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Structural complexity is a key factor in ecology, often positively linked to biodiversity
and carrying capacity of habitats. However, defining quantitatively the ecological role
of structural complexity remains a challenge, mainly due to its unclear definition and lack
of accurate measurement tools and indices. The most common structural complexity
indices used in ecological studies are the “Rugosity index” and “Fractal Dimension.”
However, these indices cannot appraise or overlook certain complexity indications that
may play important ecological roles, such as the different characteristics of structural
elements or different spatial scales of structural complexity. This study attempts to tackle
these challenges by: 1. examining a new method for structural complexity measurement
(“Point-Intercept Contour” or PIC), which may allow calculation of different complexity
indices; 2. measuring structural complexity on different spatial scales, each of which may
affect or reflect on different ecological factors; and 3. comparing three different indices
of structural complexity (i.e., “Rugosity index,” “Coefficient of Variation,” and “Neighbor’s
Distance”) at different spatial scales, in natural reefs in the Philippines. The PIC method
has proven to be easy to perform, provides informative data about structural complexity
elements, and enables the calculation of all three indices on different spatial scales.
The different spatial scales revealed different patterns among sites that emphasize the
importance of considering spatial scaling when expressing different ecological aspects
that may indicate reef health. The three indices showed similar general trends, with some
differences between scales that reveal some advantages and some drawbacks to each
index. The study demonstrates the importance of structural complexity at different spatial
scales, and suggests a series of considerations for the use of relevant methods and
indices with emphasis on an inexpensive, facile tool for quantitative structural complexity
measurements.

Keywords: coral reefs, structural complexity, habitat complexity, spatial scales, rugosity, coefficient of variation,
neighbors distance, point intercept contour

INTRODUCTION

Structural complexity is a key factor in ecology (e.g., Russ, 1980; August, 1983; Gilinsky, 1984;
McCoy and Bell, 1991; Tews et al., 2004; Hardiman et al., 2011; Harborne et al., 2012; Graham
et al,, 2015). Kovalenko et al. (2012) describe complexity as “one of the most important factors
structuring biotic assemblages.” Numerous studies have shown a strong correlation between
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structural complexity and species richness and diversity in both
terrestrial (e.g., MacArthur and MacArthur, 1961; Karr and Roth,
1971) and marine environments (e.g., Kohn, 1967; Jeffries, 1993;
Lingo and Szedlmayer, 2006; Moore and Hovel, 2010).

Coral reefs offer a frequently referenced example of a
structurally complex ecosystem, and their high structural
complexity is recognized as important in accounting for its high
species richness (Friedlander and Parrish, 1998; Gratwicke and
Speight, 2005b). A link has also been shown between structural
complexity and the state of coral reefs and their biota (e.g.,
Friedlander and Parrish, 1998; Alvarez-Filip et al., 2009; Graham
and Nash, 2013), as well as a possible relationship to their
ability to recover from degraded states (Rogers et al., 2015).
Here, we define structural complexity as: “The heterogeneity and
irregularity levels of structural elements” (Taniguchi et al., 2003),
which compose the topographic contours of a given site. The
ecological importance of structural complexity is often related
to sheltered spaces (e.g., Almany, 2004) and physical niches
(e.g., Willis et al., 2005), which can support higher biodiversity
(Tews et al., 2004; Gratwicke and Speight, 2005b) and increase
the carrying capacity of the habitat (Kostylev et al., 2005),
at different spatial scales. The previously-cited studies, as well
as many others, have referred to structural complexity as a
broadly-accepted ecological factor that plays an important role
in benthic marine ecosystems. However, determining the exact
ecological role of structural complexity, and harnessing it as a
potential factor in coral-reef monitoring and management plans,
remains a challenge, mainly due to its unclear definition and
the limitations of available measurement tools. As Gratwicke
and Speight (2005a) stated: “The issue of habitat complexity is
approached intuitively by most investigators, and even though
there is a consensus that more complex habitats support a greater
variety of species, its quantification remains difficult.” Recent
technological developments have yielded new, advanced tools
(e.g., 3D photography and acoustic imaging; Friedman et al.,
2012; Knudby et al., 2014; Burns et al., 2015; Figueira et al., 2015),
which have improved the accuracy of structural complexity
measurements. However, the implementation of these tools
in coral reefs is constrained by several major disadvantages,
including the high-cost of the devices and limited operational
capacities, which may make them not applicable in many coral-
reef areas that reliant on local communities, and should therefore
be based on inexpensive, easy to use, and broadly applicable
measurement tools. The need for an improved heuristic
definition and for better tools for the evaluation of structural
complexity can be demonstrated by its diverse synonymous terms
(e.g., habitat complexity, architectural complexity, topographic
complexity, habitat heterogeneity, habitat diversity, substratum
heterogeneity, spatial heterogeneity, and substratum irregularity;
Gilinsky, 1984; Carleton and Sammarco, 1987; Connell and
Jones, 1991; Thomas and Atkinson, 1997; Lapointe and Bourget,
1999; Tews et al., 2004; Sleeman et al, 2005; Alvarez-Filip
et al., 2009), as well as the diverse definitions and measurement
methods (e.g., McElhinny et al., 2005; Graham and Nash, 2013).

The most common way to measure structural complexity
in ecological studies is the chain-and-tape method (Risk, 1972;
Knudby and LeDrew, 2007), which is used to calculate “Rugosity”

as an index of structural complexity. Another common index,
“Fractal Dimension,” is usually measured by the “walking
dividers” method (Mandelbrot, 1967). These two common
indices, despite providing indications of structural complexity,
overlook aspects relevant to important ecological roles of
structural complexity, including:

e Relationships between neighboring elements: Neither
the Rugosity index nor the Fractal Dimension provide
information on the spatial arrangement of structural elements
(for example see Figures 1A,B). Structural elements may be
distributed in different spatial arrangements, forming different
topographic patterns that affect the reef biota as they create
different types and sizes of shelters, despite having identical
values of the Rugosity index, or Fractal Dimension. Moreover,
fractal geometry is based on the assumption that different
scales exhibit the exact same structural pattern (Mandelbrot
and Blumen, 1989), and therefore, inherently cannot assess
potential differences between scales.

e Various types of elements: Different types of structural
elements (Figures 1C,D), for example, a bulge and a dent
with the same contour length, will receive the same Rugosity
measurement, even though they may play opposing ecological
roles and exert different effects on organisms in their vicinity.

e Different scales of structural complexity: Despite the
importance of spatial scale, this aspect has not been adequately
addressed by ecologists, and very few studies have referred
to more than one scale of complexity (Tokeshi and Arakaki,
2012). Moreover, Fractal Dimension and Rugosity index
are measured in ways (e.g., the walking dividers and chain
methods) that cannot differentiate between the structural
complexities of different spatial scales, and are therefore
represented on only one scale (Tokeshi and Arakaki, 2012).
Structural complexity can be measured on diverse spatial
scales, from nanometers (e.g., Mitik-Dineva et al., 2009) to
thousands of kilometers (e.g., Renard et al, 2013). When

A I B
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FIGURE 1 | Schematic profiles of different structures demonstrate the
ambiguity of the Rugosity index. (A) Bulges together, (B) Bulges separated
by a dent, (C) Convex substructures, and (D) Concave substructures; all have
the same Rugosity, and yet may have distinct architectural designs of different
ecological implications. Panels (A) and (B) demonstrate differences in spatial

arrangement of structural elements. Panels (C) and (D) demonstrate
differences in types of structural elements (a bulge vs. a dent).
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referring to coral reefs, one may want to represent the
complexity of spatial scales that play different roles for
different reef species and ecological processes. For instance,
the small scale we chose (millimeters; e.g., surface texture) can
play a pivotal role in biofilm development and the settlement
of coral larvae (e.g., Benayahu and Loya, 1984), whereas
the medium scale and the large scale we chose (centimeters
and meters, respectively) can play a role in the structure’s
capacity to host relatively small creatures (e.g., Crinoids, Sea
urchins, small fish) and large creatures (e.g., Octopi and large
carnivorous fish), respectively.

If better ways to assess structural complexity can be found, and
their ecological roles better understood, complexity could then be
more accurately defined and employed as an ecological indicator
and monitoring tool for the conservation and management
of ecosystems. The goal of the current study is to explore a
novel measurement method which can be applied on different
spatial scales and examined via the implementation of different
structural complexity indices.

We introduce and test a new measurement tool, the
“Point-Intercept Contour (PIC),” which allows the calculation
of different complexity indices on different spatial scales.
The indices examined in this study were the widely-applied
Rugosity index, the Coeflicient of Variation (CV), and the
Neighbor’s Distance (ND). The latter two indices consider
the height differences between neighboring elements. ND is
based on McCormick’s method (McCormick, 1994) and its
concept is derived from the field of geomorphology. It was
chosen here for its potential to express relationships between
complexity elements while considering their relative positions.
We also chose to measure structural complexity on three
different spatial scales, in terms of millimeters, centimeters, and
meters.

MATERIALS AND METHODS
Study Sites

Field observations and measurements were carried out in order
to provide a real-world venue to test our assumptions and our
methods regarding structural complexity. Four sites along the
shores of Ticao Island, Bicol, in the Philippines were selected: the
Plateau (N-12°36.892/, E-123°43.025’), the Cove (N-12°37.010/,
E-123°42.570'), the Edge (N-12°36.924', E-123°43.175), and
Halea (N-12°42.770°, E-123°35.912'). All sites are in close
proximity to Ticao Island, although Halea is somewhat more
remote than the three others and may therefore be under lower
fishing pressure.

Measurements

The structural complexity of the reefs at these sites was measured
at depths of 3-5m (during high tide) using the new PIC method
at three different spatial scales, and three complexity indices
were calculated from the PIC data collected. The PIC method
creates an output similar to the actual surface being measured
(Figure 2).

Ther output contuus
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FIGURE 2 | Schematic illustration of an hypothetical reef structure and
its output contour. The actual surface contour (black line), as expressed by
the Point Intercept Contour line (red line), the measurement points in a gray
dashed line, and the PIC output contour (blue line).

All the measurements were performed during August 2013
by divers using scuba equipment. To reduce observer error, all
surveys were conducted by the same two divers, one operating the
measurement devices and the other recording the measurements.

For the PIC method, at each site, a 20m floating transect
line was deployed and fixed horizontally (i.e, at a constant
depth) in place by lead weights and buoys about 1-1.3m
above the bottom. Each line transect location was selected
haphazardly while attempting to keep water depth at the basic
reef habitat largely constant. At each site, three transects were
laid out, measuring complexity at all three scales. The large-scale
measurements (i.e., meter-scale) were carried out by measuring
the distance from the bottom to the line every 0.5m along
the line (forty measurements per line), using a laser “yardstick”
device (Figure 3a; Taylor, 2007)—multiple points intercepting
each transect were gathered along the contours of the reef,
hence the PIC method. To complete these measurements at
the large-scale, we used the known distance between the two
laser pointers on the yardstick device and the measured angle
between one laser and the stick, while the other one is pointing
straight down and the two beams met on the seafloor (using
basic laws of geometry). The medium-scale PIC measurements
(i.e., centimeter-scale) were estimated at each 2m mark along
the transect line by placing a 50 x 50 cm PVC pipe frame with
twenty-three, 30 cm steel bars inserted through holes. This device
reflects the deviations from an artificial horizon (the bottom
pipe) at 2cm intervals. The deviations are recorded by taking
a digital photograph of the device (Figure 3b). The small-scale
PIC measurements (i.e., millimeter-scale) were estimated at each
I m mark along the transect by using a similar device as in
the medium-scale assessments, but using a 9 cm steel strip with
thirty 5cm needles inserted through holes in the strip at 3 mm
intervals (Figure 3c). The medium and small scale devices each
provided “deviations from an artificial horizon” measurements
by analyzing the photographs using image analysis software
(Image]; Schneider et al., 2012). In summary, the PIC method
provides a set of measurements for each line transect, that allows
the computation of multiple indices. The large scale assessments

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2017 | Volume 5 | Article 27


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Yanovski et al.

Structural Complexity in Coral Reefs

FIGURE 3 | Photos of the complexity measuring devices: [a] the large-scale device (the yardstick). [b] The medium-scale device. [c] The small-scale device.

have 3 replicates or samples per site, with 40 measurement
points for each replicate; the medium scale assessments have 30
replicates per site with 23 measurement points for each replicate;
and the small scale assessments have 60 replicates per site with 30
measurement points for each replicate.

We used the PIC data to calculate the widely-used Rugosity
index, typically measured via the chain method (Saleh, 1993),
as well as the Coefficient of Variation index (CV), and the
Neighbor’s Distance index (ND).

The “Rugosity index” was calculated by dividing the length
of the surface contour by the length of the plane on which it is
situated:

Rs = Lsr/ Lsg

« »

where R; is the Rugosity rank of site “s;” Ly, is the actual surface
contour length of the line at site “s,” and L is the of the point-to-
point “horizon” at site “s.” Note that here, we did not use a chain
to measure Ly, rather, we estimated that quantity by measuring
the distance from the position of multiple intervening points,
from one to the next, as shown in Figure 2.

The Neighbor’s Distance index, modified from McCormick
(1994) was calculated from the average of the height differences

between each two adjacent elements (measurements):

[(|Hu1—Huz|)

(IHa2—Ha3|) (lHu —Hasl) (IHan—1—Hanl)
- _;’_ 2 - 3 + 3 2 4 + . :|

z

ND, =
n

where ND,, is the Neighbor’s Distance index for line “a” (a sample
measurement), H, is the height of one element on line “a,” “z” is
the distance between two neighboring elements (measurements)
in the same units of distance as “H,” and “n” is the number of
pairs of neighboring elements per sampling unit.

The Coefficient of Variation index was calculated by first
calculating the ratio between the standard deviation and the
average of each two adjacent elements, and then summing the
results and multiplying them by the number of elements and

converting them to percentage. The general formula:

SDH,p_3

Methak3

SDy

a(n—1)—n

SDH,,_, +
MeanHaF2

CV, =
n

The detailed formula:
\/{ [Hay — Hp]? } \/{ [Hay — Hg3]? } {M]
2 2 2
[Ha1+Haa | + [Ha +Ha3 | + [Han — 1+Han ]
z p e
CV, = * 100

where CVa is the Coeflicient of Variation for line “a, H,
is the height of one element on line “a”, and “n” is the
number of pairs of neighboring elements per line/section. The
structural complexities of the different reef sites were compared
at each of the three spatial scales. Within site complexity
cannot be compared using different scale measurements since
they are measured at different sampling densities, which
can produce an artifact index value due to the different
structural oscillations and the distances between neighboring
elements.

Statistical Analysis

All the statistical analyses were carried out with R 3.0.3 software.
For all statistical tests o was set to 0.05. When the data did not
meet the normality assumption (determined by Shapiro-Wilk
test), a permutation test for ANOVA with 10,000 repetitions
was applied. When data did not meet the homoscedasticity as
well (determined by Fligner-Killeen test), Welch’s test has been
applied. We applied the Games-Howell test for the post-hoc
analysis analyses.

All error bars presented in the following graphs are standard
errors. Transformations to the data are indicated in the relevant
parts of the Results Section. Asterisks on relevant graphs indicate
the significance level as follows: n.s. p > 0.05, *p < 0.05,
**p < 0.01, **p < 0.001.

RESULTS

Rugosity Index (Figure 4)

Large Scale

A significant difference was found between the sites (permutation
ANOVA test, F = 14.08, p = 0.0044, n = 3).
Post-hoc testing showed significant differences between Halea-
the Cove and Halea-the Plateau (Games-Howell multiple
comparisons analysis; Table S1 in Appendix of Supplementary
Material).
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Medium Scale

A significant difference was found between the sites (permutation
ANOVA test, F = 3.408, p = 0.0191, n = 27). Post-hoc
testing showed significant differences only between Halea-the
Plateau (Games-Howell multiple comparisons analysis; Table S2
in Appendix of Supplementary Material).

Small Scale

A significant difference was found between the sites (Welch’s
test, F = 10.2897, p < 0.0001, n = 54). Post-hoc testing
showed significant differences between Halea-the Edge, the Edge-
the Cove, and the Cove-the Plateau (Games-Howell multiple
comparisons analysis; Table S3 in Appendix of Supplementary
Material).

Neighbor’s Distance (Figure 5)

Large Scale

A significant difference was found between the sites (permutation
ANOVA test, F = 46.57, p = 0.0003, n = 3). Post-hoc testing
showed significant differences between Halea-the Cove, Halea-
the Plateau, and the Edge-the Cove (Games-Howell multiple
comparisons analysis; Table S1 in Appendix of Supplementary
Material).

Medium Scale

A significant difference was found between the sites (permutation
ANOVA test, F = 4.71, p = 0.0049, n = 27). Post-hoc
testing showed significant differences between Halea-the Plateau,
and the Cove-the Plateau (Games-Howell multiple comparisons
analysis; Table S2 in Appendix of Supplementary Material).

Small Scale

A significant difference was found between the sites (Welch’s test,
F = 11.6281, p < 0.0001, n = 54). Post-hoc testing showed
significant differences between all the sites except Halea-the Cove

I Plateau
3t B Cove
— EgPe
0 e _1Halea
S 25
[
3 2t h B
£ =
2 15} ) o
7]
o
g
0@ 1r
0.5
Small Medium Large
Scales
FIGURE 4 | Rugosity index values of the four study sites, on three
scales: large scale (n = 3), medium scale (n = 27), and small scale
(n = 54). *p = 0.05, *p = 0.01, **p = 0.001.

and Halea-the Plateau (Games-Howell multiple comparisons
analysis; Table S3 in Appendix of Supplementary Material).

Coefficient of Variation (Figure 6)

Large Scale

A significant difference was found between the sites (permutation
ANOVA test, F = 26.12, p = 0.0006, n = 3). Post-hoc testing
showed significant differences between Halea-the Plateau, and
Halea-the Cove (Games-Howell multiple comparisons analysis;
Table S1 in Appendix of Supplementary Material).

Medium Scale
No significant difference was found between the sites
(permutation ANOVA test, F = 0.441, p = 0.7247, n = 27).

25¢
I Plateau
B Cove
[Ed
2l [__1Halea

1.5} +

% %

% % %

malil |

Large

0.5}

Neighbors Distance index values

Small Medium
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FIGURE 5 | Neighbors Distance average values of the four study sites,

on three scales: large scale (n = 3), medium scale (n = 27), and small
scale (n = 54). “p = 0.01, **p = 0.001.
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FIGURE 6 | Coefficient of Variation average values of the four study
sites, on three scales: large scale (n = 3), medium scale (n = 27), and
small scale (n = 54). "S'p > 0.05, **p = 0.001.
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Small Scale

A significant difference was found between the sites (Welch’s test,
F = 7.2965, p = 0.00016, n = 54). Post-hoc testing showed
significant differences between the Edge-the Cove, the Edge-
Halea (Games—-Howell multiple comparisons analysis; Table S3
in Appendix of Supplementary Material).

DISCUSSION

A key motivation for translating structural complexity into
quantitative values is the need to understand the possible
relationships between structural complexity and diverse
ecological factors and their implications for ecosystem health
and conservation management plans. At present, however, there
is a gap between this need and the capabilities of measurement
and assessment tools used for evaluating structural complexity.
The main problems are the issue of the ignored spatial scales
(in many cases due to user error) and the disregard of structural
element characteristics (due to tool limitations). The main aim of
the current study was to address these issues by applying a new
measurement method (PIC), examining different complexity
indices (Rugosity, CV, and ND), and measuring complexity on
different spatial scales.

Structural Complexity Measurement
Methods

There are several complexity measurement methods in use
today. The most common tools are the chain method (Saleh,
1993) and the walking dividers (Mandelbrot, 1967); more recent
tools include echo-sounders (Hellequin et al., 2003; Zawada
et al., 2010) and 3D photography (Burns et al., 2015). Every
tool presents advantages and disadvantages (Table1). Our
suggested method, the PIC, is proposed as an inexpensive, easily
implemented alternative tool, suitable for use in remote areas,

even by layman divers. Complexity measurements using the PIC
method provided the relative position of structural elements
whereas other methods (like the chain method) do not. PIC
can provide data that may be used to calculate all three indices
examined in this study, as well as other indices (e.g., Fractal
Dimension). That being said, the chain method is more suited
to Rugosity index when measured on one specific scale since it
provides more accurate data regarding the actual length of the
contour. The advantage of PIC over the chain and the walking
dividers is that the latter methods can calculate only a limited set
of indices and cannot measure complexity on different scales. The
PIC method is also inexpensive and easy to perform compared
to the methods of echo-sounders and 3D photography. It is
reasonably accurate, although fewer data are collected compared
to the new higher-tech methods. It is also a method that can
be used to compare sites while measuring different spatial scales
and documenting the spatial arrangement of structural elements.
Moreover, if the exact measurement points at the beginning and
end of each line are recorded precisely (e.g., using permanent
markers and/or GPS), the data can be used to map sites via GIS
software in order to produce topographic maps and track changes
over time.

Ecologically, our proposed method provides a high resolution
assessment of reef sites at three different spatial scales which may
reasonably be expected to reflect different ecological processes
(e.g., shelter for fish on the large scale or settlement of coral larvae
on the small scale), an approach that has not been applied in
previous structural complexity studies of coral reefs.

Structural Complexity Indices

In this study we chose to use the Rugosity index, the most
commonly used index to measure the complexity of coral reefs
(e.g., Alvarez-Filip et al, 2009), and has been shown to be
correlated to biotic factors (Luckhurst and Luckhurst, 1978;

TABLE 1 | Comparison between different measurement methods of structural complexity.

Chain method Walking dividers PIC method 3D photography Acoustic imagery
Cost +++ +++ -+ + -
Effort +++ ++ ++ - +
Accuracy + - + ++ +++
Ability to compare v v v v v
between sites
Ability to differentiate X X v v v
between spatial
scales
Ability to express the X X v v v
spatial arrangement
of elements
The indices that can Rugosity, Fractals Fractals Rugosity, Fractals, CV, ND Rugosity, Fractals, CV, ND Rugosity, Fractals, CV, ND

be calculated

The categories are: (1) Cost— The price of materials and the necessary means to operate the devices, including labor time and training. The evaluations of costs are relative to each
other. (2) Effort— The time needed in order to learn how to operate the devices, to conduct the field surveys, and to process the data. (3) Accuracy— The way that the measurements
reflect the actual contour length and the relative position of structural elements. (4) The ability to compare between sites. (5) The ability to differentiate between spatial scales. (6) The
ability to express the spatial arrangement of elements—by locating each structural element where it was measured. (7) The indices that can be measured using the method—of the
three indices that were used in this study and another common structural complexity index (Fractal Dimension). The signs in the table are as follows: (—) Poor [in effort and cost = high,
in accuracy = low], (+) Adequate, (++) Good, (+-++) Excellent [in effort and cost = low, in accuracy = high], (v') Present, (X) Absent.
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Friedlander and Parrish, 1998). However, since the Rugosity
index has some weaknesses, we chose also to use the CV and
ND indices. Another index that has received some attention in
the literature but was not examined in the present study is that
of the Fractal Dimension (e.g., Sugihara and May, 1990; Palmer,
1992; Corbit and Garbary, 1995; Simon and Simon, 1995). This
index and its measurement method have been criticized mainly
due to its disregard for scaling issue and individual elements in
size, shape, and location (Tokeshi and Arakaki, 2012).

Although, the three indices showed very similar results in
terms of the relative complexity of the sites, we suggest some
considerations which can help to determine the index most
suitable to the goals and limitations of a particular study
(Table 2). We make the following suggestions regarding the
selection of an appropriate index: the CV index shows lower
sensitivity since it could not distinguish the significant differences
on the medium scale that the Rugosity and ND index revealed.
On the other hand, the Rugosity index and Fractal Dimension
index do not consider the relative spatial location of elements
and the relationship between neighboring elements, while the CV
and ND indices do. The Fractal Dimension has an additional
disadvantage as it cannot measure and differentiate between
spatial scales.

Using the chain method, the Rugosity index requires less
sampling and calculation effort is minimal. Rugosity may
represent the structural complexity levels in a reasonably good
way, especially in natural environments, where the chaotic spatial
arrangement of the structural elements hides its flaws. In a
more “organized” artificial (man-made) environment, the lack of
attention given to the spatial arrangement of structural elements
in the Rugosity index may lower its reliability. The ND index also
captures structural complexity reasonably well. Improvements
should still be made as the examined indices lack informative
physical data such as the structure of each complexity element
(element types), the location of these elements relative to each
other, the diversity of element types, or the incorporation of
different spatial scales into a single value.

The complexity graphs show relatively large standard
errors. These standard errors may also indicate structural
complexity, that is, if the measurements from a given site
vary greatly, they indicate higher structural complexity (see
Figure 7). This additional aspect may serve as an important

factor for consideration if future complexity indices are to be
developed.

Spatial Scales of Structural Complexity

The results reveal different patterns of complexity on different
spatial scales at the different sites, and highlight the need to
examine more than one spatial scale in order to determine the
true structural complexity of a site. Each scale is independent
and might reveal different complexity levels, which may have
implications for different ecological organisms and processes.

CONCLUSIONS

The present study focuses on structural complexity: its
definitions, assessment tools, and indices. The results of the study
suggest that:

1. The PIC method can serve as an effective, easy-to-perform
measurement tool. The method generates reliable data,
allowing the computation of several complexity indices.

2. The structural complexity indices used in this study (Rugosity
index, Coeflicient of Variation, and Neighbors Distance)
provide a reasonably reliable assessment of the structural
complexity, yet challenges still remain regarding their
ecological implications.

Reef A Rugosity: Av- 2.22 SD-0.19

4

3

|
w
g | |
s » 1 2 3
2 Reef B Rugosity: Av- 2.22 SD- 0.51
S,
m 3

2

1

k | ] ] |

1 2 3

Samples

FIGURE 7 | An illustration of three samples of two hypothetical reefs
sharing the same Rugosity with different standard deviations. Reef B
exhibits higher standard deviation, which indicates higher structural diversity
than Reef A, and may therefore be considered as a more structurally-complex
reef.

TABLE 2 | Comparison between different structural complexity indices.

Rugosity index

Fractal dimension Coefficient of variation Neighbor’s distance

Effort +++
Sensitivity High
Considering elements relative locations X
Considering relationships between neighboring elements X
Ability to express different spatial scales v

++ + +
- Low High
X v v
X v v
X v v

The indices are the three used in this study plus another common structural complexity index (Fractal Dimension). The categories are: (1) Effort—The time needed to calculate and
analyze the data. (2) Sensitivity— The sampling effort needed in order to demonstrate significant differences between significantly different sites. The sensitivity of Fractal Dimension
remains unknown since it was not examined in this study. (3) Considering the relative locations of elements. (4) Considering relationships between neighboring elements. (5) The ability
to express complexity on different spatial scales. The signs in the table are as follows: (—) Poor, (+) Adequate, (++) Good, (+++) Excellent, (v') Present, (X) Absent.
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3. Measuring structural complexity at different spatial
scales resulted in significantly different site assessments;
presumably, these differing levels of complexity have
ecological implications.

Further study and refinements are needed to confirm or
refute the presumption of combined ecological effects of
scale and complexity. Given that these factors are indeed
complimentary, further studies are also needed to formulate a
more comprehensive index that includes scale directly, rather
than multiple separate measurements, and will be able to bridge
the current gaps. Expressing additional parameters that can
help to characterize complexity (e.g., the type of complexity
elements, their diversity, and their relative spatial location) and
using a geographical software like the GIS, combined with a
carefully-designed computer-programmed formula, may provide
the basis for establishing such an index. This study provides a
first step toward these objectives, and the inclusion of structural
complexity as a measurable and critically important factor in
ecological studies and management practices. We believe that
applying simple accurate quantitative approach to different
spatial scales of structural complexity can help in promoting it
as a monitoring and management tool in diverse benthic marine
and terrestrial ecosystems.
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