UC San Diego
UC San Diego Previously Published Works

Title
Identifying the drivers of structural complexity on Hawaiian coral reefs

Permalink
https://escholarship.org/uc/item/8kt2k29g2|

Authors

McCarthy, OS
Smith, JE
Petrovic, V

Publication Date
2022-12-08

DOI
10.3354/meps14205

Supplemental Material
https://escholarship.org/uc/item/8kt2k2g2 #supplemental

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8kt2k2q2
https://escholarship.org/uc/item/8kt2k2q2#author
https://escholarship.org/uc/item/8kt2k2q2#supplemental
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Drivers of Hawaiian structural complexity

Title: Identifying the drivers of structural complexity on Hawaiian coral reefs

Authors: Orion S. McCarthy!”, Jennifer E. Smith?, Vid Petrovic?, Stuart A. Sandin®”

Affiliations:
1. Center for Marine Biodiversity and Conservation, Scripps Institution of Oceanography,
University of California San Diego, La Jolla, California 92037, USA
2. Department of Computer Science and Engineering, University of California San Diego,

La Jolla, California 92037, USA

*Author e-mails for correspondence: ssandin@ucsd.edu (SAS)

Keywords: Fractal dimension, linear rugosity, Structure from Motion, structural complexity,

coral reefs, geomorphology, Hawaii


mailto:jes013@ucsd.edu

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Drivers of Hawaiian structural complexity

Abstract

Habitat structural complexity is created by biotic and abiotic processes that operate over a
range of scales. This can be seen clearly on coral reefs, where corals and reef geomorphology
create structure from mm to km scales. Here, we quantify the relative contribution of biotic and
abiotic structures to habitat complexity using Structure from Motion, a technology that allows
accurate 3D models of environments to be reconstructed from overlapping photographs. We
calculate the linear fractal dimension of these models using a virtual analogue of a profile gauge.
By adjusting the spacing between profile gauge rods, we partition structural complexity into a
series of scale intervals. We identify scales that are most indicative of coral-cover (0.5-16 cm)
and reef geomorphology (16-256 cm). We find that reefs in the Main Hawaiian Islands have
more complexity at finer scales than reefs in the Northwest Hawaiian Islands, which we attribute
to the latitudinal gradient in coral cover along the archipelago. At coarser scales, islands at each
end of the archipelago have sites with high structural complexity, with less complexity in the
center of the archipelago. These differences are consistent with geologic factors shaping island
uplift, subsidence, and reef formation. In addition, we find that different coral genera and
morphologies display unique patterns of fractal dimension, with branching Porites corals
creating the greatest amount of habitat structure at nearly all scales. This study demonstrates how
multi-scale approaches can be used to identify the processes responsible for reef structural

complexity and changes in structure over time.
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1. Introduction

In many ecosystems, there is a strong relationship between species diversity and the
structural complexity of the associated habitat (Henderson & Robertson 1999, Tews et al. 2003,
Graham 2004, Ishii et al. 2004, Graham & Nash 2013), and coral reefs are no exception. Among
the most biodiverse ecosystems on the planet (Knowlton et al. 2010, Plaisance et al. 2011), coral
reefs are an amalgamation of abiotic and biotic structure shaped by the growth and accretion of
scleractinian corals (Grigg 1998, Perry & Alvarez-Filip 2019), hydrodynamic forces (Dollar
1982, Donovan et al. 2018, Levenstein et al. 2022), and island evolution (Clague 1996, Kench &
Mann 2017). Numerous studies have demonstrated a relationship between reef structure and
coral cover and morphology (Alvarez-Filip et al. 2011, Graham & Nash 2013, Darling et al.
2017). The substrate of a coral reef forms a patchwork of holes, crevices, overhangs, and other
refugia of various sizes, which in turn serves as habitat for fish and invertebrates across a range
of scales (Friedlander & Parrish 1998, Wilson et al. 2007, Gonzélez-Rivero et al. 2017).

Structural complexity can be defined as the diversity and arrangement of habitat structure
in both the vertical and horizontal direction (Tokeshi & Arakaki 2012). On coral reefs, structural
complexity has been found to be a predictor of herbivory (Vergés et al. 2011, Santano et al.
2021, but see Oakley-Cogan et al. 2020), reef fish assemblage variation (Harborne et al. 2012,
Gonzalez-Rivero et al. 2017, Ferrari et al. 2018), and reef resilience and recovery potential
(Graham et al. 2015, Burns et al. 2016). Furthermore, changes in structural complexity due to
climate-driven losses in coral cover are expected to negatively impact coral reef biodiversity in
the coming decades (Bozec et al. 2015). Thus, measuring structural complexity can serve as a

proxy for other aspects of reef condition, including habitat quality and benthic community
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composition, while repeated measurements can enable scientists, reef managers, and
conservation practitioners to track changes in reef condition over time.

Given the ecological importance of structural complexity on coral reefs, scientists have
invested considerable time and energy to develop and refine methods for quantifying the three-
dimensional structure of these habitats. Linear rugosity, the ratio of the contour distance across a
surface to the linear horizontal distance that contour traverses, has historically been the most
commonly used metric to quantify structural complexity (Graham & Nash 2013, Young et al.
2017). Efforts to measure linear rugosity in situ date back to the 1970s with the advent of the
chain-and-tape approach (Risk 1972). Linear rugosity can also be measured in situ using a
profile gauge, an instrument that consists of a series of parallel rods in a linear frame. When
placed on the substrate from above, the rods slide independently to rest on the shallowest object
beneath, approximating the contour of the substrate along a line (McCormick 1994, Vermeij et
al. 2007). The spacing between profile gauge rods determines the resolution of the linear rugosity
measurement, and thus a profile gauge provides a scale-dependent measure of linear rugosity.
Although widely used, methods for measuring linear rugosity in situ are time consuming, prone
to user error, potentially damaging to the habitat, and impractical for measuring large areas of the
benthos across multiple scales (Storlazzi et al. 2016, Bayley et al. 2019).

Recently, there has been growing interest in using three-dimensional modeling to
quantify the structural complexity of coral reefs (D’Urban Jackson et al. 2020, Lepczyk et al.
2021, Ferrari et al. 2021). These studies, made possible by rapid advances in computing power
and data storage, use Structure from Motion (SfM) to reconstruct underwater environments using
the overlap between photographs (Westoby et al. 2012, Burns et al. 2015). As a type of

photogrammetry, SfM relies on parallax, the apparent displacement of an object when viewed
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from multiple different directions, to reconstruct 3D scenes from 2D data (Anderson et al. 2019).
SfM allows researchers to conduct semi-automated “virtual field work” from these digital
representations of nature. This technique has the potential to transform the speed and scale at
which scientists measure structural complexity (Couch et al. 2021), while improving our ability
to make repeatable measurements and track change through time (Yuval et al. 2021). Already,
SfM has been used to quantify coral growth rates (Ferrari et al. 2017, Kodera et al. 2020, Sandin
et al. 2020), changes in structural complexity following disturbance events (Burns et al. 2016,
Ferrari et al. 2016), spatial heterogeneity in complexity (Leon et al. 2015), the influence of coral
colony morphology on complexity (Burns et al. 2015, Figueira et al. 2015), and the relationship
between fish abundance and structural complexity (Gonzalez-Rivero et al. 2017, Ferrari et al.
2018).

One of the most promising applications of SfM is the ability to measure structural
complexity across a range of scales. The substrate of a coral reef is comprised of structures that
span several orders of magnitude in size, and these structures influence the biology and ecology
of reef organisms (Hatcher et al. 1987, Nash et al. 2014, Levenstein et al. 2022). For instance, the
way in which organisms interact with the structure of the reef depends on their body size. This
phenomenon, termed the textural discontinuity hypothesis, was first noted by Holling to describe
the size distribution of birds and mammals in relation to habitat structure (Holling 1992), and has
since been shown to apply to coral reef fish assemblages as well (Hixon & Beets, 1993, Nash et
al. 2013). Thus, it is important to consider how structural complexity varies across a range of
scales in order to draw ecological inferences about reef fish assemblages (Luckhurst &
Luckhurst 1978, Nash et al. 2014, Fukunaga et al. 2020b, Urbina-Barreto et al. 2022), mobile

invertebrates (Vytopil & Willis 2001, Lee 2006) and reef-scale hydrodynamics, from boundary
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layer characteristics (Levenstein et al. 2022) to wave setup (Franklin et al. 2013, Monismith et al.
2013).

Prior to the widespread use of SfM, several studies used in situ methods to quantify
structural complexity across multiple scales. Chains with links of various sizes have been used to
examine the scale dependence of linear rugosity (Knudby & LeDrew 2007), and wheels of
varying diameter have been used to quantify the length of reef contours at different scales (Nash
et al. 2013, Richardson et al. 2017). SfM enables researchers to efficiently measure reef structure
at high resolution over a large extent of habitat with minimal effort in the field. Importantly,
researchers can use this data to calculate structural metrics at different scales (Bryson et al. 2017,
Fukunaga et al. 2020a), eliminating the need to identify a single measurement scale in situ.

While linear rugosity is the most widely used metric of coral reef structural complexity
(Graham & Nash 2013), fractal dimension is arguably a more relevant metric because it accounts
for the scale dependence of reef structure (Fukunaga et al. 2020a). Fractal dimension is a
measure of an object’s ability to fill Euclidean space and describes the complexity of a shape
(Mandelbrot 1983, Sugihara & May 1990, Halley et al. 2004). In the context of linear structural
complexity, fractal dimension represents the rate at which the apparent length of the reef contour
increases as the resolution of measurement becomes finer, and can be calculated using
measurements of linear rugosity made at different levels of resolution (Nash et al. 2013). In
ecological terms, fractal dimension is related to the amount space along the reef contour that is
available to organisms of a certain size class, and may change depending on the scale of
measurement and characteristics of the underlying substrate (Sugihara & May 1990, Tokeshi &
Arakaki 2012). For example, if the contour of a coral colony is measured at both 1 cm and 10 cm

resolution, the difference between the lengths of those contours can be attributed to structural
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features of the colony that are between 1 cm and 10 cm in size (Figure 1). In this sense, fractal
dimension can be used to partition complexity by scale, quantify the abundance of structures
(and thus habitat availability) within a given size range, and contextualize the gain or loss of
structural complexity over time.

Few studies have utilized multi-scale patterns of structural complexity to gain insights
into coral reef ecology, geology, and natural history. While some studies have used fractal
dimension to study coral reef structural complexity across multiple scales (Bradbury 1984, Nash
et al. 2013, Young et al. 2017, Fukunaga et al. 2020a), these studies were either limited in their
geographic scope or calculated a single value of fractal dimension across a large range of scales.
Specifically, this study addresses the following questions: 1) how does the fractal dimension of
the reef substrate change across scales, 2) do biotic and abiotic reef structures exhibit different
patterns of fractal dimension across scales, and 3) do different coral genera and growth forms
exhibit distinct site- and patch-scale patterns of fractal dimension? Here we use the term biotic
structure to refer to structure created by living or recently living benthic organisms, and the term
abiotic structure to refer to reef geomorphology created by either geologic or biogenic processes
over longer timescales (i.e., spur and groove formations, boulder fields, etc.). We demonstrate
that our approach can be used to identify the scale(s) where reef structure is most complex,
which allows us to determine the relative importance of biotic and abiotic processes in creating
habitat. This in turn can inform decisions about what scales are most relevant for monitoring
changes in coral reef structural complexity over time. To our knowledge, this study represents
one of the first archipelago-scale efforts to partition coral reef structural complexity into different

scale intervals using fractal dimension and SfM.
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162 2 Methods

163

164 21 Study design

165 This analysis of biotic and abiotic drivers of structural complexity is based on data from
166 coral reefs in the Main Hawaiian Islands (MHI) and Northwest Hawaiian Islands (NWHI). The
167 Hawaiian archipelago is an ideal location for this study because it spans a gradient of latitude
168 (from 18.9°N to 28.4°N) and geologic age (from 0.4 million years [Hawai‘i] to 29.8 million

169 years [Kure Atoll]; Clague 1996), with older high latitude reefs in the northwest and younger low
170 Jatitude reefs in the southeast. Millions of years of weathering, erosion, and subsidence have

171 shaped the geomorphology of older islands and atolls, which can be reasonably expected to have
172 (ifferent nearshore topography than younger islands. Similarly, coral cover varies throughout the
173 archipelago as a function of latitude: coral cover and coral growth decrease as latitude increases
174 (Vroom & Braun 2010, Jouffray et al. 2015), reaching a threshold north of Kure Atoll beyond
175 which the rate of coral growth drops below the rate of reef subsidence (Grigg 1982). Baseline-
176 surveys in the archipelago have demonstrated the effect of both geology and latitude on

177 Hawaiian benthic communities and fish assemblages (Rooney et al. 2008, Friedlander et al.

178 2009, Vroom & Braun 2010, Jouffray et al. 2015). Thus, the Hawaiian archipelago represents a
179 unique opportunity to explore the effects of biology and geomorphology on coral reef structural
180 complexity.

181 We surveyed 65 forereef sites spanning six of the MHI (Hawai‘i, Maui, Kaho‘olawe,

182 Lana‘i, Moloka‘i, and O‘ahu) and four atolls in the NWHI (French Frigate Shoals, Lisianski,

183 pearl & Hermes Reef, and Kure; Figure 2). Sites were surveyed between July 2016 and August

184 2017 as part of five separate research expeditions. The distance between sites varied by island,
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but the median distance between neighboring sites was 4.83 km, with the closest sites located
1.11 km apart. Sites had a mean depth of 11.3 m (range from 4.5 mto 17.7 m, SD of 2.7 m) and
were located on the leeward side of islands in the MHI to control for the effect of wave energy
on coral assemblages. We did not restrict sampling to leeward coastlines for the NWHI, since
past studies have found forereef zonation patterns in the NWHI to be complex and variable
between atolls (Vroom et al. 2005, Schopmeyer et al. 2011), suggesting that leeward vs.
windward exposure may not be the primary driver of benthic community composition in the
NWHI, as it is in the MHI. The number of sites per island was standardized by the amount of
nearshore habitat, using the length of an island’s leeward 10 m isobath as a proxy (or total 10 m
isobath for the NWHI). The number of sites per island ranged from 11 (Hawai‘i) to 4 (Kure,

Lisianski, and French Frigate Shoals; Figure S1).

2.2 Field procedures

We used SfM to construct a 3D model of each forereef site from underwater photographs.
The field procedures for establishing and photographing sites using a SfM workflow have been
previously documented (Sandin et al. 2020) and are only briefly described here. At each site, a
team of divers placed six calibration tiles to delineate the boundaries of a 10 x 10 m site (three
tiles per inshore site boundary; Figure S2). Divers recorded the depth of each tile and placed four
50 cm scale bars within the site’s boundaries. Following site setup, one diver swam
approximately 1.5 m above the benthos carrying a custom-built camera rig. At the majority of
sites, the camera rig was equipped with two D7000 SLR Nikon cameras (18 mm and 55 mm
lenses) in Ikelite underwater housings. Sites from two expeditions were photographed using a

different camera setup (35 mm lens DSLR Nikon and a GoPro 11). To account for differences
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between these camera setups, we excluded sites (n = 4) where low quality GoPro imagery led to
errors in model reconstruction (i.e., model warping, erroneous “floating” points). Cameras were
programmed to take a photograph every second, recording approximately 5,000 images per site.
The diver carrying the camera rig swam slowly in a gridded pattern to ensure maximal overlap
between successive images, and swam several meters beyond the edge of the 10 x 10 m site to

ensure full coverage and minimize edge distortion.

2.3 Model construction and data collection

Photographs from each site were used to generate a dense point cloud reconstruction of
the coral reef benthos using the commercially available software Metashape (Agisoft LLC., St.
Petersburg, Russia). While other SfM studies commonly convert these point clouds into “mesh”
reconstructions of the benthos, mesh outputs require interpolation which can introduce structural
error, especially in high relief areas. Since SfM cannot reconstruct regions of the reef where
overlap between photos is limited, the resulting point cloud is in actuality a 2.5D representation
of the reef surface, with empty space in areas with limited photo coverage (e.g., overhangs, the
interstitial space of a branching coral colony). To best account for this error and avoid
interpolation, we opt to measure linear rugosity directly from the point cloud itself, since the
point cloud represents the most geometrically accurate reconstruction of the substrate. We use
linear rugosity, a one-dimensional measurement of structural complexity, because linear rugosity
calculations require no interpolation, are easily interpretable and computationally transparent,
and are comparable with in situ approaches such as a profile gauge. Furthermore, these factors

make it transparent to interpret cross-scale patterns of rugosity, which is the crux of this study.

10
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We analyzed the point cloud directly using a custom-built software, Viscore (Petrovic et
al. 2014). Once the point cloud for each site was constructed, we used Viscore to perform all
further postprocessing and analysis. As a precursor to any analysis, we oriented each point cloud
with respect to the sea surface using in situ depth measurements and adjusted the scale using the
50 cm scale bars as a reference. After scaling and orienting the point cloud, we used the Virtual
Point Intercept tool (VPI) to analyze benthic community composition and the Virtual Profile
Gauge tool (VPG) to measure structural complexity. Both VPI and VPG are designed as virtual
analogues of traditional in situ survey methods (random point intercept method and a profile
gauge, respectively). The mechanics of these Viscore tools are described in detail elsewhere (Fox
et al. 2019 for VVPI, supplemental materials for VPG) and are described in limited detail here.

We used VPI to assess benthic composition within each 10 x 10 m site following a
stratified random sampling design. We chose these dimensions to match the footprint of our
rugosity measurements and because this scale has been shown to be sufficient to capture benthic
patchiness and taxonomic heterogeneity on coral reefs (Palma et al. 2017). For this study, we
divided each site into a 32 x 32 cell grid and used VPI to identify a single random point from
within each grid cell, resulting in approximately 10 points/m? (Dumas et al. 2009, Figure S3). A
single researcher with training in Hawaiian benthic taxonomy identified the substrate under each
random point by referencing the raw imagery used to generate the point cloud. We identified
points to the finest taxonomic resolution possible, typically either to genus or species level, and
then grouped these IDs into one of six functional categories: turf algae, macroalgae, crustose
coralline algae, sand, coral, or other. The “other” category included cryptic encrusting organisms
not considered to contribute meaningfully to structural complexity on Hawaiian reefs (primarily

zoanthids, sponges, and tunicates), and only once exceeded 1% of the total benthic cover. For

11
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points landing on coral, we recorded the growth form of the colony as well (branching,
encrusting, massive, plating, or corymbose).

We used VPG to measure the structural complexity of each site. To mimic a profile
gauge (McCormick 1994), VPG drops virtual rods orthogonally from the plane describing the
sea surface onto the point cloud below (Figure 1). Each rod records the depth of the first (i.e.,
shallowest) point encountered in the point cloud at the given two-dimensional coordinate. Virtual
rods are arranged continuously along a transect, and the spacing between the center of each rod
is equivalent to the resolution of the profile gauge. The contour distance along each profile gauge
is simply the sum of the Euclidean distances between adjacent rod termini. We calculated the
linear rugosity for each profile gauge by dividing the contour distance by the length of the profile
gauge. To minimize the impact of substrate slope on rugosity, we measured reef contours in the
alongshore rather than inshore direction (Figure S7). We measured reef structure using 100
virtual profile gauges per site, each with a resolution of 0.5 cm. Profile gauges were 10.24 m
long to enable data sub setting by a base two geometric series (to simulate 10 different
resolutions of measurement, from 0.5 cm to 256 cm) and were spaced 10.24 cm apart. These
settings were chosen to assess the structural complexity of benthic communities across a range of
scales: 10.24 m profile gauges are long enough to intersect numerous coral colonies or other
structural features, and the minimum resolution of 0.5 cm is detailed enough to capture intra-
colony detail while approaching the resolution limits of the point cloud. Sub-setting profile
gauges via a base two geometric series from 0.5 cm to 256 cm created equivalent scale intervals
on the log-log plot of linear rugosity vs. resolution, which simplified calculations of fractal
dimension (Nash et al. 2013). The choice of 100 transects per site reflected a tradeoff between

exhaustive sampling and computational efficiency. For each site, we averaged the linear rugosity

12
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of all 100 profile gauges to obtain a single site-level value of linear rugosity at each level of
resolution. We did not quantify site-level variance of linear rugosity due to spatial
autocorrelation of neighboring profile gauges. Any gaps in the point cloud or missing depth
values were excluded from linear rugosity calculations (Figure S6).

We also measured the structural complexity of the most common coral morphotypes
(branching Montipora spp., encrusting Montipora spp., branching Porites spp., massive Porites
spp., and encrusting Porites spp.) and non-living substrate (dead coral skeletons and sand/rubble)
across a range of scales. Using a subset of our 65 models, we identified patches of reef with
uniform benthic composition and measured the rugosity of each patch using a 3 m long virtual

profile gauge.

2.4 Fractal dimension

We used linear rugosity measurements from 10 different levels of resolution to calculate
the fractal dimension (D) of the substrate. We calculated fractal dimension as D =1 — S, where S
is the slope between each successive rugosity value on a log-log plot of linear rugosity vs. profile
gauge resolution (Figure 1; Sugihara & May 1990, Nash et al. 2013). Values of D range from 1
to 2; D = 1 for Euclidean shapes, where contour length is constant regardless of scale, and D = 2
for shapes where the apparent contour length increases toward infinity when measured at finer
and finer levels of resolution. While other studies have calculated a single value of D between
one fine and one coarse resolution (Fukunaga et al. 2020a), we calculated nine values of D, one
for each scale interval. This approach allowed us to partition structural complexity by scale and
frame reef structure in the context of its ecological function (i.e., habitat provisioning for

organisms of certain size classes; Nash et al. 2013). Before using this approach to assess the

13
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fractal dimension of our SfM point clouds, we tested it using simulated data. We simulated reef
profiles with small-, intermediate-, and large-scale reef features of known size, and found that
values of D peaked in scale intervals that corresponded to the size of simulated reef structures

(Figure S4).

2.5 Statistical analysis

To identify the scales at which corals and reef geomorphology contribute to overall reef
structure throughout the Hawaiian archipelago, we constructed generalized additive models
(GAMs) to test the relationship between fractal dimension and three explanatory variables (coral
cover, RMS height, and latitude) at each scale interval. We used root mean square height (RMS
height), a metric that has been used to quantify topography in terrestrial settings (Shepard et al.
2001), as a proxy for reef geomorphology. To calculate RMS height, we calculated the distance
between each profile gauge rod terminus and the plane of best fit through the model, and then
calculated the standard deviation of these distances for each site. To test if RMS height was an
adequate proxy for reef geomorphology, we visually assessed the geomorphology of our models
and assigned each site a score between 0 (low relief) and 5 (high relief) following the methods of
Wilson et al. (2007). We found a strong correlation between these visual assessments of
geomorphology and RMS height (r = 0.865), which supports our use of RMS height as a proxy
for reef geomorphology. We also tested for relationships between RMS height, coral cover, and
latitude, and found no strong correlations between these explanatory variables.

We chose to use GAMs because fractal dimension exhibited a non-linear relationship
with our explanatory variables (coral cover, RMS height, and latitude) at certain scale intervals,

and based on the assumption that these variables were additive in terms of predicting our

14
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response variable. We used a Gaussian error distribution and untransformed data. Smoothing
terms were selected through generalized cross validation, and diagnostic tests indicated that a
basis dimension of k = 9 was appropriate for model fit for coral cover and RMS height, while k =
5 was appropriate for latitude. One site with extreme RMS height (PHR 52) had high leverage
(Cooks distance >> 1), so we excluded it from this analysis.

To investigate the effect of coral morphotype on fractal dimension, we categorized sites
based on their most abundant coral genus and morphology, which resulted in the following
levels: branching Montipora reefs (n = 6), encrusting Montipora reefs (n = 12), branching
Porites reefs (n = 13), massive Porites reefs (n = 8), and encrusting Porites reefs (n = 2). We
excluded sites with less than 15% coral cover from this analysis based on natural breaks in our
data and the assumption that corals contribute only marginally to overall reef structure below that
percent cover threshold. We also excluded encrusting Porites sites, given the limited sample size
(n=2).

We treated the categorical variables of coral morphotype as a fixed effect and tested for
differences in fractal dimension (D) between levels using analysis of variance. We performed a
one-way ANOVA at each scale interval using generalized least squares to explicitly account for
heterogeneity of variance between factor levels. Other ANOVA assumptions were met: the data
were normally distributed in almost all instances, and sites were separated by >1 km and could
thus be considered independent (i.e., sites were not close enough to overlap the same reef
structural features). To account for multiple comparisons, we used a reduced alpha value of a =
0.01 to consider both GAM and ANOVA results significant, and performed Tukey’s test of
multiple comparisons to identify differences between levels for each ANOVA fixed effect.

Analyses were conducted using the mgcv, nlme, multcomp, and rstatix packages in R version

15
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4.0.5 (Hothorn et al. 2008, Wood 2011, Pinheiro et al. 2018, R Core Team 2022, Kassambara

2019).

3. Results

Site-level fractal dimension varied depending on the scale interval considered, but ranged

between 1.289 and 1.001 across all sites and scales. Overall, fractal dimension was highest at the

2-4 cm scale interval (D2-4 = 1.145 £ 0.064 (x 1 SD)) and lowest at the 128-256 cm scale interval

(D12g-2s6 = 1.017 £ 0.015).

3.1 Coral cover and fractal dimension

We found a significant relationship between total coral cover and fractal dimension at all
scales finer than 16 cm (Figure 3). At these scales, adjusted R? values ranged from 0.584 (0.5-1
cm scale) to 0.666 (4-8 cm scale; Figure 4). At the finest scale intervals (0.5-4 cm), fractal
dimension increased monotonically with coral cover, while at coarser scales (4-16 cm) fractal
dimension was highest at reefs with intermediate coral cover, and lower at reefs with very high
or very low coral cover. For example, at the 8-16 cm scale interval, the fractal dimension of reefs
with >70% coral cover had comparable fractal dimension to reefs with 20% coral cover (Figure
3).

When considering only sites with >20% coral cover, fractal dimension did not exhibit a
significant relationship with coral cover at any scale. However, differences between sites became
apparent when the identity of specific corals was considered, rather than total percent coral

cover. Using 3 m long profile gauges to measure reef structure at the patch scale, we found

16



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

Drivers of Hawaiian structural complexity

different patterns of fractal dimension between genera (Porites and Montipora) and growth
forms (branching, encrusting, and massive; Figure 5A). Branching corals in particular displayed
higher fractal dimension across scales than massive or encrusting corals. We found that skeletons
of dead corals also created reef structure; patch-scale measurements of coral skeletons produced
values of fractal dimension comparable to those of encrusting corals. Surveys of coral rubble and
sand patches produced the lowest values of fractal dimension of all benthic categories
considered.

Analysis of reef structure at the site-scale mirrored patch-scale results, with significant
differences in fractal dimension emerging for different coral morphotypes at seven of nine scale
intervals (Figure 5B; Table S1). Reefs where branching Porites was most abundant were most
structurally complex overall and had significantly higher fractal dimension than all other types of
reefs at three scale intervals (1-2 cm, 2-4 cm, and 4-8 cm). Conversely, branching Montipora
reefs had moderate fractal dimension at small scale intervals but the lowest fractal dimension of
all reef types at scale intervals larger than 4 cm. Reefs characterized by encrusting Montipora
had similar fractal dimension to branching Montipora reefs at small scales but were more similar
to branching Porites reefs at larger scale intervals. Finally, reefs characterized by massive
Porites had the lowest fractal dimension of all reef types at scales finer than 4 cm, but
increasingly high fractal dimension relative to other reefs at larger scale intervals. While patterns
of fractal dimension varied across scales, the maximum fractal dimension for all reef types was
observed in the 2-4 cm scale range (D2-4 = 1.240 + 0.037 for branching Porites, D2.4 = 1.170 +
0.017 for branching Montipora, D24 = 1.192 + 0.030 for encrusting Montipora, and D,.4 = 1.146
+ 0.039 for massive Porites). Average coral cover differed between reef types as well: reefs

dominated by branching Montipora had the highest average coral cover (75.7% * 6.3), followed
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by encrusting Montipora reefs (56.6% * 14.1), branching Porites reefs (38.9% + 15.1), and

massive Porites reefs (26.1% * 8.4).

3.2 RMS height and fractal dimension

We found a significant relationship between RMS height and fractal dimension at all
scale intervals coarser than 16 cm (Figure 3). At these scales, adjusted R? values peaked at the
64-128 cm scale interval (R? = 0.708). At the coarsest scale intervals, fractal dimension increased
with increasing RMS height until a reaching a threshold of 40-50 cm RMS height, above which

fractal dimension either leveled off or began to decrease.

3.3 Latitudinal trends

Coral cover and RMS height varied between sites and displayed regional patterns (Figure
2). Average coral cover was highest in the Maui Nui region (Moloka‘i: 65.6% * 7.6, Lana‘i:
57.6% = 25.1, Kaho‘olawe: 48.1% * 30.5, Maui: 40.8% + 13.6) and lowest in the westernmost
atolls of the NWHI (Kure: 6.4% * 3.8, Pearl & Hermes Atoll: 5.7% + 5.8). Other islands had
intermediate levels of coral cover (Hawai‘i: 17.9% + 7.7, O‘ahu: 13.7 % + 15.4, French Frigate
Shoals: 15.1% + 19.2, Lisianski: 31.5% + 17.4). Conversely, islands at both ends of the
archipelago had sites with the largest RMS height (Hawai‘i: 36.67 cm % 16.74, Kaho‘olawe:
34.55 cm + 13.93, Lisianski: 31.62 cm + 5.85, Pearl & Hermes: 46.50 cm + 34.99, Kure: 36.27
cm * 16.38) while islands in the middle of the archipelago had sites with the lowest RMS height
(Maui: 23.24 cm + 6.62, Lana‘i: 24.12 cm % 7.54, Moloka‘i: 19.35 cm + 6.89, O‘ahu: 15.55 cm +

9.75, French Frigate Shoals: 23.02 cm + 6.06)
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Fractal dimension also varied throughout the island chain and was significantly related to
latitude at most scale intervals (0.5-64 cm). At these scales, low latitude reefs from Hawai‘i and
the Maui Nui region generally had the highest fractal dimension, with the lowest fractal
dimension at reefs from O‘ahu and intermediate fractal dimension in the NWHI (Figure 3).
Latitude was a significant predictor of fractal dimension at all scales that coral cover was
significant, and two of the four scale intervals where RMS height was significant (16-32 cm, 32-

64 cm).

4. Discussion

Studying the fractal dimension of reef contours across a range of scales can help to
contextualize the role of biotic and abiotic processes in creating structure on reefs. Notably, we
found a significant relationship between coral cover and fractal dimension at scales finer than 16
cm, which demonstrates that biotic processes primarily create reef structure at fine scales.
Conversely, we found a significant relationship between fractal dimension and RMS height, our
proxy for reef geomorphology, only at scales greater than 16 cm, suggesting that abiotic
processes are primarily responsible for creating reef structure at larger scales. Across all sites,
fractal dimension was highest at the 2-4 cm scale interval, and reefs overall had higher fractal
dimension at small scales than larger scales. Additionally, we found that increases in coral cover
do not necessarily correspond to increases in fractal dimension. For instance, at the 4-8 cm and
8-16 cm scale intervals, reefs with intermediate (30-60%) coral cover had the highest fractal

dimension.
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Our results demonstrate that the influence of biotic and abiotic processes on reef
structural complexity can be detected across distinct and finite ranges of scales. In the Hawaiian
archipelago, the relative influence of biotic and abiotic processes on reef structure appears to
transition around the 16 cm scale (Figure 4). Previous studies have identified abrupt shifts in
cross-scale patterns of reef fractal dimension at a similar range of scales: between 16 cm and 32
cm in the Seychelles (Nash et al. 2013) and between 10 cm and 20 cm in the Great Barrier Reef
(Bradbury 1984). These similarities suggest that a transition zone between biotic structure and
abiotic structure may be a widespread characteristic of coral reefs at this range of scales,
although the precise boundaries of this transition zone will likely shift in response to coral
colony size structure and community composition. In the context of the textural discontinuity
hypothesis, this suggests that small and large bodied reef organisms may be interacting with
different structural features in their habitat, features that are created by distinct processes and
change in response to distinct environmental forcings.

Researchers should be cognizant of this transition zone. Measurements with a resolution
of centimeters will be more ecologically relevant for studies focused on biotic structure than
measurements with a resolution of decimeters or meters, which may not be able to detect fine-
scale structural changes. While other researchers have used remote sensing data with meter
resolution to characterize reef structure over large spatial extents in the MHI (Asner et al. 2021),
our results suggest that measurements with such coarse resolution will lack the sensitivity needed
to characterize many changes in biotic reef structure over time. High-resolution data collected
over spatial extents of 100s of square meters, such as the SfM models used here, provide the
resolution needed to track fine-scale changes in reef structure over ecologically relevant areas.

Integrating these data with LIDAR or satellite-based remote sensing (Swetnam et al. 2018, Deng
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et al. 2019, Slocum et al. 2020) could enable researchers to answer additional questions across an
even broader range of scales (i.e., entire coastlines to islands). However, when used in isolation,
these coarser-scale remote sensing approaches appear to be insufficient for characterizing biotic
structural change on reefs.

It is important to note that using fractal dimension to quantify coral reef complexity does
not mean that coral reefs are fractal structures (Halley et al. 2004). For an object to be considered
fractal, it must exhibit self-similarity and scale invariance, meaning that any part of the object
must resemble the entire object and that patterns reoccur across scales (Mandelbrot 1983, Purkis
et al. 2006). By this definition, coral reefs are not fractals: reefs are composed of a diversity of
biotic and abiotic structures that are not self-similar (i.e., a corallite doesn’t necessarily resemble
a coral colony). Additionally, our results demonstrate that rugosity does not exhibit a power law
relationship with measurement resolution across all scale intervals (Figure 5), which violates the
condition of scale invariance for fractals. Instead, the departure from a true power law
relationship that we observed in this study indicates that more structural complexity exists at
certain scale intervals than others. However, while objects in nature are rarely if ever truly
fractal, they may exhibit fractal properties across a finite range of scales (Halley et al. 2004,
Purkis et al. 2006).

We utilized a fractal approach to identify the relative contribution of coral cover and
geomorphology to overall reef structure across a latitudinal gradient in the Hawaiian archipelago.
With the exception of O‘ahu, the MHI had greater fractal dimension than the NWHI at scales
associated with coral cover (smaller than 16 cm). This is consistent with our benthic cover
analysis, which showed that Moloka‘i, Lana‘i, Maui, and Kaho‘olawe had the highest levels of

coral cover in the island chain, while atolls in the NWHI had low or intermediate coral cover.
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Despite having some of the most pristine reefs in the world, the NWHI are characterized by
relatively low coral cover (Friedlander et al. 2009, Vroom & Braun 2010), due in part to their
northerly location. Corals on high latitude reefs, such as the NWHI, face greater competition
with macroalgae and more extreme temperature fluctuations, factors that reduce coral growth
rates, accretion, and reproductive capacity (Kleypas et al. 1999, Abdo et al. 2012). However, it is
important to note that other studies have found coral cover in the NWHI to be patchy, with
concentrated areas of up to 80% coral cover in some locations and higher cover in lagoons than
forereef habitats (Vroom & Braun 2010). Given that our surveys were confined to the forereef of
four atolls, our results may not paint a complete picture of coral-driven complexity on NWHI
reefs.

The non-linear relationship between fractal dimension and latitude may be the result of
anthropogenic impact (i.e., low coral cover and low fractal dimension on reefs around human
population centers in O‘ahu) and the geologic history of the island chain. As recently as 20,000
years ago, the islands of Moloka‘i, Lana‘i, Kaho‘olawe and Maui were connected as a single
island known as Maui Nui (Price & Elliott-Fisk 2004, Field et al. 2019). As a result of their
separation, the channels separating these islands are shallow and the reefs are geologically
young, which may explain why many of our sites from the Maui Nui region had relatively low
RMS height. The placement of these islands also shields their coastlines from wave energy
(Field et al. 2019), allowing dense monocultures of Porites compressa and Montipora capitata to
form in sheltered and relatively flat nearshore environments. This contrasts sharply with the
island of Hawai‘i, which has steep nearshore topography and is still actively volcanizing (Clague
& Dalrymple 1987). This geologic history was evident in several of our sites from the south-west

coast, which had large boulders, steep topography, and high fractal dimension at large scales.
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Although several sites in the NWHI also displayed steep underlying topography, the
geomorphology of these reefs differs from that of younger islands. The underlying volcanic rock
forming the NWHI has long since subsided, and is now capped by limestone from millions of
years of reef growth to form atolls (Rooney et al. 2008). Any extreme topography at these atolls
is a result of erosion or growth of the reef itself, rather than the geomorphology of the original
island. Baseline studies in the region have noted that islands in the northwest end of the
archipelago have more pronounced spur and groove geomorphology (Friedlander et al. 2009),
which could be a result of greater exposure to wave energy (Rooney et al. 2008). So, while reefs
at both ends of the archipelago have more extreme RMS height, the drivers shaping reef
geomorphology are likely different.

In addition to detecting differences in reef structure across a latitudinal gradient, we also
detected differences in coral-driven structure at the scale of monospecific patches and entire
100m? sites. Our finding that branching Porites creates the most structure of the selected coral
morphotypes is consistent with other studies (Richardson et al. 2017, Burns et al. 2019) and
suggests that branching Porites represents a keystone structure forming taxon on Hawaiian reefs.
Patch and site-scale results were largely consistent, with the exception of encrusting Montipora,
which had lower fractal dimension at the patch scale than the site scale. One explanation for this
observation is that reefs dominated by encrusting Montipora tended to have higher percent cover
of Porites, while reefs dominated by branching Montipora had almost no Porites cover. This
suggests that communities with a greater diversity of coral genera and growth forms may provide
greater amounts of structure than monospecific reefs, even if coral cover on monospecific reefs
is high. Indeed, percent cover of live corals was twice as high on branching Montipora reefs than

on branching Porites reefs, yet branching Porites reefs had higher fractal dimension at nearly all
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scales. By examining the fractal dimension of different coral communities, we were able to
detect differences in structure that were not apparent when comparing reefs based on their total
amount of coral cover alone. Taken together, these results support the findings of past studies
that have found that structural complexity is not merely a function of coral cover (Alvarez-Filip
et al. 2011, Richardson et al. 2017, Gonzalez-Barrios & Alvarez-Filip 2018, Burns et al. 2019);
the habitat a reef creates is dependent on the genera and growth form of its corals.

The ability to detect growth form and genus-specific patterns of fractal dimension is
important because benthic communities are dynamic and shift in response to both anthropogenic
and biophysical drivers (Gove et al. 2013, Jouffray et al. 2015, Jouffray et al. 2019). Donovan et
al. (2018) demonstrated the existence of multiple reef regimes in the MHI and found that reefs
may switch between regimes over time. Similarly, Rodgers et al. (2015) documented a change in
the relative abundance of coral species in the MHI between 1999 and 2012 (encrusting
Montipora spp. increased in abundance while P. compressa, the primary form of branching
Porites in Hawai‘i, decreased). It is possible that community composition in the MHI has shifted
further since 2012, especially given that a severe bleaching event occurred in the archipelago
from 2014-2015 (Couch et al. 2017, Chung et al. 2019). As ocean temperatures continue to
warm, climate change is expected to impact benthic communities on coral reefs (Hoegh-
Guldberg et al. 2007, Hughes et al. 2018, Eakin et al. 2019), which may in turn impact structural
complexity due to a loss of total coral cover or a shift in the dominance of certain coral species
(Burns et al. 2016, Ferrari et al. 2016, Wilson et al. 2019). Given our findings that coral
skeletons contribute to overall reef structure, we expect that the scale and magnitude of structural
change following bleaching events (where coral tissue is lost but coral skeletons remain for

several years; Couch et al. 2017) would differ from disturbances such as storms (where the

24



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

Drivers of Hawaiian structural complexity

underlying coral skeleton may be destroyed; Burns et al. 2016). Because bleaching, storms, and
shifts in community composition may impact reef structure and habitat availability in different
ways, it will be important to employ multi-scale methods to contextualize these changes over
time using a variety of remote sensing approaches. Furthermore, since biotic structures are likely
more vulnerable to climatic disturbance than abiotic structures and create structure at smaller
scales, our results reaffirm the need for fine-scale structural complexity measurements to assess

the resilience of biotic reef structure across space and time.

5. Conclusion

Our findings demonstrate that multi-scale analyses of structural complexity can provide
much needed context about the degree to which biotic and abiotic processes contribute to
structural complexity on coral reefs. By using fractal dimension to partition reef structure into a
series of scale intervals, we were able to estimate the role of corals and reef geomorphology in
creating reef structure across a latitudinal gradient in the Hawaiian archipelago. Interpreting
these findings in the context of the textural discontinuity hypothesis, our results can serve as a
proxy for habitat availability for reef organisms of different size classes. However, while several
studies have shown that the relationship between fish assemblages and reef structure is
dependent on body size (Friedlander & Parrish 1998, Harborne et al. 2012, Nash et al. 2013,
Agudo-Adriani et al. 2019), further research using fractal methods is needed to test whether the
textural discontinuity hypothesis holds true for reef fish assemblages across a wide range of

oceanographic conditions, human impacts, and geographies.
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Furthermore, our study highlights the limitations of structural complexity studies
conducted at a single scale. These approaches paint a singular picture of reef structure that is
relevant to only one size class of reef organisms. When time or resources prevent research
programs from using multiple scales of measurement, care should be taken to choose the
appropriate scale for the ecological question at hand. However, with technological advances
made possible by SfM, it is increasingly practical to conduct multi-scale studies of numerous
ecological phenomena, including structural complexity. This study highlights how SfM can be
harnessed to expand the utility of existing metrics, such as linear rugosity and fractal dimension,
to allow us to learn something new that would not be feasible using conventional field
approaches. SfM will allow researchers to innovate and learn more from coral reefs than was

ever possible before, with direct applications to reef ecology and conservation.
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Figure 1. A) Linear rugosity is the ratio of the contour distance across a surface to the linear
horizontal distance that contour traverses. B) Linear rugosity can be measured using a profile
gauge, a tool that consists of a series of parallel rods in a linear frame. When placed on the
substrate, the rods slide independently to rest on the shallowest object beneath, approximating
the contour of the substrate along a line. The Virtual Profile Gauge tool was designed as an
analogue to a real profile gauge, and uses a series of virtual cylindrical rods to measure the
vertical height of the point cloud along virtual transects. Users can select the number of rods per
transect, the length of the transects, the number of transects, and the orientation of the transects
with respect to the point cloud. C-F) Linear rugosity is a function of the resolution of the
measurement instrument (i.e., the profile gauge). The rate of change in rugosity between two
levels of resolution (C to D or D to E) can be used to calculate fractal dimension. Fractal
dimension is not constant for objects that are not true fractals, and can change between different

scale intervals. Panel F is adapted from Nash et al. 2013.
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Figure 2. The Hawaiian archipelago, with labels indicating the ten islands surveyed in this study.

Red boxes indicate the location of inset maps, which show the location of all study sites (n = 65).

Sites are symbolized by coral cover (color) and root mean square (RMS) height (shape). Blue

lines indicate the location of the 10 m isobath around each island (leeward side only for the Main

Hawaiian Islands).

Pearl and Hermes Reef (PHR)

I? L'_Z{ Lisianski (LIS)

Kure Atoll (KUR)

Northwest Hawaiian Islands

N
A

French Fngate Shoals (FFS)

Lana'i (LAN)

Main Hawaiian Islands

O'ahu (OAH)

o

Kaho'olawe (KAH)

Moloka'i (MOL)
Maui (MAI)

Hawal'i (HAW)

KUQ‘.I’
PH:Q
04 e
—
Ls
B‘
U e
— |
FFS
n-
\
0N e

Coral Cover [ veviowi<omi [l wowen viny [ weauen i aon) [ Hon 0w oony [ very von (- 00%)

Reef Geomorphology (RMS haight)

() Low reet (<20 em)

[ Mocsum bt (20 - 36 emy

'\ Mo et (> 35 con)

42



931

932

933

934

935

936

Drivers of Hawaiian structural complexity

Figure 3. The partial effect of coral cover, root mean square (RMS) height, and latitude on
fractal dimension is shown for each scale interval. . Shading indicates significant relationships at
a=0.01 (yellow for coral cover, blue for RMS height, and red for latitude) and 95% confidence
intervals. Fractal dimension was significantly related to coral cover at scales finer than 16 cm,
and was significantly related to RMS height (a proxy for reef geomorphology) at scales coarser

than 16 cm. Full results are shown in Table S2.
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Figure 4. The adjusted R? value at each scale interval is shown for our GAM, which incorporates
coral cover, root mean square (RMS) height, and latitude as explanatory variables for fractal
dimension. Colors denote the scale intervals over which each explanatory variable was
significant (at o = 0.01). The decline in adjusted R? from 16 to 64 cm indicates that neither coral
cover nor RMS height is a strong predictor of reef structure at intermediate scales, and that a

transition zone between biotic and abiotic reef structure exists in this scale range.
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Figure 5. A) The fractal dimension of different coral morphotypes, surveyed at the patch scale
across six different scale intervals. B) The fractal dimension of sites based on the most abundant
coral morphotype at each site. Sites with >15% total coral cover were classified into one of four
reef types: branching Montipora reefs, encrusting Montipora reefs, branching Porites reefs, and
massive Porites reefs. The average percent cover for each reef type is also shown. We tested for
differences between reef types at each scale interval using a one-way ANOVA with generalized
least squares. Results were considered significant if p < 0.01. Differences between reef types at
each scale interval are signified using post-hoc letters, which were determined using Tukey’s test

of multiple comparisons. Error bars in both panels indicate standard error.
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