17

MPH OR 26 29





OPS/images/fmars-08-639334/fmars-08-639334-g009.jpg
Calanques national park

D Partial reserve B Outside reserve

2013

- Full reserve

) 100
I g
0.020 & :
§,75. :
)
0.015] ﬁ)
2 50
0.010 = Tl
= L
0.005 g 2
£ |
0.000 | “ L -
0 25 50 75 100 OR PR FR OR PR FR
!
|
0.20] 1 o
| S
! =
0.15] [ S
Ra)
"510‘
0.10- s
e
g | |
0.05 | = 5
' Z.
0.00 : —
0 5 10 15 OR PR FR | OR PR FR
15. s s
. . ! : s
. i
—~ P
0.15 = =
élo
o
5
=
0.10 g N
o
5 L
0.05. Tcg °) T
S
M
0.00 |
g 10 15 OR PR FR OR PR FR

0.020+

0.015

0.010

0.005

0.000
0

0.101

0.05]

0.00

2019

25 50 75 100 125

0.20

0.15]

0.10-

0.05

0.00 -

20 25

0 5 15





OPS/images/fmars-08-639334/fmars-08-639334-g008.jpg
Cerbere-Banyuls reserve

B Partial reserve E Outside reserve

- Full reserve
2012  *

-
0.200 g
\./90'
=
0.015] 1))
‘O
<= 60
0.010; :ES
o —
30
0.005 ; éé ] _|,
0.000 | 0 T
o 30 60 9 120 OR PR FR | OR PR FR
I )
1 7p)]
1 Q
| 'Q
. g
0.2 I 3 20
I L -
I o)
1 G
T o .
P .
0.1 ‘g 10_ ® -
=
7z
0.0 0
5 E— % % OR PR FR | OR PR FR
201 . .
0.20 :
® i
gls.
0.15] N—’ .
— | 1
0) °
=
glo.
0.10 <
o L
<
—
3 s T
0.05] =
M
0.00] | 0 .
0 5 10 15 OR PR FR ! OR PR FR

0.200

0.015]

0.010 .

0.005 ;

0.000 1

2020

0
0.200]

0.015

0.010 1

0.005 |

0.000 |

30 60 90 120

0.12 ]

0.08 -

0.04:;

0.00 ;

10 20






OPS/images/fmars-08-639334/fmars-08-639334-g007.jpg
H=285 E =729 E u=4,39 E H=5,26
+ 2,15 . + 5,01 | + 2,68 | + 3,27

: : : :

I | | |

I | | 1

: CAS : FIG : IVB : MGC

: : : :

I | | I

| | I o '
>‘ MPI : PCG l : PTP
= | U = 3,45 | b=4,10 | b= 4,51
;V:.‘) ‘, : + 2,27 : + 2,54 : + 3,09
O | I I
o :
2 : PCG | PGP A\ PTP
= : | |
(q; | I :
.-8 | j ) | |
— ' RRS_40 s ""
A

: ;;‘566 Number of branches

E Outside reserve (OR)

l:] Partial reserve (PR)
- Full reserve (FR)

RRS 40






OPS/images/fmars-08-639334/fmars-08-639334-g006.jpg
M = 6,81
+ 3,61

M = 6,00
+ 2,85

=071
+ 3.76

 WEEES IR
é : u=6,23 : : u=17.05 : M=7,91
5 ! + 3,30 : : + 3,25 | + 3,91
b o | I
= : MPH ; \ PGP \  PTP
o I I | I
< . : i '
. o I I | |
8 | | I I
ESy 8 ! — : P —

" Basal diameter (mm)

+ 3,76
D Outside reserve (OR)

D Partial reserve (PR)
- Full reserve (FR)

RRS 40






OPS/images/fmars-08-639334/fmars-08-639334-g005.jpg
CAS

| U =29.05 + 14.37

CAS

H= 53.12
+22,51

FIG

) MGC

u=41.92 \ 4 = 49.60
+ 15,37 |+ 20,71

MGC

Probability density

M = 43,25
+ 20,05

MPH

M = 50,60
+ 27,13

RiE

. u=84,18

RRS_20

+ 21,48

u=47,53
+ 18,23

RRS 40

S—

.

Maximum height (mm)
B Outside reserve (OR)

D Partial reserve (PR)
- Full reserve (FR)





OPS/images/fmars-08-639334/fmars-08-639334-g004.jpg
BCA BCB BSR
0.025 - | [

|
n =53.86 % n =48.34 + p =287.49
0.020 - | | |
| 35.95 27.96 45.88
0.015 - |
> |
= 0.010-
S 0.005- BCA BCB
D
O 0.000-
E{" SAJ SAY
— %% H = 56.45 £ L =36.18 & | L =62064%
.g 0.020 - A 20.98 | 32.09
o
-
—
al

0.015- I !
|
0.010 -
CAN : SAJ SAY
0.005 - i
0.000 - ' | ) e ' i "‘ T . .
0 100 200 0 100 200 200

Maximum height (mm)
E Outside reserve (OR) - Partial reserve (PR) - Full reserve (FR)





OPS/images/fmars-08-639334/fmars-08-639334-g003.jpg
O

A

(=
1

ty

nsi

Probabilit

o
w—
o

y de

BCA

u=5.03+4.27

BCA

CAN

W=5.25+3.78

CAN

30

BCB

u=274+3.21

BCB

SAJ

u=231+2.16

SAJ

0 10 20 30

Number of branches

E Outside reserve (OR) - Partial reserve (PR)

BSR

u =6.86 +6.25

BSR

SAY

|  n=856+6.24

SAY
0 10 20 30
- Full reserve (FR)





OPS/images/fmars-08-654950/cross.jpg
3,

i





OPS/images/fmars-08-654950/fmars-08-654950-e000.jpg





OPS/images/fmars-08-654950/fmars-08-654950-e001.jpg
I'PlI = zg — mean(zy) (m)





OPS/images/fmars-08-654950/fmars-08-654950-e002.jpg
Northness = 90 — cos™'






OPS/images/fmars-08-640713/fmars-08-640713-g008.jpg
Actual class

Actual class

Coral

Seabed

Coral

Seabed

Model A
Accuracy: 0.558

56.1% 43.9%
6052/10784 4732

55.8%
49795/89216 - 16000
- 8000
Coral Seabed
Predicted class
Model D
Accuracy: 0.093
80000
97.0% 3.0%
2052/2115 63
60000
40000
7.4%
7247/97885 20000
Coral Seabed

Predicted class

Actual class

Actual class

Coral

Seabed

Coral

Seabed

Model B
Accuracy: 0.768

- 60000
47 3% 52.7%
4730/10007 5277
- 45000
&
«
(&)
©
=
<
- 30000
19.9% 80.1%
17946 72047/89993
-15000
Coral Seabed
Predicted class
Model E
Accuracy: 0.852
22.8% 77.2%
510/2241 1731
7
©
(&]
©
=
<
13.3% 86.7%
13050 84709/97759
-15000
Coral Seabed

Predicted class

Coral

Seabed

Coral

Seabed

Model C
Accuracy: 0.863

75000

28.9% 71.1%
3766/13015 9249
- 60000

45000

- 30000
51% 94 9%
4463 82522/86985
-15000
Coral Seabed
Predicted class
Model F
Accuracy: 0.946
800000
0.0% 100.0%
17/53361 53344
600000
-400000
0.1% 99.9%
918 945721/946639
- 200000
Coral Seabed

Predicted class





OPS/images/fmars-08-640713/fmars-08-640713-g009.jpg
Model A

OBIC classification
Seabed
Coral

500 Pxd 500 Pxd 500 Pxd
et | e )






OPS/images/fmars-08-640713/fmars-08-640713-t001.jpg
Accuracy/method MGC CGC OBIA

Balanced accuracy 0.74 0.66 1
Accuracy score 0.68 0.56 1

The values represent the average from the results on the testing set.
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Workflow step

Relevant settings

Approximate time
per model (min)

Import images

Align images (build

sparse point cloud)

Build dense point cloud

Build mesh

Build texture

Scaling

Model clean up

Create chunk for each
subfolder
Accuracy—High Generic;
Preselection—Yes; Key
Point Limit—0; Tie
Points-5,000
Quality—High; Depth
Filtering—Mild; Reuse
Depth Maps—Yes

Depth Maps Quality —High;
Face Count—Custom;
Custom Face
Count-500,000

Mapping Mode —Generic;
Texture Size—4096; Hole
Filing—Yes

Create markers and scale
bars

Remove all non-coral
portions of the model

1

1-6

10-30

2-10

The estimated time for completing each step for a single model is included. A range
indicates the difference in times for a high-end system and an average system,
respectively, per model completed. A batch file with all appropriate settings preset
has been included in Supplementary Material.
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Name Units Source Minimum Mean Maximum Std. Dev.

Fine-scale Rugosity = GAO (1-3) 0 0.5 1 0.29
Coarse-scale Rugosity - GAO (1-3) 0 0.5 1 0.29
Depth m GAO (1, 2) 0 75 19.7 4.6
Slope - GAO (1, 2) —4.74 0 6.29 0.74
Distance from coast M HI DOPT 1 46.8 208.1 37.6
Average Windspeed ms! NOAA (13) 0.7 5.1 6.7 1.2
Windwardness - NOAA (13) -1 0.05 1 0.67
Average Wave Power kW m~! OTP (6, 7) 0 9.7 40.8 8.2
Maximum Wave Power kW m~1 OTP (6, 7) 0 541 350.6 61.9
Nearshore Development - OTP (6, 9) 0 0.04 1 0.08
Average SST °C OTP (6, 10) 251 25.4 26.1 0.2
Maximum SST °C OTP (6, 10) 26.1 27 28.3 0.4
Total Effluent gal km=2 d-1 OTP (6) 0 4962.4 118544.3 9957.8

These land-sea drivers were selected based on availability and known role in shaping geological and biological reef conditions. TFrom coastline data downloaded from
the Hawai'i Department of Planning (https://planning.hawaii.gov/gis). GAO, global airborne observatory; OTF, ocean tipping points.
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The R-squared value after fitting the model to the full dataset is shown as baseline

R? used in the permutation importance procedure.
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Area Variable Year Protection modality Pairwise p_value

Cerbére-Banyuls reserve Multivariate matrix 2012 PR vs. OR 0.001***
PR vs. FR 0.23
ORvs. FR 0.013**
2020 PR vs. OR 0.029
PR vs. FR 0.012*
ORvs. FR 0.001***
Cerbere-Banyuls reserve Number of branches 2012 PR vs. OR 0.206
PR vs. FR 0.667
ORvs. FR 0.06*
2020 PR vs. OR 0.222
PR vs. FR 0.364
ORvs. FR 0.001***
Maximum height 2012 PR vs. OR 0.001**
PR vs. FR 0.07
ORvs. FR 0.001***
2020 PR vs. OR 0.001**
PR vs. FR 0.001**
ORvs. FR 0.001 ***
Calanques national park Multivariate matrix 2013 PR vs. OR 0.274
PR vs. FR 0.002***
ORvs. FR 0.002***
2019 PR vs. OR 0.032**
PR vs. FR 0.001***
ORvs. FR 0.001***
Calanques national park Maximum height 2013 PR vs. OR 0.8
PR vs. FR 0.535
ORvs. FR 0.467
2019 PR vs. OR 0.032**
PR vs. FR 0.001***
ORvs. FR 0.01*
Basal diameter 2013 PR vs. OR 0.923
PR vs. FR 0.043"
ORvs. FR 0.035"
2019 PR vs. OR 0.008***
PR vs. FR 0.288
ORvs. FR 0.25
Number of branches 2013 PR vs. OR 0.002%**
PR vs. FR 0.011*
ORvs. FR 0.649
2019 PR vs. OR 0.001**
PR vs. FR 0.002***
ORvs. FR 0.001***

Pairwise comparisons of the 3 modalities of the protection factor (FR, Full Reserve; PR, Partial Reserve; OR, Outside Reserve) for each modality of the year factor (2012
and 2020 for Cerbére-Banyuls reserve, 2013 and 2019 for Calanques NP). Significance: P < 0.1; *P < 0.05; **P < 0.01; **P < 0.001. P-values were obtained using 999
residuals permutations under a reduced model. The multivariate matrix includes the 3 morphometrics (Basal diameter, Number of branches and Maximum height).
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Variable Factor P-perm Number of
permutations

(A) Cerbére-Banyuls reserve Multivariate matrix

Protection 0.001** 999
Year 0.003*** 999
Protection * year 0.022* 999
(A) Cerbére-Banyuls reserve Univariate
Maximum height Protection 0.001** 998
Year 0.001*** 997
Protection * year 0.001** 997
Basal diameter Protection 0.945 999
Year 0.704 997
Protection * year 0.883 998
Number of branches Protection 0.001** 998
Year 0.001*** 997
Protection * year 0.001** 999
(B) Calanques Protection 0.287 338
national park
Multivariate matrix
Year 0.001*** 998
Protection * year 0.001** 288
(B) Calanques national park Univariate
Maximum height Protection 0.001** 997
Year 0.001** 998
protection * year 0.001** 999
Basal diameter Protection 0.051 336
year 0.01* 999
Protection * year 0.038* 995
Number of branches Protection 0.001** 339
Year 0.001*** 998
Protection * year 0.001** 888

Significance: P < 0.1; *P < 0.05; P < 0.01; **P < 0.001. P-values were obtained
using 999 residuals permutations under a reduced model.
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Island Fine-scale rugosity Coarse-scale rugosity Mapped area (ha)

Hawai‘i 0.81 0.87 13,277
Maui 0.72 0.77 13,993
Kaho‘olawe 0.85 0.88 1,408
Lana'i 0.74 0.77 3,662
Moloka'i 0.73 0.72 13,523
O‘ahu 0.54 0.56 29,838
Kaua‘i 0.65 0.65 14,661

Ni‘ihau 0.73 0.64 7,983






