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Abstract: Recent efforts to monitor the health of coral reefs have highlighted the benefits of using
structure from motion-based assessments, and despite increasing use of this technique in ecology
and geomorphology, no study has attempted to quantify the precision of this technique over time
and across different observers. This study determined whether 3D models of an ecologically relevant
reef structure, the coral bommie, could be constructed using structure from motion and be reliably
used to measure bommie volume and surface area between different observers and over time. We
also determined whether the number of images used to construct a model had an impact on the final
measurements. Three dimensional models were constructed of over twenty coral bommies from
Heron Island, a coral cay at the southern end of the Great Barrier Reef. This study did not detect
any significant observer effect, and there were no significant differences in measurements over four
sampling days. The mean measurement error across all bommies and between observers was 15 ± 2%
for volume measurements and 12 ± 1% for surface area measurements. There was no relationship
between the number of pictures taken for a reconstruction and the measurements from that model,
however, more photographs were necessary to be able to reconstruct complete coral bommies larger
than 1 m3. These results suggest that structure from motion is a viable tool for ongoing monitoring
of ecologically-significant coral reefs, especially to establish effects of disturbances, provided the
measurement error is considered.

Keywords: volume; surface area; management; photogrammetry; accuracy; precision; 3D; bleaching;
drones; aerial survey

1. Introduction

Coral reef ecosystems are under pressure globally due to human-induced climate change [1,2].
Record temperatures in early 2016 caused unprecedented levels of coral bleaching and mortality [3–5].
Despite these widespread perturbations on coral reefs, research conducted by Cinner et al. [6] has
revealed many ‘bright spot’ and ‘dark spot’ reefs that, for unexplained reasons, are more or less resilient
to climate change. To better understand bleaching and protect coral reefs in the future, understanding
why certain reefs fare better or worse than others is imperative. Such an objective requires accurate
monitoring of the reef over several spatial and temporal scales.

In the past, reef monitoring has routinely been conducted using broad aerial surveys or more
detailed assessments on snorkel [7]. While such survey techniques are effective, they are limited
by the precision of their measurements and the ease of directly comparing data from successive
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years or months. Recently, structure from motion has become prevalent as another tool for reef
monitoring [8–11]. Structure from motion is an image processing technique that allows construction of
accurate 3D models from overlapping successive photographs taken at various angles. While studies
have quantified measurement errors that arise from using this technique compared to ‘true’ volume
and surface area [12–14] or rugosity [10,14], no study has determined error margins for measurements
obtained over time and across different observers. Moreover, no research has attempted to measure
the volume and surface area of an ecologically-relevant reef feature often used in reef monitoring,
the coral bommie [15–17]. Such 3D measurements of bommies are essential for our understanding
of the reef’s capacity to support assemblages of fishes [18], assess their reef-building capacity [14,19],
nutrient requirements [20], and to understand the extent of impacts, such as coral bleaching [21].

Structure from motion has garnered attention in the field of coral reef monitoring, however,
its use has the potential to become widespread in other fields. For example, structure from motion
has been used by geomorphologists to assess the scale of landslides [22] and the size of rivers [23].
Terrestrial ecologists have used this technique to assess forest cover [24], river restoration [25], vineyard
growth [26], and determine tree structure [27]. The growing use of unmanned aerial vehicles for remote
surveying has the potential to substantially increase the use of structure from motion for a variety of
ecological fields [28], and large-scale marine assessments using this technique have recently become
possible [29–31]. Since ecological assessments generally require multiple surveys conducted over
large time periods and from multiple observers, research on the reliability of structure from motion
across these factors is beneficial to numerous fields of research, and is an issue that has frequently been
identified by geomorphologists [32].

This study determined whether structure from motion could reliably be used to measure
volume and surface area of coral bommies over time and across different observers. Specifically,
we wanted to understand if it is possible for independent surveyors to return to a reef multiple
times, conduct concurrent structures from motion surveys, and reliably compare surface area and
volume measurements in time and space. Our assessment included error margins within and between
observers, and errors from the process of making 3D models in structure from motion. To achieve this,
we assessed any inherent software variation resulting from stitching bommie models, if the number of
images taken had an impact on measurements, and the relationship between error margin and the size
of the measured bommie.

2. Materials and Methods

2.1. Study Site

Research was conducted on the reef flat on the southern side of Heron Island (23.4420′S,
151.9140′E), a coral cay on the southern end of the Great Barrier Reef, Australia. These reefs are
characterised by patch sand and coral bommies, and are regularly separated from the ocean due to
tidal activity. Data were collected from 30 March 2016–10 April 2016 from mid to high tide to allow
sufficient depth for snorkelling. The chosen study site is dedicated to scientific research and has been
studied extensively [33–35].

2.2. Surveys

2.2.1. Inter-Individual Variability in Documenting Coral Bommies

To determine the precision of observers recording volume and surface areas of bommies, fifty-two
bommies typical of the area were haphazardly chosen on the reef flat. Bommies ranged from small
(~300 cm3) to large (~8 m3) in size and included a range of coral species with different morphotypes
(predominantly massive, branching, or a combination of both). Each bommie was marked with a nearby
stake to allow easy identification by successive snorkelers, and was surveyed independently by five
snorkelers with similar experience and training. Tabular corals were very rare on this reef flat and not
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included in this study, but other coral morphotypes were classified as ‘massive’, ‘massive/branching’
(bommies that had both morphotypes), or ‘branching’.

Images were captured using GoPro™ Hero 4 Black cameras set to continuously capture 12 MP
JPEG images every 0.5 s as adapted from the method in Raoult et al. [8]. As structure from motion
requires a reference object with known dimensions to accurately measure an object, a 1.5 kg dive
weight with known dimensions was placed next to each bommie. This 3D measurement reference had
defined edges that could easily be measured and was heavy enough to ensure no movement of the
reference object during periods with higher water flow.

The image capturing process was adapted from Gutierrez-Heredia et al. [36] and Raoult et al. [8].
Individual snorkelers swam in a clockwise or anticlockwise direction that allowed spiralling around
the bommie, taking overlapping photographs at three main angles to provide good coverage of the
object: 45 degrees, planar, and top-down. These three capture angles were necessary to capture the
sharp angles that occur in bommies. Planar image capture was sometimes difficult on snorkel due to
the tide height. Where the spiral technique was insufficient to cover the vertical surface of the larger
bommies, a u-shaped coverage pattern was used. The aim was to obtain ~80% overlap between images,
which allowed good image alignment during image processing, and has previously been identified as
a key problem area for constructing models [8]. There was no upper or lower limit to the number of
images taken as the objective was to obtain complete photo coverage of the chosen bommie. Thus, the
number of images per bommie ranged from 57 to 562, depending on the bommie size.

2.2.2. Relationship between the Number of Images and Bommie Size

To determine the effect of the number of photographs on measurement precision and their
relationship with bommie size, nine bommies of three size classes were surveyed: three small, three
medium, and three large. ‘Small bommies’ were roughly fist-sized, ‘medium bommies’ were less than
one body length in diameter, and ‘large bommies’ were those that could not be seen in their entirety
under water. Each of the three snorkelers assessed one bommie in each size class. The aim was to
capture a complete model of each bommie using 50, 75, 100, 150, 200, 500, and 1000 images. The image
capture pattern was identical to the technique used to measure observer effects. GoPros™ were set to
0.5 s images per second, and a timer was used to approximate the total numbers of pictures. This timer
was operated by a second assistant snorkeler, who notified the photographer when they should start
and stop their image capture.

2.2.3. Temporal Variability in Documenting Coral Bommies

To assess whether models of bommies were consistent over time, four separate snorkelers
independently measured the same three bommies over three consecutive days and again on the
fifth day. The same techniques for image capture were used as in the above inter-individual trials.

2.3. Analyses

2.3.1. Image Processing

3D models were reconstructed using Agisoft Photoscan Professional Edition V. 1.2.5 (Agisoft
LLC, St. Petersburg, Russia). Agisoft software is a relatively affordable and user-friendly
package that automatically adjusts images for lens distortion, corrects image colours, performs
structure-from-motion reconstructions, and allows measurements of length, volume, and surface
area. This software has now been used in several coral reef studies [8,37–39].

Images were first aligned using the high accuracy setting as preliminary testing showed that this
factor did not substantially increase processing time for the number of images in these assessments:
datasets with larger image numbers (>1000) may consider medium accuracy to decrease processing
time. To obtain the best balance between processing time and model quality, medium-quality dense
clouds were constructed. Meshes were then constructed with a high polygon count and arbitrary
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depth map before building a texture using a generic mapping mode, a mosaic blending mode, and a
texture size of 30,000. To set the reference size within models, the dive weight was measured by using
the exact length of the upper entrance to the holes (to the nearest mm) used to attach the weights to a
dive belt. Two points were placed on the limits of the chosen hole, and the points were then used to
create a scale bar set to the actual measured length of the weight. The model of the bommie was then
manually cropped from the rest of the mesh using the selection tools feature. The mesh was closed
and the volume and surface area calculated using the measurement tools feature (Figure 1).
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Figure 1. Simplified measurement pipeline with Agisoft Photoscan Professional, from image alignment
to volume and surface area measurements. The model can be viewed and manipulated online at
https://skfb.ly/6n6Hy.

2.3.2. Software Measurement Error

Measurement errors inherent to structure-from-motion processing are well documented [37]
and are often assessed by comparing measurements to GPS data [40]. In coral-based studies, precise
GPS data are difficult to obtain and often not sufficiently precise for small-scale applications, and
this means that a scale reference needs to be set within each model: inaccurate reference setting can,
therefore, cause inaccuracies in measurements. To overcome this issue and assess measurement error,
an underwater 3D model was constructed using the same method as the bommies, but focused on four
dive weights of known dimensions. Fine scale measurements of the actual length of the dive weight
upper holes were measured in situ to the nearest mm. Images of the weights were then taken and a 3D
mesh containing all four weights reconstructed as per the protocols above. The weights were then
measured by an individual using Agisoft Photoscan (as above) with the other weights in the image
as references. The resulting measurements were compared to each other to determine the coefficient
of variation that results from using successive weights as references. Coefficients of variation are
frequently used to assess the precision of measurement methodologies [41].

https://skfb.ly/6n6Hy
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2.3.3. Processing Effect

Preliminary processing showed that manual separation of a bommie from the flat mesh could
lead to measurement errors. To assess the extent of this error, three bommies were processed using
high image alignment and a high-quality dense cloud reconstruction. The same mesh for each bommie
was then manually cropped ten separate times by the same individual. Each cropped bommie was
then closed and the volume and area calculated as per the protocol outlined above. The coefficient of
variation was then calculated for each of the three bommies, and the mean of these three was used as
an estimate of the processing error since the only difference between each of the measurements was
the cropping.

2.3.4. Impact of Coral Morphotype on Error

Previous research by Gutierrez-Heredia et al. [36] suggests that coral morphotype can have an
effect on measurement variability. The coefficient of variation was calculated for each bommie, and
a linear model was produced to determine whether there was a significant difference between the
coefficient of variations of branching, branching/massive and massive coral morphotypes.

2.3.5. Inter-Individual Variability in Processing Images for 3D

Variation may be inherent in data collection at the level of an individual, or observer. Since
structure from motion is primarily a software-based analysis, we expected inter-individual variation
to be low: this is a critical aspect of an effective monitoring tool, where different observers need to
produce comparable data. To determine whether there were inter-observer differences and analyse
these data, the volume and area measurements were first log-transformed and tested for normality.
A linear mixed effect model was calculated using volume and area as covariates, with the bommie
as a fixed factor, and the observer as a random factor. Analyses were conducted in R (V. 3.3.1)
using the lme4, RLRsim [42], and ggplot2 packages [43]. To obtain a p value and assess whether
measurements of volume and surface area of the same coral bommies were significantly different
between observers, a conservative restricted likelihood ratio test of the random effect (RLRT) was
conducted on the same generalized linear mixed model. Mean coefficients of variation of volume and
surface area measurements were then calculated to quantify error margins that could be expected
between observers or successive measurements.

2.3.6. Temporal Effect

Over a period of five days, it is unlikely that coral bommies grow significantly, and structure
from motion measurements should reflect this. To determine whether successive measurements of
bommies across different days had a significant effect on the measurements of volume or surface area,
temporal measurements were analysed using a MANOVA (Pillai test) with surface area and volume as
covariates, and the bommie and day as fixed factors. As no significant inter-observer measurement
errors occurred (see results), the observer was not included as a factor in this analysis.

2.3.7. Image Numbers

Processing times in structure from motion can be problematic for large numbers of images
or high-quality images. Such images require higher-performance machines and longer processing
times. We also predicted that larger image numbers would produce more consistent measurements.
To determine the optimal number of images needed for precise measures of the bommies examined in
this study, absolute portions of deviation from the mean volume and mean surface area were calculated
for each bommie. Linear regression models using the lm function in R were then used to determine
whether the image number had an effect on the absolute deviation from the mean area and volume.
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2.3.8. Predicting Error Margins for Ecological Monitoring

For structure from motion to be a reliable tool for ecological monitoring, an estimate of total
expected error between successive measurements of a fixed (i.e., non-changing) structure is necessary.
Such precise and accurate estimates enable observers to measure thresholds of change that would be
ecologically important and that may act as precursors for larger change. Coral growth rates range
from 0.5% weight increase per year for massive, slow-growing corals, to 3% weight increase per year
for branching, fast-growing corals [44], and some studies record annual productivity of nearly 30% in
branching corals [45,46]. For structure from motion to be effective to monitor reef structures, the error
margins need to be small enough to allow reliable comparisons in these timescales. We propose that
the relationship between measurement error and bommie size would be similar to our inter-individual
observations. The coefficient of variation calculated for error rates in area and volume measurements
was used as a proxy for total error, and this coefficient of variation was then separated into sections
using the error margins for each of the factors tested above with the mean values (likely scenario) and
lower and higher error margins (best case and worst case scenario).

3. Results

3.1. Software Measurement Error

Setting scale reference points in structure from motion software to measure objects resulted in
small errors. The mean proportion of error was 2.3%, with a mean standard deviation of 1.2 mm
(Table 1).

Table 1. Measurement matrix (in mm), standard deviation, and proportion of error of reference weight
measurements used in this study.

Weight True
Measurement

Reference
Weight 1

Reference
Weight 2

Reference
Weight 3

Reference
Weight 4

Standard
Deviation

Proportion
of Error

1 50.00 51.94 49.36 49.30 1.51 0.03
2 55.00 52.95 52.26 52.20 0.41 0.01
3 54.00 54.71 56.83 53.94 1.50 0.03
4 54.00 54.77 56.89 54.06 1.47 0.03

Mean 1.22 0.02

3.2. Processing Effect

Manually cropping bommies from the same mesh produced some measurement error, regardless
of size. The calculated volume’s mean coefficient of variation was 3.6%, and the calculated area’s mean
coefficient of variation was 2.2% (Figure 2).
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3.3. Morphotype Effect

There was no difference in measurement error between coral morphotypes. There was no
significant difference between the coefficient of variation of massive (n = 5), branching/massive (n = 3),
or branching corals (n = 14) for either area (df = 2, 18, F = 0.71, p > 0.05) or volume (df = 2, 18, F = 0.54,
p > 0.05).

3.4. Inter-Individual Variability in Processing Images for 3D

There was no significant observer effect on the measurement of bommie volume or surface area
(RLRT = 1.33, p = 0.09). Significant correlations were observed between mean bommie surface area,
and volume, and standard deviation increased significantly with volume and surface area (linear
regressions, df = 20, F = 97.3, p < 0.001; df = 20, F = 797.5, p < 0.001, respectively, Figure 3). There was
no significant relationship between bommie size and the coefficient of variation in volume or area
measurements (linear regressions, df = 20, F = 2.13, p > 0.1; df = 20, F = 1.29, p > 0.2, respectively).
Across all the bommies, the mean coefficient of variation for volume measurements was 0.15 ± 0.02,
and the mean coefficient of variation for area measurements was 0.12 ± 0.01. Due to clear, sunny
conditions and shallow tides, many of the bommies captured during the third and fourth day of
fieldwork could not be aligned across all observers due to a ripple effect and shadowing caused by
sunlight in shallow waters. This reduced the total number of bommies surveyed for this section from
52 to 22.
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3.5. Temporal Effect

Day did not have a significant effect on the mean volume or surface area for any of the three
bommies (MANOVA, df = 80, F = 1.11, p = 0.34; Figure 4).
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3.6. Image Numbers

The number of images taken of bommies impacted the quality of models, and this was related to
the size of the bommies. Larger bommies could only be measured in one of the three replicates, and
only at the highest number of photos (n = 750). On three separate occasions, bommies in the ‘small’
and ‘medium’ classes could not be measured due to insufficient alignment of photographs to form a
complete model (a model that covers the entire bommie structure and allows measurement within
software). In these cases portions of the bommies could be constructed but not the whole structure.
Although the number of outliers was higher at lower numbers of images, there was no significant
correlation between photo number and the proportion of deviation from mean volume (df = 5 and 33,
F = 1.61, p = 0.18) or surface area (df = 5 and 33, F = 1.39, p = 0.25; Figure 5).
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volume and (B) surface area of measured bommies (n = 9). The shaded area represents 95% confidence
interval of linear regression (black line).

3.7. Predicting Error Margins for Ecological Monitoring

Across all the bommies, the mean coefficient of variation for volume measurements, or mean
total volume measurement error was 0.15 ± 0.02, and the mean coefficient of variation for area, or
mean total area measurement error was 0.12 ± 0.01. The mean software measurement error was
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0.02 ± 0.009. The mean manual processing error for volume measurements was 0.036, and the mean
manual processing error for area measurements was 0.022. There was no apparent error from the
factors ‘day’ or ‘numbers of photographs’. This resulted in an ‘unexplained’ error, or error that relates
to the measurement accuracy of the technique, of 0.094 for volume measurements and 0.078 for area
measurements. Thus, measurements using structure from motion of area are less prone to measurement
error than volume measurements, and variations in measurements greater than 15% or 12% for volume
and area measurements, respectively, are highly likely to indicate significant morphological changes in
reef structure (Figure 6).
Remote Sens. 2017, 9, 740  9 of 14 

 

 
Figure 6. Summary of explained and unexplained measurement error for volume and surface area 
measurements of structures using structure from motion. 

4. Discussion 

Our study shows that while there are small errors associated with the process, structure from 
motion can be used to measure volume and surface area of coral bommies for ecological monitoring, 
provided that users account for probable error ranges of measurements. Measurements of bommies 
were consistent between observers and over time. More photographs were needed to obtain meshes 
of larger bommies, suggesting complete photographic coverage was more important than numbers 
of pictures. Measurement errors were present and partially explained by setting scale reference points 
and cropping bommies from their respective 3D meshes. The scale or type of measurement error did 
not differ between different coral morphotypes. These results suggest that the method presented in 
this study can be used to monitor coral reefs through precise measurements of reef characteristics. 

The error margins measured in this study need to be placed in context to coral growth change 
rates to establish their efficacy. Depending on the species of coral, average growth rate can vary from 
~5 to 30% total weight per year [46]. By comparison, and assuming the percent gained is analogous 
to the volume or surface area changes, our error margins of 15% and 12% for volume and surface 
area measurements sit in the middle of this range. This suggests that structure from motion would 
be unable to detect changes of massive/slow growing corals on an annual basis, but would most likely 
detect coral growth on a biennial measurement regime. Changes in coral volume and surface area of 
living corals impacted by disturbances, such as cyclones/hurricanes or bleaching events, are likely to 
change more than our measured error margins. Our methodology is, therefore, ideal for reef 
monitoring programs assessing at those temporal and spatial scales [47–49]. 

This is the first study to quantify measurement errors associated with the entire process of 
structure from motion in coral reef applications. Previous studies have used structure from motion 
techniques to obtain measurement data from coral reefs [12,36,37], and while some studies have 
quantified measurement error in relation to ‘true volume/surface area’ as determined by laser 
scanning or traditional methods [10,13], no attempt to verify whether the measurements obtained 
using structure from motion were reproducible until now. Volume and surface area are basic 
measurements, and the implications of this study should also apply to studies that assess rugosity or 
other structural characteristics using this technique [9,11,50].  

Traditional methods of determining surface area or volume of coral require simple or complex 
geometrical analyses of individual coral colonies [51], or methods such as aluminium foil or paraffin 
wax coating (which can only be done ex situ), planar projection photography, 3D scanning [52], or 

Figure 6. Summary of explained and unexplained measurement error for volume and surface area
measurements of structures using structure from motion.

4. Discussion

Our study shows that while there are small errors associated with the process, structure from
motion can be used to measure volume and surface area of coral bommies for ecological monitoring,
provided that users account for probable error ranges of measurements. Measurements of bommies
were consistent between observers and over time. More photographs were needed to obtain meshes of
larger bommies, suggesting complete photographic coverage was more important than numbers of
pictures. Measurement errors were present and partially explained by setting scale reference points
and cropping bommies from their respective 3D meshes. The scale or type of measurement error did
not differ between different coral morphotypes. These results suggest that the method presented in
this study can be used to monitor coral reefs through precise measurements of reef characteristics.

The error margins measured in this study need to be placed in context to coral growth change
rates to establish their efficacy. Depending on the species of coral, average growth rate can vary from
~5 to 30% total weight per year [46]. By comparison, and assuming the percent gained is analogous
to the volume or surface area changes, our error margins of 15% and 12% for volume and surface
area measurements sit in the middle of this range. This suggests that structure from motion would
be unable to detect changes of massive/slow growing corals on an annual basis, but would most
likely detect coral growth on a biennial measurement regime. Changes in coral volume and surface
area of living corals impacted by disturbances, such as cyclones/hurricanes or bleaching events, are
likely to change more than our measured error margins. Our methodology is, therefore, ideal for reef
monitoring programs assessing at those temporal and spatial scales [47–49].

This is the first study to quantify measurement errors associated with the entire process of structure
from motion in coral reef applications. Previous studies have used structure from motion techniques
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to obtain measurement data from coral reefs [12,36,37], and while some studies have quantified
measurement error in relation to ‘true volume/surface area’ as determined by laser scanning or
traditional methods [10,13], no attempt to verify whether the measurements obtained using structure
from motion were reproducible until now. Volume and surface area are basic measurements, and
the implications of this study should also apply to studies that assess rugosity or other structural
characteristics using this technique [9,11,50].

Traditional methods of determining surface area or volume of coral require simple or complex
geometrical analyses of individual coral colonies [51], or methods such as aluminium foil or paraffin
wax coating (which can only be done ex situ), planar projection photography, 3D scanning [52],
or spectrophotometry [53]. Comparing those techniques to ‘true’ measurements, as obtained by
computer tomography (also requiring ex situ analysis), revealed that error margins of those techniques
were much higher than that observed using structure from motion, and ranged from 0 to 900%
depending on the technique and the morphotype [54]. Out of those methods, wax covering is the most
accurate, where conversion factors can reduce measurement error to under 5% [55,56]. Wax covering
can only be done ex situ, however, and is not applicable at ecologically-relevant scales. Comparably,
structure from motion has low error margins relative to ‘true’ volume and surface area [12], yet allows
in situ assessments of bommie volume and surface area (and presumably rugosity). The most similar
study to ours is likely that of Bennecke et al. [13], which outlined potential error of up to 28% over
eight years that resulted from the use of different or lower-quality cameras on measurements, or
from inconsistent reference points. Since our study accounts for those two sources of error by having
consistent reference points and cameras, our error estimations of up to 15% are more indicative of the
optimal precision of structure from motion for these applications. It is likely that the wider availability
of higher-resolution cameras (compared to the 12 megapixel sensor of GoPros) could reduce error
margins further still.

Surprisingly, coral morphotype did not significantly affect the measurement error. This finding
was contrary to previous studies [12,36], which generally found that higher measurement errors were
apparent for branching coral morphotypes. It is possible that our small sample sizes and reliance
on lagoon bommies led to this result. During our analyses, it became apparent that the branching
corals were being ‘flattened’ to some degree, and the models produced were more like ‘spikey’
massive corals than true representations. This may have lowered the measurement error, despite not
being true representations of the coral. While absolute inaccuracy is not ideal, the lack of significant
difference suggests that structure from motion can still be used to monitor and compare branching
coral morphotypes through time and space, as long as managers are aware that volume and surface
area measurements are likely to be consistently overestimated or underestimated.

In summary, our results suggest that it should be possible to monitor coral reef health by obtaining
successive chronological structure from motion surveys of a given bommie or reef. Once models are
completed, they can be used to compare physical aspects of coral such as volume, proportion of surface
area of living and/or dead coral, similarly to Burns et al. [50] or Ferrari et al. [9], while recognizing that
changes that are lower than 15% for volumetric measurements and 12% for surface area measurements
are likely due to structure from motion measurement errors and may not be indicative of true variation
in the measurement.

4.1. Recommendations for Future Studies

To date, a range of software packages have been used to create 3D models of coral reefs, including
123D Catch [12,36], Agisoft Photoscan [8,11,37,50], and Visual SFM [57]. While 123D Catch and
Visual SFM have the benefit of being open access and, thus, freely available for all to use, both have
limitations when compared to Agisoft Photoscan. Autodesk 123D Catch has a 70 image limit whereas
no software-side limit exists to the number of images that can be processed in Agisoft Photoscan
or Visual SFM. The only limit for the latter two is that of the capacity of the operator’s hardware
(i.e., 64 GB of RAM allows the reconstruction of models with over 1000 12MP images). While Visual
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SFM does not have this software limitation, it is not standalone software and requires additional 3D
modelling tools for the same processes that the other two software packages can fulfil. Moreover,
Visual SFM also requires additional software for any correction of lens distortion prior to analysis,
thus making the process cumbersome, lengthy and at risk of substantial measurement error. In other
research areas, Pix4D (a software suite similar to Agisoft Photoscan) has been popular, especially
for UAV surveying [58,59]. We suggest that, at least for use in coral reefs, researchers use Agisoft
Photoscan due to its more widespread adoption. Use of a single program would also give consistency
across studies and allow direct comparison between results.

Although our research demonstrates that structure from motion is a viable measurement
technique, there is the possibility of reducing the measurement errors recorded here. When using
structure from motion, errors in surface area or volume measurements would be a result of errors in
the placement of the point cloud on which the mesh is constructed or in geometric calculations [60,61],
and the errors should be examined in that context. Inherent measurement errors from using Agisoft
Photoscan were negligible (1.3 mm) relative to the size of the bommies that were measured (>1 m3),
and are likely to be caused by user-end errors as the points used for creating a reference scale were
placed manually: this error can be reduced by using a larger reference object. Cropping meshes for
measuring is also manual and results in a relative error of ~2% of the total volume of the bommie.
These two sources of error are unlikely to be solved in the near future and are, therefore, inherent
measurement errors from using this technique. The rest of the measured error, or 9.4 and 7.8% for
volume and surface area measurements respectively, is unexplained. Young et al. [14] found lower
variation between fractal dimensions of structure from motion models (1–2%), however, they underline
that their models had low height values and were re-creating small objects, whereas the bommies
measured in this study were generally at least 30 cm high, and it is possible that fractal dimensions
or rugosity is less prone to inter-model variation than surface area and volume. These error margins
are possibly related to the resolution of the cameras, or their automatic light settings, and may be
improved with the use of higher resolution cameras (some models now have 36 megapixel sensors)
and either manual aperture settings or image post-processing. Future studies should aim to quantify
and reduce the unexplained measurement error.

One measurement that can simply be improved is surface area. Using the ‘close mesh’ function
in the Agisoft program to calculate volume and surface area would have created greater error for
surface area measurements. We suggest that studies measuring surface area do not use the close mesh
function. This error is made evident by the larger coefficient of variation in volume measurements
compared to surface area measurements, as closing the mesh would cause greater volume error.
To increase the accuracy of volume and surface area measurements, previous studies have added
reference structures around the coral [12], though such methods are not practical for quantifying large
bommies at ecologically-relevant scales. Surface area measurements do not require calculations of
mesh closures and, therefore, should be more accurate than volume measurements, which require a
degree of approximation from the software to create an enclosed object.

In some cases, it was not possible to create models of bommies that were surveyed during periods
of intense sunlight, clear skies, and lower tide levels. This is counter-intuitive as one would expect
such conditions to be ideal for structure from motion. The wave focusing caused by clear skies and
lower tide levels, however, resulted in a lack of image alignment by Agisoft Photoscan due to rapid
changes in colour. Higher turbidity, cloud cover, and depth are all factors that reduce this effect, and we
recommend that this type of surveying be conducted in deeper waters, preferably on partially overcast
days (though low light conditions may affect shutter speed and cause blurring of images). Since it is
not possible to know whether images can be aligned until after fieldwork has been completed, this
can be problematic. Post-fieldwork image analyses such as fluid lensing [31] may improve the success
rate of such research, but the effects of post-processing on error margins are unknown. Previous
research has identified the effects of weather and environmental conditions on image alignment and
models [14] and is an area that warrants further research.
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5. Conclusions

This study determined that structure from motion can be used as a coral reef monitoring tool
over time and between different observers. While structure from motion has been used previously
in coral reef studies, the potential effects of assessments performed by different observers and over
time had never been assessed. Underwater structure from motion is likely to have lower accuracy
for measurements due to a lack of GPS references available to improve image alignment relative to
terrestrial or aerial studies that have such references available. Terrestrial and aerial studies should,
therefore, also be able to monitor surface area and volume over time and between different observers,
albeit with smaller error margins. Future studies should aim to assess the impacts of environmental
variables on the accuracy and precision of models.
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