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Abstract. El Nifio related coral mortality and a subse-
quent increase in crustose coralline algae and sea urchins
have resulted in profound changes to the coral reef ecosys-
tem at Uva Island, Panama (Pacific coast). New data and
a model are presented that analyze the CaCO, budget of
the reefl, The model accounts for production by corals and
coralline algae, erosion by Diadema, infauna, tish and other
motile organisms, and the retention of sediments as a func-
tion of size. The 2.5ha reefl is currently eroding at an
average rate of 4,800kg/y or —0.19kg/m?/y but there is
tremendous variation among reel zones. While deposition
in other zones range from +0.1 to 0.4 kg/m?/y, erosion of
the seaward reef base averages about —3.65kg/m?/y. The
damselfish/algal lawn symbiosis protects portions of the
reef framework, reducing net losses there by 2,000kg/y
{up to 0.33kg/m?/y). Before the 19821983 El Nifio, the
overall reef was depositional. At that time, estimated pro-
duction exceeded erosion in most zones, resulting in a net
deposition of approximately 8,600 kg/y or 0.34 kg/m?/y.

Introduction

The Uva Island reef, off the Pacific coast of Panama, lost
about 50% of its live coral cover due to warm water from
the 198283 El Nifio event (Glynn 1985a). Recovery ol key
species has been slow due to low larval recruitment (Glynn
et al. 1991) and sources of subsequent mortality such as
corallivore concentration, low tidal exposures and cold
water stress (Glynn 1985a; Eakin et al. 1989). Changes at
Uva reef and similar changes at other eastern Pacific sites
(Glynn et al. 1988, Reaka-Kudla et al. 1996) have shifted
the calcium carbonate budget such that bioerosion often
exceeds biocalcification.

Previous work has shown that eastern Pacific reefs are
characterized by somewhat low rates of CaCO, produc-
tion, but fairly rapid framework accumulation due to the
open structure of Poecillopora and the loosely consolidated
framework (6.7 kg/m*/yr mean production, Glynn 1977;
4.2-7.5m/1000 y mean accumulation, Glynn & Macintyre

1977). After 1983, Glynn (1988) found that many areas of
the Uva reef were undergoing net erosion. However, be-
cause the reef was strongly dominated by live Pocillopora,
pre-1983 estimates of Uva reef calcification did not include
deposition by crustose coralline algae. Additionally,
Glynn's (1988} bicerosion estimates included losses due to
echinoids and infauna, but not those due to herbivorous
fishes. Bakin (1992) refined the estimates of calcium car-
bonate deposition and erosion on the Uva reef, and quan-
tified the importance of the damseifish/algal lawn
symbiosis (Eakin 1987).

However, not all eroded CaCOQj is lost [rom the reef,
making it important to understand the fate of sediments
being produced. Although the smallest particles are fre-
quently carried away by water motion, larger particles
become trapped in cavities in the reef [ramework, remain-
ing within the system and helping to cement porous frame-
work into more solid construction {Ginsburg 1983,
Hutchings 1986). Few workers have considered the im-
portance of grain size in studies of bioerosion. Hunter
(1977) believed that because of their small size, 0.5-2.0mm,
Digdema fecal pellets were exported from the reef. Ogden
(1977) described urchin produced sediments as half sand
and half mud. While informative, these categories are too
broad for use in quantifying the behaviour of reelal sedi-
ments. Hubbard et al. (1990) provided additional informa-
tion on reef budgets by measuring sediment transport
directly.

To consider CaCQ, deposition and erosion across the
entire reef, a simple box model of the fluxes of organically
derived CaCO, on the Uva Island reef was developed. This
was based on carbonate budgets produced for reefs in the
Caribbean (Land 1979, Scoffin et al. 1980, Hubbard 1990).
While all sources and sinks of CaCO, on the reef are not
considered, the model does include the estimates [rom the
most significant producers and eroders, as well as incor-
poration of sediments into the framework.

This paper will (1) consider data from the literature and
provide new data needed to quantify elements of the
CaCOj, budget, (2) present a new model that quantifies the
interacting effects of deposition, erosion and sediment
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Fig. 1. Map of Panama, indicating location ol the Uva Island study
site

retention, and (3) use the model to understand the effects of
the 1982-1983 El Niiio and the damselfish/algal lawn
symbiosis on the calcium carbonate system on Uva Reef.

Materials and methods
General methods

Work was conducted from January 1986 to February 1995 on a reef
at Uva [sland (07° 49'N; 81° 46'W), in the Gulf of Chiriqui off the
Pacific coast of Panama (Fig. 1). This shallow reef (<6 m ML W;
approximately 4 m tidal range) is localed within a semi-protected
bay. Detailed descriptions ol the reef and the impacts of the 1982~
1983 El Nifio and post-mortality events have been reported else-
where (Giynn 1976, 1984, 1985a; Eakin et al. 1989; Eakin 1992).
Statistical analyses used include methods from Sokal & Rohlf (1981)
and Zar (1984}, or the SYSTAT microcomputer statistical package.
Critical levels in multiple comparison procedures are adjusted using
the Bonferroni medification to reduce type 1 error rales (Day &
Quinn 1989).

Reef community composition

A base map ol the Uva reel was created based on 1983 aerial
photographs that provided borders, scale and an estimate of reef
zonation. Beginning in 1989, new photographs taken rom a nearby
ridge during extreme low tidal exposures, and over 150 in situ
measurements of compass heading and distance between unique reef
features were used to improve the map and provide second order
delineation of reef zones. Finally, the borders between zones were
refined by comparing the second order map to the reef in it (Fig. 2).

The Uva reef can be divided into 4 main zones: the leeward back reel
slope, the reef ftat, the seaward fore reel siope and the scaward deep reel
base (Fig. 2). The back reefl slope, a mixture of live and dead Pocillopora
spp., drops steeply to the silty floor of the leeward lagoon. The reef flat
consists mostly of dead pocilloporid framework and coral gravel
overgrown with crustose coralline algae. There is little live coral,
primarily due to occasional low tidal exposure (Glynn 1976, Eakin
et al. 1989) and (o 19821983 El Nifio related mortalities. The energy of
wavesand tidal currents over the reef flat keeps it clear of sediment. The
fore reel slope is dominated by live Pocillopora with interspersed
massive coral colonies and many regions of dead pocilloporid lrame-
work-primarily a result of E] Nifio related mortalities. The seaward reefl
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Fig. 2. Map of the Uva reef detailing substratum {ypes and major
ZONes

base, dominated by extensive Pocillopora before the 1983 mortalitics
(Glyan 1984), is now dominated by dead pocilioporid framework
coated with thick coralline algal crusts. Diadema mexicanum are ex-
tremely conspicucus, with densities sometimes exceeding 100ind/m?,
Seaward of this zone, the reef margin tapers into a detrital plain,
followed by a talus siope that descends to the ouler cove.

On many occasions from 1988-1994, surveys were performed to
assess the percent cover of major communily constituents in the four
major zones: live Pocillopora, dead framework with coralline algae,
other live corals, damselfish lawns, Diadema mexicanum density and
other categories. Each survey was performed using a 1m? quadrat
divided into 100 sections that was placed on the bottom using a “ran-
dom watk™ pattern for a total of 20, | m? samples, A standard pattern
was determined prior to initial sampling, and was followed for all
surveys except at the back reef where it was modified to accommodate
a narrow, ribbon-like zone. The quadrat was moved a random distance
{1-5m) in a random direction (north, east, south or west) from a start-
ing point. The starting point for each survey was determined arbitrarily
before the initial survey and used for each subsequent survey. As only
the starting point was marked, repeated surveys followed similar, but
not identical, paths through a section of each reef zone. Percent cover
within each quadrat was determined by counting the number of [%
grids containing each botlom type. The results of surveys at 5 sites (2 in
the fore reef, 1 in each other zone} on four dates were analyzed.

Three dimensional structure (i.e. topographic complexity) was
determined by draping a brass chain along the bottom under lines
bisecting the center of the quadrat on one of the surveys. The length



ol chain required to trace the surface under 1 m was recorded for both
the east-west (x) and north-south (y) bisecting lines. This was used in
adjusting the CaCQ, deposition by coralline algae.

Calcium carbonate production and erosion

Estimates of production by Pocillopora spp. and coralline algae have
been reported elsewhere (Glynn 1977, 1988; Eakin 1991, 1992}, as
have estimates of erosion by Diadema, fishes and other non-echinoid
grazers (Glynn 1988; Eakin 1992). Growth of additional Pocillopora
danmicornis colonies was measured from 122 branches stained in situ
in 1989 using 10 ppm alizarin red-s for 6 hours (Lamberts 1978) and
allowed to grow for & months in the reel base zone. Potential
production (Chave et al. 1972) was estimaled by multiplying linear
extension by coral density. Chave et al. {1972) assume a coral density
of 1 gfem®. However, the highly open branching form: of Pecillopora
is much less dense. Unpublished measurements of seven colonies
from the Uva reel [ramework by Glynn (pers. comm.) yielded a den-
sity of (L1635 -+ 0.047 g/em3,

Unlike the growth form of Pocillopora spp., which is three-dimen-
sionally complex and imparis topographic complexity to the reef,
crustose caralline algae form thin crusts that match the fine contours
ol the underlying substrata. Thus, the area occupied by coralline
algae (three dimensional surface area) often is greater than their
planar projcction, requiring that the deposition rate per unit area
measured on a smooth surface {1.9 kg/m?2/y, Eakin 1992) be adjusted
to quantify growth on natural substrata. Thus, the deposition by
coralline algae on & smooth surface was multiplied by an areal
adjustment based on topographic complexity:

Areal Adjustment = 4/(1/x + 1/y)?

where x and y are the two chain lengths (above} in meters. Actual
adjustments for individual quadrats ranged from near 1.0 (flat) 1o 4.0.

Erosion by fishes and non-echinoid motile eroders was estimated
by comparing in sitw production and erosion on experimental rods
and disks made of natural CaCOy, and acrylic (Eakin 1992). Addi-
tional data on eroston by echinoids and non-echinoid inlauna have
been coliccted by Glynn (1988) and Eakin (1994) through 24 I in situ
“bucket” measurements of erosion. In these experiments, 15 liter
plastic buckets, weighted with lead, were used to collect sediments
over 24-72hours periods. Each experiment ulilized: {1} an empty
control bucket, (2) three buckets that contained coral or coral
framework, and (3) three buckets containing coral and 5 recently
collected Diadema mexicanum. Rates were calculated and reported as
g/m?/day for alf eroders and additionally as g/ind/day for Diadema
crosion. Because most of the coral lramework and live Pocillopora
have an extremely open branching structure, Diadema had no more
access to the framework during these experiments than they would
under natural conditions. Infaunal eroders were retained within the
blocks when they were collected and would have experienced little
disturbance.

Finally, net production or erosion was measured through
changes in the height of the dead pocilloporid reef framework by
Eakin (1992) and updated through similar observations on the reef
flat. The new data were collected using the method in Eakin (1992)in
which four pairs of steel rods, placed one meter apart, were inserted
into the framework at three sites on the reel flat in March 1993,
A knotted steel wire was stretched between pairs of siakes, and the
relative height of the reef framework at each of 11 knots was
measured to the nearest mm in March 1993, Fan. 1994 and Jan. 1995
(n=121 and 88 in years 1 and 2, respectively).

Sediment size distribution

To understand the fate of eroded CaCQj,, samples of experimental
and natural reel sediments were analyzed 1o determine their size
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distribution. Samples from one bucket type erosion experiment
(described above) using damselfish lawn topped blocks, and two
without lawns were analyzed to determine the size of materials
produced by Diadema and infaunal eroders. Sediments from on and
near the reef were collected in December 1990{Fig. 2) and analyzed to
determine the size of materials retained in the reel system. On the
reel, two samples were collected from visible sediment pockets within
the reef framework in the fore reel and four in the reef base. Near
the reef, three samples were collected from the northern reef
margin and six from the detrital plain approximately 30 m out from
the reef.

Because the hydrodynamics of particles determines their move-
ment and the potential for sediment loss from the reef (Wanless et al.
1981), sediments were analyzed hydrodynamically. The percentage of
sample in settling classes equivalent to the Wentworth scale classes
from > 1000 through <40 pum was determined by measuring the rate
of particles settling in tap water of 24°+1°C, in a 1.6m x 25mm
settling tube which tapered to a 5 mm diameter calibrated tip (ICWR
1957). Tube wall elfects were reduced by the use of & mechanical
device that tapped the wall of the settling tube during use. The
composition of settling sediments was noted, especially in regard to
the classes in which the fecal pellets settled. Size classes were arranged
into four sediment groups corresponding to their hydrodynamics
(Bagnold 1966, McCave 1971, Southard & Boguchwal 1990, Wanless
PErs. Commy):

{1} =650 pm: true bedload that is packed in a dense array at the
bottom,

(2) 150-650 gum: intermittent bedload that is usually packed as
bedload but intermittently transported as suspended load),

(3) 50-150 um: suspended load thal is fransported by water
motion, and

(4) <50pm: fine sediments that do not settle in shallow open
Water environnients.

Fecal pellets were measured optically to determine their true size.
Development of @ CaCO, budget model

The solid-phase calcium carbonate systemm was modeled using
a simple box model consisting of bins for (1) the sources of CaCQO,
produced on the reel by corals and algae, (2} losses due o bioerosion,
and (3) retention of sediments produced through bioerosion. Only
corals and coralline algae were considered as sources of CaCQ,.
Halimeda spp. have not been reported from this area and other
calcareous algae are a minor community constituent. Other CaCQO,
producing amimals (polychaetes, molluscs, foraminilera) also were
assumed insignificant due to low abundance. Also, chemical cemen-
tation within the reel framework was infrequently found in cores
from this reef {Glynn & Maclntyre 1977). Similarly, while chemical
erosion may oceur, its magnitude (046 kg CaCO,/m?/y, Le Cam-
pion-Alsumard et al. 1993) is probably insignificant compared with
physical erosion by echinoids and infavna (6.3-14.0 and 8.3-
9.5 kg/m?/y respectively, Eakin 1992, Glynn 1988) at the Uva reef.
Finally, the benign environment at Uva Island is not conducive to
destruction by waves or currents.

Estimates of production and losses due to the important bi-
oeroders were described, and the retention ol sediments within the
reel system were caleulated using a submodel that adjusted for
retention alter comparing the size of sediments produced by eroders
to those retained in sediments on and near the reefl. Physical measure-
ments of reef height were used to confirm process-based estimates of
production and erosion and to provide estimates of net change where
more detailed values could not be obtained.

The major sources, losses and retention of calcium carbonate,
adjusted to kg/m?/y, were calculated lor each zone, based on values
either extracted [rom the literature or provided hercin. Where pro-
duction, erosion or sediment retention varied among substrata, the
percent cover of each was used to estimate these rates. The modelalso
was analyzed to determine the budget's sensitivity to variations in
parameter estimates.
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and other benthic algae. Percent cover does not always sum to 100%

Table 1. Reef community composition by zone. The “lramework”
due to sand and other substrata. See text for the use of the areal

benthic type is characterized by dead coral framework supporting
crustose coralline algae and, in some areas, low density filamentous

adjustment for {ramework topographic complexity

Reefl zone Area Yo % Yo Diadema
{m?%) framework lawn Pocillopora Density
(ind/m?)
Back Reef 200 3198 14.04 53.80 148
Reel Flat 13,655 91.60 0.00 7.65 0.06
Fore Reel 9,491 38.40 3.60 56.54 18.76
Reef Base 1,962 89.41 6.52 0.23 48.26
25,308

Table 2. Calcium carbonate production and erosion by reefzone. Production by crustose coralline algae is adjusted to account for topographic

complexity as described in the text
{a) CaCQ;, Production (kg CaCO,/m*/fy)

Reel zone Pocillopora Corallines Areal Adjusted Total
Adjust Corallines Product.
Back Reef 2.95 0.60 1.46 0.87 383
Reel Flat 0.42 1.71 1.29 221 2.63
Fore Reefl 3.10 0.72 209 1.3 4.61
Reef Base 0.01 1.67 225 37 379
{b) CaCOj erosion (kg CaCO;/m?/y)
Reef zone Diademe Fish/Motile Infauna Corallivores Totals
Back Reef —0.08 —0.02 —6.29 —-0.02 — 641
Reefl Flat —0.01 —1.15 —3.67 —0.00 — 483
Fore Reef —1.04 —1.28 —595 —0.02 — 829
Reef Base —4.38 —1.25 —8.01 —0.00 —13.64
Resuits Observations of vertical height revealed that the fine-

Reef conmunity composition

A map of the Uva reef was created in 1990 (Fig. 2) and the
areas of each zone were calculated (Table 1). Surveys of
these zones yielded basic information on percent cover by
bottom type (Table 1), and the adjustment for topographic
complexity (Table 2). Detailed analyses of the community
composition was given in Eakin (1991). All non-pocil-
loporid corals, including massive species such as Porites
lobata, covered only 0.6% of the bottom. Therefore,
calculations within the model assumed an entirely pocil-
ioporid reel. The community data were similar to measure-
ments made in 1985 (Glynn pers. comm.).

Calcium carbonate production and erosion

Measures of linear extension of P. damicornis yielded an
average rate of 33.2 + L.S5mm/yr {(mean 4+ 95% conf. int.).
This is not significantly different from growth measured by
Glynn (38.6 + 4.7, 1977} at the nearby Secas reef (i-test).
This rate of production vields a potential accretion rate of
5.5+ 0.2kg/m?/y lor areas of solid live coral cover. In the
model, this value was multiplied by the live coral cover for
each zone(Table 1), yielding the values reported in Table 2.

scale topography of the reel fat was highly variable and
showed no net trend. Unlike the highly significant erosion
at the reef base (—21.8 + 7.5 mun/y, Eakin 1992), annual
changes on the reef flat ranged from +99 to — 174 mm,
with no statistically significant trends over time
(- 1.8 & 34.8mm/y, n=209) or among sites (ANOVA]},
Two recent years of quantitative measurements agree with
the slow changes seen in reef flat structure by the author
since 1986 and by others over a much longer period (Glynn
pers. comm.).

Sediment size distribution

While there was great similarity in the patterns of sediment
size produced among in situ experiments, both substratum
type (lawn v. non-lawn) and eroder type (infauna v.
urchins) significantly contributed to differences among the
size distributions shown in Table 3. In particular, urchins
produced significantly more intermittent bedload than the
infauna, and erosion of the lawn blocks produced signifi-
cantly smaller particles (lower intermittent bedload but
higher suspended load) than the non-lawn blocks (SYS-
TAT Post-Hoc test). Despite their large actual size
{911 £ 43 pum), Diadema lecal pellets settled at a 62.5—
88 um equivalent size (suspended load).



Table 3. Sediment size distributions (zenation from Fig. 2 and described in text)

(a) Size distribution of experimentally produced sediments (% of sample)
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Sample Size Class

> 650 um L50-650 pm 50-150 pm < 50 pum

true intermittant suspended fine
Sample bedload bedload load {non-settling)
Diadema
Lawn 1654+ 5.5% 62+31% 473+ 7.5% 300+ 6.0%
Non-Lawn 187+ 12.5% 106 +22% 40.3+8.9% 100+ 8.0%
Internal Eroders
Lawn 178+ 1.5% 37+1.9% 35.74+ 6.0% 228+ 9.5%
Non-Lawn 1894+ 6.7% 4.8+ 2.4% 44.2 + 14.0% 2.0+ 134%
(b) Size distribution of reef sedimenis (% of sample)
Sample Size Class

true intermittant suspended fine
Sample bedioad bedload load (non-settling)
Detrital Plain 263+ 4.9% 300+ 92% 286+ 95% 161+ 42%
Reef Margin 3264 12.8% 170+ 23.6% 175+ 13.0% 1924 10.1%
Reefl Base 9.94 55% 176+ 18.5% 3454 52% 24.5 4 28.6%
Fore Reel 60.6 +26.3% 3464 17.8% 234+ 42% 234 43%

The size [requency distribution of sediments collected
from and near the reefrevealed a surprisingly even particle
size distribution (Table 3) with no significant dilferences
among the detrital plain, reel margin and reel base
samples. The fore reel samples did contain significantly
greater quantities of true bedload, and lower quantities of
suspended load and fine class particles than the other
samples (p < 0.00035) (SYSTAT Post-Hoc test). The shal-
lower depth of the lore reef sediment collection size prob-
ably contributed to their larger mean particle size.

The CaCO, budget model
Caleium carbonate production and erosion

The largest source of CaCQO, production in the model is
Pocillopora spp. (5.5kg/m?/y). Production by coralline
algae was calculated by Eakin {1992} as 1.87 kg/m?*/y based
on maximal deposition during the first year of growth,
Cropping of coralline algae by grazers has been reported
to increase recruitment and growth (Ogden & Lobel 1978,
Brock 1979). Therefore, the above rate should be a good
estimate of actual production at a highly grazed reefl such
as Uva. Coralline algae production, adjusted for tope-
graphic complexity, is given in Table 2.

Three groups of eroders were considered to represent
the bulk of erosion at Uva L.

(1} Diadema mexicanum, (2} fish and other motile, non-
echinoid grazers and (3) boring infauna. The erosion in
each zone was calculated by multiplying habitat-specific
erosion rates by the percentage of that habitat in each
zone, and summing them to yield the values in Table 2.

Echinoid erosion was calculated for each zone using
destruction rates from bucket experiments by Glynn
{1988) and Eakin (1991) and verified by erosion of coral
disks and changes in reef height (Eakin 1992). Because
Eakin (1988) demonstrated that sea urchins avoid {eeding
on live Pocillopora and on upper surfaces of damselfish
lawns, echinoid erosion was reduced in these areas. How-
ever, the presence of Diadema in non-lawn crevices within
damselfish territories allowed some erosion to occur. In
the model, erosion within lawn areas is calculated as a
proportion of the rate measured in dead frameworks using
the vertical erosion ratio [rom Eakin (—6.3/—21.8, 1992).
Presumably, similar erosion of dead {rameworks under-
lying live coral also occurs. As this has not been measured,
the erosion rate within damselfish lawns was assumed to
reasonably represent Diadema erosion in live coral areas.
Echinoid erosion in Table 2 is based on the in situ feeding
measurements of —0.32+005 and —-0274+004g
CaCO,/ind/d on the sides of lawn covered and non-lawn
blocks, respectively (Eakin 1991} and already accounts for
topographic complexity.

Erosion by fish and other motile, non-echinoid eroders
was calculated from erosion of acrylic and CaCO; disks
mounted on concrete blocks in each reef zone (Eakin 1992).
Damselfish readily exclude grazing fish and motile invert-
ebrates from their territories. Thus, erosion by all non-
echinoid, motile eroders was assumed to aflect only dead
coral [ramework. Estimates of erosional losses are from
Eakin (1992) and zonal values were calculated as above
{Table 2}. Erosion of live coral substrata by the most
physically destructive corallivores was trivial but estimates
by Glynn et al. (1972) were included, nevertheless. Other
corallivores, such as the gastropod Jenneria pustulata and
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the asteroid Acanthaster planci digest tissue without de-
stroying carbonate skeletons, contributing only indirectly
to erosion.

Finally, erosion by infauna occured throughout the reef.
The in situ bucket erosion experiments revealed that
blocks topped with live Pocillopora were eroded at
—4.31kg/m?/y, while dead and lawn covered frameworks
were eroded at —83 and —9.5kg/m?/y, respectively
(Glynn 1988, Eakin 1991). Scott et al. (1988) estimated that
infauna erode the massive coral P. lobata at —9+
1.98 kg/m?/y. This rate does not differ from values for dead
pocilloporid frameworks that are used in this model {t-test,
p > 0.05). As non-pocilloporid corals cover < 1% of the
reefl by area, the calculations of zonal erosion were conduc-
ted as il this were an all pocilloporid reef.

Structurally, the framework materials in the reef flat
zone were quite different from all other areas. The reef flat
did not have the heterogeneity that was found elsewhere
and was extremely well consolidated, limiting both inter-
nal and external eroders to the upper layers. Diadema were
practically absent and eroding fishes spent much less time
in this zone. Changes in reel height were negligible, but
positive (1.8 +348mm). The low impact of external
eroders has already been accounted lor by the reduced
Diadema density and the reef flat observations ol fish
erosion. However, the inlaunal erosion rate, measured in
fore reel framework blocks, must be adjusted. Using the
negligible change in reef flat height as a proxy for the zonal
balance, the erosion rate by infauna was adjusted to 50%
of that measured in the fore reef.

Framework sediment retention

Although actual sediment transport has not been meas-
ured at the Uva reef, sediment transport was inlerred {rom
the size of sediments produced by eroders and sediments
deposited on and around the reef. The relative retention of
erosional sediments was influenced by the location of
sediment release and the baffling effect of coral [ramework.
By assuming greater retention of particles released deeper
within the [ramework, a reasonable model of particle
retention was developed. While this submodel retained all
of the material in the true and intermittent bedload classes,
it was assumed that a set percentage of the suspension and
fine class sediments that were deposited within the frame-
work were retained. This retention factor was then multi-
plied by the approximate percentage of time that the
eroders spend within the reef framework. Modeled values
were then compared with actual particle size distributions
found in reefal sediments and a reworking adjustment
value was applied (see below). Iterative refinement of the
initial retention and reworking adjustment values were
applied until the retention submodel best simulated the
sediments observed on the reef.

Eroding fish spend most diurnal hours moving over the
reef. Delecated fecal matter sorts by size because the largest
particles rapidly settle to the bottom and smaller particles
are carried away by currents. Small sediments bound
together into pellets are quickly separated by surficial
microbes and motile benthic invertebrates which break

them apart {Polunin & Koike 1987). This allows finer
materials to be winnowed out by turbulent flows when
they are defecated onto the reef lrom the water column.
Previous workers reported that scarids produce sediments
in the size range from silt to gravel (Cloud 1959, Randall
1967, Ogden 1977, Scoffin et al. 1980). Smaller mouthed
grazers such as acanthurids and kyphosids should release
even finer material. Assuiming that fish spend 50% of the
time within the reef (night) this yields about 15% retention
of these classes.

Most material eroded by echinoids is defecated directly
into the framework. It is assumed in the model that much
of the suspended load and finer sized grains are winnowed
out, removing most of the Diadema fecal pellets that
behave hydrodynamically as suspended load. Il the model
is adjusted to retain 50% of the suspended load, it almost
doubles the retention of echinoid produced sediments,
influencing the balance of the model. However, rough seas
during storms probably winnow out most of the finer
sediment., Similarly, infauna are assumed to spend all of
their time within the reef framework, resulting in 30%
retention of the finer sediment classes. Extremely fine
particles, such as clionid sponge chips, are produced inside
burrows and galleries, but these would not be affected by
water movement, nor would they be collected.

The sediments produced during ir situ erosion experi-
ments contained more suspended load and fine sized par-
ticles than were retained in reef sediments. The retention
submodel was created, based on the above assumptions
regarding sediments collected from in and around the reef
framework and improved estimates of retention for use in
the overall model. Using assumptions of sediment reten-
tion described above, the size distribution of remaining
sediments was calculated and compared with the sediment
size distribution found in sediments on and around the reef
(Table 4). The assumptions of time in ramework and
sediment retention were adjusted until the submodel best
reproduced the size class distribution of sediments found
on the reef. Although it was thought that more particles
from the suspended [oad than fine class would be retained,
the measured sediments were best approximated when
30% of the material in each of these two classes was
retained. Unfortunately, the 30% retention still did not
effectively approximate the measured size class distribu-
tion. However, materials that are eroded from coral [rame-
work are to repeated ingestion and degradation (Hunter
1977, Ogden 1977). Thus, a term to account for reworking
was incorporated to degrade a fraction of the sediment
particles to a smaller size class. If 30% of the sediments
are assumed to be reworked, model results approached
the field measurements of sediments found on Uva
reef (Table 4). Final estimates of retention are given in
Table 4.

Calcium carbonate budget and influences of El Nifio
and damselfish

A whole reef budget was calculated based on the formula:

Net Balance = (Production + Erosion + Retention) x Area.
Pre-1983 budgets were calculated using the same model,



Table 4. Retention of biologically produced calcium carbonate sedi-
ments in the Uva reef system. (a) Estimated values of sediment
relention based on the assumption that 30% of suspended and fine (a)
class sediments deposited within framework are retained; (b) Com-

(2) Estimated sediment retention
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parison ol measured estimated particle size distribution and model
produced values, before and after use of sediment reworking factor;
(c}) modeled estimates of the sediment retained in the reef system

Retention factors

Time spent True Intermittent
Eroder in reef Bedload Bedload Suspended Fine
Fishes 50% 100% 100% 15% 13%
Diadema 75% 100% 100% 23% 23%
Internal 100% 100% 100% 30% 30%
Arothron 50% 100% 100% 15% 15%
Aniculus 75% 100% 100% 23% 23%

{b) Reef-wide measured sediment size distribution and results from relention submodel

Measured values

Modeled values

before with
Size class Mean-95% Mean Mean 4 95% reworking reworking
Bedload 18.51% 24.31% 30.1i% 3% 26.40%
Intermitient 19.00% 25.59% 32.18% 12.58% 20.12%
Suspended 21.89% 2741% 32.93% 28.82% 2395%
Fine 16.31% 22.69% 29.07% 20.89% 23.27%
{c) Modeled values of sediment retention (kg CaCO,/m?/y)
Reef zone Diadema Fish/Motile Infauna Corallivores Totals
Back Reef 0.03 0.01 291 0.02 297
Reefl Flat 0.00 0.46 1.84 0.00 231
Fore Reel 047 0.51 2.77 0.02 377
Reel Base 1.98 Q.50 373 0.00 6.21

substituting pre-1983 vaiues for coral cover and fore reef
and reefl base Diadema densities (Glynn 1976, 1990; Glynn
et al. 1988). Pre-1983 coral cover was primarily taken from
Glynn (1976) using two of the three values listed for the reel
flat (8%, 15%) for the pre-1983 budget in Table 5. The
third value (58 % live Pocillopora) was not considered to be
representative of this zone (Glynn pers. comm.) . Densities
of the corallivores and herbivorous fishes used in the
budget were unchanged by the 1983 event, thus all model
runs used the same values, The influence of damselfish was
modeled by replacing the percent cover ol lawn in each
zone with dead framework. This resulted in substantial
increases in erosion by Diadema and fish. Because erosion
by boring infauna was slightly greater in lawn topped
blocks than dead framework (9.5 and 8.3 kg/m?/y respec-
tively), internal erosion would decrease slightly.

Based on budget calculations, it can be seen that Uva
reef after the 1982-1983 El Nifio event has undergone a net
loss of CaCQ, due to the high rates of erosion at the reef
base{Table 5, Fig. 3). The budget at the back reel slope was
clearly positive due to high coral cover, low densities ol
Diadema and low erosion from fishes, but, the small size of
this zone results in little coniribution to the overall budget.
The reef flat and lore reel were marginally positive. The reef
flat was in a stage of low production and biomass per area,
probably due mostly to occasional exposure during low
tides. The model is sensitive to minor changes in this zone,

partly because deposition and erosion ol carbonates are so
nearly balanced and partly because it contains just over
hall of the total reef area. Increasing sediment retention by
only 25% greatly increases production and the total reef
budget. The model indicates that the reef flat was a major
source of CaCQ, before 1983. However, the large area of
this zone greatly magnifies any change to the overall
budget. In fact, il all three of Glynn's (1976) reel flat
transects are used to estimate live coral cover, net produc-
tion in this zone alone jumps more than three fold to
almost 14,000kg/y (1.03kg/m?/y). Observations of the
slow infilling of topographic features suggest that this zone
is actually undergoing slow net deposition.

Conversely, the fore reel slope is a very dynamic zone.
Surveys in this zone frequently ranged from near O to near
100% live coral cover. Adjustments to simulate pre-1983
higher coral cover and lower echinoid densities indicate
that the fore reel was a high depositional environment
before the 19821983 El Nifio mortalities (Table 5, Fig. 3).

The reef base is clearly an erosional environment in
which most of the reel’s losses occur. This agrees with field
measurements of erosion up to —22 mm/y on {rameworks
not protected by damselfish and their lawns. The impact of
the 19821983 El Nifio was strongly exhibited in this zone.

Finally, the damselfish/algal Jawn symbiosis plays an
important rele in the reef carbonate system (Table 5) by
reducing erosion by both echinoids and fishes (Eakin
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Table 5. Calcium Carbonate Budget. The budget for the Uva reef is calculated from data in previous tables with Net
CaCO,;=(P+E+R) x Area
(a) Current CaCQ, budget
Reel zone wfo
Prod. Eros. Ret. P+E+R Area Net damsels
(kg/m>/y) {kg/m?/y) (kg/m*/y) {kg/m?/y) (m?) (ke/y) (kg/y)
Back Reefl 383 —6.41 2.97 0.39 200 78 81
Reef Flat 2.63 —4.83 2.31 0.11 13,655 1,444 1,444
Fore Reel 4.61 —R.29 377 0.08 9,491 801 —638
Reef Base 379 —13.64 6.21 —3.65 1,962 —7,168 — 1,818
—4,845 —6,931
(b} Pre-1983 community parameters
Reel zone % % % Diadema
framework lawn Pocillopora Density
{ind/m?)
Back Reefl 31 14 55 1.48
Reef Flat 87 0 12 0.06
Fore Reel 38 4 57 3
Reef Base 69 7 20 3
() Pre-1983 CaCQ, budget
Reef zone w/fo
Prod. Eros. Ret. P+E+R Area Net damsels
{kg/m*/y) {kg/m?/y) {kg/m?/y) (kg/m?/y) (m?) (kg/y) (kg/y)
Back Reef 3.87 —6.37 2.96 045 200 90 93
Reef Flat 276 —4.69 224 0.3t 13,655 4,271 4271
Fore Reel 4.62 —7.43 3.38 0.57 2,491 5,381 4,565
Reel Base 4.01 —843 3.85 -0.56 1,962 — 1,106 - 1,076
8,636 7,853

1988). With the current high density ol Diadema, removal
of damselfish in the model dramatically increases erosion
in the fore reef (—0.15kg/m?/y) and reef base {(—0.33
kg/m?/y, total >2,000kg/y). Prior to 1983, the influence of
damselfish and their lawns was less than half of the current
value.

Discussion

While this model improves our understanding of the car-
bonate budget on the Uva reef, it is only a rough approxi-
mation of reality. It assumes that Pocillopora and crustose
coralline algae are the only sources of CaCO,. The value of
5.5 kg/m?/y used in the model is close to that calculated by
Glynn (6.7 kg/m?/y, 1977) for the nearby Secas reef. The
density value used is somewhat imprecise as it assumes
thatall growth is upward. As both growth form and colony
density vary with colony age and cover, the actual produc-
tion per unit area may vary across the reel.

All dead substrata from the surveys were assumed to
suppott the growth of coralline algae. The estimate of
coralline algal deposition was derived from the mean
growth on acrylic settling disks, confirmed by stained
samples. Similarities between the deposition values cal-
culated [rom these two methods suggest that the values

used in the model are good estimates of carbonate produc-
tion. While the application of the alkalinity anomaly
technique (Smith & Kinsey 1978, Gattuso etal. 1993,
Kayanne 1995} could improve the reef flat production
estimates, the variable current patterns and the highly
porous reef flat framework would make application of this
approach problematic at Uva reef.

Most of the erosional values used are robust estimates
of reef framework destruction. Echinoid erosion, as cal-
culated from in situ bucket experiments, erosion of experi-
mental coral disks and changes in reef framework height
are strikingly similar and are similar to erosion measured
by Glynn (1988). Measured erosion by fishes was rather
variable, but the estimates from the reel flat and reef base
were quite similar. Fortunately, changes in fish erosion
have little influence on the model’s performance. The small
size of the back reefl makes changes there unimportant, and
decreases in erosion by fishes in the fore reel would only
slightly strengthen the depositional trend there. Internal
erosion was sufficiently consistent throughout the experi-
ments that it also should be a good estimator of actual
erosion in three of the four zones, If anything, erosion
estimates, especially echinoid erosion, may be conservative
as horizontal erosion of walls and toppling of the frame-
work (Eakin 1992) may be as important as direct surficial
erosion (Colgan 1990).
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Unfortunately, the in situ bucket experiments could not
be used to measure reef flat erosion. The tightly packed
rubble and low topographic complexity suggest that ero-
sion and sediment retention differ from the other zones.
The 50% reduction of internal erosion in this zone is rather
conservative— erosion on the reef flat may be far less. In
the model, changes in reef flat height were used as & proxy
for the balance in this zone because a direct measurement
of internal erosion was not available. However, observed
changes in the topography of this zone since 1972 support
this assumption.

It is likely that the estimates of sediment deposited by
fishes and infauna are reliable. If sediments retained deep
within the reef framework contained a larger proportion of
suspended load and fine class particles, losses from the fore
reel and reel base zones would decrease substantiaily.
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A 50% increase in the retention of suspended load and fine
class particles could dramatically increase the net deposi-
tion per area at the fore reef, while net losses in the reef base
would drop by one third. However, unless these were
rapidly immobilized by cementation, this would yield
sediments that no longer resemble observed reel sedi-
ments.

While the model lacks a measure of interzonal trans-
port, it is likely that exchanges between the fore reel and
reef base zones are insignificant, as materials mobilized in
either ol these zones would most likely be exported ofl the
reef. The lack of fine sediment in the reef flat zone argues
for high export, but prevailing currents would carry most
material shoreward, past the steep, narrow back reel and
onto the silty lagoon floor. An unknown quantity un-
doubtedly moves from the reef flat to the [ore reef and reef
base.

The importance of damselfish protection differed sub-
stantially between post- and pre-El Nifio conditions. The
damselfish/algal lawn symbiosis currently protects much
of the reef framework, reducing total net losses by 2,000 kg
CaCQ,/y. Prior to 1983, damselfish protection was less
than 800 kg/y. The potential protection of reef frameworks
by the damselfish/algal lawn symbiosis is particularly
important now given high echinoid densities and reduced
live coral cover, e.g. post-El Nifio conditions, on eastern
Pacific reefs. Under conditions of high live coral cover and
low external erosion, such protection would be less im-
portant to the overall reel budget. Protection of reef [rames
by damselfishes may have implication to similar post-
disturbance reef systems outside of the eastern Pacific. If
wide-spread future reef disturbances from bleaching (Wil-
liams and Williams 1990, Glynn 1991) and human stress
(Wilkinson 1992) result in extensive coral mortality, pro-
tection of reef frameworks by damselfish may be extremely
important in systems where echinoids and erosive, herbi-
vorous fish are abundant. Additionally, damselfish may
provide important protection to many reef frameworks in
the western Pacific. In the Great Barrier Reel complex,
damselfish lawns comprise 30-40% of the bottom at many
sites (Ktumpp et al. 1987). Although echinoids are of minor
importance there, scarids and various gastropods that are
excluded from damselfish territories contribute much to
the 9kg/m?/y erosion (Kiene 1988).

The coral bleaching and mortalities experienced in the
eastern Pacific during the 1982-83 El Nifio had effects on
the ecosystem far more severe than any other historical or
recent El Nifio event, However, the decade-long combina-
tion of reduced coral cover and increased echinoid popula-
tions has been devastating. The 2.5ha reef is currently
eroding at —4,800kg CaCOs/y (~ —0.19kg/m?/y),
whereas net deposition exceeded 8,600kg/y (~ +0.34
kg/m?/y) before the 1982-1983 El Nifio. While this has
dramatically altered the community structure over large
areas ol Uva reef, it has been suggested that extremely
strong El Nifio events may limit reef development in the
eastern Pacific. Measurements of uninterrupted reef
growth and age frequency distribution of large massive
corals indicate that a disturbance comparable to the 1982
83 event probably has not occurred for at least 200 years in
the eastern Pacific—perhaps 400-500 years in the
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Galapagos (Glynn 1985b, 1990). In the current mode of
rapid erosion, framework materials that were built up over
hundreds to thousands of years have been and continue to
be destroyed, removing the calcium carbonate structure
that provides the foundation for the ecosystem.

Acknowledgements. T am grateful for the assistance of L. D'Croz, J.
M. Eakin, J.S. Feingold, N. J. Gassman, P. W. Glynn, 1. L. Mate, I. B.
del Rosario, and D. B. Smith during field and laboratory work; L.
Tedesco, H. Wanless and K. Browne during laboratory analyses; the
scientists and stafl of the Centro de Ciencias del Mar y Limnologia
and Smithsonian Tropical Research Institute, Panama and the 164th
Tactical Airlift Group, Tennessee Air National Guard, This project
was supported in part by funds from U. S. National Science Founda-
tion Grants OCE-84156135 and 8716726 to P. W. Glynn, the Louis A.
Reitmeister Foundation, and the Bader Memorial Research Fund.
This paper was improved through comments by J. A. Bohnsack, M.
E. Clarke, i. 5. Feingold, P. W. Glynn, D. K. Hubbard, H. A. Lessios,
C. R. Robins, D. B. Smith and an anonymous reviewer. T especially
thank P. W. Glynn for his assistance through all phases of this
work.

References

Bagnold RA (1966) An approach to the sediment transport problem
{from general physics. US Geological Survey Prof Pap 422-1, 32p

Brock RE (1979) An experimental study on the eflects of grazing by
parrotfishes and role of refuges in benthic community structure.
Mar Biol 51{4):381-388

Cloud PE Jr (1959} Geology of Saipan, Mariana Islands; part 4. US
Geol Survey Prof Paper 280-K:361-445

Chave KE, Smith 8V, Roy KJ (1972} Carbonate production by coral
reefs. Mar Geol 12:123~140

Colgan MW (1990} El Nifio and the history of eastern Pacific reel
building. Tn: Glynn PW (ed) Global ecological consequences of
the 1982-83 El Nido-Southern Oscillation. Elsevier Oceano-
graphy Series. Elsevier Press, pp 183-232

Day RW, Quinn GP (1989} Comparisons of treatments after an
analysis of variance in ecology. Ecol Monogr 59(4):433-463

Eakin CM (1987) Damselfishes and their algal lawns;a case of plural
mutualism. Symbiosis 4 (1-3):275-288

Eakin CM (1988) Avoidance of damselfish lawns by the sea urchin
Diadema mexicamuon al Uva Island, Panama. Proc 6th Lntl Coral
Reefl Symp 2:21-26

Eakin CM (1951) The damselfish-algal lawn symbiosis and its influ-
ence on the bioerosion of an El Nifio impacted coral reef, Uva
Island, pacific Panama. PhD dissertation, Univ of Miami 158p

Eakin CM (1992) Post-El Nifio panamanian reefls:less accretion,
more grosion and damselfish protection. Proc 7th Intl Coral Reel
Symp 1:387-396

Eakin CM, Smith DB, Glynn PW, D’Croz L, Gil ] {1989) Extreme
tidal exposures, cool upwelling and coral mortality in the eastern
Pacific (Panama). Assoc Mar Labs Carib 22:insert

Gattuso J-P, Pichon M, Delesalle B, Frankignoulle M (1993) Com-
munity metabolism and air-sea CO, fuxes in a coral sea reef
ecosystem (Moorea, French Polynesia). Mar Ecol Progr Ser,
96(3):259-268

Ginsburg RN (1983) Geological and biological roles of cavities in
coral reefls. In: Barnes DJ {ed) Perspective on coral reefs, Brain
Clouston Publisher, Manuka, ACT, Australia, pp 148-153

Glynn PW (1976) Some physical and biological determinants of coral
community structure in the eastern Pacific. Ecol Monogr 46(4):
431-456

Glynn PW (1977 Coral growth in upwelling and nonupwelling areas
offl the Pacific coast of Panama, ] Mar Res 35(3):567-585

Glynn PW (1984) Widespread coral mortality and the 198283 El
Nifio warming event. Environ Conserv 11{2):133-146

Glynn PW (1983a) Corallivore population sizes and [eeding effects
following E! Nifio (1982-83) associated coral mortality in Pa-
nama. Proc 5th Intl Coral Reef Congress. Tahiti 4:183-188

Glynn PW (1985b) Bl Nifio-associated disturbance to coral reefs and
post disturbance mortality by Acanthaster planci. Mar Ecol Prog
Ser 26:295-300

Glynn PW (1988} El Nifio warming, coral mortality and reef frame-
work destruction by echinoid biogrosion in the eastern Pacific.
Galaxea 7:129-160

Glynn PW {1990) Coral mortality and disturbances to coral reefs in
the tropical eastern Pacific. [n: Glynn PW (ed) Global Ecological
Consequences of the 1982--83 El Nifio-Southern Qscillation.
Elsevier Oceanography Series, Elsevier Press, Amsterdam, pp
55-126

Glynn PW (1991) Coral bleaching in the 1980s and possible connec-
tion with global warming. Trends Ecol Evol 6;: 175-179

Glynn PW, Cortes J, Guzman HM, Richmond RH (1988) E! Nifio
(1982-83) associaled coral mortality and relationship to sea
surface temperature deviations in the tropical eastern Pacific.
Proc 6th Intl Coral Reef Symp 3:237-243

Glynn PW, Gassman NJ, Eakin CM, Cortes J, Smitlk DB, Guzman
HM (1991) Reef coral reproduction in the eastern Pacific:Cosla
Rica, Panama and Galapagos Islands (Ecnador), Part 1. Pocil-
loporidae. Mar Biol 109:355-368

Glynn PW, Macintyre I1G (1977) Growth rate and age of coral reefs
on the Pacific coast of Panama. Proc Third Intl Coral Reel Symp
2:251-259

Glynn PW, Stewart RH, McCosker JE (1972) Pacific coral reefs of
Panama: structure, distribution and predators. Sonderdruck aus
der Geol Rundschau Band 61(2):483-519

Hubbard DK, Miller AL Scaturo D {1990) Production and cycling of
calcium carbonate in a shelf-edge reef system (St. Croix, US
Virgin Islands): applications to the nature of reel systems in the
fossil record. J Sed Petrology 60(3): 335-360

Hunter IG (1977) Sediment production by Diadema antillarum on
a Barbados fringing reef. Proc 3rd Intl Coral Reel Symp 2:
105-109

Hutchings PA (1986) Biological destruction of coral reefs: a review.
Coral Reefs 4(4):239-252

Inter-agency Committee on Water Resources (1957). The development
and calibration of the visual-accumulation tube. Report No. 11 of
A study ol methods used in measurement and analysis of sediment
loads in streams. St. Anthony Falls Hydraulic Laboratory, Min-
neapolis, MN, 109p

Kayanne H, Suzuki A, Saito H (1995) Diarnal changes in the partial
pressure of carbon dioxide in coral reef water. Science. 269(5221):
214--216

Kiene WE (1988} A model of bicerosion on the Great Barrier Reef.
Proc 6th Intl Coral Reel Symp 3:449-454

Klumpp DW, McKinnon D, Daniel P (1987) Damselfish territories:
zones of high productivity on coral reefs. Mar Ecol Prog Ser 40
(E~2):41-51

Land LS (1979) The [ate of reel-derived sediment on the north
Jamaican Island slope. Mar Geol 29:55-71

Lamberts AE (1978) Coral growth: alizarin method. In: Stoddart
DR, Johannes RE (eds) Coral Reels: research methods, 5. UN-
ESCOQ, Paris, pp 523527

Le Campion-Alsumard T, Romano J-C, Peyrot-Clausade M, Le
Campion J, Paul R (1993) Influence of some coral reef communi-
ties on the calcium carbonate budget of Tiahua reel (Moorea,
French Polynesia). Mar Biol 115:685-693

McCave IN (1971} Sand waves in the North Sea off the coast of
Holland. Mar Geot 10; 159-225

Ogden JC (1977) Carbonate-sediment production by parrot fish and
sea urchins on Caribbean reefs. In: Frost SH, Weiss MP, Saun-
ders IB (eds) Reefs and related carbonates—ecology and sedimen-
tology. American Association of Petroleum Geologists, Tuisa,
OK, pp 281-288

Ogden JC, Lobel PS (1978) The role of herbivorous fishes and
urching in coral reef communities. Env Biol Fishes 3(1):49-63



Polunin NVC, Koike I (1987) Temporal focusing of nitrogen release
by a periodically feeding herbivorous reef fish. J Exp Biol Ecol
111:285-296

Randaill JE (1967) Food habits of reef fishes of the West Indies. In:
Bayer FM, et al. (eds) Proceedings of the International Confer-
ence on Tropical Oceanography, 5. University of Miami, Institute
of Marine Sciences, Miami, pp 665-847

Reaka-Kudla ML, Feingold IS, Glynn PW (1996) Experimental
studies of rapid bicerosion of coral reefs in the Galapagos Islands.
Coral Reefs 15:101-107

Scoffin TP, Stearn CW, Boucher D, Frydl P, Hawkins CM, Hunter
IG, MacGeachy JK {1980) Calcium carbonate budget of a fring-
ing reef on the west coast of Barbados; part I1-erosion, sediments
and internal structure. Bull Mar Sci 30(2):475-508

Scott PIB, Risk MJ and Carriquiry JD (1988) El Niiio, bioerosion
and the survival of east Pacific reefs. Proc 6th Intl Coral Reef
Symp 2:517-520

Smith SV and Kinsey DW (1978) Calcification and organic carbon
metabolism as indicated by carbon dioxide. In:Stoddart DR and

Note added in proof

For a report on bioerosion in the Galapagos Islands, please see
Reaka-Kudla et al. (this volume).

Reaka-Kudla ML, Feingold IS, Glynn PW {1996) Experimental
studies of rapid bioerosion of coral reefs in the Galapagos Islands.
Coral Reefs 15:101-107

119

Johannes RE (eds) Coral reefs: research methods. UNESCO,
Paris, pp 469-484

Sokal RR, Rohll FJ (1981) Biometry. WH Freeman & Co, San
Francisco

Southard JB, Boguchwal LA (1990) Bed configurations in steady
unidirectional water flows. Part 2. Synthesis of flume data. J Sed
Petr 60(5):658-679

Wanless HR, Burton EA, Dravis J(1981) Hydrodynamics of carbon-
ate fecal pellets. I Sed Petr 51(1}:27-36

Wilkinson CR (1992) Coral reefs of the world are facing widespread
devastation:can we prevent this through suostainable manage-
ments practices? Proc 7th Intl Coral Reef Symp 1:11-24

Williams EH and Williams LB (1990) The world-wide coral reel
bleaching cycle and refated sources of coral mortality. Atoll Res
Buli 335:1-71

Zar JH {1984) Biostatistical Analysis. Prentice-Hall, Inc, Englewood
Cliffs, NT, 718






