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Abstract: Intertidal macroinvertebrates, such as crabs and mud shrimps, are invertebrates inhabiting
the intertidal zone that are sufficiently large to be identified with the naked eye. Most intertidal
macroinvertebrates typically construct burrows of various shapes in sediment to protect themselves
from environmental extremes, with surface openings that reflect features of their species and body
size. Especially circular burrow openings correlate with an organism’s body size; thus, measuring
these openings can provide estimates of the organism’s size, weight, growth rate, and biomass.
Traditional studies of these organisms have relied on field surveys, which are constrained by time,
cost, and logistical limitations. This study introduces an innovative method for measuring the burrow
opening diameters of intertidal macroinvertebrates using high-resolution optical images from a
portable drone system. By leveraging the reflectance disparity between the sediment and burrow
openings, this method facilitates the extraction and sizing of burrow openings. Our methodology
was applied to three crab species known for their circular burrow opening: the red-clawed fiddler, the
milky fiddler, and the ghost crab. Validation was confirmed through field data from the Mageumri
and Sinduri tidal flats, South Korea. The method achieved a correlation coefficient (R2) of 0.94 and a
root mean squared error (RMSE) of 1.68 mm across a diameter range of 6.21-33.59 mm. These findings
suggest the potential of drone remote sensing systems as a non-invasive and efficacious approach for
quantifying burrow sizes over extensive intertidal areas, thereby facilitating more accurate biomass
estimations and surmounting the limitations of conventional field surveys. Future research could
extend this method to additional species and further refine its precision.
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1. Introduction

Tidal flats, dynamic coastal regions alternating between submersion and exposure,
play a pivotal role in various ecological processes and are integral to both cultural heritage
and environmental conservation. These areas are not only significant blue carbon sinks,
sequestering atmospheric CO, and storing organic carbon [1-3], but they are also charac-
terized by a dynamic flow of organic matter, fueled by the high productivity of benthic
algae and phytoplankton [4,5]. The utilization of this organic matter by the resident benthic
organisms [6] significantly influences the carbon dynamics within these flats.

The interactions among tidal flat organisms, including the decomposition processes
and the physicochemical and biological conditioning of the sediment, are critical to the
functioning of these ecosystems [7]. Macrobenthic organisms, a major biological compo-
nent of tidal flat ecosystems, profoundly affect these processes [8]. As bioturbators, they
engage in burrowing, feeding, respiration, and excretion, which not only impact sediment
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properties but also regulate the flow of organic matter [9-15]. Intertidal macroinvertebrates
are particularly instrumental in this dynamic. Their activities, especially burrowing, play
an essential role in modulating the carbon dynamics by altering sediment structure and
influencing microbial activities. These burrows help manage the processing of organic
carbon in tidal flats [16-19].

Traditionally, studies on intertidal macroinvertebrates have relied on field surveys to
count and measure burrow openings [20], using these data to extrapolate biomass across
tidal flats [21,22]. However, despite recent advances demonstrating a correlation between
burrow opening dimensions and biomass [23,24], the comprehensive, in situ estimation of
organism abundance over vast tidal flats remains a challenge.

Remote sensing techniques have offered a non-invasive alternative for studying ex-
tensive areas [25,26], with high-resolution data providing insights into ecosystem dynam-
ics [27]. Historical reconstruction of tidal flat topography [28] and global substrate analysis
over decades [29] have been achieved using optical satellite imagery. However, the spatial
resolution limitations of civilian satellites, such as Pleiades or Ikonos, are compounded
by cost, cloud cover, and acquisition constraints [30]. The resolution provided by optical
satellite imagery, which ranges from tens of centimeters to meters, is often inadequate
for detailed measurements of small features, such as burrow openings. To address these
challenges effectively, drones equipped with high-resolution sensors have proven to be
indispensable [31,32]. These advanced unmanned aerial vehicles (UAVs) provide a critical
bridge over existing observational gaps, enabling highly precise measurements of small-
scale features, such as burrow openings [33-36]. This technology facilitates detailed and
accurate data collection that is essential for understanding the intricate dynamics of these
features.

By integrating advanced remote sensing techniques with high spatial resolution and
analytical methods, including artificial intelligence, it is now possible to achieve a more
detailed and nuanced understanding of tidal flat dynamics [37-39]. Recent advancements
in drone imaging technology have enabled the acquisition of high-resolution optical images
with resolutions down to a few millimeters. Utilizing drone imagery of the tidal flat surface
combined with machine learning has enhanced species classification and detailed analysis
of tidal flat dynamics, including for three crab species: the red-clawed fiddler crab, the
milky fiddler crab, and the ghost crab [40,41].

The burrow opening size and species composition of burrow inhabitants facilitate
the analysis of tidal flat biodiversity, spatial distribution, and seasonal variations [42].
This is a non-intrusive technique for estimating the abundance and analyzing the growth
rate of intertidal macroinvertebrates across a large area, utilizing portable drone systems.
Moreover, these quantitative analyses enable the monitoring of a broad spectrum of life
forms. This spectrum encompasses not only the residents of tidal flats but also the apex
predators, such as migratory birds, that rely on these habitats for survival. This monitoring
is essential for developing strategies to preserve their ecological integrity and ensure their
continued contribution to environmental sustainability and biodiversity.

Our study contributes to this growing body of work by presenting a novel methodol-
ogy that utilizes high-resolution drone optical imagery to measure circular burrow open-
ings. We developed a technique that leverages the red, green, and blue spectral bands to
accurately gauge the size of burrow openings, with validation against in situ measurements.

2. Study Area and Data
2.1. Study Area

This study was conducted on the west coast of Korea, focusing on two key locations:
the Mageumri and Sinduri tidal flats (Figure 1). These sites were selected for their abundant
macroinvertebrate populations and the habitats they offer to the species under investigation.
The Mageumri tidal flats are distinguished by fine sandy substrates that support the red-
clawed fiddler crab (Uca arcuata) and milky fiddler crab (Uca lactea), while the Sinduri tidal
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flats, adjacent to extensive coastal dunes, feature predominantly sandy zones favorable to
the ghost crab (Ocypode stimpsoni).

Figure 1. Locations of two study areas along the west coast of Korea. (a) Sinduri tidal flat (GC: ghost
crab), (b) Mageumri tidal flat (RC: red-clawed fiddler crab, MC: milky fiddler crab). Data source:
Google Earth.

In August 2022, field surveys were conducted to study these three species (Figure 2).
Drone imagery was captured at the Mageumri tidal flats, noted for their muddy composi-
tion, where fiddler crabs are observed during low tide, engaging in surface activities typical
of tropical and subtropical flats [43,44]. The burrows of these crabs, transversely consistent
in their circular shape, are a distinctive feature of the landscape [45]. At the Sinduri tidal
flats, with their sandy texture [46], we collected imagery of ghost crab burrows [47]. Ghost
crabs, primarily nocturnal foragers, retreat to their circular burrows during the day. The
morphology of these burrows, often surrounded by sand mounds and radial feeding lines,
reflects the crabs’ burrowing and foraging behaviors [48]. The presence and structure of
these burrows are integral to the tidal flats” ecosystem, contributing to sediment aeration
and nutrient cycling.
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Figure 2. The researched species: (a) red-clawed fiddler crab (Uca arcuata), (b) milky fiddler crab (Uca
lactea), and (c) ghost crab (Ocypode stimpsoni).

2.2. Dataset
2.2.1. Drone Image

For this research, high-resolution visible light imagery was acquired using a Matrice
300 RTK drone (DJI, Shenzhen, China), outfitted with a Zenmuse P1 RGB sensor (35 mm
fixed-focus lens; (DJI, Shenzhen, China). To achieve a sub-millimeter ground sampling
distance (GSD) (<0.8 mm per pixel), the UAV was flown at a low altitude of approximately
6 m. The images obtained were then processed to create orthomosaic images in the GeoTIFF
format, which involved a series of steps, including calibration and georeferencing [49].

The dataset comprising the UAV RGB images was processed through the Agisoft
Metashape Professional software (version 1.8.2; Agisoft, St. Petersburg, Russia), aiming to
produce a comprehensive orthomosaic image. The workflow within Metashape followed
a structured sequence: aligning the photos for bundle adjustment, creating a dense point
cloud, constructing a digital elevation model (DEM), and generating an orthomosaic image.
Following the photo alignment phase, a detailed point cloud was assembled, drawing on
the precise geographic (latitude and longitude) and orientational (altitude, pitch, and yaw)
data recorded during the aerial survey. Utilizing this point cloud, a 3D polygonal mesh
was crafted, and the DEM was developed from the mesh, with the spatial referencing set
to the WGS84 ellipsoid and projected within the UTM zone 52. The RGB images resulted
in a ground sampling distance of under 0.8 mm, as demonstrated in the processed data
(Figure 3). The drone acquisition data is summarized in Table 1.

Table 1. Image acquisition of three species.

Red-Clawed Fiddler Crab = Milky Fiddler Crab Ghost Crab

Location (Sediment) Mageumri (Mud) Mageumri (Mud) Sinduri (Sand)
Dueamdtine  CAMME oA 1A
Area (m?) 4.0 x5.3 4.3 x 6.5 12.7 x 15.5
Altitude (m) 6.0 6.0 6.0
Number of Photos 111 112 1302
Overlap (%) 65 65 65
Sidelap (%) 85 85 85
Sensor Zenmuse P1 35 mm

GSD (mm) 0.76 0.76 0.65
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Figure 3. Examples of orthoimages and labeling with number markers: (a) red-clawed fiddler crab,
(b) milky fiddler crab, and (c) ghost crab.

2.2.2. In Situ Field Data

Prior to the aerial image capture, direct in situ measurements of the burrow openings
were taken to establish ground truth data for validation purposes. Burrows were selected
for measurement based on clear indications of their active use, evidenced by fresh feeding
debris and species-specific foraging trails. This selection criterion was critical to ensure that
the measurements reflected current and active biological processes.

The species-specific burrow opening characteristics and associated feeding patterns
facilitated accurate species identification. Precision in measuring the diameter of the burrow
openings was achieved using digital calipers (Figure 4). To mitigate potential variability
and ensure reliability, each burrow opening was measured three times. The mean value of
these three measurements was then calculated and recorded as the definitive diameter for
each burrow.

ol

Ghost crab

Milky fiddler crab

Figure 4. Examples of direct in situ measurements using digital calipers. (a) Red-clawed fiddler crab,
(b) milky fiddler crab, and (c) ghost crab.

To correlate the in situ data with remote imagery, numbered markers were placed at
each measured burrow to serve as reference points within the orthoimages (Figure 3). The
drone flight for image acquisition was scheduled immediately after field measurements to
capture the burrow openings in conditions that closely resembled those observed during
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the field survey. This methodology was designed to capture the dynamic nature of the tidal
flats and the organisms within. By closely synchronizing the in situ measurements with the
drone imaging, we ensured a high degree of accuracy in representing the burrow openings,
taking into account the biological activity of the macroinvertebrates that could influence
the structural integrity and appearance of their burrows.

3. Methods
3.1. Image Annotation

The annotation process was meticulously carried out in a laboratory setting, where
individual bounding boxes were delineated around each burrow opening identified within
the orthoimages. Burrow openings that were either not visible due to the angle of capture
or obscured by the organisms themselves were excluded to ensure the accuracy of the
dataset. For each species identified, a detailed metadata record was created and stored
in XML format. These metadata encompassed the dimensions of the bounding boxes in
pixels, including the number of pixels along the x and y axes of the original image and the
bounding boxes” maximum and minimum coordinates on these axes, as determined by the
field measurements.

Field surveys provided measurements for a total of 20 samples each of the milky
fiddler crabs (Uca lactea) and red-clawed fiddler crabs (Uca arcuata), and 30 samples of the
ghost crabs (Ocypode stimpsoni). However, due to visibility issues in the drone-captured
images, the final analysis included data from 12 red-clawed fiddler crabs, 17 milky fiddler
crabs, and 25 ghost crabs. Table 2 summarizes the dataset utilized in this study, reflecting
the meticulous selection process to ensure data quality and relevance.

Table 2. Datasets for each species.

Species Study Area Data Sample
U.arcuata.tif 12
Red-clawed fiddler crab Mageumri U.arcuata.xml 12
(U. arcuata)
U.arcuata.csv 20
Ulactea.tif 17
Milky fiddler crab .
U.lactea.xml 17
(UL lactea) Mageumri actea.xm
Ul.lactea.csv 20
O.stimpsini_10.tif
O.stimpsoni_28.tif 25
Ghost crab O.stimpsoni_51.tif

Sinduri O.stimpsoni_10.xml

O.stimpsoni_28.xml 25
O.stimpsoni_51.xml

(O. stimpsoni)

O.stimpsoni.csv 30

3.2. Burrow Opening Extraction and Measurement

The process of extracting and measuring burrow openings was meticulously con-
ducted using annotated orthoimages. Individual bounding boxes, corresponding to the
burrow locations identified within the images, were extracted (Figure 5a,b). In these im-
ages, the burrow openings are distinguishable by their low reflectance, appearing darker
compared to the brighter, higher reflectance of the surrounding sediment (Figure 5b). This
difference in reflectance, quantified by digital number (DN) values, facilitated the feature
differentiation within the imagery.
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Figure 5. Image processing: (a) orthoimage of ghost crab sample 28, (b) cut image, (c) binary image,
and (d) vector file.

The segmented images, aligning with the in situ measurement labels, were further
processed to isolate the burrow openings, resulting in the binary images illustrated (Figure 5c).
RGB-DN histograms (Figure 6) played a pivotal role in this process, enabling the distinction
between the dark burrow openings and the brighter sedimentary background. This distinction
was evident through two significant peaks in the histogram, corresponding to the contrast in
reflectance. The histogram analysis involved identifying the lowest DN value of the first peak
as the baseline and extracting a threshold at the 98th percentile of the normal distribution from
this baseline. This threshold value was used to discern burrow openings from the sedimentary
background, with pixels below this threshold selected for detailed analysis.

To enhance segmentation accuracy, threshold values were dynamically adjusted based
on the unique characteristics of each species and individual burrows. The data extracted
from this process were organized into text and image files, followed by a raster-to-vector
conversion or polygonization, generating shapefiles for further analysis (Figure 5d).

During the extraction phase, our analysis faced the challenge of distinguishing genuine
burrow openings from non-burrow features, such as shadows and sediments, which can
exhibit similar reflectance values. To overcome this, we first extracted all objects based on
their low reflectance peaks using the thresholds. Subsequently, to refine our results and
enhance the accuracy of burrow detection, we implemented a sophisticated filtering step
that relied on the geometric characteristics of the objects detected. By converting these
images into shape files, we focused on the complexity of the objects’ perimeters. Specifically,
the number of vertices of each object became a critical factor in its classification. We
hypothesized that objects with a higher number of vertices were more likely to be genuine
burrow openings, as these were typically the largest features in the cut images (Figure 5c).
Conversely, objects with simpler, smaller perimeters exhibiting fewer vertices were likely
to be non-burrow features, such as shadows or sediment deposits, and were systematically
classified as such and removed from further analysis. This method effectively minimized
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the inclusion of irrelevant features and ensured that only potential burrow openings were
retained for subsequent analysis.
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Figure 6. Example of RGB-DN histogram: ghost crab of sample 1. The red line, green line, and blue
line represent the reflectance of the red band, green band, and blue band.

4. Results
4.1. Estimation of Burrow Opening Diameters

The final vector files facilitated the quantitative extraction of burrow opening diame-
ters, employing a methodology that ensured high precision in distinguishing between true
burrow openings and other similar appearing features. Considering the inherent circular
geometry of the burrow openings characteristic of the species under study, our method-
ology focused on measuring the longest diameter of these openings. This approach was
meticulously adopted to ensure the utmost precision in our quantitative analysis, allowing
for an accurate representation of the burrow sizes. The methodology for estimating the
diameters of circular burrow openings involved precisely identifying and marking the two
furthest points along the perimeter of each opening.

The diameter of the circle was defined as the maximum distance between any two
vertices of the shape (Figure 7). The central point of each burrow was determined by
identifying the midpoint of the line segment connecting the two vertices that define this
maximum distance. These terminal points, indicative of the maximum span of the diam-
eter, were annotated with green rhombuses on the images (Figures 8-10). A solid blue
line, connecting these points, visually represented the diameter of each burrow opening.
Additionally, the midpoint of this diameter line, serving as the geometric center of the
burrow opening, was highlighted with a red rhombus.

To accurately delineate the actual boundary of each burrow opening, circles were
constructed so that their circumferences precisely passed through the terminal points of the
diameter. These circles, outlined with solid red lines, effectively encapsulate the true extent
of the burrow openings. The graphical depictions of these measurements, incorporating the
annotated points and circles, were then saved in the PNG format for archival and further
analysis.

This approach allowed for a standardized, geometrically accurate method of deter-
mining the diameters of the burrow openings, facilitating consistent comparisons across
the dataset.



Remote Sens. 2024, 16, 1941

9 of 17

Figure 7. The results of extracted burrow openings. The red rhombuses, green rhombuses, blue lines,
and red circles represent the center of the burrow opening, both ends of the diameter, the burrow

opening diameter, and the edge of the burrow opening, respectively. (a) Red-clawed fiddler crab,
(b) milky fiddler crab, and (c) ghost crab.
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Figure 8. The results of 12 red-clawed fiddler crabs. The red rhombuses, green rhombuses, blue lines,
and red circles represent the center of the burrow opening, both ends of the diameter, the burrow

opening diameter, and the edge of the burrow opening, respectively.
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Figure 9. The results of 17 milky fiddler crabs. The red rhombuses, green rhombuses, blue lines, and

red circles represent the center of the burrow opening, both ends of the diameter, the burrow opening

diameter, and the edge of the burrow opening, respectively.
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2cm
73 x 74 pixels 87 x 92 pixels 77 X 83 pixels 93 X 84 pixels 70 x 76 pixels

Figure 10. The results of 25 ghost crabs. The red rhombuses, green rthombuses, blue lines, and red
circles represent the center of the burrow opening, both ends of the diameter, the burrow opening
diameter, and the edge of the burrow opening, respectively.

4.2. Validation

Validation of the estimated burrow opening diameters was conducted through a
detailed comparison with in situ measurements at both the Mageumri and Sinduri tidal
flats. At Mageumri, we analyzed the burrow openings of 12 red-clawed fiddler crabs and
17 milky fiddler crabs, revealing average diameters of 22.84 mm and 9.50 mm, respectively.
Similarly, at Sinduri, 25 ghost crab burrow openings were labeled, with an average diameter
of 22.36 mm observed.
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To ensure the validity of our results, we compared these actual measurements against
our model estimates (Figure 11). Each burrow opening’s diameter was measured three times
along its major axis, with the average of these measurements serving as the benchmark for
validation. The root mean squared error (RMSE) values, indicative of the model’s precision,
were calculated for each species: 2.58 mm for the red-clawed fiddler crabs, 1.14 mm for
the milky fiddler crabs, and 1.38 mm for the ghost crabs. An aggregate RMSE of 1.67 mm
across all species underscores the model’s overall accuracy.
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Figure 11. The relationship and RMSE between the actual measurement and the results. (a) Red-
clawed fiddler crab, (b) milky fiddler crab, (c) ghost crab, and (d) total of the three species. Red, green,
and blue represent the red-clawed fiddler, milky fiddler, and ghost crab, respectively. The grey areas
indicate regions with an error range. The black dotted lines indicate the linear regression between the
actual measurement and the results.

The correlation coefficient (R?) between the actual measurements and the model
estimates varied by species, reflecting the model’s ability to predict burrow sizes accurately.
The highest correlation was observed with the ghost crabs (R? = 0.67), followed by the
red-clawed fiddler crabs (R? = 0.64) and milky fiddler crabs (R? =0.63). Collectively, the
R? value for all species was 0.94, demonstrating a strong overall correlation between the
measured and estimated diameters, as detailed in Table 3. Most discrepancies between
the model estimates and actual measurements fell within a 10-20% range, validating the
effectiveness of our methodology in accurately estimating burrow opening diameters. We
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demonstrated the capability to precisely measure burrow openings down to a minimum
size of 6.21 mm, utilizing high-resolution drone imagery with an exceptional resolution of
approximately 0.8 mm.

Table 3. Comparison of the R? and RMSE among the opening diameters of the three species.

Species Range (mm) Mean (mm) R2 RMSE (mm)
Red-clawed fiddler crab

18.10-33.59 22.84 0.64 2.58
(Uca arcuata)
Milky fiddler crab 6.21-14.02 9.50 0.63 1.14
(Uca lactea)
Ghosterab 18.50-25.72 22.36 0.67 1.38
(Ocypode stimpsont)
Total 6.21-33.59 18.42 0.94 1.67

5. Discussion

In this study, we quantified burrow opening sizes by exploiting the reflectance differ-
ences between the burrow openings and the surrounding sediment using drone remote
sensing. This approach involved extracting burrow openings from RGB drone images and
measuring their diameters based on their shape characteristics. The results demonstrate the
capability to measure the diameters of burrow openings, ranging from 6.21 to 33.59 mm,
with an RMSE of 1.67 mm and a correlation coefficient of 0.94, achieving error within
20%. In cases where the burrow openings were obscured by the inhabiting organisms
(e.g., MC-12 in Figure 9) or deformed (e.g., RC-05 in Figure 8), resulting in a non-circular
appearance in the drone imagery, our methodology allowed for the restoration of the true
shape of these burrow openings. By employing advanced image processing techniques,
we can discern and reconstruct the actual dimensions and shapes of the burrow openings,
thereby overcoming potential biases introduced by visual obstructions or alterations. The
use of UAVs represents a shift from traditional, labor-intensive field surveys to a more
efficient, non-invasive approach that can cover extensive areas with minimal disturbance
to the habitat. This methodology not only enhances the precision of biomass estimations
and species distribution analyses but also enables for the conservation and management of
tidal flat ecosystems.

Two samples, RC_13 and MC_15, yielded results outside of the 20% error margin. For
RC_13, the discrepancy can be attributed to changes in the shape of the burrow opening
caused by the residing organism between the time of measurement and the photography.
Despite conducting the photography sessions immediately after the measurements to
mitigate this issue, the burrow openings were altered due to human intrusion during the
measurement process. On the other hand, MC_15, the smallest sample in our study with
the actual measurement of 6.21 mm, was measured smaller at 4.71 mm when extracted
using high-resolution UAVs imagery (GSD = 0.76 mm). This resulted in an error of 1.50 mm,
equivalent to approximately a 2-pixel discrepancy in the image. These instances highlight
the challenges in accurately capturing burrow opening dimensions, particularly when
dealing with small sizes and the dynamic nature of intertidal zone habitats.

The milky fiddler crab, despite demonstrating the lowest RMSE (1.14 mm), exhibited
a low correlation coefficient (R? = 0.63) (Figure 10). This result can be attributed to the fact
that, compared to other species, the milky fiddler crab typically constructs the smallest
burrow openings. Furthermore, the variation in the size of these burrows was limited,
predominantly ranging between 7.81 mm and 10.96 mm, with a narrow span of 3.15 mm,
excluding the smallest burrows. Enhancing the resolution of drone imagery could lead to
improved outcomes in measuring smaller features. This improvement can be accomplished
by either lowering the flight altitude to capture finer details or by employing advanced
sensors with higher resolution capabilities, thereby significantly enhancing the quality and
detail of the captured images.
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Challenges in burrow extraction arose when remnant water was present within the
burrows or when the internal shadows of the burrows were not distinctly visible due
to the solar altitude. Notably, when remnant water was present inside the burrows, the
interior appeared brighter, resulting in the absence of a dual-peak representation on the
reflectance histogram. To obtain clear images of burrow openings, imaging should be
scheduled after the lowest tide to ensure that the burrows are as free of water as possible.
This approach enables the precise identification of features in the RGB images by leveraging
clear differences in the reflectance. Furthermore, analyzing stacked multi-temporal images,
captured at various times in the short term, can address the issue of inaccuracies in the
representation of burrow openings in the drone images caused by shadows. By overlaying
multi-temporal images, it becomes possible to mitigate these distortions. This method
allows for a more accurate depiction of the burrow openings, as temporal variations in
lighting and water conditions are averaged out or eliminated in the composite image.

The utilization of high-resolution drone-derived digital elevation model (DEM) data
presents a strategic advantage to mitigate these challenges. High-resolution DEM data can
facilitate the identification of burrow openings, which are generally recessed compared to
the surrounding sediment. This method can leverage the elevation differences captured by
the DEM to distinguish burrow openings from the adjacent sediment, providing a reliable
means of detection unaffected by the visual impediments. Incorporating both optical
RGB imagery and DEM data can enhance the robustness and accuracy of our approach,
providing a comprehensive methodology for the detailed study of inter-tidal habitats.

The potential of drone imagery extends beyond morphological assessments, with
emerging applications in species classification through machine learning. This approach,
while adept at identifying species based on burrow morphology, currently lacks the capabil-
ity to analyze quantitative features, such as size and diameter, comprehensively. Integrating
machine learning with the methodologies outlined in this study could enable a more holistic
analysis of tidal flat ecosystems, negating the need for invasive sampling techniques.

Future research should extend to burrows with non-circular openings, such as japanese
ghost crab (Macrophthalmus japonicus) and granulate-hand ghost crab (Macrophthalmus
dilatatus), exploring how different shapes relate to species’ size, foraging behavior, and
biomass implications. Such investigations could enhance our understanding of ecosystem
dynamics and contribute to the precision of remote sensing techniques in ecological studies,
where the accurate characterization of minute environmental features is crucial.

6. Conclusions

This study showcases the effective application of drone-based high-resolution optical
imagery for measuring the burrow openings of intertidal macroinvertebrates, marking a
significant advancement in remote sensing methodologies applied to ecological research.
We have demonstrated the capability to measure burrow openings ranging from a few
millimeters to a few centimeters in size, with an error margin within 20%. The drone
system, with its millimeter resolution, enables detailed classification of macroinvertebrate
species and measurements of an organism’s size. Our method showcases its robustness and
accuracy in quantifying the diameter of burrow openings, a critical factor in understanding
the ecology of intertidal zones. Such advancements are anticipated to see increased utiliza-
tion, particularly in macroinvertebrate ecology, where they can significantly contribute to
the assessment of organisms’ size, weight, growth rate, and biomass.

Future research should focus on broadening the applicability of our UAV-derived
remote sensing methodology to a wider range of species and environmental contexts. It
is essential to refine the precision of our measurements and to explore the integration
of further remote sensing technologies alongside machine learning algorithms. Recent
studies have successfully utilized artificial intelligence and high-resolution UAV imagery,
enabling the precise identification and classification of burrow openings and their associ-
ated species [50,51]. By incorporating these advanced Al techniques into our methodology,
we expect to significantly broaden the scope and depth of research of tidal flat ecosys-
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tems. Additionally, we look forward to the development of quieter or even silent drone
technologies and improved sensors with enhanced field of view (FOV) characteristics.
Advancements in these areas could enable higher-altitude flights, thus reducing the poten-
tial for disturbance and enhancing the feasibility of using drones for ecological research.
Consequently, our study not only introduces a novel tool for ecological monitoring but
also highlights the potential of sophisticated remote sensing techniques integrated with
ecological research to tackle complex environmental challenges. This promising integration
is set to transform our understanding of ecological dynamics and contribute substantially
to the conservation and management of vulnerable coastal habitats.
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