ResearchGate

See discussions, stats, and author profiles for this publication at:

Coral surface area quantification—evaluation of
established techniques by comparison with
computer tomography

Article /1 Coral Reefs - March 2009

DOI: 10.1007/s00338-008-0459-3

CITATIONS READS
90 316

5 authors, including:

Universitat Bremen University of Bayreuth
54 PUBLICATIONS 979 CITATIONS 215 PUBLICATIONS 2,781 CITATIONS
SEE PROFILE SEE PROFILE

Radiologisches Zentrum Miinchen-Pasing ‘ Universitat Bremen

33 PUBLICATIONS 192 CITATIONS 213 PUBLICATIONS 3,393 CITATIONS

SEE PROFILE SEE PROFILE

Some of the authors of this publication are also working on these related projects:

Poject T2 mapping

ot C- and N-fixation of coral reefs in response to environmental factors

All content following this page was uploaded by on 07 April 2016.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/225114330_Coral_surface_area_quantification-evaluation_of_established_techniques_by_comparison_with_computer_tomography?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/225114330_Coral_surface_area_quantification-evaluation_of_established_techniques_by_comparison_with_computer_tomography?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/T2-mapping?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/C-and-N-fixation-of-coral-reefs-in-response-to-environmental-factors?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Malik_Naumann?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Malik_Naumann?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universitaet_Bremen?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Malik_Naumann?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Laforsch?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Laforsch?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Bayreuth?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Laforsch?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Glaser2?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Glaser2?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Radiologisches_Zentrum_Muenchen-Pasing?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Glaser2?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Wild3?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Wild3?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universitaet_Bremen?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Christian_Wild3?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Malik_Naumann?enrichId=rgreq-7951222931a04b0fc442762e81589043-XXX&enrichSource=Y292ZXJQYWdlOzIyNTExNDMzMDtBUzozNDgyMjQ1ODI4OTc2NjRAMTQ2MDAzNDYxODExMQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Coral Reefs (2009) 28:109-117
DOI 10.1007/s00338-008-0459-3

REPORT

Coral surface area quantification—evaluation of established
techniques by comparison with computer tomography

M. S. Naumann - W. Niggl - C. Laforsch -
C. Glaser - C. Wild

Received: 28 August 2008/ Accepted: 10 December 2008 / Published online: 1 January 2009

© Springer-Verlag 2008

Abstract The surface area of scleractinian corals repre-
sents an important reference parameter required for various
aspects of coral reef science. However, with advancements
in detection accuracy and novel approaches for coral sur-
face area quantification, evaluation of established
techniques in comparison with state-of-the-art technology
gains importance to coral researchers. This study presents
an evaluation of methodological accuracy for established
techniques in comparison to a novel approach composed of
computer tomography (CT) and 3-dimensional surface
reconstruction. The skeleton surface area of reef corals
from six genera representing the most common morpho-
logical growth forms was acquired by CT and subsequently
measured by computer-aided 3-dimensional surface
reconstruction. Surface area estimates for the same corals
were also obtained by application of four established
techniques: Simple and Advanced Geometry, Wax Coating
and Planar Projection Photography. Comparison of the
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resulting area values revealed significant differences
between the majority (82%) of established techniques and
the CT reference. Genus-specific analysis assigned the
highest accuracy to geometric approximations (Simple or
Advanced Geometry) for the majority of assessed coral
genera (maximum accuracy: 104%; Simple Geometry with
Montipora sp.). The commonly used and invasive Wax
Coating technique reached intermediate accuracy (47—
74%) for the majority of genera, but performed outstanding
in the measurement of branching Acropora spp. corals
(maximum accuracy: 101%), while the Planar Projection
Photography delivered genera-wide low accuracy (12—
36%). Comparison of area values derived from established
techniques and CT additionally yielded approximation
factors (AFs) applicable as factors in the mathematical
improvement of surface area estimates by established
techniques in relation to CT reference accuracy.

Keywords Coral - Surface area - Methods - Evaluation -
Computer tomography

Introduction

Scleractinian corals exhibit an array of different growth
forms and intricate skeletal structures. In coral reef studies,
the surface area of corals serves as an important reference
parameter, for example, regarding the standardisation of
metabolic processes such as photosynthesis, respiration and
the release of coral-derived organic material to the envi-
ronment (Wild et al. 2005). Measurement of the actual
coral tissue surface area remains a difficult approach. The
challenge to develop feasible methodologies, adequately
determining the surface area of the complex and species-
specific skeletal structures of corals, has led to the
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publication of various methodological approaches over the
past decades.

Geometric measurement techniques are probably the
earliest approach used to assess the surface area of marine
organisms (Odum et al. 1958). Geometric forms or shapes
(e.g., cylinders, spheres, circles) that best resemble the
complex structure and topography of the investigated
organism are selected and basic dimensional parameters of
the organism are measured; the surface area is calculated
by the respective geometric formula. This approach offers
important advantages as it can be rapidly carried out and is
non-invasive; this has led to the frequent application of
geometric approaches in ecological and physiological coral
reef science (Szmant-Froelich 1985; Roberts and Ormond
1987; Babcock 1991; Bak and Meesters 1998) as well as in
coral monitoring studies (Fisher et al. 2007).

Several coating techniques, involving the dipping of
corals in liquids and the subsequent correlation of the
amount of coating to the assessed surface area, have been
described to date. These include coating of coral fragments
with latex (Meyer and Schultz 1985), paraffin wax (Stim-
son and Kinzie 1991), or vaseline (Odum and Odum 1955)
and the use of the dye Methylene Blue in a method
designed for finely branched coral species (Hoegh-Guld-
berg 1988). In addition, coating with aluminium foil of
known weight per unit area (Marsh 1970) has found
application in several field studies (Fagoonee et al. 1999;
Vollmer and Edmunds 2000; Wegley et al. 2004). Of these
techniques, coating with paraffin wax appears most fre-
quently in the literature (e.g., Glynn and D’Croz 1990;
Chancerelle 2000; Vytopil and Willis 2001; Wild et al.
2005). All coating techniques require prior tissue removal
or lead to mechanical damage of the tissue, and therefore
unsuitable for experimental studies where continuous
investigations on living corals are necessary.

The projected planar area of coral colonies has been
used in numerous studies to estimate surface areas in
combination with geometric assumptions (Falkowski and
Dubinsky 1981; Muscatine et al. 1989) or by plain cal-
culation of the covered benthic area (Jokiel and Morrissey
1986). In attempts to compare the projected planar area of
corals with geometric approximations of substratum
topography and coral morphology, surface indices (SI)
were developed to find suitable means for the 3-D
approximation of benthic reef coverage (Dahl 1973; Al-
cala and Vogt 1996) and coral colony surface area (Pichon
1978). Photography of the planar projection of corals, as a
method to assess surface area (Kanwisher and Wainwright
1967), has found application in coral reef science on
different scales of observation. Visual underwater surveys
for benthic coverage make use of photographs taken from
above the reef substratum to quantify and monitor reef
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community structures (Bohnsack 1979; Mergner and
Schuhmacher 1979; Hughes and Jackson 1985). For
studies on individual coral colonies, specific methods for
surface area determination were developed, involving
computer-aided digitisation of photographs (Benzion et al.
1991; Rahav et al. 1991; Tanner 1995). The shortcoming
of the planar photographic approach is the 2-dimensional
(2-D) projection of a 3-dimensional (3-D) form, which
significantly underestimates the actual surface area. In
order to reduce this limitation, photogrammetric methods
have been described using object photographs from vari-
ous perspectives, which are then combined by computer-
aided design (CAD) to form a 3-D object surface recon-
struction (Done 1981; Bythell et al. 2001; Cocito et al.
2003; Courtney et al. 2007; Jones et al. 2008). As the
most recent advancement of methods applying optical
surface detection and computer-aided object reconstruc-
tion, 3-D laser scanner systems have successfully been
used for coral surface area quantification (Courtney et al.
2007; Holmes 2008).

Another computer-aided 3-D technique, computer
tomography (CT), has found some application in coral
reef sciences after its introduction (Hounsfield 1973). CT
provides high-resolution X-ray images, which have shown
to be particularly useful in studies focussing on coral
growth (Bosscher 1993; Bessat et al. 1997; Goffredo et al.
2004) and have additionally found broad applications in
geosciences (Ketcham and Carlson 2001). In recent years,
computer-aided methods using CT-derived data were
applied to virtually reconstruct coral morphological
structures (Kruszynski et al. 2006) and to simulate coral
growth patterns (Kaandorp et al. 2005). With the help of
software packages, 3-D surface reconstructions of coral
colonies can be generated using CT-derived data from
which the virtual surface area is subsequently calculated,
thereby providing high accuracy area measurement of the
actual skeleton surface area (Laforsch et al. 2008). This
procedure can be applied to bare skeletons as well as on
living coral specimens. A limitation of CT measurements
of corals is the restriction to measurements of the skeleton
topography only, while coral tissue components remain
undetected.

This study aimed to evaluate the accuracy of surface
area estimates derived from the four established techniques
in coral reef science (Simple and Advanced Geometry,
Wax Coating and Planar Projection Photography) in direct
comparison to a high accuracy CT-based methodology,
used as reference. Analysis of method accuracy was
extended to generate approximation factors (AFS) appli-
cable in the mathematical improvement of surface area
estimates by established techniques in relation to CT ref-
erence accuracy.
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Material and methods

A total of 72 coral skeletons from six genera and four
growth forms (warm water corals: Acropora spp., Fungia
spp., Galaxea fascicularis, Montipora sp., and Pocillopora
damicornis; cold water coral: Lophelia pertusa) were used
in this comparative investigation of surface area quantifi-
cation (see Fig. 1, panels a—f). The skeleton surface area of
each of these coral colonies was determined by the use of
established techniques comprising geometric approxima-
tions, Wax Coating and Planar Projection Photography. In
addition, skeleton surface area measurements for all coral
colonies were carried out by conventional medical CT and
subsequent 3-D surface reconstruction, in order to allow for
a direct comparison with the results derived from estab-
lished techniques. Coral skeletons were obtained from

collections of aquarists. For each genus, 11-13 colonies
ranging from 1-17-cm maximum diameter were selected to
account for differences between size classes. The bases of
the colonies were ground to achieve an exact reference
plane for all the mentioned techniques and then glued onto
ceramic tiles (4 x 4 cm). The skeleton surface area was
quantified by the following procedures. An example for the
genus Acropora (Acropora specimen # 10) illustrating the
application of the different techniques is displayed in
Fig. 2.

Geometric approximations

Geometric measurements of coral colonies were divided
into two approach categories,

Simple Geometry and

Fig. 1 Top view of specimens assessed in coral surface area measurements. Panels a, Acropora spp.; b, Fungia spp. with attached thread used
for Wax Coating; ¢, Galaxea fascicularis; d, Lophelia pertusa; e, Montipora sp. and f, Pocillopora damicornis
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Advanced Geometry, defined as follows: Simple Geometry
assesses the whole structure of a coral colony at once and
assigns a geometric body that shows the closest morpho-
logical similarity (e.g., cylinder, hemisphere or disc). Only
few basic dimensional parameters (e.g., radius, height)
need to be recorded once (Fig.2, panel a). Advanced
Geometry divides the coral colony into several sections and
assigns an approximate geometric form or shape to each.
Single measurements of dimensional parameters for each
section are therefore necessary (Fig. 2, panel a). Mea-
surements were carried out using conventional callipers
(accuracy: = 0.05 mm) and a flexible tape measure
(accuracy: = 1 mm). For both the approaches, measured
parameters of all the geometric forms and shapes were put
into the respective surface area equations (Table 1) to
calculate the approximate area. Simple and Advanced
Geometry were applied to all the coral genera, with the
exception of Fungia spp. and G. fascicularis, for which
only Simple Geometry was used.

Simple geometry
Branching growth form

Acropora spp. (n=12), L. pertusa (n = 13) and P.
damicornis colonies (n = 12) (small single branches and
branched colonies) were interpreted as cylinders. The total
height and the maximum and minimum horizontal diame-
ters of the whole colony were measured in order to
calculate the average horizontal diameter and radius.
Height and average radius were used to determine the
cylinder shell surface to which the cylinder cover, calcu-
lated as a circle using the average radius, was added.

Massive growth form

Colonies of the massive coral G. fascicularis (n = 12)
were interpreted as hemispheres. Maximum and minimum
horizontal diameters of each colony were measured, and
the average radius was calculated. The height of the colony
was assessed from the reference plane to the highest tip.
Thereafter, colony surface area was calculated by the use
of the surface area formula for hemispheres.

Foliose growth form

Colonies of a foliose species of Montipora (n = 12) were
measured as rectangular plates. Side lengths and the overall
perimeter were recorded with a flexible tape measure,
taking into account curving skeleton characteristics.
Average height (thickness) of the plate was measured with
callipers at four points. The area of a rectangle was cal-
culated by the side lengths and the result was doubled to
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represent both sides of the plate. The side of the corals was
calculated as a rectangle from the perimeter and the plate
thickness, and subsequently added.

Fig. 2 Techniques for coral surface area quantification applied in this
study. (Panels a-d, Acropora coral specimen #10); Panel a, Simple
Geometry and Advanced Geometry; b, Wax Coating; ¢, Planar
Projection Photography; d, 3-D surface reconstruction of computer
tomography-derived data
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Table 1 Area equations for geometric shapes and forms used in
geometric approximation calculations (Simple and Advanced

Geometry)

Geometry Area equation
Cylinder shell surface A=2nhr
Hemisphere A=2mnr?
Circle A=nr?
Rectangle A=xy?
Right angle triangle A= 1 (mn) b

A = Area, T = pi, h = height, r = radius; * Where x and y are side
lengths of a rectangle; ° Where m and n are side lengths of a triangle

Disc-like growth form

A Fungia polyp resembles a disc, which is composed of
two circular sides and a rectangular side. The maximum
and minimum horizontal diameters of each polyp (n = 11)
were measured, from which the average radius was cal-
culated. Oral and aboral disc surface areas were then
calculated as circles. The average height (thickness) of the
disc was measured with callipers at four points. After the
polyp perimeter was assessed with a flexible tape measure,
the side could be calculated as a rectangle and was finally
added to gain the total area of the disc.

Advanced geometry
Branching growth form

The surface area of the entirety of branches of Acropora
spp., L. pertusa and P. damicornis colonies was calculated
as cylinder shell surfaces, which showed closer approxi-
mation to CT reference in comparison to cone surfaces. For
complexly branched colonies of P. damicornis, the total
number of branches was counted and more than 10% of all
the branches were measured; these surface areas were then
extrapolated to the total number of branches. The radius
and height of branches longer than 1 cm were assessed by
measuring the branch diameter at the base of each branch
and the height from branch base to tip. The cylinder cover
area was only calculated and added for the main branch of
each colony. Calculated surface areas from all branches
were added to gain the total colony surface area estimate.

Foliose growth form

Montipora colonies were divided into several 2-D shapes
(i.e., rectangles, right angle triangles, semi-circles and
quarters of circles) and the respective parameters (side
lengths and radii) were measured by flexible tape measure

or callipers (where suitable). The surface areas of all
shapes were calculated and doubled before the rectangular
area (side of the coral) calculated by the perimeter and
plate thickness, was added.

Wax coating

Surface estimates were determined by a paraffin wax
coating technique modified from Stimson and Kinzie
(1991) and Vytopil and Willis (2001). Paraffin wax
(Merck, paraffin powder, melting point: 55-57°C) was
melted at 58°C in a 5-1 glass beaker inside a water bath.
Coral colonies were dipped into the melted paraffin wax for
2 s and carefully shaken to remove drops. Through this
procedure, the surface was sealed and equal adhesion could
be ensured while preserving approximate skeleton topog-
raphy. The initial weight of the wax coated colonies was
measured after 5 min; they were then re-dipped for 5 s and
weighed again 5 min later in order to determine the mass
increment caused by the second wax coating (Fig. 2, panel
b). Geometric bodies of different known surface areas (four
metal cubes and four wooden spheres, 5.9-77.5 crnz) were
treated accordingly for calibration purposes. The use of
different calibration body materials resulted in negligible
differences concerning surface adhesion during the initial
coating step. The regression relationship between mass
increment and surface area of the calibration bodies
(y = 0.0008x—-0.0909, P = 0.9974) was used to determine
the surface area of all assessed coral colonies.

Planar projection photography

The planar projection of coral fragments was photographed
using a digital camera (Casio® QV-R40; resolution:
4.0 megapixels) at a vertical position relative to the natural
growth orientation of the colonies. Callipers were held in-
plane with top extensions of the fragments for image
scaling. Processing of photographs was carried out using
image analysis software (ImageJ, V. 1.37 m, National
Institutes of Health, USA). The Straight line tool and Set
scale function were applied to transform the depicted cal-
lipers scale into pixel dimension. The perimeter of each
fragment was then digitally encircled using the Polygon
tool at 50% zoom (Fig. 2, panel c¢). The enclosed area was
subsequently calculated (in square millimetres) using the
integrated Measure function. Measurements at different
zoom levels (50, 75 and 100%) of the three selected col-
onies representing the largest, smallest, and average size
classes from three growth forms, resulted in an error of
0.3 + 0.3%. The methodological error determined by
repeated digitising of one fragment was 0.4%, which
results in a negligible total error of <1%.
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Computer tomography and 3-D surface reconstruction

Tomographic records of corals and calibration bodies (3
polyvinyl chloride cubes; accuracy: 0.01 mm; fixed onto
ceramic tiles) were produced in air by conventional
medical CT, using a Siemens Somatom Sensation 64®
tomograph. CT tube voltage of 120 kV (Eff mAs 341) and
a 310-mm field of view were applied. The integrated
Somaris software (Syngo CT 2006A, Siemens, Germany)
was used for data acquisition. Resulting stacks of image
slices (DICOM image format; slice dimensions:
512 x 512 pixels; voxel size: 0.605 x 0.605 x 0.6 mm)
were further processed in a computer-aided surface
reconstruction procedure using the software Amira® (V.
4.1.1; Mercury Computer Systems SAS, France). Image
stacks of the calibration bodies were loaded to Amira®
and regular 3-D isosurfaces (object surface rendering
within a 3-D scalar field with regular Cartesian coordi-
nates) were created by application of the integrated
Isosurface tool. The Isosurface tool combined all image
slice data of an object and generated a polygonal surface
model composed of triangles using a specific threshold
value (Hounsfield Unit corresponding to X-ray attenuation
values) defining the distinct boundary between object
surface and the surrounding air. Different threshold values
(75, 0, —100, —150, —200, —300, —400, —500 and —
600) were tried for isosurface generation of all calibration
bodies to determine the closest fit to the actual known
surface area, followed by the creation of a new Surface,
including a 3-D Surface View (option: vertex normal)
within the Surface Editor tool. The Surface Editor tool
was used to remove the ceramic tiles and remaining
artefacts not belonging to the calibration bodies originat-
ing from background noise. Thereafter, a new Surface was
computed to measure the surface area through the appli-
cation of the Surface Area tool. Surface area values and
threshold parameters in isosurface creation of calibration
bodies showed a strong polynomial correlation
(r2 = 0.9998), which allowed for the calculation of a
closest-fit threshold value (—354). This threshold value
was used in the subsequent isosurface computation of all
measured coral colonies.

Data acquisition and processing for coral colonies were
carried out as described above using the -closest-fit
threshold value (—354) derived from calibration bodies for
isosurface generation. The Surface Editor tool was applied
to extract the reconstructed coral surface precisely along
the reference plane lining the base of each colony. Critical
visual inspections of generated 3-D coral models in com-
parison to the actual coral colonies were performed to
ensure optimal settings for image processing (Kruszynski
et al. 2006, 2007) and thus, realistic results of surface area
measurements (Fig. 2, panel d).

@ Springer

Data analysis
Percentage accuracy of established techniques

Compiled surface area estimates derived from the four
different established techniques were compared to CT-
derived reference values for all coral specimens to calcu-
late the percentage accuracy using the equation:

% of CT =Area value of established technique/
Area value of CT x 100

From these results, the genus-specific average
percentage accuracy was computed for all the established
techniques. Differences found for surface area values
between established techniques and CT reference were
analysed by Wilcoxon signed ranks tests (2-tailed).

Approximation factors

Surface area values for all coral specimens derived from
established techniques were subsequently compared to the
respective CT reference values to generate AF (AF = ratio
of CT-derived area to area from established techniques).
Genus-specific average AFs were subsequently calculated
from ratios of all the assessed specimens. The term AF was
chosen in this study to prevent confusion with Dahl’s
(1973) term SI (surface index).

Results

Comparative analyses of area estimates by established
techniques to CT reference showed significant surface area
over- and underestimations for the majority (82%) of
established techniques analysed and coral genera assessed
(Table 2). An example of the different surface area values
obtained by the use of different techniques for Acropora
specimen # 10 is given in Table 3. The highest accuracy to
CT reference values including all coral genera was found
for geometric approximations; except for Acropora spp.,
for which Wax Coating nearly replicated area values
obtained by CT (Table 2). Simple Geometry performed
most accurately with branching P. damicornis and foliose
Montipora sp. corals, while Advanced Geometry showed
the highest accuracy in assessing branching Acropora spp..
In the case of G. fascicularis, Simple Geometry accuracy
was identical to Wax Coating (55%). Similar accuracy
resulting from under- and overestimation of CT reference
was also found for Advanced Geometry and Wax Coating
assessing P. damicornis (Table 2). Except for Acropora
spp., Wax Coating reached intermediate accuracy, ranging
from 47 to 74%. Planar Projection Photography displayed
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Table 2 Accuracy of established techniques in comparison to CT reference

Growth form  Branching Massive Foliose Disc

Coral Acropora spp. L. pertusa P. damicornis G. fascicularis Montipora sp. Fungia spp.
SG 258 n o= 12%* 168 n=13* 116 n=12nd. 55 n = 8% 104 n=12nd. 78 n=11%*
AG 108 n=12nd. 141 n=13% 127  n = 12%%* - 76 n = 12%* -

WA 101 n=11nd. 57 n=13%* 74 n=12%* 55 n=8* 70  n = 12%* 47  n=11**
PP 19  n=12%* 21 n=13%* 21 n=12%* 36 n = 8% 12 n=12%* 27 n=11%*

Values are given as percentage accuracy of CT. Significant differences in surface area values found for the respective established techniques are
indicated by asterisks: * p < 0.05; ** p < 0.005; n.d. indicates comparisons where no significant difference was found. Abbreviations:
SG = Simple Geometry; AG = Advanced Geometry; WA = Wax Coating; PP = Planar Projection Photography; CT = Computer Tomog-

raphy and 3-D surface reconstruction

Table 3 Surface area values for Acropora specimen #10 obtained by
different techniques

Acropora coral #10 Method
SG AG WA PP CT
Surface area (cm?) 537 333 327 41 361

Abbreviations: SG = Simple Geometry; AG = Advanced Geometry;
WA = Wax Coating; PP = Planar Projection Photography;
CT = Computer Tomography and 3-D surface reconstruction

low accuracy in the measurement of all genera (12-36%).
The branching cold water coral L. pertusa was most
accurately assessed by Advanced Geometry (141%), clo-
sely followed by Wax Coating (57%); while Simple
Geometry delivered the highest accuracy to CT reference
for Fungia spp. (78%). AFs computed by comparison of
established techniques and CT area values reflected the
results obtained for percentage accuracy of established
techniques, indicated by established techniques of high
accuracy showing AF values equal to, or closely
approaching, 1 (Table 4).

Discussion

The majority of comparisons between established tech-
niques and CT reference reveal significantly different

results when quantifying the surface area of identical coral
colonies. This demonstrates a need for standardisation, as
many past studies have used and present studies use dif-
ferent approaches for coral surface area quantification to
standardise equivalent parameters (Meyer and Schultz
1985; Tanner 1995; Goffredo et al. 2004). CT in combi-
nation with 3-D reconstruction offers accurate surface area
quantification (Laforsch et al. 2008) and can therefore
serve as a reference for standardisation.

The genera-wide identified high accuracy of geometric
approximations indicates the appropriateness of these non-
invasive and practical techniques for coral surface area
quantification. Simple Geometry results for the finely
branched P. damicornis and the foliose Montipora sp. show
no significant differences to CT reference values. Further-
more, application of Advanced Geometry increases
accuracy of Simple Geometry (by 27-150%) for 50%
(branching corals: Acropora spp. and L. pertusa) of all coral
genera assessed by both geometric approaches. Wax Coat-
ing demonstrates higher accuracy (101%) in the assessment
of Acropora spp. compared with Advanced Geometry
(108%), which may be explained by the sealing of the
intricate skeleton topography of Acropora spp. colonies
(e.g., protruding corallites) by the first coating step of Wax
Coating and by CT scanning at a resolution of 0.6 mm,
potentially resulting in the generation and subsequent
measurement of similar surface topographies. For the

Table 4 Approximation factors (AF) for conversion of surface area values derived by established techniques in relation to CT accuracy

Growth form Branching Massive Foliose Disc
Coral Acropora spp. L. pertusa P. damicornis G. fascicularis Montipora sp. Fungia spp.
SG 0.44 £+ 0.05 0.62 &+ 0.03 0.94 £+ 0.08 1.86 &+ 0.09 1.00 £ 0.06 1.74 £ 0.32
AG 0.95 + 0.04 0.75 & 0.05 0.83 &+ 0.05 - 1.37 £ 0.09 -
WA 1.00 £+ 0.03 1.79 &+ 0.07 1.36 + 0.04 1.86 &+ 0.10 1.44 &+ 0.03 232 £0.27
PP 9.04 + 1.28 5.41 + 0.64 6.11 + 1.12 2.82 +£0.16 11.58 + 1.99 4.59 + 0.85

Values are given as average AF calculated from all specimens of the respective genus (n = 8-13) & standard error. Abbreviations:
SG = Simple Geometry; AG = Advanced Geometry; WA = Wax Coating; PP = Planar Projection Photography; CT = Computer Tomog-

raphy and 3-D surface reconstruction
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majority of corals, application of Wax Coating delivers
accuracy comparable to geometric approximations (e.g.,
Simple Geometry and Wax Coating with G. fascicularis),
thus qualifying Wax Coating as a passable substitute for
geometry. However, Simple Geometry and Advanced
Geometry provide in addition to accuracy, low cost and
ubiquitous applicability, the deciding advantages of non-
invasive application with living coral specimens, which are
not feasible by Wax Coating. Low accuracy found for Planar
Projection Photography (12-36%) emphasises its apparent
2-D limitation. For all measured coral colonies, surface area
values obtained by Planar Projection Photography under-
estimate CT reference by a factor ranging between 2.6 and
27.2. Overall, the lowest accuracy (12%) derived by Planar
Projection Photography for the foliose coral Montipora sp.
may result from the natural growth orientation (diagonal
upright) of the corals during recording of photographs.
Accuracy delivered by Planar Projection Photography for
surface area estimates of rather horizontal coral growth
forms (e.g., plate forms) that were not assessed by this study,
may, however, stay within an acceptable range.

Improved accuracy of surface area values derived from
established techniques can be achieved by mathematical
approximation in relation to CT accuracy using AF values,
presented here. Consequently, data from various studies
can be transformed by application of AF to improved
surface area estimates and facilitate standardised compar-
ison. As this study represents the first comparison between
a variety of established techniques and the contemporarily
the most accurate CT-based method, AF values for Planar
Projection Photography represent the only category com-
parable to existing literature data (i.e., SI). SI ratios
developed by previous studies (Dahl 1973; Alcala and Vogt
1996) are lacking an accurate reference. Holmes (2008)
presented SI ratios of surface area estimates from 3-D laser
scanning and planar projection data using laser scanning
accuracy as reference. As the resolution of laser scanning
still differs considerably from the reference of the present
study (laser: 2.5 mm; CT: 0.6 mm) only rough compari-
sons are feasible. Nonetheless, SI values presented by
Holmes (2008) for Open branching and Complex branch-
ing (6.16 and 6.43, respectively) are in the same range as
AF values found here for the branching P. damicornis
(6.11). AF values computed for the massive G. fascicularis
are lower (2.82) than the SI for massive corals shown by
Holmes (2008) (3.20), which may be explained by the
difference in resolution of reference methods. Owing to the
distinct skeleton topography (i.e., large protruding coral-
lites; see Fig. 1, panel c), causing a substantial increase in
surface area, AF values calculated for the massive G. fas-
cicularis by this study should only find application in the
work with this species, as species specific growth charac-
teristics alter AF values considerably, thus becoming
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unsuitable for massive coral species lacking similar skel-
eton topography (e.g., Porites spp.). For surface area
quantification of massive corals exhibiting rather smooth
surface topography, Courtney et al. (2007) have presented
log-linear models applicable for in situ as well as for lab-
oratory studies.

Accuracy of established techniques and specific AF
values, presented in this study, are derived from compari-
son, and thus dependent on the accuracy of the reference
technique (i.e., CT). As CT is limited to detection of the
coral carbonate skeleton only, accurate CT measurements
of the intricate skeleton topography may cause under- or
overestimation of the actual tissue surface area composed
by the polyps and the coenosarc. Therefore, further studies
are necessary to find possible solutions for this limitation,
e.g., by application of different tomographic imaging
techniques (Frahm et al. 1986), supporting the possibility
for detection and discrimination of organic and inorganic
coral components. In addition, solely combination of the
latter with measurements of living corals under natural
conditions (i.e., submerged in seawater, extended polyps
and tentacles), will finally provide high accuracy quantifi-
cation of coral tissue surface area.

Acknowledgements E. Christoph of the Department for Clinical
Radiology (University Hospital of Munich) and V. Witt, are
acknowledged for their technical support of this work. L. Colgan and
C. Williamson contributed to improve this article. We thank the editor
Dr. Bernhard Riegl and two anonymous reviewers for their valuable
comments. The German Research Foundation (DFG) with grant Wi
2677/2-1 to C.W. funded this research.

References

Alcala MLR, Vogt H (1996) Approximation of coral reef surfaces
using standardised growth forms and video counts. Proc 8th Int
Coral Reef Symp 2:1453-1458

Babcock RC (1991) Comparative demography of three species of
scleractinian corals using age- and size-dependent classifica-
tions. Ecol Monogr 61:225-244

Bak RPM, Meesters EH (1998) Coral population structure: the hidden
information of colony size-frequency distributions. Mar Ecol
Prog Ser 162:301-306

Benzion M, Achituv Y, Stambler N, Dubinsky Z (1991) A
photographic, computerized method for measurements of sur-
face-area in Millepora. Symbiosis 10:115-121

Bessat F, Boiseau M, Leclerc AJ, Buigues D, Salvat B (1997)
Computerized tomography and oxygen stable isotopic compo-
sition of Porites lutea skeleton at Mururoa (French Polynesia):
application to the study of solar radiation influence on annual
coral growth. Compt Rendus Acad Sci III Sci Vie 320:659-665

Bohnsack JA (1979) Photographic quantitative sampling of hardbot-
tom communities. Bull Mar Sci 29:242-252

Bosscher H (1993) Computerized tomography and skeletal density of
coral skeletons. Coral Reefs 12:97-103

Bythell JC, Pan P, Lee J (2001) Three-dimensional morphometric
measurements of reef corals using underwater photogrammetry
techniques. Coral Reefs 20:193-199



Coral Reefs (2009) 28:109-117

117

Chancerelle Y (2000) Methodes d’estimation des surfaces develop-
pees de coraux scleractiniaires a I’echelle d’une colonie ou d’un
peuplement. Oceanol Acta 23:211-219

Cocito S, Sgorbini S, Peirano A, Valle M (2003) 3-D reconstruction
of biological objects using underwater video technique and
image processing. J Exp Mar Biol Ecol 297:57-70

Courtney LA, Fisher WS, Raimondo S, Oliver LM, Davis WP (2007)
Estimating 3-dimensional colony surface area of field corals. J
Exp Mar Biol Ecol 351:234-242

Dahl AL (1973) Surface area in ecological analysis: quantification of
benthic coral reef algae. Mar Biol 23:239-249

Done TJ (1981) Photogrammetry in coral ecology: a technique for the
study of change in coral communities. Proc 4th Int Coral Reef
Symp 2:315-320

Fagoonee I, Wilson HB, Hassell MP, Turner JR (1999) The dynamics
of zooxanthellae populations: a long-term study in the field.
Science 283:843-845

Falkowski PG, Dubinsky Z (1981) Light-shade adaptation of
Stylophora pistillata, a hermatypic coral from the Gulf of Eilat.
Nature 289:172-174

Fisher W, Davis W, Quarles R, Patrick J, Campbell J, Harris P,
Hemmer B, Parsons M (2007) Characterizing coral condition
using estimates of three-dimensional colony surface area.
Environ Monit Assess 125:347-360

Frahm J, Haase A, Matthaei D (1986) Rapid three-dimensional MR
imaging using the FLASH technique. J Comput Assist Tomogr
10:363-368

Glynn PW, D’Croz L (1990) Experimental evidence for high
temperature stress as the cause of El Nino-coincident coral
mortality. Coral Reefs 8:181-191

Goffredo S, Mattioli G, Zaccanti F (2004) Growth and population
dynamics model of the Mediterranean solitary coral Balano-
phyllia europaea (Scleractinia, Dendrophylliidae). Coral Reefs
23:433-443

Hoegh-Guldberg O (1988) A method for determining the surface area
of corals. Coral Reefs 7:113-116

Holmes G (2008) Estimating three-dimensional surface areas on coral
reefs. J Exp Mar Biol Ecol 365:67-73

Hounsfield GN (1973) Computerized transverse axial scanning
(tomography): Part I Description of system. Br J Radiol
46:1016-1022

Hughes TP, Jackson JBC (1985) Population dynamics and life
histories of foliaceous corals. Ecol Monogr 55:141-166

Jokiel PL, Morrissey JI (1986) Influence of size on primary
production in the reef coral Pocillopora damicornis and the
macroalga Acanthophora spicifera. Mar Biol 91:15-26

Jones AM, Cantin NE, Berkelmans R, Sinclair B, Negri AP (2008) A
3D modeling method to calculate the surface areas of coral
branches. Coral Reefs 27:521-526

Kaandorp JA, Sloot PMA, Merks RMH, Bak RPM, Vermeij MJA,
Maier C (2005) Morphogenesis of the branching reef coral
Madracis mirabilis. Proc R Soc Biol Sci Ser B 272:127-133

Kanwisher JW, Wainwright SA (1967) Oxygen balance in some reef
corals. Biol Bull 133:378-390

Ketcham RA, Carlson WD (2001) Acquisition, optimization and
interpretation of X-ray computed tomographic imagery: appli-
cations to the geosciences. Comput Geosci 27:381-400

Kruszynski KJ, van Liere R, Kaandorp JA (2006) An interactive
visualization system for quantifying coral structures. In: Ertl T,

Joy K, Santos B (eds) Eurographics/ IEEE-VGTC Symposium
on Visualization, pp 1-8

Kruszynski KJ, Kaandorp JA, van Liere R (2007) A computational
method for quantifying morphological variation in scleractinian
corals. Coral Reefs 26:831-840

Laforsch C, Christoph E, Glaser C, Naumann M, Wild C, Niggl W
(2008) A precise and non-destructive method to calculate the
surface area in living scleractinian corals using X-ray computed
tomography and 3D-modeling. Coral Reefs 27:811-820

Marsh JA (1970) Primary productivity of reef-building calcareous red
algae. Ecology 51:255-263

Mergner H, Schuhmacher H (1979) Quantitative 6kologische Analyse
eines Rifflagunenareals bei Aqaba (Golf von Agqaba, Rotes
Meer). Helgoldnder wiss Meeresunters 32:476-507

Meyer JL, Schultz ET (1985) Tissue condition and growth rate of
corals associated with schooling fish. Limnol Oceanogr 30:157—
166

Muscatine L, Porter JW, Kaplan IR (1989) Resource partitioning by
reef corals as determined from stable isotope composition. Mar
Biol 100:185-193

Odum EP, Kuenzler EJ, Blunt MX (1958) Uptake of P*? and primary
productivity in marine benthic algae. Limnol Oceanogr 3:340-
345

Odum HT, Odum EP (1955) Trophic structure and productivity of a
windward coral reef community on Eniwetok Atoll. Ecol
Monogr 25:291-320

Pichon M (1978) Problems of measuring and mapping coral reef
colonies. In: Stoddart DR, Johannes RE (eds) Coral reefs:
research methods. United Nations Educational, Scientific and
Cultural Organization, Paris, pp 219-230

Rahav O, Benzion M, Achituv Y, Dubinsky Z (1991) A photographic,
computerized method for in situ growth measurements in reef-
building cnidarians. Coral Reefs 9:204

Roberts CM, Ormond RFG (1987) Habitat complexity and coral-reef
fish diversity and abundance on Red-Sea fringing reefs. Mar
Ecol Prog Ser 41:1-8

Stimson J, Kinzie RA (1991) The temporal pattern and rate of release
of zooxanthellae from the reef coral Pocillopora damicornis
(Linnaeus) under nitrogen-enrichment and control conditions. J
Exp Mar Biol Ecol 153:63-74

Szmant-Froelich A (1985) The effect of colony size on the
reproductive ability of the Caribbean coral Montastraea annu-
laris (Ellis and Solander). Proc 5th Int Coral Reef Symp 4:295—
300

Tanner JE (1995) Competition between scleractinian corals and
macroalgae - An experimental investigation of coral growth,
survival and reproduction. J Exp Mar Biol Ecol 190:151-168

Vollmer SV, Edmunds PJ (2000) Allometric scaling in small colonies
of the scleractinian coral Siderastrea siderea (Ellis and Soland-
er). Biol Bull 199:21-28

Vytopil E, Willis BL (2001) Epifaunal community structure in
Acropora spp. (Scleractinia) on the Great Barrier Reef: impli-
cations of coral morphology and habitat complexity. Coral Reefs
20:281-288

Wegley L, Yu Y, Breitbart M, Casas V, Kline DI, Rohwer F (2004)
Coral-associated archaea. Mar Ecol Prog Ser 273:89-96

Wild C, Woyt H, Huettel M (2005) Influence of coral mucus on
nutrient fluxes in carbonate sands. Mar Ecol Prog Ser 287:87-98

@ Springer


https://www.researchgate.net/publication/225114330

	Coral surface area quantification-evaluation of established techniques by comparison with computer tomography
	Abstract
	Introduction
	Material and methods
	Geometric approximations
	Simple geometry
	Branching growth form
	Massive growth form
	Foliose growth form
	Disc-like growth form

	Advanced geometry
	Branching growth form
	Foliose growth form
	Wax coating
	Planar projection photography
	Computer tomography and 3-D surface reconstruction


	Data analysis
	Percentage accuracy of established techniques
	Approximation factors

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


