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Three-dimensional (3D) modeling to determine the weight of massive corals 

in Gili Labak Island, Sumenep, Madura, East Java, Indonesia

ABSTRACT

This study aimed to non-destructively measure the weight of massive (live) corals 

through three-dimensional (3D) modeling. The 3D models were constructed using 

the volumes and weight of massive (dead) corals. The study was conducted through 

photographs, 3D analysis, and weighing 32 massive (dead) coral samples. Volume 

and weight were modeled using linear and non-linear regressions, and their accuracy 

was tested using root mean square error (RMSE) and mean absolute percentage error 

(MAPE). This study showed that the weight of massive (live) corals could be 

measured using a 3D model of the massive (dead) coral's volume and the weight 

mainly through regression, polynomial, and geometric equations. The 

power/geometric equation is a more suitable approach to the actual value of coral 

weight. Linear regression obtained an average weight of 6.13 kg per plot. 3D 

modeling can be widely applied to measure the massive corals in the deep sea.

Keywords: Coral reef; Gili Labak Island; three-dimensional modeling; volume; 

weight

Introduction

The preservation of coral reef ecosystems is critical because many people in the twenty-first 

century will rely on these resources for food production, coastal protection, and the survival of 

their ecosystems  (Kleypas et al. 2021). Coral reefs are among the most diverse and threatened 

ecosystems (Hoegh-Guldberg et al. 2019). Therefore, Monitoring its responses to various 

threats and disturbances is critical for management and conservation. Understanding the best 
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methods for measuring changes in corals, ecosystems, and their functions is a challenge. An 

emerging method for exploring colony-scale growth patterns employs underwater 

photogrammetry to create digital models of coral colonies (Lange and Perry 2020). Acoustic 

methods are currently widely used to detect the presence of underwater objects. Their systems 

work exceptionally well. 

Developing methodologies that allow the incorporation of three-dimensional (3D) 

metrics into coral reef monitoring is critical. One of the most commonly used metrics for 

assessing reef health is the proportion of live coral cover on reefs (Leujak and Ormond 2007). 

It is used as a proxy for calculating coral reef biomass and grows on the capabilities of most 

techniques used to evaluate linear or horizontal planar estimates. However, 2D alone is 

insufficient to estimate coral reef cover (Bamford and Forrester 2003), whereas 3D coral reefs 

provide valuable information on health (Dickens et al. 2011). The 3D surface and volume 

provide more accurate coral abundance statistics and allow for more accurate mapping of coral 

reef changes.

Manta tow, line intercept transect (LIT), point intercept transect (PIT), belt transect 

(BT), and quadratic transect are standard research methods in coral reefs, depending on the 

purpose (QT). The 3D modeling method is an advancement and modification of the underwater 

photo transect (UPT) method, which uses 3D photographs to identify coral species. As a result, 

3D surface area and volume can provide more accurate metrics of coral abundance information 

and allow for more accurate capture of changes in coral reefs. This modeling is the most 

effective method for assessing coral reef damage and estimating carbon stocks. Comparison, 

photogrammetry, and 3D models offer a quick, simple, low-cost, and non-invasive method 

(Lange and Perry 2020). This study is a cost-effective and non-invasive method for accurate 

geometrical measurements of corals. Because it is impossible to obtain photos of all coral 

surfaces and know the estimated weight of corals using a 3D approach, accuracy is highly 
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dependent on the complexity of the coral reef. This study aimed to non-destructively measure 

the weight of massive (live) corals through 3D modeling.

Materials and methods

Research location

This study was conducted at 8 to 12 m on Gili Labak Island, Talango Sub-District, Sumenep 

Regency, Madura, East Java, Indonesia. The map of the study location is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive dead corals that were weighed to 

determine their weight and photographed for analysis in the Agisoft Methasape Professional 

(AMP) software. The volume and weight results were used to find the linear and regression 

non-linear equations. Second, 30 coral samples were used for the accuracy test, and volume 

was measured in the pond using an Olympus TG-6 camera on a transect of 30 cm × 30 cm and 

in the field using the frame 50 cm × 50 cm for live coral. (Figueira et al. 2015).

3D measurement of massive corals

AMP software was also used to analyze the results of coral photos. First, the image quality of 

underwater photos was estimated using the image's sharpness, exposure, focus, resolution, and 

depth of field. The camera and build dense cloud (BDC) were then synced with the software 

and scaled with a scale. Third, a dense point cloud was created using depth information from 

each camera and a densification algorithm. Fourth, 3D nets were built. Create texture 

(optional), but performing 3D measurement and analysis is not required. Planar projections by 

orthographic views were used to isolate a "cleaning" coral colony model from other 

reconstructed elements such as reef foundations, and AMP editing oriented all models. 

Exported models were used for quantitative analysis and volume calculations (Kabiri et al. 

2020; de Oliveira et al. 2021).
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Before taking the 3D photo in the pond, the coral was weighed. The data was collected 

to create a model using linear and non-linear regression. Following that, 32 massive corals 

from the second sample were weighed for root mean square error (RMSE) and mean absolute 

percentage error (MAPE) tests. 

Underwater camera photo

Coral colonies were photographed from every angle possible, including above and below. As 

shown in Figure 2, the camera was positioned at each object's angle (Burns et al. 2015). The 

3D volume was measured by diving to a depth of 8 m and collecting 32 coral colonies. A 

schematic of the camera position is used to generate 3D images, as shown in Figure 2 (Ahmad 

et al. 2020).

Massive corals were photographed in the pond using a 30 cm × 30 cm transect, while 

coral reefs were photographed in the field using a 50 cm × 50 cm transect (Ahmad et al. 2020). 

Continuous underwater photography from oblique planes and angles captured the entire colony 

surface (Figure 2), with 70 to 80% overlap (Bythell and Pan 2001; Burns et al., 2019). All 

photos were uploaded to the AMP software, and the camera was calibrated using metadata-

derived focus information. Furthermore, the photos were aligned using an algorithm capable 

of detecting invariant features that overlap between consecutive photos. A geometric projection 

matrix was created using invariant features and the position, and the camera orientation for 

each photograph was determined according to Westoby et al. (2012). Extrinsic parameters 

calculated during the photo-alignment process were combined with intrinsic and focal 

parameters obtained from the metadata to create the 3D geometry from 2D images (Stal et al. 

2012). Bookmarks were used as a manual for all ground control points (GCP), and the location 

of each marker in all photos containing the GCP was reviewed and corrected. Values of x, y, 

and z for each GCP were entered into the software to optimize alignment and ensure the 

resulting model's accurate interior and exterior orientation.
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The pattern of relationships between independent and dependent variables on the 3D 

weight and volume of coral reefs was determined using regression analysis (Scott et al. 1991). 

Regression analysis was divided into linear and non-linear regressions based on the relationship 

pattern. When the variables have power/geometric, the model is called a non-linear regression. 

When a non-linear regression model in parameters is differentiable, the result is always a 

function in parameters, as stated. The non-linear regression in parameters was calculated 

according to Scott et al. (1991). Statistical analysis was performed on three regression and non-

linear regression equation models, linear, polynomial, and power/geometric, based on 3D 

volume and weight photographs of massive (dead) corals.

Root mean square error (RMSE) test.

An accuracy test was carried out to determine the best equation for estimating the volume and 

weight of coral reefs. Using the RMSE test, an accuracy test was used to determine the error 

value of the regression equation. Then, 3D volume photographs were compared to 3D weight 

photographs. The RMSE equation was used:

MSE =
𝑖
𝑛∑𝑛

𝑖 = 1(𝑥1 ― 𝑦1)2

RMSE (%) =   × 100
𝑅𝑀𝑆𝐸

Ý

Note: MSE = mean square error, RMSE = root mean square error, x1 = 3D measurement result 

value, y1 = 3D value prediction, and Ý = average 3D measurement results (Suprayogi et al. 

2014; Gurchiek et al. 2017)

Mean absolute percentage error (MAPE) test

MAPE was used to evaluate the estimation of the results and determine the accuracy of the 

estimated number and the realization rate. The following formula was used to calculate the 

value:

MAPE (%) = × 100
∑n

t = 1

[At ― Ft
]

At

n  
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Note: MAPE = mean absolute percentage error, Ft = estimated value at time t, At = actual value 

at time t, and n = total data (t = 1, 2, .., n). 

The MAPE test model's accuracy was measured using three criteria: very accurate 

(MAPE<5%), accurate (5%<MAPE<10%), and inaccurate (MAPE>10%) (Nabillah and 

Ranggadara 2020).

Data analysis

3D photos were taken in a small pond with 30 colonies to find linear and non-linear regression 

models, 30 colonies for accuracy tests, and 32 samples of massive coral reef colonies for 

comparison (Fukunaga and Burns 2020). The digital elevation model (DEM) is a raster grid 

that references the subject surface's starting point. This modeling allows for the removal of 

objects from the surface, resulting in a 3D model with a smooth surface. If the DEM image 

does not appear during analysis, the volume results will not be displayed, and the analysis 

cannot be continued in the AMP software. The average number of photos analyzed in 3D for 

each coral colony was 93 to 98. The photos were then analyzed in software (Lange and Perry 

2020) using AMP software (Kabiri et al. 2020; de Oliveira et al., 2021). 

Results

Develop a 3D volume model of dead coral samples collected in the field. The use of dead coral 

samples to avoid causing harm to the coral ecosystem at the study site. Experiments with a 

frame binding point of 30 cm × 30 cm yielded photographs of dead coral samples. The number 

was indicated as a binding point in the corner of the frame; the binding point's purpose is to 

serve as a GCP for 3D photo analysis. The results of the dead coral colonies analysis are 

presented in Figure 3.

The results of underwater analysis of 3-dimensional images captured with AMP 

software on 30 massive (dead) coral colonies in a pond yield 3D modeling volumes on coral 
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samples, with images captured of the entire coral surface. Each coral sample contains an 

average of 102 photographs. Table 1 shows the results of the RMSE control point analysis on 

the 3D photo analysis of corals in the pond.

The photos were analyzed in 3D using the AMP 1.7.4 software, and the RMSE control 

point value was calculated. Based on analysis, the 3D photo error in the water (small pond) is 

less than 1 mm. The 3D photo analysis yielded an average RMSE of coral reefs for photos in 

small ponds with an average of 102 photos, an average X error of 0.29206 mm, Y error of 

0.50167 mm, Z error of 0.34566 mm, XY error of 0.59070, and a total error of 0.72119 mm. 

The water's influence can affect the camera to distort.

Coral samples were also weighed to calculate the mass of massive corals. All coral 

samples from the 3D photo volume and the weight of dead corals were used to obtain a model 

for the estimated live coral weight. The volume of 3D photos and the weight of corals in (Table 

1) are used to construct a model using linear and non-linear regression equation approaches. 

Table 2 displays the results of linear and non-linear regression analysis of weight and volume 

using AMP software.

Table 2 showed that the model with the best accuracy of power/geometric resulted in y 

= 2.451x0.898, R²= 0.916 with RMSE test of 251.20 g, %RMSE of 18.10%, and MAPE of 

19.17%, while linear regression resulted in y = 0.964x + 314.470, R² = 0.912, RMSE of 284.50 

g, %RMSE of 20.50%, and MAPE of 27.43%. Meanwhile, the polynomial resulted in y = 

0.001x2 + 1.235x + 49.448 R² = 0.915 with RMSE test of 354.30 g, %RMSE of 25.5%, and 

MAPE of 20.0%. Based on its orthographic projections, the coral colony orientation is utilized 

to calculate volume. On the other hand, growth orientation is influenced by environmental 

factors such as habitat complexity, slope, light, and plane, potentially leading to estimation 

bias.
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The volume of the coral reef could not be directly considered in the 3D photo analysis 

using AMP software due to the coral reef has a complex shape and concave bottom with small 

cavities. Calculating the volume of a 3D photo model is usually invisible and legible. As a 

result, a conversion is required to minimize errors when using a regression approach. The 

power/geometric conversion of the model from the initial data to the linear regression equation 

model is y = 2.451x0.898, R2= 0.916 with RMSE test of 251.20 g, %RMSE of 18.10%, and 

MAPE of 19.17%.

Data on coral reef 

The results of the analysis of live coral colonies on Gili Labak Island can be seen in Figure 4. 

The modeling application and field data collection were tested on Gili Labak Island. Photos 

were taken by diving at depths ranging from 8 to 12 m with a sample of 32 coral colonies. The 

iron frame used is 50 cm × 50 cm or 2500 cm2, with a mark on each corner of the frame serving 

as a binding point for the photo and making analysis more accessible in the AMP software. 

The results of the 3D analysis are seen in Table 3. 

The model conversion from the initial data using the power/geometric equation model 

was y = 2.451x0.898 with R² = 0.916. In Gili Labak Island, the average weight of coral volume 

produced is 6.13 kg per plot, and the total coral volume for the 32 plots is 169.92 kg, with a 

maximum value of 32.92 kg per plot and a minimum value of 0.04 kg per plot.

Discussion

The diversification of new methods in coral reef research is increasing. In this study, a new 

method was used to assist other examiners who do not have direct experience in identifying 

coral reefs in the sea, allowing novices to process the data and identify coral reefs on land 

without direct identification in the field. One advantage of the 3D method used in this study is 

the ability to obtain more controlled and verifiable data and data on the volume of coral reefs 
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that were never obtained using previous methods. This study uses DEM results from AMP 

software to determine the volume of massive coral colonies and then models massive coral 

weight in Gili Labak Island, Sumenep, Madura. 3D modeling is the most effective data 

presentation method for describing coral reef damage. Acoustic methods are now commonly 

used to detect the presence of underwater objects. This system is beneficial for exploring the 

underwater environment (Kornder et al. 2021). 

The emerging method of developing digital models of coral colonies using underwater 

photogrammetry provides a new and non-invasive way to examine colony-scale growth 

patterns and fill existing knowledge gaps (Lange and Perry 2020). The main difficulty in coral 

reef ecology is estimating the abundance and composition of communities living in such 

complex ecosystems (Kornder et al. 2021). This study used technological advances to identify 

volumes in massive coral colonies using a 3D model. The advancement of photogrammetric 

technology has created a viable and practical method for exploring coral reefs (House et al. 

2018). The structural parameters of reef surfaces and organisms have been shown to have 

relatively high accuracy when using photogrammetry in combination with underwater 

photogrammetry (Veal et al. 2010; Bryson et al. 2017). 

Testing accuracy and precision are critical in any research, including underwater 

photogrammetry of coral reefs. The accuracy and precision of the geometry obtained from the 

massive coral reef's 3D model were tested in this study. As a result, 3D measurement is an 

accurate quantitative study of the physiology and various sizes of coral colonies, and it can be 

done in situ. This technique could also be used to measure morphometrics of branching species, 

such as branch spacing, density, branch length, and branch angle. The 3D method precisely 

measures architectural complexity, topography, rugosity, volume, and other critical structural 

properties in ecosystems (Burns et al. 2015). This method reconstructs the 3D structure of coral 
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reefs and habitat-forming organisms at high resolution and accuracy by using a series of 

overlapping images taken from multiple perspectives (Bryson et al. 2017).

This study also included the RMSE test results, which had a value of 18.10% and a 

MAPE of 19.17%, whereas Hatcher et al. (2020) produced a relative RMSE of 0.013%. This 

result produced a higher value when compared to Figueira et al. (2015), who obtained 10% 

results from bottle coral measurements.

Photogrammetry was initially developed and applied in terrestrial settings, but it has 

since become a valuable tool for creating 3D models of bathymetry and underwater habitats. 

Because complete recordings of all surfaces are not possible, complex corals could not be 

observed adequately with this model. This is a non-invasive method for obtaining precise 

geometric measurements of corals and other irregular underwater objects (Bythell and Pan 

2001). 

Conclusions

The massive corals in the deep sea can be identified and measured using 3D modeling. This 

study will continue to calculate the carbon stock of coral reefs in the future. This method is a 

non-invasive, cost-effective, and timesaving approach to obtaining accurate coral geometric 

measurements. Due to the difficulty in obtaining complete photos of all surfaces, accuracy is 

highly dependent on the complexity of the coral reef.
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Table 1. RMSE control points on the results of 3D photo analysis in a small pond.

RMSE

No coral
Number of 

photo
X error 

(mm)

Y error 

(mm)

Z error 

(mm)

XY error 

(mm)

Total 

(mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728

2 100 0.27418 0.18195 0.04357 0.32906 0.33193

3 96 0.86821 0.86821 2.64072 1.18693 2.89520

4 94 0.44546 0.40574 0.48895 0.60255 0.77597

5 102 0.16377 0.31121 0.01835 0.35167 0.35215

6 95 0.23989 0.26469 0.32463 0.35722 0.48270

7 89 0.01553 0.23047 0.15672 0.23099 0.27913

8 96 0.31492 0.28618 0.41279 0.42553 0.59285

9 110 0.26506 0.24065 0.15519 0.35801 0.39020

10 82 0.19772 0.57799 0.20527 0.60183 0.63587

11 89 0.06381 0.21831 0.12998 0.22744 0.26196

12 115 0.26025 0.42471 0.20647 0.49811 0.53921

13 114 0.26427 0.30750 0.20589 0.40546 0.45474

14 114 0.10470 0.33880 0.18488 0.35461 0.39992

15 95 0.15410 0.33145 0.23749 0.36552 0.43590

16 100 0.10025 0.36274 0.18387 0.37634 0.41886

17 102 0.05425 0.34436 0.16343 0.34861 0.38502

18 104 0.11650 0.13726 0.14757 0.18004 0.23279

19 93 0.30765 0.43068 0.06607 0.52928 0.53339

20 100 0.26892 0.42773 0.26986 0.50525 0.57280

21 110 0.08382 0.15316 0.26245 0.17459 0.31522

Page 16 of 24

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

17

22 113 0.08055 0.18929 0.28779 0.20571 0.35375

23 114 0.16094 0.20679 0.04977 0.26204 0.26673

24 111 2.18783 5.24739 0.98116 5.68522 5.76926

25 110 0.14644 0.34430 0.68882 0.37415 0.52542

26 119 0.51075 0.23892 0.66404 0.56387 0.87115

27 94 0.10643 0.17073 0.18373 0.20119 0.27246

28 108 0.08465 0.21065 0.01163 0.22703 0.22733

29 101 0.07523 0.20130 0.13604 0.21490 0.25434

30 103 0.17461 0.25764 0.08381 0.31109 0.32218

Average 102 0.29206 0.50167 0.34566 0.59070 0.72119
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Table 2. The volume of coral reefs from 3D photo analysis by weight.

Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470

R² = 0.912

RMSE = 284.50 g

%RMSE = 20.50%

MAPE = 27.43%

Polynomial y = 0.001x2 + 1.235x + 49.448

R² = 0.915

RMSE = 354.30 g

%RMSE = 25.50%

MAPE = 20.00% 

Power/geometric y = 2.451x0.898

R² = 0.916

RMSE = 251.20 g

%RMSE = 18.10%

MAPE = 19.17%
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Table 3. The volume of 3D photos produced by AMP software and volume of coral conversion 

using a power/geometric model.

No.
The volume of 3D 

photo analysis (cm3)

Coral weight estimation using 

power/geometric model (g)
Genus of coral

1 2951 3191.71 Favia

2 3173 3406.42 Favites

3 6045 6075.19 Pavona

4 39727 32924.42 Favia

5 26236 22687.22 Leptoseris

6 5402 5491.86 Favia

7 5125 5238.42 Coscinaraea

8 8601 8337.39 Leptoria

9 1825 2073.42 Favia

10 2564 2813.35 Caulastrea

11 2093 2344.78 Caulastrea

12 3937 4134.27 Pavona

13 13706 12666.88 Montastrea

14 1703 1948.57 Montastrea

15 23181 20301.18 Favites

16 4388 4556.98 Favia

17 2223 2475.09 Psammocora

18 2983 3222.76 Goniastrea

19 4112 4298.86 Favia

20 384 511.77 Montastrea

21 10421 9904.99 Psammocora
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22 4016 4208.66 Psammocora

23 7715 7562.26 Coscinaraea

24 21 37.69 Leptoseris

25 7036 6962.07 Psammocora

26 14529 13347.55 Psammocora

27 226 318.00 Euphyllia

28 969 1174.64 Psammocora

29 471 614.73 Montastrea

30 255 354.40 Porites

31 253 351.90 Porites

32 2509 2759.12 Favia
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Figure 1. Map of study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, 

Madura, East Java, Indonesia.
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Figure 2. A schematic of the camera position used to produce 3D images (Ahmad et al. 

2020).
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Figure 3. Results of DEM analysis and 3D photos of (dead) coral reefs with AMP software.
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Figure 4. Results of DEM analysis and 3D photos of coral reefs in Gili Labak Island, Sumenep, 

Madura.
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Three-dimensional (3D) modeling to determine the weight of massive corals 

in Gili Labak Island, Sumenep, Madura, East Java, Indonesia

ABSTRACT

This study aimed to non-destructively measure the weight of massive (live) corals 

through three-dimensional (3D) modeling. The 3D models were constructed using 

the volumes and weight of massive (dead) corals. The study was conducted through 

photographs, 3D analysis, and weighing 32 massive (dead) coral samples. Volume 

and weight were modeled using linear and non-linear regressions, and their accuracy 

was tested using root mean square error (RMSE) and mean absolute percentage error 

(MAPE). This study showed that the weight of massive (live) corals could be 

measured using a 3D model of the massive (dead) coral's volume and the weight 

mainly through regression, polynomial, and geometric equations. The 

power/geometric equation is a more suitable approach to the actual value of coral 

weight. Linear regression obtained an average weight of 6.13 kg per plot. 3D 

modeling can be widely applied to measure the massive corals in the deep sea.

Keywords: Corals; Gili Labak Island; three-dimensional modeling; volume; weight

Introduction

The preservation of coral reef ecosystems is critical because many people in the twenty-first 

century will rely on these resources for food production, coastal protection, and the survival of 

their ecosystems  (Kleypas et al. 2021). Coral reefs are among the most diverse and threatened 

ecosystems (Hoegh-Guldberg et al. 2019). Therefore, monitoring its responses to various 

threats and disturbances is critical for management and conservation. Understanding the best 

methods for measuring changes in corals, ecosystems, and their functions is a challenge. An 
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emerging method for exploring colony-scale growth patterns employs underwater 

photogrammetry to create digital models of coral colonies (Lange and Perry 2020). Acoustic 

methods are currently widely used to detect the presence of underwater objects. Their systems 

work exceptionally well. 

Developing methodologies that allow the incorporation of three-dimensional (3D) 

metrics into coral reef monitoring is critical. One of the most commonly used metrics for 

assessing reef health is the proportion of live coral cover on reefs (Leujak and Ormond 2007). 

It is used as a proxy for calculating coral reef biomass and grows on the capabilities of most 

techniques used to evaluate linear or horizontal planar estimates. However, 2D alone is 

insufficient to estimate coral reef cover (Bamford and Forrester 2003), whereas 3D coral reefs 

provide valuable information on health (Dickens et al. 2011). The 3D surface and volume 

provide more accurate coral abundance statistics and allow for more accurate mapping of coral 

reef changes.

Manta tow, line intercept transect (LIT), point intercept transect (PIT), belt transect 

(BT), and quadratic transect (QT) are standard research methods in coral reefs, depending on 

the purpose. The 3D modeling method is an advancement and modification of the underwater 

photo transect (UPT) method, which uses 3D photographs to identify coral species. As a result, 

3D surface area and volume can provide more accurate metrics of coral abundance information 

and allow for more accurate capture of changes in coral reefs. This modeling is the most 

effective method for assessing coral reef damage and estimating carbon stocks. Comparison, 

photogrammetry, and 3D models offer a quick, simple, low-cost, and non-invasive method 

(Lange and Perry 2020). This study is a cost-effective and non-invasive method for accurate 

geometrical measurements of corals. Because it is impossible to obtain photos of all coral 

surfaces and know the estimated weight of corals using a 3D approach, accuracy is highly 

Page 2 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

3

dependent on the complexity of the coral reef. This study aimed to non-destructively measure 

the weight of massive (live) corals through 3D modeling.

Materials and methods

Research location

This study was conducted at 8 to 12 m on Gili Labak Island, Talango Sub-District, Sumenep 

Regency, Madura, East Java, Indonesia. The map of the study location is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive dead corals that were weighed to 

determine their weight and photographed for analysis in the Agisoft Methasape Professional 

(AMP) software. The volume and weight results were used to find the linear and regression 

non-linear equations. Second, 30 coral samples were used for the accuracy test, and volume 

was measured in the pond using an Olympus TG-6 camera on a transect of 30 cm × 30 cm and 

in the field using the frame 50 cm × 50 cm for live coral. (Figueira et al. 2015).

3D measurement of massive corals

AMP software was also used to analyze the results of coral photos. First, the image quality of 

underwater photos was estimated using the image's sharpness, exposure, focus, resolution, and 

depth of field. The camera and build dense cloud (BDC) were then synced with the software 

and scaled with a scale. Third, a dense point cloud was created using depth information from 

each camera and a densification algorithm. Fourth, 3D nets were built. Create texture 

(optional), but performing 3D measurement and analysis is not required. Planar projections by 

orthographic views were used to isolate a "cleaning" coral colony model from other 

reconstructed elements such as reef foundations, and AMP editing oriented all models. 

Exported models were used for quantitative analysis and volume calculations (Kabiri et al. 

2020; de Oliveira et al. 2021).
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Before taking the 3D photo in the pond, the coral was weighed. The data was collected 

to create a model using linear and non-linear regression. Following that, 32 massive corals 

from the second sample were weighed for root mean square error (RMSE) and mean absolute 

percentage error (MAPE) tests. The 32 massive coral colonies were weighed to obtain the 

modeling test data. Furthermore, the data were used to estimate the weight of massive live 

corals on Gili Labak Island. Data processing through 3D was carried out repeatedly.

Underwater camera photo

Coral colonies were photographed from every angle possible, including above and below. As 

shown in Figure 2, the camera was positioned at each object's angle (Burns et al. 2015). The 

3D volume was measured by diving to a depth of 8 m and collecting 32 coral colonies. A 

schematic of the camera position is used to generate 3D images, as shown in Figure 2 (Ahmad 

et al. 2020).

Massive corals were photographed in the pond using a 30 cm × 30 cm transect, while 

coral were photographed in the field using a 50 cm × 50 cm transect (Ahmad et al. 2020). 

Continuous underwater photography from oblique planes and angles captured the entire colony 

surface (Figure 2), with 70 to 80% overlap (Bythell and Pan 2001; Burns et al., 2019). All 

photos were uploaded to the AMP software, and the camera was calibrated using metadata-

derived focus information. Furthermore, the photos were aligned using an algorithm capable 

of detecting invariant features that overlap between consecutive photos. A geometric projection 

matrix was created using invariant features and the position, and the camera orientation for 

each photograph was determined according to Westoby et al. (2012). Extrinsic parameters 

calculated during the photo-alignment process were combined with intrinsic and focal 

parameters obtained from the metadata to create the 3D geometry from 2D images (Stal et al. 

2012). Bookmarks were used as a manual for all ground control points (GCP), and the location 

of each marker in all photos containing the GCP was reviewed and corrected. Values of x, y, 
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and z for each GCP were entered into the software to optimize alignment and ensure the 

resulting model's accurate interior and exterior orientation.

The pattern of relationships between independent and dependent variables on the 3D 

weight and volume of coral reefs was determined using regression analysis (Scott et al. 1991). 

This analysis was used to determine the conversion from volume to weight of corals in the 

field. Conversion from volume to weight of corals was obtained to the best value of non-linear 

regression. Regression analysis was divided into linear and non-linear regressions based on the 

relationship pattern. When the variables have power/geometric, the model is called a non-linear 

regression. When a non-linear regression model in parameters is differentiable, the result is 

always a function in parameters, as stated. The non-linear regression in parameters was 

calculated according to Scott et al. (1991). Statistical analysis was performed on three 

regression and non-linear regression equation models, linear, polynomial, and 

power/geometric, based on 3D volume and weight photographs of massive (dead) corals.

Root mean square error (RMSE) test.

An accuracy test was carried out to determine the best equation for estimating the volume and 

weight of corals. Using the RMSE test, an accuracy test was used to determine the error value 

of the regression equation. Then, 3D volume photographs were compared to 3D weight 

photographs. The RMSE equation was used:

MSE =
𝑖
𝑛∑𝑛

𝑖 = 1(𝑥1 ― 𝑦1)2

RMSE (%) =   × 100
𝑅𝑀𝑆𝐸

Ý

Note: MSE = mean square error, RMSE = root mean square error, x1 = 3D measurement result 

value, y1 = 3D value prediction, and Ý = average 3D measurement results (Suprayogi et al. 

2014; Gurchiek et al. 2017).

Mean absolute percentage error (MAPE) test

Page 5 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

6

MAPE was used to evaluate the estimation of the results and determine the accuracy of the 

estimated number and the realization rate. The following formula was used to calculate the 

value:

MAPE (%) = × 100
∑n

t = 1

[At ― Ft
]

At

n  

Note: MAPE = mean absolute percentage error, Ft = estimated value at time t, At = actual value 

at time t, and n = total data (t = 1, 2, .., n). 

The MAPE test model's accuracy was measured using three criteria: very accurate 

(MAPE<5%), accurate (5%<MAPE<10%), and inaccurate (MAPE>10%) (Nabillah and 

Ranggadara 2020).

Data analysis

3D photos were taken in a small pond with 30 colonies to find linear and non-linear regression 

models, 30 colonies for accuracy tests, and 32 samples of massive coral colonies for 

comparison (Fukunaga and Burns 2020). The digital elevation model (DEM) is a raster grid 

that references the subject surface's starting point. This modeling allows for the removal of 

objects from the surface, resulting in a 3D model with a smooth surface. If the DEM image 

does not appear during analysis, the volume results will not be displayed, and the analysis 

cannot be continued in the AMP software. The average number of photos analyzed in 3D for 

each coral colony was 93 to 98. The photos were then analyzed in software (Lange and Perry 

2020) using AMP software (Kabiri et al. 2020; de Oliveira et al., 2021). 

Results

Develop a 3D volume model of dead coral samples collected in the field. The use of dead coral 

samples to avoid causing harm to the coral ecosystem at the study site. Experiments with a 

frame binding point of 30 cm × 30 cm yielded photographs of dead coral samples. The number 

was indicated as a binding point in the corner of the frame; the binding point's purpose is to 
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serve as a GCP for 3D photo analysis. The results of the dead coral colonies analysis are 

presented in Figure 3.

The results of underwater analysis of 3-dimensional images captured with AMP 

software on 30 massive (dead) coral colonies in a pond yield 3D modeling volumes on coral 

samples, with images captured of the entire coral surface. Each coral sample contains an 

average of 102 photographs. Table 1 shows the results of the RMSE control point analysis on 

the 3D photo analysis of corals in the pond.

The photos were analyzed in 3D using the AMP 1.7.4 software, and the RMSE control 

point value was calculated. Based on analysis, the 3D photo error in the water (small pond) is 

less than 1 mm. The 3D photo analysis yielded an average RMSE of corals for photos in small 

ponds with an average of 102 photos, an average X error of 0.29206 mm, Y error of 0.50167 

mm, Z error of 0.34566 mm, XY error of 0.59070, and a total error of 0.72119 mm. The water's 

influence can affect the camera to distort. Table 2 displays the results of linear and non-linear 

regression analysis of weight and volume using AMP software.

Table 2 showed that the model with the best accuracy of power/geometric resulted in y 

= 2.451x0.898, R²= 0.916 with RMSE test of 251.20 g, %RMSE of 18.10%, and MAPE of 

19.17%, while linear regression resulted in y = 0.964x + 314.470, R² = 0.912, RMSE of 284.50 

g, %RMSE of 20.50%, and MAPE of 27.43%. Meanwhile, the polynomial resulted in y = 

0.001x2 + 1.235x + 49.448 R² = 0.915 with RMSE test of 354.30 g, %RMSE of 25.5%, and 

MAPE of 20.0%. Based on its orthographic projections, the coral colony orientation is utilized 

to calculate volume. On the other hand, growth orientation is influenced by environmental 

factors such as habitat complexity, slope, and light plane, potentially leading to estimation bias.

Coral samples were also weighed to calculate the mass of massive corals. All coral 

samples from the 3D photo volume and the weight of dead corals were used to obtain a model 
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for the estimated live coral weight. The volume of 3D photos and the weight of corals in (Table 

3) are used to construct a model using linear and non-linear regression equation approaches. 

The volume of the coral could not be directly considered in the 3D photo analysis using 

AMP software due to the coral has a complex shape and concave bottom with small cavities. 

Calculating the volume of a 3D photo model is usually invisible and legible. As a result, a 

conversion is required to minimize errors when using a regression approach. The 

power/geometric conversion of the model from the initial data to the linear regression equation 

model is y = 2.451x0.898, R2= 0.916 with RMSE test of 251.20 g, %RMSE of 18.10%, and 

MAPE of 19.17%.

Data on corals 

The results of the analysis of live coral colonies on Gili Labak Island can be seen in Figure 4. 

The modeling application and field data collection were tested on Gili Labak Island. Photos 

were taken by diving at depths ranging from 8 to 12 m with a sample of 32 coral colonies. The 

iron frame used is 50 cm × 50 cm or 2500 cm2, with a mark on each corner of the frame serving 

as a binding point for the photo and making analysis more accessible in the AMP software. 

The results of the 3D analysis are seen in Table 3. 

The model conversion from the initial data using the power/geometric equation model 

was y = 2.451x0.898 with R² = 0.916. In Gili Labak Island, the average weight of coral volume 

produced is 6.13 kg per plot, and the total coral volume for the 32 plots is 169.92 kg, with a 

maximum value of 32.92 kg per plot and a minimum value of 0.04 kg per plot.

Discussion

The diversification of new methods in coral reef research is increasing. In this study, a new 

method was used to assist other examiners who do not have direct experience in identifying 

coral in the sea, allowing novices to process the data and identify coral on land without direct 

Page 8 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

9

identification in the field. One advantage of the 3D method used in this study is the ability to 

obtain more controlled and verifiable data and data on the volume of coral reefs that were never 

obtained using previous methods. As the study results of Reichert et al. (2016) on scleractinian 

corals show that 3D method has highly precision and easy to reproduce for invasive 

measurement of corals surface area and volume with a fast process. 

This study uses DEM results from AMP software to determine the volume of massive 

coral colonies and then models massive coral weight in Gili Labak Island, Sumenep, Madura. 

3D modeling is the most effective data presentation method for describing coral reef damage. 

Acoustic methods are now commonly used to detect the presence of underwater objects. This 

system is beneficial for exploring the underwater environment (Kornder et al. 2021). 

The emerging method of developing digital models of coral colonies using underwater 

photogrammetry provides a new and non-invasive way to examine colony-scale growth 

patterns and fill existing knowledge gaps (Lange and Perry 2020). The main difficulty in coral 

reef ecology is estimating the abundance and composition of communities living in such 

complex ecosystems (Kornder et al. 2021). This study used technological advances to identify 

volumes in massive coral colonies using a 3D model. The advancement of photogrammetric 

technology has created a viable and practical method for exploring coral reefs (House et al. 

2018). The structural parameters of reef surfaces and organisms have been shown to have 

relatively high accuracy when using photogrammetry in combination with underwater 

photogrammetry (Veal et al. 2010; Bryson et al. 2017). 

Testing accuracy and precision are critical in any research, including underwater 

photogrammetry of corals. The accuracy and precision of the geometry obtained from the 

massive coral's 3D model were tested in this study. As a result, 3D measurement is an accurate 

quantitative study of the physiology and various sizes of coral colonies, and it can be done in 

situ. This technique could also be used to measure morphometrics of branching species, such 
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as branch spacing, density, branch length, and branch angle. The 3D method precisely measures 

architectural complexity, topography, rugosity, volume, and other critical structural properties 

in ecosystems (Burns et al. 2015). This method reconstructs the 3D structure of corals and 

habitat-forming organisms at high resolution and accuracy by using a series of overlapping 

images taken from multiple perspectives (Bryson et al. 2017). Reichert et al. (2016) also stated 

that 3D method has highly precision and reproducible for measuring the surface area and 

volume of corals.

This study also included the RMSE test results, which had a value of 18.10% and a 

MAPE of 19.17%, whereas Hatcher et al. (2020) produced a relative RMSE of 0.013%. This 

result produced a higher value of RMSE compared to Figueira et al. (2015), who obtained 10% 

results from bottle coral measurements. The number of cameras used also determines the 

results. In this study, only 1 camera was used, while the previous studies by Hatcher et al. 

(2020) and Figueira et al. (2015) used 5 cameras with high technology to capture underwater 

objects. Therefore, the RMSE value in this study had higher compared to previous studies.

Photogrammetry was initially developed and applied in terrestrial settings, but it has 

since become a valuable tool for creating 3D models of bathymetry and underwater habitats. 

Because complete recordings of all surfaces are not possible, complex corals could not be 

observed adequately with this model. This is a non-invasive method for obtaining precise 

geometric measurements of corals and other irregular underwater objects (Bythell and Pan 

2001). The 3D method has many advantages, but this method also has several weaknesses, 

including longer analysis and requires more software that is sophisticated, high-spec computer 

devices, and special skills in underwater data collection through diving.

Conclusions
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The massive corals in the deep sea can be identified and measured using 3D modeling. This 

study will continue to calculate the carbon stock of coral reefs in the future. This method is a 

non-invasive, cost-effective, and timesaving approach to obtaining accurate coral geometric 

measurements. Due to the difficulty in obtaining complete photos of all surfaces, accuracy is 

highly dependent on the complexity of the coral reef.

Acknowledgments

The authors would like to thank the Directorate of Research, Technology, and Community 

Services (DRTPM), General Directorate of Higher Education, Research, and Technology, 

Ministry of Education, Culture, Research, and Technology, Republic of Indonesia. The authors 

would also like to thank the editor, reviewers, and proofreaders for the comments, corrections, 

and suggestions to improve this article.

Author contributions 

DI conceptualized, collected the materials, performed the experiment, measured parameters, 

analyzed the data, and prepared the manuscript draft; ATM conceptualized, designed, and 

analyzed the data, edited and corrected the final manuscript; SA corrected English Grammarly 

and proofread the manuscript draft; FFM designed and corrected the manuscript draft. All 

authors read and approved the final manuscript.

Disclosure statement 

The authors declare that they have no conflict of interest.

Funding information

Page 11 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

12

This study was supported by the Directorate of Research, Technology, and Community 

Services (DRTPM), General Directorate of Higher Education, Research, and Technology, 

Ministry of Education, Culture, Research, and Technology, the Republic of Indonesia through 

the Grants of Penelitian Tesis Mahasiswa (PTM) with Decree Number: 1004/UN3/2022 and 

Contract Number: 085/E5/PG.02.00.PT/2022 and 978/UN3.15//PT/2022.

References

Ahmad, Z. B., M. I. H. B. M. Jinah, and S. B. Saad. 2020. "Comparison of 3D coral 

Photogrammetry and Coral Video Transect for Coral Lifeform Analysis Using Low-

Cost Underwater Action Camera." ASEAN Journal on Science and Technology for 

Development 37 (1): 15–20. doi:10.29037/AJSTD.602.

Bamford, D. R., and P. L. Forrester. 2003. "Managing Planned and Emergent Change Within 

An Operations Management Environment." International Journal of Operations and 

Production Management 23 (5): 546–564. doi:10.1108/01443570310471857.

Bryson, M., R. Ferrari, W. Figueira, O. Pizarro, J. Madin, S. Williams, and M. Byrne. 2017. 

"Characterization of Measurement Errors Using Structure-From-Motion and 

Photogrammetry to Measure Marine Habitat Structural Complexity." Ecology and 

Evolution 7 (15): 5669–5681. doi:10.1002/ece3.3127.

Burns, J. H. R., D. Delparte, R. D. Gates, and M. Takabayashi. 2015. "Utilizing Underwater 

Three-Dimensional Modeling to Enhance Ecological and Biological Studies of Coral 

Reefs." International Archives of the Photogrammetry, Remote Sensing and Spatial 

Information Sciences - ISPRS Archives 40 (5W5): 61–66. doi:10.5194/isprsarchives-

XL-5-W5-61-2015.

Burns, J. H. R., A. Fukunaga, K. H. Pascoe, A. Runyan, B. K. Craig, J. Talbot, A. Pugh, and 

R. K. Kosaki. 2019. "3D Habitat Complexity of Coral Reefs in the Northwestern 

Page 12 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

13

Hawaiian Islands Is Driven By Coral Assemblage Structure." ISPRS Annals of the 

Photogrammetry, Remote Sensing and Spatial Information Sciences 42 (2/W10): 61–

67. doi:10.5194/isprs-archives-XLII-2-W10-61-2019.

Bythell, J. C., and P. Pan. 2001. "Three-Dimensional Morphometric Measurements of Reef 

Corals Using Underwater Photogrammetry Techniques." Coral Reefs 20: 193–199. 

doi:10.1007/s003380100157.

de Oliveira, L. M. C., A. Lim, L. A. Conti, and A. J. Wheeler. 2021. "3D Classification of 

Cold-Water Coral Reefs: A Comparison of Classification Techniques for 3D 

Reconstructions of Cold-Water Coral Reefs and Seabed." Frontiers in Marine Science 

8: 640713. doi:10.3389/fmars.2021.640713.

Dickens, L. C., C. H. R. Goatley, J. K. Tanner, and D. R. Bellwood. 2011. "Quantifying 

Relative Diver Effects in Underwater Visual Censuses." PLoS ONE 6 (4): 6–8. 

doi:10.1371/journal.pone.0018965.

Figueira, W., R. Ferrari, E. Weatherby, A. Porter, S. Hawes, and M. Byrne. 2015. "Accuracy 

and Precision of Habitat Structural Complexity Metrics Derived from Underwater 

Photogrammetry." Remote Sensing 7 (12): 16883–16900. doi:10.3390/rs71215859.

Fukunaga, A., and J. H. R. Burns. 2020. "Metrics of Coral Reef Structural Complexity 

Extracted from 3D Mesh Models and Digital Elevation Models." Remote Sensing 12 

(17): 1–18. doi:10.3390/RS12172676.

Gurchiek, R. D., R. S. McGinnis, A. R. Needle, J. M. McBride, and H. van Werkhoven. 2017. 

"The Use of A Single Inertial Sensor to Estimate 3-Dimensional Ground Reaction Force 

During Accelerative Running Tasks." Journal of Biomechanics 61: 263–268. 

doi:10.1016/j.jbiomech.2017.07.035.

Hatcher, G. A., J. A. Warrick, A. C. Ritchie, E. T. Dailey, D. G. Zawada, C. Kranenburg, and 

K. K. Yates. 2020. "Accurate Bathymetric Maps from Underwater Digital Imagery 

Page 13 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

14

Without Ground Control." Frontiers in Marine Science 7: 1–20. 

doi:10.3389/fmars.2020.00525.

Hoegh-Guldberg, O., L. Pendleton, and A. Kaup. 2019. "People and the Changing Nature of 

Coral Reefs." Regional Studies in Marine Science 30: 100699. 

doi:10.1016/j.rsma.2019.100699.

House, J. E., V. Brambilla, L. M. Bidaut, A. P. Christie, O. Pizarro, J. S. Madin, and M. 

Dornelas. 2018. "Moving to 3D: Relationships Between Coral Planar Area, Surface 

Area and Volume." PeerJ 6: e4280. doi:10.7717/peerj.4280.

Kabiri, K., H. Rezai, and M. Moradi. 2020. "A Drone-Based Method for Mapping the Coral 

Reefs in the Shallow Coastal Waters – Case Study: Kish Island, Persian Gulf." Earth 

Science Informatics 13 (4): 1265–1274. doi:10.1007/s12145-020-00507-z.

Kleypas, J., D. Allemand, K. Anthony, A. C. Baker, M. W. Beck, L. Z. Hale, N. Hilmi, O. 

Hoegh-Guldberg, T. Hughes, L. Kaufman, H. Kayanne, A. K. Magnan, E. Mcleod, P. 

Mumby, S. Palumbi, R. H. Richmond, B. Rinkevich, R. S. Steneck, C. R. Voolstra, and 

J. P. Gattuso. 2021. "Designing A Blueprint for Coral Reef Survival." Biological 

Conservation 257: 109107. doi:10.1016/j.biocon.2021.109107.

Kornder, N. A., J. Cappelletto, B. Mueller, M. J. L. Zalm, S. J. Martinez, M. J. A. Vermeij, J. 

Huisman, and J. M. de Goeij. 2021. "Implications of 2D Versus 3D Surveys to Measure 

the Abundance and Composition of Benthic Coral Reef Communities." Coral Reefs 40: 

1137–1153. doi:10.1007/s00338.

Lange, I. D., and C. T. Perry. 2020. "A Quick, Easy, and Non-Invasive Method to Quantify 

Coral Growth Rates Using Photogrammetry and 3D Model Comparisons." Methods in 

Ecology and Evolution 11 (6): 714–726. doi:10.1111/2041-210X.13388.

Leujak, W., and R. F. G. Ormond. 2007. "Comparative Accuracy and Efficiency of Six Coral 

Community Survey Methods." Journal of Experimental Marine Biology and Ecology 

Page 14 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

15

351 (1–2): 168–187. doi:10.1016/j.jembe.2007.06.028.

Nabillah, I., and I. Ranggadara. 2020. "Mean Absolute Percentage Error for Evaluation of 

Prediction Result of Marine Commodity." JOINS (Journal of Information System) 5 

(2): 250–255. doi:10.33633/joins.v5i2.3900.

Reichert, J., J. Schellenberg, P. Schubert, and T. Wilke. 2016. "3D scanning as a highly precise, 

reproducible, and minimally invasive method for surface area and volume 

measurements of scleractinian corals." Limnology and Oceanography: Methods 14 (8): 

518–526. doi:10.1002/lom3.10109.

Scott, A. J., D. W. Hosmer, and S. Lemeshow. 1991. "Applied Logistic Regression." 

Biometrics 47 (4): 1632. doi:10.2307/2532419.

Stal, C., J. Bourgeois, P. De Maeyer, G. De Mulder, A. De Wulf, R. Goossens, M. Hendrickx, 

T. Nuttens, and B. Stichelbaut. 2012. "Test Case on the Quality Analysis of Structure 

from Motion in Airborne Applications." Proceedings of the 32nd EARSeL Symposium: 

‘Advances in Geosciences,’ Mykonos, Greece, May 11, 2012.

Suprayogi, I., Trimaijon, and Mahyudin. 2014. "Model Prediksi Liku Kalibrasi Menggunakan 

Pendekatan Jaringan Saraf Tiruan (ZST) (Studi Kasus: Sub DAS Siak Hulu)." Jurnal 

Online Mahasiswa Fakultas Teknik Universitas Riau 1 (1): 1–18.

Veal, C. J., M. Carmi, M. Fine, and O. Hoegh-Guldberg. 2010. "Increasing the Accuracy of 

Surface Area Estimation Using Single Wax Dipping of Coral Fragments." Coral Reefs 

29 (4): 893–897. doi:10.1007/s00338-010-0647-9.

Westoby, M. J., J. Brasington, N. F. Glasser, M. J. Hambrey, and J. M. Reynolds. 2012. 

"Geomorphology Structure-from-Motion Photogrammetry: A Low-Cost, Effective 

Tool for Geoscience Applications." Geomorphology 179: 300–314. 

doi:10.1016/j.geomorph.2012.08.021.

Page 15 of 33

URL: http://mc.manuscriptcentral.com/tbid

Biodiversity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Reichert%2C+Jessica
https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Schellenberg%2C+Johannes
https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Schubert%2C+Patrick
https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Wilke%2C+Thomas
https://doi.org/10.1002/lom3.10109
https://www.researchgate.net/profile/Rudi-Goossens-2
https://www.researchgate.net/profile/Marijn-Hendrickx
https://www.researchgate.net/profile/Timothy-Nuttens
https://www.researchgate.net/profile/Birger-Stichelbaut


For Peer Review Only

16

Table 1. RMSE control points on the results of 3D photo analysis in a small pond.

RMSE

No coral
Number of 

photo
X error 

(mm)

Y error 

(mm)

Z error 

(mm)

XY error 

(mm)

Total 

(mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728

2 100 0.27418 0.18195 0.04357 0.32906 0.33193

3 96 0.86821 0.86821 2.64072 1.18693 2.89520

4 94 0.44546 0.40574 0.48895 0.60255 0.77597

5 102 0.16377 0.31121 0.01835 0.35167 0.35215

6 95 0.23989 0.26469 0.32463 0.35722 0.48270

7 89 0.01553 0.23047 0.15672 0.23099 0.27913

8 96 0.31492 0.28618 0.41279 0.42553 0.59285

9 110 0.26506 0.24065 0.15519 0.35801 0.39020

10 82 0.19772 0.57799 0.20527 0.60183 0.63587

11 89 0.06381 0.21831 0.12998 0.22744 0.26196

12 115 0.26025 0.42471 0.20647 0.49811 0.53921

13 114 0.26427 0.30750 0.20589 0.40546 0.45474

14 114 0.10470 0.33880 0.18488 0.35461 0.39992

15 95 0.15410 0.33145 0.23749 0.36552 0.43590

16 100 0.10025 0.36274 0.18387 0.37634 0.41886

17 102 0.05425 0.34436 0.16343 0.34861 0.38502

18 104 0.11650 0.13726 0.14757 0.18004 0.23279

19 93 0.30765 0.43068 0.06607 0.52928 0.53339

20 100 0.26892 0.42773 0.26986 0.50525 0.57280

21 110 0.08382 0.15316 0.26245 0.17459 0.31522
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22 113 0.08055 0.18929 0.28779 0.20571 0.35375

23 114 0.16094 0.20679 0.04977 0.26204 0.26673

24 111 2.18783 5.24739 0.98116 5.68522 5.76926

25 110 0.14644 0.34430 0.68882 0.37415 0.52542

26 119 0.51075 0.23892 0.66404 0.56387 0.87115

27 94 0.10643 0.17073 0.18373 0.20119 0.27246

28 108 0.08465 0.21065 0.01163 0.22703 0.22733

29 101 0.07523 0.20130 0.13604 0.21490 0.25434

30 103 0.17461 0.25764 0.08381 0.31109 0.32218

Average 102 0.29206 0.50167 0.34566 0.59070 0.72119
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Table 2. The volume of coral reefs from 3D photo analysis by weight.

Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470

R² = 0.912

RMSE = 284.50 g

%RMSE = 20.50%

MAPE = 27.43%

Polynomial y = 0.001x2 + 1.235x + 49.448

R² = 0.915

RMSE = 354.30 g

%RMSE = 25.50%

MAPE = 20.00% 

Power/geometric y = 2.451x0.898

R² = 0.916

RMSE = 251.20 g

%RMSE = 18.10%

MAPE = 19.17%
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Table 3. The volume of 3D photos produced by AMP software and weight of coral conversion 

using a power/geometric model.

No.
The volume of 3D 

photo analysis (cm3)

Coral weight estimation using 

power/geometric model (g)
Genus of coral

1 2951 3191.71 Favia

2 3173 3406.42 Favites

3 6045 6075.19 Pavona

4 39727 32924.42 Favia

5 26236 22687.22 Leptoseris

6 5402 5491.86 Favia

7 5125 5238.42 Coscinaraea

8 8601 8337.39 Leptoria

9 1825 2073.42 Favia

10 2564 2813.35 Caulastrea

11 2093 2344.78 Caulastrea

12 3937 4134.27 Pavona

13 13706 12666.88 Montastrea

14 1703 1948.57 Montastrea

15 23181 20301.18 Favites

16 4388 4556.98 Favia

17 2223 2475.09 Psammocora

18 2983 3222.76 Goniastrea

19 4112 4298.86 Favia

20 384 511.77 Montastrea

21 10421 9904.99 Psammocora
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22 4016 4208.66 Psammocora

23 7715 7562.26 Coscinaraea

24 21 37.69 Leptoseris

25 7036 6962.07 Psammocora

26 14529 13347.55 Psammocora

27 226 318.00 Euphyllia

28 969 1174.64 Psammocora

29 471 614.73 Montastrea

30 255 354.40 Porites

31 253 351.90 Porites

32 2509 2759.12 Favia
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Figure 1. Map of study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, 

Madura, East Java, Indonesia.
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Figure 2. A schematic of the camera position used to produce 3D images (Ahmad et al. 

2020).
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Figure 3. Results of DEM analysis and 3D photos of (dead) coral reefs with AMP software.
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Figure 4. Results of DEM analysis and 3D photos of coral reefs in Gili Labak Island, Sumenep, 

Madura.
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Table 1. RMSE control points on the results of 3D photo analysis in a small pond.

RMSE

No coral
Number of 

photo
X error 

(mm)

Y error 

(mm)

Z error 

(mm)

XY error 

(mm)

Total 

(mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728

2 100 0.27418 0.18195 0.04357 0.32906 0.33193

3 96 0.86821 0.86821 2.64072 1.18693 2.89520

4 94 0.44546 0.40574 0.48895 0.60255 0.77597

5 102 0.16377 0.31121 0.01835 0.35167 0.35215

6 95 0.23989 0.26469 0.32463 0.35722 0.48270

7 89 0.01553 0.23047 0.15672 0.23099 0.27913

8 96 0.31492 0.28618 0.41279 0.42553 0.59285

9 110 0.26506 0.24065 0.15519 0.35801 0.39020

10 82 0.19772 0.57799 0.20527 0.60183 0.63587

11 89 0.06381 0.21831 0.12998 0.22744 0.26196

12 115 0.26025 0.42471 0.20647 0.49811 0.53921

13 114 0.26427 0.30750 0.20589 0.40546 0.45474

14 114 0.10470 0.33880 0.18488 0.35461 0.39992

15 95 0.15410 0.33145 0.23749 0.36552 0.43590

16 100 0.10025 0.36274 0.18387 0.37634 0.41886

17 102 0.05425 0.34436 0.16343 0.34861 0.38502

18 104 0.11650 0.13726 0.14757 0.18004 0.23279

19 93 0.30765 0.43068 0.06607 0.52928 0.53339

20 100 0.26892 0.42773 0.26986 0.50525 0.57280

21 110 0.08382 0.15316 0.26245 0.17459 0.31522
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22 113 0.08055 0.18929 0.28779 0.20571 0.35375

23 114 0.16094 0.20679 0.04977 0.26204 0.26673

24 111 2.18783 5.24739 0.98116 5.68522 5.76926

25 110 0.14644 0.34430 0.68882 0.37415 0.52542

26 119 0.51075 0.23892 0.66404 0.56387 0.87115

27 94 0.10643 0.17073 0.18373 0.20119 0.27246

28 108 0.08465 0.21065 0.01163 0.22703 0.22733

29 101 0.07523 0.20130 0.13604 0.21490 0.25434

30 103 0.17461 0.25764 0.08381 0.31109 0.32218

Average 102 0.29206 0.50167 0.34566 0.59070 0.72119
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Table 2. The volume of coral reefs from 3D photo analysis by weight.

Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470

R² = 0.912

RMSE = 284.50 g

%RMSE = 20.50%

MAPE = 27.43%

Polynomial y = 0.001x2 + 1.235x + 49.448

R² = 0.915

RMSE = 354.30 g

%RMSE = 25.50%

MAPE = 20.00% 

Power/geometric y = 2.451x0.898

R² = 0.916

RMSE = 251.20 g

%RMSE = 18.10%

MAPE = 19.17%
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Table 3. The volume of 3D photos produced by AMP software and weight of coral conversion 

using a power/geometric model.

No.
The volume of 3D 

photo analysis (cm3)

Coral weight estimation using 

power/geometric model (g)
Genus of coral

1 2951 3191.71 Favia

2 3173 3406.42 Favites

3 6045 6075.19 Pavona

4 39727 32924.42 Favia

5 26236 22687.22 Leptoseris

6 5402 5491.86 Favia

7 5125 5238.42 Coscinaraea

8 8601 8337.39 Leptoria

9 1825 2073.42 Favia

10 2564 2813.35 Caulastrea

11 2093 2344.78 Caulastrea

12 3937 4134.27 Pavona

13 13706 12666.88 Montastrea

14 1703 1948.57 Montastrea

15 23181 20301.18 Favites

16 4388 4556.98 Favia

17 2223 2475.09 Psammocora

18 2983 3222.76 Goniastrea

19 4112 4298.86 Favia

20 384 511.77 Montastrea

21 10421 9904.99 Psammocora
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22 4016 4208.66 Psammocora

23 7715 7562.26 Coscinaraea

24 21 37.69 Leptoseris

25 7036 6962.07 Psammocora

26 14529 13347.55 Psammocora

27 226 318.00 Euphyllia

28 969 1174.64 Psammocora

29 471 614.73 Montastrea

30 255 354.40 Porites

31 253 351.90 Porites

32 2509 2759.12 Favia
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Figure 1. Map of study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, 

Madura, East Java, Indonesia.
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Figure 2. A schematic of the camera position used to produce 3D images (Ahmad et al. 

2020).
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Figure 3. Results of DEM analysis and 3D photos of (dead) coral reefs with AMP software.
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Figure 4. Results of DEM analysis and 3D photos of coral reefs in Gili Labak Island, Sumenep, 

Madura.
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Madura, East Java, Indonesia

Journal: Biodiversity TBID

Article ID: TBID 2184425

Dear Akhmad Taufiq Mukti,

We are delighted that you have chosen to publish your article in Biodiversity. I will be your Production Editor and will work
with you to oversee the production of your article through to publication. My contact details are given at the end of this
email.

• Please log in to CATS to complete your Author Publishing Agreement. Your user name and password are given below. If
you have any questions on the process of completing your agreement, please contact me.

Proofs will be ready for you to check in approximately 16 working days and we would like you to return your corrections
within 3 days. Please let me know if there will be any difficulty in meeting this schedule.

We will be sending proofs to you through our workflow system, CATS (Central Article Tracking System).

• You can check the status of your paper online through the CATS system at: https://cats.informa.com/PTS/in?ut=
7D8C1E5DAB314FA8AF4A5200B97E5555

• Your User Name is: muktia3

• Your Password is: Mukt3853_$ (You will be required to change this first time you log in)

Open Access

When you complete your Author Publishing Agreement you will also be asked whether you wish to make your article open
access using our Open Select option. Articles published Open Select with Taylor & Francis typically receive 32% more
citations* and over 6 times as many downloads** compared to those that are not published Open Select.

If you select the option to make your article open access you will receive an invoice for the article publishing charge
(APC). Some funders mandate open access publishing and your research funder or institution may be able to cover the
cost of the article publishing charge.

Find out more about publishing your article open access.

*Citations received up to Jan 31st 2020 for articles published in 2015-2019 in journals listed in Web of Science®.
**Usage in 2017-2019 for articles published in 2015-2019.

F1000Research
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We would like to inform you of an additional option to further increase the transparency of your research if you have data
or software that underpins this article.

You can publish a data note or software tool article via F1000Research, now part of the Taylor & Francis Group, and use
their rapid publication model to help ensure reproducibility and replicability of your research. These publications are fully
peer-reviewed and published open access, allowing you to tell the full story of your research.

Data notes are brief descriptions of scientific datasets that promote the potential reuse of research data and include
details of why and how the data were created. Find out more.

Software tool articles allow you to describe new software you have created to support or conduct research in any field.
Find out more.

• The DOI of your paper is: 10.1080/14888386.2023.2184425. Once your article has published online, it will be available
at the following permanent link: https://doi.org/10.1080/14888386.2023.2184425 .

Yours sincerely,

Shelley Barry

Taylor & Francis
1st Floor, 4 Park Square
Milton Park
Abingdon
OX14 4RN
UNITED KINGDOM
Email:TBID-production@journals.tandf.co.uk
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Attention: Akhmad Taufiq Taufiq Mukti

Hello,

In order to publish your article, "Three-dimensional (3D) modeling to
determine the weight of massive corals in Gili Labak Island, Sumenep,
Madura, East Java, Indonesia", we ask that you complete your Author
Publishing Agreement. Please click the link below (or copy the URL into
your browser) to launch our online Author Publishing Agreement portal. The
process should take only a few minutes. In most cases, you will receive
immediate notice that your agreement is accepted and will be able to
download a copy of it for your records.

Please do not reply to this email. If you need immediate assistance
concerning your article, please instead contact TBID-production@journals.
tandf.co.uk.

Thank you.
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In order to publish your article, "Three-dimensional (3D) modelling to
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Madura, East Java, Indonesia", we ask that you complete your Author
Publishing Agreement. Please click the link below (or copy the URL into
your browser) to launch our online Author Publishing Agreement portal. The
process should take only a few minutes. In most cases, you will receive
immediate notice that your agreement is accepted and will be able to
download a copy of it for your records.

Please do not reply to this email. If you need immediate assistance
concerning your article, please instead contact TBID-production@journals.
tandf.co.uk.
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Congratulations on the recent acceptance of your manuscript submission to Biodiversity . The Taylor & Francis
production team will work with you to publish your article online as quickly as possible.

We would like to let you know that your institution has an Open Access agreement with Taylor & Francis. We have let
them know that your article has been accepted and shared your article information, including your email address.

What happens next?

It’s important to know that not all articles will be eligible for funding under this agreement, so please click here to view the
latest information.

If your institution approves Gold Open Access funding for your article, we will let you know. You may also request
approval by selecting the Open Access option - Look out for an email inviting you to select and sign your article publishing
agreement.

Kind regards,
APC Team
Taylor & Francis Customer Support
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Dear Akhmad Mukti,

Your article proofs are now available for review through the Central Article Tracking System (CATS) at:
https://cats.informa.com/PTS/in?ut=7D8C1E5DAB314FA8AF4A5200B97E5555 .

PLEASE NOTE: The CATS system only supports Internet Explorer 6 (and later), or Firefox 3 (and later) browser software.
Popup blockers should be disabled. If you have any difficulty using CATS, please contact me.

• Your User Name is: MUKTIA3

• If you do not know your password, you may reset it here: http://cats.informa.com/PTS/forgottenPassword.do

1. Click on 'Review Proofs'.

2. Select 'Download PDF'.

3. Follow the guidance on the proof cover sheet to return your corrections. Please limit changes to answering any author
queries and to correcting errors. We would not expect to receive more than 30 corrections.

Please check your proofs thoroughly before submitting your corrections as once they have been submitted we are unable
to accept further corrections. If you have any queries, please email me.

To avoid delaying publication of your article, please approve these proofs or return any corrections by 07 Mar 2023.

• The DOI of your paper is: 10.1080/14888386.2023.2184425. Once your article has published online, it will be available
at the following permanent link: https://doi.org/10.1080/14888386.2023.2184425 .

Thank you,

Shelley Barry

Taylor & Francis
1st Floor, 4 Park Square
Milton Park
Abingdon
OX14 4RN
UNITED KINGDOM
Email:TBID-production@journals.tandf.co.uk
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Dear author,

This email confirms that you have submitted your corrections to your article proofs.

The submitted corrections have been successfully uploaded.

If you want to check your submitted corrections please log into CATS and click on the “Corrections Submitted” button.

Yours sincerely,

Shelley Barry

Taylor & Francis
1st Floor, 4 Park Square
Milton Park
Abingdon
OX14 4RN
UNITED KINGDOM
Email:TBID-production@journals.tandf.co.uk
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To: "akhmad-t-m@fpk.unair.ac.id" <akhmad-t-m@fpk.unair.ac.id>
Cc: "TBID-production@journals.tandf.co.uk" <TBID-production@journals.tandf.co.uk>

Dear Akhmad Mukti,

 

My name is Vithya and I am the Production Assistant for Biodiversity. Thank you very much for sending in the corrections
to your article, “Three-dimensional (3D) modelling to determine the weight of massive corals in Gili Labak Island,
Sumenep, Madura, East Java, Indonesia”. Thank you for submitting corrections for the article and the corrections are all
amended in the final version.

 

Re-query: Unfortunately, we’ll not be able to work of the updated version full manuscript submitted during the corrections
review. Can you please mark the amendments to be carried out in a separate word document it would be great.

 

Looking forward to hearing back from you at the earliest.

 

Best regards,

Vithya Thirunavukarasou

 

Sr. Project Management

Integra Software Services

 

D : 0413-4212-026 Ext: 326| M : +91 9894597346

A : 100 Feet Road (ECR), Pakkamudiyanpet, Pondicherry 605 008, India

W : www.integranxt.com |  E : karthikeyan.jayaraman@integra.co.in

Powering Content Transformation
India | USA | UK | Japan | Canada | Germany
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To: "Vithya Thirunavukarasou (Integra)" <vithya.thirunavukarasou@integra.co.in>

Dear
Production Assistant for Biodiversity
 
Based on requests for corrections to our article with ID TBID #2184425 VOL 00, ISS 00 entitled "Three-
dimensional (3D) modelling to determine the weight of massive corals in Gili Labak Island, Sumenep,
Madura, East Java, Indonesia", we have submitted through the system. We also send the final article as we
have adjusted it with corrections from the editor or article production team. We have mentioned blue-color
the words or sentences in the article.

AUTHOR QUERIES
 

Q1    Please provide missing ORCIDs for the “Irawan, Andriyono, Muhsoni”.

         Authors have mentioned in ORCID section of the article; page 13, lines 308-309.
 
Q2    The funding informa�on “Grants of Peneli�an Tesis Mahasiswa (PTM) with De” provided has been
checked against the Open Funder Registry and we failed to find a match. Please confirm if the Funding sec�on
is accurate and also confirm the funder name “Grants of Peneli�an Tesis Mahasiswa (PTM) with De”.

         Authors have mentioned in Acknowledgements section of the article; page 12, lines 83-84 and in
Funding section of the article; page 13, line 101.
 
Q3    The spelling of “Lange et al., 2020” has been changed to match the entry in the references list. Please
provide revisions if this is incorrect.

         Authors have revised spelling this reference and other references in text of the article.
 
Q4    The sense of the text “The 3D volume was measured by diving to a depth of 8 m and collec�ng 32 coral
colonies” is not clear – how do diving and collec�ng produce volume measurements? Did you mean, perhaps,
“The 3D volume was measured by collec�ng photographs of 32 coral colonies at a depth of 8 m”? Please edit to
clarify the meaning. Please number all equa�ons in the ar�cle.

Authors have revised sentence in Materials and methods of the article; page 5, lines 107-108.
 
Q5    Tables: Please spell out all abbrevia�ons in each table, cap�on, and/or note.

Authors have revised sentence in all Tables of the article; pages 18-21, lines 418-419, 435, 449-450
and in all Figures of this article; pages 24-25, lines 502-503, 525.
 
Q6    The sense of the text “Calcula�ng the volume of a 3D photo model is usually invisible and legible” is not
clear. Did you mean, perhaps, “The volume of a 3D photo model is usually invisible and illegible”? Please edit to
clarify the meaning.

Authors have revised sentence in Results of the article; page 9, line 204.
 
Q7    If Figure 2 was taken from Ahmad et al. 2020, please confirm permission has been obtained to publish the
image. Please provide details of the permission informa�on, to be included in the figure cap�on.

Authors have deleted the figure of the article because there was no response from article authors of
Ahmad et al. 2020 on the permission request.
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Q8    Table 3: In the table cap�on, why is the word “weight” forma�ed in bold? Please either add an
explana�on for this, or remove the bold forma�ng.

Authors have revised sentence in Table 3 of the article; page 21, line 450.
 
Q9    Please provide a short biography of the author(s).

Authors have submitted a short biography of the all authors by system according to the affiliation as we
have mentioned in the article.
 
Q10 The disclosure statement has been inserted. Please correct if this is inaccurate.

Authors have stated CLEAR on the disclosure statement and we have revised in Disclosure statement
section of the article; page 13, line 297.
 
Q11 Please note that the ORCID for A. T. Muk� has been created from informa�on provided through CATS.
Please correct if this is inaccurate.

Authors have stated CLEAR on the ORCID as in ORCID section of the article; page 13, line 307.
 
Q12 please provide be�er quality for all figures.

Authors have revised quality of all figures as we have attached in the article; pages 23-25.
        
 
Best regards,
Akhmad Taufiq Mukti
 
Corresponding author

[Quoted text hidden]
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Dr. Akhmad Taufiq Mukti
Assoc. Prof. Genetics and Reproduction of Aquatic Organisms
(Aquaculture Biotechnology)
Department of Aquaculture
Faculty of Fisheries and Marine
Universitas Airlangga
Kampus C Unair, Jl. Mulyorejo, Surabaya 60115
Telp. +62 31 5911451
Fax.  +62 31 5965741
HP.    +62 81555637985 / +62 81358496570
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Labak Island, Sumenep, Madura, East Java, Indonesia

D. Irawan, A. T. Mukti, S. Andriyono and F. F. Muhsoni

QUERY SHEET

This page lists questions we have about your paper. The numbers displayed at left are hyperlinked to the location of the
query in your paper.

The title and author names are listed on this sheet as they will be published, both on your paper and on the Table of
Contents. Please review and ensure the information is correct and advise us if any changes need to be made. In addition,
please review your paper as a whole for typographical and essential corrections.

Your PDF proof has been enabled so that you can comment on the proof directly using Adobe Acrobat. For further
information on marking corrections using Acrobat, please visit http://journalauthors.tandf.co.uk/production/acrobat.asp;
https://authorservices.taylorandfrancis.com/how-to-correct-proofs-with-adobe/

The CrossRef database (www.crossref.org/) has been used to validate the references. Changes resulting from mismatches
are tracked in red font.

AUTHOR QUERIES

Q1 Please provide missing ORCIDs for the “Irawan, Andriyono, Muhsoni”.

Q2 The funding information “Grants of Penelitian Tesis Mahasiswa (PTM) with De” provided has been checked
against the Open Funder Registry and we failed to find a match. Please confirm if the Funding section is accurate
and also confirm the funder name “Grants of Penelitian Tesis Mahasiswa (PTM) with De”.

Q3 The spelling of “Lange et al., 2020” has been changed to match the entry in the references list. Please provide
revisions if this is incorrect.

Q4 The sense of the text “The 3D volume was measured by diving to a depth of 8 m and collecting 32 coral colonies” is
not clear – how do diving and collecting produce volume measurements? Did you mean, perhaps, “The 3D volume
was measured by collecting photographs of 32 coral colonies at a depth of 8 m”? Please edit to clarify the meaning.
Please number all equations in the article.

Q5 Tables: Please spell out all abbreviations in each table, caption, and/or note.

Q6 The sense of the text “Calculating the volume of a 3D photo model is usually invisible and legible” is not clear. Did
you mean, perhaps, “The volume of a 3D photo model is usually invisible and illegible”? Please edit to clarify the
meaning.

Q7 If Figure 2 was taken from Ahmad et al. 2020, please confirm permission has been obtained to publish the image.
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Three-dimensional (3D) modelling to determine the weight of massive corals in
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ABSTRACT
This study aimed to non-destructively measure the weight of massive (live) corals through three-

10 dimensional (3D) modelling. The 3D models were constructed using the volumes and weight of
massive (dead) corals. The study was conducted through photographs, 3D analysis, and weighing
32 massive (dead) coral samples. Volume and weight were modelled using linear and non-linear
regressions, and their accuracy was tested using root mean square error (RMSE) and mean absolute
percentage error (MAPE). This study showed that the weight of massive (live) corals could be

15 measured using a 3D model of the massive (dead) coral’s volume and the weight mainly through
regression, polynomial, and geometric equations. The power/geometric equation is a more sui-
table approach for determining the actual value of coral weight. Linear regression obtained an
average weight of 6.13 kg per plot. Three-dimensional  modelling can be widely applied to
measure the massive corals in the deep sea.

ARTICLE HISTORY
Received 11 January 2023
Revised 19 February 2023
Accepted 20 February 2023

KEYWORDS
Corals; Gili Labak Island;
three-dimensional

 modelling; volume; weight

20 Introduction

The preservation of coral reef ecosystems is critical
because many people in the twenty-first century will
rely on these resources for food production, coastal
protection, and the survival of their ecosystems

25 (Kleypas et al. 2021). Coral reefs are among the most
diverse and threatened ecosystems (Hoegh-Guldberg,
Pendleton, and Kaup 2019). Therefore, monitoring their
responses to various threats and disturbances is critical
for management and conservation. Understanding the

30 best methods for measuring changes in corals, ecosys-
tems, and their functions is a challenge. An emerging
method for exploring colony-scale growth patterns
employs underwater photogrammetry to create digital
models of coral colonies (Lange, Perry, and Cooper

35 2020
Q3

). Acoustic methods are currently widely used to
detect the presence of underwater objects. These sys-
tems work exceptionally well.

Developing methodologies that allow the incorpora-
tion of three-dimensional (3D) metrics into coral reef

40 monitoring is critical. One of the most commonly used
metrics for assessing reef health is the proportion of live
coral cover on reefs (Leujak and Ormond 2007). It is
used as a proxy for calculating coral reef biomass and

 builds on the capabilities of most techniques used to

45evaluate linear or horizontal planar estimates. However,
two-dimensional (2D) techniques alone are insufficient
to estimate coral reef cover (Bamford and Forrester
2003), whereas 3D coral reef techniques provide valu-
able information on health (Dickens et al. 2011). The 3D

50surface and volume provide more accurate coral abun-
dance statistics and allow for more accurate mapping of
coral reef changes.

Manta tow, line intercept transect (LIT), point inter-
cept transect (PIT), belt transect (BT), and quadratic

55transect (QT) are standard  methods for researching 
coral reefs, depending on the purpose. The 3D

 modelling method is an advancement and modification
of the underwater photo transect (UPT) method, which
uses 3D photographs to identify coral species. Using 3D

60surface area and volume can provide more accurate
metrics of coral abundance information and allows for
more accurate capture of changes in coral reefs. This

 modelling is the most effective method for assessing
coral reef damage and estimating carbon stocks.

65Comparison, photogrammetry, and 3D models offer
a quick, simple, low-cost, and non-invasive method
(Lange, Perry, and Cooper 2020). This study proposes
a cost-effective and non-invasive method for accurate
geometrical measurements of corals. Because it is
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70 impossible to obtain photographs of all coral surfaces
and know the estimated weight of corals using a 3D
approach, accuracy is highly dependent on the complex-
ity of the coral reef. This study aimed to non-
destructively measure the weight of massive (live) corals

75 through 3D modelling.

Materials and methods

Research location

This study was conducted at a depth of 8 –12 m on Gili
Labak Island, Talango Sub-District, Sumenep Regency,

80 Madura, East Java, Indonesia. A map of the study loca-
tion is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive
dead corals that were weighed and photographed for

85 analysis in the Agisoft Met ashape Professional (AMP)
software. The volume and weight results were used to

find linear and regression non-linear equations. Next,
30 coral samples were used for an accuracy test, and
volume was measured in a pond using an Olympus TG-

906 camera on a transect of 30 cm × 30 cm and in the field
using a 50 cm × 50 cm frame for live coral (Figueira et al.
2015).

Three-dimensional measurement of massive corals

AMP software was also used to anal yse the results of
95coral photographs. First, the image quality of under-

water  photographs was estimated using the image’s
sharpness, exposure, focus, resolution, and depth of
field. The camera and build dense cloud (BDC) were
then synced with the software and scaled with a scale.

100Third, a dense point cloud was created using depth
information from each camera and a densification algo-
rithm. Fourth, 3D nets were built. Creating texture is

 optional , but performing 3D measurement and analysis
is not required. Planar projections by orthographic

105views were used to isolate a ‘ cleaned’ coral colony

Q12
Figure 1. Map of the study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, Madura, East Java, Indonesia.
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model from other reconstructed elements such as reef
foundations, and AMP editing oriented all models.
Exported models were used for quantitative analysis
and volume calculations (Kabiri, Rezai, and Moradi

110 2020; de Oliveira et al. 2021).
Before taking the 3D photograph in the pond, the

coral was weighed. These data were collected to create
a model using linear and non-linear regression.
Following that, 32 massive corals from the second sam-

115 ple were weighed for root mean square error (RMSE)
and mean absolute percentage error (MAPE) tests. The
32 massive coral colonies were weighed to obtain the

 modelling test data. Then, the data were used to esti-
mate the weight of massive live corals on Gili Labak

120 Island. Data processing through 3D was carried out
repeatedly.

Underwater camera

Coral colonies were photographed from every angle
possible, including above and below. As shown in

125 Figure 2, the camera was positioned at each object 
angle (Burns et al. 2015). The 3D volume was measured
by diving to a depth of 8 m and collecting 32 coral
colonies.Q4 A schematic of the camera position is used to

generate 3D images, as shown in Figure 2 (Ahmad,
130Jinah, and Saad 2020).

Massive corals were photographed in the pond using
a 30 cm × 30 cm transect, while corals were photo-
graphed in the field using a 50 cm × 50 cm transect
(Ahmad, Jinah, and Saad 2020). Continuous underwater

135photography from oblique planes and angles captured
the entire colony surface (Figure 2), with 70 –80% over-
lap (Bythell and Pan 2001; Burns et al. 2019). All

 photographs were uploaded to the AMP software, and
the camera was calibrated using metadata-derived focus

140information. Furthermore, the  photographs were
aligned using an algorithm capable of detecting invar-
iant features that overlap between consecutive

 photographs. A geometric projection matrix was cre-
ated using invariant features and position, and the cam-

145era orientation for each photograph was determined
according to Westoby et al. (2012). Extrinsic parameters
calculated during the photo-alignment process were
combined with intrinsic and focal parameters obtained
from the metadata to create the 3D geometry from the

1502D images (Stal et al. 2012). Bookmarks were used as
a reference for all ground control points (GCPs), and
the location of each marker in all photographs contain-
ing the GCP was reviewed and corrected. Values of x, y,
and z for each GCP were entered into the software to

Figure 2. A schematic of the camera position used to produce three-dimensional images (Ahmad, Jinah, and Saad 2020).Q7
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155 optimize alignment and ensure the resulting model’s
accurate interior and exterior orientation.

The pattern of relationships between independent
and dependent variables influencing the 3D weight
and volume of coral reefs was determined using regres-

160 sion analysis (Scott, Hosmer, and Lemeshow 1991). This
analysis was used to determine the conversion from
volume to weight of corals in the field. Conversion
from volume to weight of corals was obtained to the
best value of non-linear regression. Regression analysis

165 was divided into linear and non-linear regressions based
on the relationship pattern. When the variables have
a power/geometric relationship, the model is called
a non-linear regression. When a non-linear regression
model in parameters is differentiable, the result is always

170 a function in parameters, as stated. The non-linear
regression in parameters was calculated according to
Scott, Hosmer, and Lemeshow (1991). Statistical analy-
sis was performed on three regression and non-linear
regression equation models – linear, polynomial, and

175 power/geometric – based on 3D volume and weight
photographs of massive (dead) corals.

RMSE test

An accuracy test was carried out to determine the best
equation for estimating the volume and weight of corals.

180 Using RMSE , an accuracy test was employed to deter-
mine the error value of the regression equation. Then,
3D volume photographs were compared to 3D weight
photographs. The RMSE equations  used were the
following:Q5

MSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i
n

Xn

i¼1
x1 � y1ð Þ2

r

RMSE %ð Þ ¼ RMSE
�Y

� 100

185  where MSE = mean square error, RMSE = root mean
square error, x1 = 3D measurement result value, y1 = 3D
value prediction, and Ý = average 3D measurement
results (Suprayogi 2014; Gurchiek et al. 2017).

MAPE test

190 MAPE was used to evaluate the estimation of the results
and determine the accuracy of the estimated number
and the realization rate. The following  equation was
used to calculate the value:

MAPE %ð Þ ¼
Pn

t¼1
At�Ft½ �
At

n
� 100

 whereMAPE=mean absolute percentage error, Ft = esti-
195mated value at time t,At = actual value at time t, andn= total

data (t = 1, 2, . . . , n).
The MAPE test model’s accuracy was measured

 according to three criteria: very accurate (MAPE <
5%), accurate (5% < MAPE < 10%), and inaccurate

200(MAPE > 10%) (Nabillah and Ranggadara 2020).

Data analysis

Three-dimensional photographs were taken in a small
pond with 30 colonies to find linear and non-linear
regression models, using 30 colonies for accuracy tests,

205and 32 samples of massive coral colonies for compar-
ison (Fukunaga and Burns 2020).  A digital elevation
model (DEM) is a raster grid that references the subject
surface’s starting point. This modelling allows for the
removal of objects from the surface, resulting in a 3D

210model with a smooth surface. If the DEM image does
not appear during analysis, the volume results will not
be displayed, and the analysis cannot be continued in
the AMP software. The average number of photographs
anal ysed in 3D for each coral colony was 93 to 98. The

215 photographs were then anal ysed  (Lange, Perry, and
Cooper 2020) using AMP software (Kabiri, Rezai, and
Moradi 2020; de Oliveira et al. 2021).

Results

 We developed a 3D volume model of dead coral samples
220collected in the field. Dead coral samples were used to

avoid causing harm to the coral ecosystem at the study
site. Experiments with a frame binding point of 30 cm ×
30 cm yielded photographs of the dead coral samples.
The number was indicated as a binding point in the

225corner of the frame; the binding point’s purpose is to
serve as a GCP for 3D photo analysis. The results of the
dead coral colony analysis are presented in Figure 3.

 Next we analysed, using AMP software, the 
3 D images captured underwater  from 30 massive

230(dead) coral colonies in a pond, which yielded 3D

 modelling volumes from the coral samples, with images
captured of the entire coral surface. Each coral sample
contains an average of 102 photographs. Table 1 shows
the results of the RMSE control point analysis on the 3D

235photographs of corals in the pond.
The photographs were anal ysed in 3D using the AMP

1.7.4 software, and the RMSE control point value was
calculated. Based on this analysis, the 3D photo error in
the water (small pond) is less than 1 mm. The 3D photo

240analysis yielded an average RMSE (of corals in small
ponds with an average of 102 photographs) X error of
0.29206 mm, Y error of 0.50167 mm, Z error of

4 D. IRAWAN ET AL.

Author query
Tables: Please spell out all abbreviations in each table, caption, and/or note.

Deleted Text
Page 4 Deleted:
on

Deleted Text
Page 4 Deleted:
,

Deleted Text
Page 4 Deleted:
,

Deleted Text
Page 4 Deleted:
)

Deleted Text
Page 4 Deleted:
the 

Deleted Text
Page 4 Deleted:
 test

Deleted Text
Page 4 Deleted:
used

Deleted Text
Page 4 Deleted:
was 

Deleted Text
Page 4 Deleted:
Note:

Deleted Text
Page 4 Deleted:
)

Deleted Text
Page 4 Deleted:
formula

Deleted Text
Page 4 Deleted:
Note:

Deleted Text
Page 4 Deleted:
.

Deleted Text
Page 4 Deleted:
using

Deleted Text
Page 4 Deleted:
3D

Deleted Text
Page 4 Deleted:
The

Deleted Text
Page 4 Deleted:
modeli

Deleted Text
Page 4 Deleted:
photos

Deleted Text
Page 4 Deleted:
yz

Deleted Text
Page 4 Deleted:
photos

Deleted Text
Page 4 Deleted:
yz

Deleted Text
Page 4 Deleted:
in software 

Deleted Text
Page 4 Deleted:
Develop

Deleted Text
Page 4 Deleted:
The use of d

Deleted Text
Page 4 Deleted:
colonies

Deleted Text
Page 4 Deleted:
The r

Deleted Text
Page 4 Deleted:
esults of underwater analysis of

Deleted Text
Page 4 Deleted:
-dimensional

Deleted Text
Page 4 Deleted:
with AMP software o

Deleted Text
Page 4 Deleted:
n

Deleted Text
Page 4 Deleted:
modeli

Deleted Text
Page 4 Deleted:
on

Deleted Text
Page 4 Deleted:
 analysis

Deleted Text
Page 4 Deleted:
photos

Deleted Text
Page 4 Deleted:
yz

Deleted Text
Page 4 Deleted:
 for photos

Deleted Text
Page 4 Deleted:
photos

Deleted Text
Page 4 Deleted:
, an average



Figure 3. Results from the analysis, using Agisoft Metashape Professional (AMP) software, of the digital elevation model (DEM) and
three-dimensional  photographs of (dead) coral reefs .
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0.34566 mm, XY error of 0.59070, and total error of
0.72119 mm. The water’s influence can affect the camera

245 and distort the image. Table 2 displays the results of
linear and non-linear regression analysis of weight and
volume using AMP software.

Table 2 shows that the model with the best power/
geometric accuracy resulted in y = 2.451x°.898,

250 R2 = 0.916 with RMSE test of 251.20 g, %RMSE of
18.10%, and MAPE of 19.17%, while linear regression
resulted in y = 0.964x + 314.470, R2 = 0.912, RMSE of
284.50 g, %RMSE of 20.50%, and MAPE of 27.43%.
Meanwhile, the polynomial resulted in y = 0.001x-

255 2 + 1.235x + 49.448 R2 = 0.915 with RMSE test of 354.30 g,
%RMSE of 25.5%, and MAPE of 20.0%. Based on its
orthographic projections, the coral colony orientation is

utilized to calculate volume. On the other hand, growth
orientation is influenced by environmental factors such

260as habitat complexity, slope, and light plane, potentially
leading to estimation bias.

Coral samples were also weighed to calculate the
mass of massive corals. All coral samples from the 3D
photo volume and the weight of dead corals were used

265to obtain a model for the estimated live coral weight.
The volume from 3D photographs and the weight of
corals shown in Table 3 we re used to construct a model
using linear and non-linear regression equation
approaches.

270The volume of the coral could not be directly con-
sidered in the 3D photo analysis using AMP software

 because the coral has a complex shape and a concave

Table 1. RMSE control points on the results of three-dimensional photo analysis in a small pond.

Coral no. No. of photos

RMSE

X error (mm) Y error (mm) Z error (mm) XY error (mm) Total (mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728
2 100 0.27418 0.18195 0.04357 0.32906 0.33193
3 96 0.86821 0.86821 2.64072 1.18693 2.89520
4 94 0.44546 0.40574 0.48895 0.60255 0.77597
5 102 0.16377 0.31121 0.01835 0.35167 0.35215
6 95 0.23989 0.26469 0.32463 0.35722 0.48270
7 89 0.01553 0.23047 0.15672 0.23099 0.27913
8 96 0.31492 0.28618 0.41279 0.42553 0.59285
9 110 0.26506 0.24065 0.15519 0.35801 0.39020
10 82 0.19772 0.57799 0.20527 0.60183 0.63587
11 89 0.06381 0.21831 0.12998 0.22744 0.26196
12 115 0.26025 0.42471 0.20647 0.49811 0.53921
13 114 0.26427 0.30750 0.20589 0.40546 0.45474
14 114 0.10470 0.33880 0.18488 0.35461 0.39992
15 95 0.15410 0.33145 0.23749 0.36552 0.43590
16 100 0.10025 0.36274 0.18387 0.37634 0.41886
17 102 0.05425 0.34436 0.16343 0.34861 0.38502
18 104 0.11650 0.13726 0.14757 0.18004 0.23279
19 93 0.30765 0.43068 0.06607 0.52928 0.53339
20 100 0.26892 0.42773 0.26986 0.50525 0.57280
21 110 0.08382 0.15316 0.26245 0.17459 0.31522
22 113 0.08055 0.18929 0.28779 0.20571 0.35375
23 114 0.16094 0.20679 0.04977 0.26204 0.26673
24 111 2.18783 5.24739 0.98116 5.68522 5.76926
25 110 0.14644 0.34430 0.68882 0.37415 0.52542
26 119 0.51075 0.23892 0.66404 0.56387 0.87115
27 94 0.10643 0.17073 0.18373 0.20119 0.27246
28 108 0.08465 0.21065 0.01163 0.22703 0.22733
29 101 0.07523 0.20130 0.13604 0.21490 0.25434
30 103 0.17461 0.25764 0.08381 0.31109 0.32218
Average 102 0.29206 0.50167 0.34566 0.59070 0.72119

Table 2. The volume of coral reefs from three-dimensional photo analysis by
weight.
Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470
R2 = 0.912

RMSE = 284.50 g
%RMSE = 20.50%
MAPE = 27.43%

Polynomial y = 0.001x2 + 1.235x + 49.448
R2 = 0.915

RMSE = 354.30 g
%RMSE = 25.50%
MAPE = 20.00%

Power/
geometric

y = 2.451x°.898

R2 = 0.916
RMSE = 251.20 g

%RMSE = 18.10%
MAPE = 19.17%
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bottom with small cavities. Calculating the volume of
a 3D photo model is usually invisible and legible.Q6 As

275 a result, a conversion is required to minimize errors
when using a regression approach. The power/geo-
metric conversion of the model from the initial data to
the linear regression equation model is y = 2.451x0.898,
R2 = 0.916 with RMSE test of 251.20 g, %RMSE of

280 18.10%, and MAPE of 19.17%.

Data on corals

The results of the analysis of live coral colonies on Gili
Labak Island can be seen in Figure 4. The modelling
application and field data collection were tested on Gili

285 Labak Island. Photographs were taken of a sample of 32
coral colonies by diving to depths ranging from 8 to
12 m . The iron frame used is 50 cm × 50 cm or
2500 cm2, with a mark on each corner of the frame
serving as a binding point for the photograph and mak-

290 ing analysis easier in the AMP software. The results of
the 3D analysis are s hown in Table 3.

The model conversion from the initial data using the
power/geometric equation model was y = 2.451x°.898

with R2 = 0.916. In Gili Labak Island, the average weight
295 of coral volume produced is 6.13 kg per plot, and the

total coral volume weight for the 32 plots is 169.92 kg,
with a maximum value of 32.92 kg per plot and
a minimum value of 0.04 kg per plot.

Discussion

300The diversification of new methods in coral reef research
is increasing. In this study, a new method was used to
assist examiners who do not have direct experience in
identifying coral in the sea, allowing novices to process

 data and identify coral on land without direct identifica-
305tion in the field. One advantage of the 3D method used in

this study is the ability to obtain more controlled and
verifiable data, and data on the volume of coral reefs that

 could not be obtained using previous methods. The work
of Reichert et al. (2016) on scleractinian corals shows that

310the 3D method yields measurements of coral surface area
and volume that are highly precise and easy to reproduce .

This study uses DEM results from AMP software to
determine the volume of massive coral colonies and
then models massive coral weight in Gili Labak Island,

315Sumenep, Madura. Three-dimensional  modelling is the
most effective data presentation method for describing
coral reef damage. Acoustic methods are  commonly
used at present to detect the presence of underwater

Table 3. The volume of three-dimensional (3D) photographs produced by AMP software and weight of coral conversion using
a power/geometric model.Q8

No. Volume from the 3D photo analysis (cm3) Coral weight estimated using power/geometric model (g) Genus of coral

1 2951 3191.71 Favia
2 3173 3406.42 Favites
3 6045 6075.19 Pavona
4 39,727 32,924.42 Favia
5 26,236 22,687.22 Leptoseris
6 5402 5491.86 Favia
7 5125 5238.42 Coscinaraea
8 8601 8337.39 Leptoria
9 1825 2073.42 Favia
10 2564 2813.35 Caulastrea
11 2093 2344.78 Caulastrea
12 3937 4134.27 Pavona
13 13,706 12,666.88 Montastrea
14 1703 1948.57 Montastrea
15 23,181 20,301.18 Favites
16 4388 4556.98 Favia
17 2223 2475.09 Psammocora
18 2983 3222.76 Goniastrea
19 4112 4298.86 Favia
20 384 511.77 Montastrea
21 10,421 9904.99 Psammocora
22 4016 4208.66 Psammocora
23 7715 7562.26 Coscinaraea
24 21 37.69 Leptoseris
25 7036 6962.07 Psammocora
26 14,529 13,347.55 Psammocora
27 226 318.00 Euphyllia
28 969 1174.64 Psammocora
29 471 614.73 Montastrea
30 255 354.40 Porites
31 253 351.90 Porites
32 2509 2759.12 Favia
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Figure 4. Results from the analysis of the digital elevation model (DEM) and three-dimensional photographs of coral reefs in Gili Labak
Island, Sumenep, Madura.
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objects. This system is beneficial for exploring the
320 underwater environment (Kornder et al. 2021).

The emerging method of developing digital models
of coral colonies using underwater photogrammetry
provides a new and non-invasive way to examine col-
ony-scale growth patterns and fill gaps in existing

325 knowledge (Lange, Perry, and Cooper 2020). The main
difficulty in coral reef ecology is estimating the abun-
dance and composition of communities living in such
complex ecosystems (Kornder et al. 2021). This study
used technological advances to identify volumes in mas-

330 sive coral colonies using a 3D model. The advancement
of photogrammetric technology has created a viable and
practical method for exploring coral reefs (House et al.
2018). The structural parameters of reef surfaces and
organisms have been shown to have relatively high

335 accuracy when using photogrammetry in combination
with underwater photogrammetry (Veal et al. 2010;
Bryson et al. 2017).

Testing accuracy and precision are critical in any
research, including underwater photogrammetry of cor-

340 als. The accuracy and precision of the geometry
obtained from the massive coral’s 3D model were tested
in this study. The results indicate that 3D measurement
is an accurate quantitative study of the physiology and
various sizes of coral colonies, and it can be done in situ.

345 This technique could also be used to measure morpho-
metrics of branching species, such as branch spacing,
density, branch length, and branch angle. The 3D
method precisely measures architectural complexity,
topography, rugosity, volume, and other critical struc-

350 tural properties in ecosystems (Burns et al. 2015). This
method reconstructs the 3D structure of corals and
habitat-forming organisms at high resolution and accu-
racy by using a series of overlapping images taken from
multiple perspectives (Bryson et al. 2017). Reichert et al.

355 (2016) stated that the 3D method yields highly precise
and reproducible measurements of the surface area and
volume of corals.

This study also included RMSE test results, which
had a value of 18.10% and a MAPE of 19.17%, whereas

360 Hatcher et al. (2020) produced a relative RMSE of
0.013%. Th e present study produced a higher value of
RMSE compared to Figueira et al. (2015), who obtained
results of 10%  from bottle coral measurements. The
number of cameras used impacts the precision of

365 results. In this study, only one camera was used; there-
fore, the RMSE value was higher and the results less
precise than those of previous studies completed by
Hatcher et al. (2020) and Figueira et al. (2015), who
used five cameras to capture their underwater objects.

370 Photogrammetry was initially developed and applied
in terrestrial settings, but it has since become a valuable

tool for creating 3D models of bathymetry and under-
water habitats. Because complete recordings of all sur-
faces are not possible, complex corals  cannot be

375observed adequately with this model. This is a non-
invasive method for obtaining precise geometric mea-
surements of corals and other irregular underwater
objects (Bythell and Pan 2001). The 3D method has
many advantages but also several weaknesses, including

380longer analysis time and a requirement for more sophis-
ticated software , high-spec computer devices, and spe-
cial skills in underwater data collection through diving.

Conclusion

The massive corals in the deep sea can be identified and
385measured using non-disruptive 3D  modelling. This

study contributes to  a growing body of knowledge

 revealing pathways that can be used to determine the
carbon sequestered in coral reefs. This method is a non-
invasive, cost-effective, and time-saving approach for 

390obtaining accurate coral geometric measurements. Due
to the difficulty in obtaining complete photographs of
all surfaces, accuracy is highly dependent on the com-
plexity of the coral reef and the number of cameras
available for image capture .
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ABSTRACT
This study aimed to non-destructively measure the weight of massive (live) corals through three-

10 dimensional (3D) modelling. The 3D models were constructed using the volumes and weight of
massive (dead) corals. The study was conducted through photographs, 3D analysis, and weighing
32 massive (dead) coral samples. Volume and weight were modelled using linear and non-linear
regressions, and their accuracy was tested using root mean square error (RMSE) and mean absolute
percentage error (MAPE). This study showed that the weight of massive (live) corals could be

15 measured using a 3D model of the massive (dead) coral’s volume and the weight mainly through
regression, polynomial, and geometric equations. The power/geometric equation is a more sui-
table approach for determining the actual value of coral weight. Linear regression obtained an
average weight of 6.13 kg per plot. Three-dimensional  modelling can be widely applied to
measure the massive corals in the deep sea.
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20 Introduction

The preservation of coral reef ecosystems is critical
because many people in the twenty-first century will
rely on these resources for food production, coastal
protection, and the survival of their ecosystems

25 (Kleypas et al. 2021). Coral reefs are among the most
diverse and threatened ecosystems (Hoegh-Guldberg,
Pendleton, and Kaup 2019). Therefore, monitoring their
responses to various threats and disturbances is critical
for management and conservation. Understanding the

30 best methods for measuring changes in corals, ecosys-
tems, and their functions is a challenge. An emerging
method for exploring colony-scale growth patterns
employs underwater photogrammetry to create digital
models of coral colonies (Lange, Perry, and Cooper

35 2020
Q3

). Acoustic methods are currently widely used to
detect the presence of underwater objects. These sys-
tems work exceptionally well.

Developing methodologies that allow the incorpora-
tion of three-dimensional (3D) metrics into coral reef

40 monitoring is critical. One of the most commonly used
metrics for assessing reef health is the proportion of live
coral cover on reefs (Leujak and Ormond 2007). It is
used as a proxy for calculating coral reef biomass and

 builds on the capabilities of most techniques used to

45evaluate linear or horizontal planar estimates. However,
two-dimensional (2D) techniques alone are insufficient
to estimate coral reef cover (Bamford and Forrester
2003), whereas 3D coral reef techniques provide valu-
able information on health (Dickens et al. 2011). The 3D

50surface and volume provide more accurate coral abun-
dance statistics and allow for more accurate mapping of
coral reef changes.

Manta tow, line intercept transect (LIT), point inter-
cept transect (PIT), belt transect (BT), and quadratic

55transect (QT) are standard  methods for researching 
coral reefs, depending on the purpose. The 3D

 modelling method is an advancement and modification
of the underwater photo transect (UPT) method, which
uses 3D photographs to identify coral species. Using 3D

60surface area and volume can provide more accurate
metrics of coral abundance information and allows for
more accurate capture of changes in coral reefs. This

 modelling is the most effective method for assessing
coral reef damage and estimating carbon stocks.

65Comparison, photogrammetry, and 3D models offer
a quick, simple, low-cost, and non-invasive method
(Lange, Perry, and Cooper 2020). This study proposes
a cost-effective and non-invasive method for accurate
geometrical measurements of corals. Because it is
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70 impossible to obtain photographs of all coral surfaces
and know the estimated weight of corals using a 3D
approach, accuracy is highly dependent on the complex-
ity of the coral reef. This study aimed to non-
destructively measure the weight of massive (live) corals

75 through 3D modelling.

Materials and methods

Research location

This study was conducted at a depth of 8 –12 m on Gili
Labak Island, Talango Sub-District, Sumenep Regency,

80 Madura, East Java, Indonesia. A map of the study loca-
tion is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive
dead corals that were weighed and photographed for

85 analysis in the Agisoft Met ashape Professional (AMP)
software. The volume and weight results were used to

find linear and regression non-linear equations. Next,
30 coral samples were used for an accuracy test, and
volume was measured in a pond using an Olympus TG-

906 camera on a transect of 30 cm × 30 cm and in the field
using a 50 cm × 50 cm frame for live coral (Figueira et al.
2015).

Three-dimensional measurement of massive corals

AMP software was also used to anal yse the results of
95coral photographs. First, the image quality of under-

water  photographs was estimated using the image’s
sharpness, exposure, focus, resolution, and depth of
field. The camera and build dense cloud (BDC) were
then synced with the software and scaled with a scale.

100Third, a dense point cloud was created using depth
information from each camera and a densification algo-
rithm. Fourth, 3D nets were built. Creating texture is

 optional , but performing 3D measurement and analysis
is not required. Planar projections by orthographic

105views were used to isolate a ‘ cleaned’ coral colony

Q12
Figure 1. Map of the study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, Madura, East Java, Indonesia.
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model from other reconstructed elements such as reef
foundations, and AMP editing oriented all models.
Exported models were used for quantitative analysis
and volume calculations (Kabiri, Rezai, and Moradi

110 2020; de Oliveira et al. 2021).
Before taking the 3D photograph in the pond, the

coral was weighed. These data were collected to create
a model using linear and non-linear regression.
Following that, 32 massive corals from the second sam-

115 ple were weighed for root mean square error (RMSE)
and mean absolute percentage error (MAPE) tests. The
32 massive coral colonies were weighed to obtain the

 modelling test data. Then, the data were used to esti-
mate the weight of massive live corals on Gili Labak

120 Island. Data processing through 3D was carried out
repeatedly.

Underwater camera

Coral colonies were photographed from every angle
possible, including above and below. As shown in

125 Figure 2, the camera was positioned at each object 
angle (Burns et al. 2015). The 3D volume was measured
by diving to a depth of 8 m and collecting 32 coral
colonies.Q4 A schematic of the camera position is used to

generate 3D images, as shown in Figure 2 (Ahmad,
130Jinah, and Saad 2020).

Massive corals were photographed in the pond using
a 30 cm × 30 cm transect, while corals were photo-
graphed in the field using a 50 cm × 50 cm transect
(Ahmad, Jinah, and Saad 2020). Continuous underwater

135photography from oblique planes and angles captured
the entire colony surface (Figure 2), with 70 –80% over-
lap (Bythell and Pan 2001; Burns et al. 2019). All

 photographs were uploaded to the AMP software, and
the camera was calibrated using metadata-derived focus

140information. Furthermore, the  photographs were
aligned using an algorithm capable of detecting invar-
iant features that overlap between consecutive

 photographs. A geometric projection matrix was cre-
ated using invariant features and position, and the cam-

145era orientation for each photograph was determined
according to Westoby et al. (2012). Extrinsic parameters
calculated during the photo-alignment process were
combined with intrinsic and focal parameters obtained
from the metadata to create the 3D geometry from the

1502D images (Stal et al. 2012). Bookmarks were used as
a reference for all ground control points (GCPs), and
the location of each marker in all photographs contain-
ing the GCP was reviewed and corrected. Values of x, y,
and z for each GCP were entered into the software to

Figure 2. A schematic of the camera position used to produce three-dimensional images (Ahmad, Jinah, and Saad 2020).Q7
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155 optimize alignment and ensure the resulting model’s
accurate interior and exterior orientation.

The pattern of relationships between independent
and dependent variables influencing the 3D weight
and volume of coral reefs was determined using regres-

160 sion analysis (Scott, Hosmer, and Lemeshow 1991). This
analysis was used to determine the conversion from
volume to weight of corals in the field. Conversion
from volume to weight of corals was obtained to the
best value of non-linear regression. Regression analysis

165 was divided into linear and non-linear regressions based
on the relationship pattern. When the variables have
a power/geometric relationship, the model is called
a non-linear regression. When a non-linear regression
model in parameters is differentiable, the result is always

170 a function in parameters, as stated. The non-linear
regression in parameters was calculated according to
Scott, Hosmer, and Lemeshow (1991). Statistical analy-
sis was performed on three regression and non-linear
regression equation models – linear, polynomial, and

175 power/geometric – based on 3D volume and weight
photographs of massive (dead) corals.

RMSE test

An accuracy test was carried out to determine the best
equation for estimating the volume and weight of corals.

180 Using RMSE , an accuracy test was employed to deter-
mine the error value of the regression equation. Then,
3D volume photographs were compared to 3D weight
photographs. The RMSE equations  used were the
following:Q5

MSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i
n

Xn

i¼1
x1 � y1ð Þ2

r

RMSE %ð Þ ¼ RMSE
�Y

� 100

185  where MSE = mean square error, RMSE = root mean
square error, x1 = 3D measurement result value, y1 = 3D
value prediction, and Ý = average 3D measurement
results (Suprayogi 2014; Gurchiek et al. 2017).

MAPE test

190 MAPE was used to evaluate the estimation of the results
and determine the accuracy of the estimated number
and the realization rate. The following  equation was
used to calculate the value:

MAPE %ð Þ ¼
Pn

t¼1
At�Ft½ �
At

n
� 100

 whereMAPE=mean absolute percentage error, Ft = esti-
195mated value at time t,At = actual value at time t, andn= total

data (t = 1, 2, . . . , n).
The MAPE test model’s accuracy was measured

 according to three criteria: very accurate (MAPE <
5%), accurate (5% < MAPE < 10%), and inaccurate

200(MAPE > 10%) (Nabillah and Ranggadara 2020).

Data analysis

Three-dimensional photographs were taken in a small
pond with 30 colonies to find linear and non-linear
regression models, using 30 colonies for accuracy tests,

205and 32 samples of massive coral colonies for compar-
ison (Fukunaga and Burns 2020).  A digital elevation
model (DEM) is a raster grid that references the subject
surface’s starting point. This modelling allows for the
removal of objects from the surface, resulting in a 3D

210model with a smooth surface. If the DEM image does
not appear during analysis, the volume results will not
be displayed, and the analysis cannot be continued in
the AMP software. The average number of photographs
anal ysed in 3D for each coral colony was 93 to 98. The

215 photographs were then anal ysed  (Lange, Perry, and
Cooper 2020) using AMP software (Kabiri, Rezai, and
Moradi 2020; de Oliveira et al. 2021).

Results

 We developed a 3D volume model of dead coral samples
220collected in the field. Dead coral samples were used to

avoid causing harm to the coral ecosystem at the study
site. Experiments with a frame binding point of 30 cm ×
30 cm yielded photographs of the dead coral samples.
The number was indicated as a binding point in the

225corner of the frame; the binding point’s purpose is to
serve as a GCP for 3D photo analysis. The results of the
dead coral colony analysis are presented in Figure 3.

 Next we analysed, using AMP software, the 
3 D images captured underwater  from 30 massive

230(dead) coral colonies in a pond, which yielded 3D

 modelling volumes from the coral samples, with images
captured of the entire coral surface. Each coral sample
contains an average of 102 photographs. Table 1 shows
the results of the RMSE control point analysis on the 3D

235photographs of corals in the pond.
The photographs were anal ysed in 3D using the AMP

1.7.4 software, and the RMSE control point value was
calculated. Based on this analysis, the 3D photo error in
the water (small pond) is less than 1 mm. The 3D photo

240analysis yielded an average RMSE (of corals in small
ponds with an average of 102 photographs) X error of
0.29206 mm, Y error of 0.50167 mm, Z error of

4 D. IRAWAN ET AL.
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Figure 3. Results from the analysis, using Agisoft Metashape Professional (AMP) software, of the digital elevation model (DEM) and
three-dimensional  photographs of (dead) coral reefs .
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0.34566 mm, XY error of 0.59070, and total error of
0.72119 mm. The water’s influence can affect the camera

245 and distort the image. Table 2 displays the results of
linear and non-linear regression analysis of weight and
volume using AMP software.

Table 2 shows that the model with the best power/
geometric accuracy resulted in y = 2.451x°.898,

250 R2 = 0.916 with RMSE test of 251.20 g, %RMSE of
18.10%, and MAPE of 19.17%, while linear regression
resulted in y = 0.964x + 314.470, R2 = 0.912, RMSE of
284.50 g, %RMSE of 20.50%, and MAPE of 27.43%.
Meanwhile, the polynomial resulted in y = 0.001x-

255 2 + 1.235x + 49.448 R2 = 0.915 with RMSE test of 354.30 g,
%RMSE of 25.5%, and MAPE of 20.0%. Based on its
orthographic projections, the coral colony orientation is

utilized to calculate volume. On the other hand, growth
orientation is influenced by environmental factors such

260as habitat complexity, slope, and light plane, potentially
leading to estimation bias.

Coral samples were also weighed to calculate the
mass of massive corals. All coral samples from the 3D
photo volume and the weight of dead corals were used

265to obtain a model for the estimated live coral weight.
The volume from 3D photographs and the weight of
corals shown in Table 3 we re used to construct a model
using linear and non-linear regression equation
approaches.

270The volume of the coral could not be directly con-
sidered in the 3D photo analysis using AMP software

 because the coral has a complex shape and a concave

Table 1. RMSE control points on the results of three-dimensional photo analysis in a small pond.

Coral no. No. of photos

RMSE

X error (mm) Y error (mm) Z error (mm) XY error (mm) Total (mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728
2 100 0.27418 0.18195 0.04357 0.32906 0.33193
3 96 0.86821 0.86821 2.64072 1.18693 2.89520
4 94 0.44546 0.40574 0.48895 0.60255 0.77597
5 102 0.16377 0.31121 0.01835 0.35167 0.35215
6 95 0.23989 0.26469 0.32463 0.35722 0.48270
7 89 0.01553 0.23047 0.15672 0.23099 0.27913
8 96 0.31492 0.28618 0.41279 0.42553 0.59285
9 110 0.26506 0.24065 0.15519 0.35801 0.39020
10 82 0.19772 0.57799 0.20527 0.60183 0.63587
11 89 0.06381 0.21831 0.12998 0.22744 0.26196
12 115 0.26025 0.42471 0.20647 0.49811 0.53921
13 114 0.26427 0.30750 0.20589 0.40546 0.45474
14 114 0.10470 0.33880 0.18488 0.35461 0.39992
15 95 0.15410 0.33145 0.23749 0.36552 0.43590
16 100 0.10025 0.36274 0.18387 0.37634 0.41886
17 102 0.05425 0.34436 0.16343 0.34861 0.38502
18 104 0.11650 0.13726 0.14757 0.18004 0.23279
19 93 0.30765 0.43068 0.06607 0.52928 0.53339
20 100 0.26892 0.42773 0.26986 0.50525 0.57280
21 110 0.08382 0.15316 0.26245 0.17459 0.31522
22 113 0.08055 0.18929 0.28779 0.20571 0.35375
23 114 0.16094 0.20679 0.04977 0.26204 0.26673
24 111 2.18783 5.24739 0.98116 5.68522 5.76926
25 110 0.14644 0.34430 0.68882 0.37415 0.52542
26 119 0.51075 0.23892 0.66404 0.56387 0.87115
27 94 0.10643 0.17073 0.18373 0.20119 0.27246
28 108 0.08465 0.21065 0.01163 0.22703 0.22733
29 101 0.07523 0.20130 0.13604 0.21490 0.25434
30 103 0.17461 0.25764 0.08381 0.31109 0.32218
Average 102 0.29206 0.50167 0.34566 0.59070 0.72119

Table 2. The volume of coral reefs from three-dimensional photo analysis by
weight.
Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470
R2 = 0.912

RMSE = 284.50 g
%RMSE = 20.50%
MAPE = 27.43%

Polynomial y = 0.001x2 + 1.235x + 49.448
R2 = 0.915

RMSE = 354.30 g
%RMSE = 25.50%
MAPE = 20.00%

Power/
geometric

y = 2.451x°.898

R2 = 0.916
RMSE = 251.20 g

%RMSE = 18.10%
MAPE = 19.17%
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bottom with small cavities. Calculating the volume of
a 3D photo model is usually invisible and legible.Q6 As

275 a result, a conversion is required to minimize errors
when using a regression approach. The power/geo-
metric conversion of the model from the initial data to
the linear regression equation model is y = 2.451x0.898,
R2 = 0.916 with RMSE test of 251.20 g, %RMSE of

280 18.10%, and MAPE of 19.17%.

Data on corals

The results of the analysis of live coral colonies on Gili
Labak Island can be seen in Figure 4. The modelling
application and field data collection were tested on Gili

285 Labak Island. Photographs were taken of a sample of 32
coral colonies by diving to depths ranging from 8 to
12 m . The iron frame used is 50 cm × 50 cm or
2500 cm2, with a mark on each corner of the frame
serving as a binding point for the photograph and mak-

290 ing analysis easier in the AMP software. The results of
the 3D analysis are s hown in Table 3.

The model conversion from the initial data using the
power/geometric equation model was y = 2.451x°.898

with R2 = 0.916. In Gili Labak Island, the average weight
295 of coral volume produced is 6.13 kg per plot, and the

total coral volume weight for the 32 plots is 169.92 kg,
with a maximum value of 32.92 kg per plot and
a minimum value of 0.04 kg per plot.

Discussion

300The diversification of new methods in coral reef research
is increasing. In this study, a new method was used to
assist examiners who do not have direct experience in
identifying coral in the sea, allowing novices to process

 data and identify coral on land without direct identifica-
305tion in the field. One advantage of the 3D method used in

this study is the ability to obtain more controlled and
verifiable data, and data on the volume of coral reefs that

 could not be obtained using previous methods. The work
of Reichert et al. (2016) on scleractinian corals shows that

310the 3D method yields measurements of coral surface area
and volume that are highly precise and easy to reproduce .

This study uses DEM results from AMP software to
determine the volume of massive coral colonies and
then models massive coral weight in Gili Labak Island,

315Sumenep, Madura. Three-dimensional  modelling is the
most effective data presentation method for describing
coral reef damage. Acoustic methods are  commonly
used at present to detect the presence of underwater

Table 3. The volume of three-dimensional (3D) photographs produced by AMP software and weight of coral conversion using
a power/geometric model.Q8

No. Volume from the 3D photo analysis (cm3) Coral weight estimated using power/geometric model (g) Genus of coral

1 2951 3191.71 Favia
2 3173 3406.42 Favites
3 6045 6075.19 Pavona
4 39,727 32,924.42 Favia
5 26,236 22,687.22 Leptoseris
6 5402 5491.86 Favia
7 5125 5238.42 Coscinaraea
8 8601 8337.39 Leptoria
9 1825 2073.42 Favia
10 2564 2813.35 Caulastrea
11 2093 2344.78 Caulastrea
12 3937 4134.27 Pavona
13 13,706 12,666.88 Montastrea
14 1703 1948.57 Montastrea
15 23,181 20,301.18 Favites
16 4388 4556.98 Favia
17 2223 2475.09 Psammocora
18 2983 3222.76 Goniastrea
19 4112 4298.86 Favia
20 384 511.77 Montastrea
21 10,421 9904.99 Psammocora
22 4016 4208.66 Psammocora
23 7715 7562.26 Coscinaraea
24 21 37.69 Leptoseris
25 7036 6962.07 Psammocora
26 14,529 13,347.55 Psammocora
27 226 318.00 Euphyllia
28 969 1174.64 Psammocora
29 471 614.73 Montastrea
30 255 354.40 Porites
31 253 351.90 Porites
32 2509 2759.12 Favia
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Figure 4. Results from the analysis of the digital elevation model (DEM) and three-dimensional photographs of coral reefs in Gili Labak
Island, Sumenep, Madura.
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objects. This system is beneficial for exploring the
320 underwater environment (Kornder et al. 2021).

The emerging method of developing digital models
of coral colonies using underwater photogrammetry
provides a new and non-invasive way to examine col-
ony-scale growth patterns and fill gaps in existing

325 knowledge (Lange, Perry, and Cooper 2020). The main
difficulty in coral reef ecology is estimating the abun-
dance and composition of communities living in such
complex ecosystems (Kornder et al. 2021). This study
used technological advances to identify volumes in mas-

330 sive coral colonies using a 3D model. The advancement
of photogrammetric technology has created a viable and
practical method for exploring coral reefs (House et al.
2018). The structural parameters of reef surfaces and
organisms have been shown to have relatively high

335 accuracy when using photogrammetry in combination
with underwater photogrammetry (Veal et al. 2010;
Bryson et al. 2017).

Testing accuracy and precision are critical in any
research, including underwater photogrammetry of cor-

340 als. The accuracy and precision of the geometry
obtained from the massive coral’s 3D model were tested
in this study. The results indicate that 3D measurement
is an accurate quantitative study of the physiology and
various sizes of coral colonies, and it can be done in situ.

345 This technique could also be used to measure morpho-
metrics of branching species, such as branch spacing,
density, branch length, and branch angle. The 3D
method precisely measures architectural complexity,
topography, rugosity, volume, and other critical struc-

350 tural properties in ecosystems (Burns et al. 2015). This
method reconstructs the 3D structure of corals and
habitat-forming organisms at high resolution and accu-
racy by using a series of overlapping images taken from
multiple perspectives (Bryson et al. 2017). Reichert et al.

355 (2016) stated that the 3D method yields highly precise
and reproducible measurements of the surface area and
volume of corals.

This study also included RMSE test results, which
had a value of 18.10% and a MAPE of 19.17%, whereas

360 Hatcher et al. (2020) produced a relative RMSE of
0.013%. Th e present study produced a higher value of
RMSE compared to Figueira et al. (2015), who obtained
results of 10%  from bottle coral measurements. The
number of cameras used impacts the precision of

365 results. In this study, only one camera was used; there-
fore, the RMSE value was higher and the results less
precise than those of previous studies completed by
Hatcher et al. (2020) and Figueira et al. (2015), who
used five cameras to capture their underwater objects.

370 Photogrammetry was initially developed and applied
in terrestrial settings, but it has since become a valuable

tool for creating 3D models of bathymetry and under-
water habitats. Because complete recordings of all sur-
faces are not possible, complex corals  cannot be

375observed adequately with this model. This is a non-
invasive method for obtaining precise geometric mea-
surements of corals and other irregular underwater
objects (Bythell and Pan 2001). The 3D method has
many advantages but also several weaknesses, including

380longer analysis time and a requirement for more sophis-
ticated software , high-spec computer devices, and spe-
cial skills in underwater data collection through diving.

Conclusion

The massive corals in the deep sea can be identified and
385measured using non-disruptive 3D  modelling. This

study contributes to  a growing body of knowledge

 revealing pathways that can be used to determine the
carbon sequestered in coral reefs. This method is a non-
invasive, cost-effective, and time-saving approach for 

390obtaining accurate coral geometric measurements. Due
to the difficulty in obtaining complete photographs of
all surfaces, accuracy is highly dependent on the com-
plexity of the coral reef and the number of cameras
available for image capture .
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Three-dimensional (3D) modelling to determine the weight of massive corals in 
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ABSTRACT
This study aimed to non-destructively measure the weight of massive (live) corals through three- 
dimensional (3D) modelling. The 3D models were constructed using the volumes and weight of 
massive (dead) corals. The study was conducted through photographs, 3D analysis, and weighing 
32 massive (dead) coral samples. Volume and weight were modelled using linear and non-linear 
regressions, and their accuracy was tested using root mean square error (RMSE) and mean absolute 
percentage error (MAPE). This study showed that the weight of massive (live) corals could be 
measured using a 3D model of the massive (dead) coral’s volume and the weight mainly through 
regression, polynomial, and geometric equations. The power/geometric equation is a more sui-
table approach for determining the actual value of coral weight. Linear regression obtained an 
average weight of 6.13 kg per plot. Three-dimensional modelling can be widely applied to measure 
the massive corals in the deep sea.
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Introduction

The preservation of coral reef ecosystems is critical 
because many people in the twenty-first century will 
rely on these resources for food production, coastal 
protection, and the survival of their ecosystems 
(Kleypas et al. 2021). Coral reefs are among the most 
diverse and threatened ecosystems (Hoegh-Guldberg, 
Pendleton, and Kaup 2019). Therefore, monitoring 
their responses to various threats and disturbances is 
critical for management and conservation. 
Understanding the best methods for measuring changes 
in corals, ecosystems, and their functions is a challenge. 
An emerging method for exploring colony-scale growth 
patterns employs underwater photogrammetry to create 
digital models of coral colonies (Lange, Perry, and 
Cooper 2020). Acoustic methods are currently widely 
used to detect the presence of underwater objects. These 
systems work exceptionally well.

Developing methodologies that allow the incorpora-
tion of three-dimensional (3D) metrics into coral reef 
monitoring is critical. One of the most commonly used 
metrics for assessing reef health is the proportion of live 
coral cover on reefs (Leujak and Ormond 2007). It is 
used as a proxy for calculating coral reef biomass and 
builds on the capabilities of most techniques used to 

evaluate linear or horizontal planar estimates. However, 
two-dimensional (2D) techniques alone are insufficient 
to estimate coral reef cover (Bamford and Forrester  
2003), whereas 3D coral reef techniques provide valu-
able information on health (Dickens et al. 2011). The 3D 
surface and volume provide more accurate coral abun-
dance statistics and allow for more accurate mapping of 
coral reef changes.

Manta tow, line intercept transect (LIT), point inter-
cept transect (PIT), belt transect (BT), and quadratic 
transect (QT) are standard methods for researching 
coral reefs, depending on the purpose. The 3D model-
ling method is an advancement and modification of the 
underwater photo transect (UPT) method, which uses 
3D photographs to identify coral species. Using 3D sur-
face area and volume can provide more accurate metrics 
of coral abundance information and allows for more 
accurate capture of changes in coral reefs. This model-
ling is the most effective method for assessing coral reef 
damage and estimating carbon stocks. Comparison, 
photogrammetry, and 3D models offer a quick, simple, 
low-cost, and non-invasive method (Lange, Perry, and 
Cooper 2020). This study proposes a cost-effective and 
non-invasive method for accurate geometrical measure-
ments of corals. Because it is impossible to obtain 
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photographs of all coral surfaces and know the esti-
mated weight of corals using a 3D approach, accuracy 
is highly dependent on the complexity of the coral reef. 
This study aimed to non-destructively measure the 
weight of massive (live) corals through 3D modelling.

Materials and methods

Research location

This study was conducted at a depth of 8–12 m on Gili 
Labak Island, Talango Sub-District, Sumenep Regency, 
Madura, East Java, Indonesia. A map of the study loca-
tion is shown in Figure 1.

Sampling

A 3D model was created using 30 colonies of massive 
dead corals that were weighed and photographed for 
analysis in the Agisoft Metashape Professional (AMP) 
software. The volume and weight results were used to 
find linear and regression non-linear equations. Next, 
30 coral samples were used for an accuracy test, and 
volume was measured in a pond using an Olympus TG- 

6 camera on a transect of 30 cm × 30 cm and in the field 
using a 50 cm × 50 cm frame for live coral (Figueira et al.  
2015).

Three-dimensional measurement of massive corals

AMP software was also used to analyse the results of 
coral photographs. First, the image quality of under-
water photographs was estimated using the image’s 
sharpness, exposure, focus, resolution, and depth of 
field. The camera and build dense cloud (BDC) were 
then synced with the software and scaled with a scale. 
Third, a dense point cloud was created using depth 
information from each camera and a densification algo-
rithm. Fourth, 3D nets were built. Creating texture is 
optional, but performing 3D measurement and analysis 
is not required. Planar projections by orthographic 
views were used to isolate a ‘cleaned’ coral colony 
model from other reconstructed elements such as reef 
foundations, and AMP editing oriented all models. 
Exported models were used for quantitative analysis 
and volume calculations (Kabiri, Rezai, and Moradi  
2020; de Oliveira et al. 2021).

Figure 1. Map of the study location at Gili Labak Island, Talango Sub-District, Sumenep Regency, Madura, East Java, Indonesia.
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Before taking the 3D photograph in the pond, the 
coral was weighed. These data were collected to create 
a model using linear and non-linear regression. 
Following that, 32 massive corals from the second sam-
ple were weighed for root mean square error (RMSE) 
and mean absolute percentage error (MAPE) tests. The 
32 massive coral colonies were weighed to obtain the 
modelling test data. Then, the data were used to esti-
mate the weight of massive live corals on Gili Labak 
Island. Data processing through 3D was carried out 
repeatedly.

Underwater camera

Coral colonies were photographed from every angle 
possible, including above and below. The camera was 
positioned at each object angle (Burns et al. 2015). The 
3D volume was measured by collecting photographs of 
32 coral colonies at a depth of 8 m. A schematic of the 
camera position is used to generate 3D images, as illu-
strated by Ahmad, Jinah, and Saad (2020).

Massive corals were photographed in the pond using 
a 30 cm × 30 cm transect, while corals were photo-
graphed in the field using a 50 cm × 50 cm transect 
(Ahmad, Jinah, and Saad 2020). Continuous underwater 
photography from oblique planes and angles captured 
the entire colony surface, with 70–80% overlap (Bythell 
and Pan 2001; Burns et al. 2019). All photographs were 
uploaded to the AMP software, and the camera was 
calibrated using metadata-derived focus information. 
Furthermore, the photographs were aligned using an 
algorithm capable of detecting invariant features that 
overlap between consecutive photographs. A geometric 
projection matrix was created using invariant features 
and position, and the camera orientation for each 
photograph was determined according to Westoby 
et al. (2012). Extrinsic parameters calculated during 
the photo-alignment process were combined with 
intrinsic and focal parameters obtained from the meta-
data to create the 3D geometry from the 2D images (Stal 
et al. 2012). Bookmarks were used as a reference for all 
ground control points (GCPs), and the location of each 
marker in all photographs containing the GCP was 
reviewed and corrected. Values of x, y, and z for each 
GCP were entered into the software to optimize align-
ment and ensure the resulting model’s accurate interior 
and exterior orientation.

The pattern of relationships between independent 
and dependent variables influencing the 3D weight 
and volume of coral reefs was determined using regres-
sion analysis (Scott, Hosmer, and Lemeshow 1991). This 
analysis was used to determine the conversion from 

volume to weight of corals in the field. Conversion 
from volume to weight of corals was obtained to the 
best value of non-linear regression. Regression analysis 
was divided into linear and non-linear regressions based 
on the relationship pattern. When the variables have 
a power/geometric relationship, the model is called 
a non-linear regression. When a non-linear regression 
model in parameters is differentiable, the result is always 
a function in parameters, as stated. The non-linear 
regression in parameters was calculated according to 
Scott, Hosmer, and Lemeshow (1991). Statistical analy-
sis was performed on three regression and non-linear 
regression equation models – linear, polynomial, and 
power/geometric – based on 3D volume and weight 
photographs of massive (dead) corals.

RMSE test

An accuracy test was carried out to determine the best 
equation for estimating the volume and weight of corals. 
Using RMSE, an accuracy test was employed to deter-
mine the error value of the regression equation. Then, 
3D volume photographs were compared to 3D weight 
photographs. The RMSE equations used were the 
following: 

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i
n

Xn

i¼1
x1 � y1ð Þ

2
r

RMSE %ð Þ ¼
RMSE

�Y
� 100 

where MSE = mean square error, RMSE = root mean 
square error, x1 = 3D measurement result value, y1 = 3D 
value prediction, and Ý = average 3D measurement 
results (Suprayogi, Trimaijon, and Mahyudin 2014; 
Gurchiek et al. 2017).

MAPE test

MAPE was used to evaluate the estimation of the results 
and determine the accuracy of the estimated number 
and the realization rate. The following equation was 
used to calculate the value: 

MAPE %ð Þ ¼
Pn

t¼1
At� Ft½ �

At
n

� 100 

where MAPE = mean absolute percentage error, Ft = esti-
mated value at time t, At = actual value at time t, and n = total 
data (t = 1, 2, . . ., n).

The MAPE test model’s accuracy was measured 
according to three criteria: very accurate (MAPE < 
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5%), accurate (5% < MAPE < 10%), and inaccurate 
(MAPE > 10%) (Nabillah and Ranggadara 2020).

Data analysis

Three-dimensional photographs were taken in a small 
pond with 30 colonies to find linear and non-linear 
regression models, using 30 colonies for accuracy tests, 
and 32 samples of massive coral colonies for compar-
ison (Fukunaga and Burns 2020). A digital elevation 
model (DEM) is a raster grid that references the subject 
surface’s starting point. This modelling allows for the 
removal of objects from the surface, resulting in a 3D 
model with a smooth surface. If the DEM image does 
not appear during analysis, the volume results will not 
be displayed, and the analysis cannot be continued in 
the AMP software. The average number of photographs 
analysed in 3D for each coral colony was 93 to 98. The 
photographs were then analysed (Lange, Perry, and 
Cooper 2020) using AMP software (Kabiri, Rezai, and 
Moradi 2020; de Oliveira et al. 2021).

Results

We developed a 3D volume model of dead coral samples 
collected in the field. Dead coral samples were used to 
avoid causing harm to the coral ecosystem at the study 
site. Experiments with a frame binding point of 30 cm × 
30 cm yielded photographs of the dead coral samples. 
The number was indicated as a binding point in the 
corner of the frame; the binding point’s purpose is to 
serve as a GCP for 3D photo analysis. The results of the 
dead coral colony analysis are presented in Figure 2.

Next we analysed, using AMP software, the 
3D images captured underwater from 30 massive 
(dead) coral colonies in a pond, which yielded 3D mod-
elling volumes from the coral samples, with images 
captured of the entire coral surface. Each coral sample 
contains an average of 102 photographs. Table 1 shows 
the results of the RMSE control point analysis on the 3D 
photographs of corals in the pond.

The photographs were analysed in 3D using the AMP 
1.7.4 software, and the RMSE control point value was 
calculated. Based on this analysis, the 3D photo error in 
the water (small pond) is less than 1 mm. The 3D photo 
analysis yielded an average RMSE (of corals in small 
ponds with an average of 102 photographs) X error of 
0.29206 mm, Y error of 0.50167 mm, Z error of 
0.34566 mm, XY error of 0.59070, and total error of 
0.72119 mm. The water’s influence can affect the camera 
and distort the image. Table 2 displays the results of 
linear and non-linear regression analysis of weight and 
volume using AMP software.

Table 2 shows that the model with the best power/ 
geometric accuracy resulted in y = 2.451x°.898, 
R2 = 0.916 with RMSE test of 251.20 g, %RMSE of 
18.10%, and MAPE of 19.17%, while linear regression 
resulted in y = 0.964x + 314.470, R2 = 0.912, RMSE of 
284.50 g, %RMSE of 20.50%, and MAPE of 27.43%. 
Meanwhile, the polynomial resulted in y = 0.001x-
2 + 1.235x + 49.448 R2 = 0.915 with RMSE test of 
354.30 g, %RMSE of 25.5%, and MAPE of 20.0%. 
Based on its orthographic projections, the coral colony 
orientation is utilized to calculate volume. On the other 
hand, growth orientation is influenced by environmen-
tal factors such as habitat complexity, slope, and light 
plane, potentially leading to estimation bias.

Coral samples were also weighed to calculate the 
mass of massive corals. All coral samples from the 3D 
photo volume and the weight of dead corals were used 
to obtain a model for the estimated live coral weight. 
The volume from 3D photographs and the weight of 
corals shown in Table 3 were used to construct a model 
using linear and non-linear regression equation 
approaches.

The volume of the coral could not be directly con-
sidered in the 3D photo analysis using AMP software 
because the coral has a complex shape and a concave 
bottom with small cavities. The volume of a 3D photo 
model is usually invisible and illegible. As a result, 
a conversion is required to minimize errors when 
using a regression approach. The power/geometric con-
version of the model from the initial data to the linear 
regression equation model is y = 2.451x0.898, R2 = 0.916 
with RMSE test of 251.20 g, %RMSE of 18.10%, and 
MAPE of 19.17%.

Data on corals

The results of the analysis of live coral colonies on Gili 
Labak Island can be seen in Figure 3. The modelling 
application and field data collection were tested on Gili 
Labak Island. Photographs were taken of a sample of 32 
coral colonies by diving to depths ranging from 8 to 
12 m. The iron frame used is 50 cm × 50 cm or 
2500 cm2, with a mark on each corner of the frame 
serving as a binding point for the photograph and mak-
ing analysis easier in the AMP software. The results of 
the 3D analysis are shown in Table 3.

The model conversion from the initial data using the 
power/geometric equation model was y = 2.451x°.898 

with R2 = 0.916. In Gili Labak Island, the average weight 
of coral volume produced is 6.13 kg per plot, and the 
total coral volume weight for the 32 plots is 169.92 kg, 
with a maximum value of 32.92 kg per plot and 
a minimum value of 0.04 kg per plot.
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Figure 2. Results from the analysis, using Agisoft Metashape Professional (AMP) software, of the digital elevation model (DEM) and 
three-dimensional photographs of massive (dead) corals.
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Discussion

The diversification of new methods in coral reef 
research is increasing. In this study, a new method was 
used to assist examiners who do not have direct experi-
ence in identifying coral in the sea, allowing novices to 
process data and identify coral on land without direct 
identification in the field. One advantage of the 3D 
method used in this study is the ability to obtain more 
controlled and verifiable data, and data on the volume of 
coral reefs that could not be obtained using previous 
methods. The work of Reichert et al. (2016) on scler-
actinian corals shows that the 3D method yields mea-
surements of coral surface area and volume that are 
highly precise and easy to reproduce.

This study uses DEM results from AMP software to 
determine the volume of massive coral colonies and 
then models massive coral weight in Gili Labak Island, 
Sumenep, Madura. Three-dimensional modelling is the 
most effective data presentation method for describing 
coral reef damage. Acoustic methods are commonly 
used at present to detect the presence of underwater 
objects. This system is beneficial for exploring the 
underwater environment (Kornder et al. 2021).

The emerging method of developing digital models 
of coral colonies using underwater photogrammetry 
provides a new and non-invasive way to examine col-
ony-scale growth patterns and fill gaps in existing 
knowledge (Lange, Perry, and Cooper 2020). The main 
difficulty in coral reef ecology is estimating the 

Table 1. Root mean square error (RMSE) control points on the results of three-dimensional (3D) photographs analysis in a small pond.

Coral no. No. of photos

Root mean square error (RMSE)

X error (mm) Y error (mm) Z error (mm) XY error (mm) Total (mm)

1 97 0.55387 1.13955 0.77888 1.26703 1.48728
2 100 0.27418 0.18195 0.04357 0.32906 0.33193
3 96 0.86821 0.86821 2.64072 1.18693 2.89520
4 94 0.44546 0.40574 0.48895 0.60255 0.77597
5 102 0.16377 0.31121 0.01835 0.35167 0.35215
6 95 0.23989 0.26469 0.32463 0.35722 0.48270
7 89 0.01553 0.23047 0.15672 0.23099 0.27913
8 96 0.31492 0.28618 0.41279 0.42553 0.59285
9 110 0.26506 0.24065 0.15519 0.35801 0.39020
10 82 0.19772 0.57799 0.20527 0.60183 0.63587
11 89 0.06381 0.21831 0.12998 0.22744 0.26196
12 115 0.26025 0.42471 0.20647 0.49811 0.53921
13 114 0.26427 0.30750 0.20589 0.40546 0.45474
14 114 0.10470 0.33880 0.18488 0.35461 0.39992
15 95 0.15410 0.33145 0.23749 0.36552 0.43590
16 100 0.10025 0.36274 0.18387 0.37634 0.41886
17 102 0.05425 0.34436 0.16343 0.34861 0.38502
18 104 0.11650 0.13726 0.14757 0.18004 0.23279
19 93 0.30765 0.43068 0.06607 0.52928 0.53339
20 100 0.26892 0.42773 0.26986 0.50525 0.57280
21 110 0.08382 0.15316 0.26245 0.17459 0.31522
22 113 0.08055 0.18929 0.28779 0.20571 0.35375
23 114 0.16094 0.20679 0.04977 0.26204 0.26673
24 111 2.18783 5.24739 0.98116 5.68522 5.76926
25 110 0.14644 0.34430 0.68882 0.37415 0.52542
26 119 0.51075 0.23892 0.66404 0.56387 0.87115
27 94 0.10643 0.17073 0.18373 0.20119 0.27246
28 108 0.08465 0.21065 0.01163 0.22703 0.22733
29 101 0.07523 0.20130 0.13604 0.21490 0.25434
30 103 0.17461 0.25764 0.08381 0.31109 0.32218
Average 102 0.29206 0.50167 0.34566 0.59070 0.72119

Table 2. The volume of corals from three-dimensional (3D) photographs 
analysis by weight.

Analysis Massive coral reefs Test data

Linear y = 0.964x + 314.470 
R2 = 0.912

RMSE = 284.50 g 
%RMSE = 20.50% 

MAPE = 27.43%
Polynomial y = 0.001x2 + 1.235x + 49.448 

R2 = 0.915
RMSE = 354.30 g 

%RMSE = 25.50% 
MAPE = 20.00%

Power/ 
geometric

y = 2.451x°.898 

R2 = 0.916
RMSE = 251.20 g 

%RMSE = 18.10% 
MAPE = 19.17%

RMSE = root mean square error, MAPE = mean absolute percentage error.
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abundance and composition of communities living in 
such complex ecosystems (Kornder et al. 2021). This 
study used technological advances to identify volumes 
in massive coral colonies using a 3D model. The 
advancement of photogrammetric technology has cre-
ated a viable and practical method for exploring coral 
reefs (House et al. 2018). The structural parameters of 
reef surfaces and organisms have been shown to have 
relatively high accuracy when using photogrammetry in 
combination with underwater photogrammetry (Veal 
et al. 2010; Bryson et al. 2017).

Testing accuracy and precision are critical in any 
research, including underwater photogrammetry of cor-
als. The accuracy and precision of the geometry 
obtained from the massive coral’s 3D model were tested 
in this study. The results indicate that 3D measurement 
is an accurate quantitative study of the physiology and 
various sizes of coral colonies, and it can be done in situ. 
This technique could also be used to measure morpho-
metrics of branching species, such as branch spacing, 
density, branch length, and branch angle. The 3D 
method precisely measures architectural complexity, 
topography, rugosity, volume, and other critical struc-
tural properties in ecosystems (Burns et al. 2015). This 
method reconstructs the 3D structure of corals and 

habitat-forming organisms at high resolution and accu-
racy by using a series of overlapping images taken from 
multiple perspectives (Bryson et al. 2017). Reichert et al. 
(2016) stated that the 3D method yields highly precise 
and reproducible measurements of the surface area and 
volume of corals.

This study also included RMSE test results, which 
had a value of 18.10% and a MAPE of 19.17%, whereas 
Hatcher et al. (2020) produced a relative RMSE of 
0.013%. The present study produced a higher value of 
RMSE compared to Figueira et al. (2015), who obtained 
results of 10% from bottle coral measurements. The 
number of cameras used impacts the precision of 
results. In this study, only one camera was used; there-
fore, the RMSE value was higher and the results less 
precise than those of previous studies completed by 
Hatcher et al. (2020) and Figueira et al. (2015), who 
used five cameras to capture their underwater objects.

Photogrammetry was initially developed and applied 
in terrestrial settings, but it has since become a valuable 
tool for creating 3D models of bathymetry and under-
water habitats. Because complete recordings of all sur-
faces are not possible, complex corals cannot be 
observed adequately with this model. This is a non- 
invasive method for obtaining precise geometric 

Table 3. The volume of three-dimensional (3D) photographs produced by Agisoft Metashape Professional (AMP) software and weight 
of coral conversion using a power/geometric model.

No. Volume from the 3D photo analysis (cm3) Coral weight estimated using power/geometric model (g) Genus of coral

1 2951 3191.71 Favia
2 3173 3406.42 Favites
3 6045 6075.19 Pavona
4 39,727 32,924.42 Favia
5 26,236 22,687.22 Leptoseris
6 5402 5491.86 Favia
7 5125 5238.42 Coscinaraea
8 8601 8337.39 Leptoria
9 1825 2073.42 Favia
10 2564 2813.35 Caulastrea
11 2093 2344.78 Caulastrea
12 3937 4134.27 Pavona
13 13,706 12,666.88 Montastrea
14 1703 1948.57 Montastrea
15 23,181 20,301.18 Favites
16 4388 4556.98 Favia
17 2223 2475.09 Psammocora
18 2983 3222.76 Goniastrea
19 4112 4298.86 Favia
20 384 511.77 Montastrea
21 10,421 9904.99 Psammocora
22 4016 4208.66 Psammocora
23 7715 7562.26 Coscinaraea
24 21 37.69 Leptoseris
25 7036 6962.07 Psammocora
26 14,529 13,347.55 Psammocora
27 226 318.00 Euphyllia
28 969 1174.64 Psammocora
29 471 614.73 Montastrea
30 255 354.40 Porites
31 253 351.90 Porites
32 2509 2759.12 Favia
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Figure 3. Results from the analysis of the digital elevation model (DEM) and three-dimensional photographs of corals in Gili Labak 
Island, Sumenep, Madura.
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measurements of corals and other irregular underwater 
objects (Bythell and Pan 2001). The 3D method has 
many advantages but also several weaknesses, including 
longer analysis time and a requirement for more sophis-
ticated software, high-spec computer devices, and spe-
cial skills in underwater data collection through diving.

Conclusion

The massive corals in the deep sea can be identified and 
measured using non-disruptive 3D modelling. This 
study contributes to a growing body of knowledge 
revealing pathways that can be used to determine the 
carbon sequestered in coral reefs. This method is a non- 
invasive, cost-effective, and time-saving approach for 
obtaining accurate coral geometric measurements. Due 
to the difficulty in obtaining complete photographs of 
all surfaces, accuracy is highly dependent on the com-
plexity of the coral reef and the number of cameras 
available for image capture.
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Figure 2. Results from the analysis, using Agisoft Metashape Professional (AMP) software of the 

digital elevation model (DEM) and three-dimensional photographs of massive (dead) corals. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Results from the analysis of the digital elevation model (DEM) and three-dimensional 

photographs of corals in Gili Labak Island, Sumenep, Madura. 
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