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Abstract Photogrammetry is an emerging tool that allows
scientists to measure important habitat characteristics of
coral reefs at multiple spatial scales. However, the ecologi-
cal benefits of using photogrammetry to measure reef habitat
have rarely been assessed through direct comparison to tra-
ditional methods, especially in settings where manual meas-
urements are more feasible and affordable. Here, we applied
multiple methods to measure coral colonies (Pocillopora
spp.) and asked whether photogrammetric or manual obser-
vations better describe short-term colony growth and links
between colony size and the biodiversity of coral-dwelling
fishes and invertebrates. Using photogrammetry, we meas-
ured patterns in changes in coral volume that were other-
wise obscured by high variation from manual measure-
ments. Additionally, we found that photogrammetry-based
estimates of colony skeletal volume best predicted the abun-
dance and richness of animals living within the coral. This
study highlights that photogrammetry can improve descrip-
tions of coral colony size, growth, and associated biodiver-
sity compared to manual measurements.
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Introduction

Successful integration of new technology into ecological
research requires clear understanding of how it can improve
predictions of biological processes. Photogrammetry is a
tool that renders detailed models of landscapes and organ-
isms from images, enabling sophisticated examination of
habitat structure (Burns et al. 2015; Ferrari et al. 2021).
However, photogrammetric applications can be more expen-
sive than traditional data collection methods in terms of
equipment, time, and training (Young et al. 2017; Couch
et al. 2021; Urbina-Barreto et al. 2021). Despite such costs,
photogrammetric measurements of basic habitat character-
istics may be very similar to data collected using traditional
surveys (Raoult et al. 2016; Million et al. 2021). Studies
that explicitly measure the same ecological phenomena
using photogrammetry and manual approaches are therefore
needed to critically examine the benefits of this emerging
technique.

Photogrammetry may provide an especially useful
research tool in settings where interactions among animals
and structurally complex habitats govern ecosystem func-
tion, such as coral reefs (Burns et al. 2015; Lavy et al. 2015).
For example, photogrammetry has helped to measure con-
nections between reef habitat and fish communities (Gon-
zalez-Rivero et al. 2017; Urbina-Barreto et al. 2020), assess
patterns in coral growth (Ferrari et al. 2017; Conley and
Hollander 2021), and generate novel descriptions of coral
geometry (Reichert et al. 2017; Aston et al. 2022). Among
studies that have included both manual and photogrammet-
ric measurements, most have focused on the accuracy of
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photogrammetry, which has been robustly demonstrated
(Courtney et al. 2007; Veal et al. 2010; Figueira et al. 2015;
Lavy et al. 2015). However, few studies have quantified dif-
ferences in analogous ecological measurements derived from
photogrammetric and traditional measurements of reef habi-
tat, likely because photogrammetry is often used to describe
large-scale characteristics when no practical manual equiva-
lent is available (Reichert et al. 2017; Aston et al. 2022).

Some direct comparisons of ecological interpretations
derived from manual and photogrammetric approaches
indicate that photogrammetry can provide more accurate
estimates of coral growth (Kikuzawa et al. 2018; Con-
ley and Hollander 2021) and stronger predictions of links
between fish biodiversity and reef-scale habitat complexity
(Gonzalez-Rivero et al. 2017). However, photogrammetric
measurements do not always lead to different conclusions
than comparable field-based estimates. For example, Mil-
lion et al. (2021) measured nearly identical colony growth
using photogrammetric and manual methodologies, while
Agudo-Adriani et al. (2016) observed that simple, manu-
ally measurable colony features drove more variation in fish
communities than complex, photogrammetry-derived habitat
characteristics.

In this paper we explore whether photogrammetry
improves measurements of growth and habitat provision-
ing of branching cauliflower corals (Pocillopora spp.)
over traditional approaches. Specifically, we asked: (1) Do
manual or photogrammetric methods better describe short-
term, volumetric growth across a range of coral sizes, and
(2) Does photogrammetry improve our ability to predict
the abundance and biodiversity of coral-associated animal
communities?

Methods

We collected data in Moorea, French Polynesia, as part of
a study of feedbacks between Pocillopora spp. and coral-
associated fishes and invertebrates (CAFI). Although CAFI
diversity and abundance have been shown to increase with
host colony size, these relationships were previously mod-
eled using coarse geometric measurements (Caley et al.
2001). We hypothesized that photogrammetry would better
quantify linkages between coral volume and CAFI commu-
nity characteristics.

We initiated an experiment in August 2019 consisting
of 60 Pocillopora colonies (5-50 cm diameter). Corals
were removed from the reef and sorted into control (n=30)
and CAFI-removal treatments (n=30), then deployed into
an experimental array (see Supplement). Directly after
deployment, we measured coral size using both manual and
photogrammetric approaches (Fig. S1). For manual meas-
urements, a single observer used a flexible tape to estimate
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colony length (L, longest horizontal axis), width (W, longest
perpendicular measurement to length), and height (H, per-
pendicular to L and W). We calculated manual coral volume
as a hemi-ellipsoid:

4 LWH
Vellipsoid = 5”573 (D

a measurement previously used to relate Pocillopora spp.
volume to CAFI biodiversity (Caley et al. 2001; McKeon
et al. 2012).

For photogrammetric measurements, we used Agisoft
Metashape (v1.6.2; Agisoft LLC, St. Petersburg, Russia) to
create 3D models of coral colonies, following the protocol
outlined by Ferrari et al. (2017). Full details are outlined in
the Supplement, and in our online protocol (https://github.
com/stier-lab/Stier-Coral-Morphometrics-2020). Using our
complete and isolated 3D models, we estimated skeletal
volume (Vg jeion)» as well as length, width and height of
each colony in Metashape. From photogrammetric linear
dimensions we calculated photogrammetric ellipsoid volume
(Vphoto_eltipsoia) tO directly approximate manual volumetric
measurements (Vyjpsoia)- We also used Meshlab (v2020.06;
Cignoni et al. 2008) to estimate convex hull volume (V, ),
the size of the smallest convex 3D object that can encase a
coral colony. Convex hulls provided an additional semi-ellip-
tical measurement of exterior coral volume, but one that is
not based on geometric calculation from multiple observer-
based component measurements. To assess coral growth, we
remeasured colonies after 105 days in December 2019 using
the same observers.

We excluded six corals (of 60) from all analyses which
did not yield high-quality photogrammetric models, due
largely to incomplete photo coverage and turbidity. We also
excluded 21 colonies from growth measurements that by
December had experienced partial mortality or attracted
dense fish aggregations which obscured the coral in pho-
tographs. In total, we analyzed n=33 colonies for coral
growth (measured at both time points) and n =26 colonies
to link CAFI biodiversity and coral volume (using data from
August).

Analysis

We estimated growth as the proportional change in volume,
calculated as (V; pecember — Vi August)’ Vi auguse Where 1 repre-
sents measurement method (manual ellipsoid, photogram-
metric ellipsoid, hull, or skeleton). We used correlation
analysis to compare manual and photogrammetric estimates
of colony size and growth. We compared mean growth esti-
mates using a repeated-measures ANOVA with a Green-
house—Geisser correction and a post hoc Tukey HSD test
(Bathke et al. 2009). We measured whether August colony

volume predicted growth by performing linear regression
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on colony-wise growth and initial volume measurements.
To measure the link between colony volume and CAFI bio-
diversity, we performed power-law regressions of CAFI
abundance and richness against all four volumetric meas-
urements (see Supplement). We compared goodness of fit
among regressions of the same response variable using AIC
and root mean square error (RMSE) values (Chai and Drax-
ler 2014). We performed analyses using R v3.6.3 (R Core
Team, 2022) at a significance threshold of a=0.05.

Results and discussion

Manual measurements of colony size and volume were
strongly correlated to photogrammetric measurements
(Table S1; Fig. S2). In contrast, manual growth estimates
(Ventipsoia) Were not correlated with any of the three photo-
grammetric growth estimates, whereas all three photogram-
metric estimates of growth were positively correlated with
each other (Table S1). Average proportionate growth var-
ied slightly among the four methods (ANOVA: Fj ,,=4.9,
p=0.014, Fig. 1), with the only pairwise difference being
between photogrammetric ellipsoid growth and manual
ellipsoid growth (Diff (95% CI)=14.6% (2.2%, 27.1%),
13, =14.6, p=0.014). Changes in ellipsoid volume (both
manual and photogrammetric) were over twice as vari-
able (SDjipsoia =23-9%, SDphoro_ellipsoid = 25-6%) as growth
estimates derived from photogrammetric measurements of
Viketeton A0 Vi (SDgyeteton =9-99%, SDyyy=12.7%). Over a
third of manual growth measurements were negative (13/33),
whereas only 4/33 photogrammetric ellipsoid measurements,
2/31 photogrammetric hull measurements and 0/33 photo-
grammetric skeletal measurements were negative. Finally,
all photogrammetric growth measurements were positively
correlated with initial coral volume, whereas manual ellip-
soid growth was uncorrelated with initial volume (Fig. S3).

All volumetric measurements, including manual ellip-
soid volume, suggested that CAFI abundance and richness
increased with coral size (Fig. 2). However, photogramme-
try-based measurements of V..., provided better predic-
tors of CAFI abundance and biodiversity than manual esti-
mates (AAIC,, ndance = — 3-8, AAIC, i ppess =— 3-6; RMSE
reduced by ~ 10%; Table S2). In contrast, all other photo-
grammetric estimates performed similarly to each other and
to manual ellipsoid volume (Table S2).

Our findings demonstrate that photogrammetry can
yield useful descriptions of coral colony structure and
growth, and quantify the value of its application over tra-
ditional measurement methods. The tight correlation of
manual and photogrammetric measurements corroborates
that both approaches provide consistent assessments of
coral linear dimensions and exterior volume (Courtney
et al. 2007; Veal et al. 2010; Lavy et al. 2015; Fig. S2).
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Fig. 1 Mean (+SE) proportional change in coral volume between
August and December 2019 derived from manual measurements of
ellipsoid volume (yellow) and photogrammetric measurements of
ellipsoid (red), convex hull (blue), and skeletal volume (green). a, b
indicate statistically significant differences based upon ANOVA fol-
lowed by Tukey’s HSD tests

However, photogrammetric measurements of skeleton
and convex hull volume yielded the least variable and
most biologically realistic (i.e., moderate and positive)
estimates of growth over our three-month experimental
period. Conversely, ellipsoid-based calculations (both
manual and photogrammetric) provided more extreme and
variable growth measurements, possibly due to error prop-
agation when multiplying component linear measurements
(Kikuzawa et al. 2018, see Supplementary material). In
particular, our inclusion of large corals may have led to
error in both manual and photogrammetric ellipsoid-based
calculations due to increased departure from an elliptical
shape (Conley and Hollander 2021; Million et al. 2021).
Despite their high levels of variability, photogrammetric
ellipsoid growth, unlike manual ellipsoid growth, was cor-
related to other photogrammetric growth measurements,
possibly due to reduced error in component photogram-
metric linear measurements compared to manual equiva-
lents (Couch et al. 2021). In addition, all three photogram-
metric volume measurements better described the expected
allometry between growth and colony size (See Supple-
ment, Fig. S3). Therefore, photogrammetric growth meas-
urements were more broadly consistent and informative
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Fig. 2 Power-law regressions of CAFI abundance (A-D) and rich-
ness (E-G) against manual coral ellipsoid volume (A, D, yellow) and
three photogrammetry-derived measurements: ellipsoid (B, E, red),

than manual growth estimates, even at monthly timescales
and across a wide range of colony sizes.

Additionally, photogrammetric skeletal volume most
strongly predicted CAFI abundance and richness, outper-
forming manual ellipsoid volume and other photogramme-
try-based measurements. The similarity in performance of
photogrammetric ellipsoid volume, hull volume, and manual
ellipsoid volume suggests that any methodological differ-
ences in accuracy did not yield improvements in modeled
relationships with CAFI biodiversity. Instead, the advantage
of photogrammetry was its ability to describe habitat in ways
that are difficult using noninvasive manual techniques, in this
case through estimates of skeletal volume. Although coral
skeletal volume can also be measured by buoyant weigh-
ing or CT-scanning, these techniques are generally destruc-
tive and challenging to perform on large corals (Conley and
Hollander 2021). Our photogrammetric measurements offer
the first linkages of CAFI biodiversity to Pocillopora spp.
skeletal volume, improving resolution of habitat-biodiversity
relationships over our best available manual approximation
of coral volume.

The application of photogrammetry to nondestructively
measure 3D coral colonies in situ offers an exciting oppor-
tunity for researchers to study the ecology and structure of
corals across a broad range of sizes. We conclude that pho-
togrammetry may be especially valuable when 3D meas-
urements are desirable but hard to obtain using field-based
approaches, or where repeated measurements are required.
By allowing noninvasive description of habitat character-
istics, photogrammetry can generate tremendous value for
studies of reef ecology and coral-animal interactions, even
in settings where more affordable in situ measurements are
available.
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convex hull (C, F, blue), and skeletal volume (D, G, green). Shaded
areas are 95% CIs of fitted regressions (Table S2)
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