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Abstract: With the unprecedented degradation and loss of coral reefs at multiple scales, the underly-
ing changes in abiotic and biotic features relevant to the three-dimensional architecture of coral reefs
are critical to conservation and restoration. This study characterized the spatiotemporal variation of
habitat metrics at eight fore-reef sites representing three management zones in the Florida Keys, USA
using visual habitat surveys (2017–2018) acquired before and after Hurricane Irma. Post-hurricane,
five of those sites were surveyed using structure-from-motion photogrammetry to further investigate
coral morphology on structural complexity. Multivariate results for visual surveys identified moder-
ate separation among sites, with fished sites characterized by complex physical features such as depth
and vertical hard relief while protected sites generally harbored high abundances of live coral cover.
Three-dimensional models of mapped sites showed within site variation as another driver in site
separation. Additionally, fine-scale orthoimage analyses identified significant differences in dominant
coral morphologies at each mapped site. This study suggests protected reef sites generally harbor
higher live coral cover despite some fished sites being structurally similar in seabed topography.
Our work provides fine-scale spatial data on several managed sites within a marine sanctuary and
highlights the contribution of diverse coral assemblages to the coral reef framework.

Keywords: structure-from-motion; underwater photogrammetry; coral reef; habitat complexity; coral
morphology; reef monitoring; Hurricane Irma

1. Introduction

Coral reefs are highly productive, biologically rich, and structurally complex ecosys-
tems supporting 25% of marine life in the world’s oceans [1]. They also support a broad
range of ecosystem services [2–4] with recreational and cultural benefits [5–7], as well as
resources that support the economically important pharmaceutical, fisheries, aquarium
trade, and construction industries [8–10]. Coral reefs are also increasingly threatened by
a broad array of chronic and acute stressors. Chronic stressors range from destructive
fishing practices to eutrophication and sedimentation from land-use practices and sewage-
runoff [11–14]. Additive effects of acute but highly destructive impacts such as the spread
of invasive species [15–17] and aggressive coral diseases [18,19], thermal stress [20,21]
and vessel grounding incidents [22,23] are causing unprecedented mortality rates for
reef-building corals. Although not as detrimental as large-sale anthropogenic stressors,
the residual effects of long-term recreational SCUBA diving on coral reefs can decrease
structural complexity from broken and abraded benthos [24].

Persistent declines in the three-dimensional structure of coral reefs will have cascading
consequences for reef fish diversity, fisheries, and the ecosystem services that coastal human
societies rely on [8,25–27]. Marine protected areas (MPAs) are increasingly used to support
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ecosystem-based management, mitigate damage from fishing interactions, conserve species
at risk, and are often successful when designed as a network connected by larval dispersal
and migration by mobile species [28–31]. However, coral reef restoration methods and
long-term monitoring in protected areas can vary across local to regional scales, and can
address multiple restoration goals [32,33].

Defining ecological units to assess impacts for local and regional management plans
can be difficult when spatiotemporal differences occur at complex scales. For example,
seascape-level metrics relevant to ecological resilience, such as coral cover and diversity
or herbivorous fish biomass, are often important at local spatial scales [34–37]. Efforts to
understand and monitor spatiotemporal variations across reef habitats recognize the need
for spatially relevant metrics and biological data at multiple scales (e.g., organism level
to community level) [38]. Modern coral reef monitoring and restoration efforts are imple-
menting photomosaics as tools to study reef resilience indicators at the community level in
the face of hurricanes, coral disease, and overall decline [37,39,40]. The use of fine-scale
mapping tools such as Structure-from-Motion (SfM) photogrammetry is becoming widely
used to monitor and quantify differences among sites that vary in three-dimensions [41–43].
Moreover, fine-scale reef mapping approaches at the colony scale (1 mm–1 cm pixel) high-
light the local variability in biotic cover and relevant physical features appropriate for local
management priorities [44,45].

Established in 1990, the Florida Keys National Marine Sanctuary (FKNMS) includes
~9500 km2 of the Florida Reef Tract (FRT), a large bank-barrier reef system comprised
of fringing mangroves, seagrass beds, near-shore patch reefs, and the off-shore reef tract
across a network of marine zones and regulated fishing habitats [46,47]. The FKNMS is
one of the largest MPAs in the United States and provides a mosaic of critical habitats
along the Florida Keys archipelago for over 6000 species of invertebrates, fishes, and coastal
flora [47]. The main causes for coral decline within the FKNMS are related to disease,
thermal mass bleaching, fragmentation, and predation [48,49]. Several prominent massive,
reef-building corals in the Florida Keys are listed on The Endangered Species Act (50 CFR
402) as threatened, such as the pillar coral Dendrogyra cylindrus [48,50,51] and three star
corals Orbicella sp., as well as the branching staghorn coral Acropora cervicornis and elkhorn
coral A. palmata [49,52]. The average benthic cover of scleractinian (stony) corals in the
FKNMS were estimated to have declined from ~13% in 1996 to 8 % in 2009 [53]. More
recently, the aggressive stony coral tissue loss disease (SCTLD) epidemic in the Florida
Keys, first reported in 2014, has impacted at least 23 coral species, leading to reductions in
coral density by 30%, with differential susceptibility factors for specific coral families and
morphologies [54–56].

Long-term regional coral surveys from 2007–2016 in the Southeast FRT, the three
parallel liner reefs within the FRT extending from Biscayne Bay to St. Lucie Inlet, observed
spatiotemporal variations in the negative response to thermal stress for key reef building
coral taxa (e.g., Acroporidae, Montastraeidae, Siderastreidae), and also observed minimal
or positive impacts for weedy or small coral taxa (e.g., Poritidae) [57]. As the threats to
coral reefs progress, fine-scale baseline data on reef habitats and benthic cover is necessary
to document how changes in coral communities and their contribution to reef structure
complexity will impact future ecological productivity [19,58,59].

The goal of this study was to characterize spatiotemporal variation in coral reef habitat
features using visual habitat surveys and high-resolution benthic maps produced by SfM
photogrammetry of coral reefs located in different management zones within the FKNMS.
A secondary goal was to compare changes in habitat characteristics before versus after
the passage of Hurricane Irma (September 2017) in the Lower Keys section of the FKNMS.
Large-scale benthic mapping in the Florida Keys region has occurred since 1996 [60,61].
However, the results from the present study may serve as a baseline for a more fine-scale
approach to long-term monitoring and restoration efforts by characterizing the relation-
ship between management zones, coral reef assemblages and habitat characteristics on a
local scale.
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2. Materials and Methods

Reef Visual Census (RVC) surveys were conducted seasonally by scuba divers at eight
fore-reef study sites in the lower Florida Keys between February 2017 and December 2018.
In 2018, SfM habitat photogrammetry was conducted within a subset of 5 of the 8 sites. The
general statistical approach included generating a suite of habitat metrics from each survey
dataset to test for differences in habitat characteristics among sites and over time. These
datasets were also used to observe differences in metrics derived from each data source.

2.1. Study System

There are five marine zone types in the FKNMS to protect reef habitats while allowing
adequate access for fishing and recreation—these include: (i) sanctuary preservation areas
(SPAs), (ii) ecological reserves (ERs), (iii) wildlife management areas (WMAs), (iv) special
use, research only areas (SUAs), and (v) existing management areas (EMAs). The five focal
reef sites mapped within this study included four marine zones [Figure 1. Site Map]: (i) one
regulated fished site subject to hook-and-line, trolling, and the harvest of state/federally
regulated species; (ii) two SPAs with open access to recreational divers/snorkelers and
boats yet prohibits the harvest of species (no-take) and anchoring; (iii) one ER, and (iv) one
SUA that is permit accessible only for scientific research and restoration efforts.
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Figure 1. Study site map of zone D in the FKNMS and survey sites Western Dry Rocks (WDR), Sand
Key SPA (SDK), Nine Foot Stake (NFS), Number 1 Marker (N1M), Western Sambo ER (WSB), Eastern
Sambo SUA (ESB), Looe Key SPA (LKP), and Looe Key SUA (LKU).

Nine Foot Stake (NFS) is a regulated, fished site comprised of shallow hardbottom
spur and sand grooves and is frequently visited by recreational charter boats for fishing
and scuba diving. This site contains mooring buoys for vessels to minimize anchor damage.
Sand Key SPA (SDK) is roughly 11 km southeast of Key West, Florida. It has a spur-and-
groove formation but contains several channels of reef rubble due to wind and wave action.
Located offshore of Cudjoe Key, Looe Key SPA (LKP) is one the most iconic reefs in the
lower Florida Keys due to the abundance and diversity of coral species, large barrel sponges,
schooling reef fishes, large predatory fishes (e.g., Carcharhinus spp., Epinephelus itajara) and
deep spur-and-groove formations greater than 7 m in depth. LKP is also a sentinel site
for coral restoration and coral outplant studies for endangered coral species impacted by
coral disease and long-term decline [62,63]. Western Sambo ER (WSB) is one of the largest
marine zones protecting 30 km2 of a broad range of habitats from nearshore patch reefs
to the offshore shallow bank reef and is relatively shallow (~4 m) [64]. Additionally, WSB
has historically harbored a large abundance of branching and boulder corals. Eastern
Sambo SUA (ESB) lies adjacent to WSB and is widely recognized as a pristine site home to
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healthy massive star (e.g., Montastraea cavernosa, Siderastrea siderea) and brain corals (e.g.,
Colpophyllia natans, Diploria spp.), as well as serving as a control site for resource managers
evaluating the efficacy of marine zone types [64].

On September 10th 2017, before making landfall at Cudjoe Key, Florida, category 4
Hurricane Irma traveled directly over the lower Florida Keys with maximum wind speeds
reaching 115 kts and sustained hurricane force winds extending across all reef sites [65].
One month later, science divers with the National Oceanographic and Atmospheric Ad-
ministration (NOAA), as well as other stakeholders surveyed over 50 coral reef sites for
damage by identifying evidence of heavy sedimentation, long-lasting turbidity, reef erosion,
and fast-moving marine debris [66]. Reefs closer to the where the hurricane made landfall,
such as LKP, suffered >26% prevalence of hurricane-impacted corals while sites farther
south along the archipelago, such as WSB and SDK, showed <20% of coral impacts [67]. To
document impacted reef sites and observe variation in habitat characteristics after hurricane
Irma, habitat characteristics at all eight sites were assessed via the visual surveys by divers
(RVC protocol), and five of eight sites were digitally mapped by NC State science divers
using SfM photogrammetry methods in September 2018 (Table 1).

Table 1. Summary of the number of RVC and structure-from-motion (SfM) photogrammetry surveys
conducted at each site between 2017 and 2018. Post-Irma surveys were conducted starting in
December 2018. SfM models that were not successful in the AgiSoft Metashape reconstruction
workflow are denoted (*). Not sampled = NS.

Method RVC SfM

Site Feb-17 May-17 Jul-17 Dec-17 Feb-18 Jun-18 Sep-18 Dec-18 Sum Sep-18

Fished 2 3 3 3 1 3 2 2 19 2

N1M 1 1 1 1 4 NS
NFS 1 1 1 1 1 1 1 7 1

WDR 1 1 1 1 1 1 1 1 8 *

SPA 1 3 3 2 1 3 3 3 19 3

LKP 1 1 1 1 1 1 6 1
SDK 1 1 1 1 1 1 6 1
WSB 1 1 1 1 1 1 1 7 1

SUA 1 2 2 2 1 2 2 2 14 1

ESB 1 1 1 1 1 1 1 7 1
LKU 1 1 1 1 1 1 1 7 *

Grand Total 4 8 8 7 3 8 7 7 52 5

2.2. RVC Habitat Surveys

Reef Visual Census (RVC) surveys followed modified Bohnsack-Bannerot visual survey
methods and standardized protocols developed by a cooperative multi-agency network of
the Florida Fish and Wildlife Conservation Commission (FWCC), NOAA, National Park
Service, and the University of Miami [68–70]. Primary sampling units (100 m × 100 m
cells) within in each reef site were generated and as a part of a larger study by our research
group bottom-mounted soundscape moorings were deployed on the sandy bottom in
sand channels at a randomly selected GPS coordinate near the seaward side of each fore-
reef site. The primary sampling units were further subdivided into a two-stage stratified
random design in which two divers each conducted a stationary point-count RVC survey
inside individual 15 m diameter cylinders extending from the seafloor vertically to the
surface (depending on visibility) at randomly selected points along the spur-and-groove
habitat [69]. RVC surveys allowed for the simultaneous collection of reef fish density
and distribution as well as information on biotic and abiotic habitat features; however,
for the purpose of this study, data results will only reflect habitat data acquired from the
two divers (see below and Table 2). Depending on the habitat type and visibility, the
time required for each survey ranged from 15–20 min to record both fish and habitat data.
PVC-pipes constructed as a “T” (1 m length with 0.1 m increments × 0.3 m width) were
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used as reference measurements for estimating substrate slope and maximum vertical hard
and soft relief. The surveys from the two divers were non-overlapping (~10–30 m apart),
and the data from the divers combined to produce mean values for many of the habitat
characteristics within a given monthly survey at a given site. There were three Pre-Irma
(Feb., May, July 2017) and five post-Irma surveys (Dec. 2017, Feb., Jan., Sept., Dec. 2018),
however not all sites were surveyed during each sampling period due to unfavorable
weather conditions limiting site visitation (Table 1).

Table 2. Summary and descriptions of RVC habitat variables collected Pre-Irma and Post-Irma
20172018. N = 3 Pre-Irma and N = 5 Post-Irma.

Group Habitat Metric Description Variable Name

Environmental Data
Depth (m) Maximum depth depth

Visibility (m) Horizontal visibility at depth viz

Structural Complexity

Max. hard vertical relief (m)
Maximum height of hard

relief (coral, coralline spur,
hardbottom ledge)

v-hard

Max. soft vertical relief (m)
Maximum height of soft

relief (e.g., octocorals,
sponges, macroalgae)

v-soft

Surface Relief Cover
Hard relief surface cover (%)

Percentage of hard relief
<0.2, 0.2–0.5, 0.5–1.0, 1.0–1.5,

and >1.5 m in height.
s-hard

Soft relief surface cover (%)
Percentage of soft relief <0.2,
0.2–0.5, 0.5–1.0, 1.0–1.5, and

>1.5 in height.
s-soft

Abiotic Footprint

Abiotic sand Percentage cover of coarse or
biogenic sand a-sand

Abiotic rubble

Percentage cover of coarse
gravel to unconsolidated
rock or dislodged coral

fragments

a-rubble

Abiotic hardbottom

Percentage of consolidated
lithogenic/biogenic

substratum including
dead coral

a-hard

Biotic Cover

Biotic algae <1 cm
Percentage of hardbottom

covered in algae <1 cm
height (e.g., turf algae)

b-algae1

Biotic algae >1 cm

Percentage of hardbottom
covered in algae >1 cm
height (e.g., Halimeda,

Dictyota)

b-algae2

Biotic live coral Percentage of live coral cover b-coral
Biotic octocoral Percentage of octocoral cover b-octo
Biotic sponge Percentage sponge cover b-sponge

In the Florida Keys, spur-and-groove reefs are comprised of coalesced coral fragments
cemented into hardbottom substrate that has undergone generations of coral growth in
the direction of dominant wave energy and sediment accretion [71–73]. Therefore, habitat
type was classified according to four types: (i) contiguous spur-and-groove, (ii) rubble
dominated, (iii) isolated reef structure, or (iv) a matrix of habitat types. Visual surveys
by divers generated information on (i) depth, (ii) hard relief of stony corals), (iii) soft
relief of soft corals, (iv) abiotic footprint (percent cover sand, hardbottom, rubble), and
(v) the dominant biological cover of the hardbottom (percent cover algae, live stony corals,
octocorals, sponges) (Table 2). Additionally, divers recorded the presence of submerged
debris such as derelict lobster traps, fishing gear, and rope.

2.3. SfM Image Acquistion

Two divers used transect tape to create a rectangular 30 m × 15 m area covering the
spur-and-groove reef formation. This grid was positioned to span the area where the RVC



Diversity 2022, 14, 153 6 of 27

surveys (15 m diameter cylinders) were randomly sited by the divers. Ground control
points were set along the transect tape at 15 m increments and six weighted, polyvinyl disks
(Frisbees) were deployed as ground control points (GCPs) for each corner and long-axis
mid-points. Four to five PVC-pipes shaped as a “T” (1 m length) were placed randomly on
the seabed as a known reference distance to further constrain the scale of the model. Next,
a diver swam back and forth in a grid pattern, with transects oriented perpendicular to
the spur-and-groove structure and separated by ~2–3 m. A PVC-pipe frame housed three
GoPro Hero3/Hero4 cameras operating at an aperture of f2.8, shutter speed 1/120 s, ISO
120-157-, and 12-megapixels capturing images on Time Lapse Intervals of two seconds to
ensure adequate image overlapping for post-processing. The number of images per site
ranged from ~6000–12,000, and each mapping survey was completed over a period of a
few hours to minimize variability in visibility and lighting.

2.4. D Habitat Reconstruction Workflow

Agisoft Metashape (v 1.5.2.7838) software was used to reconstruct three-dimensional
models from the digital photographs (Figure 2; Table 3). We adopted data workflows from
related studies such as Burns et al. [74] and Fukunaga et al. [43,75] (Table S1) to create
coral reef photogrammetry models. Initial image alignment settings used a key point
limit and tie point limit of 40,000 and 10,000, respectively with the level of accuracy set
as ‘high’ and generic preselection enabled. If the initial alignment was unsuccessful, then
alignment settings were modified to a key point limit and tie point limit of 70,000 and
8000, respectively, in addition to re-aligning free floating points [75]. The model scale was
constrained based on the GPC and pvc-T-stick markers. Dense (100′s millions of points)
elevation point clouds were gridded using MB-System (Caress et al., 1995) to generate
0.5 cm × 0.5 cm-resolution digital elevation models (DEMs). These data were saved as
GeoTIFF files with both local and UTM coordinates. The area and dimensions of the 3D
models vary between sites based on image quality and spatial coverage obtained by the
divers. Imagery from Western Dry Rocks and Looe Key SUAs were not successful in the
image alignment process due to poor water quality, poor camera adjustments, and/or lack
of sufficient overlapping images.

Table 3. Summary of SfM model statistics by site. Average point density is the average number of
dense cloud points per cell in the DEM. Each DEM cell is 0.005 m × 0.005 m.

Site
Camera
Images

Map area
(m2)

Avg. Point
Density/Cell

Depth (m)

Mean SD Median Min–Max

Sand Key (SPA) 6258 1092 38 5.3 0.90 5.4 1.9–7.1

Nine Foot Stake 9569 1037 50 6.7 0.77 7.0 3.8–7.7

Western Sambo (ER) 7074 1005 49 4.3 0.62 4.4 2.0–5.8

Eastern Sambo (SUA) 4815 765 17 5.1 0.81 5.2 1.7–6.4

Looe Key (SPA) 12,809 1079 6 7.3 0.75 7.4 4.3–8.9

2.5. Quantifying Habitat Complexity Metrics

The DEMs were imported into ArcGIS Pro (Figure 3) to quantify habitat complexity
metrics using the 3D Analyst and Spatial Analyst and Benthic Terrain Modeler (BTM) v3.0,
which generated habitat metrics such as neighborhood depth, slope, vector ruggedness
measure (VRM), and surface area-to-planar area ratio [76] (See Table 4). To calculate the
VRM, a unit vector normal to each grid cell is resolved into its x-y-z components. The
normalized resultant vector (R) is then calculated within a 3 m × 3 m neighborhood using
a moving window centered on each grid cell. The VRM is defined as 1-R, where the
value of 0 indicates a planar surface and 1 indicates a surface maximum roughness [77,78].
The surface area to planar area (SAPA) ratio, or rugosity, was also calculated using 3 × 3
neighborhood windows. Eight triangular surfaces were created by linking the center point



Diversity 2022, 14, 153 7 of 27

of the central grid cell with the adjoining cells. The summed area of these surfaces was
normalized by the planar surface area [79].

To quantify variability in digital terrain metrics within each site, these raster layers
were sampled along a series of transects, and average metric values were reported for
each profile. These transects extended 30 m orthogonal to the spur-and-groove structures
(oriented approximately west-to-east) with 3 m spacing in between lines, resulting between
6 and 7 profiles per site (Figure S1). The maximum relief and rms roughness were also cal-
culated from these same depth profiles [80,81]. Coral reef rugosity was digitally calculated
measuring the ratio of the digital contour line along the three-dimensional surface and the
straight horizontal distance.
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Figure 3. SfM-derived bathymetry for sites (a) Sand Key SPA (SDK), (b) Nine Foot Stake (NFS),
(c) Western Sambo ER (WSB), (d) Eastern Sambo SUA (ESB), and (e) Looe Key SPA (LKP).
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Table 4. Summary and descriptions of photogrammetry habitat variables collected for benthic
composition analysis. Software utilized are also listed. Hard live coral cover was the sum of percent
cover for the three trait-based coral groups (*).

Group Habitat Metric Description Software/License Variable Name

Habitat
complexity—Digital

Elevation Model
(0.5 cm res.)

Depth (m) Depth of water relative
to MLW ArcMap/BTM depth

Slope (o)
Angle of seabed

relative to a horizontal
surface

ArcMap/BTM slope

Vector terrain
ruggedness

Dispersion of surface
normal vectors over a

3 × 3 cell
neighborhood.

ArcMap/BTM vrm

Surface area to planar
area ratio (SAPA)

Rugosity evaluated
across each 3 × 3 cell

neighborhood
ArcMap/BTM sapa

Root mean square
roughness

Standard deviation of
depths along transect

line
MATLAB rms

Digital relief Range of depths along
transect line MATLAB relief

Coral reef rugosity
Ratio of contour line to

straight horizontal
distance

MATLAB crrug

Habitat
Composition—
Orthomosaic

(1 mm res)

Hard live coral *
cover (%)

Percentage of live
hard/stony coral cover

MATLAB Image
Labeler live coral

Sponge cover (%) Percentage of sponge
cover

MATLAB Image
Labeler sponge

Macroalgal cover (%)
Percentage of

macroalgal turfs on the
sandy bottom/grooves

MATLAB Image
Labeler macroalgae

Rubble cover (%)

Percentage of coarse
gravel, unconsolidated
rock, or dislodged coral

fragments cover

MATLAB Image
Labeler rubble

Density of octocorals Number of octocorals
per sq. m

MATLAB Image
Labeler den-octo

Encrusting Zoanthid
cover (%)

encrusting zoanthid
Palythoa caribaeorum

MATLAB Image
Labeler zoan

Trait-Based Coral
Groups *

submassive
boulder (%)

Starlet Coral
(Siderastera sidera, S.
radians), Star Coral

(Montastrea cavernosa,
Orbicella annularis, O.
faveolata, O. frankski)

MATLAB Image
Labeler submassive

encrusting dome (%)

Mustard Hill Coral
(Porites astreoides), Brain

Coral (Colpophyllia
natans, Pseudodiploria.

clivosa, Diploria
labyrinthiformis)

MATLAB Image
Labeler encdome

branching (%)

Staghorn Coral
(Acropora cervicornis, A.
palmata), Finger Coral
(Porites porites), Yellow
pencil coral (Madracis

auretenra)

MATLAB Image
Labeler branch

2.6. Characterizing Coral Assemblages

To further characterize benthic cover and coral assemblages, orthomosaics from the
SfM data were exported at 1 mm2 resolution and then tiled into 3 m × 3 m images for
labeling (Table 4). Classification of coral morphologies were based on colony size and
growth trait from related studies [82–85] as follows: (A) submassive boulder (e.g., Siderastrea
spp., M. cavernosa, Orbicella spp.); (B) encrusting dome (e.g., Porites astreoides, C. natans,
D. labrinthiformis, Pseudodiploria clivosa); (C) branching (e.g., Acropora spp., Porites spp.);
(D) encrusting zoanthid (Palythoa caribaeorum); and (E) sponges (e.g., Callyspongia plicifera,
Xestospongia muta). Reef rubble generally occurred within sandy grooves of the spur-and-
groove systems and were mapped using ROI polygons. Soft corals such as sea fans, sea
plumes and other octocorals were often moving in response to underwater currents, and
therefore were too distorted to accurately assign pixel labels. Thus, soft corals were labeled
as Rectangle ROIs.
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2.7. Statistical Analyses RVC Data

Potential differences in mean habitat characteristics among sites for each grouped
sampling period (e.g., before vs after Irma) were tested using multivariate analyses of
variance (MANOVA) models. When necessary, arcsine-square root transformation was
applied to the RVC data percent cover estimates to meet assumptions of normality and
homogeneity of variances prior to analysis. Canonical discriminate analysis (CDA) was
used to observe variation in the benthic community composition among sites using the
linear combination of each habitat variable. The coefficients of the linear combinations
were plotted as eigenvectors in a two-dimensional space corresponding to the ratio of
the between-group variance and within-group variance for each variable combination to
show the largest separation between site group means. The direction and length of each
eigenvector identifies which combination of habitat variables contribute significantly to
the separation of site group means. Post-hoc tests included one-way analysis of variance
(ANOVA) models and pairwise multiple comparisons tests (95% confidence level).

2.8. Statistical Analyses of Orthoimage Analysis and Mapping

The summed area of each habitat class (trait-based coral groups, sponge, rubble, etc.)
within each tile was normalized by the tile area (9 m2) to calculate percent cover. Potential
differences in mean habitat characteristics among sites that were mapped post-Irma were
tested with MANOVA models. Post-hoc tests included one-way analysis of variance
(ANOVA) models and pairwise multiple comparisons tests (95% confidence level).

3. Results

In general, protected reefs sites had higher mean live coral cover than fished sites yet
differed in dominant corals contributing to their overall structural complexity. In contrast,
fished sites were more characterized by physical structures related to hardbottom habitat
(e.g., vertical relief, percent rubble, rugosity). Despite the hurricane impacts, RVC surveys
did not show a drastic change in site characteristics and consistently described sample
sites as contiguous spur-and-groove or a matrix of patchy hardbottom structures with reef
rubble. Depth and surface hard relief were the most robust habitat metrics across pre- versus
post-Hurricane sample periods. The subset of sites surveyed using SfM photogrammetry
provided evidence for more site-specific variation in habitat characteristics related to coral
composition, local abiotic footprint, and small-scale variations in benthic features.

3.1. RVC Survey Results

Visual surveys identified small variations in the balance between live coral and other
biotic habitat characteristics among sites, as well as abiotic physical features such as depth
and surface hard relief across both pre- versus post-Irma. Before hurricane Irma, site
separation was driven by structural features such as a-rubble, a-hard, and s-hard and the
presence of live coral cover, b-coral. Sites characterized by physical seabed features with low
presence in coral cover were grouped together along the first canonical axis such as sample
sites SDK, N1M, and NFS (Figure 4a), whereas sites with high percentages in biotic cover (b-
coral, b-sponge) such as WSB, LKP, and LKU generally resulted in more distinct separations
among sites (Figure 4b). ANOVA post-hoc analysis identified significant differences in
depth (p < 0.01), surface hard relief (p = 0.05) and rubble (p = 0.03) (Table 5). Spur-and-
groove sites NFS and LKP were similar in depth (>7 m); however, there was a significant
difference in percent rubble (p = 0.02) as LKP had the lowest percentage of rubble cover
at 16% (Figure 5a). Live coral cover was not a significant driver in site characterization
due to high variations in percent cover across the seabed for all sites. However, live coral
cover did have a moderate influence in site characterization by scoring sites with higher
percentages in coral cover lower in the second canonical axis. For example, LKP and LKU
did not cluster with other sites (Figure 4b) and had the highest median percent coral cover
at 63% and 66% respectively (Figure 5i). Given the recent sharp declines in percent coral
cover within the FKNMS noted above [56–58], it is important to note that the percentage
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results in this case are specific to the area (15 m2) surveyed and the RVC method in which
each percentage in a given habitat category has to add to 100%. WSB also did not closely
cluster with other sites due to the combination of a relatively low median depth of 4.6 m
and an overall low percent cover in surface hard relief (Figure 5d).
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Table 5. ANOVA results for RVC surveys before and after Irma.

Before Irma

Source df Source F Prob > F

Sites 7 depth 6.05 <0.01

Error 12 v-hard relief 0.94 0.51

‘Total’ 19 v-soft relief 0.87 0.55

s-hard relief 2.91 0.05

a-hardbottom 0.65 0.71

a-rubble 3.31 0.03

a-sand 2.09 0.13

b-algae 1.49 0.26

b-coral 0.79 0.61

b-octo 2.00 0.14

b-sponge 0.49 0.83
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Table 5. Cont.

After Irma

Source df Source F Prob > F

Sites 7 depth 5.86 <0.01

Error 24 v-hard relief 3.07 0.02

‘Total’ 31 v-soft relief 0.85 0.56

s-hard relief 2.06 0.09

a-hardbottom 4.09 <0.01

a-rubble 0.89 0.53

a-sand 1.99 0.10

b-algae 1.65 0.17

b-coral 1.16 0.36

b-octo 1.88 0.12

b-sponge 0.92 0.51

Habitat separations among sites were diminished after the hurricane; however, there
was more separation in site characterization between protected and fished sites post-Irma
than pre-Irma. Discriminant analysis identified b-coral and a-sand as strong variables in
distinguishing among sites (Figure 4c) and displayed a small inverse response between sites
strongly characterized by biotic cover of corals, macroalgae, or sponges such as protected
sites in contrast to fished sites with generally higher percentages of bare sand channels
and rubble (Figure 6). Deeper sites with physical traits that contribute to spur-and-groove
structures (e.g., a-sand, v-hard, b-coral) were scored more positively on the second canonical
axis than the first axis, while shallow sites characterized by other non-coral biotic variables,
such as the presence of octocorals or macroalgae, generally separated in the opposite
direction (Figure 4c). MANOVA clustering grouped protected sites SDK, ESB and WSB
together and did not closely group any fished sites together (Figure 4d). Post-hoc ANOVA
results identified significant differences in depth (p < 0.01), vertical hard relief (p = 0.02),
and abiotic hardbottom (p < 0.01) (Table 5). Multiple comparison tests resulted in three
groups where LKP’s (median depth = 7.6 m) group means were significantly different from
all sites whose median depths were below 6.5 m, except N1M (p = 0.07). The next group
distinguished WSB as the shallowest site (median depth = 4.6 m) and was significantly
different than sites where the shallowest depth did not exceed 5 m (Figure 6a). Variation
in percent cover for each biotic variable increased post-Irma at all sites and resulted in no
significant differences among sites. Macroalgae percent cover revealed major changes at
both Looe Key sites via a ~30% decrease in macroalgae at LKP and ~30% increase at LKU,
while all other survey sites relatively remained the same or showed minor decreases in
percent macroalgae cover. Although live coral cover was not a significant habitat variable
in site characterization, there were changes in live coral cover post-Irma at sites with higher
percent cover than pre-Irma. For example, SDK, N1M, NFS, and ESB showed similar ranges
in percent live coral cover post-Irma with NFS resulting in the highest percent cover at 52%.
In contrast, WDR, WSB, LKP, and LKU recorded minor decreases of up to 10% in live coral
cover post-Irma, and overall, there were no strong distinctions between level of protection
and live coral cover. Octocoral percent cover showed either no change or small decreases at
all sites post-Irma except for LKP and LKU, which both showed an ~20% increase. Minor
changes in sponge percent cover post-Irma were present at all sites except for WSB, where
percent cover increased from 0 to 35% post-Irma.
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Figure 5. Percent cover of habitat variables collected among sites in the lower Florida Keys dur-
ing RVC surveys (15 m diameter) before Hurricane Irma: (a) mean depth, (b) vertical hard relief,
(c) vertical soft relief, (d) surface hard relief, (e) abiotic hardbottom, (f) abiotic rubble, (g) abiotic
sand, (h) biotic algae > 1 cm, (i) biotic coral, (j) biotic octocoral, (k) biotic sponge. The central red line
represents the median, and the 25th and 75th percentiles are shown as the upper and lower limits
respectively.
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Figure 6. Percent cover of habitat variables collected among sites in the lower Florida Keys during
RVC surveys (15 m diameter) after Hurricane Irma: (a) mean depth, (b) vertical hard relief, (c) vertical
soft relief, (d) surface hard relief, (e) abiotic hardbottom, (f) abiotic rubble, (g) abiotic sand, (h) biotic
algae > 1 cm, (i) biotic coral, (j) biotic octocoral, (k) biotic sponge. The central red line represents the
median, and the 25th and 75th percentiles are shown as the upper and lower limits respectively.
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3.2. Digital Elevation Model (DEM) Topographic Results

The DEM metrics captured more fine-scale changes in habitat metrics than the RVC
surveys and highlight the influence of within site variation in benthic topography driving
the separations among sites. For example, the surface area to planar area ratio (sapa), which
evaluates rugosity across neighboring cells within a site, was the most influential metric
separating sites, followed by vector terrain ruggedness (vrm) (Figure 7a). RVC metrics
related to physical structures (a-hard, depth, s-hard) generally clustered LKP and NFS as sites
with relatively high structural complexity, and the DEM MANOVA results also clustered
these two sites (Figure 7b) based on sapa and rms. The second canonical axis separated sites
based on metrics related to coral cover such as crrug, in which coral-dominated sites were
positioned on the lower axis (Figure 7b). WSB was the only site not grouped with other
sites because of its low structural complexity and relatively high coral cover.

Post-hoc ANOVA results indicated all DEM habitat metrics being significantly different
among sites except for rms roughness (p = 0.21) and relief (p = 0.22) (Table 6). WSB yielded
the highest median coral reef rugosity index of 3.23 and was a relatively shallow site (~4.3 m
in depth) with small variations in surface relief (2.5 m ± 0.18) (Figure 8e). In contrast, NFS
and LKP were grouped together (Figure 7b) due to being relatively deep sites, 6.7 m and
7.3 m respectively, and showed more variation in relief than other sites due to their distinct
spur-and-groove formations. MANOVA cluster analysis closely grouped ESB and SDK
and showed a large separation from the other mapped sites. Additionally, ANOVA results
found no significant difference in all tested DEM metrics between ESB and SDK. However,
it is important to recognize the specific reef-area analyzed using depth-transect profiles
for both sites were structurally different, such that SDK had several spur-and-groove
formations included in the analysis (Figure 2a), whereas the area mapped at ESB mainly
consisted of one large spur (Figure 2d).

3.3. Orthoimage Analysis Benthic Composition Results

Results from the orthomosaic image analysis provide insight into the biological reef
surface characteristics contributing to the reef framework, including trade-offs between
coral assemblages and other benthic organisms typically found colonizing hardbottom
substrates. The density of octocorals was ~2/m2 for all sites and therefore was not included
in the following site characterization analysis due to its low encounter rate in the mapping
process. Canonical discriminant analysis and MANOVA clusters showed relatively small
separations among sites, with the presence of branching corals being a strong driver in
site characterization. The first canonical axis generally separated less biologically diverse
sites (SDK, NFS) from sites presumably with high coral or sponge cover (LKP, ESB, WSB)
(Figure 7c). Variation in presence or absence of habitat characteristics across each sampled
tile within a site highlights relatively fine-scale differences in coral assemblages and as-
sociated benthos, such as encrusting zoanthids and sponges, leading to minimal relative
distances in site separation (Figure 7d).

Further distinction between coral-dominated sites was dependent on the relative
presence of encrusting zoanthids and abundance of both the trait-based corals shown
by post hoc ANOVA results, where all fine-scale habitat metrics were significantly dif-
ferent (p < 0.01) for each mapped site (Table 7). For example, WSB had small patches of
branching staghorn (A. cervicornis) and finger corals (Porites spp.) on the seabed surface,
while LKP had several staghorn and elkhorn (A. palmata) coral outplants at various growth
stages within the mapped area. Additionally, several brain corals (C. natans, P. clivosa,
D. labyrinthiformis) were observed at LKP, yet had been impacted by coral disease dimin-
ishing the area characterized as live coral cover. Although all sites were dominated by
encrusting zoanthids (P. caribaeorum), the relative percent cover was lowest at WSB (<3.7%)
and was highest at NFS (<24%) followed by LKP (<20%) (Figure 9g). Percent cover of
encrusting zoanthids at NFS was significantly higher at all sites except LKP (p = 0.54).
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Table 6. ANOVA results for DEM habitat variables. 

DEM 
Source df Source F Prob > F 

Sites 4 mean depth 60.97 <0.01 
Error 28 median depth 73.28 <0.01 
‘Total’ 32 crrug 45.25 <0.01 

Figure 7. Canonical discriminant analyses (left) and MANOVA-based clusters (right) for digital
elevation model (DEM) variables (a,b) and structure-from-motion (SfM) orthomosaic variables (c,d).
Site symbols indicate level of protection: fished (squares), ER (circles), SPA (open circles), and SUA
(stars). See Table 3 for data source and habitat variable definitions.
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Figure 8. Percent cover of habitat variables collected from the digital elevation models of mapped
sites after Hurricane Irma and 30-m scan line analysis: (a) mean depth, (b) median depth, (c) coral
reef rugosity index, (d) rms roughness, (e) relief, (f) slope, (g) vector terrain ruggedness, (h) surface
area to planar area ratio. The central red line represents the median, and the 25th and 75th percentiles
are shown as the upper and lower limits respectively. Outliers are denoted as red ‘+’ symbols.

Table 6. ANOVA results for DEM habitat variables.

DEM

Source df Source F Prob > F

Sites 4 mean depth 60.97 <0.01

Error 28 median depth 73.28 <0.01

‘Total’ 32 crrug 45.25 <0.01

rms 1.56 0.17

relief 1.53 0.10

slope 3.11 0.02

vrm 3.85 <0.01

sapa 4.56 <0.01
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Table 7. ANOVA results for SfM habitat variables.

SfM

Source df Source F Prob > F

Sites 4 submassive
boulder 6.66 <0.01

Error 745 encrusting dome 24.15 <0.01

Total 749 branching 8.32 <0.01

sponge 23.86 <0.01

macroalgae 10.53 <0.01

rubble 14.57 <0.01

encrusting
zoanthid 12.64 <0.01
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Figure 9. Percent cover of habitat variables collected from each mapped site’s orthomosaic tiles
annotated in MATLAB ImageLabeler: (a) submassive boulder corals, (b) encrusting dome corals,
(c) branching corals, (d) sponge, (e) macroalgae, (f) rubble, (g) encrusting zoanthid. The central red
line represents the median and the 25th and 75th percentiles are shown as the upper and lower limits
respectively. Outliers are denoted as red ‘+’ symbols.

The relative percent cover of encrusting dome corals (C. natans, Pseudodiploria sp.) was
highest at ESB (<6%) and significantly different from all sites (p < 0.01) (Table 7). Percent
cover of sub-massive corals at ESB was significantly different than all sites except SDK
(p = 0.99), as both sites showed outliers greater than 5% (Table 7 and Figure 9a respectively).
ESB’s coral composition was dominated by mustard hill (P. astreoides) corals characterized
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as encrusting dome corals, and their spatial distribution varied from patches on reef rubble
to relatively dense colonies on shallow ridges. ESB also had several large boulder star
coral colonies characterized as sub-massive corals, such as the mountainous star coral (O.
faveolata) and the massive starlet coral (S. siderea). The percent cover of large barrel sponges
(X. muta) (4.7%) was significantly higher at LKP than other sites (Table 6; Figure 9d). Percent
cover of rubble was generally higher at sites previously characterized as having distinct
sand channels and ridges (e.g., SDK) at 70%, compared to WSB with 3.5% rubble cover.

3.4. Comparison of RVC and SfM Methods

The combination of visual surveys and mapping using photogrammetry demonstrates
how observational scale and methods influence site-specific habitat characterization. Both
methods suggest that depth and features that contribute to bottom topography (e.g., surface
hard relief, rubble, coral assemblages) are important components in describing habitat
complexity among these shallow coral reef sites. Also, the difference in habitat variables
that describe hard-bottom seabed surfaces (e.g., a-rubble, a-hard, sapa) that provide structure
for biotic variables (e.g., b-coral, b-sponge, branching corals) colonizing the three-dimensional
surface for both sampling methods provided critical thresholds for site separation within
each cluster analysis. RVC survey site characterization was limited to larger spatial scale
differences among sites and did not provide fine-scale descriptions of within-site variation.
Conversely, SfM photogrammetry was more robust in not only separating among sites
beyond the variables of depth and vertical relief, but also further distinguished sites using
more fine-scale variables such as vector terrain ruggedness and specific coral morphologies
as key drivers in site characterization. For example, live coral cover was not a significant
variable in site characterization for the RVC surveys, yet the SfM mapping approach
showed significant differences in the dominance of coral morphologies, as well as the
related topographical metrics such as the coral reef rugosity index among sites. RVC
surveys were able to capture site variation over space and time relevant to important broad-
scale habitat impacts, such as impacts from recreational use (i.e., vessel anchoring, scuba
divers) and environmental disturbances (i.e., hurricanes). The one sampling period for
SfM mapping was robust in observing within site variations across the three-dimensional
surface of the seabed, and captured localized topographical features not generally captured
by visual surveys, such as local depressions, patchy coral heads, and the matrix of benthos
on sand (e.g., rubble, boulder corals, macroalgal turfs).

4. Discussion

This study provides baseline fine-scale spatial data for several spur-and-groove reef
sites in the FKNMS and highlights the combined use of reef visual census surveys and
SfM photogrammetry to assess the physical and biological contributions to reef structural
complexity relevant to coral reef management and conservation. Characterizing reef habitat
complexity using a combination of visual surveys, photogrammetry, and orthoimage
analysis provided new insights into understanding both the physical and biological benthic
characteristics contributing to the coral reef framework at several fore-reef sites in the
FKNMS. Our results from RVC surveys and photogrammetry suggest that shallow reef sites
existing within research-only areas and public access sites with mooring buoys generally
harbor more reef-building corals than fished sites, but each site may be unique in their
combined framework of physical features (i.e., abiotic cover, relief) and dominant coral
assemblages. RVC surveys were robust in differentiating among shallow sites and deeper
fore-reef sites based on habitat characteristics, as well as describing hard structures that
contribute to hardbottom complexity. Depth and seabed surface hard relief cover were
key habitat characteristics separating all sites over time, however this separation among
sites was diminished after hurricane Irma. In characterizing each site’s site-specific habitat
traits, including the presence of varying coral assemblages using orthoimage analysis, our
study suggests that colony-scale seabed features, as well as the spatial placement of marine
reserves and coral taxa post hurricanes may also play a role in driving habitat complexity.
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In characterizing habitat complexity at the site level, our results on the type of coral
dominating an area and the amount of seabed surface attributed to hard features (e.g.,
rubble, dead corals, sponges) may be more important factors in site characterization than
percent live coral cover. As hard seabed surfaces essentially include hardbottom substrate,
living and non-living corals, and reef rubble, our SfM habitat mapping approach at a high
resolution supports previously identified variations in coral assemblages and shows that
within site variation in benthic cover may drive structural complexity [26,86,87].

The combination of abiotic and biotic habitat metrics was also useful in characterizing
the potential impact of reef management zones on habitat characteristics, as well as pro-
viding baseline information on the coral taxa historically present within the reef system,
and new taxa [88,89]. For example, WSB is one of the oldest marine reserve sites in the
FKNMS, designated as the first ecological reserve in 1997, and lies adjacent to Middle
Sambo (not sampled) and ESB. WSB and ESB were not significantly different based on RVC
surveys; however, orthoimage analysis found that WSB and ESB differed in dominant coral
assemblages present and digital elevation models also found key structural differences
in metrics utilized in both survey methods such as median depth, relief, and slope. WSB
yielded high coral reef rugosity values comparable to other studies in which high rugosity
values (i.e., >2.5) indicate coral richness [90–92]. Both sites yielded the lowest coverage in
the encrusting zoanthid (P. caribaeorum), yet differed in dominant coral taxa and protection
level, suggesting that these sites may possess strong fine-scale habitat traits or biological
legacies from previous disturbance impacts for certain coral taxa [93–96]. For example,
following Hurricane Irma’s direct impact on the study sites, the coral reef soundscape
at ESB during the same sampling periods (2017–2018) showed signs of recovery within
weeks to months following the disturbance through the return of periodic fish chorusing
and snapping shrimp activity [97]. NOAA’s National Weather Service has recorded ten
tropical storms and nine hurricanes either passing over or making landfall in the Florida
Keys and the Dry Tortugas between 2000 and 2020 [98]. The next prior storm to Hurricane
Irma was Hurricane Isaac (category 1) in 2012; however, the storm track from Cuba to the
southern tip of the Florida Keys was positioned ~40 km away from this study’s southern
most site WDR, and there was no major damage reported for reef habitats [99]. The frequent
physical destruction in the Lower Florida Keys reef habitats may retain physical complexity;
however, the biotic characteristics such as corals, sponges, and gorgonians may shift to
reflect a less complex surface cover on hardbottom substrates over time [81,100,101]. Long-
term reduced coral diversity can cause a decline in the ecological function of coral reefs
and hinder ecosystem recovery as the combined effects of habitat loss and dampening of
complex food web dynamics become exacerbated over time [102,103]. For example, many
three-dimensional branching, corymbose, plating, and other complex coral morphologies
serve as microhabitats for habitat specialists, refugia for ontogenetic niche shifts between
size classes or life history stages [102,104,105]. The legacy of the biotic and abiotic features
that remain will determine the successive traits and survivorship of future generations at
coral reef habitats [106,107].

The relationship between specific habitat metrics, live coral cover or colony size,
reef slope, and overall ecosystem health metrics for coral reefs remains unclear. For
example, slope serves as a robust indicator of the proportion of hardbottom substrates
at a site and provides information on gradual two-dimensional changes in abiotic reef
structures (i.e., reef ledge, crest) [43]. In contrast, ruggedness strongly correlates with
traditional reef rugosity and trait-based coral cover, and considers the full spatial area for
model reconstruction [75,108]. The spatial resolution in estimating VRM or ruggedness
varies with coral morphology, yet can also aid in identifying coral assemblages. At high-
resolution scales where the raster cell size is less than 4 cm, complex three-dimensional
corals such as branching corals, positively correlate with ruggedness while other growth
forms, including encrusting and mound-building corals, generally correlate at larger spatial
scales between 8–16 cm resolution [43]. Additionally, shallow-water coral reefs often reflect
scale-dependent rugosity [109,110], which depends on the abundance and diversity of
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coral growth forms [74,108] and the presence of intra-species growth plasticity [111]. For
example, high relief fished sites such as WDR, NFS, and N1M were essentially physically
complex, yet lacked the biological cover present at similarly structured protected sites such
as LKP and LKU. Although ESB was a moderately shallow and less complex site than both
Looe Key sites, ESB’s variation in surface relief and slope shown in the depth profile was
comparable to LKP and reflects the high abundance of P. astreoides that forms dome-shaped
colonies. Recent three-dimensional reconstruction of a hurricane impacting a Hawaiian reef
atoll showed that mean rugosity and slope decreased as the benthic cover of tabular corals
decreased after reef destruction, yet ruggedness varied depending on raster resolution due
to the presence of reef rubble, fallen ledges, and depressions [112].

5. Conclusions

As coral reef habitat assessments and restoration efforts evolve to include 3D mapping
at scales relevant to management priorities, more research will be needed to understand the
relationship between changes in living coral taxa and morphologies, reef structural com-
plexity, and the processes underlying these changes. Additionally, adaptive management
frameworks aiming to monitor and promote coral reef resilience in the face of multiple
complex stressors calls for knowledge of the magnitude of disturbances and ecosystem
vulnerability at finer spatial scales [113]. The use of orthoimage analysis and SfM habi-
tat mapping can provide critical information on changes in the three-dimensional reef
structure and biotic surface cover over time to track reef degradation or recovery [112,114].
Furthermore, our coral-trait based approach enhances the understanding of severe distur-
bances (i.e., hurricanes, SCTLD, ocean warming) on the composition of coral assemblages
and the subsequent shifts in benthic communities [85,115,116]. Monitoring fine-scale habi-
tat variables through high-resolution mapping is beneficial in assessing the outcomes of
MPAs [117–120] and coral restoration efforts [121,122] as well as understanding the bio-
logical benthic structure of reefs [123] that can help guide place-based coral restoration
efforts [124,125]. The combined approach of SfM photogrammetry with traditional moni-
toring methods, such as visual surveys at multiple spatial and temporal scales, can enhance
the ability to find niche habitats or coral taxa that promote resilience against regional
stressors prominent in ecologically and economically important coral reef ecosystem such
as the Florida Keys.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d14030153/s1, Table S1: Example settings used to generate 3D
models of Sand Key in Agisoft Metashape Professional. (*) Low settings were used if image alignment
was not immediately successful; however, all models were aligned on high before generating the
dense cloud or mesh building. Figure S1: Depth-transect profiles based on the DEM raster are shown
for (a) Sand Key SPA (SDK), (b) Nine Foot Stake (NFS), (c) Western Sambo ER (WSB), (d) Eastern
Sambo SUA (ESB), and (e) Looe Key SPA (LKP). Transect profiles are 30 m in length (west-east) with
3 m spacing between transects heading in a northerly direction.
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