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Abstract: Worldwide, an increasing number of marine islands suffer from various pressures on the
environment, driven by climate change and increasing land demands. The Galapagos Archipelago
is one of the most iconic group of islands, yet population growth and tourism have resulted in a
rising need for efficient environmental monitoring of its fragile ecosystems, such as the intertidal
zone which harbors diverse and unique fauna. The purpose of this study was to investigate the
image classification opportunities for these intertidal habitats using Uncrewed Aerial Vehicle (UAV)
imagery. The data for this research were collected in Puerto Ayora on Santa Cruz in August 2017, the
most urbanized island of the Galapagos. An orthophoto, a digital elevation model (DEM), and an
orthophoto-draped 3D model of the intertidal zone were obtained using image registration software.
Based on the orthophoto, an initial classification of the intertidal zone was performed using the
spectral angle mapper algorithm. A habitat map with four classes (water, sand, rock, and vegetation)
was created with an overall classification accuracy of 77%, indicating the suitability of UAV high
resolution aerial imagery for the classification of intertidal habitats. The developed method could be
applied to map and monitor other coastal regions and islands systems.

Keywords: Uncrewed Aerial Vehicle imagery; categorization; intertidal areas; island system; Ecuador;
orthophoto; habitat map

1. Introduction

The fragile ecosystems of coastal regions worldwide are endangered by population
growth, tourism, and economic development of the region [1]. The environmental chal-
lenges are even more critical for small island countries, because their entire territory
typically consists of coastal areas [2]. According to the most recent geographical mapping
assessments, more than 340,000 marine islands may exist [3]. Islands are among the most
vulnerable systems to climate change and suffer substantially from the pressures originat-
ing from the worldwide population growth and its increasing land demands [4,5]. It is
expected that in the near future, applied research that assesses the effect of anthropogenic
environmental changes on ecosystem dynamics will become more important [6]. The
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need for efficient environmental monitoring of sensitive coastal ecosystems worldwide
is rising in order to support successful management strategies. A better understanding
and visualization of the spatial and temporal variability of coastal and intertidal habitats
may improve the resilience to natural and anthropogenic disturbances through the support
of decision-making processes, such as prioritization of the management of endangered
areas [7] and urban planning. Intertidal areas are highly dynamic and complex ecosys-
tems with a large biodiversity over small areas, consisting of mosaics of different habitats,
shaped by complex interactions of biotic and abiotic variables [8]. For this reason, the
description of the physical extent of habitats is highly important and should be available
at a relatively fine scale (several meters). Especially for those habitats that are known to
be important for the distribution of biodiversity. Rocky reefs are globally found at more
than one-third of the coastlines most frequently at islands on hot spots, island arcs, and
convergent-plate margins associated with subduction [9]. Shallow reef habitats are most
severely disturbed by human activities (e.g., bathing and fishing) given their limited depth,
global warming, and ocean acidification, which may lead to species composition shifts and
functional collapse in reefs in the near future [10,11]. Considering the global changes and
local pressures, these valuable ecosystems should be sustainably managed through the
assessment of their ecological status using spatially explicit observations and models [7].
Different types of uncrewed vehicles such as uncrewed aircraft systems, autonomous
underwater vehicles, and unmanned surface vehicles can be used for data collection pur-
poses [12]. Each of those systems has its respective strengths and restraints. Recently,
the usefulness of Uncrewed Aerial Vehicle (UAV) imagery for habitat classification has
become apparent, mainly because of its high resolution and lower cost compared to satellite
imagery [13,14]. In situ collected data of water and ecosystem quality from UAVs can be
beneficial in closing spatial data gaps through obtaining near-real-time, fine resolution, and
spatially explicit information [15]. UAV imagery is commonly used in coastal zones due to
being less time-consuming and labor-intensive compared to other coastal habitat mapping
methods such as in situ sampling techniques, acoustic system techniques, underwater
video monitoring techniques, and other remote sensing techniques [16]. Remote sensing
platforms based on UAVs present an alternative to traditional approaches that can quickly
and inexpensively monitor coastal areas. Moreover, drones can support conservation
actions and reinforce effective management in protected areas [17]. Hitherto, the number
of studies on the application of UAV imagery for intertidal habitat monitoring has been
limited [18]. UAVs offer a flexible, intermediary spatial scale between satellite imagery
and photographic surveys conducted on the ground [19]. Furthermore, they offer the
possibility to acquire imagery at different altitudes and therefore different spatial resolu-
tions [19]. High-resolution imagery is of interest because of its ability to capture the typical
fine-scale heterogeneity of intertidal areas. Globally, scientists have been recognizing those
advantages of UAV use and during the last years the use of UAV imagery to perform fast,
accurate, and detailed biological scans, covering large spatial areas of intertidal habitats
has been increasing [18]. Examples include European researchers mapping large algae
communities in Ireland and France [20,21], Chinese and Japanese researchers mapping
3D morphological characteristics of the intertidal zone [22,23], North American researchers
quantifying eelgrass wasting disease on the Pacific coast [24], and Australian scientists
using UAV multispectral imaging to map intertidal salt marshes to prevent mosquito-borne
diseases [25]. The current study was performed along the coastline of Puerto Ayora, a
small town situated on Santa Cruz island, which forms part of the Galapagos Archipelago.
The predominant habitat type along the Galapagos coastlines is shallow subtidal rocky
reef habitat. Since in the Galapagos Islands, 97% of the land is protected and ecosystem
dynamics are highly vulnerable, methods to collect information in a timely and accurate
way are essential for sustainable management and decision making [26]. In this research,
we examined the suitability of UAV high resolution aerial imagery for the classification
of intertidal areas of coastal regions of the Galapagos archipelago by developing an or-
thophoto, a digital elevation model (DEM), and an orthophoto-draped 3D model of the
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intertidal zone [27]. Additionally, the accuracy of the created operational framework was
studied and future optimizations and recommendations were discussed. The generated
visual outputs can be used in various environmental monitoring and modeling (e.g., cli-
mate change) applications and might function as a baseline for restoration projects as
well. For example, the provided data could be used for sea level rise predictions, habitat
deterioration follow-ups, hydrodynamic models, and sediment transport models. These in
turn can aid safeguarding the local municipalities through improved coastal defenses and
can protect intertidal zone ecosystems from the effects of climate change.

2. Materials and Methods
2.1. Study Area

The Galapagos archipelago consists of 13 major volcanic islands and more than
300 islets and rocks. It is located approximately 1000 km from the Ecuadorian mainland
and characterized by high levels of biodiversity and endemism [28]. Santa Cruz is one of
the major inhabited islands in Galapagos and it is the main island for tourism. The island
has an area of 1794 km? and about 15,701 inhabitants [29]. This study was performed along
the coastline of Puerto Ayora, a small town situated on Santa Cruz island (Figure 1). The
port area of Puerto Ayora has been changing throughout the years due to urbanization
(Figure Al). The increasing urbanization intensifies the pressures on the Galapagos ecosys-
tems. For example, the discharge of ballast water coming from tourism cruises has already
resulted in the introduction of non-endemic fauna and flora species to the coasts of the
Galapagos Islands [30]. Moreover, as more waste is created and no sewage treatment is
present yet in Puerto Ayora, the demand increases [1].

Figure 1. Map of the Galapagos Archipelago with indication of Puerto Ayora on Santa Cruz island.

2.2. GNSS Measurements for Georeferencing

Ground control points (GCPs) were placed to serve as base for georeferencing the
model through the use of UAV imagery. To mark the GCPs, squared sheets of light color
were used. With black paint, we assured that the middle of the sheet could be easily
recognized on the aerial pictures. On the days before the UAV flights, twenty targets
were placed in the field. Most GCPs were placed on the roofs of houses and hotels for
optimal visibility, accurate GPS measurements, and to avoid disturbance of the targets by
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tourists or inhabitants during the flight period. Possible interference of wind was taken
into account by placing heavy stones on the sides of the sheets. Because of the densely built
and crowded location, little accessible roofs and roof top terraces were preferred. Several
easily identifiable points, such as street corners and paintings on the road, were chosen as
additional GCPs to ensure sufficient coverage of the whole study area. Seventeen easily
identifiable points were selected based on the aerial pictures of flights with insufficient GCP
coverage (Figure A3). Twenty of the GCP target sheets were placed along the coastline;
however, six of the targets were not used for georeferencing due to movement by wind,
inhabitants, etc. To compensate, an additional easily identifiable point on the corner of a
roof was measured. In total, 14 targets and 18 easily identifiable points were suitable for
further use in this study.

The coordinates of all GCPs were measured with a global navigation satellite sys-
tem (GNSS) receiver. The geodetic materials used in this study were the Trimble 8 and
Trimble 10 [31]. The Trimble 8 was used as rover and was taken to all the GCPs, whereas
the Trimble 10 was used as base station by being placed on the exact same location during
all GNSS measurements (Figure 2). That particular location was chosen to be central in the
study area on a roof of a high hotel building (gcp53 in Figure A3). The coordinates of the
GCP were obtained in four steps. Firstly, the position of the base station was logged during
a short time period (ca. 1 min) to determine a rough estimate to save time and to be able
to start the measurements shortly after the set-up. Secondly, the coordinates of all GCPs
were measured with the rover and corrected by simultaneous measurements of the base
station, using the real time kinematic (RTK) method [32]. Regardless of the apt position
of the base station, occasionally it was not possible to make a radio connection between
rover and base station. In that case, the coordinates of the GCP were determined without
real-time corrections from the base, using the post processing kinematic (PPK) method. In
a third step, the position of the base station was logged for several hours and its accurate
position was calculated via use of the AUSPOS web service of Geoscience Australia [33].
Finally, the rough estimate of the base coordinates, used for obtaining the corrections for
RTK and PPK, were replaced in post-processing by the accurate coordinates. All rover
measurements were shifted according to the correct base position and corrections were
applied for the points that were measured via PPK, which was the case for three points
(gcp51, x8, and x9). This process was executed in Leica Geo Office. The precision of the
measurements for both RTK and PPK is shown in Table A1. The corrected coordinates of
all GCPs in the UTM 15S coordinate reference system are found in Table A2.

Figure 2. GCP measurement with Trimble 8 on a target sheet.

2.3. Imagery Collection with Uncrewed Aerial Vehicle

The DJI 550, a small rotary-wing UAV with 6 motors, was used for the study
(Figure A2 and Table A3). The small size of this UAV was considered to be practical for
transportation by plane and by boat. Aerial pictures were taken with a RGB camera: the
Sony NEX 5R (Table A4). The flight routes were drawn in QGIS 2.18.16 and a Python script
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was used to transform the shapefiles into waypoint files. The waypoints were imported in
the flight control software, Mission Planner. By using QGIS together with Mission Planner,
we had more control over the complex flight plan. Images were captured on the 9th and
10th of August 2017 at 120 m.a.s.l. (meters above sea levels) with an image pixel size of
2.86 cm. The tidal information of those days is summarized in Table A5. Nine flights were
executed to obtain imagery of the whole shoreline of the study area (Figure 3 and Table A6).
The parameters used for the flight planning of all nine flights via Mission Planner are
described in Table A7. The nine flights that were executed for this research resulted in nine
sets of RGB images. After deleting several pictures during tests, take off, and touch down,
1172 images were retained. Only areas not covered by water at the time of flight were
considered. Therefore, all images were scanned and the water was masked manually on the
images which had not been collected during low tide flights. Additionally, several moving
boats were masked. Six images were fully masked, because they only showed water surface
taken in a non-low tide flight. Those were not incorporated in the creation of the model.
Finally, 1166 images were retained and used for the orthophoto-draped 3D modeling. The
used drone covered a total area of 1.19 km?.

Figure 3. Visualization of the flight routes of all nine flights.

2.4. D Modeling of the Coastal Region

The processing of the UAV imagery was done via Agisoft Metashape (version 1.2.5
build 2735), which is a commercially available software package for automated photogram-
metry based on image matching and bundle adjustment [34]. In a pre-processing step, the
UAV camera is calibrated to determine the parameters of the interior orientation of the
camera: focal length, frame size, pixel size, coordinates of principal point, and values of
lens distortions. This is supported in Metashape on a procedure based on chessboard pat-
terns [14]. With this information, Metashape combined all images via an aligning process
based on pixel-based stereo image matching [35]. Firstly, all photographs of the nine flights
were aligned and fused into one model. Matching points between the photographs were
searched for. GCP coordinates were added to the project and GCPs were manually tied
to the corresponding images for the production of the georeferenced outputs. The guided
approach was used to predict the UAV images showing the same GCP.

Secondly, the model was georeferenced by applying a seven-parameter similarity
transformation (three parameters for translation, three for rotation, and one for scaling).
Georeferencing corrected for linear errors. During this optimization, Metashape adjusted
the estimated point coordinates and camera parameters by minimizing the sum of the
reprojection error and the reference coordinate misalignment error. Due to this optimization,
the georeferencing accuracy improved from around 33 cm to 2.65 cm (Table A8). Thirdly,
a dense cloud and a mesh were built and texture was added. To start, the process was
tested and optimized for a subarea of the study area, the coastline of the Charles Darwin
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Research Station (Figure 4). After the creation of a dense point cloud, we deleted all points
that were not of interest. To reduce the computing time, we clipped out the points that
were too far from the intertidal zone. This step was done by manual drawing of polygons
while taking into account a safety margin. Afterwards, orthophoto-draped 3D models
were created using all the UAV imagery, including those further away from the intertidal
zone. Table A9 summarizes the selected parameters for the creation of the model. After
optimization of the process for the subarea, the complete study area was processed with the
same parameters, excluding the building of the mesh. Separately, the mesh of the complete
study area was computed with a lower polygon count than the subarea. Finally, three
outputs were created: a rectified image or orthophoto, a DEM, and an orthophoto-draped
3D model. The orthophoto and the DEM were both developed for a subarea of the study
area, the coastline of the Charles Darwin Research Station, and for the complete coastline.
The area around the research station was considered to be relatively pristine and therefore
the number of anthropogenic structures (i.e., landscape elements we were not interested in)
was limited. That is the reason why the classification and its validation were focused on
this specific area. The final orthophoto-draped 3D models have been shared open-access:
10.5281/zenodo.7924523 (accessed on 15 May 2023).

Figure 4. Visualization of the modelling process in Agisoft Metashape for area of the Charles Darwin
Research Station: dense point cloud (A), mesh (B), and texture (C).
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2.5. Automatization of the Habitat Classification
2.5.1. Preprocessing of the Orthophoto

The created orthophoto and DEM were processed in order to perform habitat classifi-
cation using GIS software [36]. All the areas on the orthophoto that were not included in the
intertidal zone were cut out of the image by use of GIS software (ArcMap 10.5.1 and QGIS
2.18.16). As most imagery was captured at low tide, the DEM and orthophoto resulting
from the modeling also shows the area at low tide. From the tidal forecast of Puerto Ayora,
a maximum tidal range of 2.42 m was derived [37]. Therefore, the intertidal zone could be
identified on the DEM as the area between sea level at low tide and about 2.50 m above that
level. To extract the intertidal zone from the DEM, the following expression was used in the
ArcMap 10.5.1 raster calculator: ‘(“DEM.tif >= 0") & ("DEM.tif” <= 2.5), which resulted in
a binary raster. This binary raster was multiplied with the three bands of the orthophoto in
the QGIS raster calculator to extract the cells that correspond with the DEM cells between
0 and 2.5 m. The bands were afterwards recombined using the tool ‘Build Virtual Raster’
in QGIS. The obtained output (Figure 5A) was used to manually draw the upper and lower
bound of the intertidal area in ArcMap.

A +

Figure 5. Clipped area of the Charles Darwin Research Station to obtain the intertidal zone: output
automated process based on information from DEM (A) and output from manual process guided by
information from DEM (B).

The extraction tool ‘Clipper” was used to extract the intertidal zone between these
boundaries from the orthophoto (Figure 5B). This last step was necessary as in the result of



Drones 2023, 7,416

8 of 22

the DEM extraction (Figure 5A), the neighboring pixels of the DEM, with values between
0 and 2.5 m, were not retained. This made the image less suited as a base layer for
classification [19]. This effect could have been caused by water or vegetation covering
the surface or by errors in the DEM. Due to the manual process, several buildings were
included in the image. However, those were eventually excluded prior to the classification.

2.5.2. Classification Procedure

In line with ecological habitat monitoring and assessment protocol, a distinction was
made between four physical habitat classes: sand, vegetation, rock, and water. The latter
class was used for deeper sites that remained under water during the flights. Buildings
and boats on the images are strictly seen as not part of the intertidal zone, but some were
still present on the intertidal orthophoto. Those vary highly in spectral characteristics, so it
was decided to not include them as a separate class. They are expected to be classified as
another class or to remain "unclassified’. A choice for supervised object-based classification
was made based on promising results in previous research [38-40] and because no extra
post-processing steps are required with this technique. The segmentation process in the
object-based image analysis (OBIA) approach involves grouping adjacent pixels based
on their similarity, considering both color and shape characteristics [41]. This approach
effectively averages the pixel values while incorporating geographic information, resulting
in the creation of objects that closely resemble real-world features in the imagery. As a
result, segmentation produces cleaner classification results [42]. Different segmentation
procedures were tested in order to find one that was acceptable in terms of computing
time and effectiveness. Although different segmentation algorithms were already available
in the open source software QGIS, they all occupied longer computing times or a higher
computing memory compared to the ‘Segment Mean Shift’ algorithm (ArcMap® software
10.5.1) [43]. Therefore, in this study, it was chosen to work with the latter. The tool ‘Segment
Mean Shift’ grouped adjacent pixels with similar spectral characteristics together. It allowed
for controlling the amount of spatial and spectral smoothing via three input parameters
(Table A10). The parameters for spectral and spatial detail could vary from 0 to 20. For
spatial detail, a high number was desired because some features were small (e.g., small rocks
on sandy parts). The minimum size of the segments was found to be optimal at a value of
3 pixels. Once a segmented image was created, the supervised classification process could
start using the ‘Semi-Automatic Classification” (SCP) plug-in (QGIS ® Software 2.18.16) [44].
The objective of SCP is to provide a set of intertwined tools for raster processing in order
to make an automatic workflow and ease the land cover classification, which can also be
performed by researchers outside of the remote sensing field [45]. Firstly, the segmented
image was selected as the input image. Subsequently, a new training signature file was
created. For the creation of a training set, ROIs (regions of interest) were selected. Ten
ROIs per class were created by the automatic region growing algorithm. The parameters
used for the application of the algorithm (Table A11) were optimized through use of the
classification preview option. For the vegetation and the water classes, a greater maximum
spectral distance was used compared to the sand and rock classes, due to the spectral
variety within those last two classes. To both classes, five extra manually drawn and more
spectral varied polygons were added as training data, as it was noticed that rock and water
were often misclassified. While creating the ROIs, a warning often mentioned that the
selected ROI was too homogeneous, meaning that the ROI had a singular covariance matrix
and the maximum likelihood classifier could not be used. The other available options in
the ‘Semi- Automatic Classification” plug-in were the minimum distance technique and
the spectral angle mapper (SAM). The spectral angle mapper (SAM) was chosen due to its
relative insensitivity to illumination and albedo effects.

2.6. Validation

A validation was applied based on the UAV imagery and the derived orthophoto. To
obtain an independent validation dataset, 40 ROIs were randomly created and an automatic
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Legend
Orthophoto coastline
Subarea of Charles Darwin Research Station

region growing algorithm was used (Table A12). All of the ROIs were manually assigned
to their class based on a visual inspection of the orthophoto. This process is facilitated by
adding the validation ROIs as a semi-transparent layer on the original orthophoto. Several
ROIs were replaced by new random ROIs because they selected a part of a building or boat.
The overall accuracy was calculated by dividing the total number of correctly classified
pixels by the total number of reference pixels [38]. The producer’s accuracy is expressed as
the conditional probability of an area classified as a type of category when the reference
data are classified into the same category by the map. The user’s accuracy, on the contrary,
is the conditional probability of an area classified by the map as a type of category while
being classified into the same category by the reference data [46]. The kappa coefficient
of agreement allowed for comparison of the used classification method with a random
assignment of the pixels into the categories [38]. In case the kappa coefficient is close to
0, the classification can be assessed as very bad. In contrast, values close to 1, indicate a
quasi-perfect classification [47]. The classification accuracy was subsequently calculated
through the ‘Semi-Automatic Classification” plug-in in QGIS.

3. Results
3.1. D Modeling of the Coastal Region

After the allocation of the GCPs on the UAV images, a georeferencing accuracy or root
mean square (RMS) error, indicating the difference between the actual location and the
modeled location, was calculated in Agisoft Metashape (Table A8). The total georeferencing
accuracy (RSME) was 0.027 m. The largest RMSE was found for GCP ‘x9’ (0.062 m). The
orthophotos (Figure 6), DEMs (Figure 7), and orthophoto-draped 3D model (open access:
10.5281/zenodo.7924523 (15 May 2023)) were successfully constructed for the Charles
Darwin Research Station sub area and the complete study area. The orthophoto-draped
3D model was developed for the complete study area. Computing times of the different
modeling steps can be found in Table A13. The steps for building the dense cloud were
similar for the subarea and the complete study area. For the creation of the mesh and
adding its texture, fewer face counts were included for the complete study area (Table A9).
The two DEMs had a resolution of 11.2 cm per pixel and a point density of 80.4 points
per m?. The obtained orthophotos (Figure 6), DEMs (Figure 7), and the orthophoto-draped
3D model (open access: 10.5281/zenodo.7924523 (15 May 2023)) are considered to be useful
for further applications.

N
A Legend A

Orthophoto coastiine of subarea

Figure 6. Orthophoto for the full coastline (left) and for the coastline of the Charles Darwin Research
Station (right).
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Figure 7. Digital elevation model clipped analogue to the manual guided method used in Figure 5B,
for the full coastline (left) and for the coastline of the Charles Darwin Research Station (right).

3.2. Automatization of the Habitat Classification

The intertidal habitat map of the coastline of the Charles Darwin Research Station
using the spectral angle mapper classifier was obtained (Figure 8). Out of the four classes
that were considered, the area of rock habitat appeared to be the largest with 20,496 m? and
the vegetated habitat the smallest with 9807 m? (Table A14).

Legend A

Sand
mm Vegetation
== Rock
m Water

0 200 m
I 1

Figure 8. Intertidal habitat map of the coastline of the Charles Darwin Research Station, classified
using the spectral angle mapper classifier.

3.3. Validation

Based on the validation datasets, an error matrix and classification accuracies could be
computed in QGIS. Concerning the pixel-based validation (Table 1), the sand pixels were
all correctly classified. However, only 60% of the rock pixels were correctly classified and
33% were misclassified as water. Vegetation pixels were well classified, considering a few
exceptions. Based on the classified areas (Table 2), an overall kappa of 0.66 and an overall
classification accuracy of 77% was obtained, indicating a relatively good classification by
the model. When each class is given an equal weight in the calculation of the overall
accuracy, a value of 83.64% is obtained.
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Table 1. Error matrix of the intertidal habitat classification (in pixels) (the first column refers to
ground truth data and the upper row refers to model data).

Sand Vegetation Rock Water Total
Sand 34,307 130 7628 92 42,157
Vegetation 0 8058 118 0 8176
Rock 0 0 65,790 7514 73,304
Water 0 0 36,370 67,146 103,516
Total 34,307 8188 109,906 74,752 227,153

Table 2. Classification accuracy of intertidal habitat classification.

Class Producer’s Accuracy (%)  User’s Accuracy (%) Kappa Hat
Sand 100.00 81.38 0.78
Vegetation 98.41 98.56 0.99
Rock 59.86 89.75 0.80
Water 89.83 64.87 0.48
Overalloaccuracy 7717
(%)
Kappa hat 0.66

4. Discussion
4.1. GNSS Measurements for Georeferencing

The coordinates of the GCPs were determined efficiently, except for six targets that
had been moved by the wind and/or inhabitants or that became inaccessible. Trimble
8 and 10 delivered high precision outcomes (Table Al). Due to the universal use and
time-efficiency of the UTM coordinate system, the applied method is applicable at any
other study area. Direct georeferencing using the accurate positioning capability of the UAV
itself has the potential to make the use of GCPs unnecessary [48]. This alternative would
allow for geotagging of the images using onboard RTK-GNSS measurements. Problems
with unreachable target sheets could be avoided. However, direct georeferencing requires
obtaining the coordinates of a GNSS receiver at the exact moment the image is acquired,
and there might be distortions in signals from satellite constellations and interruptions in
RTK connections for a fast-flying UAV [48]. Thus, further optimization of the proposed
technology is needed before use.

4.2. Data Collection with Uncrewed Aerial Vehicle

Due to pre-programming of the flights and the use of the Mission Planner software, the
UAV flights could be executed within two days. In this study, due to the unstable weather
conditions, limited battery life of UAVs, and relocation of materials to new take-off points,
several flights were delayed and took place outside the tidal period of interest. Future
applications should look into the use of waterproof materials for fast-changing weather.
According to Murrfit et al. [7], this could even make emergency landings in the oceans
possible.

4.3. D modeling of the Coastal Region

The documentation of GCPs immediately after the execution of the flights appeared to
be highly useful during the allocation process. The guided approach for marker placement
is recommended for use in future studies. Furthermore, the largest georeferencing error
(RMSE) was found for GCP "x9” (0.062 m) (Table A8), which could be explained by its
difficult allocation (Figure A3). The accuracy of the georeferenced orthophoto appeared
to depend mainly on the accuracy of the manual allocation of GCPs on the UAV imagery.
By increasing the number of GCPs, accuracy can be increased. We consider that the
31 GCPs used in this study were sufficient since the total RSME amounted to 0.027 m,
which, according to the conventional requirements for georeferencing accuracy, meets
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the requirement of a value below 1 pixel [49]. Moreover, to improve the accuracy of the
classification, it has been recommended to adjust the RGB values according to the thickness
of the water package above the area [40]. All images could be aligned after masking the
boats and water surfaces in the images that were not taken at low tide. Parameter testing
for a subarea was essential to obtain valuable results. The obtained DEM, orthophoto,
and orthophoto-draped 3D model could potentially be used for a variety of applications.
For example, the data could be used for spatial planning of monitoring efforts and spatial
analysis of the environment of Puerto Ayora such as modeling of biodiversity changes
related to climate change impacts [50]. Moreover, the developed DEMs could be used for
prediction of habitat loss under different scenarios of sea-level rise [51]. Those estimations
of sea-level rise for the next decennia could be used to investigate the potential loss of
intertidal habitats.

4.4. Automatization of the Habitat Classification

The ‘Semi-Automatic Classification” plug-in proved to be a user-friendly plug-in with
a useful classification preview option. Aside from the applied classification algorithm, other
classification algorithms software exist, such as ArcMap and eCognition, which can be
applied depending on the required result [52]. Moreover, we advise further study to obtain
a sufficiently high number of ground-truth data in order to improve the classification and
validation processes, and also to measure in the near-infrared (NIR) part of the spectrum.
This could facilitate the classification of boats and buildings. Studies have been performed
using UAV imagery for intertidal area mapping for a wide range of applications, e.g., to
map large algae communities [21] or to show the distribution patterns and patchiness of
seagrass [18]. To the best of our knowledge, this study is the first one which aimed to classify
UAV imagery of intertidal habitats on the Galapagos archipelago [26,53]. Comparing the
overall accuracy of intertidal habitat classifications is challenging as the results strongly
depend on the study area. Each biotope has unique characteristics and different land cover
types around the globe [41]. Therefore, instead of comparing the overall accuracy, a focus
was put on the individual categories. The results indicated that the category with the
highest error rate was ‘water’. Various pixels that were identified as water during the
validation were classified as rocks by the model. The reason for this can be that these two
categories physically overlapped most, the water washed over the rocky coastline. It is
often the case in tropical coast areas that no clear boundaries exist between the different
types of land cover. Additionally, most land cover types in those areas have similar spectral
signatures, which is a challenge for automated image classification [54]. More recently
developed classification methods, which capture images in the near-infrared band and
enable the calculation of the normalized difference water index (NDWI), can be applied to
detect the presence of water [55]. In addition, to correct the RGB values for the presence of
water, the collection of bathymetric data can be considered [7,40]. For the intertidal area of
the Charles Darwin Research Station, the least represented habitat class was vegetation.
As the intertidal area was delineated based on the DEM, it might be that parts of the
vegetated area could have been cut out. In conclusion, the visual outputs produced in
this study can have diverse applications in environmental monitoring and modeling for
climate change, serving as a fundamental source of data for restoration initiatives. One
such application could be the utilization of data to predict sea-level rise, monitor habitat
deterioration, and develop hydrodynamic and sediment transport models. These models
can contribute to strengthening coastal defenses and safeguarding local communities, as
well as protecting intertidal zone ecosystems from the detrimental impacts of climate
change. Furthermore, biological studies on underwater surveys enabling the mapping of
biological communities” distribution across habitats with potentially varying conditions
could benefit from combining and integrating the obtained visual results [56].
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4.5. Validation

The quality of the obtained habitat map depended on the quality of the UAV imagery,
the photogrammetry process, the quality of ground-truth, and the applied classification
algorithm [57]. The error matrix (Table 1) showed a high accuracy of classifying the
vegetation due to its spectral differences. The classification of awash rock systems was
the hardest due to misclassification as rocks instead of water. The limitations of UAV
imagery technology could be attributed to various environmental factors, including light,
weather, and wind. These factors can have a significant impact on image clarity and stability,
ultimately affecting the accuracy and reliability of image analysis [58]. Moreover, human
intervention, including drone take off and landing, data calibration, and verification, could
also affect the autonomy of the technology [59]. Additionally, issues such as battery capacity,
high cost, and insufficient computing power due to large data samples should also be fully
considered in future research [60,61]. Future validation could be made via underwater
monitoring based on camera systems on underwater vehicles, autonomous underwater
vehicles (AUVs), or remotely operated underwater vehicles (ROV), and snorkeling [12,58].
Extensive review has shown the potential of current UAV technologies for monitoring and
tracking alterations in coastal environments at high spatial and temporal resolution [13].
The combined use of different UAV technologies that are generating spatially linked
information can be of high added value for both the validation as well as the generation of
complementary data that are useful to obtain a more complete picture of these ecosystems
and their physical, chemical, and biological conditions [12]. The complementary advantages
of various types of uncrewed vehicle systems could partially resolve the challenges or
limitations of one single type to advance system stability and efficiency [12]. An equilibrium
has to be found between innovation and feasibility.

The legal and policy-related challenges of UAV technology need to receive sufficient
attention and regulation. This involves addressing privacy protection, security concerns,
data collection and usage, environmental protection, intellectual property ownership, and
airspace management [62-64]. For future research, it is important to take into account the
previous elements to strengthen regulation and control on the use of UAV technology [65].

5. Conclusions

The processing of UAV photographs of the coastline of the Charles Darwin Research
Station via photogrammetry resulted in orthophoto-draped 3D models, DEMs, and or-
thophotos of the coastal zone (open access: 10.5281/zenodo0.7924523 (15 May 2023)). The
generated visual outputs had high resolutions and were considered to be highly valuable
for visualization of the study area. A classified habitat map was achieved with an overall
accuracy of 77%. The results indicated that the category with the highest error rate was
‘water’. It can be concluded that the UAV high-resolution aerial imagery collected on the
Galapagos Islands was valuable to classify intertidal habitats of its coastal regions. The
developed method could be applied to map coastal regions all over the world. The data
obtained can be applied in environmental monitoring and modeling for climate change,
serving as a fundamental source of data for restoration initiatives.
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Appendix A

Figure A1. Growth of Puerto Ayora: military aerial photographs of 1963 (A) and 1981 (B); satellite
image of 2018 (C). Source: Charles Darwin Foundation Library, 2017 (A,B); Google Earth, 2018 (C).

Figure A2. Hexacopter DJI 550. Source: DJI, 2017, www.myfirstdrone.com (15 May 2023). Tile
measurements: 5 cm X 5 cm.
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Figure A3. Ground control point (GCP) coverage along the coastline of Puerto Ayora.

Table Al. Precision of RTK and PPK measurements (RMS = root mean square). Source: R8 and R10
User Guides, 2018, www.trimble.com (15 May 2023).

Device

Horizontal

Vertical

Trimble 10—Static and Fast Static

Trimble 8—RTK
Trimble 8—PPK
Trimble 10—RTK

8 mm + 1 ppm RMS
8 mm + 1 ppm RMS
8 mm + 1 ppm RMS

3mm + 0.5 ppm RMS

15 mm + 1 ppm RMS
15 mm + 1 ppm RMS
15 mm + 1 ppm RMS
5mm + 0.5 ppm RMS

Table A2. GCP coordinates after processing: labels with ‘gcp’ for the target sheets; labels with ‘x” for

the extra easily identifiable points.

Label x (m) y (m) z (m)
gcp31 799,051.572 9,917,348.444 12.495
gcp33 799,167.133 9,917,438.823 13.911
gcp34 799,286.202 9,917,562.073 7.574
gcp35 799,321.482 9,917,795.994 10.908
gcp39 799,872.905 9,917,850.448 5.525
gcp40 799,607.303 9,917,900.804 7.143
gcp4l 799,511.031 9,917,762.844 3.326
gcp4?2 798,964.022 9,917,263.031 13.240
gcp43 799,369.041 9,916,998.423 7.375
gcp4d 799,213.977 9,917,625.279 10.077
gcp46 799,611.387 9,917,781.724 3.148
gcp50 799,404.836 9,916,934.678 16.418
gcpbl 799,042.448 9,916,630.257 5.030
gcp52 799,280.290 9,917,471.070 11.390
gcp53 799,190.859 9,917,608.680 17.326
x1 799,104.596 9,917,340.420 3.181
x2 799,178.385 9,916,663.176 7.001
x3 798,992.051 9,917,221.791 11.980
x4 799,086.871 9,917,326.735 2.211
x5 799,197.161 9,917,333.538 2.588
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Table A2. Cont.

Label x (m) y (m) z (m)
X6 799,061.097 9,917,179.476 2.971
X7 798,706.702 9,917,273.955 2.032
x8 798,589.225 9,917,522.339 7.357
x9 799,359.393 9,916,832.773 1.910

x10 799,114.913 9,916,440.213 2.908
x11 800,049.947 9,917,852.916 6.058

x101 800,213.769 9,917,682.033 1917

x102 800,215.203 9,917,848.795 6.686

x103 799,805.455 9,918,081.176 5.227

x104 799,341.435 9,917,942.760 6.648

x105 799,091.362 9,917,880.390 8.327

x106 799,008.321 9,917,614.719 7.487

Table A3. Specifications of Hexacopter DJI 550 Source: Flame Wheel Arf Kit, 2017, www.dji.com

(15 May 2023).

Total Weight 2583 g

Diameter 550 mm

Batteries 2 X (4 Ah,16,8V)
Flight Controller Pixhawk with GPS (uBLOXNEO-M8N)

Hexacopter DJI 550 1673 g

2 Batteries 2x283g
Camera with Lens 344 g

Table A4. Specifications of Sony NEX 5R Source: Sony NEX 5R, 2018, www.dpreview.com

(15 May 2023).

Sensor Type
Sensor Size

Camera Resolution
Shutter Speed
Focus Distance

Weight

CMOS

15.6 mm x 23.4 mm

16 MP

30 s—1/4000 s

20 mm
276 g

Table A5. Tidal information of Santa Cruz island during the flights Source: Isla Baltra—Galapagos

Islands Tide Chart, 2017, Available online: tides.mobilegeographics.com (accessed on 8 May 2012).

Date

High Tide

Low Tide

9 August 2017 a.m.
9 August 2017 p.m.

10 August 2017 a.m.
10 August 2017 p.m.

3:37 am. GALT/2.03 m
3:46 p.m. GALT/1.99 m
4:11 am. GALT/2.06 m
4:23 p.m. GALT/1.99 m

9:43 a.m. GALT/0.34 m
9:57 p.m. GALT/0.22 m
10:20 am. GALT/0.31 m
10:33 p.m. GALT/0.22 m

Table A6. Flight schedule.

Flight Number Date Take Off Touchdown Tide

. 1:23:44 p.m. 1:29:40 p.m. .
Flight 1 9 August 2017 GALT GALT Rising

. 1:59:34 p.m. 2:07:28 p.m. ..
Flight 2 9 August 2017 GALT GALT Rising

. 3:03:46 p.m. 3:09:30 p.m. ..
Flight 3 9 August 2017 GALT GALT Rising

. 3:36:10 p.m. 3:42:42 p.m. . .
Flight 4 9 August 2017 GALT GALT Rising/High
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Table Aé6. Cont.

Flight Number Date Take Off Touchdown Tide
Flight 5 10 August 2017 9:3(93:21;'“" 94?5?&”" Falling
Flight 6 10 August 2017 10:35223; - 10:33212;? - Low /Rising
Flight 7 10 August 2017 10:58:3;'“1' 10:53:3;“" Low/Rising
Flight 8 10 August 2017 11:45:&?“" 11:42213;.m. Low /Rising
Flight 9 10 August 2017 11:552)5; - lzt(gifﬂg Am Low /Rising

Table A7. Parameters used for flight planning via Mission Planner.

Altitude 120 m
Ground Sampling Distance 2.86 cm
Ground Width 140.4 m
Ground Length 96.6 m
Distance between Flight Lines 55m
Overlap between Flight Lines 33 m, 60%
Distance between Image-Centers 10m
Overlap within Flight Lines 8 m, 80%
Table A8. Accuracy of georeferencing: root mean square errors.
Label x Error (m) y Error (m) z Error (m) Total Error (m)
gcp31 —0.0297 0.0333 0.0111 0.0460
gcp33 0.0093 0.0028 —0.0011 0.0098
gcp34 0.0030 0.0043 —0.0030 0.0060
gcp35 0.0128— 0.0035 —0.0011 0.0133
gcp39 —0.0005 —0.0013 —0.0027 0.0031
gcp40 —0.0296 0.0116 0.0029 0.0320
gep4l —0.0065 0.0029 0.0012 0.0072
gcp42 —0.0038 —0.0074 0.0054 0.0099
gcp43 —0.0099 0.0034 —0.0067 0.0125
gcp45 —0.0139 0.0183 0.0082 0.0244
gcp46 0.0204 —0.0117 —0.0017 0.0236
gcp50 0.0294 —0.0412 —0.0049 0.0509
gep51 0.0089 0.0003 0.0063 0.0109
gcp52 —0.0102 —0.0017 0.0030 0.0108
gcp53 0.0064 —0.0049 —0.0076 0.0110
x1 0.0258 —0.0275 0.0147 0.0405
x2 —0.0123 —0.0188 —0.0101 0.0247
x3 0.0069 0.0216 —0.0095 0.0246
x4 0.0210 —0.0119 —0.0230 0.0334
x5 —0.0282 0.0013 —0.0025 0.0284
x6 —0.0009 —0.0176 0.0038 0.0180
X7 0.0005 —0.0009 —0.0004 0.0011
x8 —0.0036 0.0090 —0.0083 0.0127
x9 —0.0144 0.0582 0.0164 0.0622
x11 0.0450 —0.0116 0.0009 0.0465
x101 —0.0139 —0.0235 —0.0022 0.0274
x102 —0.0218 0.0342 —0.0019 0.0406
x103 —0.0046 —0.0048 0.0006 0.0067
x104 0.0047 0.0038 —0.0014 0.0061
x105 0.0009 —0.0021 0.0021 0.0031
x106 0.0054 —0.0123 —0.0012 0.0135
Total 0.0170 0.0189 0.0075 0.0265
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Table A9. Parameters for modeling process in Agisoft Metashape.

Align Photos
Accuracy Medium
Pair selection Disabled
Keypoint limit 0 (infinite number of points)
Tiepoint limit 10,000
Constrain features by mask Yes
Build dense cloud
Quality Medium
Depth filtering Mild (not filtering out too many details)
Build mesh
Surface type Arbitrary

Source data
Polygon count

Dense cloud
Medium for subarea; low for full area

Interpolation Enabled
Point classes All
Add texture
Mapping mode Generic
Texture size 20,000 x 20,000
Create orthophoto
Pixel size 2.79cm X 2.79 cm

Table A10. The parameters for segmentation process in ArcMap.

Segment Mean Shift
Spectral Detail 18
Spatial Detail 18
Minimum Segment Size In Pixels 3

Table A11. Parameters and numbers of ROIs (for subarea around Charles Darwin Research Station)
for creation of training data with automatic region growing algorithm (ARGA) and by manual

drawing of polygons (MDP) in QGIS.

General Parameters for ARGA

Minimum number of pixels 60
Maximum number of pixels 400
Class 1: sand
Maximum spectral distance 10
Number of ROIs with ARGA 10
Number of ROIs with MDP 0

Class 2: vegetation

Maximum spectral distance

20 (needed for diverse vegetation reflectance)

Number of ROIs with ARGA 10

Number of ROIs with MDP 0
Class 3: rock

Maximum spectral distance 10

Number of ROIs with ARGA 10

Number of ROIs with MDP 5

Class 4: water

Maximum spectral distance

20 (needed for stormy water)

Number of ROIs with ARGA

10

Number of ROIs with MDP

5
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Table A12. Parameters and number of ROIs (for subarea around Charles Darwin Research Station)
for creation of validation data with automatic region growing algorithm in QGIS.

General Parameters

Maximum spectral distance 10
Minimum number of pixels 60
Maximum number of pixels 400

Number of ROIs 40

Table A13. Computing times for modeling process in Agisoft Metashape.

Align Photos
All 19 h 36 min
Build Dense Cloud
All 52 min
Build Mesh
Subarea 12 h 35 min
Full study area 7 h 35 min
Eastern part 4 h 43 min
Western part 3 h 50 min
Add Texture
Subarea 15 min
Full study area 9 min
Eastern part 23 min
Western part 10 min

Table A14. Overview of classified map of intertidal habitats.

Class Number of Pixels Percentage Area (m?)
Sand 21,712,072 25.63 16,895
Vegetation 12,603,259 14.87 9807
Rock 26,339,652 31.09 20,496
Water 24,073,987 28.41 18,733
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