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Structural complexity is an important feature to understand reef resilience abilities,
through its role in mediating predator-prey interactions, regulating competition, and
promoting recruitment. Most of the current methods used to measure reef structural
complexity fail to quantify the contributions of fine and coarse scales of rugosity
simultaneously, while other methods require heavy data computation. In this study, we
propose estimating reef structural complexity based on high-resolution depth profiles
to quantify the contributions of both fine and coarse rugosities. We adapted the root
mean square of the deviation from the assessed surface profile (Rg) with polynomials.
The efficiency of the proposed method was tested on nine theoretical cases and 50
in situ transects from South Taiwan, and compared to both the chain method and the
visual rugosity index commonly employed to characterize reef structural complexity. The
Rq indices proposed as rugosity estimators in this study consider multiple levels of
reef rugosity, which the chain method and the visual rugosity index fail to apprehend.
Furthermore, relationships were found between Rq scores and specific functional
groups in the benthic community. Indeed, the fine scale rugosity of the South Taiwan
reefs mainly comes from biotic components such as hard corals, while their coarse scale
rugosity is essentially provided by the topographic variations that reflect the geological
context of the reefs. This approach allows identifying the component of the rugosity
that could be managed and which could, ultimately, improve strategies designed for
conservation.

Keywords: structural complexity, rugosity, coral reef, resilience, Taiwan

INTRODUCTION

Climate Change and Its Impacts on Reef Structural Complexity

Climate change and anthropogenic pressures transform ecosystems and jeopardize the services
they provide, especially in coral reefs (Vergés et al., 2014; Hughes et al., 2017; Pecl et al,, 2017).
Coral reefs are affected from the physiological to ecosystem levels (Pendleton et al., 2016; Richmond
et al., 2018) by increasing sea surface temperatures (SST), ocean acidification, and typhoons, along
with a plethora of additional anthropogenic threats (Wilkinson, 1999; Hoegh-Guldberg et al., 2007;
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Carpenter et al., 2008; Carilli et al., 2009; Rogers et al., 2014;
Darling et al.,, 2019; Ribas-Deulofeu et al., 2021). Reefs must
show increasing capacities to resist and recover from stressors in
order to persist (Hughes et al., 2003, 2010, 2011). In this context,
structural complexity has been identified as a critical factor to
understand reef resilience abilities (Graham et al., 2015; Maynard
et al,, 2017). A growing body of literature on reef rugosity has
highlighted the losses in reefs’ structural complexities together
with an erosion of resilience capacities (Syms and Jones, 2000;
Chong-Seng et al.,, 2012; Graham and Nash, 2013; Gonzélez-
Rivero et al, 2014; Rogers et al., 2014). Mechanical damages
and reduced growth rates of corals have led to a consequential
loss in reef structural complexity over the past decades (Young
et al., 2012; Bozec et al, 2015; Hoegh-Guldberg et al., 2017;
Mollica et al., 2018).

Historical Background on Reef Rugosity

Investigations

Measurements of reef structural complexity were first performed
by Risk in the 1970s (Risk, 1972), and were later adapted by
Luckhurst and Luckhurst (1978) into the “rugosity index,” also
referred to as the chain method, which measures the difference
between the distance covered by a fine-link chain closely laid over
a substrate and its known linear distance. Since then, the rugosity
parameter has remained the most widely used measure of reef
structural complexity, and multiple methods to estimate it have
been proposed (e.g., Polunin and Roberts, 1993; Dustan et al.,
2013; Young et al., 2017; Lazarus and Belmaker, 2021). In the
1990s, the visual rugosity index emerged to estimate larger scales
of rugosity (Polunin and Roberts, 1993). This proposed index
was based on a six-point scale ranging from zero—no vertical
relief observed along the transect—to five—an exceptionally
complex substrate relief with numerous caves and overhangs
characterizing the transect (Polunin and Roberts, 1993; Wilson
et al., 2007).

Since then, improvements in underwater techniques and other
technological advances have allowed researchers to develop new
methods and metrics to assess reef rugosity more accurately
(Figueira et al, 2015; Ferrari et al, 2016; Young et al,
2017; Lazarus and Belmaker, 2021). Yet, even with enhanced
tridimensional models, most of the recent studies have used
linear-rugosity (chain method) or fractal dimensions to quantify
reef rugosity (Ferrari et al., 2016; Young et al., 2017; Magel et al.,
2019). In addition, most recent methods have been impeded by
either their restricted resolution (e.g., satellite imagery) or their
operational capacities in underwater ecosystems (e.g., Structure
from Motion (SfM) photogrammetry), reducing the range of
reefs in which researchers could implement them (Friedman
et al., 2012; Knudby et al., 2014; Burns et al., 2015; Figueira
et al., 2015; Ferrari et al., 2016; Yanovski et al., 2017). On
the other hand, despite the broad acceptance of the traditional
chain method, its in situ deployment remains laborious, time
consuming, and inaccurate compared to techniques such as
SfM photogrammetry (Risk, 1972; Luckhurst and Luckhurst,
1978; Knudby and LeDrew, 2007). In parallel, visual estimations
of habitat complexity (Polunin and Roberts, 1993) have been

widely used and praised for their correlations with the fish
communities (Wilson et al., 2007). However, visual census
approaches show limited relationships with benthic composition
and yield observer bias, making the studies that use them difficult
to replicate (Bayley et al., 2019). The more recent development
of the Digital Reef Rugosity (DRR) method by Dustan et al.
(2013) offers a good compromise between data resolution and
field implementation difficulties. Yet, as suggested by the authors
themselves, other statistics on depth profiles might yield better
rugosity estimations than what they proposed (Dustan et al.,
2013). Consequently, none of the existing methods or metrics
led to a consensus on how reef rugosity should be measured or
estimated (Knudby and LeDrew, 2007; Graham and Nash, 2013;
Yanovski et al., 2017; Lazarus and Belmaker, 2021).

The Influence of Types of Rugosity on

Ecosystem Functioning

Coral reef rugosity is based essentially on the physical
characteristics of the inhabiting organisms, and this structure
can be measured from the micro scale (from millimeters to
decimeters) to the macro scale (e.g., based on larger organisms
such as massive Porites colonies, which can reach over a meter in
scale) (Graham and Nash, 2013; Darling et al., 2017). In addition,
the geological context of the studied reef also contributes to its
rugosity, especially to its macro-rugosity (Kleypas et al., 2001;
Graham and Nash, 2013; Darling et al., 2017). Numerous fish
and other mobile reef organisms have been shown to prefer
specific structural scales (Chong-Seng et al., 2012; Graham and
Nash, 2013; Richardson et al., 2017). In the Indo-Pacific, studies
showed that micro-rugosity, such as that provided by branching
corals, tends to favor smaller fishes, such as Pomacentridae, as
it offers them many potential refuges (e.g., Wilson et al., 2008;
Graham and Nash, 2013), while large and medium-sized fishes
show stronger relationships with macro-rugosity (Wilson et al.,
2008; Dustan et al., 2013). Consequently, it is crucial to quantify
the contributions of the different scales of rugosity to the overall
reef rugosity, along with the contributions from biotic (reef
organisms) and abiotic (geological features) parameters, since
reef organisms constitute the primary targets of management
strategies (Harborne et al., 2012; Graham et al., 2015; Darling
et al, 2017). The chain method and SfM photogrammetry
describe the finer scale of habitat variability (Knudby and
LeDrew, 2007; Dustan et al, 2013; Magel et al, 2019) and
most remote-sensing methods describe larger scale factors such
as bathymetric variations (Purkis et al., 2008; Friedman et al,,
2012; Dustan et al., 2013; Graham and Nash, 2013). Missing
finer- or broader-scale rugosities may result in only a partial
understanding of the relationship between structural complexity
and reef composition and, ultimately, lead to inadequate reef
management strategies (Friedman et al, 2012; Graham et al,
2015; Maynard et al., 2017).

Consequently, in this study, we propose a framework that
combines fine-scale depth profiles with fast computations to
accurately quantify reef rugosity, but more importantly to
measure the relative contributions of fine and coarse rugosities
(decimeter to meters) into the overall rugosity of the reef
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ecosystems. We present nine theoretical cases to demonstrate
our method. We further tested the feasibility and performance
of our method on 50 fine-scale depth profiles from South Taiwan
coral reefs.

MATERIALS AND METHODS

Rugosity Estimations

Reef rugosity estimations were based on high-resolution
depth profiles from theoretical and in situ line-transects. Our
calculations (Supplementary File 1) used the roughness index
Rq, developed for engineering purposes to estimate the surface
roughness profile of materials (Posey, 1946). Rq (also called
R.M.S. in certain studies) represents the Root Mean Squared
deviation from the assessed surface profile. To discriminate
between the contributions of fine and coarse scales of rugosity on
the total rugosity profile, we adapted the Rq index (Equation 1) as
followed:

% > m x (depth;—poly;)’ (1)

i=1

Ry =

with [ = transect length; and m = %; in this study, [ = 20 m.

Rugosity profiles were then plotted along with a first-
degree polynomial function to represent the total rugosity of
each transect (fine and coarse scales rugosity, Rq;). Successive
estimations of Rq were performed from the first order of
polynomial up to the twelfth order. As the orders of polynomials
increased, the fit we obtained improved, and thus the remaining
rugosity decreased, allowing us to move along a continuum from
coarse to fine scale rugosity. Rq; represents the overall rugosity
of our line-transects, while Rq;, corresponds to the fine scale
rugosity contribution. To estimate the proportion of coarse scale
rugosity in our transects, we subtracted the fine scale rugosity
Rqy, from the overall rugosity Rq; of the transect. From here
on, we refer to the contribution of coarse scale rugosity to the
transects as Rq1-Rqi2.

To compare our method with commonly used rugosity
methods, we computed the expected rugosity of our transects
with the chain method. Our “virtual chain index” (Equation 2)
was calculated as followed:

1 n
Virtual chain index = 7 Z \/(depthi - depthl-_l)2 +m? (2)
i=1

with virtual chain link size corresponding to the depth profile
resolution of the transects, since m = %

In addition, to mimic diving conditions, two observers
used videos to visually categorize the structural complexity of
our in situ transects using the six-point scale proposed by
Polunin and Roberts (1993). Zero, the first level, corresponded
to no vertical relief observed along the transect. Levels one
and two corresponded to sites with low structural complexity,
and sparse and widespread relief, respectively. Level three was
for moderately complex sites, while level four was for very
complex sites with numerous caves and fissures. Finally, level

five corresponded to sites with exceptional complexity, including

numerous caves and overhangs (Polunin and Roberts, 1993;
Wilson et al., 2007).

Datasets

Theoretical Cases

To demonstrate our method, nine 20-m long theoretical transects
were generated (Supplementary File 2). Resolution between
two depth measurements on our theoretical cases was set to
12.50 cm. Three levels of coarse scale rugosity were defined:
low for the transects Theol, Theo2, and Theo3; medium for
Theo4, Theo5, and Theo6; and high for Theo7, Theo8, and Theo9
(Figure 1). Three levels of fine scale rugosity were also defined
to represent all possible combinations of fine and coarse scale
rugosity levels. Indeed, Theol, Theo4, and Theo7 were classified
as low fine scale rugosity; Theo2, Theo5, and Theo8 as medium
fine scale rugosity; and Theo3, Theo6, and Theo9 as high fine
scale rugosity (Figure 1). The nine theoretical transects defined
in this study allowed us to test how well our rugosity indices
discriminated transects with known gradients of fine and coarse
scale rugosity (Figure 1).

Field Survey

Fifty field transects were surveyed at 10 locations
(Supplementary File 3) in Kenting National Park (KNP),
at the southern tip of Taiwan (21.90°N, 120.79°E), to test the
performances of our method (Figure 2 and Table 1). Transects
were positioned around 5 m in depth, with a minimum depth of
1.8 m and a maximum one of 10.1 m. The field data presented in
this study were collected in July and August 2015.

Fine resolution depth profiles were recorded following the
method proposed by Dustan et al. (2013). At each site, water
pressure data along five 20-m-long line transects was measured
using a titanium HOBO water level logger (U20-001-03-TI) pre-
programmed to start at the specific hour of the onset of our
surveys. In our case, pressure records were set at 2-s intervals
to sustain battery life for survey of 10 sites. For reference,
with temperature disabled, the logger offers up to 50 h of
continuous recording. According to the focus of the survey
(individuals, communities, seascape), we would recommend to
adjust measurement interval to capture the resolution of interest
(here colony scale—decimeter). Once set, barometric pressure
variations were recorded pre-dive at sea-level for over 5 min.
Wave height variations were estimated by keeping the logger
still at the sea-bottom for 2-4 min, as recommended by Dustan
et al. (2013). To record the actual transect depth profile, the
diver progressed slowly at a constant horizontal speed along the
transect following as closely as possible, but carefully, the reef
topography, while paying extra attention to not damage the reef
(Dustan et al., 2013).

Starting and ending times of sea-level and sea-bottom
recordings along with the beginning and end times of each
transect recordings were noted. In addition, time synchronization
between diving computer and the computer used to download
the data from the logger were checked prior to the field survey,
in order to accurately identify and subset the useful data from the
raw file extracted from the logger (Dustan et al., 2013). Pressure
data were subset by transect and converted into depth profiles
using the formula recommended by Fofonoff and Millard (1983).
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FIGURE 1 | Theoretical depth profiles. Rows and columns represent cases with the same level of coarse and fine scale rugosity, respectively. The orange and green
arrows represent the increasing gradient of coarse and fine scale rugosity, respectively. The blue lines represent the actual depth profiles of the nine theoretical
transects and the red lines represent the first order of polynomial. Rg1 value is reported for each transect, along with its chain index score in parentheses.

>

Their formula (Equation 3) resolves the inconsistency in the
pressure/depth conversion caused by gravitational variations
through latitudinal and depth gradients (Fofonoff and Millard,
1983), allowing our technique to be replicated at any location or
depth around the globe.

depth(m)

_(((1.82¢ % p+2.28¢7 %)% p—2.25¢77)x p49.73) X p)
T 9.78x (1 4 (5.28¢7 + 2.366 > x x) xx + 1.09¢~® x p)

(©)

with p (pressure) measured in decibars (hPa/10) and

Latitude
57.29578

The resolution of the 50 depth profiles was one measurement
every 15.73 &= 1.50 cm on average. The lowest resolution for those
profiles was one measurement every 19.41 cm (LK3 on the East
Coast) and the highest was one measurement every 12.58 cm
(HBH4 in Nanwan).

Rugosity indices were calculated for both theoretical and
in situ transects. To identify transects with similar rugosity

x = sin(
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FIGURE 2 | Study area. Green line represents the limits of KNP, while red dots represent surveyed sites.

Kenting National Park

TABLE 1 | Information on the locations surveyed.

Site Transect code Kenting location Latitude Longitude Min depth (m) Max depth (m) Surveyed date
Longkeng LK East Coast 21.91283 120.86190 3.2 8.0 7/28/2015
Jialeshuei JLS East Coast 21.99232 120.86359 2.9 10.1 7/29/2015
Chufengbi CFB East Coast 22.09112 120.89733 4.5 7.0 7/29/2015
Houbihu HBH Nanwan 21.94299 120.75181 3.8 6.7 7/30/2015
Leidashih LDS Nanwan 21.92934 120.74277 1.8 7.3 7/30/2015
Outlet ouTt Nanwan 21.93137 120.74463 3.6 7.7 7/31/2015
Tiaoshih TS Nanwan 21.95193 120.77068 4.5 6.6 8/1/2015
Houwan HW West Coast 22.04417 120.69430 5.1 9.3 8/1/2015
Wanlitung WLT West Coast 21.99557 120.70212 3.4 6.4 8/1/2015
Dabaisha DBS West Coast 21.93376 120.71372 3.1 6.4 7/30/2015

patterns, principal component analyses (PCA) using the overall,
fine and coarse scale rugosity indices (Rq1, Rqi2 along with Rg;-
Rq1,) were performed on the 50 surveyed transects and the nine
theoretical ones. Rq indices and Rq;-Rq» were standardized

prior to the PCA.

Relationships Between Rugosity Patterns and
Benthic Composition

Benthic composition data were collected along the same transects
as the field rugosity data. Photo-quadrats (0.5 m x 0.5 m)
were captured every meter along the 20-m-long line transects
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following the method described in Ribas-Deulofeu et al. (2016).
In each photograph (50 random points/photograph), the benthic
organisms were identified using 133 Operational Taxonomic
Units (OTUs), in the CPCe v4.0 software (Kohler and Gill, 2006).
The detailed benthic dataset is available in Ribas-Deulofeu et al.
(2021). The relationships between rugosity patterns (Rq1, Rqi2,
and Rq;-Rqi2) and benthic composition were investigated using
transformation-based redundancy analysis (tb-RDA) (Legendre
and Legendre, 2012). Tb-RDA analysis was performed on
Hellinger-transformed benthic cover, while rugosity indices were
standardized. In the benthic composition dataset, the major
categories that contributed to less than 5% in any transect were
excluded in the tb-RDA analysis (McCune and Grace, 2002).
Collinearity between the remaining 12 benthic categories was
tested using the variance-inflation factors. Variables scoring over
10 (Borcard et al., 2018) in the variance-inflation factors of
variables were excluded from the tb-RDA analysis.

All data were analyzed in Python (2.7) and R (v3.5.1) using
packages vegan (Oksanen, 2018) and ggvegan (functions available
at https://github.com/gavinsimpson/ggvegan/).

RESULTS

Rq1, Rg12, and Rg1-Rg12 Performances
Theoretical Cases

Rg, was lowest for Theol (0.16), which is consistent with
the characteristic established for our theoretical transects, as
Theol had the lowest coarse and fine scale rugosity levels, and
consequently the lowest overall rugosity (Figure 1 and Table 2).
On the other hand, Theo9 had the highest Rg; score (0.62), which
is also consistent with the theoretical transects characteristics, as
this transect represents the highest level of coarse and fine scale
rugosity and is consequently expected to represent the highest
overall rugosity among our theoretical transects (Figure 1 and
Table 2). Theol, Theo4, and Theo7 had the lowest Rq;, score
(0.07), as they are characterized by the lowest fine scale rugosity
level, while Theo3, Theo6, and Theo9 had the highest Rq1, score
(0.28), as they represented the highest level of fine scale rugosity
in our theoretical set (Figure 3 and Table 2). The coarse scale
rugosity gradient was also confirmed by our Rq;-Rq, index:
Theol, Theo2, and Theo3 had the lowest score (0.03-0.08);
Theo4, Theo5, and Theo6 had an intermediary score (0.11-0.21);
and Theo7, Theo8, and Theo9 had the highest score (0.34-0.49;
Figure 1 and Table 2).

Our Rqi2 and Rq1-Rq; indices correctly estimated the coarse
and fine scale rugosity gradients established for our theoretical
transects (Figures 1, 3, Table 2, and Supplementary Figure 1).
Rq allowed us to compare transects with different levels of coarse
and fine scale rugosity and surmise which cases represent high
overall rugosity.

In situ Cases

Horizontally, intervals between two depth measurements in
the in situ transects ranged from 12.58 cm (HBH4) to
19.41 cm (LK3). Vertically, the minimum and maximum
deviations observed between the depth profiles and their

TABLE 2 | Rugosity indices for all theoretical and in situ transects.

Transect Visual index Chain Rqi1-Rqi2 Rql Rqil2
Observer A Observer B

CFB1 1 2 1.21 0.08 022 0.14
CFB2 1 2 1.14 0.1 023 0.12
CFB3 1 1 1.17 0.07 0.19 0.12
CFB4 1 2 1.16 0.08 022 0.13
CFB5 1 2 1.2 0.11 025 0.14
DBSH1 3 3 1.37 0.31 0.52 0.21
DBS2 4 4 1.34 0.06 0.21  0.15
DBS3 2 3 1.23 0.1 022 0.12
DBS4 2 3 1.28 0.06 0.17 0.11
DBS5 1 3 1.28 0.16 0.3 0.15
HBH1 3 3 1.32 0.06 024 0.18
HBH2 3 4 1.17 0.23 0.35 0.12
HBH3 4 4 1.2 0.4 055 0.15
HBH4 3 3 1.32 0.09 0.33 024
HBH5 3 4 1.16 0.18 0.33 0.15
HW1 4 2 1.31 0.56 0.81 0.26
HwW2 4 2 1.44 0.2 046 0.26
HW3 5 2 1.46 0.42 0.68 0.26
HW4 4 2 1.44 0.53 0.79 0.25
HW5 4 2 1.55 0.26 054 0.29
JLS 2 3 1.33 0.64 0.81 0.16
JLS2 4 3 1.54 0.5 0.75 0.25
JLS3 2 3 1.32 0.43 0.68 0.25
JLS4 3 3 1.51 0.73 099 0.26
JLS5 3 3 1.3 0.66 0.86 0.21
LDS1 1 2 1.13 0.02 0.11  0.09
LDS2 1 2 1.15 0.21 0.3 0.09
LDS3 1 1 11 0.05 0.12 0.07
LDS4 3 2 1.35 0.15 0.41 0.26
LDS5 3 2 1.34 0.19 0.52 0.33
LK1 2 2 1.23 0.06 0.21 0.15
LK2 3 3 1.27 0.3 048 0.18
LK3 2 2 1.15 0.18 0.3 0.12
LK4 1 3 1.15 0.31 0.4 0.09
LK5 1 2 1.15 0.11 023 0.12
OUTH 4 4 1.16 0.15 0.31 0.15
ouT2 5 3 1.42 0.35 0.67 0.33
OuUT3 4 5 1.36 0.1 0.37 0.26
ouT4 5 5 1.54 0.45 0.77 0.31
OouT5 4 5 1.18 0.14 0.31  0.17
TS 1 1 1.16 0.22 0.33 0.11
TS2 2 2 1.19 0.19 0.31 0.12
TS3 1 2 1.14 0.13 025 0.11
TS4 1 2 1.24 0.14 0.3 0.15
TS5 1 3 1.27 0.14 0.31 0.18
WLTH 3 2 1.23 0.11 025 0.13
WLT2 3 1 1.26 0.06 0.2 0.14
WLT3 3 1 1.35 0.33 054 0.22
WLT4 3 1 1.36 0.21 0.4 0.19
WLT5 2 1 1.29 0.25 0.4 0.15
Theot NA NA 1.14 0.08 0.16  0.07

(Continued)
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TABLE 2 | Continued

Transect Visual index Chain Rq1-Rqi2 Rql Rqi2
Observer A Observer B
Theo2 NA NA 1.44 0.06 0.2 0.14
Theo3 NA NA 2.26 0.03 0.31  0.28
Theo4 NA NA 1.15 0.21 0.29 0.07
Theo5 NA NA 1.45 0.17 0.31 0.14
Theo6 NA NA 2.26 0.11 0.4 0.28
Theo? NA NA 1.2 0.49 0.56 0.07
Theo8 NA NA 1.48 0.43 0.57 0.14
Theo9 NA NA 2.28 0.34 0.62 0.28

fitted polynomial functions were 0.00 cm (twelfth-degree
polynomial, CFB2), and 227.56 cm (first-degree polynomial,
JLS4), respectively.

The highest Rq; scores were observed in JLS4 (0.99), followed
by JLS5 (0.86) and HW1 and JLS1 (0.81 for both) (Figure 4,
Table 2, and Supplementary Figure 2). These transects presented
the highest Rgq;-Rqi2 scores (0.56-0.73). However, while they
did not have the highest Rq», they did score fairly high (0.16-
0.26, Figure 5, Table 2, and Supplementary Figure 2). Among
the entire data set, the four highest RqI2 scores were 0.29-
0.33.

On the other hand, the lowest Rq; occurred in LDS1 (0.11),
LDS3 (0.12), DBS4 (0.17), and CFB3 (0.19) (Figure 4 and
Table 2). LDSI1, LDS3, and DBS4 were also among the transects
with the lowest Rq;-Rq2 (0.02, 0.06, and 0.7, respectively), along
with DBS2, HBH1, LK1, and WLT2 (0.06 for each). Furthermore,
three of these transects—LDS3, LDS1, and DBS4—also presented
the lowest Rq;2 observed among our field transects (0.07, 0.09,
and 0.11, respectively); LK4 and LDS2 (0.09 for both) and TS1
and TS3 Rqj, scores were equal to DBS4 (0.11) (Figure 5, Table 2,
and Supplementary Figure 2).

Comparison With the Chain Index

Theoretical Cases

Our theoretical transects had chain index values between 1.14
and 2.28 (Table 2). The chain index was lowest for the transect
Theol (1.14), which was the theoretical case in our theoretical
transects with the lowest overall rugosity and low coarse and
fine scale rugosity levels (Figure 2). In addition, the chain
index was indeed the highest for our Theo9 case, which had
the highest overall rugosity and high coarse and fine scale
rugosity levels (Figure 1 and Table 2). However, increases in
chain index values were negligible when coarse scale rugosity
proportions were increased between transects (e.g., 1.14 for
Theol, 1.15 for Theo4, and 1.2 for Theo7, where Theol, Theo4,
and Theo?7 are characterized by the same fine scale rugosity but
an increasing coarse scale rugosity). This highlighted the poor
ability of the chain index to capture coarse scale rugosity (due to
small chain link size), whereas chain index scores increased with
increasing fine scale rugosity levels (e.g., 1.14 for Theol, 1.44 for
Theo2, and 2.26 for Theo3, where Theol, Theo2, and Theo3 are

characterized by the same coarse scale rugosity but increasing fine
scale rugosities).

In situ Cases

For the transects scoring the same chain index with at least
one other transect (34 transects), 79.4% of them (27 transects)
showed different rugosity patterns (Table 2). For example, LDS5
and DBS2 were both 1.34. However, these two presented very
different Rq;, Rq1-Rqi12, and Rqy, (Figures 4, 5 and Table 2).
Indeed, their Rg; values were 0.52 and 0.21, Rq;-Rq;» were 0.19
and 0.06, and Rq;> were 0.33 and 0.15, respectively. A similar
situation was observed with HW2 and HW4 (Figures 4, 5 and
Table 2): although their chain index scores were the same (1.44)
and Rq, values were very similar (0.26 and 0.25, respectively),
the two transects showed different Rq;-Rq;> levels, with HW4
(0.53) having more than twice the value as HW2 (0.20). This, in
turn, resulted in a large difference in the two’s Rq; values (0.46
and 0.79, respectively).

Comparison With the Visual Rugosity

Index

The visual rugosity index has been estimated for the 50 in situ
transects by two observers. The observers only agreed on rugosity
estimations for 16 of these transects. For most transects (22
out of 50), their rugosity estimations only differed by 1 level
(e.g., 4 of the 5 transects from Chufengbi were ranked level
1 by one observer and level 2 by the other). For 12 of the
50 transects, the estimations differed by at least 2 levels (e.g.,
WLT2 to WLT4 were ranked level 3 by one observer and
level 1 by the other). The greatest difference between the
observers was 3 levels.

There was variability in the chain index and Rq indices among
transects that had equal visual rugosity index scores. For example,
the chain indices of the six transects ranked level 3 by both
observers (DBS1, HBH1, HBH4, JLS4, JLS5, and LK2) ranged
from 1.27 to 1.51. Similarly, for these transects, Rq; ranged from
0.24 to 0.99, Rq1-Rq2 ranged from 0.06 to 0.73, and Rq;, ranged
from 0.18 to 0.26.

Multivariate Analysis of Rugosity Indices
Theoretical Cases
The first axis (PCA1, 56.19% of the variance explained) of
the PCA based on the theoretical transects only (n = 9)
mainly represented the fine scale rugosity gradient, as Rqi
was —0.99 (Figure 6, note that in the figure, inverse of PCAI
and PCA2 are used for visualization purpose), while Rq
was —0.16 and Rq;-Rq;> was 0.47. The second axis (PCA2;
43.81%) mainly represented the overall rugosity and coarse scale
rugosity gradient, with Rq; and Rq;-Rq;; of —1.62 and —1.04,
respectively, and a Rq, of —0.22 (Figure 6). Pearson correlation
tests were performed between variables. Rq1-Rq12 and Rq
showed strong correlation [r(7) = 0.85, p-value = 0.004]. However,
Rq) and Rq2, as well as, Rq;-Rq1> and Rqj> showed moderate,
but non-significant, correlations [r(7) = 0.29, p-value = 0.44, and
r(7) = —0.26, p-value = 0.5, respectively].

Rugosity gradients were well illustrated by the position of
the theoretical transects in the PCA (Figure 6). Transects with
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FIGURE 3 | Depth profiles of the theoretical transects along with their twelfth order of polynomial. Elevation profiles (blue lines) for each transect. Red lines represent
the twelfth order polynomials. Chain index results are reported in parentheses; the orange and green arrows represent the increasing gradients of coarse and fine

>

the same Rqi; but increasing Rq;-Rqi» followed increasing
gradients along PCA2 (from Theol to Theo4 and Theo7, Theo2
to Theo5 and Theo8, and Theo3 to Theo6 and Theo9; these three
transect trios are characterized by the same respective Rg;2). On
the other hand, transects with similar Rq;-Rq;, but increasing
Rq12 (Theol with Theo2 and Theo3, Theo4 with Theo5 and
Theo6, and Theo7 with Theo8 and Theo9) followed an increasing
gradient of Rqis, as PCAl is mainly explained by fine scale
rugosity (Figure 6).

In situ Cases

The first axis of the PCA (PCAIl, 83.64% of the variance
explained) considering only the in situ transects (n = 50)
mainly represented the overall-rugosity gradient, as Rq; was 2.08
(Figure 7), Rq1> was 1.48, and Rq;-Rq;2 was 1.91. The second
axis (PCA2; 16.36%) mainly represented the opposing coarse and
fine scale rugosity gradients, with Rqi2 and Rq;-Rqi» scoring
—1.20 and 0.72, respectively, and Rq; scoring 0.19 (Figure 7).
Note that Rq;-Rqi2 and Rq; were strongly correlated [Pearson
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FIGURE 4 | Depth profiles of the surveyed transects along with their first order of polynomial. Elevation profiles (blue lines) for each transect from the 10 surveyed
sites in 2015. Red lines represent the first order polynomials. Chain index results are reported in parentheses.

correlation: r(4g) = 0.96, p-value <0.001], Rq; and Rq;, showed
high correlation [r4s) = 0.72, p-value < 0.001], and a moderate
correlation was found between Rq;1-Rqi> and Rqis [rus) = 0.51,
p-value < 0.001].

Importance of Using Multiple Rugosity Indices and
Distinguishing Among Types of Rugosity

In our set of in situ transects, some presented equal Rq scores
for a given polynomial level. However, those same transects
showed different patterns when depth profiles or other Rq levels
were investigated. To illustrate this type of situation, we detail
below the case in which eight of our transects (DBS2, DBSS5,
HBH3, HBH5, LK1, OUTI, TS4, and WLTS5; colored transects
on Figures 7, 8) had the same Rqj, scores, indicating that they
had similar fine scale rugosity levels (Rg;2 = 0.15). Despite equal
Rq1> scores, they presented contrasted geological features, as
highlighted by their topographic profiles (Figure 4) and Rq; and
Rg1-Rqi2 scores (Table 2 and Supplementary Figure 2). These
eight transects presented Rq; scores of 0.21-0.55, and Rq1-Rq12
of 0.06-0.40. By using Rq;, Rqi2, and Rq;-Rq» together, we
determined that DBS2 and LK1 transects’ rugosities were mainly
composed of fine scale rugosity (navy blue in Figures 7, 8), as
demonstrated by the low contribution of Rq;-Rq;2 (0.06), which,
in turn, induced a lower Rq; (0.21, Figure 7 and Table 2). On the

other hand, WLT5 and HBH3 (purple and fuchsia, respectively,
in Figures 7, 8) had higher Rq; (0.40 and 0.55, respectively) than
did the other transects. This was characterized by a higher Rq;-
Rq12 (0.25 and 0.40, respectively) than in the other transects of
this example (Rg;-Rq12 0.06-0.16). Finally, TS4, OUT1, DBS5,
and HBHS5 represented intermediate situations, characterized by
almost equal contributions of Rq;-Rq> (0.14-0.18) and Rqi»
(0.15). The Rq; values of these transects (0.30 and 0.33, cyan
in Figures 7, 8) constitute an intermediate situation compared
to the other transects from this example. In conclusion, if
we considered Rq;; alone, we would have simply concluded
that these transects presented the same rugosity pattern. By
considering different levels, we determined that the transects
actually differed in terms of overall and coarse scale rugosity, but
converged in terms of fine scale rugosity.

Relationships Between Rugosity Patterns and
Benthic Composition

Redundancy analysis (tb-RDA, Figure 8) was performed on
standardized rugosity indices constrained by the benthic
composition dataset minus the categories that never contributed
for more than 5% in any transect. The constrained tb-RDA model
containing the 12 remaining benthic categories was significant
(ANOVA, F =2.38, p = 0.007). Values from the variance-inflation
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factors analysis (vif.cca) ranged from 2.18 (hydrozoa) to 6.54
(encrusting corals). None of the benthic categories had scores
over 10, so they were all kept in the final tb-RDA analysis. The
adjusted R? of the global model of the tb-RDA was 25.23%.
The first constrained axis (RDA1) explained 39.80% of the total
variance explained by the model (3.01), and the second (RDA2)
accounted for 3.73%. For comparison purposes, the first two
unconstrained axes (PCA1 and PCA2) explained 44.69% and
11.77%, respectively. The RDA1 axis mainly represents the overall
rugosity gradient, as Rq; was 1.39 (Figure 8), Rqi, was 1.22,
and Rq;-Rq;> was 1.19. RDA2 mainly represented a decreasing
gradient of fine scale rugosity and an increasing gradient of coarse
scale rugosity, with a Rq12 of —0.54, Rq1-Rq12 of 0.39, and Rq; of
0.14 (Figure 8).

Among the constrained variables, four (encrusting, massive,
branching, and foliose corals) of the five scleractinian categories
had positive scores on the first tb-RDA axis—ranging from 0.47
(encrusting corals) to 0.13 (branching corals)—and negatively
on RDA2 (—0.58 to —0.30). Those four categories of corals
were more abundant on transects with higher fine scale rugosity
contribution (Figure 8). On those same transects, macro-algae
cover was also among the lowest observed in our dataset, which
is consistent with macro-algae scoring almost perpendicularly
to RDA1 (RDA1 = 0.003 and RDA2 = 0.52). The last coral

category, tabulate corals, had a negative score on RDAI but
represented a small weight on both RDA1 (—0.04) and RDA2
(0.06). Octocoral had a negative score on RDA1 (—0.60), as
did unstable substrate (—0.43) and turf (—0.34). Octocoral, turf,
and unstable substrate are characteristic of transects with lower
overall rugosities (Figure 8).

DISCUSSION

In this study, we proposed an alternative numerical approach
to improve reef rugosity estimations based on high-resolution
depth profiles. We recorded depth profiles using the method
that Dustan et al. (2013) developed. Dustan’s method made field
data collection relatively straightforward and rapid compared
to the chain method, photogrammetry, and other 3D modeling
field collection methods (Dustan et al., 2013). Yet, our method
can be used on any type of depth profile. We adapted the root
mean square of the deviation from the assessed surface profile
(Rq) with polynomials to estimate different levels of rugosity.
Our approach allows researchers to quantify the contributions
of coarse and fine rugosity into the overall reef complexity, and
allow reef ecologists to estimate rugosity without concern about
bathymetric variations throughout the surveyed location, since
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sea landscape complexity can be estimated as coarse scale rugosity
contribution with our method.

Improvements in Rugosity Estimations
Similarly to Wilson et al. (2007) and Young et al. (2017), we found
an important observer bias in the qualitative rugosity estimation
methods such as the visual rugosity index proposed by Polunin
and Roberts (1993). Using visual indices to estimate reef rugosity
is neither costly nor time intensive, but this method is subject
to observer bias (Young et al., 2017; Bayley et al., 2019). Our
study stresses the need to move away from visual estimations
of reef rugosity if we want to accurately estimate the role of a
reef’s complexity in its resilience capacities and relationship to
the benthic and fish communities, and adequately track changes
in this parameter over time or geographic ranges.

Chain and rugosity estimations from our theoretical and
in situ transects suggested that the chain index poorly accounts
for coarse scale rugosity (Table 2). This is a known consequence
of the size of the chain link (Knudby and LeDrew, 2007;

<

Friedman et al., 2012)—in our “virtual chain” case, the chain
link corresponds to the resolution of the considered transect,
which is comprised in our dataset between 12.5 and 19.4 cm.
The inaccurate estimations of coarse scale rugosity by the chain
method could be detrimental to specific reef organisms, such as
large fishes (Wilson et al.,, 2008; Dustan et al., 2013; Graham
and Nash, 2013). We recommend using Rq indices to better
estimate reef rugosity and the relationship between rugosity and
reef resilience capacity in the face of disturbances.

Importance of Using Multiple Rugosity
Indices and Distinguishing Rugosity

Types

Using a single rugosity index to estimate reef structural
complexity could lead to transects with different rugosity patterns
and sources being assigned equal rugosity scores. This is true for
the chain index (Knudby and LeDrew, 2007) and the rugosity
indices presented in the present study. Indeed, when a single
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Rq level is considered, transects with different rugosity patterns
could yield the same Rq scores for a given polynomial order.
Instead of looking at a single Rq level, we recommend looking
at three key Rq levels simultaneously: Rq;, which illustrates the
overall rugosity of the surveyed profiles; Rq;,, which represents
the fine scale rugosity of the profiles; and Rq;-Rqi2, an estimate
of a profile’s coarse scale rugosity.

Multivariate Analyses of Rugosity Indices
and Their Potential Uses in Reef

Management
Our constrained multivariate analysis highlighted interesting
relationships between certain rugosity levels and the main

benthic contributors of the transects examined. Indeed, we
observed that transects with higher coarse than fine scale
rugosity contribution had a larger contribution of macro-algae,
but did not necessarily present higher overall rugosity, which
is consistent with the expectations in the literature (Chong-
Seng et al., 2012), as macro-algae often provide a more flexible
structure of the habitat and reduced the fine scale rugosity
via space competition between coral and macro-algae (McCook
et al., 2001; Chong-Seng et al,, 2012). On the other hand, it
was surprising that tabulate corals had a negative score on the
first RDA axis; this might be caused by our fine scale rugosity
size class. Indeed, in our dataset the average interval between
two measurements was 15.73 £ 1.50 cm, therefore, our depth
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FIGURE 8 | Constrained thb-RDA of transects’ rugosity with their benthic compositions. Red vectors represent the contributions of the rugosity indices to the
tb-RDA, while the green vectors represent the benthic categories constraining the tb-RDA. The gray arrow under the x-axis illustrates the overall rugosity gradient
between transects, while the green and orange arrows beside the y-axis represent the fine and coarse scale rugosity gradients, respectively. Dashed circles
represent the proposed target transect groups used to illustrate potential management strategies in the discussion.

profiles might have only recorded the general morphology of
the tabulate corals and not its smallest structural variations on
their surface (< centimeter scale). However, it could also be a
consequence of the low abundance of tabulate corals throughout
KNP, as highlighted by Ribas-Deulofeu et al. (2021) (average
tabulate coral cover in 2015: 2.55 %+ 2.01%).

PCA analyses allowed us to visually identify transects with
similar patterns of overall, coarse and fine scale rugosity
altogether, as they were plotted close together in our multivariate
representations (Figures 7, 8), giving us a relative ranking
for the transects based on our three major rugosity levels.
Eventually, those visualizations could be used to identify clusters
of transects or sites that are particularly consequential for specific
reef organisms or management strategies (as illustrated for
our study case by dashed circles on Figures 7, 8). However,
the interpretation of those results and their transcriptions into
management strategies will have to be adapted to the studied
depth profile resolution and the captured size ranges. For
example, with the resolution of our dataset (decimeter to meter),

if managers are seeking areas that will be more favorable to
larger herbivorous fishes, then they should prioritize transects
and sites with higher coarse scale rugosity (Wilson et al., 2008;
Dustan et al.,, 2013), which in our case means the transects
in the upper right-hand side of the PCA visualizations—i.e.,
JLS1, JLS4 or JLS5 (illustrated by the yellow dashed circle A in
Figures 7, 8). Alternatively, if managers are seeking to restore
or maintain global structural reef complexity, then transects
aggregating on the left side of our PCA (illustrated by the
gray dashed circle C in Figures 7, 8) could represent high-
priority areas for their management strategy, as these transects
globally present a low structural complexity at both fine and
coarse scales, due to either specific environmental conditions or
harmful anthropogenic activities. The lower left-hand sides of our
Figures 7, 8 represent transects with higher fine scale rugosity,
which are more favorable to small reef-associated organisms
such as damselfishes (blue dashed B circle in Figures 7, 8;
Wilson et al, 2008; Graham and Nash, 2013; Rogers et al.,
2014). Transects in the black dashed D circle have good overall
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rugosity with good contributions from both coarse and fine scale
rugosity, which could be favorable to both larger and smaller reef
organisms (Figures 7, 8). In addition, tb-RDA analysis (Figure 8)
allows us to identify the functional groups responsible for the
key levels of rugosity that managers might seek to improve.
Going a step further, linking our Rq indices with the benthic
composition of the surveyed transects can allow reef managers
to identify the proportion of the overall rugosity they can
manage. Indeed, specific management strategies will influence
different types of reef organisms and are unlikely to modify the
abiotic components of reef rugosity, such as the bathymetric
gradient or the geological features of the surveyed locations.
Consequently, relative contribution of fine and coarse scale
rugosity provided by inhabiting organisms will better inform reef
managers of the extent to which they can improve the rugosity of
their targeted reefs.

Future Improvements

Our indices allow the distinction of rugosity at a variety of
scales. However, size ranges captured by them are constrained
by the resolution of the depth profiles, which can be adjusted
according to the targeted ecological process. For example, an
interest in coral recruitment will probably need a resolution from
the millimeter to the decimeter, defining the limits of the fine and
coarse rugosities, respectively. In contrast and following the same
definition, decimeter to kilometer scales will better respond to
the requirements in seascape ecology. In our case, a resolution
from the decimeter to the meter better fitted with our focus on
benthic community dynamics, which can be translated by the
increase/decrease of benthic taxa’s covers and link to our Rq
indices via constrained redundancy analysis.

Despite certain similarities between our Rq indices and fractal
dimension approaches, such as reflecting rugosity contributions
across different scales (Young et al., 2017), the use of polynomial
functions in our indices does not allow for a pre-set of size
categories for each Rg, but only a post-calculation of the
size ranges captured by them. This could constitute the main
weakness of our approach and should be the object of further
developments to address it. Yet, the strengths of our approach
remain in its wide application to various purposes, along with
its relative simplicity in both application and computation [in
comparison with other approaches (e.g., fractal dimension)].

CONCLUSION

Opverall, our method facilitates the estimation and interpretation
of reef rugosity. The joint use of Rq1, Rq12, and Rq1-Rq; allows
researchers to efficiently and quantitatively estimate overall
rugosity, fine and coarse scale rugosity, respectively. Estimating
both coarse and fine scale rugosities—and not overall reef
rugosity alone—is crucial to better understand the relationship
between the structural complexity of reefs and their capacity
to resist or recover after specific disturbances. Our indices can
be used on any depth profiles, from satellite data to fine-scale
3D models, with various resolution scales depending on the
researchers’ aims. Our method could also play an important role

in reef management by allowing managers to customize their
strategies to targeted species or ecosystem functions.
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