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Abstract

A fundamental problem with using human observations in marine ecology is that it is often
fallible. This study monitored coral to compare the accuracy of traditional visual surveying
and 3D structure-from-motion models in assessing coral health. In a pilot study, objects
of known dimensions were rendered underwater to assess the accuracy of the 3D models;
between the X-Y and Z dimensions accuracies of 93 +0.09% (mean £SD) and 93 +0.04%
were observed, respectively. Following this, two surveyors monitored three individual coral
colonies over five months at La Mer (Dubai) for the following visual parameters; live,
dead and bleached coral. Significant differences were detected amongst surveyors for these
parameters only when traditional surveying was implemented. However, 3D modelling had
a significant post-processing time. Nonetheless, results suggest that 3D modelling is a more
accurate and consistent tool between surveyors over time for monitoring coral colonies. The
potential for such technology to be up-scaled to capture complete 3D-coral reefs could allow
researchers to more accurately explore long-term changes to these significant ecosystems.
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Introduction

Coral reefs around the globe have been undergoing severe and
rapid decline due to human-induced climate change.'> Consequently,
this exacerbates over-exploitation of key marine species and other
anthropogenic stressors, which are driving coral reefs to functional
collapse.> Mega-reclamation projects, such as the three Palm Islands,
has put Dubai into the spotlight of tourism.* However, such activities
result in direct removal and/or burial of marine habitats, such as
coral reefs, with a poor understanding of the temporal and ecological
implications.>®

These activities have visible symptoms on coral reefs, which are
commonly used in traditional coral surveys to assess coral health.
Many studies suggest a strong correlation between live and dead
coral in hermatypic coral reefs, which influence fish abundance’” and
its ecological functionality."” Hence, changes of visual percentage
cover over time and between surveyors and survey types is a critical
parameter. Furthermore, in the last few decades, bleaching has
become more prominent due to increasing sea temperatures and
climate change.® Hence there is an equally vital potential in studies
that assess the ecology and health of the coral reef."

Similarly, visual parameters are commonly used for assessing
relocated coral health; one of the most common mitigation measures
during marine dredging or reclamation activities.'>'* Although there
are a plethora of traditional snorkelling or diving coral monitoring
surveys that record health of corals,'>'® one common limiting factor is
measurement accuracy amongst surveyors over prolonged period of
time."” Even though it is standard practice to quantify measurement
errors for parameters such as surface area or rugosity, the majority
of long-term studies to date fail to calculate error margins over time
and amongst surveyors.!” Consequently, there is a significant need
to compare more technologically advanced methods with traditional
coral surveying methods, in order to gain a better insight into their
trade-offs."

Previous cost-prohibitive methods, including photogrammetry
using Structure from Motion (SfM), are now becoming accessible'
and have recently started gathering momentum in the coral reef

monitoring field.?*?' SfM is an image processing technique that
matches features in successive overlapping images to construct
accurate and manipulable virtual 3D models.”?> SfM is not a
novel approach; other studies have already used it for coral reef
monitoring.'”? Raoult et al.,'” study have looked at the accuracy of
surface area and volume data over time on coral bommies. Their study
did not find any significant difference volume and surface area for 3D
models captured by different surveyors over 12 days. Whilst, a study
by Young et al.,”* compared the in situ measurements and underwater
3D models for rugosity found the a strong match between the two,
further reinforcing that 3D modelling results are transferable with
traditional survey methodologies.

This study determines whether ecological parameters such as live,
dead and bleached coral cover in individual coral colonies is more
accurate compared with data collected by traditional visual methods
or 3D coral modelling over time. Prior to the main study, we included
a pilot study to evaluate the accuracy of surface area and dimensions
of submerged objects of known dimensions when translated into a 3D
render. Hence, establishing potential errors when rendering objects of
unknown dimensions such as coral colonies.

Methods
Study site

The La Mer beachfront development is located at the Jumeirah
Open Beach in the Jumeirah 1 area of Dubai (United Arab Emirates).
The development consists of a partially enclosed bay with two
reclaimed peninsulas at the northern and southern extents of the
Project site. The central headland that separates the two beaches has
an older protruding breakwater on its west with a relatively dense
coral community, dominated by the coral genus Platygyra spp. Dense
low biodiversity of coral reefs on breakwaters are well documented
in Dubai.**

The developer (Meraas) granted access to site prior to conducting
fieldwork. Two PADI-qualified divers haphazardly selected three
individual Platygyra spp coral colonies to monitor over a period of five
months. These three colonies were tagged as small (40 cm), medium
(55 cm) and large (100 cm) and were all located at similar depths
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(3.8 £ 0.7 m), about 75 m off public beach on west seaward facing
breakwaters of the La Mer development (latitude: 25.2285, longitude:
55.2555). The same two surveyors recorded visual observations on
these corals on three occasions (22" March, 02" May and 01% July
2019).

The GPS locations of these tagged corals were marked using a
hand-held GPS in a waterproof casing at the surface. However,
surveyors took note of permanent land structures to better aid locating
the survey site (Figure 1). Surveys were conducted during calm sea
state conditions; -2 or below on the Beaufort scale.”

Figure | Location coral on the breakwater western bay of La Mer (UAE).

Pilot study

A pilot study was conducted to ensure that the 3D models were
proportionally accurate to real life objects prior to modelling corals.
This was to measure the relative accuracy of 3D models against
known objects and dimensions. GoPro™ Hero 6 cameras used the
same setting as the study site survey (discussed later) on two objects: a
dive fin and a 1L jar. Three rounds of photos were taken, each yielding
50 -100 images. Mesh lab was used to analyse the 3D models using
two metrics: point-to-point distances and surface area.

Traditional coral survey

The visual coral monitoring aspect of the survey covered the
following ecological parameters: live, dead and bleached coral
cover. Each of these parameters was selected to determine and
understand trends of coral health. Dive surveyors visually estimated
the percentage cover of the parameters discussed above using the
categories for percent coral cover from English et al.* For consistency,
the surveyors were trained to estimate percentage of objects on land
prior to the surveys.

3D coral modelling survey

Each surveyor had one GoPro™ Hero 6 camera. These were set to
capture images (12 MP JPEG) continuously at one-second intervals
within the standard flat port GoPro™ underwater housing casing.
Camera settings were kept at default, excluding field of view —narrow
(to reduce distortion caused by the fish eye lens) and sharpness
medium (to reduce the prominence of coral). Due to the shallowness
of the site, ambient light provided sufficient illumination. A PVC pipe
was marked out with white electrical tape at 10 cm intervals and laid
down next to each coral as a reference object for the scaling of the
3D model.

Dive surveyors took photos of the desired coral, starting from the
bottom and moving upwards in a circular pine-like motion, adapted
from House et al.”” This was done for 2.5 minutes, producing 150
photos per coral, whilst keeping camera orientation and distance
consistent. Water visibility of approximately 1.0 m was required to
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take clear photos so the distance between the corals and the camera
was kept at approximately 1.0 m, allowing for successful rendering
of the 3D model. The aim was to obtain between 60 —80% overlap
between images, facilitating better image alignment and processing to
avoid issues with reconstruction of the 3D model.”"-?

3D Model generation

Construction of the 3D models was generated using Context
Capture Desktop edition Update 9 —v.4.9.516. This is the first instance
of the Context Capture program being used for an in situ coral study.

All models were rendered in Context Capture following standard
protocol procedure, as outlined in the Context Capture user manual.*®
Photos were imported into the Context Capture program for aero
triangulation. The relative scales of each 3D model were defined by
two tie points, which were manually selected on two or more photos,
using the PVC pipe as a scaling point for reference. Therefore, all
automatically generated tie points during aero triangulation followed
the manually inputted scale constraint. This provides the program
with better ground truthing ability for the rendered model.

Once aero triangulation was completed, a draft 3D view of the
model was used to verify its orientation relative to 3D space, after
which the 3D model was rendered. Final 3D models were rendered
as a wavefront format (OBJ) file, which was exported to Meshlab
(v2016.12) and transformed into a Polygon File Format (PLY) file for
further analysis.

Correction of 3D models

Of the 18 rendered coral models, 6 required further correction.
The two issues that were observed on these models were flaking of
sections and/or missing sections of critical areas. Flaking areas were
corrected by the addition of manually selected tie points, prior to
aero triangulation. Flaking was a result of poor overlapping photos
or darker sections of the coral not being detected automatically by
the SfM algorithm. Missing sections were a result of insufficient
overlapping photos due to blurry images. This was resolved by using
the Close Holes function on Mesh labs. It is important to highlight
that the closed section did not have the same surface detail as the
surrounding coral (Figure 2).

Context Capture. Black tape was used to mark 10 cm intervals on the PVC to
calibrate scale on the 3D-coral model.

Pilot study: point-to-point distances

The pilot study looked at two man-made objects (a dive fin and
a 1L jar) which were photographed 50 - 100 times, on three separate
occasions (Figure 3). These were used to produce three 3D models
which were compared to the objects of known dimensions (ground
truths). The objects stood out relatively well against the reef backdrop,
including objects of mute colour, an observation which differed from
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the observations in Young et al.>* The known dimensions of the objects
ranged from 4.0 —87.5 cm in the X-Y plane and 10.0 —14.5 cm in the Z
plane. Accuracy was measured using the following formula®

Figure 3 Left: Objects with known dimensions were rendered underwater

three times. Inset is an image of the underwater scene.The two objects were:

(1) Cressi 2000 free dive fin and (2) a IL jar.

(Underwater 3D Model — Grouth Truth)
Ground Truth

%

Accuracy = -1

This metric was used to measure distance between the known 10 cm
intervals on the PVC pipe to ensure the model scale was not changed
during the file transferred into Mesh labs. The pilot study dataset
was found to violate the parametric assumption after conducting the
Levene’s test for normality. Therefore, the Wilcoxon matched pairs
test was used, followed by the Root Mean Square Errors. All statistical
analyses were conducted in SPSS (Version 23.0.0.2).

Actual study: surface area

The aforementioned methodology was also used to measure
accuracy in the actual study. Quantification of ecological parameters
(i.e. live coral cover) on the traditional coral survey method were
measured as a percentage. These parameters were manually
highlighted on Mesh lab and therefore needed to be converted from
surface area (mm?) into a percentage value for comparison with the
traditional survey results. The formula below was used:

Surface area of live coral |, .
=% Live coral

Total surface area of coral

Surface area on the actual survey were analysed using either an
Independent #-test or a Mann-Whitney U test if Levene’s test for
normality showed that assumptions for the former were violated.
These statistical analyses were conducted using SPSS (Version
23.0.0.2).

Additionally, a logistic regression model using the Firth method
was run on the data using R studio (Version 1.1.463). The sparse dataset
collected from the actual study resulted in quasi-complete separation
data, which caused errors as a result of strongly biased parameter
estimates diverging to +oo in logistic regression.”” Therefore, a
stepwise method*® was used to build two-predictor logistic regression
model with the Firth method®' using the R package, logistf. This used
a penalised likelihood method to correct bias in a small data set.’'?

Results
Pilot study: point—to-point distances

We found no significant differences between the median of the 3D
model and the known underwater objects for the X-Y (n=9, R>=0.98;
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p =0.214; Wilcoxon matched pairs test test) and Z planes (n =6, R?
=0.94; p =0.01; Wilcoxon matched pairs test), The root mean square
errors (RMSE) of the models were 1.54 cm in X-Y and 1.04 cm in Z.
There was a high degree of accuracy of the X-Y and Z dimensions, at
93 £0.09% (mean +£SD) and 93 +0.04% respectively.

Pilot study: surface area

The models’ surface area lined up well with their true surface area
(n =6, R* =0.99; p =0.249; Wilcoxon matched pairs test). Regression
plots of surface area suggest slight underestimation of the models’
surface area (Figure 4). The RMSE of the models was 1156 cm? for
surface area which is relatively low, hence providing a more accurate
model to predict surface area from.
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Figure 4(A) Accuracy of 3D model for point-to-point distances on the X or
Y dimension.
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Figure 4(B) Accuracy of 3D model for point-to-point distances on the Z
dimension.
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Figure 4(C) Accuracy of 3D model for surface area.

Differences between surveyors and survey methods
(Over time)

The traditional survey was associated with a significantly larger live
coral cover for the small coral colony (¢ =6.80, p =0.001, independent
samples) and large coral colony (U <0.001, p =0.002, Mann-Whitney
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U test), while the inverse was found for the 3D survey on dead coral
cover for the small coral colony (r =-6.47, p = 0.001, independent
samples) and large coral colony (U =0.00, p =0.003, Mann-Whitney
U test), as illustrated on Figure 5.
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Figure 5(A) Differences between traditional and underwater 3D surveys
of individual corals, in terms of average ecological parameters with standard
deviation error bars (* - indicating a significant difference at the 5% level).
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Figure 5(B) Average difference between surveyors for different ecological

parameters over the three survey events.
Bleached coral cover

Bleached coral cover was observed to drop over time for the small
and medium coral colony, whilst bleaching was not observed on the
large coral colony. However, differences in bleached coral cover
between the two surveyors and survey types were low. As such, the
observed trend did not yield any significant differences or interactions
over time from the logistic model, suggesting that minor deviances
over time or coral colony remain accurate between surveyors and
survey type.

Live coral cover

Generally, higher estimated values were recorded for live coral
cover on the traditional method when compared to 3D model results.
Results between surveyors remained relatively consistent over time
and within the same survey type. However, there was a significant
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difference (p <0.001) between survey types (Table 2). Interestingly,
an interaction between survey types over time was detected for
March (p <0.001) and May (p <0.001). Greenland et al.,** suggests
that penalised predictions (including the Firth method) on regression
models may delete important cofounders when analysing causal
effects and may therefore add another source of bias. Consequently,
a post hoc analysis was not conducted to differentiate the interaction
between survey type and time as the results may not be robust for
either live or dead coral cover.

Dead coral cover

Higher values were recorded for dead coral cover with the 3D
modelling method compared to traditional survey results, which is to
be expected as live coral cover was the inverse of this observation.
Significant differences between survey types were found (p <0.001)
with a similar explanation to the ones discussed in the live coral cover
section above. However, a significant difference between surveyors (p
<0.001) was only observed for dead, but not live, coral cover (Table
2).

Table | Summary of all differences between traditional and underwater 3D
surveys between individual corals in terms of ecological parameters

(?oral Ecological Levene’s Statistical analysis
size parameter Test
. F(6) = 0.69, Independent t test, t(6)
Lives e p=0685 = 680,p=<0.00l
F(6) =0.31, Independent t test, t(6)
Small Deade ¢ b= 0308 = 6.47,p = <000
F(6) = 0.81, Independent t test, t(6)
Bleach p=0390  =-0.73,p=0.483
Live F(6) = 1.14, Independent t test, t(6)
p=03I1 =0.88,p=0399
F(6) <
Medium Dead 0.001, r?fﬁznge:tot;;;f, “©
p=0.95I T ’
F6)=17.6, Mann-Whitney U test,
Bleach® p=0.020  U®)=10.00,p=0.I9]
F(6) = Mann-Whitney U test,
Livee/o o 83.21, U(e) <0.001, p =
p=<0.001  0.002
F(é) = .
Large Mann-Whitney U test,
Deade/e ¢ 44.33, _
p = <0001 U(6) <0.001 ,p = 0.003
F(6) = 6.25, Mann-Whitney U test,
Bleache p=0031  U®)=1500,p=317

- Parameters that violate the Levene test for homogeneity of variance;
therefore, a Mann-Whitney U Test was conducted, which demonstrated a
significant difference between the two survey types.

¢ ¢ - Parameters that demonstrated a significant difference between the two
survey types.

Table 2 Logistic regression (with Firth Method) output of the main effects and interactions for the dependent variable dead coral cover against the independent

variables; surveyor, survey type and time

Logistic regression (Firth method)

Dead variable against the independent variable

SE Coefficient Lower-95 Upper-95 Chi square P value
Main effects: Surveyor 1.64 -7.89 298 10.55 <0.001
Main effects: Survey type 1.82 -10.78 I.11 67.40 <0.001
Interaction: Survey type: Time (March) 3.62 -5.98 10.26 31.58 <0.001
Interaction: Survey type:Time (May) 3.70 -6.38 9.87 24.02 <0.001
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Discussion

This study demonstrates that ContextCapture® was a viable
program to be utilised for in-situ 3D coral modelling with accurate
results for underwater objects of known dimensions. Furthermore,
there was a significant different found between traditional and 3D
coral modelling over time, as well as between surveyors.

Pilot study

The point to point distance results were similar to the (RMSE)
in this study were 1.54 cm in X-Y and 1.04 cm in Z, similar to the
finds reported by Young et al.,”® at 1.48 cm in X-Y and 1.35 cm in Z.
Regression plots on Young et al.,”® indicate that models in their study
underestimated both X-Y and Z dimensions, while this study only
found extremely marginal underestimations (Figure 4). This, however,
could be due to a lower sampling number used on this study for X-Y
and Z dimensions, compared to Young et al.,” which were n =48 and
n =25 respectively. On the other hand, there was a high degree of
accuracy of the X-Y and Z dimensions, at 93 £0.09% (mean +SD) and
93 +0.04% respectively. Results from this study were more accurate
when compared to results from Young et al.”* The likely cause for this
is their cameras were not calibrated and did not manually identify
ground control objects. However, it is important to highlight that the
rendering software used in this study was different to to that Young
et al.,”® which used Agisoft PhotoScan, which may have introduced
other unknown program variables.**

Results from this study demonstrate that the 3D model surface
areas were similar to their true surface area (Figure 4). This is further
reinforced by the accuracy of the surface area (90% +0.1%). Similarly,
surface area was also found to be more accurate when compared to
another study looking at the same metric for underwater models.*
They used underwater 3D coral modelling and surface area accuracy
ranged from 2% -18% depending on the morphology of the coral
with the surface area of massive coral morphology type (to which
the Platygyra spp. used in our study belong) overestimated by 17.4%
(£6-3%).%®

This pilot study looked at smooth and structurally non-complex
objects, which are expected to render better as they stand out more
from the seabed. Overall, results from the pilot study indicate that
underwater 3D models can be treated with a high degree of confidence.

Differences between surveyors and survey methods
(Over time)

Bleached coral cover

A recent long-term study suggests elevated sea temperatures
increases bleaching in shallow water coral.' Interestingly, the monitor
period for this research started in winter (March) to early summer
(July), with the bleaching trend corresponding inversely to the Brown
et al.,'" study and following a similar trend described in LaJeunesse et
al.,’¢ Cold-water temperatures causing bleaching are less well known
but have been documented.’® Whilst, the observed trend did not yield
any significant differences or interactions over time from the logistic
model, suggesting that minor deviances over time or coral colony
remain accurate between surveyors and survey type, bleached coral
cover was observed to drop over time for the small and medium coral
colony reinforcing the findings from LaJeunesse et al.,*® Bleaching
was not observed on the large coral colony.
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Live coral cover

Vogt et al.,”” found that overestimation of live coral cover has
been recorded on other studies and those findings are supported by
this study. The angle at which the observer is viewing the coral,
coral overhangs and fragmented growth of the coral can lead to
overestimation.

The small coral surveyed was located on a vertical reef wall, hence
introducing overhangs and had fragmented growth. The large coral
was nested in the reef, hence obstructing visual survey and, as a result,
these conditions may have led to an overestimation of live coral cover.
On the other hand, the medium and large corals were on flat ground, so
the easiest to survey with the least discrepancy between surveyor and
survey type. Additionally, a study by Leujak et al.,*® that compared six
coral community survey methods, although, 3D modelling was not
one of these, found that ex -sifu video analysis was the most accurate
compared to the other five in-situ survey methods. Thus reinforcing
the results found on this survey that ex-situ survey techniques (3D
coral modelling) are more accurate and consistent compared to in situ
survey techniques.

Significant interactions were observed over time between surveyors
and survey types (Table 1). This suggests that even in a relatively
short-term monitoring study (5 months), using different surveyors
over time can yield significantly different results. Interestingly, an
interaction between survey types over time was detected for March
and May. However, the interpretation of this interaction may not
solely be caused by discrepancies of data recorded between survey
types over time but a factor of coral growth over time. Platygyra spp
tend to have a temperature dependent growth rate, ranging from 5.4 to
9.7 mm per year.* Therefore, growth may have been significant with
increasing water temperatures in the time period.

Dead coral cover

Higher values were recorded for dead coral cover with the 3D
modelling method compared to traditional survey results, which is to
be expected as live coral cover was the inverse of this observation.

Significant differences between survey type were found with
a similar explanation to the ones discussed on the live coral cover
section. However, a significant difference between surveyors was only
observed for dead, but not lives, coral cover (Table 2). Clanahan*
suggests death of massive taxa coral such as Platygyra spp. tends to
be poorly detected by visual surveys with the highest mortality in high
water temperatures, possibly explaining the significant difference.
Whilst, live coral cover is likely to be overestimated in a more similar
manner between surveyors. This observation in combination with
results from the Clanahan® study would suggest that higher readings
on the 3D survey are likely to be more representative of dead coral
cover than the overestimated live coral cover’ from the traditional
survey. This is further reinforced by the accuracy of the rendered 3D
models to known objects during the pilot study.*#?

Overall, 3D surveying results remained more accurate over time
and between surveyors as also found by Raoult et al.,'” The inclusion
of traditional surveying in our study further suggests that smaller
changes in ecological parameters over time (i.e. dead and bleached)
can be significantly different between surveyors for traditional coral
surveying compared to 3D coral modelling. However, ContextCapture?
is an industrial standard reality modelling program which makes is
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an expensive program, thus cost prohibitive for most survey work.
Whilst, this study’s results highlight that ContextCapture®® is a viable
program for in-situ 3D coral modelling, cheaper alternative programs
3D model programs, such as Agisoft Photoscan, can be utilised to
obtain similar results at a more reasonable cost.”

For now, therefore, coral survey method for rapid assessments or
time-restricted surveys will fare better in the amount of information
that can be gathered with the current state of technology. However,
this advantage is very much on a limited timeline with technology
advancing rapidly.*® Although 3D surveying is tedious, it gathers
copious amounts of information that was not analysed in this study,
such as reef topography, volume and minute growth rates over time.
There is no doubt that processing speeds of 3D model programs will
shorten in the future, allowing more holistic 3D surveys of entire reefs
to be conducted.

The future for this field holds great promise with technologies such
as underwater autonomous vehicles are becoming more affordable, in
combination with improved cameras for capturing 3D corals would
allow for rapid and holistic captures of coral reefs which would not be
possible within limitations associated with human divers.*** However,
for the time-being the surveyor needs to think about the time and cost
aspect relative to the amount of information gathered when setting up
a study. Therefore, results yielded from this study would suggest 3D
modelling is best utilised for medium-low frequency, long-term in-
depth ecological studies of several relocated corals rather than several
tens of individual coral colonies with a high monitoring frequency.

Acknowledgments

I would like to thank Meraas Development for allowing me to
collect data at their site, in particular Mr. Richard Brewer. Furthermore,
would like to thank Mr. Harry Cook for supporting data collection in
the field & the rest of the field team.

Conflicts of interest

The authors declare that there are no conflicts of interest.

References

1. Hoegh-Guldberg O, Mumby PJ, Hooten AJ, et al. Coral reefs under rapid
climate change and ocean acidification. Science. 2017;318(5857):1737—
1742.

2. Kubota K, Yokoyama Y, Ishikawa T, et al. Rapid decline in pH of coral
calcification fluid due to incorporation of anthropogenic CO,. Sci Rep.
2017;7(1):7694.

3. Hoegh-Guldberg O. Coral reef ecosystems and anthropogenic climate
change. Regional Environ Change. 2011;11:215-227.

4. Hawco A. Reclaiming the ocean-the palm islands. Undergraduate thesis.
Faculty of engineering and applied science. Memorial University, St.
John’s, NL, Canada. 2013;1-8.

5. Crain CM, Kroeker K, Halpern BS. Interactive and cumulative effects of
multiple human stressors in marine systems. Ecol Lett. 2008;11(12):1304—
1315.

6. Lai S, Loke LH, Hilton MJ, et al. The effects of urbanisation on coastal
habitats and the potential for ecological engineering: a Singapore case
study. Ocean Coast Manag. 2015;103:78-85.

7. Bell JD, Galzin R. Influence of live coral cover on coral-reef fish
communities. Mar Ecol Prog Ser. 1984;15(3):265-274.

8. Chabanet P, Ralambondrainy H, Amanieu M, et al. Relationships between
coral reef substrata and fish. Coral Reefs. 1997;16(2):93-102.

9.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Copyright:
©2023 Wijesinghe et al. 264

Feary, DA, McCormick MI, Jones GP. Growth of reef fishes in response
to live coral cover. J Exp Mar Bio Ecol. 2009;373(1):45-49.

. Bellwood DR, Hughes TP, Folke C, et al. Confronting the coral reef crisis.

Nature. 2004;429(6994):827-833.

Brown BE. Coral bleaching: causes and consequences. Coral Reefs.
1997;16(1):129-138.

. Kilbane D, Graham B, Mulcahy R, et al. Coral relocation for impact

mitigation in Northern Qatar. Proceedings of the 11th International Coral
Reef Symposium, Ft. Lauderdale, Florida. 2008;7—11.

. Kenny I, Kramer A, Kelly PW, et al. Coral relocation: A mitigation tool

for dredging works in Jamaica. In Proceedings of the 12th international
coral reef symposium, Cairns. 2012;9-13.

. Deb K, McCarthy A, Harkanson B. Coral relocation as habitat mitigation

for impacts from the barzan gas project pipeline construction, offshore
Qatar. Soc Petrol Eng. 2014.

. Sweatman H, Delean S, Syms C. Assessing loss of coral cover on

Australia’s Great Barrier Reef over two decades, with implications for
longer-term trends. Coral Reefs. 2011;30(2):521-531.

. Hughes TP, Kerry JT, Simpson T. Large-scale bleaching of corals on the

Great Barrier Reef. Ecology. 2018;99(2):501.

Raoult V, Reid-Anderson S, Ferri A, et al. How reliable is Structure from
Motion (SfM) over time and between observers? A case study using coral
reef bommies. Remote Sens. 2017,9(7):740.

. Keaveney S, Keogh C, Gutierrez-Heredia L, et al. Applications for

advanced 3D imaging, modelling, and printing techniques for the
biological sciences. 22nd Int Conf Virtual Sys Multimedia. 2016;1-8.

. Westoby MJ, Brasington J, Glasser NF, et al. Structure-from-Motion

photogrammetry: a low-cost, effective tool for geoscience applications.
Geomorphology. 2012;179:300-314.

Figueira W, Ferrari R, Weatherby E, et al. Accuracy and precision
of habitat structural complexity metrics derived from underwater
photogrammetry. Remote Sens. 2015;7(7):16883-16900.

Storlazzi CD, Dartnell P, Hatcher GA, et al. End of the chain? Rugosity
and fine-scale bathymetry from existing underwater digital imagery using
structure-from-motion (SfM) technology. Coral Reefs. 2016;35(3):889—
894.

Carrivick JL, Smith MW, Quincey DJ. Structure from motion in the
geosciences. Geoinformatics. 2016;37-59.

Young GC, Dey S, Rogers AD, et al. Cost and time-effective method for
multi-scale measures of rugosity, fractal dimension, and vector dispersion
from coral reef 3D models. PloS One. 2017;12(4):e0175341.

Burt JA, Bartholomew P, Usseglio A, et al. Are artificial reefs surrogates
of natural habitats for corals and fish in Dubai, United Arab Emirates?
Coral Reefs. 2009;28(3):663—675.

Lindau R. A new Beaufort equivalent scale. Proc Int COADS Winds
Workshop. 1995;232-252.

English SS, Wilkinson CC, Baker VV. Survey manual for tropical marine
resources. Australia Inst Mar Sci. 1997.

House JE, Brambilla V, Bidaut LM, et al. Moving to 3D: relationships
between coral planar area, surface area and volume. PeerJ. 2018;6:¢4280.

ContextCapture. Bentley guide for photo acquisition. 2016.

Ma C, Blackwell T, Boehnke M, et al. Recommended joint and meta-
analysis strategies for case-control association testing of single low-count
variants. Genet Epidemiol. 2013;37(6):539-550.

Steyerberg EW, Eijkemans MJ, Habbema JDF. Stepwise selection in
small data sets: a simulation study of bias in logistic regression analysis.
J Clin Epidemiol. 1999;52(10):935-942.

Citation: Wijesinghe P, Hesselberg T, Burdekin O.The accuracy of 3D structure-from-motion models for assessing underwater coral health. | Aquac Mar Biol.

2023;12(3):259-265. DOI: 10.15406/jamb.2023.12.00382


https://doi.org/10.15406/jamb.2023.12.00382
https://pubmed.ncbi.nlm.nih.gov/18079392/
https://pubmed.ncbi.nlm.nih.gov/18079392/
https://pubmed.ncbi.nlm.nih.gov/18079392/
https://pubmed.ncbi.nlm.nih.gov/28794507/
https://pubmed.ncbi.nlm.nih.gov/28794507/
https://pubmed.ncbi.nlm.nih.gov/28794507/
https://link.springer.com/article/10.1007/s10113-010-0189-2
https://link.springer.com/article/10.1007/s10113-010-0189-2
https://journals.library.mun.ca/index.php/prototype/article/view/428/516
https://journals.library.mun.ca/index.php/prototype/article/view/428/516
https://journals.library.mun.ca/index.php/prototype/article/view/428/516
https://pubmed.ncbi.nlm.nih.gov/19046359/
https://pubmed.ncbi.nlm.nih.gov/19046359/
https://pubmed.ncbi.nlm.nih.gov/19046359/
https://www.sciencedirect.com/science/article/abs/pii/S096456911400355X
https://www.sciencedirect.com/science/article/abs/pii/S096456911400355X
https://www.sciencedirect.com/science/article/abs/pii/S096456911400355X
https://www.int-res.com/articles/meps/15/m015p265.pdf
https://www.int-res.com/articles/meps/15/m015p265.pdf
https://link.springer.com/article/10.1007/s003380050063
https://link.springer.com/article/10.1007/s003380050063
https://www.sciencedirect.com/science/article/abs/pii/S0022098109000975
https://www.sciencedirect.com/science/article/abs/pii/S0022098109000975
https://pubmed.ncbi.nlm.nih.gov/15215854/
https://pubmed.ncbi.nlm.nih.gov/15215854/
https://link.springer.com/article/10.1007/s003380050249
https://link.springer.com/article/10.1007/s003380050249
https://docplayer.net/31155702-Coral-relocation-for-impact-mitigation-in-northern-qatar.html
https://docplayer.net/31155702-Coral-relocation-for-impact-mitigation-in-northern-qatar.html
https://docplayer.net/31155702-Coral-relocation-for-impact-mitigation-in-northern-qatar.html
https://www.icrs2012.com/proceedings/manuscripts/ICRS2012_20A_4.pdf
https://www.icrs2012.com/proceedings/manuscripts/ICRS2012_20A_4.pdf
https://www.icrs2012.com/proceedings/manuscripts/ICRS2012_20A_4.pdf
https://onepetro.org/SPEHSE/proceedings-abstract/14HSE/3-14HSE/210784
https://onepetro.org/SPEHSE/proceedings-abstract/14HSE/3-14HSE/210784
https://onepetro.org/SPEHSE/proceedings-abstract/14HSE/3-14HSE/210784
https://link.springer.com/article/10.1007/s00338-010-0715-1
https://link.springer.com/article/10.1007/s00338-010-0715-1
https://link.springer.com/article/10.1007/s00338-010-0715-1
https://pubmed.ncbi.nlm.nih.gov/29155453/
https://pubmed.ncbi.nlm.nih.gov/29155453/
https://www.mdpi.com/2072-4292/9/7/740
https://www.mdpi.com/2072-4292/9/7/740
https://www.mdpi.com/2072-4292/9/7/740
https://ieeexplore.ieee.org/document/7863157/
https://ieeexplore.ieee.org/document/7863157/
https://ieeexplore.ieee.org/document/7863157/
https://www.sciencedirect.com/science/article/pii/S0169555X12004217
https://www.sciencedirect.com/science/article/pii/S0169555X12004217
https://www.sciencedirect.com/science/article/pii/S0169555X12004217
https://www.mdpi.com/2072-4292/7/12/15859
https://www.mdpi.com/2072-4292/7/12/15859
https://www.mdpi.com/2072-4292/7/12/15859
https://link.springer.com/article/10.1007/s00338-016-1462-8
https://link.springer.com/article/10.1007/s00338-016-1462-8
https://link.springer.com/article/10.1007/s00338-016-1462-8
https://link.springer.com/article/10.1007/s00338-016-1462-8
https://onlinelibrary.wiley.com/doi/book/10.1002/9781118895818
https://onlinelibrary.wiley.com/doi/book/10.1002/9781118895818
https://pubmed.ncbi.nlm.nih.gov/28406937/
https://pubmed.ncbi.nlm.nih.gov/28406937/
https://pubmed.ncbi.nlm.nih.gov/28406937/
https://link.springer.com/article/10.1007/s00338-009-0500-1
https://link.springer.com/article/10.1007/s00338-009-0500-1
https://link.springer.com/article/10.1007/s00338-009-0500-1
https://icoads.noaa.gov/kiel/Kiel.Lindau.pdf
https://icoads.noaa.gov/kiel/Kiel.Lindau.pdf
https://www.aims.gov.au/sites/default/files/Survey Manual-sm01.pdf
https://www.aims.gov.au/sites/default/files/Survey Manual-sm01.pdf
https://pubmed.ncbi.nlm.nih.gov/29435392/
https://pubmed.ncbi.nlm.nih.gov/29435392/
https://www.inas.ro/files/docs/bentley/bentley-contextcapture-reguli-utilizare.pdf
https://pubmed.ncbi.nlm.nih.gov/23788246/
https://pubmed.ncbi.nlm.nih.gov/23788246/
https://pubmed.ncbi.nlm.nih.gov/23788246/
https://pubmed.ncbi.nlm.nih.gov/10513756/
https://pubmed.ncbi.nlm.nih.gov/10513756/
https://pubmed.ncbi.nlm.nih.gov/10513756/

The accuracy of 3D structure-from-motion models for assessing underwater coral health

31.

32.

33.

34.

35.

36.

37.

38.

Firth D. Bias reduction of maximum likelihood estimates. Biometrika.
1993:80(3):27-38.

Heinze G, Puhr R. Bias-reduced and separation-proof conditional logistic
regression with small or sparse data sets. Star Med. 2010;29(7-8):770—
777.

Greenland S, Mansournia MA, Altman DG. Sparse data bias: a problem
hiding in plain sight. BMJ. 2016;352:11981.

Bhatla A, Choe SY, Fierro O, et al. Evaluation of accuracy of as-built 3D
modeling from photos taken by handheld digital cameras. Auto Construct.
2012;28:116-127.

Courtney LA, Fisher WS, Raimondo S, et al. Estimating 3-dimensional
colony surface area of field corals. J Exp Mar Bio Ecol. 2007;351(1—
2):234-242.

LaJeunesse TC, Reyes-Bonilla H, Warner ME. Spring “bleaching”
among Pocillopora in the Sea of Cortez, eastern Pacific. Coral Reefs.
2007;26:265-270.

Vogt H, Montebon ARF, Alcala MLR. Underwater video sampling:
an effective method for coral reef surveys. Proc 8th Int Coral Reef
Symposium. 1997;2:1447-1452.

Leujak W, Ormond RFG. Comparative accuracy and efficiency of six
coral community survey methods. J Exp Mar Bio Ecol. 2007;351(1-
2):168-187.

39

40.

41.

42.

43.

44,

45.

Copyright:

©2023 Wijesinghe etal. 205

. Weber JN, White EW. Activation energy for skeletal aragonite deposited
by the hermatypic coral Platygyra spp. Mar Biol. 1974;26:353-359.

McClanahan TR. The relationship between bleaching and mortality of
common corals. Mar Biol. 2004;144(6):1239—1245.

Bitelli G, Girelli VA, Lambertini A. Integrated use of remote sensed data
and numerical cartography for the generation of 3D city models. /nt Archiv
Photogrammetry Remote Sens Spatial Info Sci. 2018;42(2):97-102.

Graham NAJ, Nash KL. The importance of structural complexity in coral
reef ecosystems. Coral Reefs. 2012;32(2):315-326.

Normile D . El Niflo’s warmth devastating reefs worldwide. Science.
2016;352(6281):15-16.

Novel C, Keriven R, Poux F, et al. Comparing aerial photogrammetry and
3D laser scanning methods for creating 3D models of complex objects.
Capturing Reality Forum. Bentley Systems, Salzburg. 2015;15.

Saxby T, Dennison WC, Hoegh-Guldberg O. Photosynthetic responses of
the coral Montipora digitata to cold temperature stress. Mar Ecol Prog
Series. 2003;248:85-97.

Citation: Wijesinghe P, Hesselberg T, Burdekin O.The accuracy of 3D structure-from-motion models for assessing underwater coral health. | Aquac Mar Biol.
2023;12(3):259-265. DOI: 10.15406/jamb.2023.12.00382


https://doi.org/10.15406/jamb.2023.12.00382
https://www.jstor.org/stable/2336755
https://www.jstor.org/stable/2336755
https://pubmed.ncbi.nlm.nih.gov/20213709/
https://pubmed.ncbi.nlm.nih.gov/20213709/
https://pubmed.ncbi.nlm.nih.gov/20213709/
https://pubmed.ncbi.nlm.nih.gov/27121591/
https://pubmed.ncbi.nlm.nih.gov/27121591/
https://www.sciencedirect.com/science/article/abs/pii/S092658051200115X
https://www.sciencedirect.com/science/article/abs/pii/S092658051200115X
https://www.sciencedirect.com/science/article/abs/pii/S092658051200115X
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003231
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003231
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003231
https://link.springer.com/article/10.1007/s00338-006-0189-3
https://link.springer.com/article/10.1007/s00338-006-0189-3
https://link.springer.com/article/10.1007/s00338-006-0189-3
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003036
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003036
https://www.sciencedirect.com/science/article/abs/pii/S0022098107003036
https://link.springer.com/article/10.1007/BF00391518
https://link.springer.com/article/10.1007/BF00391518
https://link.springer.com/article/10.1007/s00227-003-1271-9
https://link.springer.com/article/10.1007/s00227-003-1271-9
https://isprs-archives.copernicus.org/articles/XLII-2/97/2018/
https://isprs-archives.copernicus.org/articles/XLII-2/97/2018/
https://isprs-archives.copernicus.org/articles/XLII-2/97/2018/
https://link.springer.com/article/10.1007/s00338-012-0984-y
https://link.springer.com/article/10.1007/s00338-012-0984-y
https://pubmed.ncbi.nlm.nih.gov/27034348/
https://pubmed.ncbi.nlm.nih.gov/27034348/
https://lidarnews.com/wp-content/uploads/2016/05/ContextCapture_LTR-EN_0316_HR_F.pdf
https://lidarnews.com/wp-content/uploads/2016/05/ContextCapture_LTR-EN_0316_HR_F.pdf
https://lidarnews.com/wp-content/uploads/2016/05/ContextCapture_LTR-EN_0316_HR_F.pdf
https://www.int-res.com/abstracts/meps/v248/p85-97/
https://www.int-res.com/abstracts/meps/v248/p85-97/
https://www.int-res.com/abstracts/meps/v248/p85-97/

	Title
	Abstract
	Keywords
	Introduction
	Methods
	Study site 
	Pilot study 
	Traditional coral survey  
	3D coral modelling survey 

	3D Model generation 
	Correction of 3D models 
	Pilot study: point-to-point distances 
	Actual study: surface area 

	Results
	Pilot study: point-to-point distances 
	Pilot study: surface area 
	Differences between surveyors and survey methods (Over time) 
	Bleached coral cover 
	Live coral cover 
	Dead coral cover 

	Discussion
	Pilot study 
	Differences between surveyors and survey methods (Over time) 

	Acknowledgments 
	Conflicts of interest 
	References 
	Figure 1
	Figure 2
	Figure 3
	Figure 4(A)
	Figure 4(B)
	Figure 4(C) 
	Figure 5(A)
	Figure 5(B)
	Table 1
	Table 2

