
Effects of coral colony morphology on turbulent flow

dynamics

Md Monir Hossain1, Anne E. Staples1

1 Engineering Mechanics Program, Department of Biomedical Engineering and

Mechanics, Virginia Tech, Blacksburg, VA, USA

*mdmoh81@vt.edu

November 7, 2019 1/27

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 12, 2019. ; https://doi.org/10.1101/839902doi: bioRxiv preprint 

https://doi.org/10.1101/839902
http://creativecommons.org/licenses/by/4.0/


Abstract

Local flow dynamics play a central role in physiological processes like respiration and

nutrient uptake in coral reefs. Despite the importance of corals as hosts to a quarter of

all marine life, and the pervasive threats currently facing corals, little is known about

the detailed hydrodynamics of branching coral colonies. Here, in order to investigate the

effects of the colony branch density and surface roughness on the local flow field,

three-dimensional simulations were performed using immersed boundary, large-eddy

simulations for four different colony geometries under low and high unidirectional

oncoming flow conditions. The first two colonies were from the Pocillopora genus, one

with a densely branched geometry, and one with a comparatively loosely branched

geometry. The second pair of colony geometries were derived from a scan of a single

Montipora capitata colony, one with the verrucae covering the surface intact, and one

with the verrucae removed. We found that the mean velocity profiles in the densely

branched colony changed substantially in the middle of the colony, becoming

significantly reduced at middle heights where flow penetration was poor, while the mean

velocity profiles in the loosely branched colony remained similar in character from the

front to the back of the colony, with no middle-range velocity deficit appearing at the

center of the colony. When comparing the turbulent flow statistics at the surface of the

rough and smooth M. capitata colonies, we found higher Reynolds stress components for

the smooth colony, indicating higher rates of mixing and transport compared to the

rough colony, which must sacrifice mixing and transport efficiency in order to maintain

its surface integrity in its natural high-flow environment. These results suggest that the

densely branched, roughly patterned corals found in high flow areas may be more

resistant not only to breakage, but also to flow penetration.

Introduction 1

A new and important direction in understanding the coupled dynamics of corals and 2

their hydrodynamic environments seeks to measure and model the flow inside coral reefs 3

and individual colonies. But the task is challenging due to the existence of a wide range 4

of flow scales within different boundary layers around a coral reef [1, 2]. Large-scale 5
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motions transport planktonic food to the reef, while diffusion [3, 4] takes place at a 6

much smaller scale at the coral surface. For the smaller scale processes, experimental 7

studies [5, 6] show that growth direction, dimensions, and sparsity of branches depend 8

on the flow profile inside the coral [7–9]. Similarly, the velocity profile controls the 9

nutrient distribution [7, 10–13]. and physiological processes like photosynthesis and 10

respiration [14–17] near the coral surface. Flow motion also controls the thermal 11

micro-environment [18,19] at the coral surface, which is extremely important for 12

incidents like coral bleaching. Both the transfer of nutrients from the water column to 13

the coral and the transfer of byproducts from the coral to the water column depend on 14

the details of the flow through and around the coral [20,21]. It is clear from the 15

discussion that all of these physical parameters are directly related to the flow 16

conditions in and around the coral geometry. To obtain a clear picture of this 17

interdependent relationship, the authors tried to find answers to a few basic questions, 18

including: How does the flow profile change within the coral canopy?, Is it possible to 19

quantify these variations? and What are the effects of the internal structure of coral on 20

the surrounding fluid? 21

Though numerous studies have been performed on coral reefs, these analyses lack a 22

detailed study of flow inside a single colony. Most of these studies were performed either 23

above the coral canopy or on a complete reef [22,23] without considering the arbitrary 24

shape of geometry. One of the reasons for the lack of such critical study might be the 25

complexity of measuring the flow parameters in close proximity to the coral’s surface. 26

From an experimental point of view, examining flow inside of coral has proven difficult 27

due to a lack of optical and acoustic access to the interior. Though few studies were 28

performed on single corals, data obtained at several points were not sufficient to 29

comprehend the complete flow profile inside of the coral. For past canopy flow studies, 30

the models were composed of homogeneous, simplified elements and double averaged 31

Navier-Stokes equations [24] were used to simplify the analysis , which led to modeling 32

of a new unresolved dispersive stress [25, 26]. However, the analysis did not consider the 33

heterogeneity of the structure, and the double-averaging procedure curtails the variation 34

of flow at the inside of the coral. So, to understand the variation of the flow profile 35

within a coral colony, it is necessary to resolve the three-dimensional velocity component 36

on the inside of real coral with natural geometry, which is the focus of current study. 37
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To understand the flow dynamics on the inside of the coral reef, Lowe et al. [27] 38

tried to capture the velocity profile and shear stress by modeling the coral as an array 39

of cylinders. This model was also used to estimate the mass transfer from the surface of 40

the coral, but these experimental analyses on simplified structures were not sufficient to 41

depict real flow scenarios through the complex branching patterns of coral. Bilger and 42

Atkinson [28] used engineering mass transfer [29] correlations to predict rates of 43

phosphate uptake by coral colonies and assumed the top of coral colonies as a rough 44

boundary. Though this analysis is useful in describing a boundary profile for a large 45

coral reef, it does not make clear the impacts of the individual coral colony on the flow 46

structure. Recently, Chang et al. [30] have used magnetic resonance velocimetry [31] to 47

reveal the internal flow profile of corals for two different branching patterns. Though 48

the results provided an excellent visualization of the flow field inside the coral, the study 49

did not provide sufficient information regarding the change in the velocity profile along 50

the length of the coral. Additionally, repeating such experiments on diverse coral 51

structures seems a tedious task. To solve these problems, numerical simulations are an 52

important tool. 53

For numerical simulations, complexity arises during capture of the arbitrary 54

boundaries of coral geometry. Specifically, meshing around the arbitrary branches of 55

coral is a challenging task. For body-fitted mesh, even the simplest geometries require 56

efficient meshing algorithms to reduce the computational cost. To overcome this issue, 57

numerical experiments in previous studies were performed by considering coral as an 58

isotropic, porous medium, but questions emerged due to non-consideration of coral’s 59

natural morphology [32]. In addition, Kaandorp et al. used the Lattice Boltzmann 60

method to understand the effects of flow on coral structure and simulated flow patterns 61

around the coral surface [33,34] at low Reynolds numbers (154 to 3,840), due to 62

stability issues. Similarly, Chindapol et al. [35] used COMSOL Multiphysics to analyze 63

the effects of flow on coral growth only in a laminar framework. Chang et al. [36] were 64

the first (according to the authors’ knowledge) to introduce immersed boundary method 65

with large-eddy simulation on real coral geometry while computing the velocity profile 66

at the inside of the coral, but the analysis was mainly focused on local shear and mass 67

transfer on the coral structure. In a recent paper, Hossain and Staples et al. [37] 68

computed the flow profile on the inside of coral, and showed that the mass transfer 69
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remains almost constant throughout the coral even when the velocity drops 70

substantially inside it. However, the analysis did not provide sufficient information 71

regarding variation in the mean velocity profile with the change in branching pattern, 72

which will be discussed here in detail for two different Pocillopora branching structures. 73

In addition, it is important to understand the effects of natural flow conditions on 74

coral morphology. To flourish in a changing environment, coral modifies its structure to 75

adjust to the surrounding hydrodynamics. It has been found that under sheltered 76

conditions, Pocillopora damicornis and Seriatopora hystrix, transformed from 77

dense-branched to thin, larger-branched spacing coral due to the change in flow 78

conditions [38]. Kaandorp and Kubler showed similar transformations for Madracis 79

mirabilis [39]. Even a small modification can affect the boundary layer and turbulent 80

stress developed at the coral surface and can change the mass transfer rate [40,41]. 81

These variations in turbulent flow profiles illustrate the survival mechanism for 82

individual coral in different flow conditions. One example of such adaptability is the 83

survival of loosely branched Montipora capitata in a strong flow environment. Normally, 84

loosely branched coral grows in a quiet flow environment, but Montipora capitata, with 85

verrucae on its surface, is found in highly turbulent flow conditions near Hawaii. 86

Naturally, questions arise regarding the endurance of such loosely branched coral in a 87

strong flow environment and the impact of the verrucae on the surrounding fluid. To 88

understand these morphological adaptations, it is essential to comprehend and compare 89

the formation of boundary layers and turbulent stresses on these altered coral structures 90

of Montipora capitata with and without verrucae. Though there were numerous studies 91

performed on coral reefs, capturing the morphological change with flow conditions is 92

rare in the literature and is a challenging task. Here, a detailed comparative flow 93

analysis was performed on Montipora capitata with and without verrucae to describe 94

the adjustment of these living structures in strong and weak flow conditions. 95

Based on the discussion above, the current manuscript can be divided into two 96

different sections. In the first segments, three-dimensional velocity components and 97

mean velocity profile were computed at the interior of two Pocillopora corals with 98

different branching patterns for the same incoming flow. In the second part of the 99

manuscript, a comparative study was performed between velocity profiles and Reynolds 100

stress developed on Montipora capitata with and without verrucae in quiet and strong 101
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flow conditions. Then, the results of the computations were analyzed to understand the 102

development of velocity profiles and turbulent stress on the slightly altered coral 103

structures for the same incoming flow. 104

Materials and methods 105

Coral species and geometries 106

Stereolithography (STL) files of the coral geometries used in the current studies are 107

shown in Fig 1. Between the two Pocillopora coral, the densely branched P. meandrina 108

was obtained from computed tomography (CT) of a real coral skeleton from Professor 109

Uri Shavit’s laboratory in the Department of Civil and Environmental Engineering at 110

the Technion - Israel Institute of Technology. P. meandrina, generally known as 111

cauliflower coral, is common in the East Pacific and the Indo-West Pacific, and is 112

mainly exposed to the reef front. The stream-wise length, width and height of P. 113

meandrina used in the current simulation were 0.172 m, 0.172 m and 0.111 m 114

respectively. In contrast, branches are distributed more sparsely in P. eydouxi. This 115

coral is common throughout the Indo-West Pacific and occurs in most reef 116

environments, especially at reef fronts where the currents are strong. The length, width 117

and height of P. eydouxi used in the simulation were 0.12 m, 0.11 m and 0.085 m 118

respectively. Though the genus was similar, there were substantial structural differences 119

between these two coral morphologies. The ratio of volume to surface area for P. 120

meandrina and P. eydouxi were 2.0 cm and 0.4 cm respectively. This parameter 121

indicates the compactness of branches inside the coral colony, and the results showed 122

that P. meandrina was almost five times more compact than P. eydouxi. The ratio of 123

maximum projected area in flow direction to surface area were 0.0754 and 0.0556 for P. 124

meandrina and P. eydouxi respectively, which represented a higher projected surface 125

area for P. meandrina. To understand their structural differences more clearly, 126

variations of branch diameter and cross-sectional area were plotted in Fig 1 with respect 127

to height for both Pocillopora corals. 128

To comprehend the effects of verrucae on the surrounding fluid, two coral geometries 129

with and without verrucae were used for computation (Fig 8). Both coral geometries 130
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Fig 1. Pocillopora geometries used in simulations. (A, B) Variation of
cross-sectional area through a horizontal plane and mean branch diameter versus height
for Pocillopora meandrina and Pocillopora eydouxi, respectively. (C) Rendered
stereolithography file of the Pocillopora meandrina colony used in the simulations and a
P. meandrina colony in its natural environment on the ocean floor. (Brocken Inaglory,
Pocillopora meandrina with a resident fish, Wikimedia Commons (2008); used in
accordance with the Creative Commons Attribution (CC BY-SA 4.0) license [43]). (D)
Rendered stereolithography file of the Pocillopora eydouxi colony used, and a P. eydouxi
colony in its natural environment. (Paul Asman and Jill Lenoble, Black-axil and
bluegreen chromis, Chromis atripectoralis and C. viridis, Wikimedia Commons (2012);
used in accordance with the Creative Commons Attribution (CC BY-SA 2.0)
license [44]).

originated from the same STL file of Montipora capitata. Fig 8 (A) shows M. capitata 131

without verrucae where the verrucae from the coral surface were completely removed 132

while keeping the other parameters the same. The dimensions of both coral were similar. 133

The length, width and height of the corals were 0.118 m, 0.114 m and 0.1 m respectively. 134

The cone-shaped verrucae had a base diameter of approximately 3 mm and a length of 135

3–4 mm. M. capitata is usually found in highly turbulent flow conditions in the tropical 136

north and central Pacific Ocean near Hawaii at approximately 20 m depth. All corals 137

used in the current study had low living-tissue biomass, so using skeletons instead of 138

coral with bio-tissue had a minimal effect on flow dynamics. 139

Numerical methodology 140

The authors were looking for a method that could be implemented easily for complex 141

geometries while minimizing computational cost. Immersed boundary method (IBM) is 142

suitable for such analysis where the computation is performed on a Cartesian grid and 143

the interface is tracked by identifying solid and fluid elements in the flow domain. For 144

the current analysis, IBM was implemented in a large eddy simulation (LES) framework 145

for a turbulent flow field where the largest scales of motion were calculated and the 146

effects of the small scales were modeled. A top-hat filter was applied implicitly to the 147

Navier-Stokes equations by the finite-difference operators and the resulting filtered 148

equations are as follows: 149

∂ūi
∂t

+
∂ūiūj
∂xj

= −1

ρ

∂P̄

∂xi
+

1

ν

∂2ūi
∂xjxj

− ∂τij
∂xj

+ fi (1)
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150

∂ūi
∂xi

= 0 (2)

where ūi represents large-scale velocity vector, P represents pressure, ρ represents 151

density, ν represents kinematic viscosity and fi represents the external body force used 152

to implement boundary conditions for arbitrary objects with a non-conforming grid. 153

Here, the overbar denotes a filtered variable. 154

The spatial filtering operation on the Navier-Stokes equations produces the subgrid 155

scale stress term,τij = uiuj − ūiūj , which needs a closure model to solve the system of 156

equations (1) and (2). The dynamics eddy-viscosity model used in this study is of the 157

following form: 158

τij −
δij
3
τkk = −2C∆̄2 | S̄ | S̄ij (3)

where | S̄ | is the magnitude of the large-scale strain rate tensor, and S̄ij is strain tensor 159

and ∆̄ is the filter size, which can be defined as: 160

S̄ij =
1

2
(
∂ūi
∂xj

+
∂ūj
∂xi

) (4)

∆̄ = (∆x∆y∆z)
1
3 (5)

Here, ∆x, ∆y and ∆z are the local grid size, and C is the user-specified value for the 161

Smagorinsky eddy viscosity model, where the usual value of C ranges from 0.1 to 0.2. 162

However, the model does not behave properly near solid boundaries. So, in the 163

computation analysis, the dynamic modeling procedure was used to compute the value 164

of C from the information of the resolved scale [45]. All of the three-dimensional 165

simulations on STL files of coral colonies were performed using the IB method 166

implemented in the LES framework using a code developed by Balaras et al. The 167

complete details of the numerical method can be found in Balaras et al. [46]. 168

A standard second-order central-difference scheme on a staggered grid is used in the 169

present study. The pressure and scalar variables are located at the center of the grid 170

cell, and velocity components are located at the cell-face center. The solution of 171

equations (1) and (2) is obtained by a second-order projection method. Here, time was 172
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advanced explicitly by using an Adams–Bashforth scheme. An explicit algorithm has 173

been used to simplify the implementation of boundary conditions near a complex 174

boundary. In a two-step time-splitting method, first a provisional value of the velocity 175

field, which is not divergence free, can be obtained and used for updating the velocity. 176

The intermediate velocity, ûni evaluated at n step can be written as follows: 177

ûni − u
n−1
i

∆t
= RHSn

i + fni (6)

where RHS contains all of the terms in the right side of the momentum equation. 178

After solving the Poisson equation, the final velocity, uni , can be updated from the ûni . 179

The external force, fni , needs to be calculated first to implement the desired boundary 180

condition at the boundary point where the boundary may or may not coincide with the 181

grid points. To do this, it is necessary to identify solid, fluid and forcing points near the 182

boundary where forcing functions are implemented in the simulation domain. In the 183

current study, accurate interface tracking methodologies were used for complex coral 184

geometry. An immersed solid boundary of an arbitrary shape is represented by a series 185

of markers shown in Fig. 2. After defining the immersed interface as a series of marker 186

particles, the relationship between these particles and the underlying Eulerian grid can 187

be established by ray-tracing algorithm. The procedures for identifying solid and fluid 188

points in the computational adopted for the current study can be found in detail in [46]. 189

The procedure includes Finding of the closest grid points near each marker particle. 190

Then from each marker particle, a ray ~r is shot to the grid point and a normal, ~nb, is 191

also calculated on the marker points. If ~r. ~nb < 0, then this grid point is inside the solid ; 192

otherwise, it is outside of the solid. The forcing points are the closest grid points near 193

the marker points which have at least one solid point near the boundary. The procedure 194

for finding solid, fluid and marker particles near the boundary are shown in Fig. 2. 195

Fig 2. Tracking of solid-fluid interface.(A) An arbitrarily shaped solid on an
orthogonal computational grid. The marker particles at the object’s boundary may or
may not coincide with the Eulerian grid points. (B) Identification of solid and fluid
points in the computational domain by ray tracing algorithm. (C) Identification of
forcing points (where forcing will be applied) near the boundary after tagging solid and
fluid grid points in the computational domain.

As mentioned earlier, all of the simulations were performed on the STL files of coral 196
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geometries, which were composed of millions of triangles. A ray-tracing algorithm was 197

implemented to establish a relationship between these triangles with a Eulerian 198

grid.The coordinates of the vertices and normal of each triangle are stored in the STL 199

file. The ray triangle intersection algorithm used in the reconstruction of the flow field 200

consists of the following steps. 201

1. A ray is shot from a grid point to a triangle. 202

2. Determine if the ray intersects the triangle or not. 203

3. Find the coordinates of the intersecting point. 204

In the solution procedure, the fluid points are the unknowns and the forcing points 205

are boundary points, while the solid points do not influence the rest of the computation. 206

If the boundary coincides with the grid points, the forcing function can be calculated 207

directly from the known ûni at the grid points. Otherwise, the value of velocity at the 208

forcing points can be calculated from the interpolation of surrounding fluid points. The 209

interpolation stencil in this method, however, involves a search procedure for suitable 210

fluid points, and those points in the stencil may contain points that do not belong to 211

the neighboring grid lines of the forcing point. The detailed procedure of identifying the 212

immersed boundary, calculating the forcing function near the boundary, and the 213

interpolation scheme can be found in Balaras et al. [46]. Here, the forcing function was 214

calculated only at the boundary. 215

The simulation domain for the current study was not chosen randomly. Before 216

performing the current analysis, a near-as-possible validation simulation was performed 217

to compare the current result with the experimental result of Chang et al. [30] for a 218

high-flow morphology coral, Stylophora pistillata. For the current analysis, the domain 219

of simulation was 0.6 m long in the stream-wise direction (x), 0.3 m wide (y) and 0.3 m 220

in vertical direction (z), similar to the flow domain used in the experimental and 221

numerical study of Chang et al. [30]. As in natural conditions, a single coral sits in the 222

open flow domain or in a coral reef of multiple colonies and the natural flow always 223

takes the path of least resistance. But, the flow domain chosen in the experiment and 224

current simulation, which acts to constrain the flow field, will only be approximated in 225

nature for a few rare coral colonies. If the simulation can be performed in an extremely 226
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large domain, that would represent the ideal flow scenario for a coral sitting in an open 227

flow environment. At the same time, we have to be realistic regarding the 228

computational expenses when performing a simulation around an extremely complex 229

and arbitrary shape geometry. In addition, we want to stress the objectives and scale of 230

the current study. We intended to analyze the detailed flow field through and around a 231

single coral colony, where the length scale varies from an individual colony branch 232

diameter to the length or diameter of a single colony, and the large-eddy simulation of 233

the Navier-Stokes equations were used here to resolve the hydrodynamics of coral 234

interior at these scales. These constraints have led us to limit the dimension of the 235

simulation domain for a single coral. As the current analysis was not intended to resolve 236

diffusion boundary layers less than 1 mm, which would be extremely difficult and 237

computationally expensive for such arbitrary geometry, the current grid resolution of 1 238

mm in x, y and z directions was sufficient to meet the objectives of the current study. 239

Similar to Chang et al. [36], Dirichlet boundary conditions were applied at the inlet, 240

and an outflow boundary was used at the outlet of the domain. For the lateral direction, 241

slip boundary conditions were implemented at both sides of the coral. Slip boundary 242

conditions were also used at the top face of the domain, and the bottom of the domain 243

was defined as a no-slip wall. In the current analysis, 54 million grid cells were used for 244

all of the simulations. All of the numerical experiments were performed on the 245

Engineering Science and Mechanics (ESM) computing cluster at Virginia Tech. The 246

ESM Linux Computational Cluster (LCC) consists of up to 52 compute nodes with 776 247

processors, 2TB RAM, and FDR-10 RDMA fabric connecting all of the nodes’ memory. 248

Each of the nodes contains 20 processor cores and 24GB RAM. 249

Fig 3. Schematic of the simulation flow domain (not to scale). x′ = 0 is the
secondary axis used at the beginning of the coral colony. The center of the coral is
located at the middle of the flow domain. Uniform grid spacing is used throughout the
domain.

Results and discussion 250

Before comparing flow profiles between two Pocillopora structures, the results from the 251

simulation were compared with the experimental results of Chang et al. [30] for the 252
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high-flow morphology of Stylophora pistillata for comparison. Although every coral is 253

unique in nature, the dimensions of the corals used in the experiment and simulation 254

were within the same order. In the experiment, the stream-wise (x), cross-stream (y), 255

and vertical (z) extents of the densely-branched coral were 0.128 m, 0.13 2 m and 0.09 256

m, respectively. In the simulation, the extents of the densely-branched coral were 0.172 257

m, 0.172 m and 0.111 m, respectively, in the stream-wise, lateral and vertical directions. 258

The channel dimensions for both the experiment and simulation domains were almost 259

the same. In the experiment, the bulk velocity in the channel was 0.05 m/s and the 260

Reynolds number, based on the diameter of the branch, was 580. Based on the height of 261

the coral, it was approximately 5,000. Similar flow parameters were used in the 262

simulation to keep the flow conditions close to those of the original experiment. Fig 4 263

shows a comparison of the cross-sectional (top view) velocity profile obtained near the 264

midsection of the coral between the current simulation (right) and the experimental 265

results of Chang et al. (left) at the different heights inside the corals. For the 266

experiment, the middle slice was obtained exactly at the mid-height of the coral and the 267

slices were obtained at 5-mm intervals from the both sides. For the simulation, the 268

slices were chosen in exactly the same manner. For the simulation, high velocity was 269

observed at both sides of the coral, and a distinct wake region formed behind the 270

branches of coral. Because of the dense branch structure, most of the flow was diverted 271

outward and vertically upward. The branches located in the frontal half of the coral 272

significantly reduced the velocity for the lower half. The computational results were 273

compared with the velocity slices obtained from the experiment. Although the 274

oncoming velocity profile in Chang et al. is somewhat skewed owing to a curved, 275

recirculating water channel, both velocity fields demonstrate the same characteristics for 276

these flow conditions. The colony largely acts as a baffle, and high velocity regions, or 277

”jets,” whose speeds exceed the oncoming flow speed, can be found deep in the coral 278

interior. The results also demonstrated a low velocity region behind the thick branches 279

of the coral, and the velocity magnitude was almost identical for both cases. 280

Flow inside the coral is a function of inter-branch distance, branch diameter, coral 281

height, and incoming velocity. To understand the branching effect of coral on the 282

surrounding fluid, flow through two different branching patterns of the same Pocillopora 283

coral was evaluated and compared for the same incoming flow. Top views of flow 284
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Fig 4. Numerical validation. Comparison of top view velocity magnitude plots
between experimental results [30] and the present simulation at different heights in two
coral colonies. On the left are velocity fields inside an S. pistillata colony obtained by
magnetic resonance velocimetry at the approximate mid-height of the coral.
(Reproduced with permission from Limnology and Oceanography 54, 1819 (2009).
Copyright 2009 by John Wiley and Sons, Inc.) On the right are plots of the velocity
field magnitude from the present LES simulations of flow through a P. meandrina
colony, at the same heights.

through these two P. meadrina corals were shown in Fig 5 for an incoming flow of 0.15 285

m/s. The incoming velocity was selected based on the high range of velocity magnitude 286

near the Pocillopora coral habitat. The middle velocity slice was obtained at 287

approximately the midsection of the coral and the rest of the slices were obtained at 288

20-mm intervals on both sides. For both of the coral, a stagnation region formed near 289

the front section, and the effect was higher for P. meandrina due to high branch density. 290

For P. meandrina, higher velocity was observed at the top and both sides of the coral 291

and the velocity reduced substantially and became almost uniform in the latter half of 292

the coral. As most of the flow is diverted to the top and both sides of the coral, the 293

restriction of flow due to the high compactness of the interior branches was more visible 294

for P. meandrina. During interaction with internal branches, mixing and transportation 295

takes place at the coral surface. At the downstream end of the coral, a distinct wake 296

region containing a large circulating eddy formed behind the coral. In contrast, the flow 297

penetration at the interior of P. eydouxi was easier than in P. meandrina. As the 298

geometry became more open, the interior received more flow, which was apparent from 299

the flow slices exhibiting higher velocity zones at the interior of the coral. Though a 300

large portion of the flow was diverted outward, the penetration was much better in P. 301

eydouxi than P. meandrina. 302

Fig 5. Comparison of two-dimensional velocity fields in Pocillopora colonies
with different branch densities. (A) Top view velocity magnitude plots inside
Pocillopora meandrina (left, relatively densely branched) and Pocillopora eydouxi (right,
relatively loosely branched) colonies at z = 0.3H, 0.5H and 0.7H from the base of the
coral for the same incoming velocity of 0.15 m/s. (B) Comparison of velocity magnitude
plots in a plane perpendicular to the flow direction between P. meandrina (left) and P.
eydouxi (right) at x′ = 0.5L, the mid-length of the coral in the streamwise direction.

For qualitative measurements of the variation of velocity profiles along the lateral 303

direction, a velocity slice (perpendicular to flow) was taken at x′ = 0.5L for both of the 304

corals. Fig 5 (B) shows a comparison of velocity slices obtained at the middle of the 305
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coral, perpendicular to the flow direction. For both of the corals, the outer periphery 306

shows higher velocity magnitudes due to the constraints of the flow domain. For the 307

same incoming flow conditions, P. meandrina shows relatively low velocity magnitude 308

at the coral interior and the incoming flow loses most of its momentum due to high 309

branch density. In comparison, P. eydouxi shows relatively higher velocity magnitudes 310

between the branches, especially at the narrow corner between the branches, where the 311

flow accelerates. 312

Up to now, we have provided qualitative comparisons of flow between these 313

Pocillopora structures. But for better comparison, we require quantitative measurements 314

of flow between these two corals. To reach this objective, mean vertical velocity profiles 315

were obtained inside both of the corals at 20-mm intervals along their length. As the 316

branches are extended randomly, it is difficult to obtain mean velocity profiles at 317

different sections inside the coral. To overcome this issue, vertical velocity profiles were 318

calculated from the average velocity magnitudes of the closest 10 neighbor grids at each 319

location in the X −Z planes, and then a second average was performed along the lateral 320

direction (y axis) within the coral. These vertical velocity profiles not only depicted the 321

progression of flow inside the coral, but also indicated the amount of mixing and 322

transportation that takes place along the length of the coral. The mean vertical velocity 323

profiles obtained for both the Pocilloppra corals are shown in Fig 6 (A) and (C). For P. 324

meandrina, the mean vertical velocity profiles were almost the same in nature up to 40 325

mm. This was the frontal portion of the coral, where the flow penetration was easy and 326

the maximum velocity dropped approximately 33% of incoming velocity at the interior. 327

For 60 to 80 mm, the flow started to slow down and dropped to a maximum 50 % of the 328

incoming flow. At this section, the velocity profiles changed substantially. Interestingly, 329

at 80 mm, the profile displayed an increase in velocity magnitude, where we expected 330

further decline in incoming velocity. The internal structure of coral might accelerate the 331

flow inside the coral, which may be necessary for the survival of internal section of the 332

coral. From 100 mm up to the end of coral, the velocity profiles were almost identical 333

and displayed a reduction in velocity magnitude at mid-height of the coral. In general, 334

the velocity profiles showed low velocity at the middle of the coral and comparatively 335

higher velocity at the top and bottom sections of the coral. Therefore, the nutrient 336

availability will be higher in those regions than in the middle portion of the coral. 337
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In contrast, for P. eydouxi, the velocity profile displayed higher values at the top of 338

the coral, but lower values in the lower section. The vertical velocity profiles within P. 339

eydouxi remained almost the same. Due to the openness of the structure, the flow did 340

not vary much within the top half of the coral, where the flow magnitude was 341

comparatively higher than in the lower half of the coral. For P. eydouxi, the velocity 342

reduced abruptly at this lower section due to the solid hemispherical structure of coral 343

at this section. At z = 0.5 H, the velocity magnitude increased due to the accelerated 344

flow in the reduced area of the lower section of the coral. After that, the velocity 345

dropped in the middle of the branches until the velocity regained its maximum 346

magnitude, similar to that of the incoming flow at the top of the coral. Then, at the 347

end section of coral (between 80 and 120 mm) the maximum velocity dropped to almost 348

50% of the incoming flow. 349

Fig 6. Variation of mean vertical velocity profiles in Pocillopora colonies
with different branch densities. (A, C) Mean velocity profiles inside P. meandrina
(A, relatively densely branched) and P. eydouxi (C, relatively loosely branched) were
calculated at 20-mm intervals along the length of the coral by averaging the velocity
magnitudes of the closest 10 neighboring grid points at several locations in the x-z
planes, and then averaging these velocity magnitudes over the lateral (y) direction
within the colonies. (B, D) Schematic of locations of the mean velocity profiles within
the colonies (not to scale).

In addition to calculating vertical velocity profiles in different sections of these 350

corals, mean velocity was also calculated along the length of two corals for the same 351

incoming velocity. Fig 7 shows the variation of the mean velocity (averaged over the 352

y-axis within the coral) with the cross-sectional area inside the coral. From the figure, it 353

can be observed that the cross-sectional area was almost symmetrical for P. meandrina 354

along the stream-wise direction. For densely-branched P. meandrina, the magnitude of 355

incoming flow reduced significantly at the middle of the coral and recovered up to 60% 356

at the end section. In contrast, the cross-sectional area was not symmetrical for P. 357

eydouxi and the flow reduced to approximately 50% of the incoming flow along the 358

length of the coral, which was lower than the flow in P. meandrina at the end of coral. 359

But, within the coral, the overall magnitude of velocity was higher in P. eydouxi than in 360

P. meandrina through the complete length of the coral. In terms of food, the interior of 361

the coral has a strong chance of starving if the velocity is not sufficiently high. For P. 362

eydouxi, the situation is comparatively better, as the interior of the coral receives a 363
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higher flow, which means better mass transport and food availability. However, the 364

conditions for the coral that lives in the wake region are worse, because it takes a 365

comparatively longer distance to recover flow in this area. This means that the nutrient 366

availability for coral in the wake region will be reduced in comparison to the nutrient 367

availability for coral living in the front region. 368

Fig 7. Variation of mean cross-sectional area and velocity in Pocillopora
colonies with different branch densities The normalized colony cross-sectional
area and intra-colonial velocity values averaged over two-dimensional planes at eleven
locations along the height of the colony for P. meandrina (A, relatively densely
branched) and P. eydouxi (B, relatively loosely branched). Shading in the velocity
variable represents one standard deviation from the mean (N=6). While the densely
branched colony (A) displays minimum mean velocity values just above the mid-height
of the colony, the minimum mean velocity values for the loosely branched colony (B)
appear at the top of the colony.

Comparison of flow dynamics over M. capitata 369

For a single coral, nutrient transfer and gas exchange depends on shear, turbulent 370

mixing and the concentration gradient near the surface. Quantifying the turbulent 371

stress is essential for explaining mixing, stress and drag developed on the coral surface. 372

Even small changes in flow conditions can change these turbulent statistics over the 373

boundary layer. As mentioned earlier, M. capitata with verrucae scattered on the coral 374

surface grows near Kanehoe Bay in Hawaii where the flow condition is strong. To 375

ascertain the impact of verrucae in natural flow conditions, computational analysis was 376

performed on two different coral morphologies of loosely-branched M. capitata as 377

described in the coral geometry section (Fig 8). To characterize the boundary layers 378

and the turbulent stress developed on both of these structures, velocity profiles were 379

computed over the coral surface at both weak and strong flow conditions. Based on the 380

low-to-high water velocity near Kanehoe Bay and the height of the coral, Reynolds 381

numbers 5,000 and 15,000 were used to simulate the weak and strong flow conditions for 382

M. capitata. The comparison also highlights how the flow profiles change when the flow 383

conditions vary from weak to strong for open coral structures. For ease of discussion, we 384

have used CV and CWOV for the abbreviation of Montipora capitata with and without 385

verrucae, respectively, hereafter. Fig 8 shows slices of the flow field around M.Capitata 386

with and without verrucae at Reynolds number 15,000. After capturing flow fields for 387
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both the structures, velocity and stress were calculated at x′ = 0.7L above the surface 388

of the corals at two different Reynolds numbers. Then, the velocity and stress profiles 389

obtained were averaged along the lateral (y) direction within coral to obtain a mean of 390

the profiles on top of the coral’s surface. The mean profiles were compared for CV and 391

CWOV at the same flow conditions to capture the effects of verrucae on the flow field 392

clearly. 393

Fig 8. Comparison of two-dimensional velocity fields in a Montipora colony
with and without roughness elements. (A) A Montipora capitata colony with the
roughness elements (verrucae) removed, and (B) the same colony with the verrucae
intact, at a Reynolds number of 15,000. The velocity field plots were obtained at
x′ = 0.7L.

Fig 9 (A & B) shows a comparison of horizontal velocity profiles at the top of 394

Montipora capitata with and without verrucae at Reynolds numbers 5,000 and 15,000. 395

For both cases, the mean velocity profile was normalized by the incoming velocity. For 396

CWOV, the location of free-stream velocity was observed at about 9 mm above 397

Montipora capitata at Reynolds number 5,000, whereas the distance to reach the 398

maximum horizontal velocity magnitude doubled to 18 mm for CV. This demonstrated 399

that the maximum velocity magnitude was found closer to the top of the coral surface 400

at a higher Reynolds number. For CWOV, the inflection point was observed at about 5 401

mm above the coral surface at Reynolds number 15,00, and for CV, it was observed at 402

approximately 11 mm above the surface. 403

A comparison of the two horizontal velocity profiles at Reynolds number 5,000 404

reveals that the two profiles are almost identical at up to 75% of the normalized velocity. 405

This indicates very similar flow profiles above the coral surface at 6 mm for CWOV and 406

7 mm for CV at this low Reynolds number. This means that the nutrient, or mass, 407

transfer rate along the horizontal direction should be similar for the two cases up to this 408

height. After this point, the transfer rate might change according to the velocity profile. 409

In contrast, the two horizontal velocity profiles were different at Reynolds number 410

15,000. The two profiles reached 50 % of its maximum magnitude at about 2 and 5 mm 411

above the surface of CWOV and CV respectively. At the same Reynolds number, the 412

free-stream velocity was observed at approximately 5 mm above the surface of CWOV, 413

whereas the free-stream velocity was found at approximately 9 mm above the surface of 414

CV. If we continue to move vertically up the coral structures, the two velocity profiles 415
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collapsed at approximately 27 mm above the coral surface. In an experimental analysis, 416

Reidenbach and Stocking et al. [41, 47] calculated horizontal velocity profiles at the top 417

of a single coral for unidirectional flow, and the velocity profile and the location of 418

inflection points were almost the same in nature when compared to the velocity profiles 419

computed in the current simulation. 420

As the coral depends on natural flow conditions for the transfer of nutrients and 421

mass, the high velocity magnitude near the coral surface translates to fast mass and 422

momentum transfer from the coral surface. This condition is very important for 423

biological processes like photosynthesis and respiration. For photosynthesis and 424

respiration, the gas produced near the surface should be removed quickly; otherwise, the 425

gas produced on the surface may hinder the coral’s natural physiological processes. If 426

the comparison is made between CWOV and CV, the mixing and transport should be 427

better for CWOV at both of the Reynolds numbers, due to higher horizontal velocity 428

magnitude near the coral’s surface. But, the higher velocity magnitude near the coral’s 429

surface raises the question of surface integrity, which in turn brings the role of natural 430

adaptability of biological systems to the fore. In strong flow conditions, the 431

open-structure coral maintains a delicate balance between the fast mass transfer from 432

the surface of the coral, which is required for nutrient transfer, and surface integrity, 433

which is essential in protecting the branches of the coral. 434

Fig 9. Comparison of velocity profiles above a Montipora colony with and
without roughness elements. (A) The horizontal (x-direction) velocity profile at
Re = 5, 000, and (B) the horizontal (x-direction) velocity profile at Re = 15, 000. (C)
The vertical velocity profile at Re = 5, 000, and (D) The vertical velocity profile at
Re = 15, 000. All profiles were obtained at x′ = 0.7L and were averaged over the lateral
(y) direction. The vertical axis indicates the height above the colony surface.

Fig 9 (C & D) show the variation of vertical velocity profiles above the coral surface 435

at Reynolds numbers 5,000 and 15,000 respectively. At Reynolds number 5,000, the two 436

velocity profiles were almost the same for both cases, and the magnitude was smaller in 437

comparison to the corresponding horizontal velocity. As the Reynolds number increased, 438

the velocity profile for CWOV demonstrated a higher magnitude near the coral surface. 439

For both cases, the maximum velocity region was found close to the coral surface, and 440

the profiles reached a constant magnitude at approximately 15 mm above the coral 441

surface. 442
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If we compare the horizontal velocity to the vertical profile, the mass and momentum 443

transport is mainly dominant in the horizontal direction at both of the Reynolds 444

numbers. At Reynolds number 5,000, the two M. capitata corals exhibited similar kinds 445

of transportation along the vertical direction, and the magnitude increased with 446

increased Reynolds numbers. If the vertical flow profiles for these two coral structures 447

are compared, CWOV should have better mixing and transportation along the vertical 448

direction than CV. Also, the nutrient gradient above the canopy will be more uniform 449

for CWOV due to comparatively higher vertical flow. In an experimental analysis 450

completed by Reidenbach et al. [41]), the vertical velocity profiles measured above the 451

coral surface displayed almost the same profile and magnitude for unidirectional flow. 452

Turbulent stress over coral surface 453

The transfer of nutrients and mass between coral and the overlying water column 454

depends upon shear stress developed on the coral surface. To understand the effects of 455

turbulent dynamics on the surface of coral, time-and-space averaged turbulent stress 456

component <u′u′>, <w′w′> and <u′w′>, were computed for both of the coral surfaces 457

for unidirectional flow where the shear Reynolds stress, <u′w′>, is mainly responsible 458

for mixing near the coral surface. To capture the fluctuating quantities, the 459

computation was given enough time for the stability of mean flow to become established. 460

Profiles of Reynolds stress at the top of Montipora capitata without verrucae are shown 461

in Fig 10 at Reynolds numbers 5,000 and 15,000. 462

At a Reynolds number of 5,000, the <u′u′> turbulent stress reached maximum 463

magnitude at approximately 9 mm above the surface, indicating maximum horizontal 464

momentum transport near the coral polyps. In contrast, both the <w′w′> and <u′w′> 465

were smaller in magnitude. The existence of maximum Reynolds shear stress, <u′w′>, 466

near the surface indicated maximum mixing at the surface of coral, and the magnitude 467

approached zero at approximately 35 mm above the coral surface. The maximum 468

magnitude of this cross value stress was almost 50% of the maximum value of <u′u′> 469

stress, and several times higher than <w′w′>. When the Reynolds number increased 470

from 5,000 to 15,000, the maximum magnitude of <u′u′> stress increased to almost 471

four times the previous magnitude, with the maximum value found at approximately 19 472

mm above the coral surface, whereas <w′w′> and <u′w′> components reached 473
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maximum magnitude at around 15 mm. For <w′w′> stress, the magnitude came close 474

to zero at around 20 mm above the coral surface for a Reynolds number of 15,000, 475

whereas the maximum <w′w′> value was achieved at around 3 mm above the coral 476

surface for Reynolds number 5,000. Overall, the results revealed a small magnitude of 477

stress at Reynolds number 5,000, although the cross-value stress, <u′w′>, showed a 478

comparatively higher value, even at such a low Reynolds number. This shows that 479

mixing will be better for the smooth surface of CWOV even at Reynolds number 5,000. 480

As the Reynolds number increased to 15,000, the magnitude of all of the Reynolds 481

stresses increased and the mixing was expected to be better due to the contribution 482

from the <u′w′> component. 483

Fig 10. Comparison of turbulent stress components above a Montipora
colony with and without roughness elements. (A) Turbulent stress components
above a Montipora capitata colony without verrucae (roughness elements) at
Re = 5, 000. (B) The difference between the turbulent stress components above the
Montipora capitata colony with and without verrucae at Re = 15, 000. (C) Turbulent
stress components above a Montipora capitata colony without verrucae at Re = 15, 000.
(D) Turbulent stress components above a Montipora capitata colony with verrucae at
Re = 15, 000. All profiles were obtained at x′ = 0.7L and averaged over the lateral (y)
direction.

Fig 10 (D) shows the components of Reynolds stress developed on top of M. capitata 484

with verrucae at Reynolds number 15,000. Here, the maximum value for <u′u′> stress 485

was found just below 15 mm above the coral surface. Though the maximum magnitude 486

was almost the same as that of CWOV, the overall magnitude was higher for CWOV 487

than for CV. For the vertical stress component, <w′w′>, the maximum value was found 488

just about 5 mm above the coral surface for CV and the stress dampened very quickly. 489

In contrast, the vertical stress dampened at approximately 20 mm above the coral 490

surface for CWOV. This means that between both corals, CWOV had higher vertical 491

transport than CV at the same Reynolds numbers. For both cases, the <u′w′> 492

component approached zero at about 25 mm above the coral surface and remained 493

almost constant for both structures. But below this height, the maximum magnitude of 494

<u′w′> Reynolds shear stress for CV was almost twice that of CWOV. To validate 495

these results, they were compared with the turbulent stress analysis on top of a single 496

coral from the experimental study of Stocking et al. [47]. In the experiment, the 497

Reynolds stress was measured as the covariance of the horizontal and vertical velocity 498
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fluctuations. The experimental analysis shows that the maximum magnitude of 499

turbulent stress takes place within 20 mm above the top of the coral. In the current 500

analysis, the locations of maximum stress for all of the components are found within 20 501

mm above the coral surface, and the magnitude of the stress components are within the 502

same order of magnitude as those found in the experiment. In the experiment, the 503

vertical stress, <w′w′>, was almost half of the horizontal stress, <u′u′>, but the 504

simulation results show a comparatively lower value for vertical stress except for the 505

CWOV at Reynolds number 15,000. Fig 10 (B) shows the difference of magnitude in 506

turbulent stress developed at the top of two M. capitata at Reynolds number 15,000. In 507

general, Reynolds stresses follow the typical boundary layer structure followed by the 508

reef system. 509

Conclusion 510

Computational analyses were performed to understand the variation of flow profiles 511

inside two Pocillopora coral geometries with different branching patterns. Slices of flow 512

profiles at the interior of the corals depicted the interaction of flow with coral branches 513

at different sections of the coral. To quantify the variation, mean velocity profiles were 514

estimated along the length of the coral at the interior. The mean vertical profile 515

displayed higher velocity magnitudes at the top and base of Pocillopora meandrina. The 516

dense branching pattern presented higher resistance to flow in the mid-section of the 517

coral. The mean normalized velocity along the length of the coral dropped to 518

approximately 38% in the middle of the coral, but recovered to 65% at the back of the 519

coral. In contrast, the results displayed higher flow penetration in Pocillopora eydouxi 520

through its sparser branches up to the mid-section, but the velocity dropped to 521

approximately 50 % of the incoming flow. However, the mean velocity magnitude was 522

higher than that of Pocillopora meandrina at the front and middle of the coral. If the 523

comparison is made between the mean velocity profiles at the different sections of the 524

coral, it becomes clear that the mean profile changes substantially at the middle of the 525

coral for densely branched coral, whereas the mean profile remains almost the same for 526

open structures all along the length of the coral. The comparison of flow for both of the 527

structures also provides an indication of mass transfer and growth rates at different 528
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sections of the coral. 529

To understand the adaptability of coral, simulations were performed on Montipora 530

capitata with and without verrucae at two different Reynolds numbers. The results 531

displayed distinct inflection points and differences in velocity profiles for coral with and 532

without verrucae for horizontal profiles at these Reynolds numbers. At both of the 533

Reynolds numbers, the thickness of the horizontal velocity profiles for coral with 534

verrucae were higher than for coral without verrucae. From the comparison between CV 535

and CWOV, it can be concluded that the transport will be better in the horizontal and 536

vertical directions for CWOV at both of the Reynolds numbers, due to higher velocity 537

magnitudes near the surface of the coral. In addition to velocity profile, turbulent stress 538

was also calculated for both morphologies. The results showed that the magnitude of 539

the turbulent stress increased with the Reynolds number. At Reynolds number 5,000, 540

the results showed a maximum magnitude for <u′u′> stress and comparatively higher 541

Reynolds shear stress <u′w′> for CWOV, which indicates better mixing even at such 542

moderate flow conditions. At Reynolds number 15,000, the magnitude for <u′u′> stress 543

displayed almost the same magnitude for both of the geometries, but the vertical 544

turbulent stress, <w′w′>, decreased in magnitude and dampened quickly for CV. In 545

addition, the shear Reynolds stress, <u′w′>, demonstrated the maximum magnitude for 546

CWOV over CV out of the two geometries. From the comparison of velocity and 547

turbulent stress for both morphologies, it can be concluded that mixing and 548

transportation will be better for CWOV over CV at the same flow conditions, but in 549

terms of surface integrity, CV has the advantage over CWOV. 550
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