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We discuss a macroscopical growth model which can be used to simulate growth forms of complex-shaped branching organisms
with radiate accretive growth. This type of growth processes can be found in many different marine sessile organisms. We use
scleractinian corals and a branching sponge as an example. With the radiate accretive growth model a wide range of morphologies
and the influence of the physical environment (light and nutrient distribution by advection-diffusion) can bemodelled.We show an
(preliminary) example of how the accretive growthmodel can be coupled with a model of gene regulation and body plan formation
in a branching sponge.

1. Introduction

Manymarine sessile organisms from very different taxonom-
ical groups show a strongmorphological plasticity, which is in
many cases related to the impact of the physical environment.
Two dominant parameters influencing morphological plas-
ticity are water movement and the availability of light in pho-
tosynthetic organisms. Environmental parameters, closely
linked to water movement, are the supply of suspended
material in filter-feeding organisms and sedimentation. Sed-
imentation may also strongly influence the availability of
light. Examples of studies in which the morphological plas-
ticity and the relation to physical environment have been
investigated are growth forms of the scleractinianMontastrea
annularis and local light intensities [1, 2]; growth forms of the
hydrozoanMillepora and the exposure to watermovement [3,
4]; variations in morphology due to differences in exposure
to water movement in the scleractinians Pocillopora [5, 6],
Madracis [7, 8], and Agaricia agaricites [9]; colony forms
of the bryozoan Electra pilosa and the influence of nutrient
supply [10]; shape of coralline algae and the effect of exposure
towatermovement [11]; growth forms of the spongeHaliclona
oculata [12, 13] and exposure to water movement. A detailed
review on the morphological plasticity in corals and the

influence of the environment can be found in a recent paper
by Todd [14].

There are a large number of studies [14] where scle-
ractinian coral colonies have been transplanted from one
environment to a different one to identify the impact of
the physical environment on the growth form of the colony.
In [4] hydrozoan colonies (Millepora) and in [13] sponges
(Haliclona oculata) were transplanted from sheltered to
exposed environment and vice versa. There are a number of
problematic issues in these experiments.The first issue is that
many transplantation experiments were done with organisms
or colonies which were not necessarily of the same genotype,
and in this nonclonal approach it cannot be excluded that
morphological changes are caused by the genotype and not by
the influence of the environment. By using clone mates (e.g.,
fragments of the same colony or individual) it is basically
possible to determine the morphological response to the
environment.The second issue is that the interaction between
the physical environment (flux of nutrients over boundary
layers, local flow velocities, and local light intensities) and
local growth velocities is very difficult (if not impossible) to
assess in detail in experiments. An alternative option is to use
simulationmodels where these quantities can be estimated in
great detail. By using simulation models it is also possible to
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obtain a deeper insight into the morphogenetic process itself
and to find mathematical rules capturing the biomechanics
of the growth process of a coral colony or a sponge and
the impact of the physical environment on morphogenesis.
The third issue is that the morphological changes at the
organismal level due to transplantation experiments are,
especially in three-dimensional complex-shaped branching
forms, are difficult to be interpreted and to be quantified. A
solution here is to use detailed morphometric methods to
detect local changes in the growth, form [8, 15]. An important
complication in the quantitative morphological analysis of
growth forms of scleractinian corals, sponges and many
other marine sessile organisms is that the growth forms are
usually indeterminate and complex. Most methods for the
analysis of growth and form use landmark-based geometric
morphometrics [16, 17]. These methods are more suitable
for unitary organisms and less applicable for the analysis
of indeterminate growth forms of modular organisms [18–
23]. In a number of cases, the organism is built from well-
defined modules (e.g., the corallites and polyps in scler-
actinian corals). In other cases, the module itself has no
well-defined shape but an irregular and indeterminate form
(e.g., an osculum and its corresponding aquiferous system in
sponges).

1.1. Scleractinian Corals. Water flow has a strong influence
on the growth process of several scleractinian corals. Veron
and Pichon [24] present several series of growth forms of
scleractinians (e.g., Pocillopora damicornis and Seriatopora
hystrix), which are arranged along a gradient of increasing
watermovement. Both species showa gradual transformation
from a compact shape with a relatively low branch spacing,
under exposed conditions, to a thin-branching shape with a
relatively larger branch-spacing under sheltered conditions.
In the Caribbean coral Madracis mirabilis a similar range,
compact growth forms with a low branch spacing gradually
changing into more open thin-branching forms with a larger
branch spacing, is found. Two examples of growth forms of
the two extremes, the thin-branching low-flow morph col-
lected from a depth of 20m and the compact hemispherical
high-flow morph collected from a depth of 6m, are shown
in Figures 1(a) and 1(b). At the site where the samples were
collected water movement at 6m is on average 2.3 times
higher compared to the site at 20m [25]. Earlier experiments
with branching corals in flume studies [26] showed that
densely packed branching colonies, comparable to Madracis
mirabilis colonies, act as a solid body. Water flow (even for
relatively high-flow velocities such as 20 cm s−1) starts to
circumvent the colony, and a stagnant region develops inside
the colony. The authors suggest that the water velocity inside
colonies reaches an upper limit, a relatively low (compared
with the water velocity externally of the colony) saturation
velocity. In [5] data is provided about flow velocities around
Pocillopora damicornis colonies. For high-flow morphs an
external flow velocity of about 8 cm s−1 and inside colony
flows of around 1 cm s−1 were found. For the low-flowmorphs
an external flow velocity of about 3 cm s−1 and inside colony
flow of 0.8 cm s−1 were reported.

Hydrodynamics affects the distribution of food parti-
cles [7, 27] and dissolved material [5, 6, 28–42] in the
immediate environment of the coral. For zooxanthellate
corals, calcification depends on a phototrophic component
related to local availability of light and local gradients of
dissolved inorganic carbon [5, 36, 37] and a heterotrophic
component related to the uptake of nutrients from the
environment. The relative contribution of the phototrophic
andheterotrophic components can be estimated from skeletal
𝛿
13C and 𝛿18O isotopes. [43–45]. In [45] it was demonstrated

that the calcification of M. mirabilis is mainly supported by
photosynthesis based on the analysis of the 𝛿13C and 𝛿18O
isotopes. If photosynthesis is the main source of energy,
then local gradients of inorganic carbon will play a crucial
role in the morphogenesis of M. mirabilis as they represent
a limiting resource to skeleton formation. In recent field
experiments by Mass et al. [46–48] and simulation exper-
iments [6] it was found that Pocillopora verrucosa develops
asymmetrical colonies due to the influence of an asym-
metric directed flow. The increase in fluid motion around
organism is believed to increase nutrient transport and
uptake and ultimately enhances the organism’s growth rate
[49].

Morphological plasticity is directly related to various
biologically relevant parameters as, for example, the diameter
of the branches, branching rate, branching angles, and branch
spacing in scleractinian corals. In, for example, studies on
particle capture in the branching scleractinian coral M.
Mirabilis and the influence of hydrodynamics [7], it was
demonstrated that branch diameters and branch spacing
are crucial morphological properties. The diameter of the
branches and spacing between branches are variable and
may be controlled by a combination of hydrodynamics and
genetics. In [7] it is argued that through modifications of
its branch structure and branch spacing, M. mirabilis can
function efficiently as a passive suspension feeder over a wide
range of exposure levels to water movement. In a study by
Bruno and Edmunds [50] onM. mirabilis it is demonstrated
that by increasing the branch spacing the thickness of the
diffusive boundary layer is effectively decreased and mass
transport and high respiration rates even under low flow
conditions can be maintained.

In [2] transplantation experiments with nonclonal
colonies of Montastrea annularis and morphological
simulation models were used to investigate the influence
of local light intensities on the growth process and the
overall colony morphology. Montastrea annularis shows
a hemispherical colony form under circumstances with a
maximum light intensity, when the colony grows close to
the water surface. The colony gradually transforms from
hemispherical through column-shaped and tapered forms to
a substrate-covering plate when the light intensity decreases.
In [51] a combination of transplantation experiments (using
clonal transplants) and simulation models was used to
demonstrate that the morphological plasticity in Porites
sillimaniani is related to the availability of light. In the
transplantation experiments it was shown that colonies
under high light conditions developed branches while under
low light conditions remained flat.
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1.2. Sponges. In growth forms of the spongeHaliclona oculata
plate-like, more compact shapes emerge at exposed sites
(Figure 1(d)), and this shape gradually transforms into a thin-
branching form (Figure 1(c)), when the exposure to water
movement decreases [12, 52–54]. A major component in the
growth process of a sponge is the pump system with which
suspended material is collected from the environment and
transported through the sponge tissue [55, 56], the aquiferous
system. The aquiferous system consists of inhalant pores
where water together with suspended material enters the
sponge. The filtered water leaves the sponge again through
the oscula, the exhalant apertures of the sponge. The aquif-
erous system of Haliclona oculata is poorly developed in
comparison to a related species such as Haliclona simulans
[57] where the oscula are very clearly visible as holes in
the growth form. In Haliclona oculata, only close to the
oscula macroscopic evidence of canals is found. In Haliclona
simulans the aquiferous system is farmore evolved and visible
as an extensive system of canals. Probably the aquiferous
system of Haliclona oculata is strongly supported by external
water movements as well (cf. [58]). Under conditions with
strong water movements plate-like growth forms are possible
as shown in Figure 1(b), whereas in sheltered conditions a
decrease of food supply will occur in the tissue, unless it is
in short-distance contact with the environment; in this case
only thin-branching forms (e.g., Figure 1(a)) will occur. In the
related species H. simulans with a more evolved aquiferous
system, relatively wide branches and more globular forms
are found. The development of the aquiferous system is a
species-specific pattern in sponges which is another major
component determining the resulting growth form.

1.3. Accretive Growth. In many marine sessile organisms a
skeleton is formed by a surface normal deposition process. In
this growth process skeleton material is deposited on top of
previous layers, which remain unchanged, during the growth
process as shown in Figure 2. In many cases the skeleton
formed in this growth process is characterized by a radiate
accretive architecture (see, e.g., the sponge Haliclona oculata
in Figure 2(a)); a similar architecture is found in many scle-
ractinian corals [2]; for example, in Montastrea annularis in
Figure 2(b) this structure is very well visible. A diagram of the
layered structure formed by the accretive growth process is
shown in Figure 2(c). The growth process in these organisms
may be driven almost exclusively by the local availability
of light required for the photosynthesis. In predominant
autotrophic scleractinian corals (e.g., Montastrea annularis)
there is a direct relation between local deposition velocities
and local light intensities on the surface of the colony.
Alternatively the growth processmay be entirely driven by the
absorption of nutrients from the surrounding environment
as, for example, in the heterotrophic sponge Haliclona ocu-
lata. In many scleractinian corals and phototrophic sponges
a mixture of both energy sources will be used.

In this paperwe discuss a computationalmodelwhich can
be used to simulate the growth process in an organism with a
radiate accretive growth process. This method can be used to
simulate the accretive growth process in corals and sponges.

Potentiallymany other organisms fromdifferent taxonomical
groups [56], for example, stromatolites [59, 60] and coralline
algae [11] with a similar radiate accretive structure as shown
in Figure 2(c), can be captured with this model. The model
can be used to investigate the influence of light on the local
growth process and the influence of advection diffusion on
the local absorption of nutrients (as, e.g., inorganic carbon
or silicate) at the surface of the coral or a sponge. The
results shown in this paper are based on a number of earlier
publications [6, 8, 56, 61–67].Themodel of the physical envi-
ronment can be used to study the hydrodynamics and local
distribution of nutrients and light in coral morphologies.
The morphological simulation model, the accretive growth
model in combination with an advection-diffusion model,
can be used to study the hypothesis that external gradients
of inorganic carbon in the boundary layers of the colony or
silicate in a sponge and local light intensities are shaping the
organism with radiate accretive growth. Finally we show a
(highly preliminary)model of radiate accretive growthmodel
in a sponge which is combined with a spatiotemporal model
of gene regulation in a branching sponge [61].

2. Methods

2.1. Biological Background of Accretive Growth in Scleractinian
Corals. In X-ray studies it was demonstrated that a corallite
in scleractinian coral tends to be set normal with respect to
the previous growth layers [68, 69]. This normal deposition
process can especially very well be visualized in Montastrea
annularis. In Figure 2(a) a volume rendered [70] slice of this
coral is shown. In this picture the slice is slightly rotated.
Part of the original surface of the colony is shown, and a
length section is made through the colony. At the surface the
position of the corallites is visible as dark coloured pores,
while the annual growth of the colony is visible as density
bands in the section of the colony. From the density bands
it is, at least in theory, possible to reconstruct the surface
of the colony in earlier growth stages. This section shows
that the corallites are set perpendicular with respect to the
previous growth layer. In the study by [69] examples are
shown of X-ray pictures of a branching coral (Porites porites)
in which annual growth is visible in X-ray pictures of sections
through the colony and where it can also be observed that
the corallites are set perpendicular with respect to previous
growth layers. The corallite moves outward with the (living)
peripheral tissue and leaves a growth trajectory which can be
reconstructed by connecting the positions of the centre of a
corallite in the successive growth layers.

2.2. Biological Background of Accretive Growth in Sponges. In
sponges, only species, as, for example, Haliclona oculata and
Lubomirskia baikalensiswith a certain kind of skeleton archi-
tecture can develop erect tree-like growth forms [56, 71, 72],
as shown in Figures 1(c) and 1(d). The skeleton architecture,
emerges in an accretive growth process where the individual
skeleton elements (the spicules) are arranged in a radiate
accretive architecture [73]. In this growth process growth only
occurs at the tip of the sponge, where new layers are deposited
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(a) (b) (c)

(d)

Figure 1: ((a) and (b)) Growth forms of the scleractinian coralMadracis mirabilis ((a) a low-flow morphology and (b) a growth form from a
more exposed location). ((c) and (d)) The sponge Haliclona oculata ((c) a typical thin-branching form and (d) a high-flow morphology).

on top of the previous layers, while the previous growth stages
remain unchanged. In Figure 2(b) a longitudinal section
through the branching spongeHaliclona oculata is shown. In
the sponge case the skeleton consists of silicifiedmaterial (the
spicules), where spicules are connected in bundles and are set
perpendicular with respect to the previous surface and where
spicules cover the surface of a growth layer and are organized
in polygonal way, where every edge of a polygon consists of a
spicule. In some Haliclona species (H. simulans) the spicules
in the growth layers are arranged in triangles and inH. oculata
the spicules are arranged in a polygonal pattern, which can
be subdivided again in a triangular pattern (for detailed
drawings of the spicule architecture in Haliclona species
see [56]).

2.3. Simulating the Accretive Growth Process. In the simula-
tion model it is assumed that the living tissue deposits new

layers of material on top of the previous layers, which remain
unchanged. The growth layers are represented by layers of
triangles, which are again organized in a polygonal pattern
as shown in Figure 2(c). This is demonstrated in Figure 3
where two initial simulated growth stages are shown. In
Figure 3(a) the initial object used in the simulations is shown:
a sphere tessellated with triangles, where the triangles are
organized in a pattern of penta- and hexagons. In Figure 3(b)
the next growth stage is shown in which a layer is constructed
on top (in the vertical direction) of the previous growth
stage. In Figure 3(b) the object has slightly grown in the
vertical direction. In the growth model we assume that some
nutrient (e.g., dissolved inorganic carbon in scleractinian
corals or silicate in sponges) is the main limiting factor in the
formation of the skeleton.

The basic idea of the simulation model is shown in
Figure 4: nutrients are released from the top plane (the source
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(a) (b)

Growth trajectory

(c)

Figure 2: (a) Volume rendered slice of the scleractinian coral Montastrea annularis. The slice is slightly rotated showing part of the surface
and a length section through the colony.The position of the corallites is visible as dark colored pores at the surface, while the annual growth of
the colony is visible as density bands in the section of the colony. (b) Longitudinal section through a branch of the spongeHaliclona oculata as
seen through a stereomicroscope showing the skeleton architecture (all soft tissues have been removed). (c) Diagram of the accretive growth
process showing the deposition of new layers of material on top of the previous one.

𝑋

(a)

𝑌

(b)

Figure 3: Two successive objects generated with the radiate accretive growth model. The object shown in (a) is the initial object used in the
simulations. The polygons shown in both objects represent the corallites in scleractinian corals or the network of spicules in the sponges in
the simulations.

plane) in the simulation box and a simple parallel light source
is assumed, where the light direction corresponds to the
vertical. The flow about the object can be simulated in a
computational model where the flow field �⃗� = (𝑢

𝑢

, 𝑢
𝑣

𝑢
𝑤

) is
given by the incompressible Navier-Stokes equations (NVS)
and the continuity equation

𝜌
𝜕�⃗�

𝜕𝑡
− ∇ ⋅ [𝜂 (∇�⃗� + ∇�⃗�

𝑇

)] + 𝜌 (�⃗� ⋅ ∇) �⃗� + ∇𝑝 = 𝐹,

∇ ⋅ �⃗� = 0,

(1)

where 𝐹 is the external volume force, which is set to 0,
𝑢 is the fluid velocity, 𝑝 is the pressure, 𝜂 is the dynamic
viscosity, 𝜌 is the fluid density, and 𝜂(∇�⃗�+ (∇�⃗�)𝑇) is the stress
tensor that results from the fluid viscosity. Fluid enters the
simulation domainwith the initial velocity �⃗�in = −𝑛𝑈0, where
𝑈
0

is the uniform inlet velocity profile along the normal
direction of the entry point and is set to some initial flow
velocity. The boundary conditions of the substratum and
surface of the simulated object are, for example, set to the
no-slip condition where velocity vector �⃗� is zero. After the
solutions of Navier Stokes equations are found, simulated
nutrient enters the simulation domain from all sides and is

absorbed by the simulated object. Subsequently, the amount
of absorbed nutrients is determined by solving the advection-
diffusion equation:

𝜕𝑐

𝜕𝑡
+ �⃗� ⋅ ∇𝑐 = 𝐷∇

2

𝑐, (2)

where 𝑐 is the concentration gradient, ⃗𝑢 is the velocity vector
obtained from the solution of theNVS equations, and𝐷 is the
diffusion coefficient. For computing the nutrient distribution
around the object due to advection-diffusion and where
nutrients are being absorbed by the object we have used two
approaches. In the first approachweused a cellular-automata-
based particle model, the “moment propagation” method
[74, 75] in conjunction with the lattice Boltzmann method
[76–79] to model the dispersion of nutrient in the external
environment by advection-diffusion. The lattice Boltzmann
method is especially suitable for developing scalable simula-
tions (using distributed computation) of advection-diffusion
processes and modelling boundary layers in complex three-
dimensional geometries [62, 80, 81]. With the lattice Boltz-
mann method and the momentum propagation method it
is only possible to simulate the advection-diffusion process
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for very low-flow velocities, very close to the diffusion-
limited case because of numerical instabilities [8, 63]. In the
second approach [6] we recently have solved the advection-
diffusion equations for higher flow velocities (up to 5 cm/s
by using the advection-diffusion solver from COMSOLMul-
tiphysics [82] to solve the equations). In Figure 5 we show
a schematic flow chart of the simulation model using the
lattice Boltzmann method. The initial sphere (Figure 3(a))
is voxelized in a cubic lattice (b) after which the fluid flow
(c) and resource dispersion are computed until stability. In
each vertex of the simulated object the absorbed quantities
are measured (d). In the accretion step (e), a new triangular
mesh is constructed on top of the previous one. This mesh is
voxelized (b), initiating a new growth cycle.The coral growth
software and the lattice Boltzmann were all developed in
C++; the parallelization was done using MPI. The objects
have been visualized using the General Mesh Viewer (GMV).
The simulations presented in this paper were carried out
on the LISA computer cluster at the Academic Computing
Services Amsterdam (SARA). The cluster consists of 272
nodes, connected by an 800MB/s Infiniband network. Each
node is a dual Intel Xeon 3.4Ghz system with 2GB of
RAM, running Debian Linux. Most simulations were carried
out on 8 nodes. Simulating one growth form on 8 nodes
can take approximately (depending on the parameter set-
tings) 6–8 hours of computing time. A user-friendly version
of the software with the accretive growth model will be
made available as open access software in the near future
(http://computationalscience.uva.nl/download/PORAG).

In the advection-diffusion simulations it is assumed that
nutrient is absorbed at the centres of the polygons shown in
Figures 2(c) and 3. The source plane of nutrient is located at
the top plane of the cube enclosing the simulated object (the
simulation box in Figure 4). With the advection-diffusion
solver (one of the two approaches mentioned previously) the
gradients around the object are computed for every growth
stage. An example of a section through a simulated growth
form is shown in Figure 6(b). In this example nutrient was
exclusively distributed by diffusion. The section through the
simulated growth form is shown in white, while the concen-
tration of nutrient around the object is displayed using a red-
yellow-green-blue colour-gradient. Red indicates the highest
concentration (located at the top plane of simulation box).
The solid lines in the picture depict isosurfaces with equal
concentrations around the object. In the simulations nutrient
is all the time absorbed at the surface of the object and at the
substrate plane, resulting in nutrient depleted region close to
the object (blue) where the nutrient concentration is zero.

The linear extension rate of the simulated skeleton in
Figure 6(a) is driven by the amount of absorbed simulated
nutrient. Quantitatively local growth at surface of object
can be directly related to the amount of absorbed simulated
nutrient. The addition of layers on top of previous layers is
visualized in Figure 6(a). In the simulations there are only
local interactions between the polygons, which are closely
packed on a growth layer. The size of the simulated polygon
varies around a certain (species-specific) mean size 𝑑 of the
corallite in a scleractinian coral or a spicule in a sponge.
Polygons that become too large split up into new ones, while

Source plane

Flow direction

Substrate plane

Figure 4: Simulation box. In the advection-diffusion simulations it
is assumed that the top plane is the source plane of nutrients, while
the nutrients are absorbed at the surface of the simulated growth
form. In the light simulations it is assumed that the light direction
corresponds to the vertical and that all light is absorbed at the surface
of the object.

(a) Initial condition (b) Voxelization (c) Flow

(d) Dispersion(e) Accretion

Figure 5: Schematic flow chart of the simulation model using
the lattice Boltzmann method. The initial sphere (Figure 3(a)) is
voxelized in a cubic lattice (b) after which the fluid flow (c) and
resource dispersion are computed until stability. In each vertex of
the simulated object the absorbed quantities are measured (d). In
the accretion step (e), a new triangularmesh is constructed on top of
the previous one.This mesh is voxelized (b), initiating a new growth
cycle.

small ones are deleted. For further details about the splitting
up and deletion of triangles, we refer to [83]. After each
growth step, where a new layer of triangles is constructed
on top of the previous one, the gradients computation is
repeated again. Branching occurs as an emergent property
of the model, where the collective behaviour of the individ-
ual absorbing vertices shapes the whole object. The model
suggests a biological explanation for branching growth in
scleractinian corals [64]. At convex sites, the polyps fan
out, thus getting better access to the diffusing resources.
At concave sites, the polyps point towards each other, thus
interfering in the uptake of resources. In this way, a curvature
effect comes out as a natural consequence of the competition
between the polyps to take up nutrient from the surrounding
environment.

The accretive growth model was used to simulate coral
morphologies [6, 8, 63, 83] and sponge morphologies [12,
13, 61]. The model simulates the growth of the skeleton as



ISRN Biomathematics 7

an accretive process whereby subsequent growth layers are
deposited on top of the previous one as the coral colony
grows. The geometry of each layer is represented by a
triangulated surface (as shown in Figures 2(c) and 3). The
thickness of a new layer 𝑙

𝑖+1

, the distance between two
successive vertices 𝑉

𝑖

and 𝑉
𝑖+1

, is computed by using the
growth function

𝑙 = ⃗𝑛𝑐
total
𝑖

𝑠, (3)

where ⃗𝑛
𝑖

is the average normal vector in vertex 𝑉
𝑖

, 𝑐
total
𝑖

is
the amount of absorbed simulated nutrients and local light
intensity in vertex 𝑉

𝑖

, and 𝑠 is the maximal thickness of the
growth layer. The distance 𝑙 between the two layers, that is,
skeleton thickness, is assumed to be linearly dependent on the
amount of absorbed nutrients and local light intensity.We use

𝑐
total
𝑖

= (1 − 𝛼) 𝑐
nutrient
𝑖

+ 𝛼𝑐
light
𝑖

, 0 ≤ 𝛼 ≤ 1 (4)

to compute 𝑐total
𝑖

at 𝑉
𝑖

, 𝑐
𝑖

denotes the amount of absorbed
nutrients or light and 𝛼 denotes the parameter controlling
relative contribution of light, intensity and nutrient concen-
tration to the growth process. In this equation 𝑐light

𝑖

represents
the local intensity in vertex 𝑖.The local light is computed in

𝑐
light
𝑖

= (1 − ambient) cos 𝜃 + ambient,
0 ≤ ambient ≤ 1.

(5)

In (5) 𝜃 is the angle between themean normal vector in vertex
𝑖 and the direction to the light source; it must be between
0
o and 90o. In most cases not all light that reaches a surface
comes directly from the light source. The ambient parameter
is included to capture the effect of light reaching surfaces
indirectly via reflections in the environment. It determines
the fraction of light from the environment.

In (5) there is no shading of triangles included; to correct
for shading effects by occlusion of other parts of the simulated
object we have used an algorithm based on volume rendering
techniques [70] in which the object is represented in a three-
dimensional lattice. The algorithm is described in [53, 84].
It makes use of a voxelized representation [65, 85, 86] of the
object. We distinguish four different types of voxels: “empty,”
“solid,” “shaded,” and “illuminated” voxels. In the first step
a voxelization of the surface mesh object is done, followed
by a heuristic seed fill procedure [86] to completely fill the
simulated object and transform the original surface into a
voxelized solid object. The next step is to determine which
solid voxels are illuminated and which voxels are occluded by
other solid voxels. For each column of the three-dimensional
lattice model (top to bottom) a ray of light is cast downward.
When a voxel belonging to the object, an occupied voxel in
the state “solid,” is encountered, we mark it as “illuminated.”
Proceeding down the column we mark all subsequent voxels
as illuminated, too, until we come across an unoccupied
voxel. We then move to the next column.

All voxels which were not marked as illuminated are
considered to be shaded. Now for each triangle of the
triangulatedmeshwemap it onto its voxel representation and
count the number of shaded and illuminated voxels. Equation

(6) is then used to correct the light intensity in at vertex 𝑐light
𝑖

in (6) for shading effects, by multiplying 𝑐light
𝑖

with the ratio
of illuminated voxels and total number of voxels in a triangles
surrounding vertex 𝑖:

𝑐
light
𝑖

= 𝑐
light
𝑖

×
#voxels−illum−in−triangles−surrounding − 𝑖
#voxels−total−in−triangles−surrounding − 𝑖

.

(6)

The final result of these light intensity calculations is that we
can compute the local light intensities in a complex-shaped
branching object an shown in Figure 7. In Figure 7 the light
direction corresponds to the vertical axis in the simulation
box and all local light intensities at the surface are visualized
and corrected for occlusion effects where the upper branches
shade the lower parts of the object.

The main assumption made in the model is that the
growth of the skeleton is limited by the amount of local avail-
ability of dissolved nutrient (inorganic carbon DIC or silicate
in a sponge) and light in the environment. In corals higher
DIC availability promotes calcification depending on light
availability [87–95]; in sponges high silicate concentrations
induce spicule formation [96]. Branching in the simulated
object emerges from competition between the polygons for
available nutrients [64].

The translocation of absorbed nutrients between the
neighbouring polyps [97] in a coral is modelled by lateral
diffusion across the surface of the object:

𝜕𝑐 (𝑥, 𝑡)

𝜕𝑡
= 𝐷surf∇

2

𝑐 (𝑥, 𝑡) , (7)

where 𝑐 is the concentration of nutrients at point 𝑥 and time
𝑡 and𝐷 the diffusion coefficient.

The model uses several species-specific parameters such
as distance 𝑑 between polygons (please note that 𝑑 is linked
to 𝑠 in (3) and represents a characteristic length scale). By
varying environmental modelling parameters such as light
intensity, nutrient availability, and the degree of diffusion
of the nutrients across the object surface, we can simulate
various morphologies. Figures 8 and 9 show a range of
morphologies which can be simulated with this model; in
both Figures 8 and 9 simulated nutrient is only distributed
by diffusion. In Figure 8 we investigate the impact of translo-
cation of nutrient on the simulated morphology by varying
the transport of nutrient over the surface of simulated growth
form, controlled by the parameter 𝐷surf. In the simulated
forms shown in Figure 9, growth is exclusively controlled by
the absorption of simulated nutrient (𝛼= 0 in (4)). In Figure 8
we also show the influence of parameter 𝑑 (a species-specific
parameter characterizing the typical size of a polygon). In
Figure 9 we show a range of morphologies generated by a
model in which both simulated nutrients and light intensities
control the growth process (𝛼 = 0.4 in (4)) and the influence
of changing the ambient parameter in (5) and 𝑑.
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(a) (b)

Figure 6: Sections through a simulated growth form. (a) Section showing the addition of layers on top of previous layers in the simulated
accretive growth process. (b) The section through the simulated growth form is shown in white, while the concentration of nutrient around
the object is displayed using a red-yellow-green-blue colour gradient. Red indicates the highest concentration, while blue indicates a depletion
of nutrient and visualizes the region with a concentration of near zero. In this example nutrient was exclusively distributed by diffusion. The
solid lines in the picture indicate isosurfaces with equal concentrations.
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Figure 7: Calculated light intensities on a simulated branching
object. The light direction corresponds to the vertical in the
simulation box (Figure 4). The light intensities were computed with
(5); the light intensities were corrected for shading by using (6).
Simulated nutrient is distributed by diffusion.

2.4. Coupling the Radiate Accretive Growth Model with a
Model of Gene Regulation in the Sponge Haliclona oculata.
Recently new details [96, 98–104] about the genetic regula-
tion of growth and form of sponges have become available,
including evidence for spatial and temporal gradients ofmor-
phogens controlling the growth in a positional information
system. For building a skeleton two species of silicate (silicic
acid) are absorbed by the sponge from the environment.
Silicate is being transferred over the diffusive boundary layer
around the sponge, and local silicate is depleted. When there
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Figure 8: A range of simulated objects for 𝛼 = 0 (4) with varying
values for the surface diffusion constant 𝐷surf in (7) (the values are
shown in the middle) and polygon spacing 𝑑 1.9 lattice units (left)
and 3.7 lattice units (right). 70 growth steps. Simulated nutrient is
exclusively distributed by diffusion.

is a constant supply of silicate from the environment and
silicate is continuously being absorbed, silicate gradients will
emerge in the direct neighbourhood of the sponge.
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Figure 9: A range of simulated corals for 𝛼 = 0.4 (4) with varying
values in (5) for ambient (the values shown in the middle) and
polygon spacing 𝑑 1.9 lattice units (left) and 3.7 lattice units (right).
85 growth steps. Simulated nutrient is exclusively distributed by
diffusion.

High concentrations of silicate (or ferric ions) induce
spicule formation and upregulate the silicatein, collagen,
and myotrophin genes [96]. The upregulation of the genes
activates the production of spicules in the sponge and
leads to the deposition of the skeleton. The second major
morphogenetic event is the construction of the aquiferous
system together with formation of the exhalant pores. Only
after the skeleton has been built, the aquiferous system is
constructed. The expression of the gene Iroquois is induced
by an increased water current and activates the formation of
exhalant pores and the aquiferous system [99, 102]. During
the formation of this aquiferous system, some material has
to be removed from the original skeleton, and skeletogenesis
is stopped in the regions of the sponge where the aquiferous
system is formed. Exhalant pores are formed at more or
less regular distances from each other (see Figures 1(c)
and 1(d)); this suggests a feedback mechanism preventing
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Figure 10: Simulated growth form and body plan of a branching
sponge. The light spots indicate relatively high concentrations of
Iroquois and mark the future positions of the exhalant pores.
Simulated nutrient is exclusively distributed by diffusion.

Iroquois to be expressed everywhere on the surface which
would lead to a disintegration of the sponge. The regulator
suppressing Iroquois is not yet known. Furthermore, both
the skeletogenesis and the formation of exhalant pores are
processes occurring more or less at the surface of the sponge.
It has been demonstrated in the sponge Suberites domuncula
that the gene Frizzled works as a polarity factor in the sponge
[98]. In Suberites domuncula Frizzled is expressed at the
surface of the sponge. It is hypothesized here that Frizzled
works as a positional information system, indicating the “up”
direction (the direction towards the external environment in
a branching sponge).

After determining the amount of silicate absorbed by the
area around each vertex of the mesh object in the accretive
growth model, a system of coupled differential equations
is used to simulate the regulatory network controlling the
formation of the exhalant pores. In the model Frizzled is only
expressed at the surface of the sponge. We hypothesise that
only in the presence of an constant) amount of Frizzled the
other gene products can be activated. Therefore all simulated
interactions take place only at the surface of the growth form.
Three gene products are considered: silicatein (sil), Iroquois
(irq), and an inhibitor of Iroquois (inh). In themodel silicatein
product (sil), Iroquois product (irq), and the inhibitor of
Iroquois (inh) can freely diffuse over the simulated sponge
surface, not hindered by cells, spicules, or other sponge
structures.The amount of silicatein is set equal to the amount
of normalised absorbed silicate at each growth step. Iroquois
is produced when the concentration of silicatein drops below
a certain threshold. The third gene product inhibits the
production of Iroquois. To simulate the expression pattern
of Iroquois we use a Gierer-Meinhardt model [61, 105] for
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Figure 11: Plot of the correlation between branch thickness and branch spacing (see [8] for details). In colored labels of real corals the first
three characters denote the name of the species, that is,Mir≡M.mirabilis, For≡ M. formosa, Dec≡M.decactis, andCar≡M. carmabi. Followed
by the ID number in our database. The coralsM. mirabilis (Mir393 and Mir394) are, respectively, shown in Figures 1(a) and 1(b). Simulated
growth forms are denoted using black labels, followed by the value of surface diffusion coefficient𝐷surf (7). In simulations where the influence
of light is taken into account (light1) the value of the surface diffusion coefficient is followed by the value of light intensity parameter 𝛼 (4).

the production of Iroquois and the inhibition of Iroquois.
Equation (3) describes the regulatory system

𝜕𝜌 (𝑥, 𝑡)

𝜕𝑡
= 𝐷∇

2

𝜌 (𝑥, 𝑡) − 𝜆𝜌 (𝑥, 𝑡) + 𝑅 (𝜌 (𝑥, 𝑡)) (8)

with 𝜌 = (𝜌irq, 𝜌inh) the concentrations of Iroquois and
its inhibitor, respectively, 𝑥 is a two-dimensional spatial
variable on the surface, 𝑡 is time, and 𝐷 and 𝜆 are diagonal
matrices with the respective diffusion and decay coefficients.
The first term in the equation describes the diffusion of
the gene products over the sponge surface. Decay of the
products is modelled by the second term, while the third
term governs the reaction between the gene products. In
addition Iroquois is suppressed by silicatein which is, due to
the absorption process, predominantly present at the top of
the branches. The reaction-diffusion calculations are done
after the silicate absorption. We use a method for surface
diffusion on triangulated manifolds [61, 106] to update the
concentrations of all the gene products at each iteration of the
reaction-diffusion processes on the triangulised growth layer.
After each growth step (8) is solved until steady state. Note
that this approach implicitly assumes a separation of time
scales: a slow accretive growth and a fast reaction-diffusion
process on the surface of the sponge. An example of a model
where we have combined the nutrient limited growth model
and the simple model of gene regulation in (8) is shown in
Figure 10.

3. Discussion

In Figures 8 and 9 we demonstrate that we can generate a
large range of different morphologies with the radiate accre-
tive growth model. The only species-specific information
included in this example is the average size of a corallite or
spicule (the parameter 𝑑 in the model). With the incorpora-
tion of simple local rules, controlling the size of individual
simulated polygons, and local gradients it is possible to gen-
erate branching morphologies which approximate the mor-
phologies of surface renderings of CT scans of M. mirabilis
shown in Figures 1(a) and 1(b). In Figure 11 (see [8] for
details) we make a quantitative comparison between three-
dimensional images of differentMadracis species. In Figure 11
the average branch thickness and the average branch spacing
are quantified in four differentMadracis species (the coloured
labels) and in the simulated objects (the black labels). This
figure shows that we can approximate the morphology of
certain Madracis species (e.g., M. mirabilis) very well, while
in some otherMadracis species (e.g.,M. carmabi) we are still
missing something in our model to get a good morphology
(a morphology which is visually virtually indistinguishable
from an actual object) approximation. Hydrodynamics, the
structure of individual corallites, and interpolyp communi-
cation are not modelled in this paper. In a recent paper [8]
we demonstrate how hydrodynamics can be incorporated in
this model. The examples in Figures 8 and 9 show that some
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basic principles of the coral colony morphogenesis can be
captured in a computational model. The demonstrated range
of simulated shapes can be significantly extended in at least
another dimension by adding physiological or genetic factors
that will regulate the growth of a colony from within.

In Figure 10 we show an (very simplistic) example of
how the radiate accretive growth model can be coupled with
a spatiotemporal model of gene regulation. In Figure 10 an
example of the simulated sponge is shown: the light blue
spots with a relatively high upregulation of Iroquois indicate
the future positions of the exhalant pores. In Figure 10,
there is a clear separation in time and space of the growing
zones (dark blue regions at the tips without spots, where
silicatein is expressed and Iroquois is suppressed) and the
zones where exhalant pores are formed.The tips in the upper
branches which are most recently formed do not contain
spots yet.The spots are later on formed in the growth process,
resulting in spots covering the regions below the tips of the
branches. Growth occurs in the dark blue regions without
spots where relatively high concentrations of environmental
silicate activate silicatein. The gene product of silicatein
is produced near the surface (with high concentrations of
Frizzled product) and diffuses through the sponge. As soon
as the growth process stops when the silicate concentration
is nearly depleted, the silicatein gene is suppressed and the
Iroquois gene is activated.

In a section (Figure 6(a))the accretive model displays
a radiate accretive architecture comparable to a longitudi-
nal section through a branch of the sponge as shown in
Figure 2(b). In Figure 10, the growing zones are visible as
dark blue regions without light blue spots. An exception can
be seen at the lower left branch, which is shielded by the
other branches; growth stopped due to a local depletion of
silicate and suppression of Iroquois is stopped, leading to the
formation of exhalant pores on the tip.This phenomenon can
also be observed in actual sponges.
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