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Abstract

We are interested in deciphering the mechanisms for morphogenesis in the
Red Sea scleractinian coral Stylophora pistillata with the help of mathemat-
ical models. Previous mathematical models for coral morphogenesis assume
that skeletal growth is proportional to the amount of locally available en-
ergetic resources like diffusible nutrients and photosynthetic products. We
introduce a new model which includes factors like dissolved nutrients and
photosynthates, but these resources do not serve as building blocks for growth
but rather provide some kind of positional information for coral morphogen-
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esis. Depending on this positional information side branches are generated,
splittings of branches take place and branch growth direction is determined.
The model results are supported by quantitative comparisons with experi-
mental data obtained from young coral colonies.

Keywords: coral morphogenesis, mathematical model

1. Introduction

Skeletal growth in scleractinian corals occurs by the deposition of calci-
fied matrix which is excreted by the polyp calicoblastic tissue. This process
relies on complex interactions between the environment and intrinsic genetic
control [1, 2, 3, 4]. Two major environmental factors that affect coral growth
and morphology are light, that is used as an energy source for the zoox-
anthellae [5, 6, 7, 8], and water currents [9]. A strong genetic influence is
reflected in the bewildering range of shapes that colonies of different coral
species can attain. Even within a species genetic factors have a strong in-
fluence on morphology [10]. However, very little is known about the genetic
control of coral architectures, pattern formation and on the variety of shapes
each coral species may present [4, 10, 11].

In complex biological phenomena such as morphogenesis very often fun-
damental principles are not very well understood. In this situation math-
ematical modeling is increasingly considered to be a very useful tool [12].
Through mathematical modeling we can test hypotheses, connect seemingly
unrelated observations and establish some order in the confusing plethora of
biological observations.

Modeling coral growth has so far focused on the role of environmental
factors such as light and water currents. The particular morphology of the
coral was proposed to provide an ecological advantage such as better access
to light or dissolved nutrients [13, 14]. In [15] coral tissue is considered
analogous to porous media and growth is proposed to be the result of an
interaction between water flow and chemical processes.

By far the most elaborate models appeared in a series of papers by Kaan-
dorp, Merks and coworkers [16, 17, 18, 19, 20]. These studies analyzed the
influence of hydrodynamic flow on coral morphology. The coral is modeled
as a three-dimensional surface and growth takes place perpendicular to this
surface according to a so-called growth function. In the above models the
amount of skeletal growth is directly dependent on the concentration of lo-
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cally available nutrients that are transported to the coral by the water flow.
Locations of the coral exposed to the water flow will thus exhibit increased
growth in contrast to areas that have less access to the water flow. Variations
of the model consider diffusion of nutrients inside the coral and the effect of
light.

These models succeed in obtaining branching coral architectures that re-
semble some corals actually found in nature but cannot — as we will argue
below — sufficiently describe morphogenesis in the scleractinian coral Sty-
lophora pistillata. This species forms calcified skeletons characterized by
well-defined branches that arise through splitting of existing branches and
sprouting. In the course of colony astogeny complex, yet not haphazard,
branch patterns arise. Note, that morphogenesis by branch bifurcations and
sprouting is a common mechanism in morphogenesis — examples are the
formation of the tracheal tree in the lung and kidney formation [21, 22].

Stylophora pistillata colonies can be generated either from a small frag-
ment (nubbin) down to the size of a single polyp or from a planula larva that
attaches to the ground. At first the tissue around the attached fragment or
the primary polyp spreads laterally and new polyps appear as nodes in a
seemingly hexagonal lattice. In the case of planula larva settlement, at some
point the coral tissue excretes calcified matrix and a branched skeleton is
produced. In both scenarios new branches then arise by two mechanisms.
First, an existing branch may split into two branches. Second, a new branch
may form lateral to an already existing branch — a process that we call
sprouting. A quantitative characterization of these first stages of astogeny
was given in [10]. We use this data for fine-tuning our model.

Undamaged Stylophora colonies in the wild that are free to grow into all
directions usually exhibit a round, almost hemispherical shape. Also, it is
observed in young colonies that originate from a single branch that the overall
shape is first very elongated and almost planar [10, 23, 24] (see Figure 7 a)
and b)) and only later approaches the spherical shape seen in larger colonies.
Another important feature of Stylophora is the fact that the branches fill out
the colony space quite evenly. Generally, branches avoid each other and gaps
in the colony are filled in by new branches [25].

There is a large degree of stochasticity in colony growth. Colonies of
the same genotype grown under the same conditions exhibit considerable
variation as to the exact location of new side branches and splitting events.
The morphometric parameters that were extracted from colonies by Shaish
et. al. [10] have some fairly high standard deviations as well. Nevertheless, it
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was shown that differences between genotypes were still larger than stochastic
variation within a genotype.

If we observe young colonies that originate from a single separated branch
as has been done by Shaish et. al. [10] we notice that significant skeletal
growth takes place only at the branch tip and a few locations along the branch
giving rise to lateral branches. However, most places of the coral surface
exhibit no or very little skeletal growth even though all parts of the branch
have equal access to nutrients in the water. This behavior is in contrast to
Kaandorp-Merks’ model that relates local growth to the amount of locally
available resources and predicts initial skeletal growth of the branch on the
whole surface in this situation. However, this is not the case in these young
colonies and therefore Kaandorp-Merks’ model is not suitable for describing
morphogenesis in Stylophora pistillata.

In the following we will call the small circular regions that form a signifi-
cant amount of skeletal matrix growth zones. By definition they are located
at a branch tip — but not every branch tip is necessarily a growth zone (if the
branch ceased growing). Due to their calcifying activity growth zones likely
have a different genetic expression profile than noncalcifying areas. Survival
of the growth zone will lead to a continued growth of the branch, a new gen-
eration of a growth zone will lead to a lateral branch, a splitting of a growth
zone will lead to a branch bifurcation and the extinction of a growth zone
will lead to a stop in branch growth.

The lack of significant calcification outside the growth zones indicates
that the decision for calcification is not only dependent on the local access
to nutrients in the water. Rather, some sort of intracolonial signaling is
likely involved. This could for instance be mediated by a substance which
is excreted by the growth zone tissue, diffuses to the neighboring tissue and
suppresses calcification there. It could also be due to a depletion of resources
needed for calcification in the non-calcifying tissue that are transported to
the growth zone. The situation we encounter here has parallels to well-known
organizing regions such as the Hydra head. Most significantly, formation of a
new Hydra head can only take place some distance away from an existing head
[26]. Organizing regions have been well described by simple mathematical
models that assume a slowly diffusing activator and a faster diffusing inhibitor
[26, 27, 28]. In this context the conditions for the emergence and splitting
of organizer regions are well-understood. A similar mechanism could well
explain the permanence of growth zones and the repression of growth in the
neighboring tissue.
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This is not to say that energy resources like nutrients or sunlight are not
important for colony growth — quite the opposite, as their involvement is
considered axiomatic in the field. However, they likely play a different role
in colony astogeny than the one suggested by Kaandorp and Merks. We
propose that they influence colony shape not directly as building material
for the skeleton but by providing cues for the growth direction of branches
and by controlling branch bifurcations and the generation of new branches.
In this sense the spatial distribution of energy resources provides positional
information to the tissues of the developing colony. The situation is somewhat
different to the classical notion of positional information in morphogenesis,
which is usually connected to more or less elusive morphogens [29].

In our model we assume that energy resources influence morphogene-
sis by controlling the survival, disappearance and splitting of growth zones.
Generally, high concentrations of resources will lead to the survival, new gen-
eration and splitting of growth zones whereas low concentrations will lead to
an extinction of a growth zone. An example where nutritional resources in-
deed have an impact on the emergence of organizing regions is Hydra magni-

papillata where overfeeding leads to multiple head formation along the body
axis [30]. We assume that energy resources reach the coral from the water
medium and are created by photosynthesis. Photosynthates are modeled to
be transported inside the coral, which is strongly supported by experiments
[31, 32, 33]

Due to the lack of specific information we do not outline a speculative
scenario on low-level genetic control but rather include genetic factors in our
model parameters. The model considers the coral at the branch level meaning
that we do not consider single polyps and the details of branch formation and
splittings but rather attempt to understand how colony architecture emerges.

The model results were compared with data on morphogenesis in Sty-

lophora pistillata that were collected by Shaish et. al. [10]. In this work
young colonies of several different genotypes of Stylophora pistillata were ob-
served for one year. We used their genotypes A, B and C as these were shown
to have significantly different growth parameters and are representative for
the other genotypes considered in [10].

2. Model

The starting point of our modeling is the realization that significant skele-
tal growth in Stylophora takes place almost exclusively at the tips of the
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branches. This observation is supported by the fact that branches do not
much thicken towards their base. The branch tips are not only interesting as
the main sites for calcification but also for some physiological peculiarities.
In most Stylophora corals the branch tip is less pigmented which indicates
that fewer zooxanthellae are present at the tips. A study of the tips of
Acropora revealed that the tips are not only low in zooxanthellae numbers,
but also low in photosynthetic products and interestingly very high in ATP
[34]. The authors of this study concluded that photosynthetic products are
transported from the tissue of the branches toward the tips where they are
rapidly converted into ATP. This energy can then aid the calcification pro-
cess. In Stylophora this kind of study has not been performed but results
in [31, 32] suggest a similar phenomenon. The observation emphasizes that
tissue in different parts of the colony has different functions: the branches
produce photosynthetic products that are used up at the branch tip and
aid the growth process there. This difference in tasks is likely manifested
by a different gene expression profile in the tips. Unlike in plants there is
neither apical polarity nor apical dominance in branch growth, a conclusion
supported by the fact that isolated branches develop new branches at either
end of the branch [24].

Because colony growth takes place predominantly at the branch tips we
can represent the coral shape by the midlines of the coral branches. Thus,
the coral colony can be viewed as a tree of curves that are growing at the free
ends. The curves themselves are modeled as a collection of line segments,
all with the same length Δx, that are attached to each other (see Figure 1
a) b)). The endpoints of the line segments we call nodes and denote them
by �ri. This approach reduces the three-dimensional structure of the coral
to a collection of one-dimensional objects on which mathematical algorithms
perform much faster.

In this representation morphogenesis of the coral is described by the fol-
lowing processes:

• growth of a branch tip

• splitting of a branch tip into two tips

• sprouting of branches on existing branches

As we have outlined in the introduction we propose that the distribution
of locally available resources (dissolved nutrients in the water and distribu-
tion of photosynthetic products) provides positional information to genetic
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Figure 1: a) The three-dimensional coral skeleton is represented by its midline curve. This
curve is itself represented as a collection of line segments, each of length Δx. Growing
line segments are represented in grey. b) Quantity N is taken up at every node R, its
amount decreases by φ(d) at a point Q with distance d to R. c) We assume that P is
produced in the branch, diffuses and is taken up completely at the branch tip. d) The
local concentration of N and P provides information about the location within the coral
colony. N is large at the periphery and small in the center of the coral. P is large in the
center and at long branches but small in areas of many growing branch tips.

factors that guide these processes. For our mathematical model we define
two quantities N and P that we interpret as concentrations of nutrients in
the water medium and photosynthetic products in the coral branches, re-
spectively. These quantities are used for defining growth direction as well as
splitting and sprouting events.

The quantity N represents the concentration of dissolved nutrients in
the water current, similar as in Kaandorp and Merks’ models [18, 19, 20].
The work of these authors has shown that under broad assumptions the
distribution of nutrients in the water medium around the coral is not uniform.
Assuming that nutrients reach the coral by advection and diffusion and are
taken up by the coral tissue, zones with depleted nutrients arise. Generally,
N will be large in the coral periphery and small in the center of the coral
(see Figure 1 d) and Figure 2 a)). Therefore the magnitude of N provides
information to the coral tissue about its relative location in the coral colony.

The movement of nutrients in the sea water is very complicated because
advection, diffusion, time-dependent currents, tidal flows and turbulence all
play a role. We do not explicitly take these effects into account and define
N in a very simple way. We assume that far away from the coral a maximal
nutrient concentration Nmax is achieved. The coral tissue decreases this max-
imal nutrient concentration by taking up nutrients itself. We remind that
the coral is given by the collection of nodes {�ri} (the endpoints of the line
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segments), which we use to find N at an arbitrary point �r. Then we assume
that every node point �ri decreases the amount of nutrients present at �r by
φ(|�ri− �r|) where φ is a decreasing function (see Figure 1 b)). Thus, we have

N(�r) =
Nmax −

∑
i
φ(|�ri − �r|)

Nmax
. (1)

In our simulations we used

φ(r) =

{
1
rα

: r ≥ R
(α+2)R−(α+1)r

Rα+1 : r < R

with α = 1.7 and R is of the order of magnitude of the branch thickness d.
Function φ(r) is constructed such that it is continuously differentiable and
that it does not diverge for r = 0. Our choice for N(�r) is motivated by a
Green’s function approach to the solution of the diffusion equation. Indeed,
for α = 1.0 we have the exact solution of Poisson’s equation. Choosing a
larger α (as we did) highlights short-distance influences and decreases long-
distance influences. Equation (1) does not yet consider the sea floor (which
we assume to be planar) on which the coral is growing. We can incorporate
the sea floor by extending the sum in (1) to all points �r∗

i
that are obtained

as reflection of �ri at the sea floor.
According to equation (1) N(�r) can be negative, which is clearly nonbi-

ological. This can be avoided by making φ dependent on N but this greatly
complicates the calculation of N . In our model we set N to zero if the sum
exceeds Nmax. This choice ensures a value of N between 0 and 1. As an
alternative for ensuring nonnegative N we could have solved the diffusion
equation with sinks that are dependent on the local nutrient concentration,
but that would have been computationally significantly more expensive.

The quantity P represents the local availability of photosynthates that
are produced in the branches of the coral and are transported through the
coral. P is defined on the nodes {�ri} only. We assume that P is produced
evenly by the coral with rate λ, is completely taken up at the tips (i.e. we
have P = 0 at the tips) and is transported by diffusion (see Figure 1 c)).
Therefore, P will be large in the center of the coral and at long branches
with no side branches. It will be small in areas with many growing branch
tips (see Figure 1 d) and Figure 2 b)).

Additionally, we assume that there is a maximal concentration of photo-
synthates Pmax. Due to scaling arguments we can set Pmax = 1. Thus, values
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a) b) c)

Figure 2: Concentrations of a) N b) P and c) sprouting probability in a colony of genotype
C after 100 simulation steps. Red/yellow corresponds to large values and blue/green to
small values. N is small in the center of the coral and large at the branch tips. P is large
in the center and small in the periphery. The largest probability for a sprout is found at
the left lower branch and in the middle of the main branch.

for P are in the interval from 0 to 1. On a particular branch, P is given by
the steady-state diffusion equation

Pxx + λ = 0 ,

where P = 0 at branch tips, Px = 0 at the base of the coral tree and P is
conserved at branch nodes. The equation is solved using a straight-forward
iterative procedure. If after an iteration step P exceeds Pmax it is set to Pmax.

Let us now continue with the rule for growth at the branch tip. We assume
the same growth speed v for all growing tips. Unfortunately, there are no
long-term measurements of the growth speed of individual branches although
experiments for settling this question would be easy to perform. Assuming a
constant growth rate is still well-supported in face of the spherical growth of
colonies. Also we observe after a splitting event that the two new branches
have about the same length.

Note that it frequently happens in corals that branch tips stop growing.
This is often the case for interior branches, and may be due to the lack of
access to dissolved nutrients from the flow and lack of light. Apparently, the
disposition to growth is switched off completely in these cases. This behavior
was partly incorporated in the model. Growth of a branch was stalled if it
was to collide with another branch or with the surface on which the coral
grows. For the small colonies that were mostly considered the effect was not
important.

For the growth direction of a branch we use the gradient of N (direction
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of largest increase in N) measured at the tip of the branch. This way growth
of the branches is generally directed away from the colony center as it is
actually observed in virtually all colonies. Furthermore, this rule reproduces
the fact that branches avoid and grow away from each other. The rule is
supported by observations in [25]. It was shown that branches whose tips
are placed close to each other grow away from each other or stop growing
at all. This property of the coral branches to grow away from each other is
certainly one of the main reasons why the coral fills out space evenly with
its branches. We do not include phototropism in our model because it does
not seem to play a primary role for determining the growth direction in the
young colonies that we observed [24].

Sprouting branches are important to fill in space for colonies that orig-
inate from a single branch such as in the experiments of [10, 23, 24]. In
many young colonies that originate from a separated branch the number of
sproutings significantly exceeds the number of branch splittings. We assume
that sprouting takes place at a certain location in a given iteration step with
a probability S(N,P ) which increases as resources N and P increase. For
simplicity we assume that S(N,P ) = βNP . This choice for S(N,P ) implies
that sproutings only occur in areas where neither N nor P are too small. It
ensures that interior branches fill out the space between existing branches and
that new branches do not form in areas that are already nutrient-depleted.
Other, slightly different choices for S(N,P ) give similar results. Note that
our rule is not deterministic but stochastic, which takes into account the
large variability that is observed during the first stages of colony formation.

The direction of a new sprout is not directly given by the gradient of N .
Instead, points in different directions are sampled and the direction in which
the largest N was found is used as the direction of the branch. This direction
is in some cases very different from ∇N .

Branch splitting is the common mechanism for the generation of new
branches in larger colonies but also occurs frequently in the young colonies
investigated in [10]. Observations suggest that the two new branches split
with an angle of about 35o although variations do occur in real specimens. We
assume that the two new arising branches are located in a single plane with
the branch from which they originate and that the new branches are sym-
metric around the axis of the old branch. This assumption is well-supported
by observations. The last rotational degree of freedom is determined by the
position of the new branches that maximizes the sum of N on the tip of the
two branches. Splittings are modeled to occur randomly with probability
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of T (N,P ) = γN + δPx. Here Px is the derivative of P along the branch
and proportional to the flux of P into the tip. Note that this implies that
splitting occurs if N is large (meaning that the branch is well-exposed to the
fluid flow) or Px is large (meaning that the branch is very long already with
no side branches).

Of course, other forms for the probabilities S(N,P ) and T (N,P ) could
be used. Our choices are simple, do not contain many parameters and give
good results.

We continue with a summary of our main model assumptions:

• the coral grows exclusively at the tips with a fixed growth rate

• the coral consumes dissolved nutrients N from the water along the
branches

• photosynthetic products are produced along the branches, diffuse and
are taken up completely at the branch tips

• branches grow into the direction of the steepest decrease of N into the
water medium

• side branches sprout randomly with a probability proportional to the
product of N and P

• branch tips split randomly with a probability proportional to the sum
of N and P

In our simulations we start with a single branch growing upward with
length Hinit. This is in analogy to the experiments reported in [10]. After
the initialization a number of iteration steps is performed. At each step the
following calculations take place:

• increase the segment of the growing tips by a fixed amount

• if the segment is longer than Δx start a new line segment but give a
chance for splitting and calculate the new growth direction using ∇N

• calculate P and N on the branches

• give a chance for sprouting at every node point

• calculate P again if sprouting took place
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Parameter Explanation
H colony height
nB number of branches
N2 number of branches of order 2
N3 number of branches of order 3
Le colony length

largest lateral extension
Ev ecological volume

πHr2 where r = widthlength/4
SI percentage of branches from splitting
Bal average branch length
Ω largest order of a branch

Table 1: List of morphometric parameters that were used in the quantitative comparison
of experiments and simulations. Refer to details of how the parameters were measured to
[10].

parameter genotype A genotype B genotype C
v (mm/step) 0.0875 0.144 0.144
Hinit (mm) 28.6 28.0 32.0
β 0.01 0.004 0.01
γ 0.02 0.00625 0.02
δ 0.02 0.00875 0.02

Table 2: Choice of model parameters for genotype A, B and C.

For the small colonies that we consider the algorithm is very fast, but it
greatly slows down for larger colonies.

After a simulation run the morphometric quantities of coral growth in
Table 1 were extracted. We strove for consistency in the computation of these
quantities with [10]. For each genotype 30 simulation runs were performed
and averages and standard deviations of the morphometric quantities were
computed and compared to the corresponding values found experimentally
[10].

The visualization tool TRIVIZ written by H. Gerdes was used for graphic
output. This tool is a C++ interface to the more general OpenGL and allows
an efficient visualization of three-dimensional structures.
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Figure 3: Comparison of experiments and simulations. The data are scaled to the average
of the experimental data for the three genotypes.
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parameters A exp A sim B exp B sim C exp C sim
nB 16.7 ± 5.6 14.8 ± 3.9 10.6 ± 3.9 11.3 ± 7.3 28.1 ± 7.5 30.3 ± 10.8
ΔH (mm) 44.5 ± 2.1 45.5 ± 1.0 56.0 ± 11.4 56.3 ± 1.0 59.5 ± 8.6 58.7 ± 2.1
N2 (%) 72 ± 15 56 ± 15 78 ± 23 61 ± 19 38 ± 7 34 ± 11
N3 (%) 25 ±16 34 ±11 18 ±21 31 ±14 43 ±6 38 ±8
Ev (cm3) 24.3 ±13.2 33.1 ±6.4 46.8 ±35.6 49.8 ±19.6 110.9 ±51.2 82.3 ±12.0
SI (%) 77 ±7 70 ±16 63 ±16 78 ±17 52 ±11 52 ±13
Le (mm) 30 ±4 29 ±3 35 ±8 40 ±8 51 ±7 47 ±5
Bal (mm) 7.6 ±1.1 9.6 ±1.4 13.3 ±3.1 15.6 ±4.0 9.4 ±0.8 10.6 ±1.6
Ω 3 ±1 3.5 ±0.6 3 ±1 3.3 ±0.7 4 ±1 4.8 ±0.9

Table 3: Quantitative comparison of simulations and experiments for genotypes A, B and
C.

3. Results

Three sets of parameters were fitted by hand corresponding to three geno-
types (genotype A, B and C in the experiments of [10]). For all simulations
we used Δx = 0.125 cm, α = 1.7 and λ = 22.0, Nmax = 12.9 and a splitting
angle of 36o. 100 simulation steps correspond to one year. The remain-
ing parameters for each genotype are given in Table 2. The initial colony
height Hinit was chosen as the average initial height in the experiments for
the respective genotype.

Snapshots of a typical simulation run for genotype C are presented in
Figure 6. The same simulation, but seen from above and for more iterations,
is shown in Figure 7 c)-f). As in experiments we observe a planar shape of
the coral and later a transition to a more rounded, spherical shape. A large
colony corresponding to three years development is seen in Figure 5. This
colony exhibits a spherical shape and qualitatively resembles corals in the
field.

Comparisons between simulations and observed colonies for genotypes A,
B and C are shown in Figure 4. Clearly, a resemblance between experiments
and simulations is visible. Exact correspondence cannot be expected because
of the large component of stochasticity in colony development.

In Table 3 morphometric parameters of experiments and simulations are
compared. The same data are presented visually in Figure 3. In spite of the
sometimes large error bars each genotype has a distinct profile of morpho-
metric parameters that has been reproduced by the simulations.

In our simulation runs we observed that height, the number of branches,
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a)

f)

b) c)

d) e)

Figure 4: Comparison of experiments and simulations for genotypes A a), d) B b), e) and
C d), f)
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Figure 5: Simulation for genotype C after 300 steps corresponding to development after
three years.
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d)c)

a) b)

Figure 6: Simulation for genotype C after a) 0 steps b) 50 steps c) 100 steps and d) 150
steps. 100 time steps correspond to one year.
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a)

b)

c) d)

e) f)

Figure 7: Colonies after one year seen from the top of genotype a) A and b) C. Simulation
for genotype C seen from the top after c) 50 steps d) 100 steps e) 150 steps and f) 200
steps. 100 time steps correspond to one year.
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ecological volume and length could be very well reproduced. The simulation
data are almost always in the confidence interval of the experimental data.
The average branch length is consistently too large in the simulations which
may be due to slightly different definitions of branch length. Furthermore,
the largest order of branches Ω in the simulations is usually too large and N2,
the number of branches of order 2, is too small. Again, a different technique
in determining order is likely to be the culprit for this difference.

Note that not only the averages correspond well to each other but also
the standard deviations of some parameters. In both experiments and sim-
ulations for the same settings quite different colonies were obtained which
supports our view that there is a large stochastic component in the beginning
of astogeny.

Along the environmental factors there is a large genetic influence on mor-
phogenesis. We observed that genotype A has a much smaller growth rate
than the other two genotypes and that genotype B has far fewer branches
than genotypes A and C. Genotype A also has fewer branches than genotype
C, which is due to the slow growth because the splitting and sprouting prob-
abilities are actually the same in A and C. This means that splitting and
sprouting probabilities are not dependent on the growth rate. Small colonies
can already exhibit an intricate and complex branched structure (like geno-
type A) and, vice versa, relatively large colonies can still have relatively few
branches (like genotype B).

There is not only quantitative agreement between simulations and exper-
iments but also qualitative agreement in features that are more difficult to
quantify. The visual appearance of the simulated structures resembles real
corals. The branches in the simulations seek out to fill the space around the
coral. Furthermore, the beginning of astogeny is characterized by a planar
colony shape, exactly as it is actually observed (see for example Figure 4a)
and b)).

4. Discussion

Our model not only qualitatively reproduces the early stages of coral de-
velopment but also compares very well quantitatively to the experimental
data. This is the more remarkable as measuring the morphometric param-
eters occurs by very different tools in experiments and simulations. Due to
the one-dimensional nature of the model, calculations can be executed very
efficiently and many runs can be performed easily and fast.
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We postulate the following hypotheses regarding coral morphogenesis in
Stylophora:

• dissolved nutrients and the distribution of photosynthates provides po-
sitional information for coral morphogenesis

• coral growth takes place at the branch tips only

• growth at the branch tips is uniform

• sprouting and splitting are stochastic events that are regulated by the
presence of dissolved nutrients and photosynthates

Crucial for the model is the realization that significant skeletal growth
only takes place in one zone — at the branch tip. Sprouting can be un-
derstood as the formation of a new growth zone and splittings can be seen
as a large growth zone that is dividing into two growth zones. If a growth
zone has been established we propose that the growth rate is constant for all
growing tips. If the tip should encounter an area of few resources growth is
halted completely as it is in fact frequently observed in inner branches of the
colony with poor access to the flow around the coral. In our model we have
not yet considered this feature as it is not relevant for young colonies.

The idea of the growth zone can be used to understand growth in different
coral species. In a branching coral like Stylophora pistillata the growth zone
has the shape of a disk. How this shape is established is not part of our
model but could be addressed by a model that represents the coral as a
surface in three dimensions — possibly by a reaction-diffusion mechanism
that is regulated by the availability of resources. Note that reaction-diffusion
patterns can also be line patterns which might underlie the linear growth
zones of some corals such as Turbinaria and some Montipora species.

There are similarities in our approach to the model by Kaandorp and
Merks by emphasizing the role of energetic resources such as solved nutrients
and photosynthates. However, energetic resources play a different role in
our model compared to Kaandorp-Merks’ model. In their model skeletal
growth was proportional to the amount of locally available nutrients. In our
model nutrients control the emergence and splitting of growth zones. Skeletal
growth does not take place outside of growth zones even though nutrient
concentration might be high. In Kaandorp-Merks’ model one observes a
continuous range of growth speeds along the coral. In our model there is
either growth at a constant speed or no growth at all.
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The model also has similarity to a classic model by Meinhardt for the
development of branched structures [35]in tissues. One version of the model
consists of an activator A that leads to differentiation in the tissue. This
activator is paired to a classic inhibitor I that prevents the occurrence of a
new activator center in the near vicinity and a diffusible substance S that is
guiding the developing branch away from already differentiated tissue. Linear
structures with branch bifurcations and lateral branches arise in the course
of a simulation. Although the formulation of Meinhardt’s model is different
and it is applied to differentiation, not growth, its logic is very similar to ours.
The activator A and the differentiation process correspond to the branch tip
that is growing at a constant speed. The substance S corresponds to our N
in that it is guiding the branch — and the inhibitor I corresponds to both
N and P in that it is controlling the formation of side branches. There is
no explicit inhibitor in our model but inhibition occurs by depletion of the
resources N and P .

Our model does not downplay the importance of genetic factors, which
are contained implicitly. For instance, the maintenance of a relatively small,
circular growth zone at the branch tip requires a genetic basis. In our model
we do not address how this growth zone is established but we point out
that circular dot patterns are ubiquitous in nature and can be the result of
many different mechanisms. Furthermore, the way positional information is
used for determining growth direction, splitting and sprouting probabilities
necessarily requires a genetic basis. We do not outline the details of this
process, which would be pure speculation only with the lack of knowledge on
genetics in Stylophora pistillata.

It is important to note that the introduced quantities N and P can be
interpreted differently. Instead of N we could have introduced the quantity

I(�r) =
∑

φ(|�ri − �r|) ,

as a representation of an inhibitor of growth that is excreted by the coral
branches. The mathematical structure of such a kind of model is very sim-
ilar to our model and it is in fact very difficult to propose an experiment
that discriminates between the two scenarios. Similarly, P could also be
interpreted in a different way. Instead of a quantity taken up at the tips
and promoting sprouting and splitting we could define a substance that is
excreted at the tip and represses sprouting and splitting along the branch.
Again, it is impossible with current knowledge to decide what mechanism is

21



correct. Therefore we do not rule out in our model the possibility that the
coral regulates its own growth by true morphogens that are acting through
the branches and the water medium. On the other hand there is strong
evidence that dissolved nutrients and photosynthetic products are not dis-
tributed evenly so that they can serve as positional information, and there
is no necessity for morphogens that do the same job.

Finally, it appears that some of the presented ideas can be used to find
more general growth rules for a wider class of coral species. Especially, the
idea that growth takes place in certain growth zones only may also apply to
other coral species.
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