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As the threats to coral reefs mount, scientists and managers are looking for innovative
ways to increase the scope, scale, and efficiency of coral reef monitoring. Monitoring
changes in coral communities and demographic features provides key information
about ecosystem function and resilience of reefs. While most monitoring programs
continue to rely on in-water visual survey methods, scientists are exploring 3D imaging
technologies such as photogrammetry, also known as Structure-from-Motion (SfM), to
enhance precision of monitoring, increase logistical efficiency in the field, and generate
a permanent record of the reef. Here, we quantitatively compare data generated from
in-water surveys to SfM-derived metrics for assessing coral demography, bleaching,
and diversity in the main Hawaiian Islands as part of NOAA’s National Coral Reef
Monitoring Program. Our objectives were to compare between-method error to within-
method error, test for bias between methods, and identify strengths and weaknesses
of both methods. Colony density, average colony diameter, average partial mortality,
prevalence of bleaching, species richness, and species diversity were recorded using
both methods within the same survey areas. For all metrics, the magnitude of between-
method error was comparable to the within-method error for the in-water method and
between method error was significantly higher than within-method error for SfM for
one of the seven metrics. Our results also reveal that a majority of the metrics do
not vary significantly between methods, nor did we observe a significant interaction
between method and habitat type or method and depth. Exceptions include estimates
of partial mortality, bleaching prevalence, and Porites juvenile density–though differences
between methods are generally small. Our study also highlights that SfM offers a unique
opportunity to more rigorously quantify and mitigate inter-observer error by providing
observers unlimited “bottom time” and the opportunity to work together to resolve
difficult annotations. However, the necessary investment in equipment and expertise
does present substantial up-front costs, and the time associated with curating imagery,
photogrammetric modeling, and manual image annotation can reduce the timeliness of
data reporting. SfM provides a powerful tool to reimagine how we study and manage
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coral reefs, and this study provides the first quantified methodological comparison to
validate the transition from standard in-water methods to SfM survey methods for
estimates of coral colony-level surveys.

Keywords: coral reef, photogrammetry, structure-from-motion, coral demography, coral diversity, Hawaii, benthic
monitoring

INTRODUCTION

Coral reefs are suffering under multiple global threats associated
with climate change (Hoegh-Guldberg et al., 2007; Pandolfi et al.,
2011; Heron et al., 2016; Hughes et al., 2018) as well as local
threats including overfishing, pollution, disease, severe storms,
and overuse (Sandin et al., 2008; Ruiz-Moreno et al., 2012; Lamb
et al., 2014; Pollock et al., 2014; Vega Thurber et al., 2014). These
compounding disturbances are resulting in shifts in coral reef
communities (Loya et al., 2001; Munday, 2004; Hughes et al.,
2018) and progressive decline in coral reefs (Bruno and Selig,
2007; Miller et al., 2009; De’ath et al., 2012). Percent coral cover
is the most widely used metric most widely used metric for
detecting these shifts (Bruno and Selig, 2007; Edmunds and Elahi,
2007; Hughes et al., 2018), but this coarse metric often operates
on decadal timescales that impede timely management action
and does not elucidate the underlying demographic processes
contributing to change (Edmunds and Riegl, 2020). Metrics such
as colony density, size frequency distribution, partial mortality,
colony health, and diversity can provide key information about
a population’s recovery potential, response to acute and chronic
disturbance events, shifts in communities, and ultimately shed
light on the underlying mechanisms that cannot be gleaned
from cover alone (Edmunds and Elahi, 2007; Riegl et al., 2013,
2017; Baskett et al., 2014; Riegl and Purkis, 2015; Edmunds
and Riegl, 2020; García-Urueña and Garzón-Machado, 2020;
Kodera et al., 2020).

Over the last five decades, coral reef ecologists have used a
broad range of in-water visual and imaging survey methods to
quantify various features of benthic communities. Historically,
visual methods such as line intercept transects (Loya, 1972), point
intercept transects (English et al., 1994), quadrats (Conand et al.,
1999), timed swims (Donnelly et al., 2003), and belt transects
(Connell et al., 1997) have been widely used. While these methods
allow divers to leave the water with data in hand, they can be
time consuming to conduct, require specialized training, and
visual observations made by a single diver cannot be verified
or re-evaluated. Video transects (Carleton and Done, 1995;
Houk and Van Woesik, 2006) and photoquadrats (English et al.,
1994; Preskitt et al., 2004) have become more widely adopted
during the last two decades with the increased accessibility of
digital cameras. These methods are more efficient underwater,
require less specialized skills in the field, and create a permanent
record of the reef. However, they necessitate significant post-
processing, are typically only used to quantify benthic cover, only
capture a small area of reef which does not allow for accurate
colony-level measurements, and usually only captures the reef
in two dimensions (Beijbom et al., 2015; Jokiel et al., 2015;
Page et al., 2016).

An emerging photogrammetry technology called structure-
from-motion (SfM) is gaining popularity in coral reef science
(Burns et al., 2015a; Bryson et al., 2017; Casella et al., 2017;
Ferrari et al., 2017; Fox et al., 2019; Obura et al., 2019) and
offers a potential opportunity to continue collecting population
and community metrics beyond coral cover while reducing field
costs. SfM uses two dimensional (2D) overlapping images to
incorporate every pixel into a 3D point cloud surface. With
this 3D point cloud, an orthorectified 2D mosaic of all the
2D images as well as a geometrically accurate 2D projection
of the dense point cloud can be generated. This technique
provides researchers versatility to study the reef from the coral
polyp to reef-scale. To date, a majority of studies on coral
reefs utilizing SfM methodology have focused on quantifying
structural complexity (Burns et al., 2015a; Figueira et al., 2015;
Storlazzi et al., 2016; Bryson et al., 2017; Fukunaga et al., 2020;
Torres-Pulliza et al., 2020). Others have used SfM in small-
scale studies to quantify disease and bleaching (Fox et al.,
2019; Voss et al., 2019; Burns et al., 2020), spatial clustering of
corals (Edwards et al., 2017; Pedersen et al., 2019), coral growth
(Kodera et al., 2020; Lange and Perry, 2020), and size frequency
distributions (Hernández-Landa et al., 2020). SfM can generate
high resolution mosaics that facilitate colony-level assessments,
but SfM may limit our ability to capture every surface and
colony-angle that can be achieved with in-water assessments and
significant post processing may impede timely data generation.
Thus a comprehensive methodological comparison is needed
to assess data comparability and methodological trade-offs.
While Burns et al. (2020) conducted a small scale study
comparing in-water assessments of coral health to data generated
from SfM, no study has tested whether the standard suite
of coral metrics (e.g., density, colony size, diversity, partial
mortality, prevalence of altered health states, and diversity)
extracted from SfM imagery are consistent with in-water
observations across gradients of community structure, depth and
reef complexity.

In this study, we evaluated the use of SfM as a tool
for quantifying seven coral metrics (adult density, juvenile
density, colony size, old partial mortality, bleaching prevalence,
species richness, and species diversity) in comparison to
traditional visual in-water assessments. We conducted this
study across eight main Hawaiian Islands where reefs vary
considerably in coral abundance, community structure, depth,
and structural complexity. To contextualize methodological
differences we quantified inter-observer error and compared
it to methodological error. To assess the utility of SfM for
benthic monitoring, the three objectives of this study are
to: (1) compare between-method error to within method
observer error, (2) test for methodological bias between SfM
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and in-water visual surveys across habitats and depths, and
(3) review logistical and technical strengths and weaknesses
of both methods.

MATERIALS AND METHODS

In-Water Data Collection
We conducted 104 benthic surveys across eight main Hawaiian
Islands between April and July 2019 (Figure 1). Sites were
randomly selected within hard bottom habitat from 0 to 30
m and distributed across 17 sub-island sectors. These sites
represent a broad range of depths (1–25 m), habitat types
(aggregate reef, patch reef, pavement, rock and boulder, and
rubble), coral cover, and diving conditions. At each site, an
18 m transect line was deployed along the depth contour. Visual
observations were recorded within four 1 × 2.5 m segments
along the transect (at 0–2.5, 5–7.5, 10–12.5, and 15–17.5 m).
When dive time was limited (i.e., depths > 18 m), only three
segments were surveyed. For each adult coral colony (>=5 cm
in diameter), maximum diameter, ID (to lowest taxonomic level),
and estimated percent old partial mortality (denuded skeleton
colonized by turf or other organisms and hereafter referred to as
“old dead”) were recorded. Bleaching extent (% of living tissue
with reduced or loss of pigmentation) and severity (1 = slight
paling, 2 = significant pigmentation loss, and 3 = stark white)
were also recorded. Juvenile coral colonies (<5 cm maximum
diameter) were recorded within the first 1 m2 of the first three
segments. For juvenile colonies, only ID and maximum diameter
were recorded. At a subset of these 104 sites, 43 haphazardly
chosen segments across 28 sites were re-surveyed by a different
diver to create replicate in-water observations for assessing
within method observer error (Figure 1). Data were quality
controlled in R with specific queries to identify and correct
data entry errors.

Structure-From-Motion Image Collection
Structure-From-Motion image collection was conducted at each
site during the in-water visual surveys described above. Scale
bar markers, also known as ground control points (GCPs), were
placed at the beginning of each segment at least 0.5 m away
from the transect line. The depth and relative position of each
GCP were recorded. JPEG imagery was collected continuously
by the diver depressing the shutter of an entry level digital
SLR camera (Canon EOS Rebel SL2, with Ikelite underwater
housing with 6” dome port) with an 18–55 mm lens fixed at
18 mm. Prior to conducting the survey the camera was white
balanced at depth with an 18% gray card. At depths of 1–20
m (Figure 2), SfM imagery was collected over a 3 × 20 m
area and at depths > 18 m, a 3 × 13 m area was surveyed,
both with the transect line running down the middle of the
survey area. This imaged area allowed divers to capture the 3–4
segments discussed above as well and an adequate buffer around
the segments to ensure that colonies that extended outside the
segments were fully captured in the imagery. Images were taken
continuously along the transect by a diver swimming back and
forth with 0.5 m spacing between passes, while maintaining a

1 m distance from the seafloor. The photographer swam three
passes on each side of the transect line, for a total of six passes,
to produce the total image area (Figure 2). This swim pattern
allowed for >60% side overlap and >80% forward overlap of
images. Imagery was manually evaluated to ensure only quality
imagery (i.e., no overexposed or blue imagery) were included
in the models.

Structure-From-Motion Model
Generation and Data Extraction
A 3D model from each site was generated using Agisoft
Metashape software (AgiSoft Metashape Professional Version
1.6.1). The workflow sequence included aligning images, and
then building and exporting the 3D dense point cloud (DPC)
following parameters described by Suka et al. (2019). All DPCs
were created using a Supermicro SuperServer with a Dual Xeon
E5-2600 64 GB processor with 128 GB memory and eight
Quardro P4000 graphics processing units. The DPC was then
brought into Viscore, a visualization software (Petrovic et al.,
2014), and scaled and oriented using the GCP information.
The average ground sample distance (resolution/pixel) of all
scaled DPC models was 0.000234 m/pix and ranged 0.000145–
0.00031 m/pix. The average error was 1.227 pix and ranged
0.618–2.496 pix. These values are comparable to those reported
in other coral reef SfM studies (Burns et al., 2015a,b; Suka
et al., 2020). A geometrically accurate 2D/top down projection
of the DPC, hereafter referred to as an orthoprojection, and
a scale grid were exported from Viscore (Figure 3). The
orthoprojection and grid were then imported into ArcMap
10.6.1 for manual colony annotation (see Suka et al., 2019 for
detailed methods).

In ArcMap, each site was set up for annotation by defining
the ratio of the scale of the orthoprojection using the scale grid,
manually digitizing the transect and segments as a shapefile
using the same sampling design as the in-water surveys, and
setting up the attribute table in a geodatabase to mirror the
in-water visual survey database. To record and extract data
from the orthoprojection, each coral colony was annotated
following the in-water visual survey methods. A total of six
annotators extracted data from 104 sites. Each colony was
measured by digitizing a line across the maximum diameter
of the colony. Coral ID (to lowest taxonomic level), estimated
percent old mortality, and bleaching extent and severity were
recorded. During annotation, the original JPEG imagery was
viewed alongside the orthoprojection with the Viscore Image
View feature to see fine scale colony details, observe colonies
from multiple angles, and locate colonies not visible in the
orthoprojection (i.e., under ledges). Annotators were encouraged
to speak with each other during the annotation process. In
addition to this standard annotation, the subset of 43 segments
across 28 sites that were replicated in-water by divers were also
annotated twice by different SfM annotators to create replicate
data sets for both methods. SfM data were quality controlled
using a multi-stage process. Data were first quality controlled
in R with specific queries to identify and correct data entry
errors. Then data were summarized to the segment-level by
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FIGURE 1 | Location of 104 survey sites (pink and yellow), sites with 28 repeated surveys indicated in pink. White outlines and labels indicate sub-island sectors.

FIGURE 2 | Graphic of benthic survey plot with in-water visual survey segments (in gray). The SfM swim path is indicated by the black dashed line, covering an
image area of 3 m × 20 m area. Note, at depths > 18 m, divers reduced the image survey area to 3 × 13 m. GCP, ground control point.

annotator to identify potential issues (i.e., anomalously high or
low mean values for specific metrics relative to other annotators).
This QC step revealed that all six annotators had issues with at
least one metric, the most common being low juvenile density,
high adult colony density and low bleaching prevalence. If issues
were identified for a given annotator, that annotator reviewed and
corrected each site if they did find errors. The third stage involved
annotators reviewing a subset (10% of the annotated segments)
of randomly selected segments (stratified by annotator) that they
did not originally annotate and recording errors to establish
individual annotator error rates for each metric. This QC step
revealed that one of the annotators had an error rate of >10% for
adult density due to missing colonies and four annotators had an
error rate of >10% for juvenile density due to missing colonies.
All of the sites for the annotators that had error rates >10% were

reviewed and corrected for the metric in question by a different
annotator.

Data Analysis
All data were analyzed in R v3.6.1 (R Core Team, 2019).
Seven metrics were summarized as follows: adult colony density
(number of colonies ≥ 5 cm per m2), juvenile colony density
(number of colonies 0.7–4.9 cm per m2), average maximum
adult diameter, average percent old dead, bleaching prevalence
(percent of colonies with a bleaching severity ≥ 2), adult
species richness (number of species), and adult Shannon-Wiener
diversity (H

′

= −
∑R

i=1 pi ln pi), where pi is the proportion
of individuals belonging to the ith species at a site and R is
the total number of species at a site. Colonies with bleaching
severity 1 (slight paling) were not included in this analysis due
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FIGURE 3 | (A) 60 m2 orthoprojection and associated high resolution imagery (B,C) used to both create the orthoprojection and assist with coral colony annotation
in ArcMap.

to challenges associated with identifying low levels of bleaching
severity consistently across observers regardless of method type.
Richness and diversity of juveniles were not calculated due to
the challenges of identifying juvenile corals to the species level
using either methods.

To compare error between methods to within method
observer error for the seven metrics, data were summarized at
the segment-level for all scleractinians combined. The identities
of observers within each method were randomly assigned to
observer “1” or “2” (i.e., Diver 1 vs. Diver 2, SfM 1 vs. SfM
2). Therefore, comparisons between observers within a method
highlight general variation among multiple observers, but do not
reflect the tendencies of a single, human observer. Error was
calculated as the absolute difference in values (between methods
or observers) divided by overall mean and then scaled from 0
to 1 so that we could compare the relative level of error across
metrics (termed “midpoint scaled mean absolute error”). Error
was calculated for three different types of comparisons for the
43 paired segments repeatedly sampled by both SfM and in-
water methods. “Diver observer error” represents the difference
between divers for a given demographic metric (Supplementary
Figure 1A). “SfM observer error” represents the difference in
error for a given metric between SfM annotators (Supplementary
Figure 1B). “Method Error” is the difference between methods
for all possible combinations of method x observer divided by
the mean difference across all method x observer comparisons
for a given metric (Supplementary Figure 1C). We summarize
each of these error distributions using the mean and standard
error of the mean. We used nonparametric Kruskal–Wallis
tests and Dunn’s post hoc tests with Benjamini and Hochberg

multiple test corrections to test for differences between the three
errors because metrics did not meet assumptions of normality
and equal variance.

To test for differences between methods in the coral metrics,
data were summarized at the site-level at 104 sites that were
surveyed by one diver and one SfM annotator. Data were pooled
to the site-level because this is the lowest spatial resolution
typically summarized using NCRMP data. Within a site, only
segments that were surveyed in both methods were included
and then pooled to the site-level. Results are presented for the
seven metrics for total scleractinian corals combined and for
adult and juvenile density of the three dominant coral genera
(Porites, Montipora, and Pocillopora). Each metric was tested
for normality and equal variance. Measures of adult density,
juvenile density, and average old partial mortality were square
root transformed. Average colony diameter and Porites adult and
juvenile density were log transformed. Richness and diversity
met assumptions of normality and equal variance. 1:1 plots
with a linear regressions were used to compare and visualize
in-water and SfM-generated estimates for each metric. Root
mean squared error (RMSE) was used to evaluate the level of
error between methods and was calculated as follows: RMSE =√∑n

i=1
(yi−xi)2

n ; where yi is the in-water metric value for a given
site, xi is the SfM-generated metric value for a given site and
n is the total number of sites. For each of these metrics, we
established a series of linear mixed effects models (LMMs) to test
effect of: method, method × habitat, and method × maximum
depth. These variables were treated as fixed effects and sub-
island sector was treated as a random effect. To assess the
significance of fixed effects, we refit each model using maximum
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likelihood estimation (ML) and applied likelihood ratio tests
(LRTs) (Zuur et al., 2009). Fixed effects that were not significant
were sequentially dropped from models. The resulting best-
fit models were refit using REML in order to estimate the
fixed-effects parameters and associated effect sizes. Bleaching
prevalence, Montipora density, and Pocillopora density could not
be transformed because standard transformations failed to result
in distributions that met assumptions of normality and equal
variance and therefore were only tested for overall difference
between methods using nonparametric Wilcoxon Rank Tests
for each metric.

To determine whether we had adequate sampling to detect
significant methodological bias, we ran power analyses for each
of the metrics assuming a two-tailed t-test, the standard deviation
of the untransformed or transformed metric (see transformation
type above), power of 0.8, α = 0.05, and an N from 3 to 350
samples. On each of the resulting curves, we selected the observed
sample size (102–104) and compared it to the calculated mean

absolute error (MAE), which is the mean absolute difference
between methods.

RESULTS

How Does Methodological Error
Compare to Observer Error?
To determine whether the absolute difference between methods
is greater or smaller than the difference between observers, we
compared the level of method error to both kinds of observer
error across the subset of 43 segments surveyed by two in-
water divers and two SfM annotators (Figure 4). For adult
density, diver observer error was significantly higher than SfM
error, but was not different from method error (Figure 4 and
Supplementary Table 1). Similarly, for average colony diameter,
there was no difference between diver error and method error,
but SfM observer error was significantly lower than the other

FIGURE 4 | A Comparison of the in-water observer error (difference between divers; red) and structure-from-motion (SfM) observer error (difference between SfM
annotators; green) to method error (difference between methods; blue) for each coral demographic metric. Letters, when present, denote significant differences
among error types based on post hoc tests for each metric using Dunn’s tests with Benjamini and Hochberg multiple test corrections (adjusted α = 0.05).
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error comparisons (Figure 4 and Supplementary Table 1). These
results suggest that the difference between methods for adult
density and colony diameter were just as variable as what we
normally see between divers underwater, but SfM annotators
were more consistent in scoring than divers. For the other metrics
there was no significant difference between the three error types.

Overall, this suggests that while there may be variability
between methods, it is consistent with the level of variability we
have between divers. The probability distributions of the metrics
show only minor variation (especially for old dead, maximum
colony diameter and bleaching prevalence) in the general shape
of the distribution among observers/methods across all metrics
(Supplementary Figure 2). The density metrics and average
colony length each show substantial right skew, while average
old dead, adult species richness, and adult species diversity all
show the least skewed distributions. Bleaching prevalence showed
dominance by zero values (i.e., zero-inflation) with a scattering of
positive values.

Is There a Methodological Bias in Coral
Demographic Metrics at the Site-Level?
At the site-level, adult colony density was strongly correlated
between methods with a low root mean square error (RMSE)
and more variability above 15 colonies/m2 (Figure 5A). We did
not detect a significant methodological difference (Figure 5B and
Supplementary Table 2), nor was there a significant interaction
between method and habitat (Supplementary Figure 3A and
Supplementary Table 2), or method and depth (Supplementary
Figure 3B and Supplementary Table 2).

Juvenile colony density was strongly correlated between
methods with a low RMSE (Figure 5C). It does appear
that SfM may be slightly underestimating juveniles relative
to in-water surveys at higher densities, although we did not
detect a significant methodological difference (Figure 5D and
Supplementary Table 2). More observations are needed at
higher densities to resolve this. Juvenile density did not vary
significantly as a function of method and habitat (Supplementary
Figure 3C and Supplementary Table 2). While there was no
significant interaction of method and depth, SfM annotators
recorded slightly higher juvenile density with increasing depth,
with predicted SfM juvenile density approximately 6 colonies/m2

higher than in-water surveys at deep sites (Supplementary
Figure 3D and Supplementary Table 2).

Adult average maximum diameter was strongly correlated
with a low RMSE between methods (Figure 5E) and we did
not detect a significant methodological difference (Figure 5F
and Supplementary Table 2). There was no significant
interaction of method and habitat (Supplementary Figure 3E
and Supplementary Table 2), nor was the interaction of
method and depth significant (Supplementary Figure 3F and
Supplementary Table 2).

Average percent old dead was only moderately correlated
with a high RMSE between methods (Figure 5G). SfM percent
old partial mortality was significantly higher than in-water
(Figure 5H and Supplementary Table 2). Although SfM percent
old dead was higher than diver old dead in patch reef habitats,

the interaction of method and habitat was not significant
(Supplementary Figure 3G and Supplementary Table 2). There
was no significant interaction between method and depth
(Supplementary Figure 3H and Supplementary Table 2).

Bleaching prevalence was moderately correlated between
methods with a higher RMSE (Figure 5I). SfM annotators
recorded significantly higher bleaching compared to divers
(Figure 5J and Supplementary Table 2). When considering
each habitat separately, SfM bleaching prevalence was
significantly higher than diver prevalence on aggregate
reefs and prevalence did not vary between methods for the
other habitats (Supplementary Figure 3I and Supplementary
Table 2). Prevalence was similarly correlated with depth for both
SfM (Spearman rho = 0.07) and in-water methods (Spearman
rho = 0.08), suggesting that there is no interaction of method
and depth (Supplementary Figure 3J).

For all three of the dominant coral genera in the main
Hawaiian Islands, adult colony density was strongly correlated
between methods, with the greatest correlation observed in
Pocillopora (Supplementary Figures 4A–C). Adult density did
not vary significantly between methods for any of the dominant
genera (Supplementary Figures 4D–F and Supplementary
Table 2). However, it does appear that divers may be
underestimating adult Porites relative to SfM annotators at
densities > 10 colonies/m2 and there was more variability
between methods for Montipora densities > 10 colonies/m2

(Supplementary Figures 4A,B).
Juvenile colony density of the three dominant genera were

moderately to strongly correlated between methods, with the
weakest correlation observed in Montipora (Supplementary
Figures 5A–C). SfM annotators observed significantly more
juvenile Porites than divers, particularly at sites with low
juvenile density (Supplementary Figure 5D and Supplementary
Table 2). While Montipora and Pocillopora juvenile density
was slightly lower for SfM compared to divers, we did not
detect a significant difference between methods (Supplementary
Figures 5E,F and Supplementary Table 2).

Adult species richness and Shannon-Wiener species
diversity were strongly correlated between methods with a
low RMSE (Figures 6A,C). It does appear that SfM may
be slightly underestimating richness and diversity relative
to in-water methods, although we did not detect a significant
methodological difference (Figures 6B,D). Richness and diversity
did not vary significantly by method x habitat (Supplementary
Figures 6A,C and Supplementary Table 2), nor method× depth
(Supplementary Figures 6B,D and Supplementary Table 2).

Differences across methods for five of the seven total
scleractinian metrics and five of the six dominant genera metrics
showed no significant difference from zero (Figures 5,6 and
Supplementary Figures 4, 5) and overall, the between-method
error (MAE) was very low for all metrics (Supplementary
Figures 7, 8). The power analysis (Supplementary Figures 7, 8)
suggests that we have an adequate sample size to detect a
significant difference between methods, especially as six of the
seven observed MAEs for total scleractinians and three of the six
dominant taxa metrics show non-significant estimates at or above
our power analysis effect size. This suggests that the consistent
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FIGURE 5 | (A,C,E,G,I) 1:1 Plots of the paired site-level SfM versus diver data for adult colony density, juvenile colony density, average adult maximum diameter,
average adult colony percent old partial mortality, and bleaching prevalence, respectively (points). Black line is 1:1 line, red dashed line is linear regression line for all
1:1 plots. (B,D,F,H,J) Boxplots of site-level data by method type for adult colony density, juvenile colony density, average adult maximum diameter, average adult
colony percent old partial mortality, and bleaching prevalence, respectively. Asterisk, when present, indicates significant difference between methods based on
LMMs and LRTs (B,D,F,H) and nonparametric Wilcoxon Test (J) (α = 0.05).
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FIGURE 6 | (A,C) 1:1 Plots of the paired site-level (points) SfM versus Diver data for adult species richness and adult Shannon-Wiener diversity, respectively. Black
line is the 1:1 line, red dashed line is the linear regression line between methods. (B,D) Boxplots of site-level data by method type for adult species richness and
adult Shannon-Wiener diversity, respectively. No significant between methods was detected using LMMs and LRTs (α = 0.05) (B,D).

pattern of small and non-significant differences between methods
is not due to a lack of statistical power, but instead due to
well-supported similarities in the results across methodologies.

DISCUSSION

Understanding the scale of threats to coral reefs and
implementing timely management strategies to slow
degradation has motivated the scientific community to
explore SfM as a tool for expanding the scale of reef
monitoring and improving the efficiency of field data
collection by replacing visual surveys. Our results suggest
that there is little evidence of consistent methodological bias
between in-water collection and SfM imagery in the metrics
included in this study.

Most Metrics Show Low Methodological
Bias
Overall, our results suggest that adult colony density, average
colony diameter, species richness and species diversity were

strongly correlated between methods and did not vary
significantly between methods across habitats or depths
(Figures 5, 6 and Supplementary Figures 3, 6). While this is the
first study comparing in-water to SfM generated data for these
metrics, several studies have conducted similar comparative
analysis of density and richness using visual surveys and
other imagery based methods. Contrary to our results, Page
et al. (2016) found that colony density was inflated in 2D
photoquadrat images compared to in-water surveys because
colony bases of branching colonies were often obscured in the
2D images and continuity of tissues between branches could not
be confirmed, leading annotators to assume that each branch
was a physiologically discrete colony. However, similarly to our
study, Jokiel et al. (2015) found that coral species richness was
similar between in-water visual methods (i.e., point intercept
transect and quadrats) and imaging methods such as video and
photoquadrats. These studies highlight that while photoquadrat
imagery may be appropriate for quantifying diversity in low
diversity systems, SfM’s ability to capture the reef from a variety
of angles provides a significant improvement over standard
photoquadrat methods.
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Quantifying juveniles can be challenging given their small size
and cryptic nature, sometimes preferring crevices and vertical
surfaces to exposed substrates (Babcock and Mundy, 1996;
Edmunds et al., 2004). For these reasons, we hypothesized that
SfM may underestimate juvenile density. However, our results
indicate that density was strongly correlated between methods
and there was no significant difference for all taxa combined
between methods, nor between methods across habitats and
depths. These results are not consistent with previous studies that
found that photoquadrat methods significantly underestimate
juvenile density compared to in-water observations (Edmunds
et al., 1998; Burgess et al., 2010), which the authors attribute
to juvenile colonies growing in cryptic microhabitats. These
conflicting results may be partly due to the fact that Burgess
et al. (2010) only quantified juveniles < 0.5 cm diameter where
our study quantified juveniles between 0.7 and 4.9 cm. While
juveniles < 0.7 cm could often be detected using SfM in our study,
we did not include them due to the challenges of consistently
identifying these smaller size classes regardless of method. Our
results indicate that it is important to consider the size range
of juveniles when comparing across studies and methods, but
also indicate that SfM is able to capture many of the cryptic
habitats that are not visible using two dimensional photoquadrat
images commonly used by many monitoring programs. In
addition, significant improvements in digital camera technology
and image resolution since these earlier studies were conducted
may have also contributed to differing results. Juvenile colony
density for Porites among SfM observers was significantly higher
than recorded by divers. Porites juveniles tend to be more
inconspicuous than other juvenile taxa, often blending in with
the substrate due to their muted color and low profile. In
fact, when we evaluated the quality of SfM annotations, the
most common issue across all annotators was missing juveniles.
While we were able to review and correct this in the SfM
dataset, we were not able to correct missing juveniles in the
in-water dataset.

Metrics that rely on direct counts or measurements (such
as colony density and size) were more strongly correlated
between methods than metrics that rely on visual estimates
of extent (such as percent partial mortality). Specifically, old
dead was significantly higher using SfM compared to in-water
methods, but did not vary significantly between methods across
habitats and depths. However, the absolute difference in old
mortality estimates between methods (MAE) was low, i.e.,
only 1.27% (Supplementary Figure 7) relative to the overall
mean of 23% averaged across both methods. One possible
explanation for the higher levels of partial mortality in SfM is
that with unlimited “bottom time”, annotators have more time
to review colonies and record lower levels of partial mortality
(especially below 20%) than divers who may be more likely to
miss low levels. SfM annotators may also be underestimating
mortality on branching colonies where it is difficult to see the
bases of colonies.

Estimating old partial mortality can be challenging due to
the coarse nature of this metric (recorded in 5% increments)
and the challenges identifying colony boundaries consistently
across observers. Identifying the boundaries of colonies is a

fundamental challenge of these types of demographic surveys
regardless of whether surveys are conducted underwater or
behind a computer. As colonial organisms, corals can fragment
into tissue patches. Our methods dictate that observers identify
colonies by lumping together tissue fragments of a similar
color and morphology on the same skeletal structure into
one colony (Winston et al., 2020). Enumerating and sizing
colonies can also be challenging when partial mortality is not
recent and colonies are densely aggregated, likely explaining
why we observed higher variability between methods at higher
colony densities and larger mean colony diameter (Figure 4).
Fragmentation is also especially common for taxa such as
Porites and Montipora, resulting in difficulty distinguishing
between tissue fragments and sexual recruits. Despite significant
diver and annotator training, this variability is likely partially
explained by variability between observers. The role of observer
error in these patterns is supported by the fact that we
reported that variability between divers in adult density
and adult maximum diameter is comparable to differences
between methods (Figure 4). The challenges of identifying
colonies and recording demographic information are most
certainly not unique to our program. Monitoring programs
can continue to improve the quality of their datasets by more
rigorous training and quantitative calibration of field staff.
In addition, with lower error between observers (Figure 4)
and the ability to virtually revisit plots, SfM may provide
an opportunity to reduce observer error more effectively
than visual surveys.

With increasing severity and frequency of mass coral
bleaching events, many monitoring programs are looking to
quantify coral bleaching over large areas using digital imagery
(Lafratta et al., 2017; Levy et al., 2018; Fox et al., 2019; Ritson-
Williams and Gates, 2020). In our study, bleaching prevalence
was significantly higher in SfM compared to in-water assessments
with an MAE of 8.07%. However, care should be taken when
interpreting bleaching MAE as data were highly zero-inflated. As
this phenomenon was particularly noticeable on aggregate reefs,
one possible explanation for this pattern is that aggregate reefs
generally have higher colony density, which means that divers,
with limited bottom time to conduct surveys, are more task
loaded and may be prone to overlooking low to moderate levels
of bleaching. It is also possible that imagery from some sites may
have appeared slightly overexposed, leading to overestimation of
bleaching in SfM. However, we expect the effects of overexposure
to be minimal because cameras were white balanced at depth,
imagery was rigorous quality controlled, and all SfM annotators
used the same monitors and settings. Our results differ slightly
from previous studies that found bleaching estimates did not
differ between in-water and photoquad (Page et al., 2016) or SfM
surveys (Burns et al., 2020). Previous studies were conducted on
a very limited number of shallow homogenous sites; therefore,
it is unsurprising that our results differ given that we surveyed
104 sites distributed across a large range of depths, turbidity,
lighting, and habitats. Our study was also conducted during the
early stages of the 2019 Hawaii bleaching event, and although
severe bleaching is easy to identify, low to moderate levels
that were more common during the time of these surveys
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were more challenging to quantify consistently. While SfM
annotators could discuss bleaching levels and revise annotations,
divers were unable to do this underwater and may have been
more conservative.

Strengths and Weaknesses of SfM and
In-Water Surveys
Both in-water and SfM survey methods have a variety of strengths
and weaknesses for coral demographic and community surveys
(Table 1), and which method to choose depends on the research
question, the timeline for data dissemination, and logistical
constraints of the survey. Similar to Burns et al. (2020), our
study highlights that there may not be a “gold standard” for
colony-level surveys, and observed methodological differences
can highlight deficiencies in either method. In-water surveys
allow divers to look at corals at the polyp-level from all possible
angles, which is important for observing taxa located in crevices,
under overhangs, or covered by sand or algae. It also allows
scientists to exit the water with data that require minimal
post-processing, resulting in summarized data on the order
of weeks to months. However, in-water monitoring also has
several weaknesses. Surveys generally require more field effort.

TABLE 1 | Comparison of in-water and SfM strengths and weaknesses.

Metric In-water SfM

Data extraction Quick Lengthy

Permanent visual
record

No Yes

Survey team needed
(# of divers)

Moderate (3) Small (2)

Benthic training needed Yes Yes

Survey in poor
conditions

Difficult and strenuous Moderate to easy

Bottom time 30 min to 1 h 10–25 min

Cryptic corals Often easier to identify Sometimes difficult to see

Sizing Accurate Highly accurate

Species Identification Relatively easy More difficult for some
species

Visual observation 3D in-water 2D image

Data verification and
re-evaluation

No Yes

Area surveyed Limited by bottom time Limited by area imaged by
diver

Complexity metrics Estimated and
generalized

Accurate and detailed

Computing
requirements

CPU: Intel Core i5 CPU: Dual Xeon E5-2600

Storage: 500 GB Storage: 6x2TB

Memory: 8 GB RAM Memory: 8x16GB RAM

Graphics: NA Graphics: 8x Quardro
P4000

The computing hardware listed for SfM is preferred for processing >30 models
of 3 × 20 m (four models generated per day). A computer with an Intel Xenon 8
core processor, 1TB of storage, 64 GB of RAM, and dual NVIDIA Quadro P4000
Graphics would be sufficient for processing >30 models of 3 × 20 m (two models
generated per day).

For example, our program’s in-water assessments require 45–
60 min with a three-person team to complete one site. Given the
longer dive time and the number of metrics collected underwater,
it can be more strenuous to survey in poor conditions and
diver fatigue can impact data quality. With limited bottom
time, measurements of size and habitat complexity are generally
measured or estimated at coarse levels, and the reef area that
can be surveyed by divers is often reduced or requires two dives
when surveying deeper reefs. Lastly, visual survey data does not
allow divers to verify or re-evaluate the benthos, which can lead
to unmitigated observer error.

Conducting SfM surveys in the field is generally more
time efficient depending on the size and shape of the plot,
which reduces field costs. For example, our program requires
15–20 min with two divers to complete a 3 × 20 m SfM
belt survey, compared to a 45–60 min with three divers for
an in-water survey. Overall when comparing the total time
needed to collect data during a NCRMP survey mission, SfM
reduced field time by 55%. While we did not measure habitat
complexity in this study, other studies have found that SfM
allows scientists to more accurately quantify reef complexity
compared to common in-water methods such as “chain and
tape” or visual estimates (Storlazzi et al., 2016; Bayley et al.,
2019). Contrary to in-water methods, SfM annotators are not
limited by time, can take breaks when fatigued, and the area
sampled is only limited by the extent of the reef that is imaged.
Annotators also have the opportunity to converse during data
recording to improve consistency, thus reducing observer error.
The SfM method allows, for the first time, the ability to use a
more comprehensive quality control process, produce statistically
robust error rates and correct observer error by revisiting the
imagery. Finally, with SfM the survey provides a permanent
visual record, allowing for additional metrics to be extracted in
future projects.

One of the primary weaknesses of SfM for colony-level
surveys is the time it takes to extract data from the imagery,
which is on the order of months to a year depending on
the number of sites, annotators, and access to computational
resources, leading to delays in data dissemination. For example,
in this study, an average of 9 h of hands-on time was needed
to generate 3D and 2D products, manually annotate, and QC
data per site (most was manual annotation). In addition to
the significant manual annotation time, SfM also requires a
substantial investment in hardware such as digital cameras,
software, and GPU-accelerated computers to process models
efficiently. Another weakness is that annotators are limited by
the quality and coverage of the imagery. If the imagery is
poor quality or has poor overlap then it may be difficult to
achieve polyp-level detail or fully capture all of the colonies.
This can make species and coral health identification challenging.
Even with good image coverage, SfM cannot capture all of the
surfaces that divers can assess in in-water surveys. Therefore,
it may also be appropriate to consider a hybrid of in-water
and SfM to capture more polyp-level detail and balance in-
field and annotation costs. While the time needed to implement
each stage of these methods will vary in accordance with the
experience of the individual and complexity of the reef, a
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comparison of the average time to execute each stage of the
in situ versus SfM surveys can be found in Couch et al. (2021;
see Table 2).

Future Directions
Our study provides compelling evidence that with careful
consideration to how imagery is collected, SfM may increase
efficiency in the field and access to a wealth of other types
of data such as habitat complexity, urchin density, and coral
growth rates. Our study also highlights that SfM provides an
opportunity to more rigorously quantify and mitigate inter-
observer error, thus improving our ability to detect smaller
changes in the benthos. While SfM provides a powerful tool to
reimagine how we study and manage coral reefs, it may not be
the best fit for every program and practitioners should carefully
weigh the strengths and weaknesses of standard in-water and SfM
survey methods. Addressing SfM’s weaknesses outlined above
and making this approach more broadly accessible will require
a series of steps.

To maximize data quality and utility of SfM, it is paramount
that divers prioritize the collection of quality imagery using
guidelines such as those described by Suka et al. (2019).
Collecting properly color balanced and sharp images is the
foundation for quality annotations and derived data products.
In addition, shooting from more than one angle allows divers to
capture colonies on vertical or concave surfaces and reduce gaps
in the model. This may be especially important in habitats with
high complexity.

One of the largest hurdles to overcome with SfM is
the significant annotation and post-processing time/resources
necessary to extract data. The rapidly expanding field of artificial
intelligence (AI) has the potential to significantly reduce the
amount of human interaction time required to extract data
from SfM imagery. While AI tools are potentially revolutionary
for scaling up coral reef monitoring, they cannot fully replace
humans and tools should continue to leverage human expertise
by employing “human-in-the-loop” approaches. This challenge
is currently being tackled for coral reef monitoring using a
variety of approaches such as CoralNet, a widely used machine-
learning image analysis tool for point classification (Beijbom
et al., 2015); an encoder-decoder convolutional neural network
(CNN) for semantic segmentation leveraging human annotated
sparse points (Alonso et al., 2017); TagLab, an interactive
semantic segmentation tool that integrates CNN results and
previous human labeling (Pavoni et al., 2019); the use of
bounding boxes to more efficiently identify benthic features
for humans to annotate (Mandel et al., 2019; Modasshir and
Rekleitis, 2020); NemoNet, a CNN approach with a citizen-
scientist videogame to generate training data and segment
benthic features (Chirayath and Li, 2019); and AI challenges
that invite computer scientists to develop completely novel
automated solutions to delineation (Ionescu et al., 2019). While
2D orthoprojections are still the “industry-standard” for SfM
work, annotating natively in 3D will provide more accurate
assessments of structure, vital rates, and diversity, especially in
dense, structurally complex reefs. These advances will help move
annotation from a mostly hands-on, time-intensive approach to a

semi-automated workflow, and shifts annotation from 2D to 3D
space. The hardware and software investment needed to generate
the DPCs, 2D products and derived benthic metrics efficiently
may exceed the means of most small monitoring programs. To
address this challenge, current SfM practitioners should identify
opportunities to develop infrastructure for cloud processing, data
sharing and data storage.
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