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Supplemental Material S1. Methods to Estimate Body Length

Outline of Methods
The body length of the dugongs was estimated using two methods. 
All individuals were estimated using the method described in the main 
manuscript (Method_main), whereas four of the 64 individuals were 
additionally measured using orthophotos from this area (Method_
orthophoto). The Method_orthophoto is described in this section:

1. A georeferenced aerial image (orthophoto) of the observa-
tion area is generated. First, aerial photographs were acquired 
at a resolution of 1 cm/pixel during automated flights using a 
drone (Phantom4 PRO V2.0; Da-Jiang Innovations Science and 
Technology Co., Ltd., Shenzhen, China) equipped with a global 
navigation satellite system (GNSS) receiver (Topodrone PPK 
Upgrade Kits; Topodrone, Montreux, Switzerland). The flight 
courses were programmed using commercial software (UgCS, 
Version 4.1; SPH Engineering Co., Ltd., Riga, Latvia). Aerial 
photographs were geometrically corrected at points with known 
coordinates. The points were evenly spaced at 100 m apart. The 
coordinates were measured using a GNSS receiver (DG-PRO1 
RWS; BizStation Corp., Nagano, Japan) and a real-time kine-
matic method. An orthophoto at 1 cm/pixel resolution was gen-
erated using photogrammetric software (Metashape Professional 
Edition, Version 1.5.4; Agisoft LLC, Saint Petersburg, Russia).

2. Videos of the dugongs were recorded at an altitude of 40 m using 
a drone (Mavic 3; Da-Jiang Innovations Science and Technology 
Co., Ltd.). The most distinctive images of the surfacing dugong 

were extracted from each video on Films & TV, Version 
10.22091.10031.0 (Microsoft Corporation, Redmond, WA, USA). 
The most representative frame in which the dugong was flat, hori-
zontal, or straight (neither twisted nor inclined) and its extremities 
were distinct was extracted.

3. Each frame was manually transformed by rotating, rescaling, 
translating, and overlaying the orthophoto such that the seagrass 
patches in the frame matched those in the orthophoto. Adobe 
Photoshop, Version 24.1.1 (Adobe Systems Inc., San Jose, CA, 
USA), was used for analysis. The length of the straight-line from 
the snout tip to the medial notch of the fluke was measured.

Performance of Length Estimation
A field survey was conducted to evaluate the accuracy of length esti-
mation using the two methods described above. Steel angles of 1.2 m 
were used as the measurement targets. A field survey was conducted 
on the seashore of Shirahama Town, Wakayama Prefecture, Japan, on 
22 February 2023 (Figure S1). All the aerial surveys were conducted 
in accordance with the Aviation Law announced in 2022 by the 
Ministry of Land, Infrastructure, Transport, and Tourism of Japan. 
The same drone used to estimate the body length of the dugongs was 
also used in the field survey.

The two steel angles were set on land (Point A) and horizontal 
to the water surface (Point B). The depths of the angles at Point B 
varied between 0 and 80 cm as the tidal level changed. Another angle,  
color-coded at 10 cm intervals, was placed next to the angle at 
Point B. Water depth during each flight was determined by observing 
the position of the water surface at a color-coded angle.

Figure S1. Study site: Point A was located on land, while Point B was underwater.



The drone was launched, and photographs of the angle were taken 
at an altitude of 40 m, both with and without a 7x zoom, ensuring that 
the angle was centered in the image frame. The drone was restarted 
after landing. This procedure was repeated nine times at Point A and 
30 times at Point B. Subsequently, the angle lengths were estimated 
using these two methods.

The highest accuracy, with an error of less than 1% in the object 
length, was achieved in the on-land test using Method_orthophoto 
(Table S1-1). This indicates that calibrating the image frame with ref-
erence to the orthophotos minimizes the estimation performance. In 
contrast, although the same dataset was used, the route mean square 
error (RMSE) of Method_main was 15.1% of the object length. This 
error may have been caused by miscalculations of altitude by the 
drone.

The RMSE of the underwater test using Method_orthophoto was 
8.8% higher than that of the on-land test using the same method 
(Table S1-1). This error can be attributed to the altitude errors 

calculated by the drone and difficulty in determining the edge of the 
underwater object.

There was no notable difference in the estimation performance 
between the underwater tests using Method_orthophoto and Method_
main methods.

The RMSE for Method_orthophoto did not increase with increas-
ing water depth (Table S1-2). The minimal impact of water refraction 
was likely because the photographs were captured above this angle. 
However, for Method_main, the performance deteriorated at water 
depths of 40 to 50 cm. When the water depth was less than 30 cm, 
the RMSE is < 12 cm (less than 10% of the length of the object). 
This suggests that measurements should ideally be conducted when 
dugongs are near the water surface.

In conclusion, the performance of Method_orthophoto was supe-
rior to that of Method_main. However, a maximum error of 10% of 
the actual body length should be anticipated when measuring under-
water objects near the water surface using both estimation methods.

Variation in Dugong Habitat Use

Table S1-2. Estimation performance for the underwater test for each water depth. RMSE (route mean square error) and ME (mean error) are provided 
for each measurement. A measurement was conducted for each angle and flight. 

Depth  
(m)

Method_main Method_orthophoto

RMSE  
(m)

ME  
(m)

Number of  
observations

RMSE  
(m)

ME  
(m)

Number of  
observations

0-0.1 0.06 0.06 2 0.11 -0.11 12

0.1-0.2 0 0.06 -0.12 3

0.2-0.3 0.12 0.12 12 0.12 -0.12 16

0.3-0.4 0.15 0.14 4 0.11 -0.11 7

0.4-0.5 0.27 0.12 5 0.11 -0.11 8

0.5-0.6 0.13 0.13 7 0.11 -0.11 7

0.6-0.7 0.11 0.16 3 0.11 -0.11 4

0.7-0.8 0 0.12 -0.12 3

Table S2. Body length of dugongs (Dugong dugon) estimated using two methods.

ID

Body length  
(m)

Method_main Method_orthophoto
WB 2.45 (2.23-2.68; n = 14) 2.28 (2.26-2.33; n = 3)
N 2.60 (2.50-2.79; n = 6) 2.43 (n = 1)

WBS 2.85 (2.70-2.88; n = 3) 2.50 (n = 1)
WF 2.19 (n = 1) 2.34 (n = 1)

Table S1-1. Accuracy of estimated length for a 1.2 m angle. RMSE (route mean square error) and ME (mean error) are provided for each measurement. 
A measurement was conducted for each angle and flight. When two angles were photographed in a single flight, two measurements were conducted. 
The percentage in the parentheses indicates the error as a proportion of the angle’s length.

Method
RMSE  

(m)
ME  
(m)

Number of  
measurements

Number of  
flights

On land Method_main 0.18 (15.1%) 0.18 (14.9%) 9 9

Underwater Method_main 0.13 (10.9%) 0.13 (10.9%) 33 30

On land Method_orthophoto 0.01 (0.7%) 0.00 (-0.2%) 9 9

Underwater Method_orthophoto 0.11 (9.5%) -0.11 (-9.4%) 60 30
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Table S3. Resighting record of individuals at Site B. The checkmarks indicate the presence of dugongs, while the hyphens indicate their absence.
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✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

6

✓ - - - - - - - - - ✓ ✓ ✓ ✓ ✓ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

7

✓ ✓ - - - - - - - - ✓ ✓ ✓ - - ✓ ✓ ✓ ✓ ✓ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

8 - - - - - - - - - - ✓ ✓ - - - - - - - - ✓ ✓ ✓ - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

15 - - - - - - - - - - - ✓ - - - - ✓ - - - - - - ✓ ✓ ✓ ✓ - - - - - - - - - - - - - - - - - - - - - - - - -

N
ov

21 - - - - - - - - - - - - - - - ✓ - - - - - - - - - - - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ - - - - - - - - - - - - - -

22 - - - - - - - - - - - - - - - - - - - - - - - - - - - ✓ ✓ - - - - - - - ✓ ✓ ✓ ✓ ✓ ✓ - - - - - - - - - -

29 - - - - - - - - - - - ✓ - - - - - ✓ - - - - - - - - - - - - - - - - - - - - - - - - ✓ ✓ ✓ - - - - - - -

D
ec

5 - - - - - - - - - - - ✓ - - - - - - - - - - - - - - - - - ✓ - - - - - - - - ✓ - - - - - - - ✓ ✓ ✓ ✓ ✓ -

8 - - - - - - - - - - - ✓ - - - ✓ - - - - - - - - - - - - - - - - - - - - - - - - - - - - ✓ ✓ - - - - - ✓


