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Abstract

We investigated the effects of the ratio of water depth (H) to cora height (h) on the drag coefficient (C,) for
unidirectional flow over the coral species Porites compressa. C,, measured in a laboratory flume at several different
flow rates and depths over a coral canopy, varied from O to 1.68 with a clear dependence on H:h. At higher
Reynolds numbers C, was inversely proportional to H:h and showed signs of becoming Re-independent. C, was
dependent on both Re and H: h at lower Reynolds numbers, indicating laminar or transitional flow within the coral
canopy. The relationship between C, and H: h at the highest available Re for each depth ratio is described by the
power law: C, = 1.01(H:h)~277 + 0.01. This result should be applied with caution, however, as different coral
species and bottom roughness may cause a deviation from this relationship.

Introduction

Coral reefs are among the most productive ecosystemsin
the world despite being generally located in oligotrophic
ocean regions (Hatcher 1988, 1990). For many years the
prevailing view was that efficient recycling of nutrients as a
result of tight coupling between reef organisms was respon-
sible for this anomalously high production (Hatcher 1990).
More recently, however, it has become clear that many nat-
ural reef systems are mass transfer—limited (Bilger and At-
kinson 1995; Baird and Atkinson 1997; Thomas and Atkin-
son 1997), i.e, the supply of nutrients to facilitate reef
growth is affected by the thickness of the diffusive boundary
layer (DBL), across which diffusion of nutrients must occur
down a concentration gradient before they can be assimilated
by reef organisms. Given that the thickness of the DBL de-
creases with increasing velocity shear at the cora surface
(Hearn et a. 2001), higher mass transfer and therefore nu-
trient flux rates are expected where velocities are higher.
Thus, as originally suggested by Munk and Sargent (1954),
the reason reefs are most productive at their margins is be-
cause water velocities (often because of surface waves) are
generaly higher there than in more protected inshore re-
gions.

Coral reefs are far more geometrically complex than the
kinds of roughness generally found in engineering flows
(Kaandorp and Kuebler 2001); nonetheless, DBL thickness,
turbulence production, and mass transfer are correlated with
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the drag force on flows moving over the reef (Atkinson and
Bilger 1992; Atkinson et al. 2001; Falter et al. 2004). The
total drag on the reef, which is the combination of the form
drag resulting from the general shape of the coral roughness
elements, and skin friction because of flow around and
through the coral, can be parameterized in terms of a drag
coefficient C,. C, is thus dependent on the morphology and
density of coral cover (roughness), and flow characteristics
such as water velocity and depth (Thomas and Atkinson
1997). In fact, as shown briefly by Hearn et a. (2001), C,
should scale with the ratio of roughness length (traditionally
the height above the bottom where flow velocity is zero) to
total depth.

In this study we investigate the relationship between the
ratio of water depth (H) to the maximum coral height (h)
and C, for unidirectional flow over a coral surface of Porites
compressa. The effect of this depth ratio on drag has been
relatively well studied in unconfined canopy flow (e.g., Co-
ceal and Belcher 2004; Raupach et a. 1996) and vegetative
canopies (e.g., Nepf and Vivoni 2000) where the roughness
elements may emerge out of the flow. However, relatively
few studies in the literature have reported values of C, for
flow over coral (Baird and Atkinson 1997; Thomas and At-
kinson 1997; Reidenbach 2004). Furthermore, these reported
values vary from 0.01 (Reidenbach 2004) to almost 0.3
(Thomas and Atkinson 1997). The purpose of the present
study is to attempt to reconcile this large variation in re-
ported C, values based on this ““ depth ratio”” scaling param-
eter and its effect for unidirectional flow. In order to do this,
we performed a series of laboratory flume experiments with
unidirectional flow over a coral pavement made up of Pori-
tes compressa skeletons. As described below, we measured
C, for avariety of flow velocities and depth ratios (H: h).

M ethods

Laboratory experiments were conducted in a 10-m-long
by 0.6-m-wide recirculating flume in which flow was driven
over a coral pavement of length 2.8 m (L) with a maximum
height of 18 cm (h) (see Fig. 1A,B). A steady, unidirectional
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Fig. 1.
(B) Photo of flume with ADV setup visible.

flow of depth H (measured from the flume bottom to the free
surface at the end of the test section) was generated by a
constant-head tank and controlled downstream by a sharp-
crested welir. For the five different depth ratios (H:h), ob-
tained by varying the flow depth from 20 to 40 cm in 5-cm
increments, flow rates were adjusted using combinations of
pump settings and weir heights. For a full description of the
flume, see O'Riordan et al. (1993). The coral canopy com-
prised actual coral heads (Porites compressa) arranged over
the entire width of the flume, such that the largest heads
were in the middle of the 2.8-m test section in order to re-
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duce recirculation zones in the wakes of the coral heads.
This arrangement closely resembled a natural Porites com-
pressa canopy (see fig. 1 in Lowe et al. 2005); furthermore,
dlight variations to this arrangement had no effect on the
pressure drop, as evidenced by the fact that the pressure drop
did not vary even though the corals were taken in and out
of the flume several times during these experiments.

In the present experiments, the pressure gradient, provided
by the free surface slope (S), balances the bottom stress be-
cause of the coral and the shear stress from the flume walls.
The sidewall stress is negligible but can be accounted for by
subtracting the pressure drop measured for each flow case
without coral from the pressure drop measured for flow with
the coral elements present. The resulting force balance can
be shown to determine C, in terms of the overal flow depth
H, bulk flow velocity U,, g, and S (Bilger and Atkinson
1992; Baird and Atkinson 1997):

2gHS
= up

In addition to (H: h), C, is aso dependent on the Reynolds
number (Re; the ratio of inertial forces to viscous forces),
which is defined for each flow in this experiment as:
_ UR,

14

)

Re ()
where R, is the hydraulic radius (cross-sectional area divided
by wetted perimeter), and v is the kinematic viscosity (9.8
X 10-7 m? s71). It should be noted that in the previous flume
studies that have measured C, over cora (e.g., Baird and
Atkinson 1997), Re was defined as Re = 4HU,/v in order
to facilitate comparison of measured parameters with those
reported in the engineering literature for equivalent pipe
flows. In this study, however, the hydraulic radius and true
bulk velocity were chosen, because they are the length and
velocity scales typically used in the engineering literature
for open channel flows. Furthermore, the shear layer of vary-
ing strength at the top of the canopy (because of coral drag)
means that bulk velocity within the canopy is retarded, and
bulk velocity above the canopy is accelerated. The magni-
tude of these effects is a nonlinear function of the flow rate
(see Table 1). The most appropriate velocity scale for Re to
best characterize the overall flow conditions is thus the over-
al bulk velocity, which accounts somewhat for these shear
layer effects.

The free surface slope S was computed by measuring the
pressure drop over the coral pavement using a Validyne DP-
15 variable reluctance pressure sensor (full range = =8 cm
water). The sensor was connected by plastic tubing to the
bottom of the flume at the beginning and end of the coral
section. The sensitivity of the sensor to its orientation and
that of the plastic tubing was the main source of uncertainty
in the pressure measurement. This was minimized by keep-
ing the tubing in a constant, fixed position for the calibration
and subsequent measurements; additionally, the zero was
regularly checked in a still flume, and the sensor recalibrated
frequently. The sensor was calibrated using a custom device
consisting of two interconnected measuring cylinders at-
tached to each side of the pressure sensor by plastic tubing.
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By draining one cylinder relative to the other in precisely
determined increments, the linear relationship between volt-
age and surface elevation is obtained.

The bulk flow rate (in m® s71) was obtained from the weir
equation (French 1985):

Q = Zchwv/2gh, ©

where h; is the vertical distance from the weir to the water
surface measured at the point where the water surface begins
to slope, C, = 0.602 + 0.075h,/P, W is the width of the
flume (0.6 m), and P is the weir height in meters. The bulk
velocity (U,) was then calculated by dividing the bulk flow
rate by the cross-sectional area of the flow, A = HW.

Velocities above the coral pavement were measured using
a Sontek Acoustic Doppler Velocimeter (ADV) sampling at
10 Hz. These measurements, along with measurements of
canopy height, were used to estimate the total flow above
the canopy in each case. The flow rate through the canopy
could then be determined by subtracting this estimate from
the bulk flow rate Q.

There were no significant transverse or streamwise vari-
ations in along-flume velocities for the three deepest flows
(H = 30, 35, and 40 cm); thus, in these cases, the above-
canopy flow was calculated from the cross-sectional area
above the coral, and a vertical velocity profile measured in
the middle of the test section. In contrast, for H = 25 cm,
there were streamwise velocity variations, and the shallowest
flow (H = 20 cm) showed both transverse and streamwise
variations. For H = 25 cm, the test section was divided into
longitudinal sections and velocities measured in each sec-
tion. These velocities, together with the height of water
above the coral, were used to calculate a flow rate per unit
width for each section. Above-canopy flow was then cal-
culated by multiplying a weighted average of these sectional
two-dimensiona flow rates by the flume width. In the shal-
lowest case (H = 20 cm), the transverse variation was pres-
ent only in the middle section—reflecting whether the ve-
locity was measured above a channel or a coral head (see
Table 1). Thus, for H = 20 cm, the flow rate per unit width
for this central test section was calculated taking this vari-
ation into account, and the overall above-canopy flow then
calculated as for the H = 25 cm case.

Results

The depth ratio (H: h) was varied from 1.1 to 2.2 by ma-
nipulating the pump setting and weir height to alter the flow-
ing depth (H). Table 1 shows the results for several different
flow rates at each depth ratio. The drag coefficients (C,) and
Re were calculated from the measured data using Eq. 1 and
Eqg. 2 respectively. The bulk velocity within the canopy was
determined by estimating the fraction of bulk flow passing
through the coral canopy as described in the methods section
above, then dividing this flow rate by the canopy cross sec-
tional area (based on maximum coral height h, and flume
width W). The Reynolds number for this canopy flow was
calculated using the hydraulic radius of the portion of the
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Fig. 2. Plot of C, versus Reynolds number for different values
of H:h. Included is each flow from this study and all other available
data (Baird and Atkinson 1997; Thomas and Atkinson 1997; Rei-
denbach 2004). Error bars are shown only where they exceed the
size of the point. Note that the data from Thomas and Atkinson
(1997) and Baird and Atkinson (1997) are not directly comparable
because of differences in the way bulk velocity was measured; see
text for further explanation.

flume occupied by the coral canopy as the appropriate length
scale.

As shown in Table 1, the pressure drop over the coral
section increased both as velocity increased and depth ratio
decreased. As a result, calculated drag coefficients generally
increased as the depth ratio decreased towards 1 (the limit
where the coral occupies the entire water column)—showing
amarked increase for the lowest H : h (1.11). The bulk Reyn-
olds numbers in this experiment ranged from 4,000 to
59,000, whereas the Reynolds numbers estimated for flow
within the canopy were much lower (ranging from 238 to
10,700), suggesting the possibility of laminar or transitional
flow within the canopy for many of the lower flow rates.
The bulk velocities ranged from 3.3 to 35.8 cm s°%; these
were significantly lower in all cases than the near-surface
velocities (U.) measured above the coral by ADV, which
were around 10-12 cm s * for the lowest flow rates and as
high as 50 cm s for the highest (see Table 1). Additionally,
the relationship between bulk velocity and surface velocity
was variable, with the ratio of U, to U tending to increase
as flow rate increased for a given H:h. This suggests that
as flow rate was increased relatively more fluid was forced
to go through the canopy region.

Plots of C, versus Re for each H:h are presented in Fig.
2. Each curve represents the trend in C, for a fixed H: h as
the Reynolds number of the flow increases. The curves clear-
ly show the general trend of decreasing C, with increasing
H:h at a given Re; also evident in each curve is a charac-
teristic ““convex hump” at the lower Reynolds numbers fol-
lowed by a sharp decrease in C, at higher Re, and then a
leveling out as Re continues to increase. This low Reynolds
number feature may be because of the apparent laminar-tur-
bulent transition occurring within the canopy, as shown by
the Re values estimated for the subcanopy layer in Table 1.
Also included in Fig. 2 are the only other lab data available
for Porites compressa (Baird and Atkinson 1997; Thomas
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and Atkinson 1997), with their Reynolds number recalcu-
lated according to the definition used in this study for com-
parison, and two points from a field experiment conducted
over areef in Eilat, Israel (Reidenbach 2004).

The Baird and Atkinson (1997) and Thomas and Atkinson
(1997) data are generally similar to those presented from this
experiment but do not show the ““hump’ at low Reynolds
number discussed above. It should be noted, however, that
their bulk velocity was measured by a surface float and thus
is more representative of U, which, as seen in our ADV
measurements, is significantly greater than the bulk velocity
(Table 1). When this is factored in these two sets of data
points would tend to move up (towards higher C,) and to
the left (towards lower Re) with the upward shift being larg-
er (as C, is inversely proportional to Uz, and Re is only
proportional to U,). The relationship between surface and
bulk velocity is Re-dependent, with bulk velocity becoming
a larger fraction of the surface velocity as Re increases for
a given H:h; this means that the points at lower Re would
shift even further up for each curve. Thus, if the velocities
were equivalent, it is quite possible that the low Re feature
would be present for both sets of data. Furthermore, the H:
h = 1.41 data of Thomas and Atkinson (1997) could move
upward towards higher C,, achieving better agreement with
the H:h = 1.4 curve from this study. The points of Reiden-
bach (2004) were measured in the field in 10 m of water
where the coral roughness was around 20 cm, and thus H:
h was approximately 50. These data represent the highest
available H: h for C, over corals that has been measured.

The main contributions to uncertainty in the calculation
of C, are the errors in the pressure measurement and in the
measurement of the height h,. The pressure sensor is some-
what sensitive to motion of the plastic tubing connecting it
with the tank, meaning that small pressure drops for the low-
est flow rates are hard to distinguish from this external var-
iability. The parameter, h;, is measured at a variable distance
from the weir at the point where the water surface begins to
slope down to pass over the welir; this is more difficult to
discern and measure for the low flow cases. These difficul-
ties result in the greater uncertainty observed in calculated
values of C, both for lower Re and for lower depth at a
given Re (the reduced uncertainty from a larger pressure
drop is more than compensated for by the larger uncertainty
in h, as depth decreases). The uncertainty in C, is not sig-
nificant for many of the higher Re points (less than the size
of the point in Fig. 2).

The relationship between C, and H:h at the highest Re
for each experiment is presented in Fig. 3. Fig. 3 shows C,
from this study, and the available high-Re limit points from
the Reidenbach field study, as a function of H:h (on alog
scale) for the high-Re (flatter) part of the curve. Also shown
in Fig. 3 are al the available data from Thomas and Atkin-
son (1997) and Baird and Atkinson (1997), and the best-fit
power law line (using only data from this experiment and
Reidenbach 2004). Again, it is important to note that the
data points from these two laboratory flume studies at lower
Re would shift up (low Re points relatively more) if C, was
calculated with true bulk velocity, and would likely agree
better with the best-fit curve. For this reason, and because
many of these data are from species other than Porites com-
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Fig. 3. Plot of C, versus H:h at the highest Re available for
each H:h. The best-fit power law (C; = 1.01(H/h)-277 + 0.01) is
displayed (solid line) along with curves representing the 95% con-
fidence interval for the coefficients (dotted lines). These curves only
include data from this study and Reidenbach (2003). All other avail-
able data are plotted for comparison but omitted from the best-fit
calculations because of differences in the velocity measurements (as
described in the text).

pressa, these points are included on the plot but omitted
from the best-fit calculations.

The best-fit power law in Fig. 3 (C, = 1.01(H:h)=27 +
0.01) suggests C, scales with (H:h)=277 and asymptotes to
avalue of 0.01 at large values of H:h. As H:h approaches
1, there is an increasingly greater influence on C,, with the
effect becoming much less significant for H:h > 2. C; is
predicted to be around 0.2 in the vicinity of H:h = 2 (Fig.
3). This is consistent with depth ratios found in studies that
have previously measured values of C, over cora (eg.,
Baird and Atkinson 1997; Thomas and Atkinson 1997), es-
pecialy given the differences in velocity measurements de-
scribed above. The best-fit asymptotic value of 0.01 at high
H:h is driven by the points of Reidenbach (2004) and may
represent the high H: h limit for C, over coral. There is no
available data in the intervening range of H:h, and unfor-
tunately we were unable to obtain data in this range with the
flume setup in this experiment.

Discussion

In this experiment, C, calculated for unidirectional flow
over coral is clearly dependent on H:h and Re over the
lower range of Reynolds numbers, but we see evidence of
C, becoming independent of Re (C, vs. Re curves appear to
flatten out for every H:h) as Re increases. Similar behavior
is observed for traditional engineering flows, e.g., flow in
pipes, for which, above a certain Reynolds number, the fric-
tion factor depends only on the relative roughness as the
flow becomes “‘fully rough” (represented by the Moody di-
agram).

The low Reynolds number *‘convex hump” effects on
drag coefficient observed in Fig. 2 are also analogous to
well-studied flows in the engineering literature. For example,
similar features are observed in plots of C, versus Re for
flow over aflat plate (e.g., fig. 10.10 in Kundu and Cohen
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2002) and in pipe flow (i.e.,, the Moody diagram) as the
transition from laminar to turbulent flow occurs. In such en-
gineering studies, C, for laminar flow is high, decreasing as
Re increases until the flow is tripped into turbulence—ini-
tially causing an increase in C,, and then, as Re continues
to increase, a rapid decay in C, as the flow becomes fully
turbulent. The similarity of these results to the C, versus Re
curves in this study, along with the Re's calculated for the
within-canopy flow (Table 1) strongly suggests that we ob-
serve a transitional region at the lower end of Re values
achieved in this study, as well as a fully turbulent regime at
higher values of Re.

Where flow over coral (as in this study) begins to differ
dramatically from typical engineering flows is in the mag-
nitude of the drag coefficient. This also has an effect on mass
transfer rates, which are higher than expected from estab-
lished engineering equations for similar roughness heights
(Atkinson and Bilger 1992; Bilger and Atkinson 1992). Us-
ing a scaling approach based on the log law for rough bound-
ary layer flows (see Kundu and Cohen 2002, pp. 534-535),
Hearn et al. (2001) conclude that **the only way of achieving
such high drag coefficients is for the roughness length to be
an appreciable fraction of the water depth.” Their analysis
estimates that, in order to achieve a value of C, around 100
times that of a sandy bottom (~0.0025), the depth should
be approximately twice the roughness length (i.e,, H:h ~
2).

In this approach however, the value of H:h for a sandy
bottom where C, is relatively well known is assumed to be
200. In redlity, for a sand roughness length on the order of
a few millimeters, H:h can vary by orders of magnitude
depending on the depth. Furthermore, athough the result of
Hearn et a. was ostensibly consistent with previous mea-
surements for flow over coral (Baird and Atkinson 1997;
Thomas and Atkinson 1997; Lugo-Fernandez et al. 1998),
as H:h approaches 1, the C, predicted by the Hearn et al.
(2001) scaling andlysisis significantly different to that found
in this study (e.g., see Fig. 3).

Clearly, cords are different from typical roughness ele-
ments in that there is significant flow through the roughness,
and the roughness can occupy a very large fraction of the
water column (the entire water column if H: h = 1). It seems
unlikely that the log law will hold under these conditions,
and consequently these features of coral canopies are the
likely cause of the difference between the result of Hearn et
a. (2001) and the relationship between C, and H:h in this
study.

Figure 4 presents C, as a function of the estimated per-
centage of flow diverted up and over the coral canopy that
would have flowed through the region occupied by the coral
if there had been no corals in the flume. The percentage of
flow through the canopy region in the absence of corals was
calculated for each flow rate by integrating a typical ap-
proximation to the velocity profile for an open channel:

U@ = u0<§) 4

where U,, the free stream velocity, is assumed to be 8/7U,,
and z is the vertical coordinate. The percentage of flow
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Fig. 4. Plot of C, versus percentage of flow diverted by the
coral canopy. This shows the effect on C, of the fluid volume ex-
changed with the overlying water column (expressed as percentage
of flow diverted; see text for explanation of how this was calcu-
lated). For a given percentage diverted, the relative volume (and
thus impact on C,) of fluid exchanged from within the canopy is
greater as H: h decreases.

through the canopy region in the presence of corals was
obtained by calculating the flow above the canopy using the
ADV measurements and subtracting this from the cal culated
flow rate. ADV measurements immediately above the coral
for the shallowest case (H = 20 cm) included the velocity
directly above a coral head and the velocity between coral
heads, i.e., directly above a gap or channdl. In all cases, the
velocity above a channel was significantly greater than the
velocity above a coral head, suggesting that the flow within
the canopy was channelized with little flow through the coral
heads themselves. Finally, the percentage of the total flow
diverted by the presence of the coral canopy is simply the
difference between the percentage of the flow through the
canopy region calculated for the no-coral case and the per-
centage of flow through the corals estimated from ADV
measurements.

Figure 4 shows that for each value of H:h, C, increases
as a greater percentage of the flow is diverted or exchanged
into the zone above the canopy. The effect is more pro-
nounced for H : h approaching 1, with the slope of the curves
of C, versus percentage diverted consistently decreasing as
H:h gets larger, i.e., as the coral becomes a smaller fraction
of the water column. For al depths except the shallowest
case, the points for the lowest flow rates (generally also the
highest percentage diverted) are not consistent with the trend
of C, increasing as more flow is diverted, although the errors
associated with these points are much larger. The most likely
reason for this is the sensitivity limit of the pressure sensor;
when the flow was slow and/or deep, the pressure drop was
recorded as zero or close to zero, thereby reducing the cal-
culated C..

The main source of uncertainty in the computed percent-
age of the flow diverted is the calculation of the flow above
the coral based on our ADV measurements. The exact ve-
locity profile above the coral is not known, making it im-
possible to estimate the uncertainty in the percentage di-
verted. However, for each depth the same assumptions were
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made in calculating the above-coral flow, meaning that the
““percentage diverted” points will be accurately placed rel-
ative to each other. The fact that the exact amount of diverted
flow is unknown is not important, because the conclusions
and interpretations that follow are drawn based on the rela-
tive placement of these points.

The bulk velocity through the coral canopy is significantly
lower in every instance than in the flow passing above the
canopy (Table 1). Thus, the water that is exchanged into the
region above the coral from within the canopy is of lower
momentum than the water already passing through this re-
gion, and this lower-momentum fluid exerts drag on the wa-
ter column above. This explanation accounts for the trends
observed in Fig. 4. C, increases as more low-momentum
fluid is diverted from within the canopy (increased drag on
the water column). The effect is much more pronounced as
H: h approaches 1 because the volume of lower-momentum
fluid becomes a larger fraction of the flow above the coral.
As H:h becomes greater, the relative amount of lower-mo-
mentum fluid exchanged from within the canopy continues
to decrease, and thus the correlation between C, and the
percentage of flow diverted weakens quickly. For H: h great-
er than 2, the diverted fluid has a greatly reduced effect on
C, (Figs. 3, 4).

This explanation is similar to that offered in a different
experiment for simulated flow over vegetation (Wu et al.
1999). They found an increase in Manning's roughness co-
efficient (n), which is related to C,, in the region 1 < H:h
< 1.5 (their D/T), and attributed this to the greater influence
of the boundary shear layer at the top of the canopy. As the
relative height of the vegetation reduced (increasing H: h),
the effect of this boundary shear became insignificant, as
was found in this study for coral at approximately H:h >
2. In addition, for the submerged region of these vegetative
flows Wu et al. obtained curves very similar in shape to Fig.
2 from this study (see figs. 2b and 4 in Wu et a. 1999),
although the plotted parameters were dightly different (nvs.
depth).

These results also exhibit paralels to the mixing-layer
analogy for unconfined canopy flow (Raupach et al. 1996;
Ghisalberti and Nepf 2002); essentially, the mixing-layer
analogy represents the high H:h limit. Flow in an uncon-
fined canopy is analogous to the classic turbulent mixing
layer (see Pope 2000), where two streams of different ve-
locity initially separated by a splitter plate mix with an in-
flection point in the velocity profile at the level of the plate
or top of the canopy. Above and below the mixing layer, the
velocities are the free stream velocities of the respective lay-
ers. As H: h decreases towards 1, the mixing layer becomes
a significant fraction of the zone above the canopy, then
occupying the entire above-canopy zone, increasingly influ-
encing the momentum of this zone and consequently C,.

The presence of the coral canopy causes relatively low-
momentum fluid from within the canopy to be exchanged
vertically with the higher-momentum water column above
the canopy. The interaction of this slower-moving fluid (that
would have otherwise flowed through the region occupied
by the coral in the absence of the canopy) with the overlying
water column causes increased drag on the water column
above the coral, resulting in the observed higher than ex-
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pected drag coefficients. As H : h decreases towardsits lower
limit of 1, the amount of low-momentum fluid diverted into
the above-canopy zone is an increasingly larger fraction of
the total volume of fluid above the canopy, and thus has a
proportionately greater effect on the momentum of the upper
layer and C,. That is, as H:h decreases to 1, C, increases
rapidly because of the presence of relatively more low-mo-
mentum fluid from within the canopy. As Re increases for
agiven H:h (i.e, increasing flow rate at a constant depth in
this experiment), C, decreases as more fluid is forced
through the canopy, so a smaller fraction of the total flow is
diverted into the upper layer. In the region H:h > 1.9, the
volume of diverted fluid relative to the total volume of the
overlying water column becomes increasingly insignificant,
hence the reason C, is less sensitive to H:h in this region
and corals begin to look more like traditional roughness el-
ements at these values of H:h.

This finding has potentially important implications for
both vertical and horizontal mass transfer in coral reef sys-
tems. In shallow reef environments, H:h will change sig-
nificantly over atidal cycle and thus drag will be maximized
either side of low tides. This would produce an asymmetry
over atidal cycle in nutrient cycling and sediment resuspen-
sion. It could also result in significant differences in currents
between low and high tides, thus producing significant re-
sidual velocities that could be very important for advective
transport in coral lagoons. Furthermore, coral mass transfer
experiments in laboratory flumes should take into consid-
eration the effect of H:h on C, when interpreting results.

Flow properties such as velocity and hydrodynamic drag
have been shown to influence many aspects of coral ecology,
including growth, energetics, morphology, nutrient uptake,
and spatial distributions (e.g., Fabricius 1997; Atkinson et
al. 2001; Genovese and Whitman 2004). The fact that the
drag, as represented by C,, is dependent on the depth ratio,
H: h, suggests that this ratio may be an important factor to
consider when interpreting the ecological effects of physical
flow in shallow reef environments with predominantly uni-
directional currents.
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