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Abstract

Physical bombardment by waterborne debris is a common disturbance in shallow coral reef
systems. During hydrodynamic disturbances, such as tropical storms, increases in water
velocity elevate drag forces acting on objects—ranging in size from sand to boulders and
coral colonies—dislodging and propelling them into nearby coral colonies. Impact by debris
can cause a number of injuries, ranging from intra-colony damage (e.g., branch breakage or
tissue death) to whole-colony dislodgment. However, the bombardment process is poorly
understood, given that it is difficult to observe in situ as hydrodynamic disturbances occur.
Using 3D coral scans representing five characteristically different growth forms and finite
element analysis, I simulated bombardment scenarios by applying increasing point forces to
colony meshes. I measured the force required to cause breakage and where that breakage
occurred, and found high rates of intra-colony breakage (a mean of 23% across growth
forms). There was a significant interaction between colony surface area to volume ratios
(SA:V) and the damage outcome (branch breakage or whole-colony dislodgement), but
generally the impact force necessary to result in damage decreased as SA:V increased.
Traditional models of coral damage during storms only consider hydrodynamic force,
however, the results presented here show that bombardment may be the dominant process

damaging and killing reef corals during hydrodynamic disturbances.
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Introduction

Physical disturbances on coral reefs, such as cyclones, are destructive events and their
aftermaths have been well documented. Coral tissue is scoured and damaged, branches are
“pruned” and entire colonies are dislodged (Madin 2005; Madin and Connolly 2006;
Fabricius et al. 2008; Madin et al. 2014; Puotinen et al. 2016). Partial damage often leads to
whole-colony mortality, which can take weeks to unfold (Knowlton et al. 1981). In some
cases, colony fragments can reattach to the substrate and resume growth (Smith and Hughes
1999); a considered form of asexual propagation (Tunnicliffe 1981). All in all, the loss of
living reef structure is typically dramatic, with cascading consequences for abundances and
diversity of reef-associated species, such as the reef fishes (Woodley et al. 1981; Wilson et al.
2006). In spite of this destruction, periodic physical disturbances are believed to be positive
for reefs, because they promote species coexistence (Connell 1978) by reducing the

dominance by any one species and create space for new corals to recruit.

Despite the importance of physical disturbance in structuring coral reef communities, we have
next to no idea what actually occurs during a disturbance event. We cannot directly observe
the damage, and so are left to speculate about the processes that led to the resulting bed of
rubble. Currently there are two predictive models for coral damage during hydrodynamic
disturbances: Massel and Done (1993), which focused on massive corals, and Madin and
Connolly (2006), which broadened the focus to all growth forms. However, these traditional
models only consider dislodgement via hydrodynamic forces as the damaging process. While
there is no doubt that hydrodynamic drag forces are responsible for the dislodgment of whole
colonies during an event, less obvious is the damage caused by waterborne debris—much of

which is spawned from dislodged colonies themselves. The addition of waterborne debris to



models of hydrodynamic disturbance is complicated, because physical bombardment can

generate forces greater than drag alone, and any partial colony breakage will reduce drag.

Bombardment is likely to be a ubiquitous process during physical disturbances on reefs.
Elevated drag forces act on unattached objects—ranging in size from sand to entire
unattached coral colonies—propelling them along the reef and into neighboring colonies.
Bombardment is likely to cause severe damage to living corals, ranging from tissue damage
and breakage of branches through to the dislodgement of entire colonies. Dislodgement or
breakage of colonies at the reef crest will fuel the bombardment process. However, there is a
large knowledge gap in the bombardment process, because it is extremely difficult to observe
directly. For this reason, there is almost no information as to whether bombardment is an
important damage and mortality process during hydrodynamic disturbance nor how if could

be modelled.

The aim of my study was to address the knowledge gap of bombardment as an important
ecological process during physical disturbances using an engineering modelling approach
called finite element analysis (FEA). FEA enabled me to model rates of damage by
waterborne debris and contrast these with rates of whole-colony dislodgement for a range of
different coral morphologies (=growth forms). My results are preliminary; nevertheless, here |
quantify the relative occurrence of breakage versus dislodgement based on growth form and
surface area to volume ratios. I hypothesize that an increase of surface area to volume ratio
led to an increase in the probability of colony breakage occurring. I then validate that the
levels of force required for bombardment to be an important process on reefs that can occur

during hydrodynamic disturbances.



Methods

Ten coral colonies were selected from the Natural History Museum coral collection in
London that represented five characteristically different growth forms; two of each of
branching, digitate, corymbose, plating and massive forms. Three-dimensional (3D) meshes
were created for each colony using a CREAFORM EXAScan portable laser scanner
(Creaform 2016a) (Figure 1). This system rapidly and precisely scans objects with a
resolution of up to 0.2 mm? while generating a mesh in real time on a connected computer

using the software VXElements (Creaform 2016b). The scanner exposure time was set at 6.00
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Figure 1. Coral meshes produced by scanning coral colonies with the CREAFORM

EXAScan. Growth forms are as follows: Branching; A, B, Corymbose; C, D, Digitate; E, F,

Massive; G, H and Plating; I, J. Each black and white scale bar is equal to 10 cm.



Each colony scan was cleaned by first smoothing any obvious surface irregularities, removing
non-coral regions (e.g., substrate), and ensuring the mesh was watertight to enable accurate
surface area and volume calculations. A mesh-editing program Meshmixer (Autodesk
Research 2016) was then used to inspect each of the coral meshes and attach them to a basal
block to mimic the reef substrate. Colony surface areas and volumes were calculated using the
‘Stability’ function in Meshmixer while the basal block was omitted (Table S1). The number
of triangles making up each mesh was reduced to fall between 40,000 to 100,000 depending
on the complexity of the growth form, which was done to reduce the processing time of FEA

while maintaining overall colony shape.

I used Strand7 (Strand7 Pty Ltd 2015) for FEA. In this software meshes were converted to
solid meshes. The coral skeleton and reef substrate components were parameterised with
elastic moduli, material densities and maximum tensile strengths that were collected from a
range of sources, including the Coral Trait Database (Madin et al. 2016) and Madin (2005)
(Table 1). All breakage was assumed to occur under tension, because brittle crystalline
materials are particularly strong under compression (Madin 2005). In order to mimic how a
colony would be impacted by debris, the base of substrate block was restrained from
translational and rotational movement and ten bombardment points were randomly selected
for each colony mesh. Given processing time constraints, at the time of writing this
manuscript each colony was only bombarded from one arbitrarily chosen direction, and
material parameters reflect average values (i.e., variation in material properties have not been

simulated yet).



Table 1. Growth form and reef substrate material properties

Branching Digitate Corymbose Plating Massive Substrate
Modulus (MPa) 21500 21500 21500 21500 15100 7400
Poissons ratio 0.2 0.2 0.2 0.2 0.2 0.2
Density (g/cm”2) 2.4 2.2 2.2 2.2 1.2 0.8
Breaking point (MPa) | 5.01 3.98 3.98 3.98 1.00 0.32

An increasing point load was applied to each bombardment point up until tensile breakage
occurred. Breakage rarely occurred at the point the load was applied, and so I measured the
point of breakage, and additionally noted if this was intra-colonial (e.g., a branch) or whole
colony (e.g., at the basal attachment). Point load increments for each simulation were either 3
MPa for branching, digitate, corymbose and plating growth forms, or 6 MPa for massive
growth forms (due to the greater impact force required for breakage or dislodgement). The
point of breakage was defined as the point on the colony or substrate where internal tensile
stress first exceeded tensile breakage strength of the respective material (substrate or
skeleton), which typically occurred lower on a branch or at the colony/substrate interface

(Tables S2-11).

In order to assess if the impact forces required to damage colonies were present in the real
world, I calculated the forces generated by a range of different massed debris (0.01 — 10 kg)
travelling at a range of water velocities (1 — 10 m/s). The maximum water velocity likely to be
observed during a cyclone is 5-10 m/s (Madin et al. 2006; Madin et al. 2012). The force

generated was estimated according to:
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where m is mass of debris, v is velocity of debris, t is the impact period and F is the resulting
force generated. I assumed that impact periods are approximately 0.01 seconds based on
previous studies of impacts on attached cantilever-like objects (Sun 1977; Ruiz et al. 2000;
Mao et al. 2009). Although impact times vary in these studies, the general consensus is that
impact times are very short (Youcef-Toumi and Guts 1989; Ma and Chuang 2008), thus this

validation figure should be treated as a ball-park estimate.

Data analysis

The outlines of each coral colony were downloaded from Strand7 as xyz coordinate point
clouds and an alpha-convex hull (Pateiro-Lopez and Rodriguez-Casal 2016) fitted around the
outline in the orientation perpendicular to bombardment. Pairs of impact and breakage points

were added to colony outlines and connected with arrows to help visualize the results.

I ran two statistical analyses. First, the probability of breakage (=1) vs. dislodgment (=0) for
each bombardment trial was modelled statistically as a function of colony surface area to
volume ratio using a binomial generalized linear model (Table 2) in R (R Core Team 2014).
Second, impact force required for damage was modelled as a function of surface area to
volume ratio and damage outcome type (breakage or dislodgement) using a standard linear
model (Table 3). For all analyses, surface area to volume ratios and impact forces were log-
transformed, which resulted in the most normally distributed residuals. I tested for an
interaction between factors in the second analysis. Analyses were presented as anova tables
using the function ‘aov’ to determine whether one of these factors had a significant effect on

the model.



Table 2. Coefficient estimates for the binomial generalized linear model. Null deviance:
21.374 on 8 degrees of freedom, residual deviance: 12.032 on 7 degrees of freedom, AIC:
33.236 and number of Fisher Scoring iterations: 4. Response variable: Probability of breakage

vs dislodgement, factors are as follows sa.v: surface area to volume ratio.

‘ Estimate Std. Error tvalue p
Intercept -2.949 0.727 -4.056  >0.001
sa.v 6.133 2.163 2.835 0.005

Table 3. Model estimates table. Residual standard error: 0.2799 on 86 degrees of freedom.
Multiple R-squared: 0.5439, Adjusted R-squared: 0.528, F-statistic: 34.19 on 3 and 86 DF, p-
value: 1.21e-14. Response variable: log10 impact force, factors are as follows sa.v: surface

area to volume ratio and brk.dis: outcome — breakage or dislodgement.

Estimate Std. Error tvalue p
Intercept 1.5192 0.2225  6.828 >0.0001
sa.v -0.1201 0.4313 -0.279  0.7813
brk.dis -0.4642 0.2401 -1.933  0.0565
sa.v:brk.dis | -0.9812 0.4469 -2.195 0.0308

Results

Across all colonies bombarded, I observed a 77% rate of dislodgement and a 23% rate of
intra-colonial breakage (Figure 2). The more complex and upright morphologies (i.e.,
branching and corymbose) were more likely to suffer branch breakage with a breakage rate of
47%:; the plating morphology suffered a breakage rate of 25% with breakage occurring along
the plate edges; the more compact digitate morphology suffered a low breakage rate of 10%
due to the shorter and robust nature of the branches; and the massive morphology did not
display any instances of breakage (Figures 2, S1.1 and S1.2). Overall, there was a significant

relationship between the likelihood of breakage and colony surface area to volume ratios, in
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which colonies with a greater ratio are more likely to break internally than colonies with a

smaller ratio (Figure 3).
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Figure 2. The probability of either breakage or dislodgement for each colony tested. The
outline of each colony is projected on the top of each bar. Dark grey: Breakage, light grey:
Dislodgement. Each letter below each colony outline corresponds to the same letter and

colony in Figure 1. *Removed from analysis due to abnormal results.
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Figure 3. The probability of colony breakage as a function of colony surface area to volume

ratio. n=90, confidence bands represent 95%CI.

For the impact forces required to cause damage, I found a significant interaction between
colony surface area to volume ratio and the damage outcome type (Df: 1, F: 4.8199, p: 0.03).
The impact force necessary for whole colony dislodgement decreases as surface area to
volume ratio increases. However, intra-colonial breakage was much less likely to occur in
forms with lower surface area to volume ratios; whereas, whether a colony breaks or becomes
dislodged becomes indistinguishable at higher surface area to volume ratios (Figure 4). One
of the branching growth forms (Figures 1A and S1.1A) was removed for analysis due to
abnormal results produced by Strand7, which I suspect was caused by using the mean
substrate strength (discussed below). However, it should be noted that removing this sample
did not affect the statistical significance of the two analyses, merely strengthened the patterns

to a small degree.
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Figure 4. Impact force (log10, MPa) required for breakage or dislodgement as a function of
colony surface area to volume ratio (logl0, SA:V). The red line and corresponding 95%CI
band displays colony dislodgement. The blue line and corresponding 95%CI band displays
colony breakage. Coral outlines indicate general shapes that colonies would exhibit

corresponding to the SA:V.

Finally, the range of impact forces required to cause damage were all present for the range of

projectile velocities and masses likely to be present on a reef during a tropical cyclone (Figure

5).
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Figure 5. The projectile velocity and mass required to result in a damaging impact (either
breakage — blue line, or dislodgement — red line) for each simulation on each growth form.
The dashed line represents a projectile velocity of 5 m/s, a speed that would commonly occur

over a reef during a cyclone.

Discussion

Whole-colony dislodgement has traditionally been thought to occur before intra-colony
breakage in corals, primarily because the tensile strength of reef substrate is much lower than
skeletal strength (Madin 2005; Madin and Connolly 2006). This assumption is true when only
considering hydrodynamic forces alone, however, my in sifu observations of a reef following
a cyclone, and the analysis presented here, strongly suggests that hydrodynamic dislodgement

might be a relatively small part of the story. I found that bombardment causes both colony
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breakage and whole-colony dislodgement (Figure 2) for the range of projectile masses and
water velocities likely to be present during a hydrodynamic disturbance (Figure 5).
Furthermore, bombardment caused intra-colonial breakage over 23% of the time on average,
which helps explain the high levels of partial mortality observed on reefs following storm
events (Woodley et al. 1981) and even tsunamis (Chavanich et al. 2008), particularly for

higher SA:V growth forms.

My results suggest that two important considerations need to be made and developed to
update current models of storm damage to corals. First, while dislodgement has been shown
to be caused through hydrodynamic force (Madin and Connolly 2006), it needs to be
considered as a process which can also occur through bombardment. Second, intra-colonial
breakage needs to be considered in these models as an important factor that leads to damage
as well as to the overall reduction in colony surface area, over which hydrodynamic force and
subsequent bombardment act. It is a combination of these factors, which would lead to the
most accurate and reliable models of coral colony mechanical vulnerability during physical

disturbances.

Further reasoning for revising current mechanical vulnerability models can be seen in the role
that the surface area to volume ratio of each colony was shown to have in determining the
outcome of a bombardment impact. Surface area to volume ratio is an important trait in
determining structural vulnerability of coral colonies, as generally an increase in the surface
area to volume ratio corresponds with an increase in the complexity of the colony — the
formation of less robust structures such as branches or thin table or plate like constructions.
Firstly, as hypothesized, an increase of surface area to volume ratio led to an increase in the

probability of colony breakage occurring. Secondly, an increase in surface area to volume
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ratio also led to significant decrease in the amount of force required to cause colony
dislodgement and a slight decrease in the amount of force required to cause colony breakage.
Thus these two results are of utmost interest in determining the mechanical vulnerability of
coral colonies. Current models look at coral size as a factor in determining mechanical
vulnerability. These models have shown that generally, for growth forms other than massive,
as colony size increases so does the colony shape factor (CSF), a measurement of mechanical
vulnerability (Madin and Connolly 2006; Madin et al. 2014). However, with my data
indicating the surface area to volume ratio plays a vital role in determining mechanical
vulnerability, it would be logical to integrate this relationship into current CSF models. This
would allow for more accurate predictions of vulnerability measures that not only include
dislodgement as a factor but branch breakage as well.

Furthermore, another potential reason to revise current mechanical vulnerability models can
be seen in the water velocity results displayed in figure 5. These results may indicate that
when waterborne debris is present there is a lower threshold for water velocity that might be
considered dangerous for corals when compared to those previously shown in hydrodynamic-
only predictions of damage (Madin and Connolly 2006; Madin et al. 2006). While these
results are only preliminary, it may indicate that current models could hypothetically be

underestimating damage resulting from minor storms, which display lowered water velocities.

There are a wide range of ecological effects on colonies themselves as a result of colony
breakage (branch pruning). One of the most common results of branch loss is exposed tissue
becoming diseased. It is very well documented that injured coral tissue such as that caused by
branch breakage is likely to increase the appearance of, and susceptibility to, disease
(Hawkins and Roberts 1992; Winkler et al. 2004; Guillemot et al. 2010; Brandt et al. 2013;

Katz et al. 2014), as well as increasing the colonies susceptibility to predation (Henry and
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Hart 2005; Guillemot et al. 2010). Furthermore, Henry and Hart (2005) have shown when
colonies are able to begin to recover injury, they display reduced functions of growth, sexual
reproduction and competition. This reduced function of injured corals is undoubtedly linked
to the increased energetic costs of recovery and the cost of attempting to resist potential
disease. Though in contrast it is thought that in some cases the lower coral cover associated
with the aftermath of a cyclone may be beneficial in resisting disease. Bruno et al. (2007)
suggests that for the case of white syndrome coral cover must be high in order for outbreaks
to occur, and cover is unlikely to be high after a hydrodynamic disturbance. Sub-lethal effects
that corals suffer after a disturbance event are highly likely to lead to delayed mortality
(Knowlton et al. 1981). In cases that do not lead to eventual mortality, these colonies are
likely to be severely affected by the increasing occurrence and potency of other disturbances

such as the most recent bleaching event described on the Great Barrier Reef (Hughes 2016).

Effects of hydrodynamic disturbances may also have positive outcomes for some colonies
which suffer breakage. In some cases, fragments broken off certain corals such as Acropora
species are able to re-fuse to the substrate or other colonies and survive (Highsmith 1982;
Wallace 1985; Smith and Hughes 1999; Lirman 2000). Not only does this form of asexual
propagation (Tunnicliffe 1981) have potential to add material to reefs for growth and it also
allows species extend their local distribution. Though it has also been suggested that the
benefits of asexual propagation are offset by the negative effects of cyclones, that can lead to
the death of fragments through scouring, sedimentation, the turning over of the coral

fragments and disease (Bak and Criens 1981; Cooke and Marx 2015).

While colony branch breakage has a range of ecological effects on colonies themselves, it

also plays a vital role for several ecosystem functions. Branch breakage can lead to significant
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reductions in habitat complexity, as vulnerable growth forms which are key in maintaining
complexity are easily pruned (Guillemot et al. 2010). It is these complex yet vulnerable
growth forms which in turn drive valuable ecosystem functions for assemblages such as reef
fish (Roberts and Ormond 1987; Gratwicke and Speight 2005; Johnson 2007), providing
habitat (Sutton 1985), breeding grounds (Olivotto et al. 2003) and a source of food (Sutton
1985). Such a loss of habitat, breeding grounds and food causes major disturbances in reef
fish populations dynamics (Harmelin-Vivien 1994; Wilson et al. 2006; Chabanet et al. 2010)
with cyclones even thought to cause short term behavioural changes in reef fish (Woodley et

al. 1981).

While branch breakage does lead to a number of negative ecological effects in a coral reef
ecosystem, the rubble, which is left as the result of breakage, becomes a highly important
carbonate supply for reef growth. In time large piles of rubble can become rigidly bound
together and thus stable, this in turn creates new substrate for which coral larvae can settle on
and grow (Rasser and Riegl 2002). This process is vital to ensure these valuable coral reef
systems can continue to grow. Thus it is clear that it is vital to understand the processes such
as bombardment, which lead to both branch breakage and dislodgement of coral colonies, as
they have the potential to significantly affect the ecology of not only coral species, but the

entire ecosystem that relies on them.

A limitation of the modelling done here was the use of a single, mean substrate strength
parameter when, in reality, substrate strength is highly variable (Madin 2005). Due to the
computer processing limitations, I was only able to run the analysis using one estimate of
substrate strength. Thus I propose that using a range of different reef substrate strength

estimates would result in a substantial change in outcomes — higher rates of breakage
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compared to dislodgement — for most of these growth forms. It is this limitation that explains
my primary reasoning for excluding one branching growth form from my analysis. As a
logical extension of the ideas presented in Madin (2005), there is a trend in which simple
growth forms such as massive corals are unlikely to be dislodged in weak substrates and
therefore will continue to grow in these areas. Whereas, more complex growth forms such as
branching corals are likely to be dislodged in weaker substrates and will not be able to keep
growing in these areas. Thus it is likely that these growth forms will be found in stronger
substrates. I consider that complex growth forms are highly likely to suffer from branch

breakage due to their structural mechanics.

Given computational limitations that prevented some planned work to be accomplished before
this project due date, I have a series of further tasks to do before publishing this work. First, I
will be selecting 2-3 more colonies for each of the growth forms over a range of sizes to
improve replication and look for colony size trends. Second, I will be examining the effect of
colony orientation and material variability of the results. This is particularly important for
substrate strength, which is highly variable (Madin 2005). Third, I will be adding thresholds
for colony surface damage in the FEA model in order to investigate relative levels of tissue
damage spatially on colonies. Fourth, I will be calculating colony shape factors for each
colony in order to determine if hydrodynamic dislodgment or bombardment damage is likely
to occur first for a range of bombardment projectile masses. And finally, I will be validating
FEA results using data I collected from the field at Lizard Island following a direct hit by a

category 3 tropical cyclone.

While the results presented here are preliminary, they have highlighted the importance of a

rarely considered process, bombardment, for the destruction on coral reefs during
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hydrodynamic disturbances. With the combination of knowledge from current models and the
outcomes presented here, | am able to demonstrate that there are multiple processes and
factors that will affect the likelihood of a coral colony suffering from either branch breakage
or whole colony dislodgement. This new information that has been brought to light paves the
way for continuing research that will enable us to better understand the process of
bombardment, has enabled us to more comprehensively understand structural mechanics of
coral colonies and has shown that there are multiple processes which can lead to coral damage
during a hydrodynamic disturbance. I hope that by increasing our knowledge of both the
processes that destroy coral reefs as well as the structural mechanics of different coral
morphologies I will be better able to plan, manage and help with the recovery of these

vulnerable yet vital ecosystems.
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Figure S1.1. Plots modelling the outcome (breakage or dislodgement) of random bombardment impacts from debris for a range of coral
growth forms. Black circle: Area of impact, Red circle: Area of breakage/dislodgement. Arrows point from area of impact to area of

breakage. Growth forms are as follows: Branching; A, B, Corymbose; C, D, Digitate; E.
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Figure S1.2. Plots modelling the outcome (breakage or dislodgement) of random bombardment impacts from debris for a range of coral
growth forms. Black circle: Area of impact, Red circle: Area of breakage/dislodgement. Arrows point from area of impact to area of breakage.

Growth forms are as follows: Digitate; F, Massive; G, H and Plating; I, J.
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Table S1. Colony impact results and dimensions. Columns are as follows: id: colony id,

growth.form: colony growth form, brk.dis: outcome (0: dislodgement, 1: breakage),

imp.force.mpa: force of impact, x.cm: width, z.cm: height, surf.cm2: surface area (cm?),

vol.em3: volume (cm’) and sa.v: surface area to volume ratio.

id | growth.form brk.dis imp.forceempa x.cm y.cm surf.cm2 volcm3 sa.v

31 | branch 1 90 123 214 8279.8  35909.2 0.230576008
31 | branch 0 57 123 214 8279.8  35909.2 0.230576008
31 | branch 1 18 123 214 8279.8  35909.2 0.230576008
31 | branch 1 60 123 214 8279.8  35909.2 0.230576008
31 | branch 0 81 123 214 8279.8  35909.2 0.230576008
31 | branch 0 60 123 214 8279.8  35909.2 0.230576008
31 | branch 0 84 123 214 8279.8  35909.2 0.230576008
31 | branch 1 18 123 214 8279.8  35909.2 0.230576008
31 | branch 0 42 123 214 8279.8  35909.2 0.230576008
31 | branch 1 33 123 214 8279.8  35909.2 0.230576008
33 | branch 0 9 159 152 3142.1 10296.9  0.305150094
33 | branch 0 15 159 152 3142.1 10296.9  0.305150094
33 | branch 0 6 159 152 3142.1 10296.9  0.305150094
33 | branch 0 6 159 152 3142.1 10296.9  0.305150094
33 | branch 0 9 159 152 3142.1 10296.9  0.305150094
33 | branch 0 24 159 152 3142.1 10296.9  0.305150094
33 | branch 0 15 159 152 3142.1 10296.9  0.305150094
33 | branch 0 9 159 152 3142.1 10296.9  0.305150094
33 | branch 0 6 159 152 3142.1 10296.9  0.305150094
33 | branch 0 6 159 152 3142.1 10296.9  0.305150094
59 | mass 0 126 7.4 8.6 2080.9 22326 0.093205232
59 | mass 0 114 7.4 8.6 20809 22326 0.093205232
59 | mass 0 288 7.4 8.6 20809 22326 0.093205232
59 | mass 0 468 7.4 8.6 20809 22326 0.093205232
59 | mass 0 294 7.4 8.6 20809 22326 0.093205232
59 | mass 0 480 7.4 8.6 2080.9 22326 0.093205232
59 | mass 0 282 7.4 8.6 20809 22326 0.093205232
59 | mass 0 306 7.4 8.6 20809 22326 0.093205232
59 | mass 0 282 7.4 8.6 2080.9 22326 0.093205232
59 | mass 0 270 7.4 8.6 20809 22326 0.093205232
9 mass 0 408 10.2  11.1 30485 42890 0.071077174
9 mass 0 258 10.2  11.1 30485 42890 0.071077174
9 mass 0 276 102 11.1 30485 42890 0.071077174
9 mass 0 216 10.2  11.1 30485 42890 0.071077174
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Table S2. Detailed outcome results for massive colony, ID 9.

point | imp str mpa imp brick imp node imp x imp y imp z brk brick brk node brk x brk y brk z

1 408 5902 21238 -3.189192  -3.668323  5.890753 95787 8656 -3.22285  -3.196898 2.338192
2 258 5268 22216 0.574096 -3.668322  7.066781 98859 14883 1.279712  -4.844353 2.127465
3 276 114149 15032 1.044507 -4.609146  3.773904 98859 14883 1.279712  -4.844353 2.127465
4 216 103320 21725 -2.953986  -1.786678  7.301985 98859 14883 1.279712  -4.844353 2.127465
5 144 111989 8138 -1.717357  -3.880629  2.789991 40593 2287 -1.965839 -3.734303 2.338192
6 294 111124 11668 3.227756 -4.598168  4.485281 98859 14883 1.279712  -4.844353 2.127465
7 264 23202 11039 1.749642 -4.659318  6.036568 98859 14883 1.279712  -4.844353 2.127465
8 240 98786 22012 -0.13152 -1.081056  8.242807 98859 14883 1.279712  -4.844353 2.127465
9 270 107334 10392 -4.455688  -2.706289  3.256632 3430 13357 -4.365219 -2.727503 2.127464
10 228 13567 10511 4.42979 -2.987934  5.071235 98859 14883 1.279712  -4.844353 2.127465

mpa: force of

St
imp_node: impact bricks central node
coordinate system that when linked
dimensional bricks, both elements and
such as Young’s modulus, Poisson’s ratio

number, imp_x, y, z: central nodes x, y and
and density.

For tables S2-S11, columns are as follows:
impact, imp_brick: impact brick number,

z coordinates, brk brick: brick number
where break occurs, brk node: break
bricks central node number, brk x, y, z:
central nodes X, y and z coordinates. Nodes
can be defined as points placed in a xyz
together by elements can form three-
bricks may be assigned physical properties

point. simulation, imp
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Table S3. Detailed outcome results for corymbose colony, ID 12.

point | imp_str mpa imp brick imp node imp x imp_y imp_z brk brick brk node brk x brk y brk z

1 15 117767 17027 -2.4392 -0.018079  9.744123 176470 42343 -2.643973  0.155611 8.354076
2 102 8610 28999 1.567248 -1.652443  4.526487 117292 40752 -0.152903  -2.91848 1.448023
3 72 9650 25392 -1.02393 -2.830251 4.290931 170346 24802 -1.495054  -2.830262 1.464182
4 51 85317 13600 -1.703372  -2.330366  2.195968 157892 7775 -1.389456  -2.837758 1.509985
5 84 7502 28794 2.745057 -1.652448  3.348676 22256 21208 2.458582 -1.84847 3.46536
6 72 40344 10407 3.050474 -0.503005  6.296984 117292 40752 -0.152903  -2.91848 1.448023
7 18 119554 37587 1.331691 -1.652399  9.002162 32290 13639 1.050805 -2.193102  8.128747
8 45 14212 12536 -0.44737 -2.364658  8.656372 170346 24802 -1.495054  -2.830262 1.464182
9 27 2372 33119 -3.615111 0.46762 5.70428 168529 14117 -2.836617 -0.117831  5.576853
10 30 37114 21534 -0.421394 -3.553472 6.980113 130400 13427 -0.274463 -3.213894 6.210816
Table S4. Detailed outcome results for corymbose colony, ID 17.

point | imp_str mpa imp brick imp node imp x imp_y imp_z brk brick brk node brk x brk y brk z

1 57 13651 27937 1.207681 -0.842877  3.435072 50503 747 1.51411 -1.424587 2.722049
2 24 10193 38619 -3.380713  -2.510821 7.397677 178115 9045 -0.894333  -1.05739  2.722052
3 24 5642 38823 0.164974 -1.259827  7.60606 158 24331 -1.086313 -0.634339 2.600898
4 51 176028 24440 -2.338681  -1.67586 3.851982 27281 13960 -1.652398 -1.204341 4.160818
5 15 303 1189 -0.544337  0.122574 10.425011 158 24331 -1.086313 -0.634339 2.600898
6 18 5830 40970 3.501857 0.826278 8.857555 41868 1158 2.854153  1.419623  7.996182
7 45 19580 17730 -0.516909  -1.540997  4.039155 178115 9045 -0.894333 -1.05739  2.722052
8 21 33857 7277 1.955206 -0.302198  7.653289 158 24331 -1.086313 -0.634339 2.600898
9 12 8472 39926 -1.712417  2.287163 11.776666 181771 43133 -1.009035 1.534833  8.083841
10 30 26375 15884 3.577966 0.426169 5.793732 15470 37361 1.833437  0.617297  5.311948
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Table S5. Detailed outcome results for digitate colony, ID 22. p
point | imp str mpa imp brick imp node imp x imp_y imp z brk brick brk node brk x brk y brk z

1 30 6440 43378 -8.709881  -9.035958 12.515204 230748 25701 5.880515 -4.400213  2.679076
2 48 233025 22796 6.072213 -11.264413  12.906844 230748 25701 5.880515 -4.400213  2.679076
3 45 168278 42688 -1.140362  -12.568563 11.001295 203345 42761 -0.636551 -12.567656  11.002345
4 57 187366 5889 7.368601 -1.315728  3.15887 168465 33641 7.438486 -1.971356  2.422463
5 66 136059 24933 -2.557997  -3.592074  5.773536 159266 14784 2426896  -5.579492  2.7432

6 24 10461 43510 -6.186646  -4.998972 14.533704 230748 25701 5.880515 -4.400213  2.679076
7 57 35614 21676 -0.302411  -9.968274  9.740288 230748 25701 5.880515 -4.400213  2.679076
8 21 38384 12067 1.553573 -12.159994  13.804585 230748 25701 5.880515 -4.400213  2.679076
9 42 180579 33707 3.906046 -7.522301 7.468806 230748 25701 5.880515 -4.400213  2.679076
10 39 182672 7988 7.85793 -9.261433  9.94891 230748 25701 5.880515 -4.400213  2.679076
Table S6. Detailed outcome results for digitate colony, ID 24.

point | imp str mpa imp brick imp node imp x imp_y imp z brk brick brk node brk x brk y brk z

1 54 147907 31203 2.508904 -3.823954  2.154316 1416 29646 2.774532  -4.355213 1.623059

2 75 196692 26115 0.383882 -5.152084  3.216835 25003 2118 0.736228  -4.243441 1.782014

3 45 4972 42335 -1.741138  -4.62082 4.544972 139480 31165 1.047952  -3.691141 1.755874

4 27 182597 13111 1.184548 -2.330947  6.2851 139480 31165 1.047952  -3.691141 1.755874

5 30 147226 43251 3.837045 -0.370773  5.34183 139480 31165 1.047952  -3.691141 1.755874

6 69 182886 7735 -3.032927  -3.518619  2.90376 179233 14647 -0.815959 -2.719074 2.761632

7 42 3440 29938 1.180766 -4.886451  4.279345 139480 31165 1.047952  -3.691141 1.755874

8 27 1918 42773 -2.006811  0.160651 6.669986 139480 31165 1.047952  -3.691141 1.755874

9 15 179733 16413 1.076069 -0.436116  7.714137 139480 31165 1.047952  -3.691141 1.755874

10 57 8014 29965 3.040158 -5.152086  3.482461 139480 31165 1.047952  -3.691141 1.755874




Table S7. Detailed outcome results for branching colony, ID 31.

point | imp str mpa imp brick imp node imp x imp_y imp z brk brick brk node brk x brk y brk z

1 90 61033 10191 3.34138 -7.9046 12.285987 78100 18409 1.341784  -5.295778 8.364708
2 57 175397 15947 2.388358 -6.010231 9.265924 138752 7369 0.415096  -0.989272 3.768469
3 18 158205 44512 -2.02345 -3.323762 15.359505 71602 10184 -1.180811 -3.262231 10.12739
4 60 145400 4756 -2.513739  -8.949044 11.632852 958 37553 -3.477039 3.217005  8.816584
5 81 127922 14247 -3.422521  1.774026 8.409944 202910 29477 -2.568337 -1.32652  3.54614
6 60 7572 29069 -1.114552  -6.778611 8.634918 138752 7369 0.415096  -0.989272 3.768469
7 84 178623 17583 1.516482 -1.675553  5.550084 3782 40678 2.156894  0.490876  3.546138
8 18 170741 15029 0.35715 -5.797732 13.064109 161978 10279 -0.964605 -6.326497 10.304526
9 42 67603 6693 -1.774249  0.729746 6.573741 202910 29477 -2.568337 -1.32652  3.54614
10 33 77971 11565 -3.580653  -8.674071 13.015917 73250 11761 -2.492456 -8.55803  11.74828
Table S8. Detailed outcome results for branching colony, ID 33.

point | imp str mpa imp brick imp node imp x imp_y imp z brk brick brk node brk x brk y brk z

1 9 125057 15410 6.844672 -3.386742  5.579333 94798 57 -2.2349 -1.825966 1.454844
2 15 127287 27045 3.14103 -1.638283  4.108542 94659 5369 -2.048005 -1.690758 1.454859
3 6 114444 18788 2.703884 0.893741 10.766365 94659 5369 -2.048005 -1.690758 1.454859
4 6 11711 16866 -6.839264  0.69332 7.750384 94659 5369 -2.048005 -1.690758 1.454859
5 9 11441 19717 -3.958373  -2.119833  5.60491 94659 5369 -2.048005 -1.690758 1.454859
6 24 120806 1088 -2.413152  -1.643009  2.314442 94585 5369 -2.048005 -1.690758 1.454859
7 15 1263 26346 -0.889321  -2.50224 3.244917 94659 5369 -2.048005 -1.690758 1.454859
8 9 133979 20598 0.129431 -1.156183  6.924761 94659 5369 -2.048005 -1.690758 1.454859
9 6 12696 15990 -0.017017  2.51057 11.637128 94659 5369 -2.048005 -1.690758 1.454859
10 6 123753 19013 2.599939 1.964352 9.892537 94659 5369 -2.048005 -1.690758 1.454859
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Table S9. Detailed outcome results for massive colony, ID 59.

point | imp str mpa imp brick imp node imp X imp_y imp z brk brick brk node brk x brk y brk z

1 126 6704 28593 2.241155 -2.802158  2.964065 186544 3996 2.365096 -3.061548 2.515309
2 114 174849 41203 -1.665136  -1.630256  6.870356 180509 6952 0.111133  -4.237122 2.515309
3 288 152761 17541 0.253074 -4.061909  4.321778 180640 11519 -0.015606 -4.179635 2.565516
4 468 174286 42217 1.459897 -2.606844 6479726 180640 11519 -0.015606 -4.179635 2.565516
5 294 205114 3646 -2.579395  -3.101306  4.362473 183329 335 -1.895738 -3.79414  2.561041
6 480 3765 42604 3.413041 -1.23964 5.112525 98551 5692 0.242533  -4.274228 2.515309
7 282 25116 11147 0.413376 -3.401146  6.169199 180640 11519 -0.015606 -4.179635 2.565516
8 306 183812 4861 -1.694044  -3.802557  3.740809 183329 335 -1.895738 -3.79414  2.561041
9 282 183971 5593 -1.31951 -3.597834  5.54402 180509 6952 0.111133  -4.237122 2.515309
10 270 132353 10752 0.887756 -1.777325  7.343683 180640 11519 -0.015606 -4.179635 2.565516
Table S10. Detailed outcome results for plating colony, ID 115.

point | imp_str mpa imp_ brick imp node imp x imp_y imp _z brk brick brk node brk x brk y brk z

1 45 10798 11883 -2.849734  -1.361147  5.507936 49702 20256 -2.719654 -1.443228 5.575875
2 72 91966 20423 -1.391105  -1.757613 5.26295 62648 6368 0.276158  -1.428904 2.689113
3 36 5410 20564 -0.609843  -0.820111 4481671 62648 6368 0.276158 -1.428904 2.689113
4 69 7344 15724 0.640177 -0.351401 3.544151 13280 10380 0.672989  -0.812121 3.291179
5 19 78280 21507 0.327681 2.304971 6.044087 62648 6368 0.276158  -1.428904 2.689113
6 24 87745 4794 2.371861 0.136417 5980114 62648 6368 0.276158  -1.428904 2.689113
7 33 13819 10834 -0.34966 -0.947758  2.866344 79614 13992 -0.141087 -0.976373 2.7629

8 27 77432 20743 0.640194 -1.91386 4794211 62648 6368 0.276158  -1.428904 2.689113
9 39 10391 9224 -0.6916 1.207097 5467509 62648 6368 0.276158  -1.428904 2.689113
10 186 20694 9390 2.267306 -2.144835 4997812 20696 9387 2.19559 -2.240448 4.922196
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Table S11. Detailed outcome results for plating colony, ID 123.

point | imp str mpa imp_ brick imp node imp x imp_y imp z brk brick brk node brk x brk y brk z

1 36 19563 10507 -25.371085 32.455927  31.136614 127255 25260 -20.126761  34.210794  26.62962
2 36 4412 36325 -18.25136  34.211606  36.942442 157256 38913 -17.872341 34.357205  35.423277
3 30 146228 17826 -20.866282 35.330505  35.271994 127255 25260 -20.126761  34.210794  26.62962
4 27 27229 11829 -21.816974  30.989359  31.037972 127255 25260 -20.126761  34.210794  26.62962
5 105 146714 15395 -17.914412  35.272849  28.492964 127255 25260 -20.126761  34.210794  26.62962
6 57 4144 25549 -21.064274 35.617085  28.504643 127255 25260 -20.126761  34.210794  26.62962
7 48 5808 14246 -15.892443 27914636  32.18955 73385 25321 -18.720485 35.148307  26.629623
8 36 490 36780 -10.751558 34.679947  31.317254 82159 25290 -19.189237 34.679551  26.629629
9 27 119537 37033 -12.157802 36.555348  35.536045 82159 25290 -19.189237 34.679551  26.629629
10 63 7118 37051 -8.642163  31.867227  32.72356 6777 37093 -9.110379  32.339808  32.726167
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