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Abstract We propose a novel technique to measure the

small-scale three-dimensional features of a shallow-water

coral reef using a small drone equipped with a consumer-

grade camera, a handheld GPS and structure from motion

(SfM) algorithms. We used a GoPro HERO4 with a modified

lensmounted on aDJI Phantom2 drone (maximum total take-

off weight\2 kg) to perform a 10 min flight and collect 306

aerial images with an overlap equal or greater than 90%. We

mapped an area of 8380 m2, obtaining as output an ortho-

rectified aerial photomosaic and a bathymetric digital eleva-

tion model (DEM) with a resolution of 0.78 and 1.56 cm

pixel-1, respectively. Through comparison with airborne

LiDAR data for the same area, we verified that the location of

the ortho-rectified aerial photomosaic is accurate within

*1.4 m. The bathymetric difference between our DEM and

the LiDAR dataset is -0.016 ± 0.45 m (1r). Our results

show that it is possible, in conditions of calm waters, low

winds and minimal sun glint, to deploy consumer-grade

drones as a relatively low-cost and rapid survey technique to

produce multispectral and bathymetric data on shallow-water

coral reefs. We discuss the utility of such data to monitor

temporal changes in topographic complexity of reefs and

associated biological processes.
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Introduction

Monitoring the characteristics of coral reefs is essential to

understand their trajectories under scenarios of climatic or

anthropogenic stress or their recovery from these impacts

(Hedley et al. 2016). Large-scale studies on shallow-water

coral reefs are usually carried out analysing either satellite

(Mumby et al. 1997) or other airborne imagery such as

aerial photographs, which are currently extensively used to

monitor the trajectory of bleaching events (Normile 2016;

Witze 2016). Bathymetric information on coral reefs is

most often collected using echosounders or multibeam

techniques (Bejarano et al. 2011), shallow-water LiDAR

(Costa et al. 2009), or analysis of multispectral satellite

imagery (Hedley et al. 2016).

The recent development of low-altitude airborne sen-

sors, such as those mounted on kites or small drones
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(technically referred to as remotely piloted aircraft sys-

tems, RPAS), allows obtaining, at a fraction of the cost of a

typical airborne survey, low-altitude imagery that can be

used for environmental monitoring (Casella et al.

2014, 2016; Bryson et al. 2016; Duffy and Anderson 2016).

On land, the application of structure from motion (SfM)

algorithms using aerial photographs obtained with RPAS

permits the construction of a digital surface model of the

surveyed area. The application of RPAS to map shallow-

water areas is seldom reported (Flynn and Chapra 2014;

Chirayath and Earle 2016), mostly because of two main

challenges. First (a condition also valid for airborne and

satellite surveys), light absorption precludes the recogni-

tion of features below a critical depth threshold (depending

on water turbulence and turbidity). Second, optical distor-

tions and reflections at the air–water interface and within

the water column introduce error in photograph stitching

and SfM algorithms that affect the final quality of a large-

scale aerial image and the associated digital surface model.

In this note, we present the results of a survey of a

shallow-water reef lagoon environment using a consumer-

grade drone. We timed the survey to coincide with the

virtual absence of wind, low tide and optimal location of

the sun in order to avoid water motion and reflections. The

drone survey images were used to construct an ortho-

photomosaic and a bathymetric digital elevation model

(DEM). We show that, with some limitations, photogram-

metry techniques applied to photographs obtained with a

consumer-grade drone can be used for high-resolution

mapping of shallow-water coral reefs.

Materials and methods

We used a RPAS to obtain 306 aerial photographs cov-

ering an area of 8380 m2 of the inner lagoon of a shallow

coral reef near Tiahura, in Moorea, French Polynesia

(Fig. 1a). The RPAS consisted of a small drone (DJI

Phantom 2, *2 kg maximum take-off weight), a remote

control, a ground station (to check the route and drone

performance during flight), a photo camera controlled by

the pilot, and an observer. The photo camera was a GoPro

HERO4 Black with a modified lens to avoid excessive

distortions (see Electronic Supplementary Materials, ESM

Camera used). The cost of the entire system (drone,

camera and photogrammetric software) in October 2016

was *1500 €.
Take-off and landing were controlled manually from a

small boat (Figs. 1b, 2f), and the flight was performed

without the aid of GPS waypoints for navigation but with

altitude fixed at 30 m. The horizontal speed was

*1 m s-1, the flight time was 10 min, the angle of the

camera was set at 90� (to collect nadir photographs) and

images were taken automatically every 2 s. With such a

flight path and frame rate, the final overlap of the images

was C90% (ESM Fig. S2).

We analysed the aerial photographs with the commercial

software Agisoft Photoscan (http://www.agisoft.com),

which uses advanced SfM and multiview stereo algorithms

to construct an ortho-photomosaic and a 3D point cloud

from overlapping photographs (for details on the process-

ing steps see Casella et al. 2014, 2016 and ESM Table S1;

Processing parameters section). From the point cloud, the

software generates an ortho-rectified photo mosaic and an

interpolated DEM using ordinary kriging. The SfM

approach requires a set of points of known coordinates (i.e.

ground control points, GCPs) or lines of known length (i.e.

scale bars, SBs) to compute pixel-to-earth transformations

and georeference the data point cloud (Fig. 1c, d).

For the SfM calculations, we inserted nine GCPs and

three SBs. As targets, we used either coloured markers

fixed on the bottom (Fig. 1d) or conspicuous coral heads,

such as the centre of large Porites colonies, which could be

easily identified in the aerial pictures. At each point, we

measured the depth with a metered rod. We measured the

position of each GCP with a handheld GPS, acquiring a

fixed position for 5 min at 1 Hz frequency. This yields

higher horizontal positioning accuracy than normally pos-

sible with a handheld GPS, although still in the meters

range. All depths were referenced to chart datum (lowest

astronomical tide, 0.34 m below mean sea level) using the

time of survey and data from the nearby tidal station of

Papeete (http://maree.shom.fr/).

We compared the SfM-derived bathymetric DEM with

an airborne LiDAR dataset from a fixed wing aerial survey

using a topobathymetric laser RIEGL VQ-820-G (June

2015), providing an average of 4 points m-2 with a vertical

accuracy of 0.25 m and an horizontal accuracy of 1 m

(ESM LiDAR data). First, we used the position of four

large coral heads visible in both the LiDAR and our ortho-

photomosaic to align these two datasets (ESM Fig. S1;

Table S2). Second, we subtracted the elevation of each

LiDAR point to the elevation of the corresponding location

on the DEM to evaluate the residuals and estimate the

relative vertical accuracy of our DEM against the LiDAR.

The drone survey was performed on 17 August 2015. It

is worth highlighting that atmospheric and marine weather

cFig. 1 a Study area, the inner lagoon of Tiahura, Moorea, French

Polynesia (aerial imagery from WorldView-2, DigitalGlobe). b Aerial

view of the boat used as landing/take-off base for the drone flight.

c Location of one ground control point (GCP) in the surveyed area;

the circle indicates the approximate area represented in d. d Detail of

c, example of GCP and scale bar used to georeference the image data.

e Composite ortho-rectified photo obtained from structure from

motion (SfM, see ESM Table S1). f Bathymetric raster obtained from

SfM, with indication of GCPs
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conditions probably represent the main limitation to this

method. The survey was carried out early in the morning

(0700–0800 h) with calm wave conditions on the outer reef

and winds of less than 2 km h-1 to avoid distortions on the

images arising from water motion. Photographs were taken

with the sun low on the horizon (Fig. 2). This helped avoid

sun glint that can cause misalignments in the photogram-

metric workflow.

Results and discussion

The drone imagery dataset collected in this study has an

effective overlap of 30 (ESM Fig. S2). This means that

each point in the sparse point cloud (first step of the SfM

process) is visible or matched in an average of 30 pho-

tographs. This is a high value compared with most pho-

togrammetric studies on land; typically, good results are

Fig. 2 a Sun azimuth and altitude on 17 August 2015 at 0700 h.

b Wind and weather data (retrieved from www.wunderground.com)

during the survey. c Tide data (http://maree.shom.fr/) and wave

heights (inset, www.surfline.com) during the survey (different colours

represent swells with different directions). The red bands in b and

c represent the period of the survey. d, e Different views of the study
area from oblique drone photos taken at approximately 0810 h on 17

August 2015; f Drone take-off from a small boat
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Fig. 3 a Difference between the depth of the DEM (drone SfM) and

the LiDAR point cloud at the corresponding location. Grey areas

correspond to areas where the difference between DEM and LiDAR

falls within one standard deviation; b–e Detail of a with the DEM in

Fig. 1f as the background. The colour scale of the DEM in the

background in b–e is the same as in Fig. 1f. f Elevation of corals

above the seafloor obtained by applying geometrical filtering

parameters. g Histogram and Gaussian distribution representing the

difference between DEM and LiDAR, the colour scale of the

histograms is the same as in a. h Detail of the ortho-photomosaic

obtained in this study. i Same area represented in pansharpened

WorldView-2 imagery, DigitalGlobe (R,G,B bands)
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obtained with an effective overlap of 10, depending on the

type of scene. The final results of the survey are an ortho-

rectified photomosaic (red, green and blue bands) and a

DEM dataset in raster format, with a final ground resolu-

tion of 0.78 and 1.56 cm pixel-1, respectively (Fig. 1e, f).

The bathymetric dataset was interpolated using ordinary

kriging from a dense 3D point cloud consisting of 4099

points m-2. The internal consistency of the results can be

constrained between 0.45 m in the horizontal and 0.16 m

in the vertical plane (ESM Table S4).

The horizontal accuracy of the SfM bathymetry data can

be estimated from the points used to align these data to the

LiDAR point cloud. The distance between the points in our

ortho-photomosaic and the equivalent points in the DEM

averages to 1.4 m, which can be interpreted as a measure of

positioning accuracy of our data (ESM Fig. S1; Table S2).

Such positioning accuracy is rather poor, and stems from

the use of a handheld GPS for the collection of GCPs.

The vertical accuracy can be instead estimated by the

difference between the LiDAR point cloud and our aligned

DEM (Fig. 3a–e). This difference averages at -0.016 m

and has a standard deviation of 0.45 m (Fig. 3g). Note that

the LiDAR itself has an accuracy of 0.25 m. From the

spatial pattern of this difference (Fig. 3a), it appears that

our workflow works better where pictures are taken at

nadir, while the bathymetric reconstruction of peripheral

areas in the scene may be affected by water refraction and,

thus, present larger errors in the DEM reconstruction. In

the near future, it is likely that even higher accuracies than

those presented here will be obtained applying fluid lensing

correction techniques, which are still experimental (Chi-

rayath and Earle 2016). Nevertheless, we underline that the

results presented here (obtained using consumer-grade

survey equipment) are already usable to study different

aspects of reef ecology and geomorphology.

The small-scale dataset obtained in this study can be

employed in shallow-water as a first-order ground-truthing

to calibrate depths derived from larger-scale optical prod-

ucts, such as satellite imagery (Lesser and Mobley 2007;

Collin et al. 2014). The Agisoft Photoscan workflow allows

obtaining bathymetric datasets in both raster and point

cloud formats. The latter has the advantage of allowing

geometrical filtering (ESM Table S1), and the identification

of areas dominated by stony corals (Fig. 3f). This enables

the calculation of volumes of corals occupying the sur-

veyed area with classic cut/fill DEM analyses and the

computation of landscape-scale rugosity measures.

The resolution of the ortho-photomosaic is high com-

pared with the most detailed commercially available

satellite imagery that is often used for coral reef mapping

(e.g. WorldView-2; Fig. 3h, i). Therefore, for larger corals,

it is possible to discern different genera or growth forms.

Moreover, high-resolution drone surveys can be repeated

frequently in time, and changes in coral cover and inci-

dence of coral bleaching can be detected and linked to

information on coral morphology. This would represent a

valuable technique to monitor, over fixed aerial transects,

perturbations such as coral bleaching or Acanthaster planci

outbreaks, or grazing halos as proxies of predator removal

(Madin et al. 2011).

Another key parameter that can be measured through the

technique presented in this note is reef rugosity. Rugosity is

a key structural variable of coral reefs. It correlates with

fish density, diversity, biomass, grazing by sea urchins, reef

accretion and the recovery capacity of the system after

disturbance (Graham and Nash 2013; Graham et al. 2015).

Moreover, rugosity positively affects the entire trophody-

namics of coral reefs by providing refuges and high rates of

suspension feeding in cavities (Richter and Wunsch 1999;

Rogers et al. 2014). It enhances key ecosystem services

such as fisheries catches (Graham 2014), nutrient cycling

(Szmant 1997) and coastal protection by the dissipation of

wave energy (Lugo-Fernández et al. 1998; Sheppard et al.

2005; Ferrario et al. 2014). Information on this parameter is

therefore of primary importance for the study of ecosystem

functioning, and the development of spatially resolved

management measures (Mumby 2016).

The relevance of deriving rugosity layers with drone

images spans beyond predicting patterns of fish biomass

and species diversity. Concomitant with the rapid decline

of hard coral cover, the complex architecture of reefs is

flattening at relatively fast rates (Alvarez-Filip et al.

2011). Drone-derived rugosity offers a cost-effective

alternative to monitor temporal changes in topographic

complexity of reefs. Coupled with modelling approaches,

drone-generated rugosity data could aid in the generation

of future spatial predictions of habitat loss and fish stocks

decline.

In conclusion, our results show that consumer-grade

drones can be effective for applied in the monitoring of

coral reefs at scales that lie between the typical scales of

SCUBA or snorkelling surveys and those typical of air-

borne or satellite mapping (Hedley et al. 2016). If survey

times are carefully planned to avoid excessive water

motion and undesirable reflections, DEM bathymetry

datasets obtained with consumer-grade drones have a ver-

tical accuracy of ±0.45 m (1r) compared to LiDAR.

Imagery and bathymetric information obtained from con-

sumer-grade drones are therefore useful tools to obtain

repeatable and low-cost data on shallow-water coral reefs,

which are also the most prone to environmental stressors.
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