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Abstract The fringing reef off southern Molokai, Hawaii,
is currently being studied as part of a multi-disciplinary
project led by the US Geological Survey. As part of this
study, modeling and field observations were utilized to
help understand the physical controls on reef morphol-
ogy and the distribution of different coral species. A
model was developed that calculates wave-induced
hydrodynamic forces on corals of a specific form and
mechanical strength. From these calculations, the wave
conditions under which specific species of corals would
either be stable or would break due to the imposed wave-
induced forces were determined. By combining this
hydrodynamic force-balance model with various wave
model output for different oceanographic conditions
experienced in the study area, we were able to map the
locations where specific coral species should be stable
(not subject to frequent breakage) in the study area. The
combined model output was then compared with data on
coral species distribution and coral cover at 12 sites
along Molokai’s south shore. Observations and model-
ing suggest that the transition from one coral species to
another may occur when the ratio of the coral colony’s
mechanical strengths to the applied (wave-induced)
forces may be as great as 5:1, and not less than 1:1 when
corals would break. This implies that coral colony’s
mechanical strength and wave-induced forces may be
important in defining gross coral community structure
over large (orders of 10’s of meters) spatial scales.
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Introduction

Computer models are being increasingly used to simu-
late aspects of coral reefs, including carbonate produc-
tion (Aigner et al. 1989; Bosence and Waltham 1989)
and the geologic development of reef structures over the
course of sea-level fluctuations (Bosscher and Schlager
1992). Such simulations help in understanding the vari-
ous controls on reef structures; however, separating the
influence of individual controls remains difficult. With-
out quantification of the individual controls, computer
simulations on reef growth will depend on the use of
empirical data on biologic, geologic, and environmental
variables (Graus et al. 1984; Scaturo et al. 1989;
Bosscher and Schlager 1992). Typically, most simula-
tions combine data from different geological and geo-
graphical settings, causing significant problems when
trying to understand how a specific biologic, geologic, or
oceanographic system interacts to form a specific reef
structure.

It has been known for some time that there are strong
qualitative correlations between wave energy and coral
distribution (Rosen 1975; Geister 1977; Vosburgh
1977b; Dollar 1982; Done 1983; Massel and Done 1993;
Rogers 1993; Blanchon and Jones 1997). Grigg (1998)
has most recently discussed the interplay between wave
energy and reef properties in the Hawaiian Islands, but
as in most past studies, wave energy is classified in terms
of the loosely divided categories of ‘‘low’’, ‘‘medium’’, or
‘‘high’’ wave energy regimes. Jokiel et al. (2004) show
that maximum wave height in Hawaii is negatively
correlated with coral cover, diversity, and species
richness. There has yet to be, however, a large-scale
quantitative investigation of these relationships that
compares the motions exerted by waves upon the reef to
the distribution of different stony coral species. Our goal
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is to better quantify the interplay between wave-induced
forces and coral species distribution. This was accom-
plished by analyzing the wave-induced forces acting on
Hawaiian stony coral forms and estimating the magni-
tudes of mechanical stresses induced by these forces.
These calculations were then used to predict failure
envelopes for different coral species under varying wave
heights, wave periods, and water depth combinations.
This hydrodynamic force-balance model was then tested
with modeled wave data and spatially-extensive data on
coral species distribution off southern Molokai, Hawaii.

Study area

The island of Molokai is located roughly 21�N, 157�W
in the north-central Pacific between the islands of Oahu
and Maui in the Hawaiian Archipelago (Fig. 1). The
island is 62 km long in the east–west direction and on
average 13 km wide north–south. A 40-km-long fringing
coral reef lies off the south shore of the island in the
channels between Molokai, Lanai, and Maui. The ac-
tively growing reef pinches out roughly 7 km from the
west end of the island and 22 km from the east end.

Most fringing coral reefs can be subdivided into three
general parts: the reef flat, the reef crest, and the fore
reef. The reef flat off southern Molokai is shallow,
generally less than 2 m, and attains a maximum depth of
3 m except in certain locations where ‘blue holes’ with
nearly vertical walls extend to depths of more than 10 m.
The reef flat is on average 1 km wide and has a maxi-
mum width of more than 1.5 km offshore of the saddle
between the two basaltic shield volcanoes that compose
the island. Low coral cover (typically <10%) and shore-
normal ‘ridge-and-runnel’ structures (Blanchon and
Jones 1997) extending from the shoreline out to the reef
crest characterize the reef flat. The reef crest is well de-
fined off south Molokai and is characterized by irregular

morphology dominated by robust coral microatolls. The
crest is typically 1–2 m deep and is the zone where most
deepwater waves break. The fore reef, which extends
from the reef crest to depths of approximately 30 m, is
the zone of highest coral cover and is generally charac-
terized by shore-normal ‘spur-and-groove’ structures,
large ‘‘blue holes’’, re-entrants, and paleo-stream chan-
nels that correspond to onshore drainages.

The wave climate off Molokai is dominated by four
wave regimes: the North Pacific swell, northeast trade
wind waves, southern ocean swell, and Kona storm
waves (Moberly and Chaimberlain 1964). North Pacific
swell is generated by strong winter (November–March)
storms as they track from west to east across the North
Pacific and have significant wave heights (Hs) �3–8 m
and peak periods (Tp) �10–20 s. The northeast trade
wind waves occur throughout the year, but are largest
from April through November when the trade winds
blow the strongest; these waves have Hs �1–4 m, but
have very short periods (Tp �5–8 s). The southern swell
is generated by storms in the southern ocean during the
southern hemisphere winter; although the waves are
typically small (Hs �1–2 m), they have very long periods
(Tp �14–25 s). Kona storm waves occur when local
fronts or extratropical lows pass through the region and
are neither frequent nor consistent in their occurrence.
Kona storm waves typically have Hs �3–5 m and
Tp �8–12 s.

Methods

Coral coverage

Qualitative estimates of percent areal coral coverage
were collected using visual estimation techniques pat-
terned after the accuracy assessment scheme for the
NOAA habitat mapping efforts in Hawaii, Puerto Rico,
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and the US Virgin Islands (Kendall et al. 2001; Coyne
et al. 2003). In many situations such visual estimates are
more reproducible and more accurate than random-
point sampling (Dethier et al. 1993). Two experienced
observers estimated percent total coral cover on hard
substrata and dominant species coverage as the boat
drifted a distance of 30 to 50 m using lookboxes
(diameter 0.3 m) from the survey vessel. The repeated
estimates by different observers were always in good
agreement and were averaged. These estimates were
verified by in-situ visual examination during reconnais-
sance snorkels and scuba dives in February 2000.
Observations were logged over a broad area at each of
12 locations spaced �1.6 km along the 10-m isobath
from the west end of the island east to Kaunakakai on
the south shore of Molokai from the R.V.Alyce C. By
making observations along the 10-m isobath, cross-
shore variations in species zonation due to such factors
as variations in light availability for photosynthesis
(Stoddart 1969; Dustan 1982; Falkowski et al. 1990)
were reduced. This method made it possible to relate
variations in the coral distribution to along-shore vari-
ations in the physical environment. The dominant
species recorded were the delicate finger coral Porites
compressa, two similar low energy species; Montipora
capitata and Montipora patula, which display a more
compact form than P. compressa; Pocillopora meandrina,
a more robust, moderate energy species; and Porites
lobata, a high-energy species (Grigg 1983).

Wave modeling

In order to provide accurate wave data for locations
along the south shore of Molokai, the US Naval
Oceanographic Office’s Spectral Wave Prediction Sys-
tem (SWAPS) version 4.0 wave model (WAM) was
used. The WAM is an energy-balanced, spectral wave
model with variable resolution; this version related
surface roughness and drag coefficients to wave for-
mation and had improved response to refraction ef-
fects from variable bottom morphology. It defines the
spectral energy of wind-generated waves using 25 fre-
quency bands and 24 direction bands. Surface wind
forcing for the global and higher resolution local
WAM was derived by the US Fleet Numerical Mete-
orology and Oceanography Center’s NORAPS model.
A one-degree global WAM drove the finer-resolution
WAM model area as boundary input. The model’s
resolution for the study area was 1.6·1.6 km. The
model generated a gridded field of wave height, period,
and direction for analysis. Since the WAM product
was wind generated, once inside the 10-m isobath,
shallow-water interactions were not indicated in the
gridded model output. This depth of 10 m, therefore,
was the minimum depth for which we could compute
our hydrodynamic force model using the spatial WAM
data. This was not a problem, however, because this
was the isobath along which we collected the coral

coverage data. Ultimately, we wished to compare the
maximum modeled wave-induced forces encountered
along the south shore to the observed distribution of
different coral species. In order to do this, a synthetic
maximum set of forces that the reef experienced was
computed by selecting the wave parameters that would
result in the largest near-bed shear stresses for each
grid cell in the model domain.

Real-time WAM Hs and Tp output were compared
with concurrent observations of Hs and Tp made at two
US National Oceanographic and Atmospheric Admin-
istration (NOAA) deepwater buoys (#51001 and
#51002) and five wave/tide gauges we deployed in 11 m
off the south shore of Molokai. The WAM output’s Hs

and Tp values differed from the field data by less than
10% and verified that the model’s estimation of energy
loss due to refraction and shoaling worked properly. The
Hs and Tp for the shallowest grid cells that were closest
to the south shore of Molokai output by the WAM were
then used to calculate the dominant wave celerity (C,
in m/s), the horizontal wave orbital velocity (u, in m/s),
the wave orbital amplitude excursion (Ae, one-half of the
orbital diameter, in m), and the radian wave frequency
(x, in 1/s) from Stokes’ second- and fourth-order wave
theory (e.g., Komar 1998). All of these parameters, ex-
cept for x, are dependent on some combination of Hs,
Tp, and h (e.g., Komar 1998). These parameters were
then used for input into the coral force balance model.
In order to best visualize the wave-induced forces on the
bed, the peak wave-induced near-bed shear stresses un-
der oscillatory flow, ŝb;, which incorporate both Hs and
Tp, were calculated:

ŝb ¼
1

2
qf fw Aexð Þ2 ð1Þ

These ŝb values are in Newtons (N) per m2. The wave
friction factor ( fw), which parameterizes the wave shear
stress, was set at 0.3 following the observed attenuation
in wave heights over the same species of corals on the
reef off Kaneohe, Hawaii, by Lowe et al. (2004).

Hydrodynamic force model for coral species distribution

As first discussed by Chamberlain and Graus (1975), a
useful model for analyzing hydraulic controls on coral
species distribution can be constructed by considering
the effect of water movement against a coral form. Flow
of fluid around a coral form causes some of the
momentum of the fluid to be transferred to the coral.
The hydrodynamic forces (lift, drag, and inertia) gen-
erated by this momentum transfer induce stresses on the
coral, which will cause the coral to break if the applied
load exceeds the mechanical strength of the coral form.
These are balanced by the weight and strength of the
coral, as shown schematically in Fig. 2. In order to
simplify the force and stress calculations, the following
assumptions along the lines of Graus et al. (1977) were
made:
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1. Corals are represented as idealized cylinders. Due to
the solitary (P. compressa and P. lobata) or very
densely branched (M. capitata and P. meandrina)
coral forms being investigated, we felt this simplifi-
cation was valid.

2. Skeletal structure and thus strength are uniform
throughout the coral form. Hence the stress will be
greatest at the base of the coral where it attaches to
the substrate.

3. The position of the center of dynamic pressure and
the center of mass for the coral coincide and lie at the
midpoint of the coral height.

Weight of the coral is a function of coral colony’s
morphology and acts to counter the forces of lift and
drag, which act to dislodge the coral from the substrate.
The weight of a coral (Fg) is purely a function of the
coral’s relative density and volume:

Fg ¼ qc � qf

� �
gpr2c hc ð2Þ

where the coral skeletal density, qc =1,450 kg/m3

(Lough and Barnes 1992), the fluid density, qf

=1,024 kg/m3 for seawater at 20 �C and salinity of
33.5 psu, and the coral’s radius, rc and height, hc is a
function of the species’ colony form (Fig. 2). Repre-
sentative values for the parameters that define the ide-
alized morphology of the different coral species were
estimated from numerous in-situ measurements col-
lected over the course of 22 scuba dives made through-
out the study area (Table 1).

As fluid flows over an object, the flow is disturbed as
flow lines diverge and the fluid temporarily accelerates
over the object; this acceleration over the object causes a
lifting force. The lift force (Fl) on a coral was defined as:

Fl ¼
1

2
qf Cl�u22rchcb ð3Þ

with the dominant near-bed horizontal wave orbital
velocity, u calculated from Stokes’ second-order wave
theory, the lift coefficient, Cl =0.15 (Hoerner 1965, for a
cylindrical shape), and a ‘‘hiding’’ parameter, b that is
also a function of the coral species. This parameter

accounts for how much of the individual coral is exposed
to the flow, or conversely, is not hidden by other corals;
b varies from 0–1 (total blocking of flow to no blocking
of flow, respectively). Seeing some corals are on the edge
of coral spurs or are solitary (b =1.0) whereas others are
surrounded by other corals (b <0.5), we choose the b =
0.9 value somewhat arbitrarily. Our basis for this
selection is that this value lies within the range of
numerous field observations and seeing it is most likely
that the wave-induced forces would likely have a greater
influence on corals near the edge of a group of corals, in
that a failure of a coral at the edge of a group would
then expose the corals further in the group, decreasing
their b. This choice is further supported because the
choice of a value of b slightly less than 1.0 would help to
take into account some of the high bottom roughness on
the length scales of coral spurs (orders of 10’s of meters)
that cannot be adequately addressed by fw and the drag
coefficient, Cd. Moving water imposes a drag force on
any structure projecting into and disrupting the flow.
The drag force (Fd) on a coral was defined as:

Fd ¼
1

2
qf Cd�u22rchcb ð4Þ

where we set the drag coefficient, Cd =0.85 based on the
range of values of 0.7–1.0 determined for corals and
rough cylinders by Denny (1988, 1993) and Gerhart
et al. (1993). Of note is that laboratory measurements on
rough cylinders and real corals indicate that Cl and Cd

values are relatively constant across a range of Reynolds
numbers (Denny 1988; Gerhart et al. 1993) and thus
variable Cl and Cd numbers based on the Reynolds
numbers are not needed and likely invalid. Since the
passage of a wave causes oscillatory flow, inertial forces
are present due to the acceleration and deceleration of
the flow field around the coral head as the wave
boundary layer grows and decays. The inertial force (Fi)
on a coral due to this acceleration is defined as:

Fi ¼
51

24
qf pr2c hca ð5Þ

where the local fluid acceleration around a coral head, a,
is function of u and Tp. This formulation is based on the
solution found by Massel (Eq. 7.77, 1996), but is solved
for the more typically observed cylindrical coral shape.

As discussed by Graus et al. (1977), Fi and Fd act
above the base of the coral to induce an overturning
moment about the neutral axis. The neutral axis passes

Table 1 Coral morphologies and mechanical strengths used in the
model. Mechanical strength data are from Rodgers et al. (2002)

Coral species hc rc rb rmean

(m) (m) (m) (Mpa)

Montipora capitata 0.20 0.10 0.06 3.5
Porites compressa 0.15 0.02 0.02 5.3
Porites lobata 1.00 0.50 0.45 6.2
Pocillapora meandrina 0.20 0.13 0.07 7.0

Fig. 2 Diagram of forces on a coral and the parameters used to
define a coral’s morphology. Fg, Fl, Fd, and Fi are the coral’s weight
and the wave-induced lift, drag, and inertial forces, respectively.
The morphologic parameters include the coral height, hc, the
coral’s radius, rc, and the coral’s basal radius, rb
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through the center of mass and is perpendicular to the
flow direction. Fl and Fg do not directly contribute to the
overturning moment because they act along the neutral
axis. The overturning moment lifts the upstream edge of
the coral base and forces down on the downstream edge,
causing tension on the upstream edge and compression
on the downstream edge. These stresses are superim-
posed on the stresses induced by the Fg and Fl and re-
verse with every half Tp of the wave. The resulting
overturning moment (sum of applied forces per unit area
or stresses) needed to break the coral from the substra-
tum was then solved following Massel’s equation 7.85
(1996):

X
rapplied ¼

Fg þ Fl

pr2b
�

1
2 Fi þ Fdð Þ2rcrb

1
4 pr4b

ð6Þ

where the basal coral radius, rb, is function of the spe-
cies’ colony form.

Corals are primarily composed of aragonite, which
has been shown to be very stiff and brittle (Vosburgh
1977a; Tunnicliffe 1979). These studies showed that
corals typically bend very little under large forces and
fail suddenly with little deformation. The amount of
force necessary to cause a coral of a specified strength to
fail can be computed in the laboratory (Tunnicliffe 1982;
Rodgers et al. 2002). Rodgers et al. (2002) calculated
coral tensional and compressional strengths in the lab
from prism-shaped pieces of the coral species Porites
compressa, Pocillopora meandrina, Montipora capitata
and Porites lobata; these strengths are listed in Table 1.
Because corals undergo both tensional and compres-
sional forces under oscillatory wave motion, the mean
value of the two mechanical strengths or resistive forces
per unit area rresistiveð Þ was used to compare to the wave-
induced forces for analysis.

Since the parameter u is a function of both Hs and Tp,
which vary not only along-shore but also in the cross-
shore direction as the water depth varies, we computed
the wave-induced stresses on corals a range of depths
over which these corals have been observed in the field.
For each coral species, the force balance was computed
for a range in wave conditions for Hs =1–7 m and Tp

=4–28 s in 0.5-m and 2-s steps, respectively. Water
depths were also varied, from h =5–30 m at 5-m inter-
vals. In order to better understand the relative balance
of these forces, a factor of safety, Fs, which is the ratio of
the resistive forces per unit area (mechanical strength) to
the applied stresses defined in Eq. (6), was calculated:

Fs ¼ rresistiveP
rapplied

ð7Þ

Thus, a Fs =50 means that the coral’s strength is 50
times greater than the applied ‘‘breaking’’ forces, while a
Fs <1 implies that the coral will fail (break) as the ap-
plied forces are greater than the coral’s strength. These
calculations can then be validated by comparing maps of
actual coral species distribution along the 10-m isobath

to maps of different species’ calculated Fs values along
the 10-m isobath. For example, if a specific coral species
was observed at a location where the predicted Fs >1,
the model would appear valid; conversely, if the calcu-
lated Fs <1 for a certain location and the specific spe-
cies and was not observed, the model would also appear
to support the model’s effectiveness.

Results

Coral distribution

Observations of coral coverage along the 10-m isobath
were conducted at 12 locations stretching >20 km
from the west end of the island east to Kaunakakai on
the south shore of Molokai (Fig. 3a). Total coral cov-
erage is extremely high, typically greater than 90% of
hard surfaces except near the west end of the island,
where the total coral cover drops sharply (Fig. 3b).
Porites compressa dominates most of the central por-
tion of the reef, composing more than 70% of the coral
observed; its abundance also decreases towards the is-
land’s west end. Porites lobata, a more robust species,
typically composes only 6% of the coral covered sub-
strate at 10 m. Within 8 km of the west end of Molo-
kai, it reaches a maximum abundance of 60% of the
total coral observed before it decreases to 50% at the
western-most mapping station. Montipora spp. (con-
sisting of M. captiata and M. patula) generally com-
poses approximately 17% of the hard substrate,
increases to 60% at 9.5 km from the island’s west end
and essentially disappears at the west end. Pocillopora
meandrina is generally uncommon (�3%) along most
of the reef, except in the western-most stations where it
composes between 20 and 50% of total coral coverage
noted. Overall, coral coverage is highest and relative
diversity is lowest along south-central portion of the
island, which is protected from the largest waves,
whereas coral coverage decreases, but relative species
diversity increases, towards the west end of the island
where the wave energy is very high.

Wave modeling

The SWAPS WAM was run for the four main wave
regimes for the Hawaiian Islands and a commonly ob-
served combination of a North Pacific swell and trade
wind waves (Table 2). The wave events modeled corre-
sponded to the largest waves observed for each regime
over the previous 15 years for which there was high
enough quality boundary conditions data to run the
WAM. We chose to use the largest events observed over
the previous 15 years seeing that this length of time
approaches the recovery time for the coral species ad-
dressed here (Dollar 1982; Grigg 1983) and that corals
and their resulting reefs generally develop under the
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conditions typically observed over the time necessary for
their recovery (Graus 1984; Rogers 1993). The WAM
North Pacific swell run displayed a strong shadowing
effect by the island of Molokai along its southern coast.
The north, east, and west sides of the island were ex-
posed to the brunt of this large swell, which could gen-
erate near-bed wave orbital velocities (u) greater than
1.75 m/s along most of Molokai’s shoreline. The area off
the south shore, concurrent with the large fringing reef,
is a shadow zone with modeled u less than 0.5 m/s.
Along most of the fringing reef, u was less than 0.2 m/s
in 10 m of water. At both the east and west ends of the
island where the reef narrows, u rapidly increases five-
fold to more than 1.0 m/s.

The Kona storm waves, which were modeled to ob-
serve how the south shore of Molokai would be impacted
by an unrefracted swell, did not generate high near-bed
wave orbital velocities (u=0.19 m/s) anywhere along the
island, likely due to their relatively short period. The
southern ocean swell, on the other hand, produced
intermediate u values (�0.5 m/s) along almost the entire
length of Molokai’s fringing reef and have been observed
to transport high quantities of fine-grained terrestrial
sediment on the fore reef and the reef flat. The modeled
trade wind waves appear to primarily impact the east and
southeast coast of the island.Due to their short period and
intermediate height, these waves produce rather low u
values, on the order of 0.3 m/s. In combination with a

Fig. 3 Location of coral
mapping sites and the resulting
data on coral coverage. a Map
of the island of Molokai
showing the relative position of
the coral mapping sites made
along the 10-m isobath along
with the names of areas
discussed in the text. b Plot of
the along-shore variation in
total coral cover (±r) and
species distribution along the
south shore of Molokai.
Overall, total coral cover is high
towards the lower-energy
south-central portion of
Molokai, whereas total coral
cover is low towards the
southwest corner of the island
where wave energy is the
highest. It is clear from the
figure that the Porites
compressa and Montipora spp.
coverage goes to zero, and that
robust Porites compressa and
Pocillopora meandrina make up
most of what is left of the coral
cover on the wave-impacted
west end

Table 2 SWAPS WAM modeling conditions. Data are from NOAA-NDBC buoys #51001 and #51002. Note: hwave is the direction from
true north the waves are coming from

Wave regime Date Hs Tp hwave Uwind

(mm/dd/year) (m) (s) (deg) (m/s)

North Pacific swell 01/28/1998 8.4 20 320 6.1
Kona storm waves 08/16/1998 2.8 9 170 7.2
Southern Ocean swell 06/08/2000 2.5 20 180 6.2
Trade wind waves 06/23/1998 3.2 8 50 13.8
Trade wind waves and
North Pacific swell

11/30/1998 4.6 8 (trade wind)
16 (N Pacific)

50 (trade wind)
350 (N Pacific)

12.5
12.5
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typical North Pacific swell, however, the model suggests
that much higher orbital velocities impact the east and
southeast shore ofMolokai, on the order of 0.8–0.9 m/s in
the area where the reef starts to pinch out.

The synthetic maximum modeled wave conditions are
dominated by the large (8+ m), long-period (22 s)
North Pacific winter waves along the entire north shore
and both the east and west ends of Molokai (Fig. 4).
Due to refraction, some of this energy wraps around the
west end of the island, generating very high orbital
velocities upon the south shore up to a few kilometers
from the west end of the island. The rest of the south
shore of Molokai is in the shadow of Molokai from
these large North Pacific waves and exhibit moderately
low (<0.5 N/m2) peak bed stresses. Whereas the
majority of the south shore is in this wave shadow, the
coastline between the southernmost point of the island
at Kamalo and the east end of the island is directly ex-
posed to trade wind waves. This exposure caused the
modeled horizontal wave-orbital velocities and peak bed
shear stresses to be slightly (�0.25 N/m2) higher than to
the west of Kamalo, which is in the lee of the point. The
trade wind waves’ short period are reflected in the
greater disparity between the peak bed shear stresses at 5
and 10 m east of Kamalo than to the west of Kamalo
where the coastline is not directly impacted by these
waves. Along the deeper isobaths (15 and 20 m) near the
east end of the island, the peak bed shear stresses are
more similar to those observed to the west of Kamalo.

Hydrodynamic force modeling

The coral species’ modeled failure regimes for a range of
wave heights, wave periods, and water depths are shown

in Figs. 5 and 6. These failure regimes or ‘‘envelopes’’
are defined as the combination of wave heights and
period above which the specific coral will break for a
specified water depth. The larger failure envelopes for
Porites compressa andMontipora capitata (Fig. 5) versus
those at similar depths for Pocillopora meandrina and
Porites lobata (Fig. 6) reflect the combination of coral
strength and growth form. For example, Porites com-
pressa’s mechanical strength is more than 50% greater
than Montipora capitata’s (Table 1); however, the more
delicate thin ‘‘finger’’ form of Porites compressa makes it
more susceptible to wave-induced forces versus the
weaker but more stout growth form of Montipora cap-
itata. In all of these cases, wave-induced forces and thus
the extent of failure envelopes decrease with increasing
water depth and decreasing wave height and period.
Additional model runs varying the drag coefficient (Cd)
by 50% to test its sensitivity produced failure envelopes
slightly smaller or larger (differences £ 0.5 m and 2 s
increase in wave height and period, respectively), but did
not change the relative distribution between the species
based on their mechanical strengths.

Interestingly, the vertical distribution of these same
corals in the Hawaiian Islands we have observed in the
field, and elsewhere described by Dollar (1982) and
Grigg (1983), can be explained by these modeled failure
envelopes in Figs. 5 and 6. The shallower (h �5 m)
portions of south and west-facing Hawaiian reefs are
typically dominated by Pocillopora meandrina and Por-
ites lobata, which were calculated to be stable (Fs >1)
under ‘‘typical’’ wave conditions (Hs <3 m, Tp <15 s)
encountered over the course of a year. Under these same
‘‘typical’’ conditions, the computations show that both
Porites compressa and Montipora capitata at these same
depths would break (Fs <1) under the applied wave

0

0.5

1

1.5

2

-157.00 -156.75

5m 10m 15m 20m

b
ed
 [

N
/m

2 ]

Longitude [deg]

west end east end

Kamalo

-157.25

Fig. 4 Variation in maximum
modeled wave-induced peak
bed shear stresses with depth
along the south shore of
Molokai. Most of the high
stresses associated with the
large, long-period North Pacific
winter waves typically drop off
dramatically >3 km from the
ends of the island. The higher
modeled stresses east of
Kamalo are caused by the open
exposure of this section of the
reef to trade wind waves, which
directly impact this section of
shoreline through the channel
between Molokai and Maui.
Most of the rest of the south
shore is in the lee of Lanai from
southern ocean swell
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stresses. Conversely, at depths of 15 m where Porites
compressa and Montipora capitata are commonly ob-
served to dominate the available substrate, the modeling
shows that under these same ‘‘typical’’ conditions both
of these species have Fs >10.

Discussion

Spatial distribution of coral species’ Fs off southern
Molokai

By applying the hydrodynamic force-balance model to
the spatial wave model’s synthetic maximum wave con-

ditions data set, it was possible to map the spatial dis-
tribution of each coral species’ Fs around the island of
Molokai, as shown in Fig. 7. More robust species such as
Pocillopora meandrina and Porites lobata have higher Fs
values and thus are stable over much larger areas than the
more delicate Porites compressa and Montipora capitata.
One factor that is not taken into account by these Fs
distributions is competition between different coral spe-
cies. In areas where both are stable and well suited for
growth, one species will tend to out-compete the other by
faster growth (Glynn and Wellington 1983), aggression
(Lang 1973; Genin et al. 1994), or more successful
recruitment (Smith 1992). In Hawaii, observations by
Maragos (1972), and Grigg and Maragos (1974) indicate
that as physical disturbance or wave exposure decreases,
certain species such as Porites compressa and Montipora
capitata out-compete other species for space and domi-
nate the available habitat. These studies suggest that a
hierarchy exists in terms of competition and growth rate
between species from most successful to least successful:
Porites compressa >Montipora capitata >Pocillopora
meandrina >Porites lobata. This hierarchy was used as
the basis for inter-species competition that would delin-
eate which species would dominate the available sub-
strate under a given set of wave conditions and not exceed
the Fs for any of the species.

In continuing with the assumption made here that
wave forces are a primary control on coral species’
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Fig. 5 Factors of safety and failure envelopes for the two of the
four corals investigated. a Porites compressa. b Montipora capitata.
Each subplot (#1–6) displays the ratio of the wave-induced forces
to the coral’s mechanical strength for a different water depth
between h = 5 m and h = 30 m. White regions denote the wave
conditions (failure envelope) defined by significant wave height (Hs)
and peak wave period (Tp) under which the specified coral species
would break when the wave-induced forces exceed the coral’s
mechanical strength. The colored regions are the sets of wave
conditions under which the corals are stable. Both species have
larger failure envelopes (factor of safety, Fs <1) at shallower
depths than at deeper depths due to the exponential decay in wave
energy with water depth. Note that even though M. capitata has a
lower mechanical strength than P. compressa, that M. capitata’s
failure envelopes (white regions) are smaller for a given water depth
due to its more compact shape
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general spatial distribution at a given depth, a number of
simulations were run in which it was assumed that the
dominant coral species would be replaced by another
when a specified Fs was exceeded. To investigate the
interaction between inter-species competition and wave
control on coral species distribution, first the entire grid
space was initially set to be populated by Porites com-
pressa since it tends to out-compete all of the other
species when the location is suitable hydrodynamically.
Some arbitrary Fs limit was then chosen. For example,
when the arbitrary Fs limit was set to be 5, when Porites
compressa’s Fs <5 at some grid cell, the grid cell was
then set to Montipora capitata, and when Montipora
capitata’s Fs <5 at the same grid cell, it was replaced by
Pocillopora meandrina and so on. A series of Fs cut-off

values were then run and compared with the observed
distribution of coral species off the south shore of
Molokai (Fig. 8).

The Fs values that best correlate with the observed
coral species distribution lie somewhere between 3–5
(Fig. 8). This, by itself, would imply that the dominant
but most fragile coral species would give way to the next
most dominant (and more robust) species when its
strength is less than three to five times the applied
breaking forces. This suggests that physical factors other
than wave-induced breaking of the corals might be more
important in defining general coral species distribution.
Such factors may include the variation in thickness of
the hydromechanical boundary layers representing dif-
ferences in requirements for plankton and nutrient
supply (Chamberlain and Graus 1975; Shashar et al.
1996), structural weakening due to dissolution and ex-
cess nutrients (Hallock and Schlager 1986), and abrasion
by suspended sediment or previously broken pieces of
coral (Harmelin-Vivien and Laboute 1986). This brings
light to a very interesting point that is not incorporated
in the model. If a piece of coral, for example a ‘‘finger’’
of Porites compressa, was weakened due to biological,
chemical, or mechanical erosion it could break and de-
tach from the substrate under lower imposed forces or a
higher Fs (i.e., Fs =2) than needed to break a full-
strength piece of coral at a Fs=1. This detached piece of
coral rubble could then be suspended by wave-induced
water motions and impact other live, full-strength corals
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Fig. 6 Factors of safety and failure envelopes for the two of the
four corals investigated. a Pocillopora meandrina. b Porites lobata.
Each subplot (#1–6) display the ratio of the wave-induced forces to
the coral’s mechanical strength for a different water depth between
h =5 m and h =30 m. White regions denote the wave conditions
(failure envelope) defined by significant wave height (Hs) and peak
wave period (Tp) under which the specified coral species would
break when the wave-induced forces exceed the coral’s mechanical
strength. The colored regions are the sets of wave conditions under
which the corals are stable. Both species have larger failure
envelopes (factor of safety, Fs <1) at shallower depths than at
deeper depths due to the exponential decay in wave energy with
water depth. Note that these two corals have much smaller failure
envelopes (white regions) for a given depth than those in Fig. 5 due
to their higher mechanical strengths and sturdy growth forms
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Fig. 7 Results from a model
run displaying the input
maximum wave conditions and
the resulting distribution of
factor of safety (Fs) values for
different species in the study
area. a Map of modeled
significant wave height, Hs from
the WAM. b Map of modeled
peak wave period, Tp from the
WAM. c Modeled Fs
distribution for Porites
compressa. d Modeled Fs
distribution for Montipora
capitata. e Modeled Fs
distribution for Pocillopora
meandrina. f Modeled Fs
distribution for Porites lobata.
Note the much larger regions
with high Fs values for the more
robust P. meandrina and P.
lobata species versus the more
delicate P. compressa and M.
capitata. The regions with high
Fs values for P. compressa and
M. capitata off south-central
Molokai and southwestern
Maui correspond to the two
largest active fringing reefs in
the main eight Hawaiian
Islands

Fig. 8 Comparison of different
factor of safety (Fs) values for
delineating the distribution of
dominant coral species off the
south shore of Molokai versus
the observed coral species
distribution. a Plot of the along-
shore variation in total coral
cover and species distribution
along the south shore of
Molokai. b Coral species
distributions predicted by the
model for a number of different
Fs values. The best correlation
between the model and the
observations of the transitions
from one species to another
occurs with a Fs cutoff between
3 and 5. This suggests that the
transitions from one species to
another may be related to corals
weakened by erosion failing at
Fs >1 rather than the full-
strength corals modeled here
predicted to fail at Fs <1
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nearby. Combined with the wave-induced forces on the
coral form incorporated in the model presented here,
these impact forces could exceed the force levels neces-
sary to break the surrounding full-strength corals at a Fs
=1. To examine this ‘‘weakest link’’ concept further, we
investigated the amount of reduction in mechanical
strength necessary to reproduce the observed distribu-
tion.

Using a series of simulations, it was found that a
reduction in coral mechanical strength of roughly
20–30% could very well explain the coral species distri-
bution observed. The calculations of mechanical strength
by Rogers et al. (2002) were based on solid prisms of
coral, thus a reduction of 20–30% seems possible given
the high variability in strength and bioerosion.

Model applications

Since this model is based strictly on the balance between
the wave-induced forces acting on the coral and the
corals’ strengths and morphologies rather than empirical
data, it can be used to provide information for a number
of different problems. For example, this model could be
used to predict the impact of severe but infrequent
storms or hurricanes. Corals and their resulting reefs
develop under the conditions typically observed over the
time necessary for their recovery (Graus 1984; Rogers
1993). Because the frequency of extreme events is lower
than recovery rates of the corals described here (Dollar
1982; Grigg 1983), sections of coral reefs are commonly
damaged by the impact or close passage of an extreme
storm or hurricane. This model can be used to predict
the locations where these coral species investigated
might be broken, based on water depth and the observed
wave conditions. Conversely, the breakage of particular
corals at a given depth can be used to infer minimum
wave forces and the probable range of wave heights and
periods that produced the resulting coral failure. Such
calculations would also make it possible to better con-
strain paleo-environmental analyses from ancient corals,
such as from drill cores or stratigraphic sections by
better defining the hydrodynamic limits that set
accommodation space for specific coral species on a gi-
ven reef. It will be necessary, however, to better con-
strain the model through more measurements of the
variability in the corals’ mechanical strengths due to
factors such as bioerosion, more accurate modeling of
the coral forms, and better field testing of the model
prior to any paleo-environmental application.

Conclusions

A hydrodynamic force-balance model was developed to
calculate wave-induced forces on stony corals and pre-
dict the hydraulic conditions under which four Hawaiian
corals would fail and break. The model was tested
against a data set on coral species distribution along the

south shore of Molokai, Hawaii. Results from the
modeling and this test suggest that wave-induced forces
are a primary control on coral species distribution over
large (orders of 10’s of meters) spatial scales and that the
transition in general abundance from one species to
another along the reef is likely influenced by the corals’
strengths and wave conditions typically observed over
the course of a few decades.

It is clear that number of other physical factors, such
as light availability for photosynthesis and water salinity
or temperature, act as primary controls on coral species
distribution in areas where these factors are at or near
the suitable limit for a specific coral species’ growth.
Around most of the Main Hawaiian Islands, however,
where none of these other physical parameters are at or
near their limits, it is clear that wave-induced forces are a
primary control on large-scale coral reef development
and general species distribution. This is evident in that
substantial active reef development has only occurred in
areas protected from large waves. At the same time,
however, this does not imply that many, if not all, of
these corals can be found elsewhere in the islands but
rather that they are only found in isolated areas pro-
tected from the high wave-induced forces, typically from
the North Pacific winter swell. Thus, the wave-induced
forces appear to delineate the spatial extent for each of
these species over large (orders of 10’s of meters) areas,
and only when the wave-induced forces are low enough
to permit the coral’s development can other secondary
factors such as overtopping and shading become
important in delineating the dominant species along a
given stretch of reef.

Despite the model’s complexity, it only provides but a
small but important piece to our understanding of the
natural controls on coral reef ecosystems. Future mod-
ifications to be added include functions for light inten-
sity to limit the depth at which specified coral species will
grow and a group of equations to model the interaction
of coral growth and sediment to better constrain spur-
and-groove and ridge-and-runnel development. Fur-
thermore, the model needs to be tested in other locations
to better constrain if the transitions from one species to
another typically occur at Fs values of 3–5 as observed
off south Molokai, or if they are due to other factors
such as the underlying bedrock morphology. Locations
suitable for such tests are abundant and include the well-
developed reef in Kailua Bay on windward Oahu, the
reef between Olowalu and Maalaea in south-central
Maui, and the atolls and pinnacles of the northwest
Hawaiian Islands. It should be noted that this model,
although applicable to other coral genera such as
Acropora, provided the corals’ material strengths and
morphologies are known, should not be applied without
first constraining the Fs transitions with detailed data on
coral species distribution and wave parameters.

Overall, the model appears to help define coral spe-
cies distribution along the Molokai fringing reef, based
solely on the region’s general wave climate and the
corals’ strength and morphologies; these results further
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support the long-standing ideas that waves are a domi-
nant control on coral species zonation.
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