property that cannot occur in nature (Halley et al. 2004).
Natural fractals are finite and can only be expected to
operate as described within certain thresholds. The
greater the range of scales over which a fractal pattern
persists, the more fractal the system. The literature does
not define a critical boundary that must be exceeded
before a pattern can be described as fractal. Indeed,
Avnir et al. (1998) showed that the majority of cases
labelled as fractal in the literature, span only a single
decade of magnitude and only rarely achieve 3 decades.
Similarly, power-laws identified in the behaviour of lab-
scale avalanches typically hold over 1-2 orders (e.g.
Jensen 1998). However, Hergarten (2002) postulates that
distinguishing a power-law over 2 or fewer decades,
requires at least some belief in scale-invariance. In a
comparable study, Rankey (2002) identified fractal
behaviour in exceedence probability vs. area spanning 3
decades, which we consider to be a reasonable and
conservative benchmark and is supported by the
literature (Lovejoy 1982; Schroeder 1991).

For earth scientists, the awakening to the relevance of
fractal geometry was initiated by the work of Benoit
Mandelbrot (1967, 1977). Fractal behaviour is quantified
by the fractal dimension (D), which can be calculated in
many ways, but typically relates to the slope of a power-
law relationship. It should be noted that D does not
provide information on the goodness of fit to a power-
function, which in the subsequent analysis is quantified
using the adjusted coefficient of determination (R.g).
R, values close to 1 indicate a strong relationship and
values above 0.90 are considered as a good fit to the
power-law (Carlson and Grotzinger 2001). The statistic is
used in the following analysis to test the robustness of
fractal relationships.

(@
Iraq

30°%—

Kuwait

Arabian Gulf

Saudi Arabia Bahrain

252
United
Arab

Emirates

Return to title

Materials and Methods

Study area

The study site is situated in the south-eastern Arabian
Gulf, about halfway between Abu Dhabi and Dubai, near
Jebel Ali, in the United Arab Emirates (Fig. 1). For
remote-sensing based reef mapping we selected an
IKONOS-2 11-bit multi-spectral satellite image acquired
on 2™ July 2001 (scene 75209) at 06:49 GMT. The
IKONOS imagery was radiometrically calibrated using
the coefficients of Peterson (2001) and corrected for the
effect of atmospheric path radiance using the empirical
line method (Karpoulzi and Malthus 2003). Correction
for the water column was conducted according to the
protocols presented by Purkis and Pasterkamp (2004)
using data pertaining to the apparent optical properties of
the water column collected in situ using a suite of inter-
calibrated field spectrometers. Bathymetry was extracted
from an exhaustive acoustic survey of the area,
conducted from a vessel (Riegl and Purkis 2005). The
IKONOS satellite imagery was classified using a
classifier trained solely by in situ optical measurements
of substrate reflectance and yielded a predictive map of
sufficient accuracy to identify the spatial distribution of
eight facies classes to a depth of six metres (Fig. 1c &
Table 1). Accuracy assessment was performed against
ground-truthing transects and spot checks (524 validation
points) conducted using SCUBA and gave an overall
accuracy of 69% and a Tau coefficient of 65%. The level
of accuracy is in concert with that of comparable studies
using IKONOS in coral-dominated environments
(Andréfduet et al. 2003).

Fig. 1. Location of the study area in relation

igﬁﬁl.?l'c.m 4 to the Arabian Gulf (a) and highlighted on

an ASTER satellite image (spatial resolution
15x15 m) (b). The spatial distribution of the
submerged facies patterns on the classified
IKONOS image (spatial resolution 4x4 m).
Isobaths delineate depth in metres (broken
black lines) (¢). Coordinates are decimal
latitudes and longitudes.
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Table 1. Summary of the typical substrate assemblages encompassed within each of the eight facies classes. Coverage
refers to the percentage of the seabed occupied when a 1x1 m area of substrate is viewed from nadir at an altitude of 1
m. Assemblage description is based on Riegl (1999) and Purkis and Riegl (2005).

Facies class Typical assemblage composition

Comments

Porites lutea and columnar Porites
harrisoni intermingled with Favia spp. &

Platygyra spp.

Dense live coral

Dense colonies over cap-rock, commonly maintaining a low-
relief but in places forming non-framebuilding coral carpets.
Coverage 50 - 100%

Dense dead coral  Acropora clathrata & A. downingi

Dense dead tabular colonies, frequently overtopping and heavily
overgrown with algal turf and corraline algae. In places the
tabular framework has disintegrated into piles of branch rubble.
Average size of intact colonies is 1 to 1.5 m and coverage is 80 -
100%

Porites, Favia spp. & Siderastrea
savignyana with occasional small
colonies of Acropora clathrata

Sparse coral

Widely spaced patches of Faviid and Siderastrea colonies on
cap-rock with occasional large Porites boulder corals. The
Acropora were mostly dead at the time of image acquisition.
Coverage is generally 10 - 40%

Mainly Halodule uninervis with

Dense seagrass stands are generally found over sandy-silty

Seagrass occasional H. ovalis substrate and have a coverage of 60 - 80%

Shallow algae Rhizc.)c.’lonium tortuosum, Chaet(?morpha Extensive mats over sandy-silty substrates, often associated with
gracilis & Cladophora coelothrix seagrasses. Coverage 80 - 100%

Deep algae Sargqssqm binderi, S. decurren;, Moderatgly dense s‘tands of macro-algae on patches of
Avrainvillea amedelpha & Padina spp. unconsolidated sediment. Coverage 30 - 60%

Hardground ) Large slabs of lithified carbonate sediment, fringed by 'tepee’

structures. Coverage 100%
Sand - Unconsolidated carbonate sand. Coverage 100%

Image analysis

There are a multitude of methods with which to
analyse an object for its complexity and fractal character
and for this study, we employ a combination of both
boundary-based metrics (box-counting) and patch-based
metrics (frequency-size distribution and exceedence
probability) to investigate the degree to which substrate
patches on a submerged shallow carbonate ramp satisfy
the fractal condition. Analysis was conducted on the
eight-class thematic map of substrate distribution
resulting from classification of the IKONOS satellite
imagery. The location of patch boundaries were extracted
for each of the eight substrate classes by creating a binary
image containing only the perimeter pixels of patches of
substrate containing a minimum of two connected pixels
of constant substrate type. A pixel was considered to be
part of the perimeter if it was both nonzero and was
connected to at least one zero-valued pixel. Patch area
and frequency were computed by extracting the area of
all objects within the binary image for each substrate
class.

Box-counting

There are numerous permutations of the basic box-
counting technique to quantify D, which have been
extensively investigated in the literature (Hall and Wood
1993; Pruess 1995; Seuront and Spilmont 2002). In this
study, the degree of convolution of the patch boundaries
was tested by box-counting according to Rodriguez-
Iturbe and Rinaldo (1997) and Turcotte (1997). This
technique measures the "wiggliness" of a curve and tests
for fractal properties by covering the entire curve with
progressively smaller boxes and plotting box size against
the number of boxes needed to cover the curve. A

straight-line (power-law) relationship in a bilogarithmic
plot suggests a fractal and the slope of the resulting
function provides an estimate for D (Pruess 1995), the
goodness of fit of which can be evaluated using R .

Frequency-area relations and exceedence probability

Benthic patchiness typically follows a trend where
there is a high frequency of small patches in a landscape
and large patches are rare. Furthermore the relationship
between patch frequency and patch area often
approximates to a power-law model (Connell and
Keough 1985; Langmead and Sheppard 2004) and has
been demonstrated to occur in the study area for all
substrate types (Purkis 2004). Exceedence probability for
patch area was calculated according to Rodriguez-Iturbe
and Rinaldo (1997) and Rankey (2002) under the
assumption that a linear relationship between patch area
and probability in the log-log domain can be interpreted
as further evidence for fractal behaviour. D was taken to
be equal to the slope of the resulting power-function plus
the Euclidean dimension (here 2, because we consider
substrate distribution in plan view and therefore in two-
dimensions). The fit was quantified using Radjz. Power-
functions were fitted for each substrate to the portion of
the dataset displaying a linear relationship and not for the
whole series, since in all cases the data rolled off the
trend for smaller patch sizes.

Spatial anisotropy
To test whether geometric patterns are symmetrical
across 1) the shore-parallel and ii) the shore-

perpendicular axes of the studied landscape, patch
properties were compared using the previously described
metrics. The purpose of investigating symmetry across
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the shore-parallel axis of the landscape is to ascertain
whether the distribution of substrates situated in shallow
water have different spatial patterns from those in deeper
water. From the three-dimensional description of the
study area given by Purkis and Riegl (2005) it is known
that the topography of the landscape can be described as
a ramp of low-relief (homoclinal) with shore-parallel
isobaths. Furthermore, it was recognised that facies
zonation in the first 500 m (<3.5 m depth) from shore are
characterised by unconsolidated sediments colonised to
varying degrees by seagrass and algal mats, which form
pronounced shore-parallel elongate structures.
Conversely, the zone 1000-1500 m from shore (>4.0 m
depth) is characterised mainly by hardgrounds with
variable live and dead coral cover and highly fragmented,
interspersed with sand and algal patches. Although easily
defined by eye, the test investigated whether the spatial
metrics are sufficiently sensitive to detect such
differences. The landscape was segmented into an inner-
and outer-zone using the 3.5 m and 4.0 m isobaths
respectively and the full suite of metrics were
implemented for sand and algae facies classes, which
were common to both zones. To ensure that any
difference observed between inner- and outer-zones were
not an artefact arising from the partitioning of the dataset,
the symmetry of the metrics was also evaluated for all
substrate types across the shore-perpendicular axis of the

landscape.
Log 2(bo>< size)
16 -14 -12 -10 -8 -6 -4
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Results

Box-counting

Each of the eight substrate types display a robust
linear relationship in bilogarithmic plots of box size
versus number of filled boxes over nine decades of box
reduction (Fig. 2). There is no obvious correlation
between substrate type and goodness of fit to the linear
slope function, with all data points strictly adhering to
the relationship (R,,dj2 exceeds 0.99 in all cases) up until
the transition towards a horizontal trend beyond 2.
Image resolution is reached at 2'' (equivalent to -12 steps
of logy(box size)) and is the point where the number of
boxes equals the number of image pixels. The fact that
the log-log relationship rolls off the trend three log,
cycles prior to reaching the image resolution, suggests
that there is a threshold of minimum patch size which
must be attained before the definitive spatial trend is
satisfied. Counting back from the image resolution (2'")
until the point where the linear trend rolls off (2°), the
box size moves from a single image pixel to a box of
dimension equivalent to 8x8 pixels. We interpret this to
indicate that at least 64 pixels (1024 m?) are required to
properly estimate the size of a patch. The observation is
relevant since it suggests that the spatial distribution of
patches of lesser area do not display scale-invariance.

P Fig. 2. Implementing the box-counting

o .,
Dense live coral

D=141 —Z g

Image resolution = 2 -6 -14 12 -100 8 6 -4 -2 0

Dense dead coral
D=1.46

Sparse coral
D=1.63

16 metric on patch boundaries yields a robust
log-log relationship over nine base 2
logarithms of box size. Image resolution
is reached at step -12 when box size
equals a single image pixel (2'"). Box-
counted results for sand and algae are
given in Fig. 5. In all cases R,; values
exceed 0.99, indicating an excellent fit to

o]
(saxoq paj|iy Jo Jaqwnu)zﬁm

16 A4 42 19 8 6 4 2 the power-law (cf. Carlson and
. © 0 Grotzinger 2001).
. ﬂardground 6
D=159 4
Seagrass;' 2
D=1.43
8 0

Frequency-area relations and exceedence probability
The data plotted in Fig. 3 represent the probability (y
axis) that a given patch will be of an area equal to, or
greater than a given area (x axis). All substrates are
consistent in displaying a decrease in exceedence
probability (E.P.) with increasing patch area, confirming
the previous observation that the frequency of occurrence
decreases when moving from smaller to larger patch
sizes (Purkis 2004). Furthermore, all substrates are
characterised by a change in the nature of the relationship
with an inflection point lying at a patch area of
approximately 1000 m” (10°). This is interesting as it

corresponds to the observation made during box-
counting that patches containing fewer than 64 pixels
(1024 m?® behave differently to larger patches.
Furthermore and in concert with the patterns observed
with box-counting, it is for patches greater than 1000 m”
that the probability that the patch size exceeds the area of
the x axis, rapidly decreases with increasing area and
follows a robust power-law. All substrates return Radjz >
0.94 which can be described as good power-law
relationships (Carlson and Grotzinger 2001) and the data
can be inferred to display scale-invariant properties. In
order to determine whether the scale-invariance can be
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interpreted as fractal behaviour, it must be shown to
persist over several orders of magnitude. The number of
orders spanned is dependent on the slope of the linear
regression line and therefore D. Facies types spanning
the most orders are characterised by higher values of D
and conspicuously stronger RM_,,-Z values. Dense live coral
and seagrass display scale-invariance over a single order,
sparse and dense dead coral extend the range to slightly
over 2 orders and hardground as far as 2.5 orders of
magnitude (equivalent to patch sizes 1000 m* - 500,000
m?). Although displaying a degree of scale-invariance, it

(@
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would be misleading to conclude that either seagrass or
dense live coral behave as fractals. Similarly the 2 orders
offered by dead and sparse corals are not sufficient to
characterise explicitly, but according to Avnir et al.
(1998) and Jensen (1998), at least suggests fractal
behaviour. Hardground is the only facies type to
approach 3 orders of scale-invariance and even if the
term is used conservatively, would seem a solid
candidate for a fractal.
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Fig. 3. (a) Bilogarithmic plots of exceedence probability (E.P.) vs. area for all facies types (see Fig. 4 for sand and
algae). All substrates display a linear trend for patches of area >10°> m% but the slope of the linear function is notably
different. Hardground and sparse and dense dead coral display scale-invariance over >2 orders of magnitude, which
strongly suggests fractal behaviour. In each case, fractal dimension (D) and the power-law equation from which it was

calculated, is provided. Goodness of fit to the linear trend

is quantified by Radj2 which exceeds 0.90 in all cases. The

inset (b) shows the relationship between E.P. and area for sparse coral and seagrass for patch sizes 10'-10° m*. The
expanded E.P. axis demonstrates that the relationship cannot be described by a linear function and therefore it cannot be
inferred that the system is bifractal. This is also the case for all other substrates (not shown).

Spatial anisotropy

For both algae and sand, there is a pronounced
difference in how the three metrics behave for the inner-
and outer-zones (Fig. 4). Box-counting of both substrates
reveals that as for previous cases, the relationship rolls
off the linear trend beyond box sizes of 2, with the
inner-zone yielding a lower estimate of D than the outer.
For the frequency-size distributions of the patches for
both sand and algae (Fig. 4b), the pattern is reversed and
the inner-zone yields a higher D. In both cases the
difference in how the metric behaves is systematic, with
the power-function of the outer-zone offset above that of
the inner. Comparing the relationship between patch area
and exceedence probability (Fig. 4c) for sand and algae,
yields the most distinct difference in performance of the
three metrics. For algae, the outer-zone is inconsistent

with all other results by returning a negative D (-0.12).
The implication being, that the slope of the exponential
function is sufficiently abrupt to remain negative
following the addition of the Euclidean dimension (2).
The abrupt slope only spans a single order of magnitude
(10°-10* m?), which although returning a high Radj2
(0.98), is not sufficient to be considered fractal. Algae, in
the inner zone returns a more typical D (1.35) and retains
the linear trend over 2.5 orders, which suggests a fractal.
Consistent with this pattern, sand returns a higher D in
the inner- as compared to the outer-zone (1.44 vs. 1.02,
respectively), but the Rad,-z of 0.89 for the inner-zone is
just below the threshold accepted to indicate a good fit to
the power-law (cf. Carlson and Grotzinger 2001).
Conversely the outer-zone returns a robust fit (Radjz =
0.98) over two orders of magnitude.
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