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Abstract Morphological variation in marine sessile
organisms is frequently related to environmental factors.
Quantifying such variation is relevant in a range of ecologi-
cal studies. For example, analyzing the growth form of fos-
sil organisms may indicate the state of the physical
environment in which the organism lived. A quantitative
morphological comparison is important in studies where
marine sessile organisms are transplanted from one envi-
ronment to another. This study presents a method for the
quantitative analysis of three-dimensional (3D) images of
scleractinian corals obtained with X-ray Computed Tomog-
raphy scanning techniques. The advantage of Computed
Tomography scanning is that a full 3D image of a complex
branching object, including internal structures, can be
obtained with a very high precision. There are several com-
plications in the analysis of this data set. In the analysis of a
complex branching object, landmark-based methods usu-
ally do not work and different approaches are required
where various artifacts (for example cavities, holes in the
skeleton, scanning artifacts, etc.) in the data set have to be
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removed before the analysis. A method is presented, which
is based on the construction of a medial axis and a combi-
nation of image-processing techniques for the analysis of a
3D image of a complex branching object where the compli-
cations mentioned above can be overcome. The method is
tested on a range of 3D images of samples of the branching
scleractinian coral Madracis mirabilis collected at different
depths. It is demonstrated that the morphological variation
of these samples can be quantified, and that biologically rel-
evant morphological characteristics, like branch-spacing
and surface/volume ratios, can be computed.

Keywords Scleractinian corals - Morphological variation -
Morphological analysis of indeterminate growth forms -
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Introduction

Marine sessile organisms from very different taxonomical
groups show considerable morphological variation. This
variation is often related to gradients in environmental con-
ditions such as light intensity and water flow velocity. The
growth form in the reef-building corals Montastraea annu-
laris and Porites sillimaniani is influenced by light inten-
sity (Graus and Macintyre 1982; Muko etal. 2000).
Similarly, growth forms of octocorals, hydrozoans, sponges
and some branching species of coral have been shown to
vary along gradients of water flow and/or nutrient availabil-
ity (de Weerdt 1981; Kaandorp and de Kluijver 1992;
Lesser etal. 1994; Sebens etal. 1997; Kaandorp et al.
2003; Kim etal. 2004). Quantifying how morphology
changes in response to environmental conditions is relevant
in a range of ecological studies. For example the growth
form of fossil material (Stearn and Riding 1973) can be
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used to estimate the state of the physical paleo-environ-
ment. A quantitative morphological comparison is impor-
tant in studies where marine sessile organisms are
transplanted from one environment to a different one (de
Weerdt 1981; Graus and Macintyre 1982; Kaandorp and de
Kluijver 1992; Muko et al. 2000). Morphological variation
can involve various biologically relevant structures, for
example in arborescent corals, the diameter of the branches,
branching rate, branching angles and branch spacing
(Bruno and Edmunds 1998). In studies on the influence of
hydrodynamics on the particle capture in the branching
scleractinian coral M. mirabilis (Sebens et al. 1997), it was
demonstrated that branch diameters and branch spacing are
crucial morphological properties. The diameter of the
branches and spacing between branches is variable, and
may be controlled by a combination of hydrodynamics and
genetics. Sebens et al. (1997) argue that through modifica-
tions of its branch structure and branch spacing, M. mirabi-
lis can function efficiently as a passive suspension feeder
over a wide range of exposure to water movement. Models
of growth and form of branching scleractinian corals and
the influence of the physical environment have been devel-
oped in a number of studies (Merks et al. 2003; Kaandorp
et al. 2005). Robust methods for quantitative comparison of
simulated and real morphologies are an important prerequi-
site for verification of models that simulate coral growth.
Existing techniques for measuring morphology and sur-
face area of organisms with complex colony shapes have
several limitations. One approach is to tightly wrap the
object with aluminum foil (Marsh 1970) or a thin sheet of
latex rubber (Meyers and Schultz 1985) and to determine
the surface area using a surface-area-to-mass calibration.
An alternative approach is to dip the object in molten wax
(Stimson and Kinzie 1991) or dye (Hoegh-Guldberg 1988)
and to analyze the amount of adhering material. Both of
these methods are destructive, are not necessarily very pre-
cise and provide only information on surface area, therefore
overlooking a number of important morphological parame-
ters. More recently, computer techniques have been devel-
oped for the analysis of organism shape. There are some
two-dimensional (2D) methods that can quantify branching
patterns (Kaandorp 1999; Abraham 2001; Sanchez and
Lasker 2003; Shaish et al. 2006). An important limitation
of the 2D studies is that this method only works well for
growth forms which tend to form a branching pattern in one
plane, for example the sponge Raspailia inaequalis ana-
lyzed by Abraham (2001). This method does not provide
optimal results for many scleractinian corals, where usually
three-dimensional (3D) branching structures are formed with
branches in all directions, as for example in M. mirabilis.
Moreover, 3D methods based on 3D reconstruction using
underwater photography of coral colonies (Bythell et al.
2001) and bryozoan colonies (Cocito et al. 2003) have

@ Springer

become available. Overlapping images completely encir-
cling the specimen are required for the reconstruction. The
number of photographs increases with the complexity of
the object. Complex branching organisms cannot be ade-
quately modeled with this technique since due to occlusion
effects, some branches of the growth form may overlap
other branches, and it is impossible to obtain complete pho-
tographic coverage of the entire surface. The advantages
are that the method is non-destructive, is applicable in field-
work, and can be used to measure many morphological
parameters. One limitation is the time-consuming nature of
the process. The time needed to process an object increases
with its complexity and may require 3—4 h (Bythell et al.
2001) or 3 h (Cocito et al. 2003) and the method can only
be applied to analyze non-branching forms. For the mor-
phological analysis of complex branching organisms 3D
computer imaging methods are required, as for example X-ray
computed tomography (CT). With these techniques it is
possible to capture information on the internal structure of
the organism in the form of slice-planes similar to conven-
tional photographic X-rays and by using sophisticated
mathematical techniques the object can be reconstructed in
three dimensions. The advantage of CT-scanning is that a
full 3D image of the object, including internal structures,
can be obtained with a very high precision. A particular
advantage of CT scanning is that it is especially suitable to
investigate calcified structures and to measure skeletal den-
sities (Vago et al. 1994). The precision depends on the type
of CT scanner but can be mm (medical scanner) to microns
(micro CT scanner). Although CT scanning is also suitable
for living material, in practice in research on marine sessile
organisms it is mainly used to analyze dead material in a
non-destructive way. A problem with the morphological
analysis of CT scans is the complexity of the acquired data
set, which requires special image processing and morpho-
metric methods.

An important complication in the morphological analy-
sis of growth forms of scleractinian corals and many other
marine sessile organisms is that the growth forms are usu-
ally indeterminate and complex. Most methods for the anal-
ysis of growth and form use landmark-based geometric
morphometrics (Bookstein 1991). These methods are more
suitable for unitary organisms and less applicable for the
analysis of indeterminate growth forms of modular organ-
isms (Harper et al. 1986). In a number of cases, the organ-
ism is built from well-defined modules (for example the
corallites and polyps in scleractinian corals). In other cases,
the module itself has no well-defined shape but an irregular
and indeterminate form (for example an osculum and its
corresponding aquiferous system in sponges). For organ-
isms with well-defined modules it is possible to apply land-
mark-based methods for the morphometrics of individual
modules. For example, Budd et al. (1994) and Budd and
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Guzman (1994) used landmark-based methods to measure
the corallites in a scleractinian coral while Todd et al.
(2001) measured the morphological variation of the polyps
in a scleractinian coral.

This paper describes a new approach for analyzing 3D
images of branching objects based on morphological skele-
tons (an overview of these methods is provided by Jonker
and Vossepoel 1995). The morphological skeleton can be
obtained with an image-processing algorithm. Skeletoniza-
tion algorithms reduce the object to a network of thin lines,
one pixel or voxel thick, running through the centers of the
object (Fig. 1a). A morphological skeleton or medial axis
has the same topology (a similar branching structure) as the
original object, and occupies the same spatial extent in the
image. The algorithms can work on 2D as well as on 3D
images, resulting in 2- and 3-D skeletons, respectively.
A skeleton resulting from a skeletonization algorithm is
shown in Fig. la, where the original branching object is
simplified into a line graph. There are several problems and
pitfalls in the construction of morphological skeletons.
A major unresolved issue is that the skeletonization algo-
rithm may result in a morphological skeleton with a higher
degree of topological complexity than present in the origi-
nal branching organism. This type of skeleton is virtually
useless for measurement and visual inspection of the data.
The other major issues are the presence of various artifacts
(for example cavities and holes in the coral skeleton, scan-
ning artifacts, etc.) and the lack of a mechanism for the
interactive or automatic removal of loops in the morpholog-
ical skeleton (Kaandorp and Kiibler 2001).

The aim of this paper is to present a procedure for the
quantitative analysis of 3D images of complex-shaped
organisms obtained with CT scanning techniques. The
quantitative analysis is based on measurements related to
the 3D morphological skeleton (see Fig. 2). A brief descrip-
tion is given of the various algorithms which were applied
to the 3D image to obtain a morphological skeleton which

(b) (c) (d)

Fig. 1 Horton-Strahler branch ordering. a Shows a simple network.
b Is created by removing all outermost branches from the network in
(a), these same branches being denoted as “first order branch
segments”. The new “leaves” in the pruned network of (b) are labeled
as second order branch segments and are themselves removed to give
¢ a third order branch segment. d A network with a loop

(a) approximates the medial axis of the object as closely as
possible; (b) can be used to define biologically relevant
measurements; (c) can be used for the visual inspection of
the data. In the measurement procedure several visual
inspection steps are required. These steps will be described,
as well as the procedure from 3D image to the final list of
measurements, including the potential pitfalls in this pro-
cess. As a case study an analysis has been made of morpho-
logies of M. mirabilis colonies collected at different depths
(see Fig. 3). M. mirabilis is characterized by a relatively
complex-shaped branching morphology and a certain, depth
related morphological plasticity (Bruno and Edmunds 1998).
The M. mirabilis representations in Fig. 3a and c differ
greatly in their compactness, and it is assumed that the
object shown in Fig. 3b constitutes an intermediate form
between these two (Kaandorp and Kiibler 2001). This
species is a suitable case study to test whether the presented
quantification method can be applied in a realistic biological
scenario.

Materials and methods
Three-dimensional data acquisition

The M. mirabilis colonies were collected at depths between
6 and 20 m at the reef of Curacao (Netherlands Antilles,
12°N 69°W). The colonies were cleaned and the skeletons
were transported to Amsterdam. Three-dimensional images
of the colonies were obtained using X-ray CT scanning
techniques (Kaandorp and Kiibler 2001). A medical
scanner (Philips Mx8000) was used. The morphological
analysis system has been applied to measure the three
specimens of M. mirabilis shown in Fig. 3. The three coral
colonies were scanned at a (nearly isotropic) resolution of
0.25 mm x 0.25 mm x 0.3 mm with a slice size of 512 x
512 pixels. An isotropic resolution is obtained by using
equal slice spacings in all dimensions. Due to technical
limitations in medical scanners, anisotropic resolutions are
frequently used and a lower resolution is applied in one
dimension. In the reconstruction process the higher resolu-
tion in the other dimensions is used to approximate the
object. By applying a nearly isotropic resolution this
approximation could be avoided. The numbers of slices in
the samples shown in Fig. 3a—c were 329, 541 and 373 in
each scan, respectively.

Artifacts in the three-dimensional images
There are three sources of artifacts in the 3D data set: (1)
artifacts caused by damage to the coral skeleton due to

fracture of the skeleton, boring activities of other organisms
and erosion processes; (2) anastomosis of branches and
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Fig. 2 a Branch thickness, , O

diameter da of sphere a (white
sphere) located at each
branching point, diameter db of
sphere b (black sphere) directly
adjacent to sphere a, and
diameter dc of sphere c (gray
sphere) at the end of terminal
branches. b Branching angle
b_angle, between the centers of
sphere a and adjacent spheres b.
¢ Geotropy angle g_angle,
between the line connecting
successive spheres @ and the
positive y-axis (dashed line).
The solid lines also indicate the
branching rate rb. d Branch
spacing, radius of a sphere at the
tip of a branch

surface rugosity are natural properties of the skeleton but
introduce complications into the analysis that must be recti-
fied; (3) artificial fusing of branches due to scattering of
X-rays during the scanning process. In the Electronic
Supplementary Material a discussion can be found of the
various types of artifacts, and the methods which were
applied to remove these artifacts from the data set. A more
detailed and technical discussion can be found elsewhere
(Kruszynski et al. 2006).

Processing of the three-dimensional images

In order to reduce the number of noise-related artifacts in
the data set, the images were subjected to four iterations of
the Curvature Flow noise reduction algorithm from the
Insight Segmentation and Registration Toolkit (ITK, Ibanez
and Schroeder 2003). The resulting data was then seg-
mented with the ITK Confidence Connected algorithm.
Segmentation entails dividing images into regions which
are occupied by an object (the coral colony), and regions
which are not occupied by the object. This enables the sub-
sequent extraction of a skeleton from an image. A hole-fill-
ing algorithm was then applied to the images to remove the
previously mentioned damage-related artifacts. This algo-
rithm is briefly explained in the Electronic Supplementary
Material.

Morphological analysis using skeletonization

In the literature several algorithms have been proposed for
constructing morphological skeletons in 3D images. In
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Kruszynski et al. (2005) a comparison can be found of a
number of well-known algorithms and a quantification of
how well these algorithms approximate the medial axis of a
3D object. In this comparison the algorithm by Xie et al.
(2003) appeared to be the best. The medial axis of the
branching object can be used for various measurements.
The medial axis structure can be used to analyze the branch
ordering (Horton 1945; Abraham 2001). Branch ordering
can be defined algorithmically. In this definition one is
moving from the outermost parts of the network inwards,
counter to the direction of growth. In the first step, the out-
ermost branches are labeled as the first order branches
(Fig. 1a), after which they are pruned from the network. In
the second step, the new outermost branches are labeled as
second order branches (Fig. 1b) and these are removed as
well. This process continues increasing the order by one for
each step and removing the branches until no branches
remain. The network is then reassembled and the order of
each branch in the network is now known. The definition
can be used to order the branches in a hierarchical way and
to define the stem or “root” of the network. In the example
of Fig. 1, the root is found in three pruning steps (Fig. 1c).
It is not possible to determine the ordering of a network
containing loops (Fig. 1d). After a number of steps a net-
work containing only loops remains without any branches.
The hierarchical ordering in Fig. 1 can be used to mea-
sure various biologically relevant parameters such as the
diameter of the branches, branching rate, branching angles
and branch spacing. Figure 2 shows how these measure-
ments are obtained. Figure 2a shows the branch thickness.
This is determined by measuring the diameter da of spheres
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(a)

Fig. 3 Result of the processing of the three Madracis mirabilis
samples, from left to right: a compact-shaped morph collected at 6 m
depth; b compact morph collected at 15 m; and ¢ the thin-branching
morph collected at 20 m. The dimensions of the samples are
respectively 10cm x 7ecm x 9cm, 1lem x 16 cm x 12 cm, and

a located at branching points (white sphere), and the diame-
ter db of spheres b located directly adjacent to those (black
sphere). The measurements da and db indicate respectively,
the maximum and minimum branch thickness. In addition, the
diameter dc of the sphere c located at the endpoints of
the morphological skeleton (gray sphere) is determined.
The thickness dc indicates the thickness of branches added
most recently to the colony and can be used to detect recent
changes in the growth process. The measurement rb is the
branching rate, and is defined by the length of an edge con-
necting the centers of two successive a spheres. A low
value of rb indicates a high branching rate, while high val-
ues indicate a relatively slow formation of branches during
the growth process. Two types of angles are measured
using the skeleton: b_angle is the branching angle, and is
defined by the center of each sphere a and the centers of

11 cm x 11 cm x 10 cm. The fop row shows photographs of the colo-
nies. In the middle row surface renderings of the segmented volumes
are shown, and the botrtom row shows the final skeleton after removal
of loops and other artifacts

adjacent spheres b (see Fig. 2b); g_angle is the geotropy
angle and is defined by the angle between the vector con-
necting the centers of two successive a spheres and the pos-
itive y-axis (see Fig. 2c). The y-axis in the construction of
g_angle, shown as dashed lines in the figure, corresponds to
the original growth position and is directed away from the
substrate. The angle g_angle expresses the degree of sub-
strate tropism. Low values of g_angle reflect a high degree
of negative substrate tropism with branches of the organism
showing a tendency to develop away from the substrate.
The diameter br_spacing is defined as the radius of the
smallest possible sphere, located at the tip of a first order
skeleton branch, such that the section of the morphological
skeleton inside the sphere consists of at least two disjoint
parts (Fig. 2d). The circles in the figure correspond to the
radius of these spheres, centered at the tips of the branches.
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The standard deviation of br_spacing expresses the degree
to which branches tend to fuse. A relatively low value indi-
cates that there is a low degree of self-intersection between
branches while a high value shows that there is no mecha-
nism present preventing self-intersection and fusing (anas-
tomosis) of branches may occur. In a number of cases the
value of br_spacing is undefined, for example when the tip
of the root of the object shown in Fig. 1c is used as the cen-
ter of construction (br_spacing will be infinitely large). In
morphological measurements these non-valid centers are
not used. In all definitions mentioned above it is assumed
that the branches are ordered in a hierarchical way, and
branches are not fused, thus creating loops in the skeleton.
All points of anastomosis have to be removed before the
measurements can be done.

Skeletonization, skeleton graph processing and measuring

From the processed 3D images a 3D morphological skele-
ton was extracted using the skeletonization algorithm pro-
posed by Xie et al. (2003). The morphological skeleton was
converted into a graph representation (Reinders et al.
2000). The next step was the removal of loops from the
skeleton. The measurements shown in Fig. 2 require the
skeleton branches to be ordered. This is only possible if
the skeleton contains no loops, but this is usually not the
case. To the knowledge of the authors, there is currently no
algorithm available to detect the exact location of fusion
points of branches in the morphological skeleton. Loops
were detected automatically in the branch ordering process,
and user interaction was required to indicate the location
and the size of the necessary disconnection in the morpho-
logical skeleton. Finally, to enable correct measurements,
the root of the coral was selected manually and the proper
orientation of the coral with respect to the ground was
established interactively. After this the skeleton was used to
measure the coral colony using the quantities described in
Fig. 2.

The Visualization Toolkit (VTK, Schroeder et al. 1997)
was used to show the results of the image processing and
for the visual interaction with the data set in the entire pro-
cedure. The system was implemented in C++ and Python,
and runs under a Linux operating system. A first version of
the 3D morphological analysis system will be made avail-
able on a website (Kaandorp 2007).

Statistical analysis

The distribution of the measurements was investigated by
applying nonparametric methods which can be applied to
various types of distributions. The distributions were com-
pared by applying a two-sample rank test. The advantage of
this test is that its result is not influenced by differences in
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skewness and kurtosis of the investigated distributions. In
all cases the hypothesis that the distribution of measure-
ments of both objects is the same is tested against the alter-
native that they differ by a translation.

Results

The variation in numerous measures of colony morphol-
ogy of M. mirabilis detected by the analysis procedure
was consistent with previously observed trends of mor-
phological variation for this species. The largest branch
spacing (br_spacing) was found in the thin-branching
deep-water morphology, and the branch spacing of the
samples increased with depth (Table 1; Fig. 4). Across the
same depth range the standard deviation of the branch
spacing also decreased, indicating a more regular branch-
ing pattern (Table 1; Fig. 4). For the sample from deep
water, there were no values close to zero for this parame-
ter, which demonstrates that no anastomosis was present
in this colony (something which could be verified in the
loop removal procedure discussed in the methods), while
for the intermediate and shallow depth samples, values
near zero occurred and anastomosis of branches did occur.
When the standard deviations of the measurements of
the geotropy angles (g_angle) and the branching angles
(b_angle) were compared (Table 1), it was observed that
with decreasing depth branches tended to form in almost
all directions, while in deep locations most branches
would be formed in vertical directions. The branching rate
(rb) increased with decreasing depth (Table 1; Fig. 4).
The more compact shallow and intermediate depth mor-
phs were characterized by a relatively higher degree of
branch formation. The measurements on the minimal
(db), maximal (da), and terminal thickness of branches
(dc) all showed a similar tendency (Table 1; Fig. 4) where
the thickness increased in the series deep morph, shallow
morph, intermediate morph. The object from deep water
was characterized by a clear lower value of da, db and dc
and was clearly a thin-branching growth form when
compared to the compact forms from lower depths. In all
thickness measurements, the thickness of the intermediate
morph was significantly characterized by a slightly larger
mean thickness compared to the shallow water morph. In
all thickness measurements the mean value of dc was sig-
nificantly below the mean values of da and db (Table 1).
All morphological measurements have also been compared
using a nonparametric two-sample rank test (Table 2). The
surface area and volume of each sample were measured,
and the surface to volume ratio exhibited the opposite
tendency of the branch thickness measurements, decreasing
from the deep-water sample to the intermediate depth sample
(Table 3).
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Table I Results Of, Measurement Dataset N Median Mean SD Skew Kurtosis
measurements for diameter of
a, b,' and c- spheres, branch Diameter of a, b and ¢ spheres (da, db, and dc)
spacing, branching angle,
geotropy angle, and branching Maximum thickness (mm) Shallow 172 6.8 6.8 1.2 —0.08 —0.25
rate Middle 175 7.3 7.4 1.4 0.02 —0.22
Deep 65 5.5 5.7 1.2 0.49 —0.62
Minimum thickness (mm) Shallow 345 5.4 5.5 1.6 —0.22 0.47
Middle 351 5.9 5.9 1.9 —0.51 0.42
Deep 131 4.4 4.7 1.3 0.82 0.49
End thickness (mm) Shallow 173 4.2 4.1 1.3 —1.30 1.73
Middle 176 4.5 4.2 1.7 —0.45 0.03
Deep 66 32 3.2 0.8 —-0.29 —0.39
Branch spacing (br_spacing)
Degrees Shallow 172 8.4 8.5 2.1 —-0.16 —-0.14
Middle 175 9.9 9.9 3.1 0.10 -0.74
Deep 65 11.6 11.8 4.2 0.40 —0.28
Branching angle (b_angle)
Degrees Shallow 172 88.8 90.9 21.9 0.21 0.11
Middle 175 84.6 86.2 16.9 0.20 0.21
Deep 65 89.4 91.0 13.6 0.29 —-0.07
Geotrophy angle (g_angle)
Degrees Shallow 345 61.5 70.0 36.2 0.57 —0.30
Middle 341 52.6 61.8 342 0.82 0.19
Deep 131 70.4 71.5 33.8 0.53 0.34
Branching rate (7b)
Degrees Shallow 345 7.3 8.2 5.7 1.34 2.54
' Middle 341 9.9 11.0 7.9 1.059 1.30
S:ef ggloé%rams of measurements Deep 131 12.3 13.1 7.2 0.761 0.36
Discussion characteristics can be defined. The morphological skeleton

This paper demonstrates that it is possible to analyze inde-
terminate growth forms in volumetric data sets stemming
from an X-ray CT scanner by constructing a morphological
skeleton. An important precondition for constructing a mor-
phological skeleton is that the data set is preprocessed in
such a way that all artifacts (for example cavities, holes in
the skeleton, scanning artifacts, etc.) have been removed.
For the morphologically variable coral M. mirabilis, these
artifacts can be removed without compromising the major
morphological characteristics of the colony. The visual
interaction is a crucial step in the data processing and
critically depends on the availability of morphological
skeletons. Without these skeletons it is not possible to
determine the various local morphological parameters
(angles, thickness of branches, branching rates) in a useful
way. Only a limited set of morphological characteristics has
been discussed in this paper. By using the morphological
skeleton as a “roadmap”, there is a straightforward way to
simplify the morphology (while preserving the topology) of
the colony and a large variety of (local) morphological

can be used in a visual inspection of the data set, something
that is required in many of the data processing steps, and
the hierarchical structure of the skeleton can be used in var-
ious processing algorithms.

Currently the processing of a 3D image of a colony,
including all visual inspection steps, takes approximately
1 h. The processing of the 3D data is the most time-
consuming step and also depends on the complexity of the
data set. The scanning process itself takes 2—3 min for the
colony sizes investigated and for the type of scanner used
in this study. In other 3D approaches, the data acquisition
itself may take 2-3 h (Bythell et al 2001; Cocito et al
2003). In addition to the local morphological measure-
ments, the computed morphological skeleton, the surface
and the volume of the 3D image of the coral can be used to
estimate the values of a series of global measurements:
fractal dimensions characterizing the rugosity of the sur-
face, the space-filling properties of the coral surface, space-
filling properties of the morphological skeleton of the
object, surface-volume ratios or the degree of compactness
of the colony (see also Kaandorp et al. 2005). In general,
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Fig. 4 Histograms for the measurements -diameter of a-, b- and
c- spheres (da, db and dc), the branch spacing (br_spacing), branching
angle (b_angle), geotropy angle (g_angle) and branching rate (7b). The
histograms show the values of the measurements on the x-axis, and
the frequency distribution of these values on the y-axis. From fop to

the local morphological characteristics, as for example
br_spacing, can be more easily linked to biological proper-
ties of the objects, while global characteristics lump
together many different morphological properties into one
number. Potentially the surface—volume estimations can be

@ Springer

length (mm) length (mm)

bottom, each set of histograms shows the distribution the measurements
of da, db, dc, br_spacing, b_angle, g_angle, and rb for respectively,
the colonies from shallow, intermediate depth and deep water. All
thickness and distance measurements da, db, dc, br_spacing and rb are
in mm, all angles b_angle and g_angle are in degrees

used to calibrate field methods available for 3D morpho-
metrics of complex-shaped marine sessile organisms (Bythell
et al 2001; Cocito et al 2003).

This analysis demonstrates that it is possible to quantify
a range of morphological characteristics in the samples, to
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Table 2 Results of a two-sample rank test for the distributions of the
measurements of two objects

Measurement Shallow Shallow Middle
and middle and deep and deep
Maximum thickness < > >
Minimum thickness < > >
End thickness 0 > >
Branch spacing < < <
Branching angle > 0 <
Geotropy angle > 0 <
Branching rate < < 0

‘<’ distribution of object 1 is located to the left of object 2; ‘0’
distribution of both objects is the same; and >’ distribution of object 1
is located to the right of object 2

Table 3 Surface (cmz), volume (cm3), and surface/volume ratios of
the samples

Object Volume Volume Area Surface/
segmentation iso-surface iso-surface volume
(cm®) (cm®) (cm?) ratio
Shallow  104.1 97.8 59.8 0.61
Middle 185.1 173.0 100.2 0.57
Deep 44.2 40.9 31.3 0.77

construct a morphological “fingerprint” of a certain morph,
and to compare it to other growth forms. In all thickness
measurements the mean value of dc was significantly below
the mean values of da and db, although it would be
expected that dc is located between the mean values of da
and db. In a branching coral without tapering ends the
thickness of the branches will be the largest at the point of
branching and the smallest immediately after branching.
Here it should be noted that the value of dc strongly
depends on the skeletonization algorithm (Kruszynski et al.
2005) and the determination of the endpoints. Another
explanation here is that the tips of the colony are initially
somewhat tapered in the growth process. In the deep water
sample shown in Fig. 3c the tips of the colony exhibit some
tapering. The degree of regularity of a branching pattern
can be determined by considering the variation of the
branch spacing (br_spacing) and the branching rate (rb),
with low variation indicating a regular pattern. Further-
more, the values of br_spacing indicate if there is any fus-
ing of branches in the sample. For example for the deep
water object there are no values close to zero, which dem-
onstrates that there is no anastomosis, which is an impor-
tant biological property. It is possible to detect and quantify
branch fusing, but to our knowledge there is no algorithm
available for detecting the exact location of anastomosis.
This analysis method requires the detected fusing to be
manually removed. For organisms with a high degree of

anastomosis this might increase the time taken to complete
sample analysis. The variation of the geotropy angles
(g_angle) quantifies if branches tend to form in almost all
directions. Quite remarkable is that the mean value of the
branching angle (b_angle) is nearly similar in the three
objects, which corresponds to an earlier observation (Kaandorp
1999) that b_angle might be a morphological invariant in
branching corals. The standard deviation of b_angle
decreased with increasing sample depth, which demon-
strates that b_angle is probably in practice not very useful
as a morphological invariant characterizing for example a
certain species and that there may be a physical/biomechan-
ical explanation for this phenomenon.

The major result is that an interactive system for the
quantitative analysis of complex-shaped branching organ-
isms has been developed. This technique has been tested in a
branching scleractinian coral but the same method can be
applied to other marine sessile organisms and biological
structures. The method can be used to measure the morphol-
ogy of 3D objects with a simple geometry, as well as sam-
ples with an arbitrarily complex branching morphology,
with a very high precision. Complex-shaped branching mor-
phologies cannot be measured using other currently avail-
able 3D techniques (Bythell et al 2001; Cocito et al 2003).
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