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Abstract

Mass transfer characteristics of scleractinian corals are affected by their skeletal morphology
and the concentration gradients that develop as a consequence of the interactions of their
morphology and biomass with the overlying seawater. These interactions can have a profound
effect on coral metabolism. In this study, boundary layer characteristics were compared between
different size colonies of the corals Dichocoenia stokesii and Stephanocoenia michilini to
determine the relative roles of colony size and corallite structures (i.e. surface roughness) in mass
transfer. Colonies of both species were rounded in shape, but differed in small-scale roughness as
measured by the elevation of corallites. Additionally, D. stokesii had a greater aspect ratio than S.
michilini, and their colonies were slightly taller for a given diameter. Boundary layers were
characterized by placing dead coral skeletons in a flow tank and estimating shear velocities (u ) at*

different flow speeds. The effects of flow speed, size, and roughness on shear velocities were
estimated for two juvenile size classes (10–20 and 30–40 mm diameter) of each species that were

21exposed to unidirectional flow regimes (4 and 17 cm s ). Shear velocities were significantly
greater in high, compared to low flow, and there was a significant interaction between colony size
and surface roughness; the interaction was caused by a difference in magnitude, rather than
direction, of the effect of roughness and size on u . Thus, there was a greater degree of turbulence*

at high flow compared to low flow, regardless of roughness or size, and the greatest turbulence
occurred over large colonies of D. stokesii at high flow. Together, these results suggest that
boundary layers around small corals are heavily influenced by upstream roughness elements, and
more strongly affected by flow regimes than skeletal features. The relationship between colony
morphology (i.e. aspect ratio and, possibly, surface roughness) and boundary layer characteristics
may be non-linear in small corals.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Water motion has a profound effect on the physiological ecology of organisms living
in fluid environments (Denny, 1988; Patterson, 1992a). For aquatic organisms that use
their body surface for the exchange of metabolites, the dependency of physiology on
water flow largely is a consequence of the effect of water motion on boundary layers
(Atkinson and Bilger, 1992; Patterson, 1992a). These, in turn, determine the flux of
metabolites from the adjacent water (Patterson and Sebens, 1989; Patterson, 1992a;
Thomas and Atkinson, 1997). The flux across the boundary layers is an inverse function
of boundary layer thickness, and a positive function of the concentration gradients across
them (Fick’s First Law, Denny, 1988). One prediction arising from these relationships is
that organism traits affecting boundary layer dimensions may have selective value
(Patterson, 1992b; Abelson et al., 1993; Sebens, 1997).

Boundary layer thickness decreases with increasing flow speed (Denny, 1988), but the
form of this relationship varies between laminar and turbulent flow conditions (Patterson
et al., 1991). In laminar flow, organized sublayers develop in which fluid velocity varies
directly with height above the surface of an organism and the flux of material occurs by
molecular diffusion (Patterson and Sebens, 1989; Patterson et al., 1991). In turbulent
flow, organized sublayers do not develop fully, and the formation of turbulent eddies
results in the mode of material transfer changing from molecular diffusion to eddy
diffusion (Patterson and Sebens, 1989; Sebens, 1997). Eddy diffusion transports
materials more rapidly than molecular diffusion, thereby resulting in increased mass
transfer (Patterson and Sebens, 1989; Sebens, 1997). Whether or not the flow regime is
laminar or turbulent is dependent on the interactions between organism size and shape
and the ambient water flow patterns (Denny, 1988; Patterson, 1992b). As organism size
and shape may be optimized, in part, for mass transfer purposes (Helmuth et al., 1997a;
Sebens, 1997), a better understanding of their relationship with boundary layers and
mass transfer characteristics may provide insights into the adaptive value of morphology
in aquatic organisms.

Scleractinians provide a challenging example of the difficulties of understanding the
consequences of morphology (Koehl, 1996) as they produce complex calcareous
skeletons (e.g. Sorauf, 1972; Barnes and Lough, 1993) that often are plastic in shape
(Bruno and Edmunds, 1997). Water motion is one of the most important factors
modifying, and being modified by, coral morphology, and has many direct and indirect
effects on scleractinian biology. These include influences on colony morphology
(Sebens, 1997), growth rates (Jokiel, 1978), calcification (Dennison and Barnes, 1988),
particle capture success (Sebens and Johnson, 1991) and metabolic rates (Dennison and
Barnes, 1988; Patterson et al., 1991; Bruno and Edmunds, 1998). Additionally, several
studies have demonstrated that boundary layers are affected by the interaction of water
flow with the overall shape and skeletal features of the coral colony (Patterson, 1992b;
Lesser et al., 1994; Helmuth et al., 1997a,b). For example, branch spacing in Madracis
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mirabilis facilitates high respiration rates under differing flow regimes (Bruno and
Edmunds, 1998), and surface roughness created by small scale structures such as calices
and septa can affect boundary layer dimensions by altering localized flow regimes
(Patterson et al., 1991; Patterson, 1992b). However, there have been no attempts to
quantify the relative importance of colony size and shape versus small-scale structures in
modifying boundary layer dimensions of scleractinian corals. Although theory predicts
that corallite shape is optimized, in part, for mass transfer into polyp tissues (Patterson,
1992b), there is little evidence that they are effective in doing so (but see Shashar et al.,
1993).

The purpose of this study was to investigate how (or whether) skeletal features of
scleractinian corals influence mass transfer characteristics. More specifically, we wanted
to determine how colony size and surface texture (i.e. roughness) affected boundary
layer characteristics by testing the null hypothesis that colony size and roughness have
no effect on boundary layers in small corals ( # 40 mm diam.). We chose small corals
for this study for three reasons. First, they are tractable to investigation within the design
constraints of laboratory flow tanks (Denny, 1988). Second, they tend to form uniformly
rounded colonies that allow interspecific comparisons independent of colony shape.
Third, they represent a juvenile life history stage that has a strong effect on the
population biology of reef corals (Bak and Meesters, 1999). Thus, studies of the biology
of juvenile corals likely will result in a better understanding of the processes driving
coral demography. To attain the goal of this study, boundary layer characteristics were
investigated in a flow tank using small ( # 40 mm diam.), dead colonies of Dichocoenia
stokesii and Stephanocoenia michilini. These species provide a comparison of colonies
with similar shapes but differing roughness created by their corallites.

2. Materials and methods

Colonies of Dichocoenia stokesii and Stephanocoenia michilini were collected in July
1996, from 10-m depth on the reef at Dairy Bull, ¯ 2 km east of Discovery Bay,

21Jamaica. Colonies were categorized as size I (10–20 mm diam.; n 5 4 species ) or size
21II (30–40 mm diam.; n 5 4 species ) to examine the effect of colony size on boundary

layer characteristics. Corals were bleached and shipped to California where boundary
layer characteristics were investigated by exposing the skeletons to different flow
regimes and estimating the shear velocity (u ). u is a measure of the magnitude of* *

turbulent fluctuations in flow occurring adjacent to an organism (Denny, 1988).
Dissimilar values of u are indicative of differences in the flux of momentum, dissolved*

substances and particles between the water and benthic organisms (Nowell and Jumars,
1984). Thus, all things being equal, higher u values correspond to greater flux which*

can have beneficial value, for example, in the case of oxygen required for aerobic
respiration.

The effects of flow regime, colony size, and surface roughness on shear velocities
were investigated in a factorial experimental design. Shear velocities were estimated
above the skeletons of size I and size II colonies of Dichocoenia stokesii and
Stephanocoenia michilini exposed to steady, unidirectional flow characterized as low
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21 21flow (3.5760.18 cm s ; mean6S.E., n 5 50) and high flow (17.3960.50 cm s ;
mean6S.E., n 5 50) as determined with brine shrimp cysts (Johnson and Sebens, 1993).
These flow speeds are similar to those found at the collection depth in Jamaica (Helmuth
and Sebens, 1993). Coral skeletons were fixed with FuntakE to the bottom of a
recirculating flow tank (after Vogel, 1981), and were located in the middle of the
working area which was 10 3 10 cm in cross section and 100 cm long. Flow
straighteners were positioned at the upstream end of the working area.

Flow speeds were quantified above the coral skeletons using a hot-film anemometer
probe (TSI model 1210-60w; the sensing wire was 2.03 mm long and 152 mm diam.).
The probe was positioned perpendicularly to the flow, and flow speeds adjacent to the
corals were recorded as the voltage output over 60 s at a sampling frequency of 10 Hz.
To obtain a flow profile, from which shear velocities could be estimated, flow speeds
were estimated at 16 heights above each coral at vertical steps ranging from 0.5 to ¯ 40
mm. Using a binocular microscope, the probe was positioned above the coral skeleton
with a micromanipulator accurate to 6100 mm. All steps were recorded relative to the
top of the septa of the central-most corallite, on the upper surface of each skeleton. It
was not possible to record flow , 500 mm from the skeletons because of the high risk of
breaking the sensing wire of the probe.

The probe was calibrated in nine freestream flow speeds ranging from 1.2260.36 to
2129.9161.23 cm s (mean6S.E., n 5 50). The mean voltage outputs were plotted

2against the flow speed and the data fitted with an exponential curve (r 5 0.974)
according to the manufacturer’s protocol. The resulting equation was used to convert the
values of mean volts recorded above each coral into flow speeds. Flow speeds then were
plotted against the natural log of height above the coral skeleton (mm) and the plot fitted
with a straight line by least squares linear regression. The shear velocity (u ) was*

calculated from the slope of the line multiplied by Von Karman’s constant (0.4; Denny,
1988).

Statistical analyses were completed using Systat 9.0 (a 5 0.05). To examine variation
in shear velocities, u values were analyzed with a model I, three-way ANOVA using*

flow regime (low versus high), colony size (size I versus size II), and species
(Dichocoenia stokesii versus Stephanocoenia michilini to provide a rough versus smooth
comparison) as fixed factors. u values were log-transformed to meet the statistical*

assumptions of ANOVA as determined through the graphical analyses of residuals.

3. Results

Both Dichocoenia stokesii and Stephanocoenia michilini form rounded colonies yet
they differ in height for a given diameter, and in the morphology of their corallites. For
colonies 30–40 mm diameter, D. stokesii is 58% taller than S. michilini, projecting
18.060.7 versus 11.460.9 mm above the substratum, respectively (both mean6S.E.,
n 5 10). This difference in colony height is significant (t-test, t 5 5.591, df 5 18,
P , 0.001). In other words, both species form colonies that are hemispherical in shape,
but D. stokesii has a greater aspect ratio (height:diameter) than S. michilini. Additionally,
the corallites of D. stokesii protrude 2.660.1 mm above the coenosteum (mean6S.E.,
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n 5 10), are elliptical in shape, and are surrounded by exsert septae (Humann, 1993). In
contrast, the corallites of S. michilini protrude 9.660.5 mm (mean6S.E., n 5 10) above
the coenosteum and generally are circular in shape. Using corallite height above the
coenosteum as an indicator of surface roughness, the two species exhibit significantly
different degrees of roughness (t-test, t 5 27.214, df 5 18, P , 0.001). Therefore
comparison of the u values between the skeletons of both coral species allowed an*

analysis of the effect of surface roughness on shear velocities to be completed.
Shear velocities adjacent to Dichocoenia stokesii and Stephanocoenia michilini ranged

21from 0.055 to 1.877 cm s , and the regression lines (for flow speed against the natural
2log of the height above the coral) had a mean r of 0.76960.030 (6S.E., n 5 32). The

fits were degraded by signal noise, and were not improved appreciably by empirical
manipulations of the zero plane displacement (d , Denny, 1988). Representative velocityo

profiles are shown in Fig. 1. In general, the velocity profiles for size II skeletons of D.
stokesii are displaced to the right, relative to the velocity profiles for size I skeletons, and

21 21the unidirectional flow rates of the flume (low 5 3.6 cm s , high 5 17.4 cm s ). Thus,

Fig. 1. Representative velocity profiles above colonies of Dichocoenia stokesii and Stephanocoenia michilini.
Profiles are shown for size I (10–20 mm diam.) and size II (30–40 mm diam.) colonies placed in a flume

21 21operating at low (3.5760.18 cm s ) or high (17.3960.50 cm s ) flow regimes. Velocity was recorded at 16
steps on a 40-mm transect running normal to the central-most corallite of the colony. Height was measured
from the top of the septa of this corallite, and the first measurement was taken at 500 mm; the lines are the
best-fit exponential curves. Refer to text for further details.
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water accelerated as it passed over size II skeletons of D. stokesii. In contrast, the
velocity profiles over S. michilini are broadly similar for size I and II skeletons,
regardless of flow. For size I and II skeletons of both species, the velocity profiles are
steeper at high versus low flow.

The patterns of variation in velocity profiles (Fig. 1) are reflected in the shear
velocities (u ; Fig. 2). u values differed significantly when skeletons of D. stokesii and* *

S. michilini were exposed to low and high flow regimes, and there was a significant
interaction between size and surface roughness (i.e. species); the remaining interactions
were not significant (Table 1). The significant interaction between size and roughness
was caused by a difference in the magnitude, rather than direction, of the effect of flow
on u of size II skeletons of D. stokesii versus S. michilini (Fig. 2). These results*

Fig. 2. u values (mean6S.E. for untransformed data, n 5 4 for each bar) measured above size I (10–20 mm*

diam.) and size II (30–40 mm diam.) colonies of Dichocoenia stokesii and Stephanocoenia michilini exposed
21 21to low (3.5760.18 cm s ) and high (17.3960.50 cm s ) flow regimes.
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Table 1
21Results of model I, three-way ANOVA for u values (cm s ) using flow, size and species (i.e. surface*

roughness) as fixed factors

Factor SS df MS F P

Flow 13.164 1 13.164 36.523 , 0.001
Colony size 0.063 1 0.063 0.174 0.681
Surface roughness 3.251 1 3.251 9.020 0.006
Flow 3 Colony size 0.002 1 0.002 0.005 0.942
Flow 3 Surface roughness 0.062 1 0.062 0.171 0.683
Colony size 3 Surface roughness 2.223 1 2.223 6.168 0.020
Flow 3 Colony size 3 Surface roughness 0.145 1 0.145 0.401 0.532
Error 8.650 24 0.360

indicate that there is a greater degree of turbulence (as shown by higher u values)*

adjacent to colonies of D. stokesii and S. michilini when exposed to high flow compared
to low flow, regardless of size and roughness. Moreover, this effect is accentuated by
size for D. stokesii, which is taller than S. michilini for colonies of comparable diameter.
For colonies # 40 mm diameter, turbulence was not affected uniformly by size or
surface roughness.

4. Discussion

The purpose of this study was to determine how (or whether) the skeletal features of
small ( # 40-mm diam.) scleractinians can influence mass transfer to their tissue. The
results show that shear velocities next to colonies of Dichocoenia stokesii and
Stephanocoenia michilini were affected significantly by flow regime, increasing 3.5–4.8-

21fold between 4 and 17 cm s , but there was no clear effect of colony size or roughness.
Therefore, small colonies of both species experience relative differences in the degree of
turbulence such that mass transfer rates likely are elevated at high flow speeds compared
to low flow speeds. As neither colony size nor roughness had a consistent effect on shear
velocities, they are unlikely to be influenced strongly by mass transfer considerations.
However, the relative enhancement of turbulence over large colonies of D. stokesii at
high flow rates suggests that at least one aspect of colony morphology can affect mass
transfer characteristics. The most likely cause of this effect is the greater height of large
colonies of D. stokesii, compared to equivalent-sized colonies of S. michilini; taller
colonies provide larger roughness elements to enhance turbulent flow. Together, these
results suggest that mass transfer characteristics of small corals can be modified by
phenotypic plasticity (sensu Bruno and Edmunds, 1997) for some traits (i.e. colony
aspect ratio) but not others (i.e. colony size and corallite structure). Thus, in small corals,
the functional significance of corallite size and shape may be explained better by traits
such as sediment shedding ability (Hubbard and Pocock, 1972), and the accommodation
of gametes (Hall and Hughes, 1996), rather than mass transfer characteristics.

The shear velocities above Dichocoenia stokesii and Stephanocoenia michilini are
similar to those reported for mats of Halimeda opuntia in Palau (Koehl et al., 1997), and
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over shallow coral reefs (Shashar et al., 1996), but are less than those characterizing
many boundary layer flows (Denny, 1988). The low values in the present study may
reflect a dominant effect of the flow tank, including its smooth floor, in creating the flow
characteristics above the corals. In other words, the boundary layers over most of the
small corals were affected strongly by upstream processes rather than by the corals
themselves. This is expected where a change in surface roughness — in this case created
by a small and isolated coral colony — extends less than 50 times the boundary layer
thickness (d ), the distance necessary for the formation of an equilibrium boundary layer
(Nowell and Jumars, 1984). A similar situation occurs in freshwater streams with stony
bottoms (Hart et al., 1996), where much of the small-scale (over # 10 mm height)
turbulence over individual stones is created by upstream roughness elements that cause
flow separation (Hart et al., 1996). Although theory predicts that the corallites are high
enough to create roughness Reynolds numbers (Re ) characteristic of turbulent flow*

(Re . 6, Denny, 1988) in D. stokesii (corallites project 2.6 mm), but not in S. michilini*

(corallites project 9.6 mm), there was no clear effect of species (i.e. surface roughness)
on u . However, an effect of colony roughness on the flow characteristics around small*

corals cannot be ruled out entirely, because the high u values for large colonies of D.*

stokesii at high flow speeds might be a result, in part, of the rough corallites of this
species. Additional experiments — for example, using model corals varying in
morphology — will be necessary to untangle the effects of surface roughness (if any),
colony size, and aspect ratio on shear velocities above small corals.

Determining whether the present findings apply to juvenile corals in the natural
environment will require in situ determinations of shear velocities. However, it is likely
that the results of such studies will be broadly similar to those reported here. This is
because most juvenile corals are spatially separated on a scale . 10 cm, at least in the
Caribbean (P.J. Edmunds, unpublished data), and cannot therefore form the consistent
roughness elements required for an equilibrium boundary layer (50d ; Nowell and
Jumars, 1984). Moreover, upstream roughness elements of natural reef substrata (e.g.
Thomas and Atkinson, 1997, Table 2) likely will eclipse the role of juvenile corals in
determining boundary layer characteristics, given that this effect was apparent even in a
flow tank with a smooth floor. Under some situations, however, it may be possible for
juvenile corals to form large areas of roughness elements that can develop an
equilibrium boundary layer, for example where juvenile corals are aggregated (e.g.
Favia fragum; Carlon and Olson, 1993).

As turbulent flow increases mass transfer through boundary layers (Patterson, 1992b),
with potentially beneficial consequences such as supporting higher metabolic rates
(Patterson et al., 1991), there should be selective advantages to using morphological
traits to enhance mass flux. Such a strategy appears suited to scleractinian corals that
typically have complex skeletons with the potential for phenotypic plasticity (Bruno and
Edmunds, 1997). Indeed, analyses of corallum morphology have demonstrated that
colony shape can affect turbulence near to the tissues (Patterson, 1992b; Helmuth et al.,
1997b). In addition, corallite shape and structure can create small-scale roughness
elements that can alter patterns of water flow and effect boundary layer dimensions
(Patterson et al., 1991, Sebens, 1997), and particle capture success (Helmuth and
Sebens, 1993). By using a modeling approach, Helmuth et al. (1997a,b) demonstrated
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that shape, independent of behavioral and physiological characteristics, can significantly
effect mass transfer between corals and their environment. Thus, if corallum and
corallite shape can have functional significance with respect to mass transfer, then it is
reasonable to hypothesize that coral morphology is affected by the mass transfer
requirements of the coral tissue (sensu Patterson, 1992a; Sebens, 1997).

The present study provides support for the hypothesized relationship between mass
transfer requirements and colony morphology because high shear velocities for larger
coral colonies were associated with a high aspect ratio and elevated flow rates.
Nevertheless, the absence of a clear effect of colony size and roughness on shear
velocities is inconsistent with this hypothesis, and may be a result of the small size of
corals investigated. Larger colonies (i.e. . 40 mm diam.) project further into the benthic
boundary layer and have a greater potential to affect flow patterns directly. Moreover,
large colonies will be less effected by upstream processes, and provide a greater area
over which a unique, equilibrium boundary layer can develop. This may explain why
Shashar et al. (1993) found differences in oxygen boundary layers for relatively large
colonies (up to 15 cm diam.) of two coral species (Favia favus and Stylophora pistillata)
differing in corallite size and shape.

This study provides insights into the factors determining mass transfer characteristics
of small scleractinians, but the results must be interpreted with caution. Although the
utility of using non-living skeletal models to examine mass transfer in scleractinians has
been established (Helmuth et al., 1997a,b), this approach may be biased by the absence
of living tissue. Boundary layer characteristics of living corals may be modified by the
mucus and cilia found on their surface (Patterson et al., 1991). In the field, it is likely
that the relationship between morphology and boundary layers is more complex than
recorded in the laboratory, as in situ flow regimes often are oscillatory and turbulent in
nature (Helmuth and Sebens, 1993). Additionally, because water flow was measured
above the central-most corallite of each colony in the present study, the results do not
describe the complexity of flow patterns around objects on the sea floor (Nowell and
Jumars, 1984, Fig. 1). Thus, different placements of the flow sensor could generate
dissimilar velocity profiles, possibly even on scale of mm from the position used.
Further studies are required to fully characterize flow patterns around small corals, and
to determine how these affect mass transfer between coral tissue and seawater.

The potential for coral colonies to affect their boundary layers only when they become
large (i.e. $ 40 mm diam.) or, possibly, when small colonies develop a high aspect
ratio, suggests at least three hypotheses that warrant further study. First, the selective
pressure for juvenile corals to grow fast and avoid the risky small size-classes (Hughes
and Jackson, 1985), may be driven by the two-fold flow advantages of increased size on
a hard surface (Nowell and Jumars, 1984), and escaping the benthic boundary layer.
Second, the importance of upstream roughness elements in determining the boundary
layer of small corals suggests that the selection of microhabitats by settling coral larvae
(Harrison and Wallace, 1990) will be determined, in part, by small-scale water flow
patterns. This appears to be the case with larval blackflies (Hart et al., 1996) and
barnacle cyprids (Mullineaux and Butman, 1991), and is consistent with the favored
settlement of coral larvae on the edges of artificial substrata (Wallace and Bull, 1981),
where boundary layers are thinned (Nowell and Jumars, 1984). Third, the interactive
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effect of colony size and species (incorporating roughness and aspect ratio) suggests a
non-linear relationship between boundary layer characteristics and morphology. Thus,
there may be a strong advantage to fast growth and morphological plasticity in small
( # 40 mm diam.) scleractinians.
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