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Abstract: Underwater photogrammetry has been increasingly used in coral-reef research in recent
years. Habitat metrics extracted from resulting three-dimensional (3D) reconstructions can be used to
examine associations between the structural complexity of the reef habitats and the distribution of
reef organisms. We created simulated 3D models of bare surface structures and 3D reconstructions
of coral morphologies to investigate the behavior of various habitat metrics that were extracted
from both Digital Elevation Models (DEMs) and 3D mesh models. Analyzing the resulting values
provided us with important insights into how these metrics would compare with one another in
the characterization of coral-reef habitats. Surface complexity (i.e., reef rugosity), fractal dimension
extracted from DEMs and vector dispersion obtained from 3D mesh models exhibited consistent
patterns in the ranking of structural complexity among the simulated bare surfaces and coral
morphologies. The vector ruggedness measure obtained from DEMs at three different resolutions
of 1, 2, and 4 cm effectively captured differences in the structural complexity among different coral
morphologies. Profile curvature and planform curvature, on the other hand, were better suited to
capture the structural complexity derived from surface topography such as walls and overhanging
ledges. Our results indicate that habitat metrics extracted from DEMs are generally suitable when
characterizing a relatively large plot of a coral reef captured from an overhead planar angle, while
the 3D metric of vector dispersion is suitable when characterizing a coral colony or a relatively small
plot methodically captured from various angles.

Keywords: underwater photogrammetry; Digital Elevation Model; 3D mesh model; coral reef;
structural complexity; habitat metric

1. Introduction

Underwater photogrammetry has been increasingly used in coral-reef surveys in recent
years [1–5]. This range imaging technique estimates three-dimensional (3D) structures from
sequential two-dimensional (2D) imagery captured by a single-lens camera (as opposed to a stereo
camera) and offers a cost-effective approach to obtain high-resolution reconstructions of underwater
habitats. Three-dimensional reconstructions of either coral colonies or reef habitats generated
using photogrammetric techniques allow for non-intrusive extraction of physical and biological
information, including the structural complexity of both biotic coral-reef communities and abiotic
benthic features [2,6,7]. Structural metrics of habitat complexity extracted from 3D reconstructions
are generally precise [8,9] and not subject to personal observational biases [10]. These high-resolution
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3D models enable researchers to address new biological and ecological questions pertaining to coral
demography, coral growth and responses of coral communities to disturbance [7,11,12].

Habitat metrics are important variables in coral-reef ecology as they affect the abundance and
distribution of reef organisms including fishes [6,13,14]. These metrics can be extracted from a 3D
model by rasterizing it onto a 2D plane and generating a 2.5-dimensional (2.5D) Digital Elevation Model
(DEM). Digital Elevation Models can be processed in geographic information system (GIS) software [2]
(also see Friedman et al. [15] about projection onto a 2D plane of best fit rather than a horizontal plane)
or other programs that are capable of quantifying features of raster files [16]. Geographic information
system software offers several tools to quantify habitat structures such as linear rugosity, surface
complexity, slope, aspect, vector ruggedness measure (VRM) and curvature [2,17]. Fractal dimension,
which combines information obtained at various spatial scales and describes the irregularity of an
object, can also be determined either by changing the resolution of a DEM and measuring the 3D
surface area at each of the resolutions [18,19] or by calculating the mean ranges in elevation values
at different observational scales [20]. Each of these metrics possesses unique properties, thus it is
important to examine precisely how the metrics respond to changes in the geometry of habitat to
interpret 3D habitat structure properly.

While analyzing DEMs with GIS software makes extraction of habitat metrics relatively simple,
the projection of a 3D model onto a 2D plane results in the 3D structure being captured from a single
planar projection angle (e.g., overhead). This reduction of dimensionality can impact the ability to
quantify structural properties. For example, overhanging surfaces and vertical walls may be poorly
represented when obtaining habitat metrics from a DEM that is generated from a planar projection.
To this end, exploring different ways to obtain habitat metrics directly from a 3D mesh model, which
consists of vertices and triangulated faces (i.e., each face being composed of a set of three vertices),
rather than through the use of a 2.5D DEM, can be beneficial. Three-dimensional fractal dimension can
be obtained by placing a sphere at each of the vertices of a 3D mesh model and calculating the influence
volume for a set of radius values of the spheres [21,22]. This volumetric fractal dimension has been
previously applied to characterizing plants [23] and different coral morphologies [24]. Another method
of estimating 3D fractal dimension is through a cube-counting procedure where the minimum number
of cubes required to encase the entire 3D object is calculated for a set of side lengths of the cubes [25].
The capability of these fractal metrics for capturing structural complexity has yet to be comprehensively
compared among multiple surface types.

Vector dispersion is another metric that can be used to measure 3D structure. R. A. Fisher [26]
originally introduced the precision parameter κ, with its estimate k, in his equation for the probability
density of points on a sphere. The reciprocal of k (i.e., 1/k) is vector dispersion [27]. This metric
uses direction cosines of vectors that are normal (orthogonal) to individual planar surfaces to
specify the orientations of the surfaces and estimates the vector variance as a measure of surface
irregularity. It has been previously applied to coral-reef settings [19,27]. In particular, Carleton
and Sammarco [27], while examining the success of settlement in corals in relation to increased
structural complexity, determined that vector dispersion was the most appropriate metric of surface
irregularity among those investigated in that study, as it ranged from 0 (least irregular) to 1 (most
irregular), was sensitive to changes in scales and was correlated with changes in biological parameters
measured by the aggregation of coral spats. While the metric of VRM extracted from DEMs shares
a very similar underlying concept in quantifying the structural complexity and has been applied to
coral-reef habitats [18,28,29], vector dispersion extracted from 3D mesh models has rarely been used to
characterize coral-reef habitats (but see Young et al. [19]).

This study examined the behavior of different habitat metrics obtained from either DEMs or 3D
mesh models using both simulated bare surface structures and 3D reconstructions of individual coral
colonies with different morphologies. As the 3D structure of a coral reef is affected by both coral
morphology and the underlying surface topography, the use of simulated surfaces and individual
coral morphologies helps to separate their effects. We focused on six habitat metrics obtained from
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DEMs (surface complexity, fractal dimension, slope, VRM, profile curvature and planform curvature)
and three habitat metrics obtained from 3D mesh models (volumetric fractal dimension, cube-counting
fractal dimension and vector dispersion). To our knowledge, this is the first study that compared habitat
metrics obtained from DEMs and those obtained from 3D mesh models and closely examined how coral
morphology and surface topography individually and collectively affect these habitat metrics. Habitat
metrics extracted from 3D reconstruction of coral reefs are increasingly used to examine associations
between the structure of the habitat and the distribution of reef organisms [6,30,31]. Understanding
differences in the behavior of these metrics in characterizing the architecture of coral-reef habitats is
therefore essential for future studies in coral-reef ecology.

2. Materials and Methods

2.1. Generation of Surface Models

Simulated surface models were generated as 3D mesh models using Blender v.2.80 (Blender
Foundation, Amsterdam, The Netherlands). Each model was created to have a 2D planar area
of 1 × 1 m2, with vertices being spaced at an approximately 0.8-cm interval, and all faces were
triangulated. Blender’s proportional editing function was used with “random” falloff that was set to
0.01 m in the z (vertical) direction so that slight surface roughness was added to replicate bare reef
substrata. The models imitated the following six surface structures: flat, linear slope (linear), upward
convexity (convex), upward concavity (concave), vertical wall (wall) and overhanging ledge. We chose
these six surface structures to examine the structural complexity of reef substrata and to compare
different types of sloping surfaces with a flat surface. The wall and overhanging ledge structures
were included because such structures are common in coral-reef habitats, and the sudden changes in
depth that are associated with these structures would likely contrast with the gradual changes in depth
associated with sloping surfaces. Comparisons between the wall and overhanging ledge structures
were also of interest, as these two structures should have minimal differences in their DEMs when
captured from the overhead angle, but not in their 3D mesh models, which can capture the area under
an overhang. For all models, the maximum difference in z-values was set to ≈0.25 m (Figure 1).

Figure 1. Three-dimensional visualization of six different simulated surface structures: flat, slope,
convex, concave, drop and overhanging ledge.

2.2. Generation of Coral Models

Images of individual coral colonies were collected from shallow-water reefs off the south shore of
the island of O‘ahu, Hawai‘i. Coral species and morphologies that were modeled included branching
Pocillopora meandrina, branching Porites compressa, mounding Porites lobata, and encrusting Montipora
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capitata. We specifically chose coral colonies of similar size (≈30 cm) to make reasonable comparisons
among different morphologies. For each surveyed colony, a SCUBA diver first placed two calibrated
scale bars with coded targets at opposing corners of the colony and collected overlapping imagery
aiming for 70∼80% overlaps from one photograph to the next. The diver manually took each image
using the single shooting setting while swimming around the colony in a spiral pattern. Images
were initially collected approximately a meter away from the colony and the camera was moved
progressively closer to capture small structural details. All photographs were taken using a Sony α7III
full-frame camera with a 24–70 mm lens in a Nauticam housing with an 8.5-inch dome port. The focal
length of 24 mm was used throughout the process of image collection, with a shutter speed of 1/250 s,
an aperture of f/11 and an auto ISO.

Three-dimensional models of coral colonies were constructed from the imagery using the software
Agisoft Metashape v.1.5 Professional Edition (Agisoft LLC., St. Petersburg, Russia). Camera calibration
and optimization were completed using the Metashape software. The software performs calibration
using Brown’s distortion model and is capable of resolving the optical characteristics of the camera
lens directly from the metadata of images without prior calibration. For each model, a sparse 3D point
cloud was generated through the photo-alignment process of the software. After scaling the model
and optimizing the results of photo alignment based on the calibrated scale bars, a dense point cloud
and a 3D mesh model were generated. The process was completed on an Intel Core i7 laptop with a
32 GB RAM and Radeon RX Vega 56 external GPU.

Three-dimensional mesh models were imported into Blender for further cleaning by removing
small isolated fragments and filling any holes. Blender’s decimate modifier was used for each model to
set the number of vertices to ≈62,000 and the number of faces to ≈124,000 (Figure 2). A flat surface of
0.4×0.4 m2 was then added to each of the four models to examine how each habitat metric would shift
when a less structurally complex “substratum” was added to a more structurally complex coral colony.
Similar to the flat surface of the simulated surface models, Blender’s proportional editing function was
used with “random” falloff set to 0.004 m in the z direction in order to add slight surface roughness
(Figure 3).

Figure 2. Three-dimensional visualization of four coral colonies with different morphologies:
encrusting M. capitata, mounding P. lobata, branching P. meandrina and branching P. compressa.

Figure 3. Three-dimensional visualization of four coral colonies with different morphologies with
a substratum: encrusting M. capitata, mounding P. lobata, branching P. meandrina and branching
P. compressa.
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2.3. Digital Elevation Models

Three-dimensional mesh models were exported from Blender as COLLADA (.dae) files. Digital
Elevation Models were generated using ArcMap v.10.7 (Environmental Systems Resource Institute,
Redlands, USA) by importing the COLLADA files into a multipatch feature class, converting them
to raster of 1-cm cell size and exporting them as GeoTIFF elevation data files with local coordinates
(Figures 4–6). We chose to use the DEM cell size of 1 cm as previous studies that utilized the same
photogrammetric technique in coral-reef environments generated reef models within a few-millimeter
accuracy based on ground sampling distances and errors [2,7,18]. The use of 1-cm cell size would
ensure that the resolution of DEMs is standardized and well within the range of model accuracy.

Figure 4. Digital Elevation Models obtained from the six simulated surface structures: flat, linear,
convex, concave, wall and overhanging ledge.

Figure 5. Digital Elevation Models obtained from the four reconstructed coral colonies with different
morphologies: encrusting M. capitata, mounding P. lobata, branching P. meandrina and branching
P. compressa.
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Figure 6. Digital Elevation Models obtained from the four reconstructed coral colonies with different
morphologies with a substratum: encrusting M. capitata, mounding P. lobata, branching P. meandrina
and branching P. compressa.

All DEMs were processed in the statistical software R v.3.6.2 (R Core Team, 2019) to obtain habitat
metrics using custom scripts written in R with sp [32,33], raster [34] and rgeos [35] packages (Data S1)
following the methods of Fukunaga et al. [18]. Habitat metrics obtained from DEMs were surface
complexity (the ratio of the 3D surface area along reef contours to the 2D planar area), slope [17,36],
VRM [17,37] and profile and planform curvature [38]. With the exception of VRM, these metrics were
obtained only at 1-cm resolution. For VRM, 2- and 4-cm resolutions were also used because VRM at
these resolutions effectively captures structural differences among certain coral morphologies [28].
In addition, fractal dimension, FDDEM, was calculated as FDDEM = 2 − slope of [logS(σ)/log(σ)], in
which σ was a resolution of the DEM and S(σ) was the 3D surface area at the given resolution σ [19].
The resolutions used to calculate fractal dimension were 1, 2, 4 and 8 cm. For all these metrics, the
resolution of 1 cm (and 2 and 4 cm for VRM) was successfully used in a previous study to capture
the 3D habitat structure provided by specific benthic organisms in the 3D reconstruction of coral
reefs [28]. While models used in the present study were much smaller than reef plots, which are
typically tens or sometimes hundreds of square meters in size, the visualization of the DEMs at 1-cm
resolution clearly showed the structural differences among either the surface structures or the coral
morphologies (Figures 4–6). Thus, our analysis at 1-cm resolution should adequately capture their
structural differences. The upper cell size of 8 cm for FDDEM was chosen based on the planar area
of the coral colony models (i.e., ≈30 cm in diameter; see Fukunaga et al. [18] for more details about
choosing the upper limit of cell size for the calculation of FDDEM). Note that for surface complexity and
FDDEM, each metric generated a single value per DEM, while slope, VRM and profile and planform
curvature values were generated for each cell of a DEM.

2.4. 3D Mesh Models

Three-dimensional mesh models were exported from Blender as Wavefront (.obj) files and further
processed to extract habitat metrics using custom scripts written in Python 3.7 (Python Software
Foundation, www.python.org) with SciPy [39], NumPy [40,41] and Matplotlib [42] packages (Data S2).
Habitat metrics obtained from 3D mesh models were the volumetric Bouligand-Minkowski fractal
dimension, cube-counting fractal dimension and vector dispersion.

Volumetric fractal dimension was obtained by first generating a complete set of points placed
at 1-cm interval along x, y and z axes in 3D space, thereby creating 1-cm3 cubes, and evaluating the
distance from the centroid of each cube to the nearest vertex. The influence volume, V(r), of spheres of
radius r placed at each vertex was estimated by counting the number of 1-cm3 cubes whose distance
from the centroid to the nearest vertex was less than or equal to r. Volumetric fractal dimension, FDvol,
is FDvol = 3 − slope of [logV(r)/log(r)] [22,23]. The maximum for r for each model was set in the scripts
(Data S2) to be greater than the maximum distance between any two vertices in the 3D mesh model.

Cube-counting fractal dimension was estimated by first encasing a 3D mesh model in a smallest
possible cube with a side length smax and then halving the side length to generate a set of smaller cubes
and counting the number of cubes that contained vertices, C(s), at a given side length s = {smax, 1

2 smax,
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1
4 smax, ...}. Cube-counting fractal dimension, FDcube, is FDcube = slope of [logC(s)/log(1/s)] [25]. The
minimum side length was set in the scripts (Data S2) to be ≥1 cm.

Vector dispersion (1/k) was calculated by obtaining all vectors normal (i.e., orthogonal) to the
individual triangulated faces of the 3D mesh model, for 1/k = (i − R1) (i − 1)−1. Here, i was the number
of faces and R1 was [(Σ cosx)2 + (Σ cosy)2 + (Σ cosz)2], in which cosx, cosy and cosz were the direction
cosine of vector normal to each of the i faces with respect to the x, y and z axes, respectively [27].

3. Results

3.1. Surface Models

Surface complexity and FDDEM extracted from the DEMs of the six simulated surface structures
showed a similar pattern with a relatively large difference between the wall and overhanging ledge
structures and the rest of the surface types (Figure 7a,b). The overhanging ledge structure had higher
values of surface complexity and FDDEM than the wall structure (Figure 7a,b). The pronounced
difference was somewhat unexpected as the only difference in the two DEMs was at the edge of the
drop where the change in elevation from 0 to −0.25 m was slightly more abrupt with the overhanging
ledge structure than the wall structure (Figure 4). Surprisingly, FDDEM did not capture the structural
changes very well from the flat surface to either the linear surface or the convex (Figure 7b) despite the
increases in surface areas in both surface types captured by surface complexity (Figure 7a).

Figure 7. Values of (a) surface complexity and (b) FDDEM and a violin plot for (c) slope extracted from
the DEMs of the six simulated surface structures. Note surface complexity and FDDEM generate a
single value per DEM, while slope is generated for each cell of a DEM. The mean value of slope for
each surface structure is shown as red points.

The range of slope values extracted from the DEMs of the six simulated surface structures
increased from the flat surface to the linear surface, convex, concave and the wall and overhanging
ledge structures (Figure 7c). The mean of slope values was, however, the highest with the concave
followed by the convex and linear surface (Figure 7c). Slope was steeper for the concave than the
convex at the edge where the elevation started dropping from 0 m (Figure 1), and this produced more
extreme values for the concave than the convex and resulted in the higher mean value (Figure 7c).
The linear surface had two clumps, one close to 0 degrees for the flat part of the surface and the other
one near 18 degrees for the consistently sloping (i.e., linear) surface (Figure 7c). While the wall and
overhanging ledge structures contained higher slope values than all other surface types, most areas of
these structures were flat (i.e., both at the top and the bottom of the wall/ledge), resulting in the lower
mean slope values than the three sloping surfaces (Figure 7c).

An overall pattern of the mean VRM values obtained from the DEMs of the six simulated surface
structures was similar for the three different resolutions at which this metric was obtained; they
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increased from the flat surface to the convex and linear surface, then to the concave and finally to the
wall and overhanging ledge structures (Figure 8). There was very little difference among the flat and
linear surfaces and convex for VRM obtained at 1-cm resolution (Figure 8a). For each surface structure,
the mean value gradually increased from the higher resolution of 1 cm to the lower resolution of 4 cm,
and the 4-cm resolution best separated the differences in the structural complexity among the six
surface structures, which all had the size of 1 m2 with the maximum elevation change of 0.25 m.

Figure 8. Violin plots for VRM extracted at three different resolutions, (a) 1 cm, (b) 2 cm and (c) 4 cm,
from the DEMs of the six simulated surface structures. The mean value of VRM for each surface
structure is shown as red points.

Curvature values obtained from the DEMs of the six simulated surface structures were mostly
close to 0 (i.e., flat) and within the range of ±25, with the exception of extreme values (i.e., outliers)
found with the wall and overhanging ledge structures (Figure 9). As curvature metrics measure the
rate of change in the gradient and direction of slope, the sudden changes in depth with the wall and
overhanging ledge structures resulted in these extreme positive and negative values. For both profile
and planform curvature, mean values were positive and close to 0 for the flat and linear surfaces,
convex and concave. The wall structure had higher mean values for both curvature types than these
surface structures, while the overhanging ledge structure had negative mean values for both types of
curvature (Figure 9b).

Figure 9. Violin plots for profile curvature and planform curvature extracted from the DEMs of the six
simulated surface structures (a) for the entire data range and (b) for the range between −50 and 50.
The mean value of curvature for each surface structure is shown as red points.



Remote Sens. 2020, 12, 2676 9 of 18

Vector dispersion and FDvol obtained from the 3D mesh models of the six simulated surface
structures showed a pattern similar to surface complexity and FDDEM obtained from the DEMs, with
the values increasing from the flat surface to linear surface, convex and concave, then to the wall and
overhanging ledge structures (Figure 10). Vector dispersion separated the wall and overhanging ledge
structures from all other surface structures more clearly than FDvol. FDcube had, on the other hand, a
different pattern, in which the linear surface and convex had lower values than the flat surface, and
the concave and wall structure were not well separated (Figure 10a).

Figure 10. Values of (a) FDcube, (b) FDvol and (c) vector dispersion extracted from the 3D mesh models
of the six simulated surface structures.

3.2. Coral Models

Surface complexity and FDDEM extracted from the DEMs of four reconstructed coral colonies
showed a similar pattern, with branching P. compressa having the highest value followed by branching
P. meandrina, mounding P. lobata and encrusting M. capitata (Figure 11a,b). On the other hand, the
range of slope values for the four colonies were all between 0 and 80 degrees (Figure 11c). The mean
slope value was the highest for mounding P. lobata having slope values between 30 and 80 degrees
for most of the DEM cells, followed by branching P. compressa, branching P. meandrina and encrusting
M. capitata. Adding a flat surface to each of the coral colonies resulted in overall decreases in surface
complexity and FDDEM (Figure 11d,e). The mean slope values also decreased as they were influenced
by the near-zero values derived from the flat surface (Figure 11f).

The mean VRM values obtained from the DEMs of the four reconstructed coral colonies at 1-cm
resolution were the highest for branching P. compressa, followed by branching P. meandrina, encrusting
M. capitata and mounding P. lobata (Figure 12a). At 2-cm resolution, the mean VRM values decreased for
the two branching species and increased for encrusting M. capitata and mounding P. lobata (Figure 12a).
The coral colonies were too small to obtain VRM at 4-cm resolution. For both 1- and 2-cm resolutions,
adding a flat surface to each colony resulted in an increase in the upper range of VRM values for all
coral morphologies (Figure 12b), which was probably due to the presence of the coral-substratum
interface in the models as VRM measures dispersion in the surface directions. The flat surface also
added cells with VRM values close to zero, which was more apparent at 1-cm resolution and resulted
in a reduction in the mean VRM values for all coral morphologies. At 4-cm resolution, mounding P.
lobata had the highest value of mean VRM, followed by the two branching corals and encrusting M.
capitata (Figure 12b).
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Figure 11. Values of (a) surface complexity and (b) FDDEM and a violin plot for (c) slope extracted
from the DEMs of the four reconstructed coral colonies with different morphologies, and values of
(d) surface complexity and (e) FDDEM and a violin plot for (f) slope extracted from DEMs of the four
reconstructed coral colonies with different morphologies with a substratum: mcap = encrusting M.
capitata, plob = mounding P. lobata, pmea = branching P. meandrina and pcom = branching P. compressa.
Note surface complexity and FDDEM generate a single value per DEM, while slope is generated for
each cell of a DEM. The mean value of slope for each colony is shown as red points.

Figure 12. Violin plots for (a) VRM extracted at two different resolutions, 1 cm and 2 cm, from the
DEMs of the four reconstructed coral colonies with different morphologies, and (b) VRM extracted at
three different resolutions, 1 cm, 2 cm and 4 cm, from the DEMs of the four reconstructed colonies with
different morphologies with a substratum: mcap = encrusting M. capitata, plob = mounding P. lobata,
pmea = branching P. meandrina and pcom = branching P. compressa. The mean value of VRM for each
colony is shown as red points. The coral colonies were too small to obtain VRM at 4-cm resolution.

The range of curvature values obtained from the DEMs of the four reconstructed coral colonies
increased from less structurally complex encrusting and mounding morphologies to more structurally
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complex branching morphology (Figure 13a). There were also more cells with values close to 0 (i.e.,
flat) for encrusting M. capitata and mounding P. lobata than the two branching corals (Figure 13a), likely
resulting from these two less structurally complex morphologies having more smooth surface area.
The mean profile curvature values were positive (i.e., upwardly convex) for all coral morphologies,
while the mean planform curvature values were negative (i.e., laterally convex). Adding a flat surface
to each colony increased the range of curvature values for each coral (Figure 13b), likely resulting from
the presence of the coral-substratum interface where abrupt changes in slope occurred. Adding a flat
surface also resulted in the mean profile curvature values turning negative (i.e., upwardly concave),
likely again due to the presence of the coral-substratum interface, whereas the mean planform curvature
values remained negative (i.e., laterally convex).

Figure 13. Violin plots for profile curvature and planform curvature extracted from the DEMs of
(a) the four reconstructed coral colonies with different morphologies and (b) the four reconstructed
coral colonies with different morphologies with a substratum: mcap = encrusting M. capitata, plob =
mounding P. lobata, pmea = branching P. meandrina and pcom = branching P. compressa. The mean value
of curvature for each colony is shown as red points.

Vector dispersion, FDcube and FDvol obtained from the 3D mesh models of the four reconstructed
coral colonies showed increases in the values from encrusting M. capitata to mounding P. lobata,
branching P. meandrina and branching P. compressa (Figure 14a–c), which was similar to the pattern
observed with surface complexity and FDDEM obtained from the DEMs. Adding a flat surface to each
colony decreased vector dispersion values (Figure 14f). This was not the case for either FDcube or
FDvol; their values increased for encrusting M. capitata and mounding P. lobata and decreased for the
two branching corals (Figure 14d,e). The ranking of structural complexity measured by FDvol was
preserved after the addition of a flat surface to each coral colony (Figure 14b,e), while FDcube was the
highest for mounding P. lobata with an added flat surface (Figure 14d).
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Figure 14. Values of (a) FDcube, (b) FDvol and (c) vector dispersion extracted from the 3D mesh models
of the four reconstructed coral colonies with different morphologies, and (d) FDcube, (e) FDvol and (f)
vector dispersion extracted from the 3D mesh models of the four reconstructed coral colonies with
different morphologies with a substratum: mcap = encrusting M. capitata, plob = mounding P. lobata,
pmea = branching P. meandrina and pcom = branching P. compressa.

4. Discussion

The present study examined the behavior of multiple habitat metrics extracted from 2.5D DEMs
and 3D mesh models using simulated bare surface structures and reconstructed coral colonies.
Associations between habitat metrics extracted from DEMs, including surface complexity, fractal
dimension, mean slope, mean VRM and mean profile and planform curvature, have been previously
examined using 3D reconstruction of coral reefs in the Northwestern Hawaiian Islands [18]. The
present study utilized those structural metrics and was specifically designed to examine how certain
coral morphologies and topographic features would affect each specific habitat metric. It is also the
first study that directly utilized vertices and faces of 3D mesh models to obtain true 3D metrics to
measure the structural complexity of coral-reef habitats.

In the previous study that examined associations between habitat metrics extracted from DEMs,
metrics of structural complexity were found to be highly correlated with one another [18]. The
present study further confirmed the similarity between surface complexity and FDDEM. The ranking of
structural complexity measured by these metrics was mostly consistent for the six simulated surface
structures and the four reconstructed coral colonies with different morphologies (with or without a
flat surface). Surface complexity computed as the ratio of 3D surface area to the 2D planar area is
analogous to reef rugosity measured by the classic chain-and-tape method [43] and easily interpretable.
FDDEM looks at the rate of changes in the 3D surface area across different resolutions. The similarity
of surface complexity and FDDEM is likely due to the calculations of both metrics being based on
3D surface areas. Despite their overall similarity, however, FDDEM did not effectively capture the
structural change from the flat surface to either the linear surface or the convex in comparison to
surface complexity (Figure 7a,b). This is likely due to the nature of fractal dimension metrics that
captures the “irregularity” of an object. The linear surface and convex had very smooth gradual slope,
whereas the concave had a more abrupt change in elevation at the edge of the transition from flat to



Remote Sens. 2020, 12, 2676 13 of 18

sloping (Figure 1), which resulted in the higher FDDEM value than the flat and linear surfaces and the
convex. Smooth sloping surfaces do not create irregularity in the way that sudden changes in elevation
or the presence of benthic organisms, such as corals, or abiotic features do and are also less likely
to be ecologically important in terms of providing shelters or microhabitats. Thus, this property of
FDDEM can be advantageous when being used in ecological studies. FDDEM has also been previously
shown to capture the structural complexity of sessile reef organisms better than surface complexity,
potentially due to its multiscale nature [28], thus it is a more suitable metric for use in ecological studies
of coral reefs.

Unlike either surface complexity or FDDEM, slope is the measure of steepness and is calculated
for each cell of a DEM based on the surface properties of 3×3 neighboring cells [17]. The present
study clearly demonstrated how mean slope, which was obtained by averaging slope values in all
the cells of a DEM, can exhibit different responses to habitat complexity in comparison with the other
metrics used in this study. Our results also suggest that the use of mean slope as a metric of structural
complexity requires some caution as extremely large slope values generated in some cells by the grades
created by a 3D structure can be canceled out when there are a large number of cells with relatively
low slope values (e.g., the wall and overhanging ledge structures in Figure 7c). Utilizing the average
value of slope to characterize reef structures may result in a misleading representation of the structural
complexity occurring within a given coral reef habitat.

Vector ruggedness measure (VRM) quantifies the variability in the direction where each surface
is facing based on a combination of slope and aspect metrics obtained from 3×3 neighboring cells of
a DEM [37]. It has been previously shown to be resolution specific, with the structural complexity
of branching corals being captured at relatively high resolutions (e.g., 1 cm), encrusting corals at
intermediate resolutions, and mounding corals at relatively low resolutions of 4 to 16 cm [28]. In the
present study, this response of VRM to changes in DEM resolution was particularly apparent with
the coral models with a flat surface where the mean VRM was the highest for the two branching
corals at 1-cm resolution and for the mounding P. lobata at 4-cm resolution. The simulated surface
structures, whose planar areas were 1 m2 with a maximum elevation change of 0.25 m, were also best
separated at 4-cm resolution. This suggests that VRM obtained at cell sizes larger than 4 cm could
effectively capture large-scale structural complexity arising from the surface topography of a reef that
is independent of live benthic cover. This approach may not be practical in coral-reef applications
as a wide range of resolutions has to be included to capture structural complexity arising from both
the benthos and the underlying surface topography of the reef. Curvature may be more suitable for
capturing the structural complexity of surface topography than VRM as discussed below.

Curvature differs from other habitat metrics examined in the present study as this metric does not
respond monotonically to increases in structural complexity. For both profile curvature and planform
curvature, 0 represents a flat surface and the absolute value increases toward either the positive or
negative direction depending on whether the surface is convex or concave [38]. In the present study,
the range of curvature values within each DEM increased with increases in the structural complexity
of surfaces or coral morphologies due to the presence of extreme values (i.e., outliers) resulting from
sudden changes in slope. Unlike the comparison between each coral model with and without a
flat surface, our study was not explicitly designed to compare the simulated surface structures and
reconstructed coral morphologies. Nevertheless, the ranges of curvature values obtained from the
wall and overhanging ledge structures were much wider than those obtained from different coral
morphologies. This was consistent with our previous study where we suggested the possibility
of curvature values being more affected by the underlying surface topography of a reef than the
benthos [28]. In addition, due to the juxtaposition of concave and convex surfaces, mean profile and
planform curvature values did not always capture increases in the degrees of concavity and convexity.
While inspecting the entire distribution of curvature values from each DEM provides us with detailed
information, this option may not be always practical especially if a large number of DEMs need to
be processed for a large-scale reef monitoring program. In that case, the use of curvature ranges,
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rather than means, is likely a better option for capturing the structural complexity of underlying
reef topography.

For 3D metrics of habitat complexity obtained from 3D mesh models, the values of vector
dispersion and FDvol exhibited patterns that were consistent with surface complexity, which is
analogous to reef rugosity, obtained from DEMs. On the other hand, the behavior of FDcube was
unusual; the linear and convex surfaces had lower FDcube values than the flat surface (Figure 10a).
FDcube estimates fractal dimension by the use of grids [25], and a 2D plane has FDcube of 2 as every
halving of the side length of grids quadruples the number of grids (i.e., cubes) that are required to
encase a 2D plane. It is, therefore, puzzling that the linear and convex surfaces produced values of
FDcube that were less than 2. Closer inspections of the results reveal a potential source of this unusual
behavior in the estimation of FDcube using the slope of a regression line. For example, the number of
cubes required to encase the flat surface structure was 1 at the side length of smax, and every halving
of the side length increased the number to 4, 16, 64, and so on. The number of cubes required to
encase either the linear surface or the convex at each of the side lengths was mostly greater than (but
sometimes equal to) these numbers, confirming that more cubes were required to encase the linear
surface and the convex than the flat surface. However, the calculation of FDcube based on FDcube
= slope of [logC(s)/log(1/s)] [25] using a linear regression model does not require the line to pass
logC(smax) = 0 (i.e., the number of cubes required to encase a model at smax is always 1). While it
is mathematically possible to force a regression line to go through [log(1/smax), 0] at the cost of a
reduced fit (see the fd_cube_obj.ipynb file in Data S2), and FDcube values for the linear surface and the
convex calculated in this way were indeed greater than 2 (2.02 for both surface types), further studies
are required to assess in detail how this modification to the previously-described method of FDcube
estimation affects the overall behavior of this metric.

Another concerning behavior of FDcube, as well as FDvol, was the inconsistency in the ranges
of these metrics when comparing the simulated surface structures and the reconstructed coral
morphologies with or without a flat surface. As previously mentioned, the present study was not
explicitly designed to compare the simulated surface structures and reconstructed coral morphologies.
Nevertheless, the structural complexity of the coral morphologies, when measured by surface
complexity, FDDEM, mean slope, mean VRM or the 3D metric of vector dispersion, was always
higher than the structural complexity of any of the simulated surface structures. Adding a flat surface
to each coral model generally resulted in decreases in the structural complexity measured by the same
metrics (with a couple of exceptions with VRM at 2-cm resolution potentially due to the presence
of coral-substratum interface). An overall pattern of structural complexity emerged was that the
simulated surface structures exhibited the lowest complexity values and the coral models without a
flat surface exhibited the highest values. However, this was not the case for FDcube and FDvol. For
example, encrusting M. capitata had lower FDcube and FDvol values than the flat surface (Figure 9a,b
versus Figure 14a,b), although the modification to the method of FDcube estimation described above
increased the FDcube value for M. capitata to 2.09, putting it above the flat surface. Mounding P. lobata
also had a lower FDvol value than the flat surface (Figure 9b versus Figure 14b).

It is important to address the performance and idiosyncrasies of these 3D fractal dimension
metrics as coral reefs contain varying proportions of bare substrata and benthos, thus the variability in
the spatial scale of study plots and the resolution used for structural analyses may dramatically alter
conclusions about habitat complexity. Ideally, habitat metrics should integrate structural complexity
arising from both surface topography and benthos and be robust to relatively small changes in the size
of reef plots. For FDvol, it showed a pattern consistent with other metrics in terms of the ranking of
structural complexity within each model type (i.e., simulated surface, coral models or coral models
with a flat surface), but the result of encrusting M. capitata and mounding P. lobata having lower
structural complexity than a flat surface is troubling. Adding a flat surface to each of the different coral
morphologies also resulted in mixed results with some with increases in the FDvol values and others
with decreases. For FDcube, the modified estimation method where the regression line goes through
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[log(1/smax), 0] as described above seems to eliminate the problem of FDcube values being less than 2,
but encrusting M. capitata still had a lower FDcube value than some of the simulated surface models
even after the modification. Similar to FDvol, adding a flat surface to each of the coral morphologies
produced mixed results. These results all seem to indicate the sensitivity of these 3D fractal dimension
metrics to the spacing of vertices in 3D mesh models, as the simulated surface models and a flat surface
that was added to the individual coral colony models were coarser in the spacing of vertices than
the coral colony models. This contrasts sharply with fractal dimension extracted from 2.5D DEMs
(i.e., FDDEM) as the resolution of DEMs can be explicitly specified and thus easier to be standardized.
(Note that the resolution of DEMs is still affected by the resolution of 3D models from which DEMs
are generated, as the resolution cannot be increased from 3D models to DEMs.) The sensitivity of
FDvol and FDcube to the resolution of 3D mesh models (e.g., number and spacing of vertices) warrants
caution during the process of imagery collection and model generation to ensure the models being
generated are indeed comparable. Further investigations may also be required to examine whether the
spatial scales of 3D models affect resolutions and the resulting metrics.

Vector dispersion is a measure of surface irregularly and has been previously suggested as an
appropriate metric of structural complexity [27]. In the present study, this metric behaved in a manner
consistent with surface complexity, FDDEM and mean VRM at 1-cm resolution. Vector dispersion
ranges from 0 (least complex) to 1 (most complex). Our results were consistent with this range
with the flat surface having the lowest value of 0.008 and branching P. compressa (coral-only model)
having the highest value of 0.719. Vector dispersion, therefore, seems to be robust to differences in
model resolutions unlike the other two 3D metrics (i.e., FDvol and FDcube). This metric also has a
practical advantage over FDcube and FDvol as the speed of computation is much faster and the custom
Python scripts written for this metric can be executed directly from within the Metashape Professional
software (Data S3). This is particularly beneficial for large-scale monitoring studies where multiple
3D reconstructions are created and analyzed to examine structural features among study sites. The
process of obtaining a vector dispersion value can be easily added to the workflow of model processing
without the need to export 3D mesh models.

5. Conclusions

The present study examined multiple habitat metrics obtained in 2.5D (i.e., from DEMs) and
in 3D (i.e., from 3D mesh models). The consistency in the behavior of the 2.5D metrics of surface
complexity and FDDEM and the 3D metric of vector dispersion offers options for habitat metrics that
are useful for studying structural features on coral reefs. The 2.5D metric of FDDEM is likely suitable
when a relatively large plot of coral reef captured from an overhead planar angle is being processed.
Additional metrics such as VRM and curvature can further capture the structural complexity of
different coral morphologies and surface topography, respectively, although it requires some caution
as VRM extracted at different resolutions can be highly correlated with one another, as well as with
FDDEM [28]. On the other hand, the 3D metric of vector dispersion is suitable when a coral colony or a
relatively small plot methodically captured from various angles is being processed, as it ensures the
structural complexity created under overhanging surfaces is taken into account. For a small model
without a large-scale structural complexity such as walls and ledges, vector dispersion alone may be
sufficient, thus eliminating the need to generate and export DEMs. These habitat metrics extracted
from the 3D reconstruction of coral reefs, individually or collectively, characterize the structure of reef
habitats and play an important role when assessing associations between the architecture of coral reefs
and the distribution of various reef organisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-4292/12/17/
2676/s1, Data S1: Digital Elevation Models for the simulated surface and coral models and R scripts
for extraction of habitat metrics (dem_habitat_metrics.R), Data S2: Wavefront files (3D mesh models)
for the simulated surface and coral models and Python scripts to extract 3D habitat metrics in Jupyter
Notebook or Jupyter Lab: FDcube (fd_cube_obj.ipynb), FDvol (fd_vol_obj.ipynb) and vector dispersion
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dispersion in Agisoft Metashape Professional.
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