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Fig. 1.
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(a) CT scan for S. pistillata with a conventional scanner. This image is a 2D projection of the final compilation of 245 images

taken at every 0.7 mm (in the direction out of the page). The image pixel size is 0.35 mm 3 0.35 mm. (b) 3D computer-assisted design
(CAD) model for low-flow S. pistillata constructed from the CT scan with MimicsT™ (Materialise).

Methods

Overview—Scale models of real coral colonies were
mounted within a flow channel which was placed within
a clinical magnetic resonance imaging (MRI) scanner to
measure the full three-dimensional (3D) velocity field
around and within the coral colony. While a powerful
tool, the use of MRI to measure flows places several
significant constraints on any experiment: (1) the flow
channel cannot contain any ferrous materials, and it must
be small enough to fit within a coil that can provide high
resolution data; (2) since the MRI unit’s primary function
is medical diagnosis, access time is limited; and (3)
measuring a single 3D flow field is time consuming—in
our case approximately 3 h. Taken together, these con-
straints meant that there were significant limits to the
number of cases that could be run.

Coral models—Rather than use idealizations of coral
colonies, real coral geometries were used in the experi-
ments. However, given that the real corals of interest were
larger than the channel that would fit within the MRI coil
used, digital representations of the corals were obtained so
that scale models could be constructed. Two coral
morphologies of S. pistillata from high-flow (Unean 5
7 cm s21) and low-flow (Umean 5 4 cm s21) environments
were chosen for the experiments. These particular coral
colonies, which were from the Red Sea near Eilat and
which were also used by Reidenbach et al. (2006) in their
experiments, have distinctly different morphologies: The
low-flow morphology (LFM) has finer branches that tend
to extend further out from the center, compared with the
high-flow morphology (HFM) which has more compact,
thicker branches.

The 3D images of these coral skeletons were obtained
using X-ray computed tomography (CT). CT can effec-
tively image calcium carbonate, the basis for both bone and
coral skeleton (Kaandorp et al. 2003; Chang 2007). For the
LFM, a standard CT scanner was used with a resolution of
0.35 mm in-plane and 0.7 mm out-of-plane, resulting in

245 images. Figure 1la shows the two-dimensional (2D)
projection of the CT scan for this coral. For the HFM, the
Axiom Artis dTA angiography suite (Siemens), capable of
creating isotropic volume pixels, or voxels, was used. This
scan resulted in 290 slices with 0.288-mm voxel resolution.

Using the CT data set, 3D solid models were constructed
for both morphologies using the commercial software
Mimics™ (Materialise) (Fig. 1b). This computer-aided
design (CAD) model was exported to a stereolithography
(stl) file for rapid protoype (RP) manufacturing. The coral
models were built at the University of Texas El Paso by Dr.
Ryan Wicker using acrylonitrile butadiene styrene (ABS)
plastic with a fused-deposition modeling (FDM) Maxum
System (Stratasys). The LFM and HFM models were
scaled by factors of 75% and 90% relative to their
“parents,” respectively. The streamwise (X), cross-stream
(y), and vertical (z) extents of the LFM were 9.3 cm,
10.7 cm, and 9.8 cm, respectively. The streamwise (x),
cross-stream (y), and vertical (z) extents of the HFM were
12.8 cm, 13.2 cm, and 9.0 cm, respectively. Because of the
resolution of the CT scans and the prototype manufactur-
ing, the small roughness scale of the coral surface (e.g.,
corallite) was smoothed out. While this may affect the fine-
scale fluid dynamics, the turbulence is primarily created by
large-scale roughness, as defined by the branches (Hearn et
al. 2001).

Experiments—We used the MRV technique described by
Markl et al. (2003), which is based on a 3D, phase-contrast
imaging sequence, to measure all three velocity compo-
nents. This method provided accurate mean-velocity
measurements in turbulent flows when results were
averaged over repeated scans (Elkins et al. 2004; Elkins
and Alley 2007).

All experiments were performed using a 1.5-T clinical
magnetic resonance (MR) system [GE Signa CV/I (cardio-
vascular imaging system)], with a single-channel receiver coil
designed for human heads. A channel 19 cm wide 3 17 cm
tall by 85 cm long was built to fit into this coil (Fig. 2a). A
schematic of the flow loop is shown in Fig. 2b. A centrifugal
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Fig. 6.
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Column (a) y-plane slices for low-flow morphology. (b) y-plane slices for high-flow morphology. (c) z-plane slices for low-

flow morphology. (d) z-plane slices for high-flow morphology. The middle row [row (3)] is the middle of the coral, and each slice is shifted
5 mm from its neighbors. Flow is in the positive x direction. The colors specify velocity in m s21,

downstream velocity. To the extent that mass transfer was
related to local velocity shear, the near-surface velocities
shown in Fig. 4 suggest that there should have been much
higher local mass transfer in some regions, e.g., forward-
facing branch tips. As expected, the upstream side of the
coral was exposed to higher velocity than the downstream-
facing side. However, the figure shows local highs on the
tips of many branches, regardless of their orientation or
location throughout the coral, which may indicate the
relative importance of the tips to mass transfer, i.e.,
nutrient acquisition or waste metabolite removal, relative
to the rest of the coral.

The mean streamlines in Fig. 4 serve to illustrate the
effects of the coral on the surrounding fluid, showing that
flow passing through the periphery and toward the outer
edge of the coral retains its high velocity and relatively
straight trajectory. In contrast, flow in the center and
especially near the bottom of the coral tended to meander
and slow down significantly. Thus, the overall distribution
of velocities as a function of position in the colony varied
significantly. Additionally, the mean streamlines show that
the extent of the overall wake behind the coral colony
extended more than one colony diameter downstream from
the back edge of the coral. Consequently, for densely
spaced colonies, the incoming flow would be strongly
affected by distance to its upstream neighbor.

One effect of the flow diversion by the colony was to
reduce the overall supply of material from upstream into
the colony. To quantify this reduction, we determined the

overall ‘‘shadow’ or outline of the coral and then
computed the flow through every streamwise slice in the
scanned domain. Because the slices at the upstream and
downstream edges of the scans tended to have low signal-
to-noise ratio, those slices were removed from the analysis.
The flow that penetrated through the coral interior
normalized by the oncoming flow through the coral outline
was plotted for both morphologies in Fig. 8. In both cases,
the flow that penetrated the interior decreased progressive-
ly along the streamwise direction, reaching 35% and 23% of
the incoming flow for the LFM and the HFM, respectively.
Equivalently, the flow that was diverted by the coral
increased progressively in the streamwise direction. The
stark difference between the two morphologies is due to the
fact that the LFM allowed more flow penetration through
its sparser branches. Additionally, because the branches
also spread out further (see Table 1), the coral outline
defined for the LFM had more voids and thus resulted in a
higher fraction of the upstream flow penetrating into the
coral interior.

In contrast, the HFM was much denser and presented
higher resistance to flow, thus resulting in more flow
diverted around the colony. Moreover, the flow through
the colony decreased more rapidly through the colony for
the HFM as compared with the LFM, with approximately
80% of the flow diverted in the former case, as compared to
60% in the latter. A notable difference between the two
morphologies was the velocity rebound in the wake, where
the LFM velocity increased slightly from 35% to 40%. In
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seen in the interior of the coral from the increasing velocity
curve for greater radii. This indicates a clear demarcation
between the interior versus exterior hydrodynamic parti-
tions, where the interior is the region where the hydrody-
namics is manipulated by the coral, and the exterior is the
region where the hydrodynamics is determined by the bulk
velocity. While data points were scattered, the highest flow
speed was consistently experienced by the outermost shells,
as expected.

The difference between the interior flow behaviors of the
LFM and HFM colonies was qualitatively apparent in the
cross-sectional slices shown in Fig. 6 as well. The slices for
the LFM (columns a and c¢) show that there was more open
space in the interior between the more sparsely distributed
branches of this colony as compared with the HFM
(columns b and d). Consequently, the flow tended to be
more evenly distributed throughout the interior, as
evidenced by the similar velocities. In contrast, the HFM
slices show more coral mass. This resulted in significant
flow retardation in the lee of many branches. In addition,
high-velocity channels are sometimes created by favorable
branch alignment when two or more branches lie directly
behind one another. One cautionary note is that the
observed high-velocity channels may be a function of the
way the coral was oriented with respect to the streamwise
direction in our experiments which may have been different
from the actual orientation of the coral relative to the
dominant flow direction where it grew. However, while the
location of these channels depends on the orientation in the
flow, it seems likely that with a different orientation,
similar channels would appear, just in other regions.
Therefore, the net effect of channeling should be relatively
independent of flow direction.

Using the plots in Fig. 6 as a guide, the LFM appears to
have distributed the flow relatively uniformly throughout
the interior. This allowed the interior of the colony to more
actively participate in mass transfer and particle capture.
The HFM, in contrast, created larger low-velocity separa-
tion zones behind its bigger branches as well as several
long, high-velocity channels as an alternative way for the
flow to pass through the interior. This may indicate high
variation in mass transfer, thus nutrient uptake, as a
function of location on the coral surface.

It is obvious from the contour plots in Fig. 6 that
velocities varied throughout the interior of the coral. The
plots in Fig. 8 parse the shell velocity data shown in Fig. 6
into four spatial quadrants relative to the incoming flow:
upper front, lower front, upper back, and lower back. The
plots show that the front experienced higher velocity than
the back. An exception was in the smallest shells in the
interior of the coral, where the flow was more tied to the
local coral geometry than to the bulk. The velocities of
smallest shells in all quadrants were similar despite the
significant differences in the velocities of the largest shells.
Additionally, the front faces of both morphologies seem to
have experienced similar conditions, starting with middle to
high velocities (normalized by the bulk mean velocity) in
the center which gradually increased as the shells moved
outward from the interior (solid lines in Fig. 8). This was
not the case for the back faces, where the bottom quadrant
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consistently experienced lower velocities. This was consis-
tent with the visualizations of the MRV volume (Figs. 5, 7),
where wake effects were strongest at the base of the coral
with lower velocities and recirculation. Both corals showed
strikingly similar trends for all four quadrants. One major
difference was that HFM had lower velocity in its top and,
especially, bottom back regions, most likely due to its
thicker base, trunk, and branches. It is important to
remember that the distribution of flow through the coral
interior is highly dependent on the upstream flow
characteristics. In a canopy environment, where one coral
sits in the wake of another coral upstream, the velocity
distribution will likely differ from the results shown here.

The picture that emerged from these observations is one
that suggests extreme variability in mass transfer through-
out the colony. Moreover, these variations should be more
pronounced from the front to the back of the colony given
that mass fluxes also depend on the spatially developing
concentration field. If there is high mass transfer at the
front of the colony, there will be lower nutrient concentra-
tions at the back, leading to lower mass transfer rates near
the back than would be expected based on difference in
velocity shear. Thus, one can hypothesize that the low mass
transfer portion of the colony must rely on high mass
transfer regions to help support the total transfer of
materials into and out of the colony, using mechanisms
like translocation as described by Rinkevich and Loya
(1983). Nonetheless, as shown by Mass and Genin (2008),
in unidirectional flows, significant front-to-back asymme-
try in distribution of zooxanthellae and eventually in
skeleton mass can develop, and therefore there must be
limits to the utility of translocation to smooth out spatial
variations in mass transfer. On the other hand, in their
natural habitat, the corals Mass and Genin studied
experienced bi-directional tidal flows and so remained
approximately symmetric.

Overall, because of the complexity of the coral geometry,
it is clear that simple models like periodic arrays of tubes
(Eckman 1983), rods (Nepf and Vinoni 2000), or cylinders
(Lowe et al. 2005) only bear a very coarse similarity to the
flow inside a single coral colony, i.e., all these structural
arrangements led to flow channeling and sheltering, as well
as to flow diversion around and above the structures.
Additionally, the strong effects of the wakes of upstream
branches on the flow incident to downstream branches
mean that it may be difficult to extrapolate the results of
studies with single branches to colony-level fluxes (Sebens
et al. 1997) unless the branches are very sparse.

More importantly, there is an important difference in
scale between our work and that of the studied periodic
arrays. Our study focused on flows inside a single structure
as opposed to considering a collection of such structures
assembled into a canopy (Lowe et al. 2008). When
describing flows through and over biological canopies
(reefs, polychaete tube arrays, and seagrass beds), the focus
is usually on spatially averaged processes such as net
momentum or mass transfer, whereas the MRV measure-
ments we present here show details inside one element of
what might compose such a canopy. The classical view of a
canopy also assumes some spatially statistical homogene-
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ity, whereas here we emphasize the complete absence of any
such homogeneity, i.e., that single colonies have notable
channels and dead zones with very different shears and
speeds, and thus, presumably, very different local rates of
mass transfer and particle capture throughout their
surfaces.

Detailed three-component mean velocity distributions
inside two coral-colony interiors were measured using
MRV. This noninvasive technique captured not only the
effects of the colony as a whole on the flow, but also of the
individual branches, which produced wakes that influenced
flows around downstream branches. Additionally, two
different characteristics for interior flow were identified: the
relatively even distribution of flow in the case of the LFM,
as opposed to the defined channeling of the HFM. These
differences in flow behavior may reflect the way coral
colony morphologies adapt to their natural flow environ-
ments. These measurements emphasized the high intracol-
ony variability of the potential for mass transfer, behavior
that should be accounted for in any model connecting coral
morphology and physiology to flow.
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