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Abstract Small unmanned aerial systems (sUAS) are an
affordable, effective complement to existing coral reef
monitoring and assessment tools. sSUAS provide repeat-
able low-altitude, high-resolution photogrammetry to
address fundamental questions of spatial ecology and
community dynamics for shallow coral reef ecosystems.
Here, we qualitatively describe the use of SUAS to survey
the spatial characteristics of coral cover and the distribution
of coral bleaching across patch reefs in Kane‘ohe Bay,
Hawaii, and address limitations and anticipated technology
advancements within the field of UAS. Overlapping sub-
decimeter low-altitude aerial reef imagery collected during
the 2015 coral bleaching event was used to construct high-
resolution reef image mosaics of coral bleaching responses
on four Kane‘ohe Bay patch reefs, totaling ~ 60,000 m>.
Using sUAS imagery, we determined that paled, bleached
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and healthy corals on all four reefs were spatially clustered.
Comparative analyses of data from sUAS imagery and
in situ diver surveys found as much as 14% difference in
coral cover values between survey methods, depending on
the size of the reef and area surveyed. When comparing the
abundance of unhealthy coral (paled and bleached)
between sUAS and in situ diver surveys, we found differ-
ences in cover from 1 to 49%, depending on the depth of
in situ surveys, the percent of reef area covered with sUAS
surveys and patchiness of the bleaching response. This
study demonstrates the effective use of sSUAS surveys for
assessing the spatial dynamics of coral bleaching at colony-
scale resolutions across entire patch reefs and evaluates the
complementarity of data from both sUAS and in situ diver
surveys to more accurately characterize the spatial ecology
of coral communities on reef flats and slopes.

Keywords sUAS - Mapping - Remote sensing - Coral reefs
- Bleaching

Introduction

Coral reefs, which provide a variety of vital ecological and
economical functions throughout tropical coastal commu-
nities, are in global decline due to a combination of coastal
and global stressors (Bozec and Mumby 2015). Coral
bleaching, usually caused by thermal stress, is widely
known as one of the largest contributors to the global loss
of coral reefs (Cesar et al. 2003; Baker et al. 2008; Normile
2016). In order to help understand the ecological impacts
of the declining trend in global coral reef condition, it is
essential to collect information at biologically relevant
spatial scales to understand the spatial dynamics of coral
bleaching.
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Coral Reefs

Three major bleaching events have been documented in
Kane‘ohe Bay, which occurred in 1996, 2014 and 2015
(Jokiel and Brown 2004; Bahr et al. 2015b). The Septem-
ber 2014 event was the most severe bleaching event
documented in the Hawaiian Archipelago to date. Coral
recovery was high within Kane‘ohe Bay, with the excep-
tion of reefs affected by a concurrent freshwater kill in July
2014 where recovery has been slow (Bahr et al. 2015a).
Widespread coral bleaching was recorded again throughout
Kane‘ohe Bay between the months of August and October
2015, again with high recovery throughout the bay (R
Ritson-Williams, K Bahr pers. comm.).

Generally, coral bleaching surveys are conducted via
in situ diver surveys or remote sensing techniques (Hedley
et al. 2016). In situ diver surveys are necessary to obtain
colony-level bleaching information. However, reef com-
munity structure and bleaching patterns can be
heterogeneous over scales of centimeters to hundreds of
meters, which make the small cumulative area of in situ
diver assessments possibly unrepresentative of reef condi-
tion as a whole. Additionally, some reefs are situated where
remoteness, weather conditions or reef topography prohibit
the safe, routine collection of in situ reef information
(Buddemeier and Smith 1999). Remote sensing surveys
collect coral information over vast areas, but have tempo-
ral, spatial and monetary limitations that are particularly
problematic when trying to answer coral bleaching ques-
tions at the colony level (Green et al. 1996; Hofmann and
Gaines 2008). Unmanned aerial systems (UAS) or drones
offer a viable alternative to traditional platforms for
acquiring high-resolution remote sensing data at lower
cost, increased operational flexibility and greater versatility
(Watts et al. 2012; Udin and Ahmad 2014; Colefax et al.
2017). Small UAS (sUAS) are defined as fixed wing or
multi-rotor aircraft that weigh less than 25 kg and are flown
without a pilot in the cockpit (Hardin and Jensen 2011;
Klemas 2015). sUAS have been used in several fields of
coastal marine ecology including wildlife surveys, wetland
assessments, coastal erosion assessments and coral reef
surveys (Pierce et al. 2006; Martin et al. 2012; Hodgson
et al. 2013, 2016, Casella et al. 2014, 2016; Flynn and
Chapra 2014; Klemas 2015; Chirayath and Earle 2016). In
this study, we utilized sUAS and photogrammetry tech-
niques to create high-resolution maps (~ 1 cm ground
sample distance from the waters surface) of four patch
reefs in Kane‘ohe Bay, Hawaii, that were impacted by the
2014/2015 global coral bleaching event to determine the
spatial dynamics of coral bleaching between and within
patch reefs (PR). We also compared coral cover and coral
bleaching metrics between aerial and in situ survey
methodologies in efforts to validate aerial data accuracy
and initiate the concept of integrating sUAS-derived and
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in situ coral reef data, and bring attention to the benefits
and limitations of both survey methodologies.

Methods
Study site

Kane‘ohe Bay, located on the northeastern side of O‘ahu,
Hawaii, is the largest sheltered body of water in the main
Hawaiian Islands and is characterized as a shallow, near-
shore marine environment with well-developed fringing
reefs and 57 distinct patch reefs, physically separated by
sand/silt channels 10-12 m deep (Roy 1970; Bahr et al.
2015b). Patch reefs in Kane‘ohe Bay range from 1000 to
55,000 mz, have reef flats less than 2 m below sea level and
are located between 300 and 3000 m from the nearest shore
(Roy 1970). These level, very shallow reef flats are ideal
locations for sUAS surveys. During low-wind periods,
Kane‘ohe Bay can experience very calm sea states and
good visibility that are optimal for the successful use of
sUAS surveys (Casella et al. 2016). During the Summer/
Fall months of 2015, high atmospheric and ocean tem-
peratures coincided with low winds to push nearshore
temperatures above 30 °C, leading to extensive coral
bleaching throughout Kane‘ohe Bay (R Ritson-Williams, K
Bahr pers. comm.). We targeted four patch reefs (PR 20,
PR 25, PR 42 and PR 44) for this study due to varied
bleaching responses, positions in the Bay and size ranges of
these reefs (2000-45,000 m2), which allowed us to opti-
mize our survey techniques and compare results obtained
with in situ methods (Fig. 1). This variation allowed us to
optimize our survey techniques for different reef sizes and
coral condition in efforts to develop a reef agnostic UAS
survey protocol that can be easily adapted to reef sites
beyond Kane‘ohe Bay.

The DJI Phantom 2, a low-cost, commercially available
quad-rotor sUAS, was chosen for this study because of its
relatively long flight time (~ 15 min), capacity to hold a
3-axis gimbal and 12-megapixel (MP) red-green—blue
(RGB) sensor and compatibility with a flight planner. The
3-axis gimbal allowed for smooth, stable, imagery collec-
tion regardless of the pitch and yaw of the moving
platform. A GoPro Hero 3 was a suitable RGB sensor due
to its small size, lightweight and sufficient image resolution
(12 MP). The GoPro was fitted with a circular polarizer to
reduce glare artifacts as much as possible and programmed
to collect a single 12 MP image two times per second
during the flights. The DJI Ground Station (GS) was a free
flight planner for iOS tablets that enabled the pilot to create
up to 16 waypoints per flight on a satellite map-layer
interface. Waypoints could be manually adjusted for
location, height, time spent at waypoint, platform
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Fig. 1 Kane‘ohe Bay with the four targeted patch reefs indicated

orientation and speed between waypoints. The flight path
was designed in a lawn mower pattern, allowing the sensor
to travel over the reef, collecting still imagery at ~ 70%
overlap in the x and y direction. The GoPro Hero 3 sensor
has a field of view of 94° and 120° in the X and Y direc-
tions, respectively, in the “wide” setting. This meant that at
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20 m altitude, the flight paths needed to be 15-20 m apart,
and the camera must be traveling at a maximum ground
speed of 5 m s " in order to collect sufficient overlap in the
X and Y directions with a 2 FPS frame rate. Although the
targeted image overlap was 70%, due to the rudimentary
flight planner and UAS available at the time, flight path
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Fig. 2 PR 25 with subset
showing location of GCP and
float. Cropped image showing
GCP float (red box) and PVC
marker (black box)

drift due to wind and GPS inaccuracies resulted in lower
overlap in some areas.

Flights were flown at 15-20 m altitude to optimize
image resolution. At lower altitudes (~ 10-12 m), pro-
peller-generated wind turbulence can impact the water state
and produce distortion artifacts. Therefore, we found that
for low-end multi-rotor sSUAS such as the DJI Phantom
series and a 12 MP sensor, a “happy medium” altitude of
15-20 m provided 0.8-1.0 cm ground sample distances
(GSD) at the water surface, with no disturbance to the
waters surface. Maximum flight time for the DJI Phantom 2
was ~ 15 min per battery and full reef coverage required
between 0.5 and 5 batteries, depending on the reef size.

Preflight procedure

Prior to conducting sUAS assessments, we deployed
ground control points (GCPs) in order to accurately geo-
reference the reef imagery. Five floats and four L-shaped
PVC pipes (0.34 m x 0.34 m) distributed evenly along the
reef perimeter were easily visible in the aerial imagery
(Fig. 2). GPS coordinates of the GCPs were recorded for
1 min at each location with a Garmin GPSMap 76c¢x, which
has a GPS Positional accuracy of < 10 m (Garmin 2009).
The aircraft was launched in autopilot mode using the
ground station.

All four sUAS reef assessments were conducted from
the bow of a 17-ft Boston Whaler between 0830 and
1000 hrs. (HST). Early morning flights were necessary to
reduce glare hotspots produced by high sun angle. The boat
was anchored on the southeast side of each reef during
sUAS operations, which prevented the pilot and spotter
looking into the sun while monitoring the aircraft during
flight. The spotter released the aircraft and monitored air-
craft progress on the flight planner, while the pilot
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maintained a visual on the aircraft during the entirety of the
flight while holding the remote control. When the survey
was completed, the pilot regained manual control and
positioned the aircraft above the bow of the boat, to be
retrieved by the spotter. Before each flight, the proper
authorities at Marine Corps Base Hawaii (MCBH) and
Honolulu International Airport were notified of flight
locations, platform and time of flights in accordance with
current FAA rulings at the time.

Partial to complete areas of each targeted patch reef
were collected during the bleaching event, but, due to
weather conditions, the collection of imagery of all reefs
within a single morning was not possible. Imagery for Reef
44 was collected on August 23, 2015, while imagery for
Reefs 42, 25 and 20 was collected between October 27,
2015, and October 29, 2015. Imagery was incomplete for
three of the four reefs due to the combined effects of an
inefficient flight planner and short UAS flight time, which
limited the amount of area covered per flight. Although
multiple batteries were used for each reef, we did not have
enough batteries on hand to completely cover the entire
area for the larger reefs. It is important to note that if
conducting UAS surveys on fringing or barrier reefs, boat
orientation may be less flexible and could require longer
distances between the boat and UAS while conducting
surveys. In addition to inconvenient orientation to the sun,
wind and current directions that may make takeoff, main-
taining visual contact with, and landing the UAS difficult.
Prior to conducting UAS surveys, it is important to
understand such environmental factors that may not be as
important for in situ surveys.
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Postprocessing

Aerial images for each reef were batch-edited in Adobe
Lightroom to standardize color and increase shading con-
trast to improve the ability of the photogrammetry software
to detect the necessary image features to successfully cre-
ate an orthomosaic product. Agisoft Photoscan
photogrammetry software was used to create orthomosaic
models of partial to complete areas of each reef. This
software uses structure from motion SfM techniques to
identify points of interest between adjacent images to
estimate the camera location at the collection point of each
image, and then combines adjacent images to create dense
point clouds and orthomosaic models of a complete scene
(Stal et al. 2012). SfM techniques require at least 60%
overlap between images in both the X- and Y-axes in order
to decrease orthomosaic distortions (Stal et al. 2012). Prior
to importing the images, the GoPro 3 was calibrated using
Agisoft Lens, which characterizes the lens and creates a file
that is used in Agisoft Photoscan to improve the estimated
camera position accuracy. After uploading, the folder of
single images is then “Aligned” at “High” accuracy using
the “Generic” preselection. After alignment, camera posi-
tions were optimized using the “Optimize” tool and the
orthomosaic was built using the “Mesh” as the surface and
“Mosaic (default)” blending mode. RMS reprojection error
was calculated as 4.05, 2.31, 3.08 and 2.44 pixels for PRs
20, 25, 42 and 44, respectively. This and other supple-
mentary information in reference to orthomosaic model
production can be found in supplementary material. Pixel
size was calculated as 0.0110 m £ 0.005 for all four
orthomosaics. Models were then exported as TIFF files. It
should be noted that Agisoft Photoscan has undergone
several software updates since conducting this work, and
therefore, some workflow procedures have changed,
although the final products for each step remain the same.
The orthomosaics were then georeferenced in ArcGIS
using a combination of the GPS data from the GCP’s and
visual references from base layer satellite imagery, which
yielded a root mean square error (RMSE) of 0.5-0.8 pixels
or 0.55-0.88 cm. A combination of both georeference aids
was used because of the inaccuracy of the GCP GPS
locations due to the relatively high error of the GPS
(< 10 m) and the dynamic location of the CGP marker. The
physical drift of the GCPs, yellow floats tied to anchors
with ~ 1 m of rope, did not hold exact locations for the
duration of deployment and therefore produced location
errors that are a function of rope length, water depth and
water/wind dynamics.

In situ ground-truthing was performed to evaluate the
quality of the airborne imagery, utilizing 1 m x 1 m photo-
quadrats. The in situ photographs were not used for
assessment of statistical accuracy, but rather for qualitative

comparisons that highlighted the airborne imagery’s ability
to resolve different benthic types (Fig. 3a—c).

Image classification and spatial analysis

Image annotations were conducted manually in GIS soft-
ware. The outline of each coral colony was digitized by
hand to create individual polygons for each coral portion.
Each polygon was assigned one of the three health states:
pale, bleached and fully pigmented (healthy). Colonies that
experienced partial bleaching or paling were divided into
separate polygons. Non-coral cover such as sand, rubble
and algae was not specifically cataloged, as these metrics
were not relevant to the study, and as such were assigned to
an “unclassified” category.

To assess the distribution of bleaching responses, all
polygons for each health state were combined into a single
polygon, producing three polygons (one of each health
type) per reef. The area of each polygon was divided by
total reef area to determine proportional cover for each
coral heath state, as well as total coral cover per reef. Each
polygon was converted to point data, which was used to
determine the distribution of each health type per reef. We
examined the spatial autocorrelation of bleached, paled and
healthy corals with Moran’s I, which uses feature locations
to measure spatial autocorrelation, determining whether
patterns are clustered, dispersed or randomly distributed, to
determine the spatial distribution of each health state on
each reef (Fischer 2010). We then conducted an optimized
hot spot analysis to determine the location of high and low
clumped areas of each health state on each reef (Fischer
2010). All spatial analyses were performed in ESRI Arc-
GIS version 10.3.1.

Coral cover comparison

The State of Hawai ‘i Division of Aquatic Resources (DAR)
conducted an assessment of Kaneohe Bay patch reefs in
2014 including PRs 20, 25, 42, 44 using an in situ “snap
assessment” technique (Neilson et al. 2014). Surveyors,
spaced approximately 5-10 m apart, swam transects across
the reef and randomly placed a 0.5 m measuring stick every
5-10 m. At the location of the stick, GPS waypoints were
collected, and percent live coral cover was estimated based
on the benthic composition below the measuring stick
(Neilson et al. 2014). Percent cover was categorized into 0,
1-10, 11-50 and 51-100% bins (Neilson et al. 2014).
Surveys covered the entirety of each reef to depths of <3 m
(Neilson et al. 2014). This method records point coral
cover observations across a large portion of reef area and
provided reef-wide coral cover values, which were used to
compare against SUAS reef-wide coral cover survey results
(Neilson et al. 2014).
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Fig. 3 Ground-truth verification of aerial imagery. a Aerial Image taken of healthy coral and non-coral substrate inside the 1 m? quadrat at 20 m
altitude. b Cropped aerial image to isolate the quadrat. ¢ In situ imagery of the quadrat. Note the insufficient image coverage of the in situ quadrat

due to shallow reef depth
Coral bleaching comparison

In situ bleaching data were collected using underwater
video of five, 10 m transects at 2 and 0.5 m depths on PRs
25, 42 and 44 on October 30, 2015 (Ritson-Williams
unpublished). Transects were conducted on the west side of
PR 25 and on the southwest corners of PRs 42 and 44
(Ritson-Williams unpublished) (Figs. 4a, 5a, 6a). Five still
frames were randomly selected from each replicate transect
per reef per depth and analyzed using Coral Point Count for
Excel (Kohler and Gill 2006). Coral health values derived
from transects were used to estimate percent coral
bleaching on a reef-wide basis for each reef surveyed
(Ritson-Williams unpublished). Percent bleaching values
for each replicate transect per depth were averaged for each
reef and compared to percent bleaching values calculated
from the sUAS surveys.

All surveys were designed to estimate total coral
cover/coral bleaching per patch reef. As such, precise
horizontal accuracy for each data set is not required for a
comparison between data sets as long as the compared
surveys were conducted on the same patch reef.
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Results
Spatial distribution of coral bleaching

Total coral cover varied significantly between the four
patch reefs. The highest coral covers were on R20 and R42
with 56 and 55% cover, respectively (Table 1), while PR
25 had the lowest coral cover with 9.6% coral cover and
PR 44 had 32.0% cover (Table 1). We pooled bleached and
paled coral cover per reef into an “unhealthy” class to
standardize coral cover by health for all four reefs. PR 44
had the largest percent of unhealthy coral cover with
45.4%, and PRs 20, 42 and 25 had relatively low percent
unhealthy coral cover at 3.7, 6.9 and 2.2%, respectively
(Table 1).

Bleached and paled corals on all reefs were classified as
significantly clustered using Moran’s I spatial autocorre-
lation test with Z scores of 35.172, 31.506, 37.379 and
65.684 for PRs 20, 25, 42 and 44, respectively (Table 2).
Unhealthy coral cover was clustered along the periphery of
PR 25 in addition to an area in the center section of the reef
flat (Fig. 5c). PRs 20 and 42 had the highest density of
paled coral, clustered on the northeast (windward) and west
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Fig. 4 Spatial analysis workflow for Reef 20. Pixel size:
0.009 x 0.009 m. a Reef mosaic with inset. b Orthomosaic classified
into three coral health states and non-coral substrate. ¢ Heat map of

paled colony clusters with environmental sample station locations.
d Heat map of bleached colony clusters with water sample locations
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Fig. 5 Spatial analysis workflow for Reef 25. Pixel size:
0.033 x 0.033 m. a Reef mosaic with inset. Black oval represents
general area where in situ coral bleaching surveys took place.
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b Orthomosaic classified into two coral health states, sand and non-
coral substrate. ¢ Heat map of bleached colony clusters with

environmental sample station locations
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general area where in situ coral bleaching surveys took place.
b Orthomosaic classified into three coral health states and non-coral
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extent of reef imagery
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Table 1 Coral cover categorized per reef by health type, total coral
cover and total reef area covered by SUAS survey

Reef Healthy (%) Total coral cover (%) Total reef cover (%)
20 97.77 54.97 100

25 93.09 9.61 78.5

42 96.29 56.03 94

44 54.57 32.03 52

“Unhealthy” and ‘“healthy” cover percentages are calculated from
total available coral cover for each reef

Table 2 Z scores and search thresholds for Moran’s I spatial auto-
correlation test

Reef Z score Search threshold (m)
20 35.17 3.65
25 31.51 9.81
42 37.38 6.20
44 65.68 3.72

(leeward) side of each reef, respectively (Figs. 4c, 6c).
Paled coral was more dispersed on Reef 44 although
highest densities were located on the southern portion of
the surveyed area (Fig. 7c). Bleached coral was dispersed
throughout the periphery of PR 20, with higher-density
clusters occurring on the southwest portion of the reef
(Fig. 4d). There was a dense cluster of bleached coral on
the southern portion of PR 42 (Fig. 6d) and on the southeast
(windward) portion of PR 44 (Fig. 7d).

Coral cover comparison

When comparing the SUAS surveys to in situ diver surveys,
coral cover differences ranged from 1 to 14% between the

two methods. The largest difference between coral cover
occurred at PR 25, where sUAS surveys showed 14% lower
coral cover than the in situ survey (Table 3). SUAS surveys
overestimated coral cover on PRs 42 and 20 by 7 and 9%,
respectively, while sUAS surveys underestimated coral
cover on PR 44 by only 1% (Table 3).

Coral bleaching comparison

The largest difference in unhealthy coral cover between
in situ and SUAS surveys occurred at PR 42, where sUAS
surveys underestimated unhealthy coral cover by 45.4%
compared to the average bleaching cover at both in situ
survey depths (Table 4). At PR 44, differences between
sUAS and in situ estimates of percent unhealthy coral
cover were the lowest at 11.9% when averaging percent
cover from the 0.5 and 2 m surveys (Table 4).

Discussion
Spatial analysis

Autocorrelation tests showed significantly clustered distri-
butions for all reefs (Table 2) and clustering locations
differed by reef and by health type (paled or bleached). For
PRs 20, 42 and 44, heterogeneous distribution patterns of
bleached and paled coral were between and within each
reef (Figs. 4c, d, 6¢c, d, 7c, d). For Reefs 20 and 42,
bleached and paled clusters did not overlap, and in the case
of PR 20, high-density clusters of bleached and paled
corals were located on opposite sides of the reef (Figs. 4c,
d, 6¢c, d). Since PR 44 had a large percentage of unhealthy
coral cover (Table 1), we expected to see a more uniform

Table 3 Patch reef coral cover

Reef Total coral cover (%) (SUAS) Estimated coral cover (%) (in situ) Difference
comparing in situ and sUAS
survey techniques 44 32.03 33 (Range: 21.2-51.44) 0.97

42 56.03 49 (Range: 32.51-71.36) 7.03

25 9.61 24 (Range: 14.54-43.33) 14.39

20 54.97 46 (Range: 30.48-66.22) 8.97

In situ data were collected by DAR from February to April 2014 2. SUAS data were collected from August

to October 2015

Table 4 Coral bleaching comparison between sUAS surveys and in situ surveys conducted at 0.5 and 2 m depth

Reef Unhealthy Unhealthy (%)  Difference (%)

Unhealthy (%)

Difference (%) (SUAS Difference (%) (sUAS vs.

(%) (sUAS) 2 m (in situ) (SUAS vs. 2 minsitu) (0.5 m in situ) vs. 0.5 m in situ) average of 0.5 and 2 m in situ)
44 45.43 44.38 1.05 68.22 22.79 11.92
42 3.71 45.37 41.67 52.79 49.08 45.39
25 6.91 42.55 35.65 54.92 48.02 41.84

In situ bleaching data were collected using video transects on October 30, 2015, as per Ritson-Williams unpublished
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@ Springer



Coral Reefs

distribution of unhealthy coral across this reef (Fig. 7c, d).
However, the highest densities of both paled and bleached
coral are located on the south/southeast portion of the
surveyed area. The reasons for these heterogeneous,
clumped distributions by reef and health type may stem
from various environmental and physical variables that
differed within and between patch reefs in Kane‘ohe Bay.
PRs 20 and 42, which are located on the ocean side of the
boat channel (Fig. 1), are more exposed to prevailing tidal
and wind-driven currents that flush out nutrient and
freshwater-rich coastal waters, which may exacerbate
thermal stress, with low-nutrient oceanic water that protect
corals from thermal stress (Hunter and Evans 1995; Baker
et al. 2008; Lowe et al. 2009; Vega Thurber et al. 2014).
The effects of these water masses may impact certain sides
of the reefs more than others depending on the reef size and
current direction, resulting in a clumped distribution of
paled, bleached and fully pigmented corals. PR 44, which
is located on the shore side of the bay, adjacent to a major
stream output, may receive reduced oceanic flushing and
experience more impacts from coastal stressors, resulting
in higher overall paling and bleaching coral cover. A
freshwater event in summer of 2014 caused significant
mortality on the south, southwest portion of Reef 44 (Bahr
et al. 2015a). The clustered bleaching and paling we saw in
this location may be indicative of continued stress via
coastal sources or perhaps residual effects of the freshwater
event that indicates the system still has not completely
recovered. Additionally, fine-scale changes in depth across
each reef may introduce fine-scale refugia that are exposed
to less irradiance stress, decreasing susceptibility of corals
in those areas to bleaching (Brown 1997). Although tem-
perature has been shown to vary within patch reefs,
temperature data collected during the bleaching event did
not vary significantly between reefs in Kane‘ohe Bay and
was not shown to be a significant driver of coral bleaching
(Gorospe and Karl 2011; Cunning et al. 2016). The spatial
bleaching dynamics pose interesting questions in regard to
the impacts of physical and environmental stressors on
coral bleaching across various temporal and spatial scales.

Survey methodology comparison

Although the DAR data were collected ~ 1.5 yr prior to
the SUAS surveys, these data sets still provide an inter-
esting comparison between survey methods. The largest
discrepancies in coral cover occurred between PRs 25 and
20, where we found coral cover on PR 25 was underrep-
resented by sUAS surveys, while coral cover on Reef 20
was overrepresented. The discrepancy in PR 25 coral cover
values may be the result of high coral cover along the reef
edge, which is difficult to capture via aerial imagery due to
the inability to obtain oblique angles with UAS through the
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water’s surface, and large rubble and sand patches across
the shallow reef flat, which is mostly inaccessible to
snorkelers. PR 20 has a smaller sand patch on the reef flat
and lower coral cover on the reef edge. It is also important
to note that some of the sUAS surveys did not cover
complete patch reefs due to insufficient image overlap and
battery limitations. It is interesting that the most similar
coral cover values between in situ and sSUAS methodolo-
gies occurred on PR 44, which has the largest area and has
the lowest percent reef area collected by sUAS surveys.
The discrepancies in coral cover values between survey
methods pose interesting results that support the need for
both survey methods to accurately characterize patch reef
flats and slopes. Further work could help determine the
optimal reef survey area and survey method needed to
efficiently and accurately characterize reef areas using
in situ surveys when sUAS surveys are not feasible.

Coral bleaching comparison

The coral bleaching comparison illustrates how in situ
survey accuracy can depend on the spatial distribution and
heterogeneity of the bleaching event. The largest difference
between coral cover values occurred at PR 42. The location
of the in situ surveys conducted on Reef 42 appears to
overlap with the area of highest density coral bleaching
cover (Fig. 6a, d), which may have caused an overrepre-
sentation of bleaching cover. Alternatively, Reef 44 has the
smallest difference in percent unhealthy cover between
sUAS and in situ surveys. The in situ surveys were located
in a region of relatively low-density unhealthy coral cover
(Fig. 7a, d), yielding a more accurate or possibly an
underestimation of bleaching cover. Assessing the in situ
surveys in relation to the locations of dense unhealthy coral
cover visibly illustrates potential sampling limitations and
biases that are inherent with small scale in situ surveys,
which can be overcome with complimentary sUAS sur-
veys. For this comparison study, we assumed the in situ
values are more accurate than the sUAS values because
in situ techniques are more established within the field of
coral reef science. However, while we cannot confidently
determine either survey method is more accurate than the
other, this study highlights the need to further investigate
utilizing both sUAS and in situ methods in efforts to
improve the accuracy of coral reef assessments, and
develop protocol for integrating various survey methods
that increase the efficiency of collecting question-specific
reef data.

Limitations

Although there are many benefits to incorporating sUAS
surveys in coral reef science, there are still some
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limitations that are inherent with remote sensing of benthic
habitat through water. As the distance between the sensor
and the substrate decreases, water artifacts such as distor-
tions from waves become more pronounced. Wind-
generated waves (0.1-2 s periods) are particularly disrup-
tive, inhibiting the collection of accurate data at the colony
level, and making benthic classifications challenging. In
order to reduce the amount of wind-wave distortions, it is
necessary to collect imagery on very low-wind days (1-
7 KPH) or in protected bays where fetch is insufficient to
produce substantial ripples. Additionally, imaging the
benthos through a fluid lens produces inherent distortions,
even in calm conditions, that impact fine-scale spatial
details (Chirayath and Earle 2016).

Considering the use of SUAS in coral reef studies is still
in its infancy, standardized protocols need to be developed
and utilized in order to produce imagery that can be held to
the same standard at traditional remote sensing data.
Standards in sensor calibrations (although more important
in projects working in the multi- and hyperspectral realm),
lens calibrations and in situ validations are necessary in
order to accurately and effectively compare results from
UAS imagery over space and time.

The current lack of automated classification systems for
high-resolution aerial RGB imagery is a serious bottleneck in
data analysis efficiency. Due to the amount of area targeted
with sUAS surveys, comprehensive manual benthic classi-
fications are time-intensive. Although it is possible to
distinguish between live coral and sand, the heterogeneity of
both color and morphology within and between coral species
makes classifications at the species level challenging when
limited to RGB channels. Automated image processing and
object identification can reduce data bottlenecks while
maintaining accuracy requirements (Seymour et al. 2017).
Such processes were attempted during this study, but
inconsistencies in reflectance and texture values between
inhibited accurate image classifications between reefs. As
machine learning and neural networks become more robust,
they will increase the efficiency of image processing, object
detection and data management workflows that bottleneck of
large data set projects. As with standard remote sensing
techniques, the use of multi- and hyperspectral sensors on
sUAS has the potential to vastly improve the efficiency and
accuracy of benthic classifications (Hochberg and Atkinson
2003; Kutser et al. 2003).

Technology advancements

The development of technology within the UAS realm has
and will continue to increase the efficiency of surveys and
quality of data collected using sUAS. As reliability and
efficiency of UAS platforms increase, we can conduct larger
surveys in more remote locations. Advancements of

automation methods for image capture and processing will
improve the accuracy and increase the range of conditions
suitable for SUAS surveys. For example, Chirayath and Earle
(2016) introduced a novel mathematical approach that uti-
lizes the magnification distortion produced by wave peaks to
magnify the target benthos while eliminating wind-wave
distortions. This technique increases the number of possible
flight days and locations beyond calm, protected environ-
ments, and increases the spatial resolution over uncorrected
imagery 4—10 fold (Chirayath and Earle 2016).

Flight planners have advanced dramatically since 2015,
where current systems such as eMotion, Mission Planner,
DatuFly, Altizure and Drone Deploy allow the operator to
easily create flight paths and monitor flights in real time.
Sensors are getting smaller, cheaper and more powerful,
allowing for the capture of higher-resolution imagery from
smaller, lighter platforms that are fieldwork capable.

Future studies

Important next steps include correlating high spatial and
temporal resolution sUAS-derived physical reef data with
other data such as high spatial and temporal resolution
environmental data to determine fine-scale patterns between
coastal reef health and water quality. We also advocate for
the development of protocol for integrating various survey
methods that increase the efficiency of collecting question-
specific reef data. As an intermediate spatial scale between
in situ and satellite remote sensing data, UAS data can pro-
vide validation for traditional remote sensing at larger scales
than previously capable with in situ methods and increase the
efficiency of in situ work by providing unbiased colony
resolution imagery over large areas.

Utility of high-resolution reef data from sUAS products
can expand beyond coral bleaching applications in efforts
to answer broader coral reef ecology questions. UAS-
derived spatial data can be used in conjunction with tra-
ditional remote sensing techniques and in situ methods to
understand coral species and morphology assemblages that
may indicate cyclical stress events, identify suitable fish
habitat and by association potential suitable sites for
Marine Protected Areas (MPAs), quantify the spatial
complexity of fine-scale shallow water depositional sys-
tems and map other indicators such as disease, physical
impacts and macroalgae cover that increase our under-
standing of coral reef resilience (Purkis and Riegl 2005;
Purkis et al. 2008, 2017; Rowlands et al. 2012; Knudby
et al. 2013; Casella et al. 2016).

This study comprehensively documented spatial patterns
of coral bleaching at centimeter-scale resolutions to
examine colony-scale coral conditions across patch reefs
and demonstrated the concept of using both sSUAS and
in situ survey as complementary methods to more
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accurately characterize shallow reef flats and slopes. The
high-resolution, reef-wide data set generated from the
sUAS surveys allowed us to determine spatial character-
istics of coral bleaching at a patch reef scale, which was
previously unfeasible using current in situ surveys or tra-
ditional remote sensing techniques. This information can
increase our understanding of coral bleaching events and
illustrated the complexity of coral bleaching at these spatial
scales. The high degree of versatility of sSUAS makes them
an ideal tool for reducing costs and increasing time effi-
ciency of coral reef surveys while producing high-
resolution data that have not been possible with previous
remote sensing tools. The continued development of sUAS
and autonomous software will continue to push the
boundaries of the amount and type of coral reef informa-
tion we can collect with these platforms in efforts to
improve our understanding of coral reef dynamics at a
range of spatial and temporal scales.
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