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area of corals from simple field
measurements
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Agustina Piccaluga? & Morgan S. Pratchett!?

The structural architecture of coral reefs is a known predictor of species richness, fish biomass and
reef resilience. At a smaller scale, three-dimensional (3D) surface area of corals is a fundamental
determinant of physical and biological processes. Quantifying the 3D surface area of corals has
applications for a broad range of scientific disciplines, including carbonate production estimates,

coral predation studies, and assessments of reef growth. Here, we present morphotaxon-specific
conversion metrics to estimate total 3D surface area and projected 2D surface area of individual
colonies from simple field measurements of colony maximum diameter. Underwater photogrammetry
techniques were used to quantify surface area and estimate conversion metrics. Bayesian models
showed strong non-linear (power) relationships between colony maximum diameter and both total 3D
surface area and projected 2D surface area for 13 out of 15 morphotaxa. This study presents a highly
resolved and efficient method for obtaining critical surface area assessments of corals for various
applications, including assessments of biotic surface area, tissue biomass, calcification rates, coral
demographic rates, and reef restoration monitoring.

Scleractinian corals form the framework of tropical coral reefs, providing structure for essential habitats, includ-
ing for critical early life stages of both ecologically and economically important species'~. Additionally, coral
reefs provide valuable ecosystem goods and services to tropical and subtropical nations; their structures forming
natural barriers to oceanic wave energy, buffering shorelines from erosion and flooding*® as well as providing
protein and income for coastal communities®’. As the most widely used indicator of reef health, coral cover has
been estimated using a variety of methodologies which are largely based on measuring the relative abundance
(and size) of benthic substrate types®. The two-dimensional (2D) surface area of coral, or the area of occupancy,
is commonly estimated based on simple field measurements (e.g., point-intercept or line-intercept methods®).
Notably, the ubiquity of 2D (planar) representations of benthic communities facilitates standardization and
comparison between and within different reef monitoring programs!’.

While 2D approaches continue to be useful for fast estimates and comparisons of benthic cover and
composition'>!, they are lacking in a third dimension which provides insight into the structural complexity of
corals and reefs. Given that the morphological complexity of corals is a key determinant of habitat facilitation
for reef organisms'~, the inclusion of three-dimensional (3D) structure in reef health assessments incorporates
an aspect of ecosystem health which is overlooked by using planar estimates of coral cover alone. Quantifying
the structural complexity of coral reefs is increasingly recognized as an important aspect of ecosystem monitor-
ing, as topographic complexity is not only a key driver of biodiversity and productivity of reef ecosystems''~*4,
but also has consequences for calcification rates, wave attenuation potential and other reef functions. The dual
process of coral growth and skeletal erosion drive changes in habitat structure over time which is important for
understanding evolving reef function'>'¢. As such, surveys that fail to incorporate 3D aspects of coral reefs into
data collection are overlooking important ecological parameters.

The 3D complexity of individual coral colonies is a necessary component to describe the surface area of live
tissue and understand biological processes such as metabolism, photosynthesis, reproductive potential, and
nutrient uptake?*~22. Moreover, precise quantification of live tissue and other 3D characteristics of individual
colonies facilitates assessment and modelling of key demographic processes, including the growth and reproduc-
tion of coral colonies'”'®. Surface area is, therefore, a valuable metric for both the monitoring and modelling of
these colony-level processes.
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Researchers have been attempting to estimate surface area of individual coral colonies since as early as the
1950s"°. Accurately capturing the fine-scale complexity of the coral structures, however, has proven difficult.
Early methods used geometric approximations based on shapes comparable to coral morphologies'. This work
was followed by surface indices (SI) or ‘scaling factors’ which converted field measurements of colony diameter
and planar area to 3D surface area, using theoretical approximations?*!. The conversions were based on crude
geometric representations of shapes such as hemispheres, discs, and branched cylinders to approximate ‘mas-
sive, ‘plate-like; and ‘branched’ coral morphologies, respectively. The resulting surface area estimates invariably
underestimate true surface area*>?, especially for complex growth forms. Despite these limitations, the SI concept
demonstrated the potential for applying pre-determined mathematical relationships to measured parameters
for surface area estimates. Additional techniques attempting to quantify 3D surface area of corals have included
wrapping colonies in aluminium foil and subsequently measuring the area of material required to cover the
surface of the coral*, dipping corals in either paraffin wax®, dye®® or latex?, then removing the liquid coating
and measuring the volume of the liquid, and more recently the use of CT scans and X-rays*. Whilst some of
these methods (i.e., wax dipping) were found to produce relatively accurate and repeatable estimations of surface
area”®, most methods were underestimating the complex corallite architecture of the corals and consequently
underestimating the actual coral tissue surface area. Another drawback of these methods was that they required
the collection and destruction of the colony.

In recent years, the revolution of modern aquatic photogrammetry techniques®** has enabled in situ assess-
ments of coral surface area to be calculated through a non-destructive and highly resolved method. In compari-
son to traditional methods of measuring coral surface area, photogrammetry has been proven to produce data
with higher precision and lower error*"*, alongside enabling extraction of additional metrics such as volume
and shelter capacity®. The drawback, however, is that the process of photogrammetry is time consuming and
requires specialist software and training'®**, as well as some reliance on favourable environmental conditions
(e.g., currents, swell, visibility). Recent advances in photogrammetry have enabled mapping of relatively large
spatial scales (hundreds of square metres*) with high accuracy and precision, which can provide information on
habitat structural complexity and demographic rates, including at an individual colony level*>*"%. However, the
time and processing power required to render and analyse these data-heavy models can be restrictive, especially
if timely data generation is required®-*>*¢. Conversely, lower resolution measurements, such as the diameter
of coral colonies, are fast and easy to obtain, and they can be collected either via in situ tape measurements or
alternatively obtained from photographs, even from historical datasets.

The objective of this paper was to take advantage of opportunities afforded by photogrammetry to quantify
total 3D surface area and projected 2D surface area of different coral morphotaxa, and to test how these param-
eters relate, to explore opportunities to rapidly estimate total 3D surface area and projected 2D surface area of
different coral morphotaxa, based on simple field-based measurements (colony maximum diameter). Whilst this
is not the first study to describe the relationship between coral diameter and 3D surface area of corals!®213437-3%,
previous studies have only converted a small number of broad-level coral morphologies. For example, House
et al.’” established predictive relationships between 2D and 3D surface area, specific to three broad morphotypes
(‘branching) ‘encrusting’ and ‘massive’) based on a total of 22 specimen, however these broad groupings do not
adequately capture the morphological heterogeneity of coral species in the Indo-Pacific. More recently, Aston
et al.?’ established predictive relationships between planar area and a whole suite of 3D structural metrics in addi-
tion to surface area (volume, spatial refuge, shelter size factor, etc.), for seven morphotaxa of corals on the GBR
(“Branching Pocillopora”, “Digitate Acropora”, “Corymbose Acropora”, “Tabular Acropora”, “Massive’, “Branching
Isopora” and “Branching Porites”), built from the photogrammetry of 69 specimens. The morphotaxa presented
in the study were more refined than the morphotype groupings used by House et al.'°, but do not encompass the
full range of morphologies present in the region, meaning some coral forms (e.g., staghorn Acropora, encrusting
corals) cannot be modelled using these published relationships.

Here, taxon-specific conversion metrics are provided, with morphotaxa categories encompassing all com-
mon scleractinian corals on Australia’s Great Barrier Reef (GBR). We present equation parameters for 12 specific
morphotaxa and three ‘Other’ categories, enabling surface area metrics to be extracted by any researcher with
measurements of colony diameter from field surveys or photographs. This information can be used by research-
ers and managers to provide a more rigorous representation of available coral as community habitat and tissue
biomass, and for estimating biological and physical processes of corals. It also presents an opportunity to assess
fine-scale changes in colony growth and recovery*' at a reef level.

Methods

Data collection

To construct relationships between simple linear measurements of colony maximum diameter and colony surface
area (both projected 2D surface area and total 3D surface area), predictive models for various morphotaxa were
built. Measurements of colony maximum diameter were collected in the field and surface area metrics were
extracted in the lab using 3D photogrammetry software.

Field sampling for this study was conducted at Lizard Island (14°40’S, 145°27’E) in the northern Great Barrier
Reef, Australia, in November and December 2023. Corals were selected from five sites (between 2-10m depth);
namely North Point, Granite Bluff, Turtle Beach, Casuarina Beach and Big Vicki’s on the North-West and West
of the Island.

10 coral genera (Acropora, Astreopora, Fungia, Goniastrea, Lobophyllia, Montipora, Pocillopora, Porites, Seri-
atopora and Stylophora) were pre-selected due to their dominance on coral reefs around Lizard Island, collectively
accounting for 84.45% of hard coral cover based on Point intercept Transect (PIT) surveys at these sites, as per
methodology outlined by Hill & Wilkinson®. Due to the morphological heterogeneity of Acropora spp. this genus
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was further split into the three common morphotaxa ‘Acropora—table), ‘Acropora—staghorn’ and ‘Acropora—
Other’, and for the genera Montipora and Porites the dominant growth forms were specified as ‘Montipora—
encrusting’ and ‘Porites—massive. To establish relationships for corals which were not encompassed by these 12
morphotaxa groups, corals from less common genera were haphazardly chosen and later grouped together to
form three ‘Other’ morphotaxa: ‘Other—branching} ‘Other—encrusting’ and ‘Other—massive. Here, ‘massive’
was defined as colonies with a hemispherical structure, ‘encrusting’ was defined as colonies with low relief that
grow against the substrate and ‘branching’ was defined as colonies that have numerous branches, usually includ-
ing secondary branches which are smaller offshoots growing from the primary branches.

The resulting 15 morphotaxa modelled in this study were: Acropora—other (n=13 colonies), Acropora—
staghorn (n=14), Acropora—table (n=13), Astreopora (n=9), Fungia (n=6), Goniastrea (n=11), Lobophyl-
lia (n=10), Montipora encrusting (n=11), Pocillopora (n=13), Porites—massive (n=9), Seriatopora (n=9),
Stylophora (n=10), Other—branching (n=6), Other—encrusting (n=13), and Other—massive (n=12). Repli-
cates for each morphotaxon were determined based on the structural complexity and morphological variation
within each morphotaxon. For morphotaxa with open and complex growth forms (i.e., Acropora—staghorn),
a disproportionately higher number of replicates were used, to account for predicted uncertainty in model fit.
In contrast, for morphotaxa with relatively consistent morphology (i.e., Fungia), fewer replicates were required
because surface area was expected to scale quite consistently with size. Where possible, replicate colonies were
selected over an even spread of size classes from small to large. In total, models were built for 159 colonies across
the 15 morphotaxa.

For each of the 15 morphotaxa, we established relationships between a) colony maximum diameter and
projected 2D surface area and b) colony maximum diameter and total 3D surface area. For each coral colony,
in situ measurements of colony maximum diameter were taken using a tape measure based on the longest length,
with only living tissue included in the measurements. Where necessary, multiple measurements were taken to
determine colony maximum diameter. For all morphologies, colonies were measured from a planar perspective
rather than wrapping around the colony contour. Field measurements of colony maximum diameter ranged from
3 to 150 cm. After measurements were taken, each colony was imaged for 3D modelling (see ‘Model reconstruc-
tion and data extraction’).

Model reconstruction and data extraction

GoPro Hero 11 Black cameras were used to collect close-range imagery of individual colonies for 3D modelling.
Structure from motion techniques (SfM) were followed, as described by Ferrari et al.,'>.However, instead of time-
lapse imagery, we used 4K video footage (30fps) for faster in-water data collection, enabling more replicates per
morphotaxon. Additionally, custom-built scaling objects (Agisoft Metashape coded targets, 12bit, inverted, 20%
of full size, target centres 60 mm apart) were incorporated into the scene. Image acquisition involved filming the
colony from all angles, moving in a sweeping motion to form arcs from top to bottom. Agisoft Metashape v 1.7.6
software was used for processing of videos and model building. Jpeg frames were extracted from the 4k videos
every 4th frame. Videos varied in length according to the size and complexity of corals being filmed, where larger
and/or more complex corals required more thorough and lengthy videos to capture full extent of colony surface
area. Accordingly, image sets used to build 3D models varied in size. Mean video length was 1 min, while image
sets ranged from 150 to 1400 images.

Three dimensional models were reconstructed from image sets using Agisoft Metashape software (param-
eters outlined in Appendix 1, Supplementary Material, Table S1). Models were scaled using at least two sets of
independent scale bars (60 mm in length) from the coded target objects described above. Resulting models had
an average mesh resolution (distance between vertices) of 1.86 mm and average ground sample distance of 0.178
mm/pixel. Any extraneous mesh material that was not part of the colony was removed using Agisoft Metashape
selection tools. Colony 3D surface area was extracted using the Mesh-Area tool in Agisoft Metashape. In order
to extract 2D surface area, the model was first projected onto a 2D plane, in the same aspect as a top-down image
taken of the colony in situ. To do this, we visually oriented the models in the software to replicate a top-down
field of view, where the z-axis was aligned perpendicular to this view plane (e.g., Fig. la—c). Once this was done,
the 2D area of the colony was estimated using the Export Report tool within the software with projection set to
the X-Y plane.

Statistical models

The relationships between colony maximum diameter and surface area metrics were explored for each mor-
photaxon using Bayesian generalized linear modelling (GLM) with a gaussian distribution. An approximate
power-law relationship between coral maximum diameter and surface area was assumed based on underlying
geometric properties of corals as well as evidence in the literature for allometric power-scaling relationships of
corals'®*”*. Logarithmic transformations were performed for both variables to meet model assumptions and
the power-law of these relationships allowed for a linear regression model to subsequently be fitted. Specifically,
log-transformed linear length data (field measurement of colony maximum diameter, cm) was modelled against
log-transformed projected 2D surface area (cm?) or against log-transformed total 3D surface area (cm?). Weakly
informative priors were selected based on visual exploration of the data following transformation. Bayesian pos-
teriors were generated via a No-U-Turn Sampler (NUTS), run with three Markov Chain Monte Carlo (MCMC)
chains, each for 15,000 iterations (excluding the first 5000 warm-up samples) with a thinning rate of 12. All chains
were found to be well-mixed and converged (all Rhat < 1.01) on a stable posterior and were validated using the
‘DHARMa’ package* residuals and posterior probability checks. Data were back-transformed to the original
scale after modelling for ease of parameter interpretation. To visualise the regression models, the posterior
distribution for each morphotaxon was summarized with median lines using the ‘posterior_predict’ function.
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b) Projected (2D) surface area (cm?) c) Total (3D) surface area (cm?2)

Fig. 1. (a) Field measurements of colony maximum diameter (cm), (b) projected 2D surface area (cm?) and
(c) total 3D surface area (cm?) of the same coral colony. Images taken from Agisoft Metashape v 1.7.6 software
during model reconstruction.

To demonstrate the range over which the posterior distribution credibly lies, for interpretation of model
uncertainty, we incorporated bands of probability into the key figures (Figs. 3 & 4) representing different High-
est Density Intervals (HDIs 0.99, 0.95, 0.8, 0.5). HDIs represent the range within which a specified proportion
of the posterior distribution falls; i.e. 0.95 HDI band encompasses 95% of the posterior distribution. Narrower
HDIs denote more precise model estimates. Highest Density Intervals were calculated and visualized using the
‘tidybayes’ package.

Tables were produced to present model predictions over a range of field measurements for each morpho-
taxon, as an easily interpretable presentation of modelled data. Each predicted value (estimated marginal means,
‘emmeans’) was presented together with the range of credible values (as 95% HPDs) for that estimate. These
tables are presented in Supplementary material (Appendix 2, Tables S2-16) and were designed to be used by
practitioners for interpreting the range of uncertainty around their model estimates for given sizes/morphotaxon.
Emmeans were calculated using the ‘emmeans’ package®!. All statistical models were performed in R version
4.3.1*? via the ‘brms’ package*.

Results

To assess the utility of rapid field measurements of colony maximum diameter, it was first necessary to establish
the capacity to consistently and accurately measure colony diameter in the field. To validate this approach, field
measurements of colony length were compared to estimates of colony maximum diameter extracted from 3D
models, with results indicating a very high correlation (Fig. 2, R?=0.97).

Strong non-linear (power) positive relationships (Bayesian R? values > 0.9; Table 1) between rapid field meas-
urements of colony maximum diameter and projected 2D surface area were observed for 13 of the 15 mor-
photaxa. These include Acropora—other (R*=0.99), Acropora—table (R*>=0.95), Astreopora (R?=0.94), Fungia
(R*=0.99), Lobophyllia (R*=0.97), Montipora—encrusting (R*=0.95), Pocillopora (R*=0.94), Porites—mas-
sive (R?=91), Seriatopora (R*=10.97), Stylophora (R*=0.96), Other—branching (R?=0.94), Other—encrusting
(R*=0.96) and Other—massive (R*=0.96) (Fig. 3). While to a lesser extent, a positive relationship was also
identified for Acropora—staghorn (R?=0.84) and Goniastrea (R*=0.89) (Fig. 3, Table 1).

Strong non-linear (power) positive relationships (Bayesian R* values>0.9; Table 1) between colony maxi-
mum diameter and total 3D surface area were observed for 11 of the 15 morphotaxa. These include Acropora—
other (R*=0.95), Acropora—table (R?*=0.95), Fungia (R*=0.96), Lobophyllia (R?=0.96), Montipora—encrusting
(R*=0.92), Pocillopora (R*=0.95), Seriatopora (R*=0.97), Stylophora (R?=0.96), Other—branching (R*=0.96),
Other—encrusting (R*=0.93) and Other—massive (R*=0.91) (Fig. 4). While to a lesser extent, a positive relation-
ship was also identified for Acropora—staghorn (R?=0.81) and Astreopora (R*=0.82) and weaker relationships
were identified for Goniastrea (R?*=0.77) and Porites—massive (R?=0.75) (Fig. 4, Table 1).

Models differed in their scaling relationships (Fig. 5), though there were similarities found between certain
groups of morphotaxa. Tightly branching morphotaxa (Acropora—Other, Pocillopora, Seriatopora and Stylophora;
see blue hues in Fig. 5) all follow very similar power relationships; however, this relationship is considerably dif-
ferent to the trajectory shared by encrusting corals (Montipora and Other-encrusting, see green hues in Fig. 5)
and massive corals (see pink/purple hues in Fig. 5). These data provide insight into differences in the 3D surface
area to colony maximum diameter ratios among morphotaxa.

An inherent consideration of this work is the uncertainty associated with model-derived estimates. To clearly
present this to users we incorporated bands of probability into the key figures (HDIs 0.99, 0.95, 0.8, 0.5) (Figs. 3
& 4) to demonstrate the range over which the posterior distribution credibly lies. We also produced tables of
predicted values (Emmeans) for each morphotaxon and the associated HDIs of each estimate (Supplementary
material, Appendix 2, Tables S2-S16). Figures 3 & 4 show variability in HDI band width between morphotaxa,
representing variation in model certainty. Trends of increasing HDI width at larger colony sizes were evident for
most morphotaxa, especially for those with very large colony maximum diameters such as staghorn Acropora.
Caution should therefore be taken when interpreting results for staghorn Acropora colonies at the larger end of
the size continuum, or avoided if precise estimates are required. Variation in model certainty is likely related to
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Fig. 2. Comparison of colony maximum diameter measurements taken from the field (x-axis) with colony
maximum diameter derived from model reconstructions using Agisoft Metashape computer software (y-axis)
(R2=0.97, n=159).

the extent of morphological plasticity within each morphotaxa which is why disproportionately higher numbers
of replicates were sampled for morphotaxa containing complex and variable growth forms. Tables of predicted
values (Emmeans) for each morphotaxon and the associated HDIs of estimates are presented in Supplementary
material, Appendix 2, Tables S2-S16, which enable the interpretation of uncertainty levels associated with dif-
ferent colony sizes.

Discussion

Long-standing logistical constraints to accurately quantifying surface area of corals have hindered our under-
standing of their ecological function (e.g., McWilliam et al.**). Here, we show that rapid field measurements of
colony maximum diameter can be used to effectively predict total 3D surface area and projected 2D surface area
for a diverse range of different corals, providing meaningful ecological metrics for various applications. By model-
ling detailed non-linear relationships between colony size and surface area for 15 different coral morphotaxa, we
add to some previously established conversion metrics'®*”* and create a valuable resource for reef monitoring
programs. Previous studies have demonstrated the feasibility of converting measurements of colony maximum
diameter to metrics of 3D and 2D surface area!®?!*7*, however the scope of these published conversions have
been restrictive, with the most wide-ranging study®” producing relationships for seven morphotaxa groups which
does not encompass all growth forms in the Indo-Pacific. The variation in scaling relationships that we have
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Projected 2D surface Total 3D surface area

area (PSA) (TSA)
Coral morphotaxon Model equation | R> | Model equation | R?
Acropora—other PSA=0.448D*%% | 0.99 | TSA=0.837D** |0.95
Acropora—staghorn PSA=0.186D"*! | 0.84 | TSA=0.838D*%* | 0.81
Acropora—table PSA=0.346D*"' | 0.98 | TSA=2.615D"*" |0.95
Astreopora PSA=0.252D*% | 0.94 | TSA=0.425D*** | 0.82
Fungia PSA=0.790D* |0.99 | TSA=0.587D** | 0.96
Goniastrea PSA=0.727D"$82 1 0.89 | TSA=0.919D*?7 | 0.77
Lobophyllia PSA=0.539D*%% 1097 | TSA=0.698D*' | 0.96
Montipora—encrusting | PSA=0.667D"%* | 0.95 | TSA=1.229D"%”> | 0.92
Pocillopora PSA=0.324D*1% 1 0.94 | TSA=0.709D**° | 0.95
Porites—massive PSA=0.763D'*¢ | 0.91 | TSA=4.58D"8% 0.75
Seriatopora PSA=0.359D%% | 0.97 | TSA=0.831D**! |0.97
Stylophora PSA=0.420D** | 0.96 | TSA=0.878D*'" |0.96
Other—branching PSA=0.107D*% | 0.94 | TSA=0.651D*?"2 |0.96
Other—encrusting PSA=0.639D'%76 | 0.96 | TSA=0.802D*"** |0.93
Other—massive PSA=0.611D*" | 0.96 | TSA=0.573D**"* | 0.91

Table 1. Model equations and Bayesian R? for predicting colony projected 2D surface area (PSA) and total
3D surface area (TSA) from field measurements of colony maximum diameter (D) for 15 coral morphotaxa.
Additional information on model equation parameters (incl. 95% HDIs and SD for parameters a + ) are
presented in Supplementary material (Appendix 3, Table S17 & S18).

recorded between morphotaxa in this study (Fig. 5) demonstrates the importance of taxa-level data for obtaining
the best possible model parameters.

The modelled power-relationships we established between colony maximum diameter and 3D surface area
indicated very strong relationships (R*>0.90) for 11 out 15 of the morphotaxa. The four morphotaxa that exhib-
ited lower model- fit values (R?=0.75-0.89) were staghorn Acropora, Astreopora, Goniastrea and massive Porites,
and the use of these four predictive models for obtaining surface area values should be approached with some
caution. Surprisingly, Astreopora, Goniastrea and massive Porites have simple growth forms but were found
to produce only moderately strong relationships, largely owing to irregular height to width ratios due to their
susceptibility to partial mortality**¢, obscuring the relationship between field measurement of planar diameter
and surface area (see example images of massive Porites in Supplementary material, Appendix 4). For staghorn
Acropora, confidence in posterior draws was found to be strong at smaller sizes but weakens considerably at
larger colony sizes (>80cm), likely due to the variability in branch density and hence surface area at larger colony
sizes (see example images of staghorn Acropora in Supplementary material, Appendix 4). Thus, the use of these
conversion metrics for very large colony sizes of staghorn Acropora should be avoided. For all other morphotaxa,
surface area scaled well with size, and the conversion metrics can be used with relative confidence. In order for
users to interpret model precision and confidence over the range of morphotaxa and colony sizes that they are
working with, we have included tables presenting model uncertainty (Supplementary material, Appendix 2, tables
§2-§16). An additional consideration of this study is that the morphological plasticity of conspecific corals that
occur in accordance with environmental exposure (i.e., hydrodynamics, sedimentation**®) and depth*>*°, may
affect the representativeness of the corals we imaged which were selected from just one location. As the cor-
als selected represent the dominant growth forms within each morphotaxon (see Appendix 4, Supplementary
Material), the presented relationships should sufficiently encompass corals from most other locations. However,
practitioners working in different regions to this study should exercise caution when working with these conver-
sion metrics. Additional model equations for morphotaxa not captured here and/or colonies from other tropical
Indo-Pacific regions can be produced by replicating our methodology.

The relationships presented here have utility for a wide range of applications from small-scale studies of
ecological processes to ecosystem modelling. At a colony level, applications could include the extrapolation of
any processes which are standardized to biotic surface area such as symbiont density, chlorophyll concentra-
tion, and metabolic processes*****2, Scaling up colony level processes to a reef scale via complementary field
surveys or with remote sensing imagery would also be possible?"**. Given that the surface area of corals is a
known descriptor of tissue biomass, it can be a proxy for potential nutrient intake of coral predators®. Refining
our knowledge about the total tissue area availability (and total protein) for a given colony can provide insight
into the underlying explanations for feeding preferences by key coral predators. For crown-of-thorns starfish
(Acanthaster spp.), for which feeding preferences are well studied®>~>*, there remains uncertainty around the basis
of feeding choices where nutritional value and availability alone cannot explain preferences®®*. This work has
demonstrated the substantial variation of surface area to coral diameter ratios between taxa which may be a key
factor underpinning the apparent feeding preferences. For example, our relationships show that a Pocillopora
colony with a maximum diameter of 40cm is likely to have a total 3D surface area more than six times as large
as the total 3D surface area of Montipora with the same colony maximum diameter (Montipora: 1150cm?; Pocil-
lopora: 7,234cm?). Crown-of-thorns starfish feed by everting their stomach over coral structures and dissolving
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the entire tissue area®, and so a high tissue area reward for limited effort of feeding and foraging may explain
feeding choices, especially when feeding efficiency is thought to be the key determinant of preferences.
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equations with parameters a + {8 are presented along with Bayesian R? value for each morphotaxon.

Surface area metrics can also provide modelers and managers with valuable parameters related to reef growth,
for example for modelling calcification rates of corals; a vital parameter in the calculation of carbonate budget
models. With the increasing use of carbonate budgets as a method for evaluating reef status and trends in
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ecosystem function over time®, methods that enable accurate and efficient surface area measurements of coral
colonies, provide a useful contribution to reef-scale calcification modelling®-%2. An important development
in the efficiency and scale of this work has been the development of Coral Colony Rugosity Indices (CCRI) by
Husband et al.®! which enable calcification rates to be calculated from planar measurements of corals. These
CCRI conversion metrics facilitate the conversion of datasets, including carbonate modelling of historic data. As
a further development of this work, our study presents an alternative method for converting measurements of
colony maximum diameter, derived from field data or images, to morphotaxon-specific surface area values. As
such, a future application of this work could be combining the surface area values of corals (obtained using our
conversion metrics) with species-specific calcification rates as an alternative approach for gaining high resolution
estimates of coral carbonate production.

This work also has applications for studying temporal and spatial trends in coral growth rates. In coral growth
studies, quantification of the 3D structure of individual colonies provides a more rigorous representation of total
growth compared to linear colony measurements or planar projected areas®. Studies of coral growth, in particular
those that monitor outplanted corals from restoration activities, can often span large areas and include thousands
of colonies®. This paper presents an opportunity to conduct rapid field measurements of outplanted colonies
and gain estimates of colony growth over time, especially as coral restoration and recovery research has gained
major interest in recent years after impacts of cumulative disturbances®-58,

Moreover this study has application for assessing additional aspects of coral demography, such as competition,
fecundity, and partial mortality of corals. The surface area occupied by different coral species can be monitored to
assess the dynamic interplay of coral growth and competition on a reef in 2D and 3D space, which is important
for understanding coral community dynamics and their response to disturbance®. In particular, monitoring
space occupancy of corals after major disturbance events can further our understanding of recovery trajectories
and inform ecological models. Surface area metrics can also provide insight into reproductive potential of cor-
als, as coral morphology and size can be used as a proxy for reproductive potential of individuals”’. Using this
approach to estimate surface area therefore provides a valuable tool for studying key processes that drive reef
resilience and recovery.

Conclusion

Coral colony surface area is an important ecological parameter and serves as a fundamental determinant of
physical and biological processes as well as ecosystem services. As such, there is a demand for obtaining highly
resolved estimates of coral surface area. This method presents a process for rapidly gaining highly resolved
morphotaxon-specific surface area estimates from easily obtained measurements of coral colony maximum
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diameter. Large datasets of colony diameter measurements can be converted to surface area metrics using the
model equations provided. Coral colony measurements can be collected in the field using tape measures or
alternatively extracted from photographs (including historic image sets), enabling researchers to gather valuable
surface area metrics without complex equipment or software. This approach cannot replicate the precision and
accuracy of conducting photogrammetry on every colony, however, the benefit of scaling up to large datasets
makes this trade-off worthwhile and this approach highly valuable. Key applications of this approach include the
1) extrapolation of processes standardized to biotic surface area (e.g., photosynthesis, calcification), 2) assess-
ment of tissue biomass for ecological studies (e.g., coral predator ecology), 3) upscaling from colony-scale to reef
carbonate production, 4) quantification of coral growth (e.g., for reef restoration monitoring), and 5) assessment
of coral demographics and space competition.

Data availability

All data analysed as part of this study are available from Research JCU (https://doi.org/10.25903/m2ap-4p06),
which will be released from embargo on publication. Contact data manager Josie Chandler josie.chandler@
my.jcu.edu.au to request earlier access to this data.
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